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Soil salinity is one of the major abiotic stresses that adversely affects crop productivity and quality.
Hence developing salt tolerant crops is essential for sustaining food production. Understanding of the
molecular basis of salt stress signaling and tolerance mechanisms are essential for breeding and
genetic engineering of salt tolerance in crop plants. The modern approaches being used to impart salt
tolerance involves exploitation of natural genetic variations and/or the generation of transgenic plants.
This review discusses the challenges and opportunities provided by recently developed molecular tools

in the development of salt tolerant crops.
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INTRODUCTION

Agricultural productivity is severely affected by soil sali-
nity. Environmental stress due to salinity is one of the
most serious factors limiting the productivity of agricul-
tural crops, most of which are sensitive to the presence of
high concentrations of salts in the soil. About 20% of
irrigated agricultural land is adversely affected by salinity
(Flowers and Yeo, 1995).

The problem of soil salinity is further aggravated thr-
ough the use of poor quality water for irrigation and in-
adequate drainage. Soil type and environmental factors,
such as vapor pressure deficit, radiation and temperature
may also alter salt tolerance. In clay soils, improper ma-
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nagement of salinity and subsequent accumulation of
sodium salts may lead to soil sodicity. In sodic soils sod-
ium binds to negatively charged clay particles, causing
swelling and dispersal, thus making the soil less fit for
crop growth (Chinnusamy et al., 2005). The loss of far-
mable land to salinization is in direct conflict with the
needs of the world population, projected to increase by
1.5 billion in the next 20 years (Blumwald and Grover,
20086).

Adverse effects of salinity on plant growth may be due
to ion cytotoxicity (mainly due to Na*, CI* SO’,) and osmo-
tic stress (reviewed by Zhu, 2002). Metabolic imbalances
caused by ion toxicity, osmotic stress and nutritional defi-
ciency under saline conditions may also lead to oxidative
stress (Zhu, 2002). Hence, engineering crops that are re-
sistant to salinity stress is critical for sustaining food prod-



uction and achieving future food security. However, prog-
ress in breeding for salt tolerant crops has been ham-
pered by the lack of complete understanding of the mole-
cular basis of salt tolerance and lack of availability of
genes that confer salt tolerance.

Two major approaches being used to improve stress
tolerance are: (1) Exploitation of natural genetic varia-
tions and (2) generation of transgenic plants with novel
genes or altered expression levels of the existing genes.
Zhang et al. (2004) and Zhu (2001, 2002) recently revi-
ewed signaling and transcriptional control in plants under
salt stress. In this review, we discuss the approaches that
have led to increased salinity tolerance, with particular
emphasis on ion homeostasis, synthesis of compatible
solutes and oxidative stress management.

lon homeostasis

Plants respond to salinity using two different types of
responses. Salt-sensitive plants restrict the uptake of salt
and adjust their osmotic pressure through the synthesis
of compatible solutes (e.g. proline, glycinebetaine, solu-
ble sugars; Greenway and Munns, 1980). Salt-tolerant
plants sequester and accumulate salt into the cell vacuo-
les, controlling the salt concentrations in the cytosol and
maintaining a high cytosolic K*/Na™ ratio in their cells
(Glenn et al., 1999).

A high NaCl concentration in tissues is toxic for growth
of glycophytes (Glenn et al., 1999). The alteration of ion
ratios in plants could result from the influx of Na* through
pathways that also function in the uptake of K* (Blumwald
et al., 2000). The maintenance of a high cytosolic K*/Na*
ratio and precise regulation of ion transport is critical for
salt tolerance (Glenn et al., 1999).This can be achieved
by extrusion of Na* ions from the cell or vacuolar com-
partmentation of Na* ions. Three classes of low-affinity K*
channels have been identified (Sanders, 1995), these are
K* Inward rectifying channels (KIRC); K* outward recti-
fying channels (KORCs) and Voltage-independent cation
channels (VIC).

K" outward rectifying channels (KORCs) could play a
role in mediating the influx of Na* into plant cells. These
channels, which open during the depolarization of the
plasma membrane, could mediate the efflux of K* and the
influx of Na* ions. Na* competes with K" uptake through
Na* - K* co-transporters and may also block the K* spe-
cific transporters of root cells under salinity (Zhu, 2003).
This could result in toxic levels of sodium as well as
insufficient K* concentration for enzymatic reactions and
osmotic adjustment. The influx of Na* is controlled by
AtHKT1, a low affinity Na* transporter (Rus et al., 2001;
Uozumi et al., 2000). The knockout mutant (hkt1) from
Arabidopsis suppressed Na® accumulation and sodium
hypersensitivity (Rus et al, 2001), suggesting that
AtHKT1 is a salt tolerance determinant, while the efflux is
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controlled by Salt Overly Sensitive1 (SOS1), a plasma
membrane Na*/H* antiporter (Shi et al., 2000). This anti-
porter is powered by the operation of H* -ATPase (Blum-
wald et al., 2000). In addition to its role as an antiporter,
the plasma membrane Na*/K* SOS1 may act as a Na*
sensor (Zhu, 2003). The overexpression of SOS71 impro-
ved salt tolerance in Arabidopsis (Shi et al., 2003)
(Table.1).

The compartmentation of Na* ions in vacuoles provides
an efficient and cost effective mechanism to prevent the
toxic effects of Na* in the cytosol. The transport of Na*
into the vacuoles is mediated by a Na*/H" antiporter
(AtNHX1) that is driven by the electrochemical gradient
of protons generated by vacuolar H*-translocating enzy-
mes, the H'-ATPase and the H*-PPiase (Blumwald,
1987). The overexpression of AINHX1, resulted in the ge-
neration of transgenic arabidopsis (Apse et al., 1999),
tomato (Zhang and Blumwald, 2001), Brassica napus
(Canola) (Zhang et al., 2001), rice (Ohta et al., 2002),
tobacco (Wu et al., 2004), maize (Yin et al., 2004), tall
fescue plants (Luming et al., 2006) that were not only
able to grow in significantly higher salt concentration (200
mM NaCl) but could also flower and set fruit. Also trans-
genic plants over expressing AVP1, coding for the vacuo-
lar H*-pyrophosphatase, showed enhanced salt tolerance
(Gaxiola et al., 2001).

Synthesis/overexpression of compatible solutes

The cellular response of salt-tolerant organisms to both
long- and short-term salinity stresses includes the synthe-
sis and accumulation of a class of osmoprotective com-
pounds known as compatible solutes. These relatively
small organic molecules are not toxic to metabolism and
include proline, glycinebetaine, polyols, sugar alcohols,
and soluble sugars. These osmolytes stabilize proteins
and cellular structures and can increase the osmotic
pressure of the cell (Yancey et al., 1982). This response
is homeostatic for cell water status, which is perturbed in
the face of soil solutions containing higher amounts of
NaCl and the consequent loss of water from the cell. Gly-
cinebetaine and trehalose act as stabilizers of quarte-
nary structure of proteins and highly ordered states of
membranes. Mannitol serves as a free radical scavenger.
It also stabilizes sub cellular structures (membranes and
proteins), and buffers cellular redox potential under stre-
ss. Hence these organic osmolytes are also known as
osmoprotectants (Bohnert and Jensen, 1996; Chen and
Murata, 2000).

Genes involved in osmoprotectant biosynthesis are up-
regulated under salt stress and concentrations of accu-
mulated osmoprotectants correlate with osmotic stress
tolerance (Zhu, 2002). Although enhanced synthesis and
accumulation of compatible solutes under osmotic stress
is well known, little is known about the signaling casca-
des that regulate compatible solute biosynthesis in hig
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Table 1. Salt tolerant transgenic plants expressing genes involved in synthesis/over expression of ion transporters and compatible

solutes.
Gene Gene product Source Cellular role(s) | Target plant Reference
lon transporters
AINHX1 Vacuolar Arabidopsis Na* vacuolar Arabidopsis Apse et al., 1999.
Na*/H" antiporter thaliana sequestration
AVP1 Vacuolar H* pyrophosphatase A. thaliana Vacuolar acidification | Arabidopsis Gaxiola et al., 2001
AgNHX1 | Vacuolar Atriplex Na* vacuolar Rice Ohta et al., 2002
Na*/H" antiporter gmelini sequestration
AtSOS1 Plasma membrane Na*/H* antiporter | A. thaliana Na* extrusion Arabidopsis Shi et al., 2003.
GhNHX1 | Vacuolar Na*/H* antiporter Gossypium Na* vacuolar Tobacco Wu et al., 2004.
hirsutum sequestration
AtNHX1 Vacuolar Na/H" antiporter A. thaliana Na* vacuolar Festuca Luming et al., 2006.
sequestration arundinacea
Compatible solutes
coX Choline oxidase Arthrobacter Glycinebetaine Arabidopsis Hayashi et al.,
globiformis 1997
ProDH Proline Arabidopsis Proline Arabidopsis Nanjo et al., 1999.
dehydrogenase thaliana
EctA L-2,4-diaminobutyric Halomonas Ectoyne Tobacco Nakayama et al.,
acid acetyltransferase elongata 2000.
betA Choline E. coli Glycinebetaine Tobacco Holmstrom et al.,
Dehydrogenase 2000.
Stpd1 Sorbitol-6-phosphate dehydrogenase apple Sorbitol Japanese Gao et al., 2001.
persimmon
BADH Betaine Atriplex Glycinebetaine Tomato Jia et al., 2002.
dehydrogenase hortensis
TPSP Trehalose- 6-phosphate phosphatase E. coli Trehalose Rice Garg et al., 2002.
PmSDH1 | Sorbitol dehydrogenase Plantago major | Sorbitol Plantago major | Pommerrenig et al.,
2007.

plants. Salt tolerance of transgenic tobacco engineered to
over accumulate mannitol was first demonstrated by
Tarczynski et al. (1993). The other examples of compa-
tible solute genetic engineering includes the transfor-
mation of genes for Ectoine synthesis with enzymes from
the halophilic bacterium Halomonas elongata (Nakayama
et al., 2000; Ono et al., 1999) and trehalose synthesis in
potato (Yeo et al., 2000), rice (Garg et al., 2002), and
sorbitol synthesis in plantago (Pommerrenig et al., 2007)
(Table 1) . Initial strategies aimed at engineering higher
concentrations of proline began with the overexpression
of genes encoding the enzymes pyrroline-5-carboxylate
(P5C) synthetase (P5CS) and P5C reductase (P5CR),
which catalyze the two steps between the substrate
(glutamic acid) and the product (proline). P5CS over-
expression in transgenic tobacco dramatically elevated
free proline (Kishor et al., 1995). However there is strong
evidence that free proline inhibits P5CS (Roosens et al.,
1999). Hong et al. (2000) achieved a two-fold increase in
free proline in tobacco plants by using a P5CS modified

by site directed mutagenesis.The procedure alleviated
the feedback inhibition of P5CS activity by proline and
resulted in improved germination and growth of seedlings
under salt stress. Also, Nanjo et al. (1999) used antisen-
se cDNA transformation to decrease ProDH (Proline
dehydrogenase) expression in order to increase free
proline levels.

The enhancement of glycinebetaine syntheses in target
plants has received much attention (Rontein et al., 2002).
In spinach and sugar beet which naturally accumulate
glycinebetaine, the synthesis of this compound occurs in
the chloroplast. The first oxidation to betaine aldehyde is
catalyzed by choline mono-oxygenase (CMO). Betaine
aldehyde oxidation to glycinebetaine is catalyzed by be-
taine aldehyde dehydrogenase (BADH) (Rathinasaba-
pathi, 2000). In Arthrobacter globiformis, the two oxida-
tion steps are catalyzed by one enzyme, choline oxidase
(COD), which is encoded by the codA locus (Sakamoto
and Murata, 2000). Hayashi et al. (1997) used choline
oxidase of A. globiformis to engineer glycinebetaine syn-




thesis in Arabidopsis and subsequently tolerance to sali-
nity during germination and seedling establishment was
improved markedly in the transgenic lines. Huang et al
(2000) used COX from A. panescens, which is homolo-
gous to the A. globiformis COD, to transform arabidopsis,
B. napus and tobacco. In this set of experiments COX
protein was directed to the cytoplasm and not to the chlo-
roplast. Improvements in tolerance to salinity, drought
and freezing were observed in some transgenics from all
three species, but the tolerance was variable. The results
offered the possibility that the protection offered by gly-
cinebetaine is not only osmotic but also function as sca-
vengers of oxygen radicals. This point was also raised by
Bohnert and Shen (1999) and further supported by the
results of Alia et al. (1999). The level of glycinebetaine
production in transgenics could be limited by choline. A
dramatic increase in glycinebetaine levels (to 580 mmol/g
dry weight in arabidopsis) was achieved when the growth
medium was supplemented with choline (Huang et al.,
2000).

Antioxidant protection

Stress induces production of reactive oxygen species
(ROS) including superoxide radicals, hydrogen peroxide
(H20,) and hydroxyl radicals (OH") and these ROS cause
oxidative damage to different cellular components inclu-
ding membrane lipids, protein and nucleic acids (Halliwell
and Gutteridge, 1986). Reduction of oxidative damage
could provide enhanced plant resistance to salt stress.
Plants use antioxidants such reduced glutathione (GSH)
and different enzymes such as superoxide dismutases
(SOD), CAT, APX, glutathione-S-transferases (GST) and
glutathione peroxidases (GPX) to scavenge ROS.

Transgenic tobacco plants overexpressing both GST
and GPX showed improved seed germination and seed-
ling growth under stress (Roxas et al.,, 1997). A major
function of glutathione in protection against oxidative
stress is the reduction of H,O, (Foyer and Halliwell,
1976). Ruiz and Blumwald (2002) investigated the enzy-
matic pathways leading to glutathione synthesis during
the response to salt stress of wild-type and salt-tolerant
B. napus L. (Canola) plants overexpressing a vacuolar
Na*/H* antiporter (Zhang et al., 2001).

Wild-type plants showed a marked increase in the acti-
vity of enzymes associated with cysteine synthesis (the
crucial step for assimilation of reduced sulfur into organic
compounds such as glutathione) resulting in a significant
increase in GSH content. On the other hand, these acti-
vities were unchanged in the transgenic salt-tolerant pla-
nts and their GSH content did not change with salt stress.
These results clearly showed that salt stress induced an
increase in the assimilation of sulfur and the biosynthesis
of cysteine and GSH in order to mitigate salt-induced
oxidative stress.
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Conclusions

The evaluation of salt tolerance in transgenic experi-
ments has mostly been carried out using a limited num-
ber of seedlings or mature plants under laboratory and/or
greenhouse conditions different from what the plants
would naturally be exposed to (e.g. high-salinity soils,
high diurnal temperatures, presence of other sodic salts
etc). Thus, the evaluation of field performance under salt
stress is difficult because of the variability of salt levels
under field conditions (Daniells et al., 2001; Richards,
1983) and the potential for interactions with other envi-
ronmental factors (including soil fertility, temperature,
light intensity and water loss through transpiration).

Conventional breeding programs for generation of salt-
tolerant genotypes have met with limited success. This
lack of success is due in part to breeders preferring to
evaluate their genetic materials under ideal conditions
and also, the use of constitutive promoters like the CaMV
35S promoter, ubiquitin and actin promoters (Grover et
al., 2003). However, stress-induced or tissue-specific pro-
moters result in a better phenotype than overexpressing the
same genes under a constitutive promoter (Kasuga et al.,
1999; Zhu et al., 1998). There is a clear and urgent need
to begin to introduce these tolerance genes into crop
plants, in addition to establishing gene stacking or gene
pyramiding.

Although progress in improving stress tolerance has
been slow, there are a number of reasons for optimism.
These include recent developments in the area of plant
molecular biology, specifically 1) the development of
molecular markers and gene tagging methodologies (2) the
complete sequencing of model plant genomes (3) the pro-
duction of T-DNA insertional lines of arabidopsis for gene
tagging (4) the availability of forward genetics tools (Till-
ing) (Colbert et al., 2001) and (5) the availability of mic-
roarray analysis tools offers advantages and solutions to
the complex intriguing questions of salt resistance.

REFERENCES

Alia KY, Sakamoto A, Nonaka H, Hayashi H, Saradhi PP, Chen THH,
Murata N (1999). Enhanced tolerance to light stress of transgenic
arabidopsis plants that express the codA gene for a bacterial choline
oxidase. Plant Mol. Biol. 40: 279-288.

Apse MP, Aharon GS, Snedden WA, Blumwald E (1999). Salt tolerance
conferred by overexpression of a vacuolar Na‘/H* antiporter in
Arabidopsis. Sci. 285: 1256—1258.

Blumwald E (1987). Tonoplast vesicles for the study of ion transport in
plant vacuoles. Physiologia Plantarum. 69: 731-734.

Blumwald E, Aharon GS, Apse MP (2000).Sodium transport in plant
cells. Biochimica et Biophysica Acta. 1465: 140—151.

Blumwald E, Grover A (2006). Salt Tolerance. In: Nigel Halford (ed)
Plant Biotechnology, Current and Future Applications of Genetically
Modified Crops, Agritech Publications, New York. pp 206-224.

Bohnert HJ, Jensen RG (1996). Strategies for engineering water stress
tolerance in plants. Trends. Biotechnol. 14: 89—97.

Bohnert HJ, Shen B (1999).Transformation and compatible solutes.
Scientia Horticulturae. 78: 237-260.



012 Biotechnol. Mol. Biol. Rev.

Chen THH, Murata N (2000).Enhancement of tolerance of abiotic stress
by metabolic engineering of betaines and other compatible solutes.
Curr. Opin. Plant Biol. 5: 250-257.

Chinnusamy V, Jagendorf A, Jhu J-K (2005).Understanding and impro-
ving salt tolerance in plants. Crop Sci. 45: 437-448.

Colbert T, Till BJ, Tompa R, Reynolds S, Steine MN, Yeung AT, McCal-
lum CM, Comai, L, Henikoff S (2001). High-throughput screening for
induced point mutations Plant. Physiol. 126: 480—484.

Daniells 1G, Holland JF, Young R., Alston CL, Bernardi AL (2001).
Relationship between yield of grain sorghum (Sorghum bicolor) and
soil salinity under field conditions. Aust. J. Exp. Agric. 41:211-217.

Flowers TJ, Yeo AR (1995). Breeding for salinity resistance in crop
plants—where next? Aust. J. Plant. Physiol. 22: 875-884.

Foyer C, Halliwell B (1976).The presence of glutathione and glutathione
reductase in chloroplasts: a proposed role in ascorbic acid meta-
bolism. Planta. 133: 21-25.

Gao M, Tao R, Miura K, Dandekar AM, Sugiura A (2001). Transfor-
mation of Japanese persimmon (Diospyroskaki Thunb.) with apple
cDNA encoding NADP-dependent sorbitol-6-phosphate dehydroge-
nase. Plant Sci. 160: 837-845.

Garg AK, Kim JK, Owens, TG, Ranwala AP, Do Choi Y, Kochian LV,
Wu, RJ (2002). Trehalose accumulation in rice plants confers high
tolerance levels to different abiotic stresses. PNAS 99:15898-15903.

Gaxiola RA, Li J, Unurraga S, Dang LM, Allen GJ, Alper, SL, Fink GR
(2001). Drought- and salt-tolerant plants result from overexpression
of the AVP1 H*-pump. PNAS 98: 11444—11449.

Glenn EP, Brown JJ, Blumwald E (1999).Salt tolerance and crop
potential of halophytes. Crit. Rev. Plant. Sci. 18: 227-255.

Greenway H, Munns R (1980). Mechanisms of salt tolerance in non-
halophytes. Annu. Rev. Plant. Physiol.. 31: 149-190.

Grover A, Aggarwal PK, Kapoor A, Katiyar-Agarwal S, Agarwal M,
Chandramouli A (2003). Addressing abiotic stresses in agriculture
through transgenic technology. Curr. Sci. 84: 355-367.

Halliwell B, Gutteridge JMC (1986). Oxygen free radicals and iron in
relation to biology and medicine: some problems and concepts. Arch.
Biochem. Biophys. 246: 501-514.

Hayashi H, Alia ML, Deshnium PG, Id M, Murata N (1997). Trans-
formation of Arabidopsis thaliana with the codA gene for choline
oxidase; accumulation of glycinebetaine and enhanced tolerance to
salt and cold stress. Plant J. 12: 133-142.

Holmstrom KO, Somersalo S, Mandal A, Palva TE, Welin B (2000).
Improved tolerance to salinity and low temperature in transgenic
tobacco producing glycinebetaine. J. Exp. Bot. 51: 177-185.

Hong ZL, Lakkineni K, Zhang ZM, Verma DPS (2000). Removal of feed-
back inhibition of delta (1)-pyrroline-5-carboxylate synthetase results
in increased proline accumulation and protection of plants from
osmotic stress. Plant Physiol. 122: 1129-1136.

Huang J, Hirji R, Adam L, Rozwadowski KL, Hammerlindl JK, Keller
WA, Selvaraj G (2000). Genetic engineering of glycinebetaine pro-
duction toward enhancing stress tolerance in plants: metabolic
limitations. Plant Physiol. 122: 747-756.

Jia W, Wang Y, Zhang S, Zhang J (2002). Salt-stress-induced ABA
accumulation is more sensitively triggered in roots than in shoots. J.
Exp. Bot. 53: 2201-2206.

Kasuga M, Liu Q, Miura S, Yamaguchi-Shinozaki K, Shinozaki K
(1999). Improving plant drought, salt, and freezing tolerance by gene
transfer of a single stress-inducible transcription factor. Nature Bio-
technology 17: 287-291.

Kishor PBK, Hong Z, Miao GH, Hu CAA, Verma DPS (1995).
Overexpression of 1-pyrroline-5-carboxylate synthetase increases
proline production and confers osmotolerance in transgenic plants.
Plant Physiol.108: 1387—1394.

Luming T,, Conglin H, Rong Y, Ruifang L, Zhiliang L, Lusheng Z,
Yongqgin W, Xiuhai Z Zhongyi W (2006). Overexpression AtNHX1
confers salt-tolerance of transgenic tall fescue. Afr. J. Biotech. 5 (11):
1041-1044.

Maathuis FJM, Sanders D (1995). Contrasting roles in ion transport of
two K* channel types in root cells of Arabidopsis thaliana. Planta.
197: 456-464.

Nakayama H, Yoshida K, Ono H, Murooka Y, Shinmyo A (2000).

Ectoine, the compatible solute of Halomonas elongata, confers hypero-
smotic tolerance in cultured tobacco cells. Plant Physiol. 122: 1239—
1247.

Nanjo T, Kobayashi M, Yoshiba Y, Kakubari Y, Yamaguchi-Shinozaki
K., Shinozaki, K (1999). Antisense suppression of proline degradation
improves tolerance to freezing and salinity in Arabidopsis thaliana.
FEBS Letters. 461: 205-210.

Ohta M, Hayashi Y, Nakashima A, Hamada A, Tanaka A, Nakamura T,
Hayakawa T (2002). Introduction of a Na*/H* antiporter gene from
Atriplex gmelini confers salt tolerance in rice. FEBS Letters 532, 279—
282.

Ono H, Sawads K, Khunajakr N, Tao T, Yamamoto M, Hiramoto M,
Shinmyo A, Takano M, Murooka Y (1999). Characterization of bio-
synthetic enzymes for ectoine as a compatible solute in a moderately
halophilic eubacterium, Halomonas elongata. J. Bacteriol. 181:91-99.

Pommerrenig B, Papini-Terzi FS, Sauer N (2007). Differential regulation
of sorbitol and sucrose loading into the phloem of Plantago major in
response to salt stress. Plant. Physiol. pp. 1029 — 1038.

Rathinasabapathi B (2000). Metabolic engineering for stress tolerance:
installing osmoprotectant synthesis pathways. Ann. Bot. 86: 709—-716.

Richards R. (1983). Should selection for yield in saline regions be made
on saline or non-saline soils? Euphytica 32: 431—438.

Rontein D, Basset G, Hanson AD (2002).Metabolic engineering of
osmoprotectant accumulation in plants. Metabolic Engineering. 4:49—
56.

Roosens NH, Willem R, Li Y, Verbruggen Il, Biesemans M, Jacobs M
(1999). Proline metabolism in the wild-type and in a salt-tolerant
mutant of Nicotiana plumbaginifolia studied by (13)° -nuclear mag-
netic resonance imaging. Plant Physiol. 121: 1281-1290.

Roxas VP, Smith RK, Allen ER, Allen RD (1997). Overexpression of
glutathione S-transferase/glutathione peroxidase enhances the grow-
th of transgenic tobacco seedlings during stress. Nat. Biotechnol. 15:
988-991.

Ruiz JM, Blumwald, E (2002). Salinity-induced glutathione synthesis in
Brassica napus. Planta. 214: 965-969.

Rus A, Yokoi S, Sharkhuu A, Reddy M, Lee B, Matsumoto TK, Koiwa H,
Zhu JK, Bressan RA, Hasegawa PM (2001). AtHKT1 is a salt tole-
rance determinant that controls Na* entry into plant roots. PNAS. 98:
14150-14155.

Sakamoto A, Murata N (2000). Genetic engineering of glycinebetaine
synthesis in plants: current status and implications for enhancement
of stress tolerance. J. Exp. Bot. 51: 81-88.

Shi H, Lee BH, Wu SJ, Zhu JK (2003). Overexpression of a plasma
membrane Na'/H* antiporter gene improves salt tolerance in Ara-
bidopsis thaliana. Nat. Biotechnol. 21: 81-85.

Tarczynski M, Jensen R, Bohnert H (1993). Stress protection of trans-
genic tobacco by production of the osmolyte mannitol. Sci. 259: 508—
510.

Uozumi N, Kim EJ, Rubio F, Yamaguchi T, Muto S, Tsuboi A, Bakker
EP, Nakamura T, Scroeder JI (2000). The Arabidopsis HKT1 gene
homolog mediates inward Na* currents in Xenopus laevis oocytes
and Na" uptake in Saccaharomyces cerevisiae. Plant Physiol. 122:
1249-1259.

Wu CA, Yang GD, Meng QW, Zheng CC (2004).The cotton GhNHX1
gene encoding a novel putative tonoplast Na*/K* antiporter plays an
important role in salt stress. Plant.Cell.Physiol. 45: 600-607.

Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN (1982).
Living with water stress: evolution of osmolyte systems. Science 217:
1214-1222.

Yeo ET, Kwon HB, Han SE, Lee JT, Ryu JC, Byu MO (2000). Genetic
engineering of drought resistant potato plants by introduction of the
trehalose-6-phosphate synthase (TPS1) gene from Saccharomyces
cerevisiae. Mol. Cells. 10: 263—-268.

Yin XY, Yang AF, Zhang KW, Zhang JR (2004).Production and analysis
of transgenic maize with improved salt tolerance by the introduction
of AtNHX1 gene. Acta Botanica Sinica. 46: 854-861.

Zhang HX, Blumwald E (2001). Transgenic salt-tolerant tomato plants
accumulate salt in foliage but not in fruit. Nat. Biotechnol. 19: 765—
768.

Zhang HX, Hodson JN, Williams JP, Blumwald E (2001). Engineering



salt-tolerant Brassica plants: characterization of yield and seed oil
quality in transgenic plants with increased vacuolar sodium
accumulation. PNAS 98: 6896—6901.

Zhang JZ, Creelman RA, Zhu JK (2004). From laboratory to field. Using
information from Arabidopsis to engineer salt, cold and drought
tolerance in crops. Plant. Physiol. 135: 615-621.

Zhu B, Su J, Chang M, Verma DPS, Fan YL, Wu R (1998). Over
expression of a deltal-pyrroline-5-carboxylate synthetase gene and

Hussain et al. 013

analysis of tolerance to water- and salt-stress in transgenic rice. Plant
Sci. 139: 41-48.

Zhu JK (2001).Cell signaling under salt, water and cold stress.Curr.
Opin. Plant Biol. 4: 401—-406.

Zhu JK (2002). Salt and drought stress signal transduction in plants.
Annu. Rev. Plant Biol. 53: 247-273.

Zhu JK (2003). Regulation of ion homeostasis under salt stress. Curr.
Opin. Plant Biol. 6: 441-445.



