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ABSTRACT

Drought, high salinity and freezing impose osmotic stress
on plants. Plants respond to the stress in part by modulating
gene expression, which eventually leads to the restoration
of cellular homeostasis, detoxification of toxins and recov-
ery of growth. The signal transduction pathways mediating
these adaptations can be dissected by combining forward
and reverse genetic approaches with molecular, biochemi-
cal and physiological studies. Arabidopsis is a useful
genetic model system for this purpose and its relatives
including the halophyte Thellungiella halophila, can serve
as valuable complementary genetic model systems.
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INTRODUCTION

Water is required as a medium for biochemical activities by
all known life forms. For plant cells, water-generated turgor
pressure is also a driving force of cell expansion. However,
vegetative growth of plants can only occur at a certain
range of water status, which can be measured by the free
energy state of water molecules — water potentials (y,). In
a given cell, ¥, mainly consists of pressure and osmotic
potential. While maintaining a positive turgor pressure,
plant cells usually adjust their osmotic potential to meet the
requirement of the whole plant in balancing its water bud-
get. Significant changes in water potentials in the environ-
ment can impose osmotic stress to plants, which disrupts
normal cellular activities, or even causes plant death. Under
natural conditions, high salinity and drought are the major
causes of osmotic stress to plants. Here, we briefly analyse
the molecular processes of plant responses to osmotic
stress. Current methodology in dissecting stress signalling
in plants is also discussed with particular reference to
important and emerging genetic model systems.

PLANT RESPONSES TO OSMOTIC
STRESSES

Upon exposure to osmotic stress, plants exhibit a wide
range of responses at the molecular, cellular and whole-
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plant levels (Greenway & Munns 1980; Zhu, Hasegawa &
Bressan 1997; Yeo 1998; Bohnert, Su & Shen 1999; Haseg-
awa et al. 2000). These include, for example, morphological
and developmental changes (e.g. life cycle, inhibition of
shoot growth and enhancement of root growth), adjust-
ment in ion transport (such as uptake, extrusion and
sequestration of ions) and metabolic changes (e.g. carbon
metabolism, the synthesis of compatible solutes). Some of
these responses are trigged by the primary osmotic stress
signals, whereas others may result from secondary stresses/
signals caused by the primary signals. These secondary sig-
nals can be phytohormones [e.g. abscisic acid (ABA), eth-
ylene], reactive oxygen species and intracellular second
messengers (e.g. phospholipids). Some of these secondary
signals may not be confined to the primary stress sites such
as the root, and their ability to move to other parts of the
plant contributes to the co-ordination of whole-plant
responses to the stress conditions. For example, under
drought stress, root-derived ABA can ascend with transpi-
rational flow to regulate stomatal aperture in leaves (Zhang
& Davies 1991). Reactive oxygen species are also mobile in
plants (Alvarez et al. 1998; Karpinski et al. 1999; Lopez-
Huertas et al. 2000). In general, plant responses are of three
kinds, i.e. maintenance of homeostasis, detoxification of
harmful elements and recovery of growth.

Homeostasis
Macromolecule homeostasis

Increased concentration of charged elements in the cytosol
may change the hydration sphere of macromolecules and
thus affects their conformation or charge interactions.
Compatible osmolytes may be important for maintaining
the conformation of macromolecules. Osmolytes were orig-
inally thought to function mainly in osmotic adjustment by
lowering cellular osmotic potential to facilitate water
absorption and restore intracellular salt concentrations.
They are synthesized by virtually all organisms under
hyperosmotic stress (Yancey et al. 1982). Common
osmolytes include sugars, polyols and amino acids or their
derivatives. These compounds appear to have little interfer-
ence in the function of macromolecules, even at very high
concentrations.

One osmolyte that has received much attention is pro-
line. Accumulation of proline was reported in many plant
species under diverse abiotic stress conditions (for review
see Delauney & Verma 1993). The beneficial role of proline
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in plant stress tolerance as suggested by early correlative
studies was recently confirmed by genetic as well as trans-
genic studies, which demonstrated that proline can increase
the tolerance of plants to abiotic stress (e.g. Xin & Browse
1998; Nanjo et al. 1999; Hong et al. 2000; Ronde, Soreeth &
Cress 2000). However, in transgenic studies, it seems that
the magnitude of the increase in proline (or other
osmolytes) in transgenic plants is too low to be significant
for overall osmotic adjustment (Zhu 2001), despite the pos-
sibility that there might be higher levels in specific cell types
or in subcellular compartments. Thus, the benefits of
osmolytes in maintaining the natural status of macromole-
cules might outweigh their role in osmotic adjustment. This
is probably due to, among others, the ability of osmolytes to
scavenge reactive oxygen species (e.g. Smirnoff & Cumbes
1989; Hong et al.2000), although the underlying mechanism
is presently unclear.

Once damaged proteins are beyond repair, they have to
be eliminated to prevent aggregation. In this case, cells ini-
tiate the degradation of the damaged proteins or the
destruction of the entire cells (apoptosis); both of these
processes have been observed for stressed plant cells (e.g.
Katsuhara 1997). The major proteolytic system in eukary-
otes is the ubiquitin-mediated degradation in the protea-
some (Ciechanover, Otian & Schwartz 2000). Under
drought stress, the expression of genes encoding ubiquitin-
related proteins and various proteases was found to be
induced or enhanced (reviewed in Ingram & Bartel 1996),
consistent with the requirement of protein degradation
under stress conditions.

Ion homeostasis

Maintaining ion homeostasis is critical for plants to combat
high salinity stress. lon homeostasis under salt stress has
thus received much attention both in plants and in yeast
studies (Niu et al. 1995; Serrano et al. 1999). Processes
important for ion homeostasis include cellular uptake,
sequestration and export and long-distance transport. Pre-
vious gene regulation studies have suggested that various
ATPases, water channel proteins and ion transporters are
regulated by salt stress either at the mRNA or protein lev-
els. The roles of various ion transporters in plant salt toler-
ance have been a focus point for a long time. Much progress
has been made in molecular characterization of ion trans-
porters and functional evaluation of their roles in stress tol-
erance. In higher plant cells, Na* ions are extruded from the
cells or compartmentalized in their vacuoles mainly by Na*/
H* antiporters. These antiporters make use of the pH gra-
dient generated by P-type H*-ATPase (for plasma mem-
brane-localized antiporters) or V-type H*-ATPases or H*-
pyrophosphatases (PPase) (for tonoplast antiporters).
There are a number of genes encoding Na*/H* antiporters
in the Arabidopsis genome. The first plant Na*/H* anti-
porter gene functionally characterized is AtNHXI1, which
encodes a tonoplast antiporter homologous to the yeast
Na*/H* antiporter Nhx1 (Nass, Cunningham & Rao 1997).

The role of AtNHXI in plant salt tolerance was demon-
strated by the work showing that its over-expression con-
fers salt tolerance to transgenic Arabidopsis plants (Apse et
al. 1999). This indicates that tonoplast Na*/H* antiporter
activity may limit the capacity of glycophytic plants to com-
partmentalize Na*. By screening for Arabidopsis mutants
that exhibit hypersensitivity to NaCl in root and shoot
growth, several salt overly sensitive (SOS) loci were
defined (Wu, Ding & Zhu 1996; Liu & Zhu 1997; Zhu, Liu
& Xiong 1998). Among them, SOSI encodes a plasma
membrane-localized Na*/H* antiporter (Shi et al. 2000),
which functions in excluding Na* from the cytoplasm at the
expense of H* downhill movement from external solution
into the cytosol. Loss-of-function mutation of SOS1 leads
to the mutant seedlings unable to grow in medium contain-
ing as low as 50 mM NaCl, whereas wild-type plants can sur-
vive over 100mM NaCl treatment. These studies
demonstrate that ion homeostasis is key to salt tolerance,
and its regulation may distinguish salt tolerance capacity
between halophytes and glycophtyes.

Detoxification

In addition to imposing water stress and ionic stress, hyper-
osmolarity also generates secondary stresses, particularly,
oxidative stress, which is caused by excessive reactive oxy-
gen species (ROS). ROS include, for example, hydrogen
peroxide, hydroxyl radicals and superoxide anions. ROS
are usually generated by normal cellular activities such as
photorespiration and f-oxidation of fatty acids, but their
levels increase when plants are exposed to biotic or abiotic
stress conditions. The capacity to scavenge ROS and to
reduce their damaging effects on macromolecules such as
proteins and DNA appears to represent an important
stress-tolerance trait. For instance, an Arabidopsis mutant
pstl, which exhibits increased tolerance to salt stress, was
found to have an increased capacity to scavenge ROS
(Tsugane et al. 1999). Elimination of ROS is mainly
achieved by antioxidant compounds such as ascorbic acid,
glutathione, thioredoxin and carotenoids, and by ROS scav-
enging enzymes (e.g. superoxide dismutase, glutathione
peroxidase and catalase). Under drought stress conditions,
the activity of the enzymes that participate in ROS scav-
enging increases and a higher scavenging activity may cor-
relate with enhanced drought tolerance of the plants
(Bowler, van Montague & Inze 1992). The expression of
genes encoding many of these enzymes is also regulated by
other stresses as well as by ABA (e.g. Guan & Scadalios
1998).

Superoxide dismutase (SOD) catalyses the conversion
of superoxide anions to hydrogen peroxide and water. Sev-
eral reports have shown that over-expression of superoxide
dismutases leads to increased tolerance to abiotic stresses
such as low temperature and water stress (reviewed in
Bohnert & Sheveleva 1998). Under biotic stresses, one of
the functions of ROS is to fortify cell wall to prevent patho-
gen penetration by increasing wall crosslinking. Seeds from
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transgenic tobacco plants over-expressing a cell wall perox-
idase gene are more tolerant to salt stress during germina-
tion, possibly due to an improved ability to retain water for
germination as a result of physical modification of water
permeability of the wall (Amaya et al. 1999). In tobacco
plants, over-expression of glutathione S-transferase/glu-
tathione peroxidase increases the tolerance to cold and salt
stresses (Roxas et al. 1997). Another key enzyme, catalase,
catalyses the conversion of H,0, to oxygen and water. Plant
catalases are mainly localized in peroxisomes and glyoxy-
somes where they remove H,O, that is generated during
photorespiration and S-oxidation of fatty acids. Genes for
catalase isoforms in plants are induced by abiotic stress as
well as ABA (e.g. Guan, Zhao & Scadalios 2000). Upon
ABA treatment, there is an increase in H,O, levels in maize
cultured cells (e.g. Guan et al. 2000) and in Arabidopsis
guard cells (Pei et al. 2000). Transgenic plants with reduced
catalase activity showed increased sensitivity to salt stress
(Willekens et al. 1997).

Recovery and maintenance of growth

Not all cellular activities are equally sensitive to salt stress.
The ability to recover, sustain and enhance the activity of
salt-sensitive physiological processes are a determinant of
salt tolerance. When confronted with an acute osmotic
stress, at the beginning, plant cells, like animal cells, usually
arrest the progression of cell division. The wide adoption of
mitogen activated protein kinase (MAPK) cascade as a sig-
nalling module for osmotic stress suggest that osmotic
stress and cell cycle regulation might have common signal-
ling characteristics. Previous studies have suggested that
ABA inhibits cell division or DNA synthesis. Recently, it
was found that ABA induces the expression of /CKI, a
gene encoding a cyclin-dependent protein kinase inhibitor
(Wang et al. 1998). Thus, one possibility for osmotic stress
inhibition of growth may be through the production of
ABA, which inhibits cell division by inducing ICK1. In
yeast, the cell integrity pathway is activated by cell wall
remodelling during vegetative growth and during phero-
mone-induced morphogenesis. This MAPK pathway can
also be activated by osmotic stress (reviewed in Ruis &
Schiiller 1995). Cell integrity pathway additionally regu-
lates gene expression during the G1/S phase transition in
yeast (Madden et al. 1997). Activation of this pathway by
osmotic shock results in growth arrest at the G2 phase
(Mizunuma et al. 1998) similar to that observed in murine
kidney cells (Kiiltz & Burg 1998). However, osmotic stress
may have different impacts on cell cycle progression
depending on the severity and the duration of the stress. In
fission yeast, it was shown that exposure to osmotic stress or
nutrient limitation stimulates cells to enter mitosis
(Shiozaki & Russell 1995). This speeds up cells to enter G1
where they may undergo conjugation and sporulation
under the adverse conditions. Some components that con-
nect this osmotic stress response to cell cycle control have
been isolated in yeast (e.g. Humphrey & Enoch 1998).
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OSMOTIC STRESS SIGNAL TRANSDUCTION

Attributes of osmotic stress and the multitude of
signal perception modes

At the beginning, water deficit from either drought or high
salinity may have an ionic, osmotic, or even a mechanical
impact on the cell. It is likely that all these different signals
have their own cognate receptors. These receptors can
either operate independently or co-operatively to initiate
downstream signalling events. This multiplicity may under-
score the complexity of the signalling network that is
ascribed as ‘crosstalk’, redundancy or connectedness. Can-
didate receptors for ionic stress could be various ion trans-
porters that host ion-binding sites on either the
extracellular or intracellular side. Changes in receptor
occupancy or receptor clustering under water stress may
initiate the ionic stress pathways. Cell shrinkage from
osmotic stress causes mechanical stimulation to the cell. In
Escherichia coli, upon hypoosmotic stress, mechanosensi-
tive channels (MscL), which are repressed under hyperos-
molarity are rapidly activated and result in substantial
solute/water efflux (Booth & Louis 2000; Blount & Moe
2000). Ion channels that sense mechanical changes are
found in various organisms including plants. For example,
plasma membrane mechanosensitive, non-selective cation
channels in animal cells can be activated by membrane
stretching caused by cell volume changes in response to
osmotic stress (e.g. Christensen 1987; Strotmann et al.
2000). As plant cells possess a rigid cell wall, changes in cell
volume in response to short-term hyperosmolarity may be
not as significant as animal cells, yet the involvement of
mechanosensitive signalling in osmotic adaptation is still
likely as plant cell walls do respond to osmotic stress (e.g.
Marshall et al. 1999). Additionally, alterations in turgor may
generate a signal that could trigger conformational changes
in membrane proteins and result in the initiation of a sig-
nalling cascade.

As the stress progresses, secondary signals such as sec-
ond messengers, stress hormones and ROS may be pro-
duced and subsequently activate signalling pathways. These
secondary signals can act as ligands and bind to cognate
receptors to initiate signalling cascades. These receptors
include, for example, the receptor-like protein kinases, two-
component sensor kinases and G-protein associated recep-
tors (Xiong & Zhu 2001).

Acute signalling pathways

When cells are confronted with hyperosmolarity, the first
consequence is the flux of water and ions across various
membranes. Thus, maintenance of ion homeostasis may
represent an acute response, both in terms of the short
responsive time involved and its overall importance in com-
bating the stress. In yeast cells, it is thought that the HOG1
MAPK pathway-mediated glycerol production may be a
long-term adaptive strategy as it takes at least several hours
for the accumulation of glycerol in these cells following
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exposure to hyperosmolarity. Similarly, the accumulation of
osmolytes (e.g. proline) in plants is not instant, and often
occurs when cell injury becomes evident (Delauney &
Verma 1993). This suggests that other acute responses for
the defence of the cell may exist. Studies with the yeast
nhxI mutant suggest that Nhx1-mediated ion homeostasis
and cell volume regulation represent some aspects of these
acute adaptive responses (Nass & Rao 1999). Previous
studies with yeast also showed that under high salt stress, a
calcineurin-dependent signalling cascade is activated and
this results in the activation of the zinc finger transcription
factor TCN1/CRZ1, which regulates the expression of a
subset of ion transporters (i.e. PMC1, PMR1, PMR2A,
FKS1) (Matheos et al. 1997). In Arabidopsis, a similar sig-
nalling pathway was uncovered through genetic analysis of
the sos mutants. In the SOS pathway, salt stress elicits an
intracellular Ca?* transient, which activates the Ca?* bind-
ing protein, SOS3 (Liu & Zhu 1998; Ishitani et al. 2000).
SOS3 interacts with and activates the SOS2 protein kinase
(Halfter, Ishitani & Zhu 2000; Liu et al. 2000) and the
SOS2-SOS3 complex may regulate downstream effectors
such as the plasma membrane-localized Na*/H* antiporter
SOSI1 and other ion transporters (Zhu 2000). The ion trans-
porters then function directly in the restoration of ion
homeostasis.

ROS signalling pathways

In plant cells, it is not very clear how environmental stress
induces the accumulation of reactive oxygen species. In ani-
mal cells, a major pathway for H,O, generation is via
NADPH oxidase and is triggered by growth factors (Rhee
et al.2000). H,0, is a potent activator of MAPK cascades in
animal cells. H,0O, activation of MAPK is probably through
oxidation of the conserved cysteine residues in protein
tyrosine phosphatases (PTP). A reduced PTP activity thus
leads to a high level activation of receptor-tyrosine kinases
and their downstream MAPK cascades in animal cells (for
review, see Rhee et al. 2000). Because osmotic stress signal-
ling also uses some of the MAPK modules, crosstalk
between osmotic stress and oxidative stress signalling at
these MAPK modules is likely. For example, in human epi-
thelial cells, osmotic stress (NaCl)-regulated gene expres-
sion and production of interleukin-8 (IL-8) are mediated by
the p38 MAPK pathway. It was shown that antioxidants
blocked osmotic stress activation of p38 MAPK and the
production of IL-8 (Loitsch et al. 2000).

Similarly, the yeast HOG1 pathway that mediates hyper-
osmolarity responses was also found to mediate oxidative
stress signalling. Thus, mutants defective in the HOG1
pathways or the downstream zinc finger transcription fac-
tors Msn2/Msn4 are sensitive to many other stresses includ-
ing oxidative stress, in addition to osmotic stress (for
review, see Estruch 2000). The two-component sensor
SLN1-SSK1 was shown to be involved in sensing H,0, and
the oxidative agent diamide because the s/nl-sskl1 mutants
are more sensitive to these compounds (Singh 2000). This
raises a possibility that H,O, might be a direct signal for

SLNI1. Activation of the HOG1 pathway by H,O, might
induce the catalase T gene CTTI and results in the break-
down of H,0, To date, the mechanisms of hyperosmolarity
perception by SLNI1 are still unknown.

In plants, exogenous H,0, or ABA-induced H,0O, acti-
vates Ca?* channels in guard cells and mediates stomatal
closure (Pei et al. 2000). This action of H,0, is also likely
through the activation of a MAPK cascade. In Arabidopsis,
it was shown that H,O, activates the MAP kinase kinase
kinase ANP1 and the expression of downstream genes such
as GST6, HSP18-2 and GH3. Interestingly, tobacco plants
over-expressing the tobacco ANP1 ortholog, NPK1, exhibit
an increased tolerance to heat shock, freezing and salt
stress. However, the expression of the stress-responsive
gene RD29A is not affected by either H,O, or the activated
MAPK cascade (Kovtun ez al. 2000), suggesting that the
pathways for the regulation of DRE/CRT genes (Shinozaki
& Yamaguchi-Shinozaki 2000) are activated through dis-
tinct mechanisms.

The expression of many genes is regulated by ROS.
Transcription factors that bind to the cis elements in these
gene promoters have been well studied in yeast. These are
the Yap1 group b-Zip transcription factors in budding yeast
and Papl in fission yeast. These AP-1 transcription factors
are similar to the mammalian c-Jun protein. In fission yeast,
Papl is activated by the MAPK Styl pathway, which regu-
lates responses to osmotic stress, nutrient limitation, oxida-
tive stress and UV irradiation. Moreover, the cytoplasmic-
nuclear partitioning of Papl (Toone et al. 1998) and Yapl
(Kuge, Jones & Nomoto 1997; Delaunay, Isnard &
Toledano 2000) is regulated by ROS. These transcription
factors have conserved cysteine residues that may act as
sensors for the redox status of the cell (Delaunay et al. 2000;
Estruch 2000). Upon activation by ROS, Yap1-related tran-
scription factors activate genes that encode ROS scavenag-
ers (e.g. superoxide dismutases and catalases) or
antioxidant (e.g. glutathione, thioredoxins) synthases
(Jamieson 1998). Surprisingly, although all these structural
genes are found in plants, prototypic Yapl-like transcrip-
tion factors do not appear to be present in the Arabidopsis
genome.

Signalling for osmolyte synthesis

The obvious metabolic changes characterized by increased
synthesis of osmolytes have attracted researchers to study
the underlying mechanisms of hyperosmolarity signalling.
The yeast HOG1 pathway thus emerged as the best studied
osmolarity signalling cascade. The discovery of the HOG1
pathway inspired expectations of similar signalling net-
works in plants that activate the synthesis of osmolytes
under osmotic stress conditions. The widely reported accu-
mulation of proline in stressed plants makes proline a good
candidate marker to study the signalling pathways leading
to its accumulation (Hare, Cress & van Staden 1999). How-
ever, current work on this pathway has mostly been limited
to the transcriptional or post-transcriptional regulation of
several biosynthesis genes. For most glycophytes, osmolytes
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do not accumulate to a high level comparable to that of
glycerol in yeast. In this regard, it is worth noting that the
halophyte Thellungiella halophila (see below), which is
capable of accumulating very high levels of proline, would
be a good model system to use to dissect the signalling path-
ways that mediate osmolyte synthesis. The power of genetic
analysis is being increasingly applied to stress signalling in
plants. One mutant that shows increased tolerance to freez-
ing was found to accumulate high concentrations of proline
(Xin & Browse 1998). This work indicates that the signal-
ling pathways leading to osmolyte synthesis is amenable to
genetic analysis in plants.

Protective or damage-repair pathways

The osmotic stress signalling pathways that have been
more actively studied in plants are those that lead to the
synthesis of a group of proteins with no clear biochemical
function, and no significant sequence similarity to other
well-characterized proteins. These proteins are highly
hydrophilic, glycine-rich, and remain soluble even when
boiled. They can be loosely grouped as LEA (late embryo-
genesis abundant)-like proteins.

LEA-like proteins are found to accumulate in vegetative
tissues in all plant species in response to abiotic stress. LEA
genes have been cloned from many plant species and are
regulated by osmotic stress caused by drought, salinity and
cold. Many LEA genes are regulated by ABA as well
(Skriver & Mundy 1990; Ingram & Bartels 1996; Bray 1997;
Zhu et al. 1997). Interestingly, LEA-like proteins are also
found in bacteria (Close & Lammers 1993) and in yeast
(Garay-Arroyo et al. 2000). The observation that LEA-like
proteins likely exist in all organisms and most of them are
induced by osmotic stress (Garay-Arroyo et al. 2000) sug-
gests that this group of proteins may underlie a common
adaptation strategy to osmotic stress. The yeast LEA-like
GRE]I gene is up-regulated by osmotic, ionic, oxidative and
heat stresses. GREL1 is negatively regulated by the protein
kinase A (PKA) pathway, and positively regulated by the
transcription factors Msn2 and Msn4 (Garay-Arroyo &
Covarrubias 1999). However, disruption of GRE! does not
result in detectable phenotypic changes under any of the
stress conditions (Garay-Arroyo & Covarrubias 1999). In
contrast, E. coli rmf null mutant cells are more sensitive to
osmotic stress (Garay-Arroyo et al. 2000). The RMF gene
was previously described as a ribosome modulation factor-
encoding gene whose expression is induced during the tran-
sition from exponential phase to stationary phase of growth
(Yamagishi et al. 1993). However, recent analysis showed
that RMF is a typical LEA-like protein (Garay-Arroyo et
al.2000). LEA genes in diverse organisms may have similar
functions. For example, a tomato LEA gene when
expressed in yeast increases salt and freezing tolerance of
the yeast cells (Imai et al. 1996). The function of LEA-like
proteins has also been explored by over-expression studies
in plants. Rice plants over-expressing a barley LEA gene,
HVAI, show increased tolerance to cold and salt stress (Xu
et al. 1996). Over-expression of transcription factors that
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regulate the LEA-like genes also significantly improves
plant tolerance to various abiotic stresses (Jaglo-Ottosen et
al. 1998; Kasuga et al. 1999).

The function of these stress proteins in plants and par-
ticularly their modes of action remain a mystery, although
plenty of speculative suggestions have been put forward. A
major hypothesis is that they act as chaperones to prevent
misfolding or denaturation of proteins. One interesting
analysis with the LEA group of proteins suggests that some
of them have features of ribosomal proteins that interact
with RNA (Garay-Arroyo et al. 2000), which is consistent
with their over-representation of charged residues that
facilitate nucleic acid binding. As mentioned above, the E.
coli LEA-like RMF is a ribosomal protein. This alludes to
the possibility that the COR/RD/LTI/KIN proteins, which
share similar characteristics with LEA proteins, may have
the ability to associate with ribosomes during stress.

ROS generated by osmotic stress may also damage
DNA. Cellular responses to DNA damage include activa-
tion of stress signalling pathways, delay in cell cycle pro-
gression and the initiation of DNA damage repair. In yeast,
the HOG1 pathway also activates DDR2 (DNA damage-
responsive gene 2), which may be involved in DNA damage
recognition and repair (Ruis & Schiiller 1995). Similarly,
the osmotic stress activated MAPK pathways in animals are
responsive to other stresses such as UV and yirradiation,
cytokines, certain mitogens and oxidative stress. These
pathways play a major role in apoptosis, cytokine produc-
tion, transcriptional regulation and cytoskeletal reorganiza-
tion (Obata, Brown & Yaffe 2000). They also activate
GADD45 and GADDI153, genes involved in DNA damage-
repair (Kiiltz & Burg 1998). In Arabidopsis, the connection
between genotoxic damage repair and stress sensitivity is
suggested by the uvs66 mutant, which was identified as
hypersensitive to UV-C and to the DNA-damaging agents
methyl methane sulphonate and mitomycin. Interestingly,
the uvs66 mutant is also sensitive to salt stress and ABA.
Expression of the osmotic stress-responsive RABI8 gene is
also altered in the mutant (Albinsky et al. 1999).

Traditionally, pathways that activate the expression of
various stress-responsive genes are considered as signalling
of the initial stresses such as drought, salinity and cold (Shi-
nozaki & Yamaguchi-Shinozaki 2000). However, the possi-
bility that these are activated by stress damage and
represent actual pathways for damage repair has not been
considered. In the case of activation of heat-shock protein
synthesis, it is well recognized that damaged/denatured pro-
teins are the signals that trigger the expression of HSP genes
(Macario & Conway 2000). Similarly, evidence also suggests
that the accumulation of proline may be a reflection of cell
damage (Delauney & Verma 1993; Hare et al. 1999).

GENETIC ANALYSIS OF OSMOTIC STRESS
SIGNALLING NETWORK

Despite the accumulation of considerable information on
gene expression under osmotic stress, which is continuing at
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a greater pace due to the availability of microarray analysis
of expression at a genome level, signal transduction path-
ways that lead to the activation of these genes are far from
being understood. Obviously, to dissect the complex net-
work of osmotic stress signalling requires the employment
of a repertoire of research tools; among them, genetic anal-
ysis is indispensable.

Genetic approaches to analysis of osmotic
stress signalling

Conventional mutant screens using physiological criteria
such as seed germination, root and seedling growth have
been used to analyse plant abiotic stress responses (for
review, see Xiong & Zhu 2001). For efficient genetic dissec-
tion of osmotic stress signalling networks in plants, the use
of reporter genes under the control of stress-responsive
promoters as a screening approach can be an excellent
alternative to overcome the shortage of water stress-
specific responses in plants (Xiong & Zhu 2001). Another
promising approach is through RNA interference (RNAI)
(Chuang & Meyerowitz 2000). Our recent work suggests
that RNAi is very efficient in generating knock-out mutants
in components of stress signalling pathways (J.-K. Zhu,
unpublished).

Previously, we have used the firefly luciferase reporter
gene (LUC) under control of the stress-responsive RD29A
promoter as a molecular marker to screen for mutants that
were defective in osmotic stress signalling. Hundreds of
mutants were isolated in a moderate scale of screen (Ishi-
tani et al. 1997; Xiong et al. 1999). Recently, dozens of these
mutations have been cloned. Through these efforts, we have
now learned several important messages regarding the
application of this reporter gene approach. First, the
reporter gene approach is very efficient in obtaining novel
mutations. Second, mutants with a strong reporter gene
phenotype many not necessarily have strong physiological
phenotypes due to the redundancy or connectedness of sig-
nal pathways (Xiong & Zhu 2001). Third, although muta-
tions in components of stress signal transduction pathways
can be isolated, many mutated genes do not fit into our
expected pathways. Rather, mutations in general cellular
machinery that affects mRNA metabolism (general tran-
scription, processing and nuclear export) and translation
may also be recovered due to their effects on the reporter
enzyme activity. Although some of the gene products
related to general cellular machinery may participate
directly in stress signalling, others may simply underlie gen-
eral cellular lesions that are vulnerable to the particular
stress administered during mutant screening.

Genetic model systems

One important prerequisite for genetic analysis of plant
osmotic stress responses is the use of a genetically tractable
model system. Traditionally, osmotic stress tolerance has
been studied with extremophiles or with yeast. One model
plant is the facultative halophyte, ice plant (Mesembryan-

themum crystallinum). This plant can grow in the presence
of 500 mM NaCl. Gene expression of ice plant under salt
stress conditions has been scrutinized (Bohnert et al. 1988).
Another model plant is the resurrection plant, Cra-
terostigma plantagineum (Bockel, Salamini & Bartels
1998). An important problem with these plants is that it is
extremely difficult to carry out genetic analysis.

With the complete sequencing of the Arabidopsis
genome, Arabidopsis should find even more use as a model
system for studying plant osmotic stress responses. Genetic
analysis of salt stress signalling has demonstrated the prom-
ise offered by this model system, despite of its glycophytic
nature (Zhu 2000). This is because the plants, whether gly-
cophytes or halophytes, appear to have similar signalling
and tolerance machinery. The difference between salt tol-
erance and sensitivity probably results from changes in the
threshold of some regulatory switches or mutations in some
key determinants. Thus, genetic analysis using the Arabi-
dopsis model system will continue to contribute to building
salt and water stress signalling networks applicable to all
higher plants.

Once a framework has been set up, the application of
knowledge from Arabidopsis to crop plants or, more spe-
cifically, the application of knowledge to the engineering of
drought- or salt-tolerant crop plants also requires specific
information from crop plants and from other plants that are
more tolerant to osmotic stress than Arabidopsis. In this
regard, genetic analysis of osmotic stress responses in halo-
phytes should provide valuable information. One promis-
ing halophytic genetic model plant is Thellungiella
halophila (Zhu 2001). This plant can complete its life cycle
in the presence of more than 300 mM NaCl, compared with
around 75 mM NaCl for Arabidopsis. Importantly, T. halo-
phila has many traits that are similar to Arabidopsis, such as
a small stature, short life cycle, self-pollination and a small
genome. Thellungiella halophila can also be easily trans-
formed via Agrobacterium-mediated flower-dipping trans-
formation. One additional advantage is that at the cDNA
level, homologous genes in this genome are over 90% iden-
tical in sequence to those in Arabidopsis (Zhu 2001).
Therefore, genetic analysis of this halophytic plant can ben-
efit from the availability of the Arabidopsis genome
sequence.

CONCLUDING REMARKS

Although considerable information has been accumulated
regarding plant responses to osmotic stress, one major
deficiency is in the understanding of the signal transduc-
tion pathways that mediate these responses. In this post-
Arabidopsis genomics era, the use of genetically tractable
model plant systems and the application of forward and
reverse genetic approaches (e.g. RNAi and T-DNA or
transposon insertional knockouts) are expected to acceler-
ate progress in our understanding of these signalling path-
ways. Elucidation of the signalling networks will pave the
way for more rational engineering of stress-tolerant crop

© 2002 Blackwell Science Ltd, Plant, Cell and Environment, 25, 131-139



plants (e.g. Bartel & Nelson 1994; Winicov 1998; Cushman
& Bohnert 2000).

REFERENCES

Alvarez MLE., Pennell R.I., Meier P.-J., Ishikawa A., Dixon
R.A. & Lamb C. (1998) Reactive oxygen intermediates medi-
ate a systemic signal network in the establishment of plant
immunity. Cell 92, 773-784.

Albinsky D.,Masson J.E., Bogucki A., Afsar K., Vass I., Nagy
F. & Paszkowski J. (1999) Plant responses to genotoxic stress
are linked to an ABA/salinity signaling pathway. Plant Journal
17, 73-82.

Amaya 1., Botella M.A., de la Calle M., Medina M.I., Heredia
A., Bressan R.A., Hasegawa P.M., Quesada M.A. &
Valpuesta V. (1999) Improved germination under osmotic
stress of tobacco plants overexpressing a cell wall peroxidase.
FEBS Letters 457, 80-84.

Apse M.P.,Aharon G.S.,Snedden W.A. & Blumwald E. (1999)
Salt tolerance conferred by overexpression of a vacuolar Na*/H*
antiporter in Arabidopsis. Science 285, 1256-1258.

Bartels D. & Nelson D. (1994) Approaches to improve stress tol-
erance using molecular genetics. Plant, Cell and Environment
17, 659-667.

Blount P. & Moe P.C. (2000) Bacterial mechanosensitive chan-
nels: integrating physiology, structure and function. Trends in
Microbiology 7, 420-424.

Bockel C., Salamini F. & Bartels D. (1998) Isolation and char-
acterization of genes expressed during early events of the dehy-
dration process in the resurrection plant Craterostigama
plantagineum. Journal of Plant Physiology 152, 158-166.

Bohnert H.J. & Sheveleva E. (1998) Plant stress adaptations,
making metabolism move. Current Opinion in Plant Biology 1,
267-274.

Bohnert H.J., Ostrem J.A., Cushman J.C., et al. (1988) Mesem-
bryanthemum crystallinum, a higher plant model for the study of
environmentally induced changes in gene expression. Plant
Molecular Biology Reporter 6,10-28.

Bohnert H.J.,Su H. & Shen B. (1999) Molecular mechanisms of
salinity tolerance. In Molecular Responses to Cold, Drought,
Heat, and Salt Stress in Higher Plants (eds K. Shinozaki & K.
Yamaguchi-Shinozaki), pp. 29-62. R.G. Landes Company, Aus-
tin, TX.

Booth I.LR. & Louis P. (2000) Managing hypoosmotic stress:
aquaporins and mechanosensitive channels in Escherchia coli.
Current Opinion in Microbiology 2,166-169.

Bowler C.,van Montagu M. & Inze D. (1992) Superoxide dis-
mutase and stress tolerance. Annual Review of Plant Physiology
and Plant Molecular Biology 43, 83-116.

Bray E.A. (1997) Plant responses to water deficit. Trends in Plant
Science 2, 48-54.

Christensen O. (1987) Mediation of cell volume regulation by
Ca?* flux through stretch-activated channels. Nature 330, 66-68.

Chuang C.F. & Meyerowitz E.M. (2000) Specific and heritable
genetic interference by double-stranded RNA in Arabidopsis
thaliana. Proceedings of the National Academy of Science USA
97, 4985-4990.

Ciechanover A., Orian A. & Schwartz A.L. (2000) Ubiquitin-
mediated proteolysis: biological regulation via destruction.
Bioessay 22, 442-451.

Close T.J. & Lammers P.J. (1993) An osmotic protein of cyano-
bacteria is immunologically related to plant dehydrins. Plant
Physiology 101, 773-779.

© 2002 Blackwell Science Ltd, Plant, Cell and Environment, 25, 131-139

Plant responses to osmotic stress 137

Cushman J.C. & Bohnert H.J. (2000) Genomic approaches to
plant stress tolerance. Current Opinion in Plant Biology 3,117-
124.

Delauney A. & Verma D.P.S. (1993) Proline biosynthesis and
osmoregulation in plants. Plant Journal 4,215-223.

Delaunay A.,Isnard A.D. & Toledano M.B. (2000) H,O, sens-
ing through oxidation of the Yapl transcription factor. EMBO
Journal 19, 5157-5166.

Estruch F. (2000) Stress-controlled transcription factors, stress-
induced genes and stress tolerance in budding yeast. FEMS
Microbiology Review 24, 469-486.

Garay-Arroyo A. & Covarrubias A.A. (1999) Three genes whose
expression is induced by stress in Saccharomyces cerevisiae.
Yeast 15, 879-892.

Garay-Arroyo A., Colmenero-Flores J.M., Garciarrubio A. &
Covarrubias A.A. (2000) Highly hydrophilic proteins in
prokaryotes and eukaryotes are common during conditions of
water deficit. Journal of Biological Chemistry 275, 5668-5674.

Greenway H. & Munns R. (1980) Mechanisms of salt tolerance in
non-halophytes. Annual Review of Plant Physiology 31, 149—
190.

Guan L. & Scadalios J.G. (1998) Two structurally similar maize
cytosolic superoxide dismutase genes, Sod4 and Sod4A, respond
differentially to abscisic acid and high osmoticum. Plant Physi-
ology 117, 217-224.

Guan L.M., Zhao J. & Scadalios J.G. (2000) Cis-elements and
trans-factors that regulate expression of the maize Catl antiox-
idant gene in response to ABA and osmotic stress: H,O, is the
likely intermediary signaling molecule for the response. Plant
Journal 22, 87-95.

Halfter U.,Ishitani M. & Zhu J.K. (2000) The Arabidopsis SOS2
protein kinase physically interacts with and is activated by the
calcium-binding protein SOS3. Proceedings of the National
Academy of Science USA 97, 3735-3740.

Hare P.D.,Cress W.A. & van Staden J. (1999) Proline synthesis
and degradation: a model system for elucidating stress-related
signal transduction. Journal of Experimental Botany 50,413-434.

Hasegawa P.M.,Bressan R.A.,Zhu J.K. & Bohnert H.J. (2000)
Plant cellular and molecular responses to high salinity. Annual
Review of Plant Physiology and Plant Molecular Biology 51,
463-499.

Humphrey T. & Enoch T. (1998) Sum1, a highly conserved WD-
repeat protein, suppresses S-M checkpoint mutants and inhibits
the osmotic stress cell cycle response in fission yeast. Genetics
148, 1731-1742.

Hong Z., Lakkineni K., Zhang Z. & Verma D.P.S. (2000)
Removal of feedback inhibition of Al-pyrroline-5-carboxylate
synthetase results in increased proline accumulation and protec-
tion of plants from osmotic stress. Plant Physiology 122, 1129—
1136.

Imai R.,Chang L.,Ohta A.,Bray E. & Takagi M. (1996) A lea-
class gene of tomato confers salt and freezing tolerance when
expressed in Saccharomyces cerevisiae. Gene 170, 243-248.

Ingram J. & Bartels D. (1996) The molecular basis of dehydration
tolerance in plants. Annual Review of Plant Physiology and
Plant Molecular Biology 47, 377-403.

Ishitani M., Liu J., Halfter U., Kim C.S.,Shi W. & Zhu J.K.
(2000) SOS3 function in plant salt tolerance requires N-myris-
toylation and calcium binding. Plant Cell 12,1667-1678.

Ishitani M., Xiong L., Stevenson B. & Zhu J.-K. (1997) Genetic
analysis of osmotic and cold stress signal transduction in Arabi-
dopsis: interactions and convergence of abscisic acid-dependent
and abscisic acid-independent pathways. Plant Cell 9, 1935-
1949.

Jaglo-Ottosen K.R., Gilmour S.J., Zarka D.G., Schabenberger
O. & Thomashow M.F. (1998) Arabidopsis CBF1 overexpres-



138 L. Xiong & J.-K. Zhu

sion induces COR genes and enhances freezing tolerance. Sci-
ence 280, 104-106.

Jamieson D.J. (1998) Oxidative stress responses of yeast Saccha-
romyces cerevisiae. Yeast 14, 1511-1527.

Karpinski S., Reynolds H., Karpinska B., Wingsle G., Creissen
G. & Mullineaux P. (1999) Systemic signaling and acclimation
in response to excess excitation energy in Arabidopsis. Science
284, 654-657.

Kasuga M., Liu Q., Miura S., Yamaguchi-Shinozaki K. & Shi-
nozaki K. (1999) Improving plant drought, salt and freezing tol-
erance by gene transfer of a single stress-inducible
transcriptional factor. Nature Biotechology 17, 287-291.

Kovtun Y., Chiu W.L., Tena G. & Sheen J. (2000) Functional
analysis of oxidative stress-activated mitogen-activated protein
kinase cascade in plants. Proceedings of the National Academy of
Sciences USA 97,2940-2945.

Katsuhara M. (1997) Apoptosis-like cell death in barley roots
under salt stress. Plant Cell Physiology 38, 1091-1093.

Kiiltz D. & Burg M. (1998) Evolution of osmotic stress signaling
via MAP kinase cascade. Journal of Experimental Biology 201,
3015-3021.

Kuge S., Jones N. & Nomoto A. (1997) Regulation of yAP-1
unclear localization in response to oxidative stress. EMBO Jour-
nal 16, 1710-1720.

Loitsch M., von Mallinckrodt C., Kippenberger S., Steinhilber
D., Wagner T.O. & Bargon J. (2000) Reactive oxygen inter-
mediates are involved in IL-8 production induced by hyperos-
motic stress in human bronchial epithelial cells. Biochemistry
and Biophysics Research Communication 276, 571-578.

Liu J. & Zhu J.-K. (1997) An Arabidopsis mutant that requires
increased calcium for potassium nutrition and salt tolerance.
Proceedings of the National Academy of Science USA 94,14960—
14964.

Liu J. & Zhu J.-K. (1998) A calcium sensor homolog required for
plant salt tolerance. Science 280, 1943-1945.

Liu J., Ishitani M., Halfter U., Kim C.S. & Zhu J.-K. (2000)
The Arabidopsis thaliana SOS2 gene encodes a protein kinase
that is required for salt tolerance. Proceedings of the National
Academy of Science USA 97, 3730-3734.

Lopez-Huertas E., Charlton W., Johnson B., Graham [.A. &
Baker A. (2000) Stress induces peroxisome biogenesis genes.
EMBO Journal 19, 6770-6777.

Macario A.J.L. & Conway de Macario E. (2000) Heat shock
response: an overview. In The Encyclopedia of Stress (ed. G.
Fink), pp. 350-357. Academic Press, San Diego, CA.

Madden K., Sheu Y.J., Baetz K., Andrews B. & Snyder M.
(1997) SBF cell cycle regulator as a target of the yeast PKC-
MAP kinase pathway. Science 275, 1781-1784.

Marshall J.G., Dumbroff E.B., Thatcher B.J., Martin B., Rut-
ledge R.G. & Blumwald E. (1999) Synthesis and oxidative
insolubilization of cell-wall proteins during osmotic stress.
Planta 208, 401-408.

Matheos D.P., Kingsbury T.J., Ashan U.S. & Cunningham
K.W. (1997) Tenlp/Crzlp, a calcineurin-dependent transcrip-
tion factor that differentially regulates gene expression in
Saccharomyces cerevisiae. Genes and Development 11, 3445—
3458.

Mizunuma M., Hirata D., Miyahara K., Tsuchiya E. & Miy-
akawa T. (1998) Role of calcineurin and Mpk1 in regulating the
onset of mitosis in budding yeast. Nature 392, 303-306.

Nanjo T., Kobayashi M., Yoshiba Y., Sanada Y., Wada K.,
Tsukaya H., Kakubari Y., Yamaguchi-Shinozaki K. & Shi-
nozaki K. (1999) Biological functions of proline in morphogen-
esis and osmotolerance revealed in antisense transgenic
Arabidopsis thaliana. Plant Journal 18, 185-193.

Nass R. & Rao R. (1999) The yeast endosomal Na*/H*

exchanger, Nhx1, confers osmotolerance following acute hyper-
tonic shock. Microbiology 145, 3221-3228.

Nass R., Cunningham K.W. & Rao R. (1997) Intracellular
sequestration of sodium by a novel Na*/H* exchanger in yeast is
enhanced by mutations in the plasma membrane H*-ATPase.
Journal of Biological Chemistry 272,26145-26152.

Niu X.,Bressan R.A.,Hasegawa P.M. & Pardo J.M. (1995) Ion
homeostasis in NaCl stress. Plant Physiology 109, 735-742.

Obata T.,Brown G.E. & Yaffe M.B. (2000) MAP kinase path-
ways activated by stress: p38 MAPK pathway. Critical Care
Medicine 28, 67-77.

Pei Z.M., Murata Y., Benning G., Thomine S., Klusener B.,
Allen G.J.,Grill E. & Schroeder J.I. (2000) Calcium channels
activated by hydrogen peroxide mediate abscisic acid signaling
in guard cells. Nature 406, 731-734.

Rhee S.G., Bae Y.S.,Lee S.R. & Kwon J. (2000) Hydrogen Perox-
ide: a Key Messenger that Modulates Protein Phosphorylation
through Cysteine Oxidation [WWW document]. URL http://
www.stke.org/cgi/content/full/OC_sigtrans; 2000/53/pel.

Ronde J.A.D., Spreeth M.H. & Cress W.A. (2000) Effect of
antisense L-A-pyrroline-5-5 carboxylate reductase transgenic
soybean plants subjected to osmotic and drought stress. Plant
Growth Regulation 32, 13-26.

Roxas V.P.,Smith R.K.,Allen E.R. & Allen R.D. (1997) Over-
expression of glutathione S-transferase/glutathione peroxidase
enhances the growth of transgenic tobacco during stress. Nature
Biotechnology 15, 988-991.

Ruis H. & Schiiller C. (1995) Stress signaling in yeast. Bioessays
17, 959-965.

Serrano R., Mulet J.M., Rios G. et al. (1999) A glimpse of the
mechanisms of ion homeostasis during salt stress. Journal of
Experimental Botany 50, 1023-1036.

Shi H.,Ishitani M.,Kim C. & Zhu J.-K. (2000) The Arabidopsis
thaliana salt tolerance gene SOSI encodes a putative Na*/H*
antiporter. Proceedings of the National Academy of Science USA
97, 6896-6901.

Shiozaki K. & Russell P. (1995) Cell cycle control linked to extra-
cellular environment by MAP kinase pathway in fission yeast.
Nature 378, 739-743.

Shinozaki K. & Yamaguchi-Shinozaki K. (2000) Molecular
responses to dehydration and low temperature: difference and
cross-talk between two stress signaling pathways. Current Opin-
ion in Plant Biology 3,217-223.

Singh K.K. (2000) The Saccharomyces cerevisiae Slnlp_Ssklp
two-component system mediates response to oxidative stress
and in an oxidant-specific fashion. Free Radical Biology 29,
1043-1050.

Skriver K. & Mundy J. (1990) Gene expression in response to
abscisic acid and osmotic stress. Plant Cell 2, 503-512.

Smirnoff N. & Cumbes Q.J. (1989) Hydroxyl radical scavenging
activity of compatible solutes. Phytochemistry 28, 1057-1060.

Strotmann R., Harteneck C., Nunnenmacher K., Schultz G. &
Plant T.D. (2000) OTRPC4, a nonselective cation channel that
confers sensitivity to extracellular osmolarity. Nature Cell Biol-
ogy 2,695-702.

Toone W.M., Kuge S., Samuels M., Morgan B.A., Toda T. &
Jones N. (1998) Regulation of the fission yeast transcription fac-
tor Papl by oxidative stress: requirement for the nuclear export
factor Crm1 (Exportin) and the stress-activated MAP kinase
Styl/Spcl. Genes and Development 12, 1453-1463.

Tsugane K., Kobayashi K., Niwa Y., Ohba Y., Wada K. &
Kobayashi H. (1999) A recessive Arabidopsis mutant that
grows photoautotrophically under salt stress shows enhanced
active oxygen detoxification. Plant Cell 11, 1195-1206.

Wang H.,Qi Q.,Schorr P.,Cutler A.J., Crosby W.L. & Fowke
L.C. (1998) ICK1, a cyclin-dependent protein kinase inhibition

© 2002 Blackwell Science Ltd, Plant, Cell and Environment, 25, 131-139



from Arabidopsis thaliana interacts with both Cdc2a and CycD3,
and its expression is induced by abscisic acid. Plant Journal 15,
501-510.

Willekens H., Chamnongpol S., Davey M., Schraudner M.,
Langebartels C., Van Montagu M., Inze D. & Van Camp W.
(1997) Catalase is a sink for H,O, and is indispensable for stress
defense in Cj plants. EMBO Journal 16, 4806-4816.

Winicov 1. (1998) New molecular approaches to improving salt
tolerance in crop plants. Annals of Botany 82, 703-710.

Wu S.J.,Ding L. & Zhu J.K. (1996) SOSI, a genetic locus essen-
tial for salt tolerance and potassium acquisition. Plant Cell 8,
617-6217.

Xin Z. & Browse J. (1998) eskimol mutants of Arabidopsis are
constitutively freezing-tolerant. Proceedings of the National
Academy of Science USA 95, 7799-7804.

Xiong L. & Zhu J.-K. (2001) Abiotic stress signal transduction in
plants: molecular and genetic perspectives. Physiologia Plan-
tarum 112, 152-166.

Xiong L., David L., Stevenson B. & Zhu J.-K. (1999) High
throughput screening of signal transduction mutants with
luciferase imaging. Plant Molecular Biology Reporter 17,59-170.

Xu D., Duan X., Wang B., Hong D., Ho T.H.D. & Wu R.
(1996) Expression of a late embryogenesis abundant protein
gene, HVA, from barley confers tolerance to water deficit and
salt stress in transgenic rice. Plant Physiology 110, 249-257.

© 2002 Blackwell Science Ltd, Plant, Cell and Environment, 25, 131-139

Plant responses to osmotic stress 139

Yamagishi M., Matsushima H., Wada A., Sakagami M., Fujita
N. & Ishihama A. (1993) Regulation of the Escherichia coli rmf

gene encoding the ribosome modulation factor: growth phase-
and growth rate-dependent control. EMBO Journal 12, 625-630.

Yancey P.H., Clark M.E., Hand S.C., Bowlus R.D. & Somero

G.N. (1982) Living with water stress: evolution of osmolyte sys-

tems. Science 217, 1214-1222.

Yeo A. (1998) Molecular biology of salt tolerance in the context of
whole-plant physiology. Journal of Experimental Botany 49,
913-929.

Zhang J. & Davies W.J. (1991) Antitranspirant activity in xylem
sap of maize plants. Journal of Experimental Botany 42,317-321.

Zhu J.-K. (2000) Genetic analysis of plant salt tolerance using
Arabidopsis. Plant Physiology 124, 941-948.

Zhu J.-K. (2001) Plant salt tolerance. Trends in Plant Science 6,
66-71.

Zhu J.-K., Hasegawa P.M. & Bressan R.A. (1997) Molecular
aspects of osmotic stress in plants. Critical Review of Plant Sci-
ence 16, 253-2717.

Zhu J.-K.,Liu J. & Xiong L. (1998) Genetic analysis of salt tol-
erance in Arabidopsis: evidence for a critical role of potassium
nutrition. Plant Cell 10, 1181-1191.

Received 3 April 2001; received in revised form 26 July 2001;
accepted for publication 26 July 2001



