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■ Abstract Salt and drought stress signal transduction consists of ionic and os-
motic homeostasis signaling pathways, detoxification (i.e., damage control and repair)
response pathways, and pathways for growth regulation. The ionic aspect of salt stress
is signaled via the SOS pathway where a calcium-responsive SOS3-SOS2 protein ki-
nase complex controls the expression and activity of ion transporters such as SOS1.
Osmotic stress activates several protein kinases including mitogen-activated kinases,
which may mediate osmotic homeostasis and/or detoxification responses. A number
of phospholipid systems are activated by osmotic stress, generating a diverse array of
messenger molecules, some of which may function upstream of the osmotic stress–
activated protein kinases. Abscisic acid biosynthesis is regulated by osmotic stress at
multiple steps. Both ABA-dependent and -independent osmotic stress signaling first
modify constitutively expressed transcription factors, leading to the expression of early
response transcriptional activators, which then activate downstream stress tolerance
effector genes.
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INTRODUCTION

Modern-day plants are products of eons of evolution from primal living organisms
in response to abiotic and biotic environmental changes. Among the abiotic factors
that have shaped and continue shaping plant evolution, water availability is the
most important. Water stress in its broadest sense encompasses both drought and
salt stress. Because cell signaling controls plant responses and adaptation, it is
probably not an exaggeration to state that water stress signaling has in large part
shaped the flora on earth. Drought and salt stress, together with low temperature,
are the major problems for agriculture because these adverse environmental factors
prevent plants from realizing their full genetic potential.

Salt stress afflicts plant agriculture in many parts of the world, particularly
irrigated land (16a). Compared to salt stress, the problem of drought is even more
pervasive and economically damaging (5a). In this regard, drought stress signaling
certainly merits separate treatment. Nevertheless, most studies on water stress
signaling have focused on salt stress primarily because plant responses to salt and
drought are closely related and the mechanisms overlap. From a practical point, salt
stress can be imposed more easily and precisely in laboratory settings. Although
the importance of salt and drought stress signaling was recognized long ago, few
molecular components were known until recently. As such, salt and drought stress
signaling was reviewed only as part of salt and drought stress tolerance (24, 31),
and it has not been reviewed as a separate subject in this series.

This review focuses on general cell-based salt and drought stress signaling.
Long-distance signaling within a plant and even interplant signaling are impor-
tant for plant adaptation, but little mechanistic information is available. In drought
stress responses, guard cell signaling is of critical importance because it is a key
denominator within the plant water budget. Much effort has been justifiably ded-
icated to guard cell signaling and substantial advances have been made. Several
excellent reviews are devoted to this subject, including Schroeder et al. (85) and
Leung & Giraudat (51). Despite the fact that guard cells are specialized structures,
most of what is learned there is probably applicable to other cells as well. There-
fore, some of the knowledge of general cell signaling presented here has roots in
guard cell studies.

INPUTS AND OUTPUTS: MAKING SENSE OF SALT
AND DROUGHT STRESS SIGNALING PATHWAYS

Salt and drought stresses affect virtually every aspect of plant physiology and
metabolism. Numerous changes that occur under these stresses have been docu-
mented. Although some of the changes are clearly adaptive, many may simply be
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pathological consequences of stress injury. True, there may be active signaling to
activate pathological responses. Knowledge of them is just as important because
they represent suitable targets for genetic suppression to improve salt and drought
stress tolerance. In nature, for a plant to sacrifice a part of its structure constitutes
an adaptive strategy to survive a stress episode.

For adaptive or presumed adaptive responses, it may be helpful to conceptually
group them into three aspects: (a) homeostasis that includes ion homeostasis, which
is mainly relevant to salt stress, and osmotic homeostasis or osmotic adjustment;
(b) stress damage control and repair, or detoxification; and (c) growth control (119).
Accordingly, salt and drought stress signaling can be divided into three functional
categories: ionic and osmotic stress signaling for the reestablishment of cellular
homeostasis under stress conditions, detoxification signaling to control and repair
stress damages, and signaling to coordinate cell division and expansion to levels
suitable for the particular stress conditions (Figure 1). Homeostasis signaling nega-
tively regulates detoxification responses because, once cellular homeostasis is
reestablished, stress injury would be reduced, and failure to reestablish homeosta-
sis would aggravate stress injury. Homeostasis and detoxification signaling lead
to stress tolerance and are expected to negatively regulate the growth inhibition
response, i.e., to relieve growth inhibition.

It is not enough to know only the components or elements of signaling pathways
(113). Good comprehension requires knowledge of precise inputs and outputs of
the pathways. It is here that water stress signaling is most poorly understood. Just
because certain changes occur upon drought stress treatment, one cannot assume
that drought is the direct input signal, nor can one assume that the output is any

Figure 1 Functional demarcation of salt and drought stress signaling pathways. The inputs
for ionic and osmotic signaling pathways are ionic (excess Na+) and osmotic (e.g., turgor)
changes. The output of ionic and osmotic signaling is cellular and plant homeostasis. Direct
input signals for detoxification signaling are derived stresses (i.e., injury), and the signaling
output is damage control and repair (e.g., activation of dehydration tolerance genes). Interac-
tions between the homeostasis, growth regulation, and detoxification pathways are indicated.
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of the adaptive responses. For the ionic aspect of salt stress, a signaling pathway
based on theSOS(Salt Overly Sensitive) genes has been established. The input of
the SOS pathway is likely excess intracellular or extracelluar Na+, which somehow
triggers a cytoplasmic Ca2+ signal (117). The outputs are expression and activity
changes of transporters for ions such as Na+, K+, and H+. The input for osmotic
stress signaling is likely a change in turgor. Several osmotic stress–activated, SOS-
independent protein kinases probably mediate osmotic stress signaling, but no
output is known (119). Possible outputs of osmotic signaling pathways include
gene expression and/or activation of osmolyte biosynthesis enzymes as well as
water and osmolyte transport systems. Most of the other changes induced by salt or
drought stress can be considered as part of detoxification signaling. These include
(a) phospholipid hydrolysis; (b) changes in the expression of LEA/dehydrin-type
genes, molecular chaperones, and proteinases that remove denatured proteins; and
(c) activation of enzymes involved in the generation and removal of reactive oxygen
species and other detoxification proteins. The input signal(s) for the detoxification
pathways is mostly likely not an ionic or osmotic change, but a product of stress
injury, e.g., reactive oxygen species or protein denaturation.

Water stress generally inhibits plant growth, and indirect evidence suggests
active signaling to cell division and expansion machineries (119). Slower cell
division under water stress is probably a result of reduced cyclin-dependent kinase
(CDK) activity (87). Reduced CDK activity may be a result of combined effects of
transcription suppression of cyclins and CDKs (7) and induction of CDK inhibitors
(106). The direct input signal(s) for the CDK regulation is unclear but can be a
product of stress injury or any of the primary or intermediary signals involved in
the homeostasis and detoxification pathways.

THE SOS REGULATORY PATHWAY FOR ION
HOMEOSTASIS AND SALT TOLERANCE

Although a number of possible pathways for salt, drought, or cold signaling have
been proposed, none is established in terms of signaling proteins and inputs and
outputs. One exception is the SOS pathway that emerged recently as a result of
genetic, molecular, and biochemical analysis (117). An outline of this pathway
is shown in Figure 2. Salt stress elicits a cytosolic calcium signal (42). How the
calcium signal is different from that triggered by drought, cold, or other stimuli
remains a mystery. A myristoylated calcium-binding protein encoded bySOS3
presumably senses the salt-elicited calcium signal and translates it to downstream
responses (32, 55). SOS3 interacts with and activates SOS2, a serine/threonine
protein kinase (23, 53). SOS2 and SOS3 regulate the expression level ofSOS1,
a salt tolerance effector gene encoding a plasma membrane Na+/H+ antiporter
(92). More importantly, SOS2 and SOS3 are required for the activation of SOS1
transport activity (78). SOS1 by itself can slightly increase the salt tolerance of a
yeast mutant strain lacking all endogenous Na+-ATPases and Na+/H+ antiporters
(93). Coexpression of SOS3 and SOS2, together with SOS1, can dramatically
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Figure 2 Regulation of ion (e.g., Na+ and K+) homeostasis by the SOS pathway. High
Na+ stress initiates a calcium signal that activates the SOS3-SOS2 protein kinase complex,
which then stimulates the Na+/H+ exchange activity of SOS1 and regulates transcriptionally
and posttranscriptionally the expression of some genes. SOS3-SOS2 may also stimulate or
suppress the activities of other transporters involved in ion homeostasis under salt stress,
such as vacuolar H+-ATPases and pyrophosphatases (PPase), vacuolar Na+/H+ exchanger
(NHX), and plasma membrane K+ and Na+ transporters.

enhance the salt tolerance of the yeast mutant (J. M. Pardo & J-K. Zhu, unpublished
information). Expression of a constitutively activated SOS2 mutant could also
increase the salt tolerance activity of SOS1 in the yeast mutant, implying that
SOS2 kinase activity is sufficient for SOS1 activation. In a complementary study,
Qiu et al. (78) showed that constitutively active SOS2 kinase could enhance a
Na+/H+ exchange activity in purified plasma membrane vesicles from wild-type
but notsos1-1mutant (107) plants. Insos2-2andsos3-1mutants (121), the plasma
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membrane Na+/H+ exchange activity is much lower but can be recovered to near
wild-type levels by addition of activated SOS2 in vitro to the membrane vesicle
preparations (78).

SOS3 belongs to a novel subfamily of EF-hand-type calcium-binding proteins
(21). These proteins share high sequence identities with the B-subunit of cal-
cineurin (type 2B protein phosphatase) and with animal neuronal calcium sensors
(21, 55). They are predicted to have three EF-hands and bind to calcium with low
affinity compared to calmodulin or caltractin (32; Y. Guo & J-K. Zhu, unpublished
information). Only some members of the protein family contain an N-terminal
myristoylation motif. SOS3 is myristoylated, which may help target SOS3 and its
interacting proteins (e.g., SOS2) to membranes where their target transporters are
located (e.g., SOS1). Nevertheless, not all of the SOS3 protein in plant cells is
associated with membranes (32), consistent with the presence of nonmembrane-
bound protein targets of the SOS3-SOS2 complex. Besides a role in salt tolerance
through an interaction with SOS2, SOS3 may also interact with other proteins
including SOS2-like proteins (i.e., PKS) (21) to mediate osmotic stress induction
of ABA biosynthesis (L. Xiong & J-K. Zhu, unpublished information). SOS3-like
proteins (SCaBPs) interact specifically with certain PKS proteins, forming distinct
protein kinase complexes that likely mediate calcium signaling in response to other
stimuli (21).

SOS2 also represents a novel family of proteins (PKS) so far only found in plants
(21). SOS2 contains an SNF1-like catalytic domain and a unique regulatory domain
that interacts with SOS3 (23, 53). The regulatory and catalytic domains of SOS2
interact to keep the kinase inactive in substrate phosphorylation, presumably by
preventing substrate access to the catalytic site (21). SOS3 binding to the regulatory
domain appears to disrupt the intramolecular interaction of SOS2, thus opening up
the catalytic site. Serial deletion analysis identified a 21 amino acid sequence (i.e.,
FISL motif) in the SOS2 regulatory domain, which is necessary and sufficient for
SOS3 binding. Deletion of the entire SOS2 regulatory domain (21) or simply of the
FISL motif (Y. Guo & J-K. Zhu, unpublished information) results in constitu-
tive activation of the kinase. Expression of the constitutively active SOS2 under
the CaMV 35S promoter insos2or sos3mutant plants can rescue the salt sensitive
phenotype in the mutant shoot but, curiously, not in the root (Y. Guo & J-K. Zhu,
unpublished information), suggesting that SOS2 kinase activity is sufficient for
the SOS pathway in salt tolerance at least in the shoot.

The plasma membrane Na+/H+ antiporter SOS1 has a very long tail that is
predicted to be on the cytoplasmic side (92). Membrane transporters with long
cytoplasmic tails have been proposed to function as sensors of the solutes they
transport. For example, evidence suggests that the glucose transporters Snf3 and
Rgt2 in yeast can serve as glucose sensors and regulate gene expression in response
to glucose starvation (75). The possibility of SOS1 being both a transporter and a
sensor cannot be dismissed. If it is a Na+ sensor, it may control SOS2 activation in
plants, forming a regulatory loop because an activated SOS2 would stimulate its
capacity for Na+efflux. Future determination of SOS2 kinase activity in response to
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salt treatment in wild-type andsos1mutants may prove or disprove this speculation.
Besides being regulated by SOS2, SOS1 activity may also be regulated by SOS4.
SOS4 catalyzes the formation of pyridoxal-5-phosphate, a cofactor that may serve
as a ligand for SOS1 because the latter contains a putative binding sequence for
this cofactor (94; H. Shi & J-K. Zhu, unpublished information).

It will not be surprising if SOS3 and SOS2 regulate Na+ influx as well as
vacuolar compartmentation systems because these systems are also vital for salt
tolerance. Mutations in theAtHKT1gene suppressedsos3mutant phenotypes (81).
AtHKT1 mediates Na+ influx in oocytes and yeast (103). Ion content analysis in
the sos3hkt1mutant supports that AtHKT1 mediates Na+ influx in planta (81).
It is possible that SOS3 and SOS2 may downregulate AtHKT1 activity under
salt stress. Nonselective cation channels contribute to Na+ influx (2, 101). Cyclic
nucleotide–gated ion channels (CNGCs) are a group of nonselective cation chan-
nels that are inhibited by calcium and calmodulin. When expressed in heterologous
systems (50), CNGC2 was activated by cyclic nucleotides and but did not show
Na+ permeability. However, patch clamping of Arabidopsis root cells showed
that nonselective cation channels were inhibited by cAMP or cGMP in vivo (59).
Arabidopsis seedling growth on 100 mM NaCl was improved by inclusion of
cGMP and to a lesser extent by cAMP. Consistent with an active role of cyclic
nucleotides in salt tolerance, cGMP-treated plants had less Na+ accumulation (59).
Some CNGCs may also mediate calcium influx and thus are potentially upstream
of SOS3 if they can generate cytosolic calcium transients under salt stress.

PROTEIN KINASE PATHWAYS FOR
OSMOTIC STRESS SIGNALING

Protein phosphorylation is such a central theme in cell signaling that its involve-
ment in osmotic stress adaptation was predicted a while ago. Only recently, though,
has direct experimental evidence been reported (118). In fact, several plant pro-
tein kinases have now been found to be activated by osmotic stress. Because
of the well-known osmosensing pathway in yeast (22), much attention has been
directed toward identifying a homologous pathway in plants. The yeast osmoreg-
ulatory pathways begin with either an Src-homology 3 (SH3) domain-containing
membrane protein or a two-component histidine kinase, which then activates a
MAP kinase cascade and leads to increased osmolyte synthesis and accumulation
(22). Although plants accumulate compatible osmolytes for osmotic adjustment,
whether they use similar membrane sensors and MAP kinase cascades to regulate
osmolyte synthesis is unclear. Recent studies using in-gel kinase assays identified
several protein kinases that are activated by osmotic stress in plants, but whether
any of the pathways is directly activated by osmotic stress or by a derived stress
needs to be addressed (Figure 3). In addition, a central question remains as to the
outputs of the pathways, i.e., whether they regulate osmolyte biosynthesis or other
stress responses.
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Figure 3 Activation of protein kinases by hyperosmotic stress. The MAP kinase cascade
shown is also activated by other stresses. Currently, the functional significance of the ki-
nase activation is unclear (hence the “unknown output”). SIPK, SIMK, and ATMPK6 are
homologous MAP kinases from tobacco, alfalfa, and Arabidopsis, respectively.

Plants have several MAP kinases that are activated by hyperosmotic stress
(Figure 3). In alfalfa cells, a 46-kD MAP kinase named SIMK became activated
in response to moderate hyperosmotic stress (67). It is interesting to note that
at severe hyperosmotic stress (>750 mM NaCl) SIMK was no longer activated.
Instead, a smaller kinase became activated, suggesting that the two kinases function
at different stress levels. In tobacco cells, an SIMK-like MAP kinase named SIPK
(salicylic acid–induced protein kinase) was activated by hyperosmotic stress (64).
In addition to hyperosmotic stress, hypoosmotic stress, salicylic acid, or fungal
elicitors also could activate the tobacco MAP kinase (13). An Arabidopsis protein
crossreacting with antibodies against the tobacco MAP kinase was found to be
activated by hyperosmotic stress (29). A MAP kinase kinase that interacts with
and activates the alfalfa SIMK was reported (41). A tobacco MAP kinase kinase
that interacts with SIPK was also found (57). The enormous complexity of MAP
kinases can be seen in a study that showed that at least three MAP kinases in
Arabidopsis were enzymatically activated by salt as well as by cold, wounding,
and other environmental signals (30). The picture is equally complicated in other
plants. For example, other MAP kinases, e.g., WIPK in tobacco and SAMK in
alfalfa, are activated by cold, drought, wounding, and biotic signals (37, 89).

In cultured tobacco cells, a 42-kD protein kinase is activated rapidly in response
to hyperosmotic stress treatment (64). Partial peptide sequences from this kinase
suggest that it is an ortholog of Arabidopsis ASK1, a SNF1-related kinase without
a known function. In Arabidopsis seedlings, a 40-kD kinase was also identified as
being rapidly activated by salt or sorbitol stress in a calcium- and ABA-independent
manner (29). Although the amino acid sequence of this 40-kD Arabidopsis protein
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is not known, it is probably the homolog of the 42-kD kinase of tobacco. Osmotic
stress activation of the Arabidopsis 40-kD protein kinase was independent of the
SOS pathway because it was not affected by thesos3mutation. As these 40–42-kD
plant kinases are clearly not of the MAP kinase type, their activation may represent
a novel osmotic stress signaling pathway in plants (Figure 3).

Because osmotic stress elicits calcium signaling (42), calcium-dependent pro-
tein kinases are prime candidates that link the calcium signal to downstream re-
sponses. In a maize protoplast transient expression system, a constitutively active
CDPK (calcium-dependent protein kinase) mutant activated the expression of a
reporter gene that was normally responsive to osmotic stress, cold, or ABA (91).
A dominant negative form of the CDPK was able to block stress or ABA induction
of the reporter gene. If protein kinase specificity is maintained in the protoplast
transient assay system, then the finding would be very significant in that it links
calcium signaling with gene induction by osmotic stress.

Transcript levels for a number of protein kinases including a two-component
histidine kinase, MAPKKK, MAPKK, and MAPK increase in response to osmotic
and other stress treatments (65). It is unclear whether the protein or, more impor-
tantly, the activity levels of these kinases change upon osmotic stress treatment.
For these and the osmotic stress–activated kinases discussed above, it is vital to
identify the input and output of the kinases and of the pathways. The input sig-
nal could be osmotic stress (e.g., turgor changes) or derived from osmotic stress
injury. The output could be osmolyte accumulation that helps establish osmotic
homeostasis, stress damage protection, or repair mechanisms (e.g., induction of
LEA/dehydrin-type stress genes).

OSMOTIC STRESS–ACTIVATED
PHOSPHOLIPID SIGNALING

Membrane phospholipids constitute a dynamic system that generates a multitude
of signal molecules (e.g., IP3, DAG, PA, etc.) in addition to serving important struc-
tural roles during stress responses. The potential of phospholipid-based signaling
in plants is still underexplored and cannot be overappreciated (68). However, it
must also be pointed out that the phospholipid system, like the reactive oxygen
species that is associated with it (84), is a double-edged sword: As signaling
molecules at low levels, the phospholipid messengers may activate downstream
adaptive responses, whereas at high levels, phospholipid-generated products may
reflect stress damage or may be damaging.

Phospholipid signaling systems are typically grouped according to the phos-
pholipases that catalyze the formation of lipid and other messengers (Figure 4).
There are also novel pathways involving the formation of lipid messengers that are
not the direct products of phospholipases, such as diacylglycerol pyrophosphate
(DGPP) and phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] (68). The phospho-
lipase C (PLC) pathway has been the best characterized, particularly in nonplant
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Figure 4 Phospholipid signaling under salt stress, drought, cold, or ABA. Osmotic stress,
cold, and ABA activate several types of phospholipases that cleave phospholipids to generate
lipid messengers (e.g., PA, DAG, and IP3), which regulate stress tolerance partly through
modulation of stress-responsive gene expression. FRY1 (a 1-phosphatase) and 5-phosphatase-
mediated IP3 degradation attenuates the stress gene regulation by helping to control cellular
IP3 levels. PLC, phospholipase C; PLD, phospholipase D; PLA2, phospholipase A2; PA,
phosphatidic acid; DAG, diacyglycerol.

systems. PLC catalyzes the hydrolysis of phosphotidylinositol 4,5-bisphosphate
(PIP2), generating the second messengers inositol 1,4,5-trisphosphate (IP3) and di-
acylglycerol (DAG). IP3 releases Ca2+ from internal stores, whereas DAG activates
protein kinase C. Several studies have shown that in various plant systems IP3 levels
rapidly increase in response to hyperosmotic stress (10, 12, 25, 98). IP3 levels also
increased upon treatment with exogenous ABA inVicia fabaguard cell protoplasts
(48) and in Arabidopsis seedlings (112). The IP3 precursor, PIP2, is synthesized
via phosphatidylinositol 4-phosphate 5-kinase. An Arabidopsis gene encoding
this enzyme,PIP5K, is induced by osmotic stress and ABA (63). Similarly, an
ArabidopsisPLCgene,AtPLC1, is also induced by salt and drought stress (26).
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In guard cells, caged IP3 induced Ca2+ increase in the cytoplasm and triggered
stomatal closure (83). Exogenous IP3 releases Ca2+ from isolated vacuoles or tono-
plast vesicles (86). Microinjection as well as pharmacological experiments sug-
gested that increases in cytoplasmic Ca2+ could lead to the expression of osmotic
stress-responsive genes (108). Recently, a connection between phosphoinositides
and stress gene expression has also been demonstrated genetically. In the Arabidop-
sis fry1 mutant, superinduction of ABA- and stress-responsive gene transcription
correlated with elevated IP3 accumulation (112). In transgenic plants expressing
an antisensePLCgene or overexpressing an Ins(1,4,5)P3 5-phosphatase gene, IP3

levels decreased, and the plants were less sensitive to osmotic stress or ABA in
germination and in stress gene induction (82). Like IP3, other inositol phosphates
such as IP6 and I(1,3,4)P3 may also function in releasing Ca2+ from internal stores
(48, 49). Plants do not seem to have PKC genes. Thus, DAG signaling may be
indirect as it can be rapidly phosphorylated to phosphatidic acid (PA), which is an
important signaling molecule (66).

The cellular levels of phosphoinositide messengers are a result of both synthesis
and degradation. Hence the role of phosphoinositide turnover should not be over-
looked (Figure 4). Xiong et al. (112) showed that, in Arabidopsis, loss-of-function
mutations in theFRY1gene encoding an inositol polyphosphate-1-phosphatase
result in enhanced osmotic- and ABA-induction of gene transcription. In animal
cells, there are two major routes for IP3 breakdown. These are the 5-phosphatase
pathway and the 3-kinase pathway, resulting in the accumulation of inositol
1, 4-bisphosphate [Ins(1,4)P2] and inositol 1,3,4,5-tetraphospahte [Ins(1,3,4,5)P4]
intermediates, respectively (5, 60, 90). Ins(1,3,4,5)P4 can be further dephospho-
rylated by 5-phosphatases to generate inositol 1,3,4-trisphosphate [Ins(1,3,4)P3].
Animal inositol polyphosphate 1-phosphatase (IPP) hydrolyzes Ins(1,4)P2 and
Ins(1,3,4)P3, at the 1-position (60). FRY1, also known as SAL1, was able to hy-
drolyze both of these two inositol polyphosphates (79). Although animal IPP
isoforms can hydrolyze IP3 directly in certain cell types, in many other cells,
the 1-phosphatase does not have this ability to directly hydrolyze IP3. Recom-
binant FRY1 protein was also active in directly hydrolyzing IP3 (112). Even the
1-phosphatase activity of FRY1 toward Ins(1,4)P2 and Ins(1,3,4)P3 may affect the
catabolism of IP3 as the accumulation of these intermediates would slow-down IP3

degradation.
It is interesting that, despite increased IP3 levels and enhanced stress gene

expression infry1, the mutant plants were more susceptible to damage by salt,
drought, or freezing stress (112). This raises the possibility that FRY1 is some-
how directly involved in the homeostasis pathway of stress responses, and thefry1
mutations disrupt cellular homeostasis and thereby lead to increased stress injury
(Figure 1). Perhaps the increased stress gene expression is a compensatory mech-
anism to limit or repair stress injury. Similar compensatory increases in detox-
ification responses occur in thesos1mutant where high levels of proline were
found (54). Although the increased stress gene expression or proline level did not
correct the stress sensitive phenotypes of the respective mutants, it may be specu-
lated that without these compensatory responses, the mutants would be even more
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susceptible to stress damage. In this regard, FRY1 represents an interesting point
of crosstalk between the stress homeostasis and detoxification pathways. In other
words, a functional FRY1 attenuates the detoxification response.

Phospholipase D cleaves membrane phospholipids to produce phosphatidic acid
(PA) and free head groups. PA is a second messenger in animal cells by activat-
ing targets such as PLC and PKC (16). Osmotic stress activates PLD activity in
suspension cells ofChlamydomonas, tomato, and alfalfa (69). In the resurrection
plantCraterostigma plantagineumand Arabidopsis, PLD is rapidly activated by
dehydration stress (18, 39). Two PLD genes were cloned from the resurrection
plant; one was constitutive and the other was induced by dehydration or ABA
treatment (18). When drought stress–induced PLD activity was compared between
drought-resistant and -sensitive cultivars of cowpea, it was found that the activity
was higher in the drought-sensitive cultivar (15). This suggests that PLD activation
reflects lipolitic membrane disintegration during stress injuries. Consistent with
this view, blocking PLD activity resulted in reduced stress injury and improved
freezing tolerance (X-M. Wang, personal communication). In this context, it is in-
teresting that the PLD product, PA, has evolved a signaling role to perhaps mitigate
stress injury. In guard cells, PLD activity increased shortly after ABA treatment,
and the application of PA mimics the effect of ABA in inducing stomatal closure
(35). Sphingosine-1-phosphate (S1P), which shares the same head group with
PA, has also been implicated in drought stress signaling (73). S1P concentrations
increased upon drought stress, and exogenous application of S1P induced Ca2+

oscillations and stomatal closure.
In addition to PLC- and PLD-based lipid signaling, there are other lipid metab-

olizing enzymes that also respond to osmotic stress. PLA2 cleaves phospholipids
at the sn-2 position to generate lyso-phospholipids and free fatty acids. Hyperos-
motic stress stimulates PLA2 activity in algae (14, 62). The role of PLA2 in osmotic
stress adaptation and whether it is activated in higher plants is currently unclear.
In yeast, phosphatidylinositol 3-phosphate is converted to PI(3,5)P2 by the Fab1p
enzyme when subjected to severe hyperosmotic stress (11). PI(3,5)P2 levels also
increase rapidly and transiently in several plants (62). This novel lipid messenger
may function in osmoregulation by stimulating tonoplast H+-ATPase activity (68).

ABA AND OSMOTIC STRESS SIGNALING

Role of ABA in Water Stress Tolerance

Although ABA has broad functions in plant growth and development, its main
function is to regulate plant water balance and osmotic stress tolerance. This point is
best illustrated by plant mutants that cannot produce ABA. Several ABA-deficient
mutants have been reported for Arabidopsis, namelyaba1, aba2, andaba3(43).
There are also ABA-deficient mutants for tobacco, tomato, and maize (52). Without
water or temperature stress, ABA-deficient mutants grow and develop relatively
normally (43). The mutants, such as the Arabidopsisaba1, aba2, andaba3, have
slightly smaller statures, which may be caused by unavoidable stress even under
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the best growth conditions. Additionally, the smaller stature of theaba mutants
may also be due to ABA regulation of the cell cycle and other cellular activities.
Under drought stress, ABA-deficient mutants readily wilt and die if the stress
persists. Under salt stress, ABA-deficient mutants also perform poorly (110). The
role of ABA in drought and salt stress is at least twofold: water balance and
cellular dehydration tolerance. Whereas the role in water balance is mainly through
guard cell regulation, the latter role has to do with induction of genes that encode
dehydration tolerance proteins in nearly all cells. In addition, ABA is required
for freezing tolerance, which also involves the induction of dehydration tolerance
genes (58, 110).

Salt and Drought Stress Regulation of ABA
Biosynthesis and Degradation

Osmotic stress induction of ABA accumulation is a well-known fact. Recently,
some of the underlying molecular mechanisms became clear. Osmotic stress–
induced ABA accumulation is a result of both activation of synthesis and inhibition
of degradation. Several ABA biosynthesis genes have now been cloned (Figure 5).
Zeathanxin epoxidase (known as ABA2 in tobacco and ABA1 in Arabidopsis)
catalyzes the epoxidation of zeaxanthin and antheraxanthin to violaxanthin (61).
The9-cis-epoxycarotenoid dioxygenase (NCED) gene was first cloned from the
maizevp14mutant (99). ABA aldehyde oxidase catalyzes the last step. ABA3,
also known as LOS5, encodes a sulfurylase that generates the active form of the
molybdenum cofactor required by ABA aldehyde oxidase (110).

With the cloning of these biosynthesis genes, it has been possible to determine
which of them may be activated by osmotic stress. Biochemical studies suggested
that the rate-limiting step is the reaction catalyzed by NCED (43). Indeed, when
VP14and its homologous genes became available, their expression was seen to
be upregulated by drought stress (34, 77, 100). It is surprising, however, that other
ABA biosynthesis genes are also upregulated by osmotic stress. This is true for
the ArabidopsisABA1(52), forAAO3(88), and also forABA3(110). Admittedly,
the protein amount or activity has not been shown to increase in response to
osmotic stress for all these genes. Nevertheless, it is evident that ABA biosynthesis
is subjected to osmotic stress regulation at multiple steps (Figure 5). To date,
genes responsible for ABA degradation have not been identified. Biochemical
studies suggest that a cytochrome P450 monoxygenase catalyzes the first step in
the oxidative degradation of ABA (45). It should not be long before this gene, which
is expected to be induced by ABA but repressed by osmotic stress, is identified.

Nothing is known about the signaling between osmotic stress perception and the
induction of ABA biosynthesis genes. Presumably, it involves calcium signaling
and protein phosphorylation cascades.

Stress- and ABA-Regulated Gene Expression

The expression of numerous plant genes has been reported to be regulated by salt
and/or drought stress (6, 95, 120). A substantial set of these genes is also responsive
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Figure 5 ABA metabolism is regulated by osmotic stress at multiple steps. The ABA
biosynthesis genes ZEP, NCED, LOS5/ABA3, and AAO are upregulated by salt and drought
stresses. ABA degradation is also important in controlling cellular ABA content, and bio-
chemical evidence suggests osmotic stress inhibition of the first step of catabolism.

to ABA or cold stress. High-throughput technologies using DNA microarrays or
chips are quickly replacing traditional differential screening methods in identi-
fying new stress-regulated genes (40). Nonetheless, the reliability of microarray
data is sometimes still questionable, and many resort to RNA blot analysis for
confirmation. Considering the complexity of salt and drought stress responses, it
is not surprising that the limited amount of DNA microarray data suggest that a
substantial proportion of the genome is subjected to regulation by these stresses.
For example, even in the unicellular yeastSaccharomyces cerevisiae, salt stress
affected the expression of∼8% of the genes in the entire genome (76, 80, 114).
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One way to make sense of the large number of stress-responsive genes is to
group them functionally. For salt stress, many of the induced genes function in
ionic homeostasis; these include, e.g., plasma membrane Na+/H+ antiporters for
Na+ extrusion (92), vacuolar Na+/H+ antiporters for Na+ compartmentation in
the vacuole (3), and high-affinity K+ transporters for K+ acquisition. By increas-
ing the ion concentration in the vacuole, the vacuolar Na+/H+ antiporters also
function in osmotic homeostasis. Other salt- or drought-induced genes for os-
motic homeostasis include, e.g., those coding for aquaporins and enzymes in os-
molyte biosynthesis (6, 95, 120). Besides a potential, but still unproven, role of
organic compatible osmolytes in osmotic adjustment, these osmolytes also seem
to function in detoxification or damage prevention or repair (119). In fact, the
majority of salt- and drought-induced genes appear to function in damage limi-
tation or repair (119). These include the large number of osmolyte biosynthesis
genes, LEA/dehydrin-type genes, detoxification enzymes, chaperones, proteases,
and ubiquitination-related enzymes. Many of the LEA/dehydrin-type genes have
other names that pertain to how they were initially identified; in Arabidopsis, some
of them are designated as RD/COR/KIN/LTIs (118).

Evidence indicates that salt- or drought-responsive genes are under complex
regulation. To study their regulation, it may be of value to consider the stress-
responsive genes as either “early-response genes” or “delayed-response genes”
(Figure 6). Early-response genes are induced very quickly (within minutes) and
often transiently. Their induction does not require new protein synthesis because
all signaling components are already in place. In contrast, delayed-response genes,
which constitute the vast majority of the stress-responsive genes, are activated by
stress more slowly (within hours), and their expression is often sustained. The early-
response genes typically encode transcription factors that activate downstream
delayed-response genes (Figure 6).

Several examples of early-response genes in salt, drought, cold, and ABA reg-
ulation have emerged. They include, e.g., the CBF/DREB gene family, RD22BP,
AtMyb, and ABF/ABI5/AREB (Table 1). These genes are all rapidly induced by
either ABA or one or more of the stress cues. A major research emphasis should
be to define thecis-regulatory promoter elements in these genes that confer stress
inducibility and to identify transcription factors that bind these elements and ac-
tivate the early-response genes. The upstream transcription factors are typically
constitutively expressed and are regulated by stress at the posttranslational level,
i.e., by phosphorylation changes (Figure 6).

Major achievements in stress molecular biology in the last decade have been to
define thecis-regulatory elements in the delayed-response genes and to clone the
early-response genes coding for the element-binding proteins. Table 1 lists some
of thecis-elements and their binding proteins known to date for salt, drought, cold,
or ABA responses.

The transcriptional cascades in stress gene regulation have provided excel-
lent opportunities for producing stress-hardy plants by regulon engineering. For
example, ectopic expression ofCBF1 or CBF3 leads to constitutive expression
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of downstream delayed-response genes such asRD29A, COR15, andKIN1 and
consequently to enhanced stress tolerance (36, 38). The use of a stress-activated
promoter to drive the expression of the transcription factors avoids the pitfalls
associated with constitutive expression and appears to be advantageous (38).

ABA-Dependent and ABA-Independent Signaling

Because salt and drought stress enhance ABA accumulation in plants and exoge-
nous application of ABA can have similar effects as osmotic stress, such as in
gene induction, it is reasonable to hypothesize that ABA mediates osmotic stress
responses. Whether all or most of the osmotic stress responses are dependent on
ABA has been of great interest. This question has often been addressed in the
context of stress gene regulation, partly made possible by the availability of ABA-
deficient and ABA-insensitive mutants. In particular, the Arabidopsisaba1, aba2,
andabi1andabi2mutants have been extensively used for this type of study (43).
One caveat of these studies is that none of the mutants are completely deficient or
insensitive to ABA, often making the interpretation of ABA independence equivo-
cal. Nevertheless, a number of studies showed that some osmotic stress responsive
genes are induced completely independent of ABA, some are fully dependent on
ABA, and others are only partially ABA dependent (95).

The RD29A gene has served as an excellent paradigm of ABA-dependent
and -independent gene regulation. Early studies showed that osmotic stress induc-
tion of RD29Atranscript accumulation is only partially blocked byaba1or abi1
mutations, thus suggesting both ABA-dependent and -independent regulation
(115). The ABA-independent regulation received a strong boost from a landmark
paper published in 1994 (116), which reported the identification of the DRE (de-
hydration responsive element) sequence in theRD29Apromoter as sufficient and
necessary for osmotic stress induction. ABA cannot activate the DRE element.
Whether ABA is still necessary for osmotic stress activation of DRE has not been
investigated. This question could be addressed by expressing a reporter gene under
a synthetic DRE-containing promoter in ABA-deficient and -insensitive mutants.

There is evidence that although ABA does not activate the DRE element, it may
be required for full activation of DRE by osmotic stress. In thelos5/aba3mutant
that is deficient in ABA synthesis owing to a defective molybdenum cofactor, high
salt or PEG induction ofRD29Aand other DRE-type genes is virtually abolished

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 6 Model showing osmotic stress regulation of early-response and delayed-
response genes. (A) Model integrating stress sensing, activation of phospholipid sig-
naling and MAP kinase cascade, and transcription cascade leading to the expression
of delayed-response genes. (B) Examples of early-response genes encoding inducible
transcription activators and their downstream delayed-response genes encoding stress
tolerance effector proteins. Question marks denote unknown transcription factors that
activate the early-response genes.
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(110). It is still curious why theaba3mutation has a stronger effect thanaba1or
aba2in blocking the osmotic stress induction.LOS5/ABA3encodes a molybdenum
cofactor sulfurylase that catalyzes the synthesis of active MoCo factor required
for ABA aldehyde oxidase in the last step of ABA biosynthesis. MoCo is also
required for several other enzymes such as xanthine dehydrogenases (110). These
latter enzymes do not appear to have a role in osmotic stress responses. Therefore,
the more severe osmotic stress phenotypes ofaba3are probably a consequence
of more severe defects in ABA synthesis. Xiong et al. (110) have proposed that
activation of DRE by DREB2A and related transcription factors may require ABA-
dependent factor(s). Consistent with this, full activation ofRD29Atranscription
depends upon the synergy between the DRE and ABRE elements (K. Shinozaki,
personal communication).

The role of ABA in cold responses is still unclear. Only a few years ago, ABA
was thought to have a major role in cold responses. Lang et al. (46) found transiently
increased ABA accumulation in response to chilling treatment. However, other
studies do not seem to find ABA accumulation under cold stress. It is clear that
there is no dramatic ABA synthesis in the cold owing to the general slowdown
effect of cold on cellular metabolism. Several studies found that exogenous ABA
application increased the freezing tolerance of plants (8). Furthermore, cold and
ABA induce a common set of genes. However, the cold stress induction appears to
be completely independent of ABA. Mutations that enhance ABA induction of the
RD29A-LUCtransgene also increased osmotic stress but not cold induction (109).
Nevertheless, the involvement of ABA in cold acclimation and cold-responsive
gene expression cannot be ruled out. Besides blocking osmotic stress induction
of genes and osmotic stress tolerance, thelos5/aba3mutations also substantially
reduce cold-responsive gene expression and freezing tolerance (110).

Although specific branches and components exist (47), the signaling pathways
for salt, drought, cold, and ABA interact and even converge at multiple steps
(109, 111). This was suggested by a comprehensive mutational analysis in which
Arabidopsis single-gene mutations were found to affect responses to all or com-
binations of these signals (33). A nice example of the pathway convergence is
provided by thefry1 ( fiery1) mutation. The mutation increases the amplitude and
sensitivity of stress gene induction not only by ABA, but also by salt, drought, and
cold stresses (112). An analysis of double mutants betweenfry1 andaba1or abi1
indicated that the cold or osmotic stress hypersensitivity in the mutant is not depen-
dent on ABA (L. Xiong & J-K. Zhu, unpublished information).FRY1encodes an
inositol polyphosphate 1-phosphatase that is required for IP3 turnover. In response
to ABA, wild-type plants accumulated IP3 transiently. The IP3 accumulation in
fry1 mutants in response to ABA was more sustained and reached higher levels. It
will not be surprising if osmotic or cold stress also leads to more IP3 accumulation
in fry1. The results are consistent with IP3 being a second messenger that mediates
not only ABA but also salt, drought, or cold stress regulation of gene expression.
Another important implication of the study is that ABA and stress signaling is
desensitized by IP3 turnover.
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As discussed above, it is very intriguing thatfry1 mutant plants are less tolerant
to salt, drought, or freezing stress despite enhanced expression of stress genes in the
mutant (112). This observation may be explained by one or more of the following
models: The first model is that too much IP3 may compromise stress tolerance.
For example, uncontrolled IP3 accumulation could lead to unbalanced calcium
signaling, which certainly would impact stress tolerance. This model can be tested
by finding and analyzing other mutants with enhanced IP3 accumulation due either
to increased production or decreased degradation. Another model is that the FRY1
inositol polyphosphatase is critical for stress tolerance. Loss-of-function mutations
in IP3 biosynthesis genes such as phospholipase C are expected to suppress the IP3

overaccumulation phenotype offry1. It would be consistent with this model if the
hypothetical suppressor mutations did not suppress the stress-tolerance defect of
fry1. An interesting implication of the second model is that more stress damage
leads to more IP3 and thereby moreRD/COR/KIN-type stress gene expression,
which would support that notion of a detoxification function of RD/COR/KIN
gene products.

FUTURE PROSPECTIVES

Salt and drought stress signaling has largely remained a mystery until recently.
Now the molecular identities of some signaling elements have been identified.
But we are still far from having a clear picture. The foremost difficulty in putting
together the puzzle is not having enough pieces. Therefore, the challenge in the near
future remains to identify more signaling elements. Once more components are
known, signaling specificities and crosstalks can be properly addressed. Changes
in gene expression or even protein amount or activity in response to water stress
are not sufficient to establish whether an element is part of salt or drought signaling
pathways. Any signaling component has to be established by functional necessity
and functional sufficiency when possible. That is to say, plant phenotypes, be they
molecular, biochemical, or physiological, are required to establish that a particular
component functions in water stress signaling. In this regard, few genes believed
to be involved in salt or drought signaling meet this criterion yet.

The most prominent missing elements in salt, drought, ABA, or cold signaling
are the sensors or receptors. An Arabidopsis histidine kinase, AtHK1, is a candi-
date osmosensor because it could complement a yeast osmosensing mutant (105).
As with a number of other potential regulatory genes, AtHK1 transcript level is
upregulated by osmotic stress. In addition, expression of a receptor-like kinase
gene was induced by abscisic acid, dehydration, high salt, and cold treatments in
Arabidopsis (28). However, the functional significance, if any, of these transcript
upregulations in osmotic stress responses is obscure.

Through more widespread application of forward and reverse genetic analysis
in model plants and with the growing power of genomics and proteomics tools,
progress in understanding water stress signaling will certainly accelerate. With a
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better understanding come more effective ways to improve plant salt or drought
hardiness. The first phase of genetic engineering of stress hardiness has been to
simply express one or several tolerance effector genes under constitutive or stress-
inducible promoters. The second phase is to improve stress tolerance through engi-
neering more effective signaling. Part of this has been achieved by overexpressing
early-response transcription activators to turn on many downstream effector genes
(36, 56). Components upstream of transcription factors can also be manipulated to
improve stress tolerance (44). The future promises to see a much clearer picture
of salt and drought signal transduction pathways and more examples of genetic
improvement of water stress tolerance by fine-tuning plant sensing and signaling
systems.
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