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Guard cells are located in the epidermis of plant leaves, and in pairs surround stomatal pores. These control both the in¯ux of CO2

as a raw material for photosynthesis and water loss from plants through transpiration to the atmosphere. Guard cells have become
a highly developed system for dissecting early signal transduction mechanisms in plants. In response to drought, plants
synthesize the hormone abscisic acid, which triggers closing of stomata, thus reducing water loss. Recently, central regulators of
guard cell abscisic acid signalling have been discovered. The molecular understanding of the guard cell signal transduction
network opens possibilities for engineering stomatal responses to control CO2 intake and plant water loss.

D
esiccation of crops and horticultural plants during
periods of drought causes severe and often irreversible
damage and lost yields. Fresh water scarcity has been
identi®ed as one of the principal global problems in the
new century1, and plants account for around 65% of

global fresh water use. Engineering of the stomatal guard cell signal
transduction network could provide a major contribution to more
sustainable water use during droughts.

Plants are rooted in one place and therefore need to respond
effectively to environmental stresses. Intricate signalling pathways
form networks that regulate plant responses to the environment.
However, many of the principal signalling components and their
interactions remain largely unknown.

Guard cell signalling integrates water status, hormonal stimuli,
light, CO2 levels and other environmental conditions to regulate
stomatal apertures. Guard cells are a well-developed model system
for understanding how components interact within a signalling
network in a single cell. They are well suited for dissecting the
functions of genes and proteins in signalling cascades. Conse-
quently, powerful techniques have been developed for guard cell
signalling studies, enabling combined molecular genetic, cell bio-
logical, biophysical and proteomic and genomic analyses.

Guard cells respond at the single cell level to physiological
stimulation, allowing cell biological analyses in response to diverse
stimuli. Guard cells respond to most of the classical plant hormones,
which illustrates that unidenti®ed receptors and early signalling
mechanisms function in these cells.

A network of ion channels in the plasma membrane and the
vacuolar membrane of guard cells, which controls stomatal move-
ments, has been characterized (see Box 1). These ion channels are
targets of early signalling branches and provide probes to identify
and characterize upstream transducers.

Abscisic acid (ABA)-induced stomatal closing is mediated by a
reduction in the turgour pressure of guard cells, which requires an
ef¯ux of potassium and anions, sucrose removal and the conversion
of malate to osmotically inactive starch2. Box 1 shows an extension
of early models for the proposed functions of ion channels during
ABA-induced stomatal closing3,4.

Reconstitution in Xenopus oocytes
Cloning of an ABA receptor has remained a goal of plant cell
signalling research and plant stress tolerance engineering. Hetero-
logous expression systems, such as Xenopus laevis oocytes, have
been used to clone animal cell receptors, and this technique has
been used in attempts to identify ABA receptors and transduction

mechanisms5,6. Simultaneous injection of guard-cell-derived
poly(A+) RNA with RNA of the Arabidopsis inward-rectifying K+

channel KAT1 reconstitutes ABA-induced downregulation of
KAT1-mediated K+

in channel currents (Box 1a) in oocytes6.
ABA causes activation of endogenous Ca2+-activated Cl- currents

in oocytes injected with messenger RNA from drought-stressed
tobacco leaves5. By fractionation of the complementary DNA
library, Nt-Syr1, a homologue of human and yeast syntaxins, was
isolated. However, Nt-Syr1 expression in oocytes constitutively
activates Cl- currents in oocytes without ABA addition5. Further
work is required to determine whether Nt-Syr1 is actually involved
in the heterologous ABA response in oocytes.

Syntaxins and SNARE proteins have an integral function in
vesicle traf®cking in animal, yeast and plant cells. In tobacco
guard cells, ABA regulation of slow-activating sustained (S-type)
anion, K+

out and K+
in channels (Box 1a) is inhibited by microinjection

of truncated Nt-Syr1 or injection of the neurotoxin Clostridium
botulinum C, which inhibits syntaxin-dependent vesicle traf®cking5.
During stomatal closing, the plasma membrane surface area of
guard cells decreases to accommodate volume reductions7, which
may require syntaxins. On the basis of the guard cell ion channel
responses, syntaxins were proposed to function not only in mem-
brane vesicle traf®cking, but also in ABA signalling5 (Fig. 1). These
studies show functional expression of ABA perception and trans-
duction mechanisms in oocytes, which may therefore be suitable for
identifying ABA receptors.

Plasma membrane Ca2+ channels
Calcium in¯ux and cytoplasmic calcium ([Ca2+]cyt) increases are
important for guard cell ABA signal transduction (Box 1)4,8,9. Impair-
ment of ABA-induced [Ca2+]cyt increases in the ABA-insensitive
Arabidopsis mutants abi1-1 and abi2-1 provides genetic evidence
for the importance of [Ca2+]cyt elevations in ABA signalling10 (Fig. 1).
In Vicia guard cells, Ca2+ in¯ux is enhanced when the membrane
potential is hyperpolarized below about -120 mV11,12, but ABA
shifts the threshold for in¯ux to potentials above -80 mV, which
suggests that voltage-dependent Ca2+ in¯ux and ABA signalling
are closely linked12. Moreover, the probability of ABA-induced
[Ca2+]cyt elevations is increased if guard cells are maintained in
hyperpolarizing conditions12±14.

The upstream mechanisms by which ABA activates guard cell
plasma membrane Ca2+ channels had remained unknown. Reactive
oxygen species (ROS) were recently identi®ed as an activator of
hyperpolarization-activated Ca2+-permeable channels (ICa) in
Arabidopsis guard cells15. ROS and ICa were established as com-
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ponents contributing to early ABA signalling because ABA causes a
rapid increase in ROS and ICa activation in guard cells15, whereas
ROS-induced stomatal closure and ICa activation are abolished in
the ABA-insensitive recessive mutant gca2 (refs 15, 16) (Fig. 1).

A hyperpolarization-activated channel similar to ICa was identi-
®ed in Vicia guard cells17. This channel shows bursts of increased
activity in response to cytoplasmic ABA in isolated membrane
patches17. ABA activation of these Ca2+ channels shows repetitive
transients and rapidly desensitizes, suggesting that a second mes-
senger might be generated locally at the plasma membrane in
response to ABA. The Ca2+ in¯ux channel is itself downregulated
by [Ca2+]cyt elevation17, which may be part of a regulating system
that generates complex ABA-induced Ca2+oscillations (Fig. 2).

ICa channels are activated by ROS15 and so could act as a focal
point for integrating other, non-ABA, stress signals and the oxida-
tive state of guard cells. For example, pathogenic elicitors cause ROS
production in guard cells and stomatal pore closure18. Furthermore,
ozone, which causes oxidative stress, downregulates K+

in channels
and inhibits stomatal opening19, raising the possibility that ozone
regulates ICa-type channels.

Ca2+ release and oscillations
In Commelina guard cells, plasma membrane Ca2+ in¯ux is more
strongly activated at high ABA concentrations, whereas at low
ABA concentrations the InsP3 and cADPR pathways (see Box 1)
predominate20,21. Combined application of the phospholipase C
(PLC) inhibitor U-73122 and the cADPR inhibitor nicotinamide
inhibit ABA-induced K+ ef¯ux and stomatal closing21,22, whereas
each inhibitor alone produces only weak inhibition13,21,22, suggesting
that these two Ca2+-release signalling pathways operate in parallel
during ABA signalling.

Cytosolic Ca2+ oscillations (Fig. 2) have been proposed as
necessary for stomatal closure9. The four stomatal closing stimuli

ABA, ROS, low temperature and external Ca2+ treatment produce
Ca2+ oscillations in wild-type Arabidopsis guard cells13,23 (Fig. 2). In
contrast, in the Arabidopsis V-type H+-ATPase mutant det3, ROS
and external Ca2+ generate prolonged [Ca2+]cyt elevations (plateaux)
in guard cells, and long-term stomatal closure by these stimuli is
inhibited23. Experimentally re-establishing external Ca2+-induced
Ca2+ oscillations in det3 guard cells by repetitive hyperpolarizations
rescues stomatal closure in det3. Furthermore, stomatal closure is
abolished in wild-type guard cells when non-oscillating Ca2+ pla-
teaux are experimentally imposed23. Overall, these results suggest
that Ca2+ oscillations encode information required for stomatal
closure. New techniques that combine Ca2+ indicators (Fig. 2) and
molecular genetics in Arabidopsis guard cells10,14,15,23 provide a
powerful combination for future analyses of [Ca2+]cyt oscillation
generation and downstream processing in plants.

More lipid-derived second messengers
ABA stimulates production of another inositol-phosphate second
messenger, myo-inositol-hexakisphosphate (InsP6), to a greater
extent than InsP3 in guard cells24 (Fig. 1). InsP6 inhibits K+

in

channels in a Ca2+-dependent manner, and more ef®ciently than
InsP3 (ref. 24). It was hypothesized that microinjection of InsP3
functions by affecting the InsP6 pathway24. Whether InsP6 causes
[Ca2+]cyt elevations and whether these two messengers function in
the same or separate signalling branches is unknown.

Another phospholipase acts in ABA signalling. The level of
phosphatidic acid (PtdOH) generated by phospholipase D (PLD)
transiently increases after ABA treatment of aleurone cells and
guard cells22. PtdOH promotes partial (50%) stomatal closure,
inhibits stomatal opening and partially inactivates K+

in channel
currents. PtdOH does not elicit a [Ca2+]cyt increase in guard
cells22 and PLD is therefore likely to act downstream of or parallel to
ABA-induced [Ca2+]cyt elevations (Fig. 1).
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Box 1
Components and pathways of guard cell ABA signalling

a, ABA is detected by as yet unidenti®ed receptors (right guard cell) and induces cytosolic Ca2+ elevations (1) through extracellular Ca2+ in¯ux and
release from intracellular stores (for reviews see refs 2, 8, 9). (2) [Ca2+]cyt elevations activate two types of anion channel that mediate anion release from
guard cells, slow-activating sustained (S-type) or rapid transient (R-type) anion channels3,8. (3) Anion ef¯ux causes depolarization, which activates
outward-rectifying K+ (K+

out) channels and results in K+ ef¯ux from guard cells2,3. (4) ABA causes an alkalization of the guard cell cytosol, which enhances
K+

out channel activity44. Overall, the long-term ef¯ux of both anions and K+ from guard cells contributes to the loss of guard cell turgor, leading to stomatal
closing3. Over 90% of the ions released from the cell during stomatal closing must be ®rst released from vacuoles into the cytosol. (5) At the vacuole,
[Ca2+]cyt elevation activates vacuolar K+ (VK) channels, which are thought to mediate Ca2+-induced K+ release from the vacuole8. In addition, fast
vacuolar (FV) channels can mediate K+ ef¯ux from guard cell vacuoles at resting [Ca2+]cyt

45. ABA also inhibits ion uptake, which is required for stomatal
opening (left guard cell). (6) [Ca2+]cyt elevations inhibit the electrogenic plasma membrane proton-extruding H+-ATPases46 and K+ uptake (K+

in)
channels2,3,44 (7). Initiation of ion ef¯ux (1±5, right guard cell) and inhibition of stomatal opening processes (6, 7, left guard cell) provide a mechanistic
basis for ABA-induced stomatal closing8.
b, Ca2+-releasing second messengers that mediate ABA-induced stomatal closing. Second messengers have been implicated in ABA signalling in

guard cells, including InsP3 and cADPR. (8)
Biochemical evidence indicates that ABA
stimulates InsP3 production in guard cells2.
(9) InsP3 can release Ca2+ from intracellular
stores, inhibit K+

in channels and cause
stomatal closure9,13,22,44. (10) [Ca2+]cyt

elevations may be ampli®ed by a Ca2+-
induced Ca2+ release (CICR) mechanism
from the vacuole through activation of the
Ca2+-dependent slow vacuolar (SV)
channel8,45. Data questioning this SV model
for CICR47 and recent other data supporting
it48 indicate the potential for molecular genetic
analyses. (11) ABA stimulates the production
of cADPR in plant cells49, which also
increases [Ca2+]cyt in guard cells20,45 and
promotes stomatal closing.
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Protein kinases and phosphatases
Phosphorylation events are central mediators of ABA signalling in
guard cells25±31. Some of the underlying protein kinase31 and
phosphatase genes16,32 have been cloned. Both positively and nega-
tively regulating protein kinases, and positively and negatively
regulating PP2C- and PP1/2A-type protein phosphatases (Fig. 1,
PP2Cs, PP1/2Apos and PP1/PP2Aneg) have been proposed to func-
tion in ABA signalling (for details see refs 10, 16, 29, 32). ABA
signalling can be transduced by several types of positively regulating
protein kinases31,33,34. For example, biochemical analyses have led to
the hypothesis that Ca2+-dependent protein kinases (CDPKs) may
function upstream of ABA-activated Ca2+-independent kinases in
maize protoplasts and Vicia guard cells28,34.

In-gel phosphorylation assays showed that in guard cells ABA
rapidly activates a Ca2+-independent protein kinase27,28 with a
relative molecular mass of 48,000. A corresponding guard-cell-
speci®c protein kinase, AAPK, was isolated by two-dimensional
gel separation and mass spectrometry31. Transient transformation of
guard cells with a dominant mutant form of AAPK with reduced
activity impairs ABA activation of S-type anion channels and
disrupts ABA-induced stomatal closing31 (Fig. 1).

With one exception30, dominant ABA-insensitive mutations in
the known protein kinase and phosphatase genes ABI1, ABI2 and
AAPK, have been analysed in guard-cell signalling25,29,31. It will be
important to isolate recessive loss-of-function mutations in these
enzymes16,30 to test the proposed functions of the wild-type proteins
(Fig. 1). Scaffolding mechanisms may hold the key for target
speci®city of the many proposed protein kinases and phosphatases
(Fig. 1).

Scaffolding mechanisms and signalling complexes
In yeast and animal cells proteins are clustered into signalling
complexes or `transducisomes', which provide a structural basis
for speci®city in signalling35. Little is known about signal trans-
duction complexes in plants, although more than ten genes in the
Arabidopsis genome encode for 14-3-3 proteins, which function as
scaffolding proteins by linking protein kinases to their targets or by
mediating protein±protein interactions36. 14-3-3 proteins have a
direct function in blue-light-induced protein kinase activation of
guard cell plasma membrane H+-ATPases, by controlling phosphory-
lation of serine and threonine residues in the carboxy-terminus of
the ATPases37.

There must also be additional mechanisms for forming signalling
complexes in guard cells. Pharmacological studies have suggested

that an ATP-binding-cassette transmembrane regulator (ABC
protein) may form a junction point in guard cell ABA signalling,
thus simultaneously regulating S-type anion channels and K+

out

channels38 (Fig. 1). Inhibitors of sulphonylurea receptor (SUR)
ABC proteins, such as glibenclamide, inhibit both S-type anion
channels and K+

out channels, and abolish stomatal closure triggered
by ABA or external Ca2+. The SUR activator cromakalin reverses the
glibenclamide inhibition of these channels38,39.

Several soluble signalling proteins have been proposed to regulate
guard cell ion channels (Fig. 1). Farnesyltransferases mediate
membrane targeting of speci®c soluble signalling proteins by
attachment of a hydrophobic farnesyl group to C-terminal target
sequences. The ERA1 farnesyltransferase b-subunit is a negative
regulator of ABA signal transduction in seeds40 and guard cells41,
which suggests farnesylation-dependent membrane targeting of
soluble, negative regulators of ABA signalling (Fig. 1). Future
proteomic-based research31,42 should provide a more complete
molecular characterization of transducisomes in guard cells.

Molecular engineering
It would be bene®cial to agriculture for crop plants to show wide
stomatal opening for CO2 intake when water is available, but to close
stomata during drought periods, thereby slowing desiccation and
damage. However, conventional high-yield breeding approaches may
have contributed to selection of crop plants with reduced stomatal
ABA responsiveness, because genes controlling guard cell signalling
are also expressed in other tissues and control other yield param-
eters (for example, refs 15, 16, 29, 32, 40, 41).

Studies on stomatal ion channel regulation have identi®ed
mechanisms that enhance ABA-induced stomatal closing. Deletion
of the ERA1 gene causes ABA hypersensitivity of both anion channel
activation and stomatal closing, and during drought treatment era1
plants show reduced wilting and enhanced stomatal closure41.
Notably, when era1 plants are watered the stomatal pores open,
although to a lesser extent than in the wild type, allowing CO2 in¯ux
and growth. Intragenic suppressor mutants of abi1-1 (abi1-1R) also
show reduced water loss during drought30; however, era1 and abi1-
1R alleles have additional growth and developmental phenotypes.

Based on the model in Fig. 1, downregulation of negative
regulators (such as ERA1) or upregulation of positive regulators
speci®cally in guard cells using guard-cell-speci®c43 and stress-
responsive promoters, or isolation of guard cell speci®c mutants,
will allow engineering of plants that lose less water during drought.
Some mutations may constitutively reduce stomatal opening, which
could reduce the water requirements of horticultural plants and turf
grass, or in agricultural regions of marginal fresh water availability1.
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For plants growing in humid regions, weakening of ABA signal
transduction components (Fig. 1) may enhance stomatal opening
and CO2 intake for carbon ®xation and growth31.

Targeted mutations that only affect stomatal movements will also
provide powerful tools to quantitatively analyse photosynthetic
carbon ®xation, gas exchange and plant growth as a direct function
of speci®c alteration of stomatal apertures. Such work, together
with engineering of leaf waxiness and osmoprotectant production,
may also contribute to future molecular engineering of improved
plant survival during droughts.

Recent efforts have led to major advances in understanding the
molecular mechanisms of guard cell ABA signalling. A model for the
functions of ion channels in regulating stomatal movements (Box 1)
has provided a framework for the characterization of new, early
ABA transduction mechanisms (Fig. 1). However, many compo-
nents within the nonlinear and branched pathways of this network
remain to be identi®ed. Moreover, the relative positioning of the
mechanisms identi®ed and the exact functions of pharmacologi-
cally predicted transducers remain to be determined using com-
bined genetic, cell biological and biophysical approaches. Given the
large gene families, gene duplications and redundancies in the
Arabidopsis genome, it will be important to identify guard-cell-
expressed isoforms of these transducers using DNA microarrays,
and to use guard cell promoters43 to cell-speci®cally manipulate
redundant, and often widely expressed, genes. Guard cell and other
single cell analyses of signal transduction are moving towards
achieving a time-resolved understanding of an entire plant cell
signalling network. Postgenomic and proteomic approaches will be
essential for future advances. The new insights into guard cell and
ABA signalling, combined with interdisciplinary approaches, will
lead to future revelations in this ®eld that will be relevant to plant
signal transduction, environmental ecology and agriculture. M

1. Postel, S. L., Daily, G. C. & Ehrlich, P. R. Human appropriation of renewable fresh water. Science 271,

785±788 (1996).

2. MacRobbie, E. A. C. Signal transduction and ion channels in guard cells. Phil. Trans. R. Soc. Lond. B

353, 1475±1488 (1998).

3. Schroeder, J. I. & Hedrich, R. Involvement of ion channels and active transport in osmoregulation and

signaling of higher plant cells. Trends Biochem. Sci. 14, 187±192 (1989).

4. McAinsh, M. R., Brownlee, C. & Hetherington, A. M. Abscisic acid-induced elevation of guard cell

cytosolic Ca2+ precedes stomatal closure. Nature 343, 186±188 (1990).

5. Leyman, B., Geelen, D., Quintero, F. J. & Blatt, M. R. A tobacco syntaxin with a role in hormonal

control of guard cell ion channels. Science 283, 537±540 (1999).

6. Sutton, F., Paul, S. S., Wang, X. -Q. & Assmann, S. M. Distinct abscisic acid signaling pathways for

modulation of guard cell versus mesophyll cell potassium channels revealed by expression studies in

Xenopus laevis oocytes. Plant Physiol. 124, 223±230 (2000).

7. Homann, U. & Thiel, G. Unitary exocytotic and endocytotic events in guard-cell protoplasts during

osmotically driven volume changes. FEBS Lett. 460, 495±499 (1999).

8. Ward, J. M., Pei, Z. -M. & Schroeder, J. I. Roles of ion channels in initiation of signal transduction in

higher plants. Plant Cell 7, 833±844 (1995).

9. McAinsh, M. R., Brownlee, C. & Hetherington, A. M. Calcium ions as second messengers in guard cell

signal transduction. Physiol. Planta 100, 16±29 (1997).

10. Allen, G. J., Kuchitsu, K., Chu, S. P., Murata, Y. & Schroeder, J. I. Arabidopsis abi1-1 and abi2-1

phosphatase mutations reduce abscisic acid-induced cytoplasmic calcium rises in guard cells. Plant

Cell 11, 1785±1798 (1999).

11. Gilroy, S., Fricker, M. D., Read, N. D. & Trewavas, A. J. Role of calcium in signal transduction of

Commelina guard cells. Plant Cell 3, 333±344 (1991).

12. Grabov, A. & Blatt, M. R. Membrane voltage initiates Ca2+ waves and potentiates Ca2+ increases with

abscisic acid in stomatal guard cells. Proc. Natl Acad. Sci. USA 95, 4778±4783 (1998).

13. Staxen, I. et al. Abscisic acid induces oscillations in guard-cell cytosolic free calcium that involve

phosphoinositide-speci®c phospholipase C. Proc. Natl Acad. Sci. USA 96, 1779±1784 (1999).

14. Allen, G. J. et al. Cameleon calcium indicator reports cytoplasmic calcium dynamics in Arabidopsis

guard cells. Plant J. 19, 735±747 (1999).

15. Pei, Z.-M. et al. Calcium channels activated by hydrogen peroxide mediate abscisic acid signalling in

guard cells. Nature 406, 731±734 (2000).

16. Himmelbach, A., Iten, M. & Grill, E. Signalling of abscisic acid to regulate plant growth. Phil. Trans. R.

Soc. Lond. B 353, 1439±1444 (1998).

17. Hamilton, D. W. A., Hills, A., Kohler, B. & Blatt, M. R. Ca2+ channels at the plasma membrane of

stomatal guard cells are activated by hyperpolarization and abscisic acid. Proc. Natl Acad. Sci. USA 97,

4967±4972 (2000).

18. Lee, S. et al. Oligogalacturonic acid and chitosan reduce stomatal aperture by inducing the evolution

of reactive oxygen species from guard cells of tomato and Commelina communis. Plant Physiol. 121,

147±152 (1999).

19. Torsethaugen, G., Pell, E. J. & Assmann, S. M. Ozone inhibits guard cell K+ channels implicated in

stomatal opening. Proc. Natl Acad. Sci. USA 96, 13577±13582 (1999).

20. Leckie, C. P., McAinsh, M. R., Allen, G. J., Sanders, D. & Hetherington, A. M. Abscisic acid-induced

stomatal closure mediated by cyclic ADP-ribose. Proc. Natl Acad. Sci. USA 95, 15837±15842 (1998).

21. MacRobbie, E. A. C. ABA activates multiple Ca2+ ¯uxes in stomatal guard cells, triggering vacuolar K+

(Rb+) release. Proc. Natl Acad. Sci. USA 97, 12361±12368 (2000).

22. Jacob, T., Ritchie, S., Assmann, S. M. & Gilroy, S. Abscisic acid signal transduction in guard cells is

mediated by phospholipase D activity. Proc. Natl Acad. Sci. USA 96, 12192±12197 (1999).

23. Allen, G. J. et al. Alteration of stimulus-speci®c guard cell calcium oscillations and stomatal closing in

Arabidopsis det3 mutant. Science 289, 2338±2342. (2000).

24. Lemtiri-Chlieh, F., MacRobbie, E. A. C. & Brealey, C. A. Inositol hexakisphosphate is a physiological

signal regulating the K+-inward rectifying conductance in guard cells. Proc. Natl Acad. Sci. USA 97,

8687±8692 (2000).

25. Armstrong, F. et al. Sensitivity to abscisic acid of guard cell K+ channels is suppressed by ABI1-1, a

mutant Arabidopsis gene encoding a putative protein phosphatase. Proc. Natl Acad. Sci. USA 92,

9520±9524 (1995).

26. Schmidt, C., Schelle, I., Liao, Y. J. & Schroeder, J. I. Strong regulation of slow anion channels and

abscisic acid signaling in guard cells by phosphorylation and dephosphorylation events. Proc. Natl

Acad. Sci. USA 92, 9535±9539 (1995).

27. Li, J. & Assmann, S. An abscisic acid-activated and calcium-independent protein kinase from guard

cells of fava bean. Plant Cell 8, 2359±2368 (1996).

28. Mori, I. & Muto, S. Abscisic acid activates a 48-kilodalton protein kinase in guard cell protoplasts.

Plant Physiol. 113, 833±840 (1997).

29. Pei, Z. -M., Kuchitsu, K., Ward, J. M., Schwarz, M. & Schroeder, J. I. Differential abscisic acid

regulation of guard cell slow anion channels in Arabdiopsis wild-type and abi1 and abi2 mutants. Plant

Cell 9, 409±423 (1997).

30. Gosti, F. et al. ABI1 protein phosphatase 2C is a negative regulator of abscisic acid signaling. Plant Cell

11, 1897±1910 (1999).

31. Li, J., Want, X., Watson, M. B. & Assmann, S. M. Regulation of abscisic acid-induced stomatal closure

and anion channels by guard cell AAPK kinase. Science 287, 300±303 (2000).

32. Leung, J. & Giraudat, J. Abscisic acid signal transduction. Ann. Rev. Plant Physiol. Plant Mol. Biol. 49,

199±222 (1998).

33. Knetsch, M. L. W., Wang, M., Snaar-Jagalska, B. E. & Heimovaara-Dijkstra, S. Abscisic acid induces

mitogen-activated protein kinase activation in barley aleurone protoplasts. Plant Cell 8, 1061±1067

(1996).

34. Sheen, J. Ca2+-dependent protein kinases and stress signal transduction in plants. Science 274, 1900±

1902 (1996).

35. Pawson, T. & Scott, J. D. Signaling through scaffold, anchoring, and adaptor proteins. Science 278,

2075±2080 (1997).

36. Ferl, R. J. 14-3-3 proteins and signal transduction. Ann. Rev. Plant Physiol. Plant Mol. Biol. 47, 49±73

(1996).

37. Kinoshita, T. & Shimazaki, K. Blue light activates the plasma membrane H+-ATPase by phosphor-

ylation of the C-terminus in stomatal guard cells. EMBO J. 18, 5548±5558 (1999).

38. Leonhardt, N., Vavasseur, A. & Forestier, C. ATP-binding cassette modulators control abscisic acid-

regulated slow anion channels in guard cells. Plant Cell 11, 1141±1151 (1999).

39. Leonhardt, N., Marin, E., Vavasseur, A. & Forestier, C. Evidence for the existence of a sulfonylurea-

receptor-like protein in plants: Modulation of stomatal movements and guard cell potassium channels

by sulfonylureas and potassium channel openers. Proc. Natl Acad. Sci. USA 94, 14156±14161 (1997).

40. Cutler, S., Ghassemian, M., Bonetta, D., Cooney, S. & McCourt, P. A protein farnesyl transferase

involved in abscisic acid signal transduction in Arabidopsis. Science 273, 1239±1241 (1996).

41. Pei, Z. -M., Ghassemian, M., Kwak, C. M., McCourt, P. & Schroeder, J. I. Role of farnesyltransferase in

ABA regulation of guard cell anion channels and plant water loss. Science 282, 287±290 (1998).

42. Yates, J. R. I. Mass spectrometry from genomics to proteomics. Trends Genet. 16, 5±8 (2000).

43. Plesch, G., Kamann, E. & MuÈller-RoÈber, B. Cloning of regulatory sequences mediating guard-cell-

speci®c gene expression. Gene 249, 83±89 (2000).

44. Grabov, A. & Blatt, M. R. Co-ordination of signalling elements in guard cell ion channel control. J. Exp.

Bot. 49, 351±360. (1998).

45. Allen, G. J. & Sanders, D. in Advances in Botanical Research Incorporating Advances in Plant Pathology:

The Plant Vacuole (eds Leigh, R. A. & Sanders, D.) 217±252 (Academic Press, San Diego, 1997).

46. Assmann, S. M. & Shimazaki, K. The multisensory guard cell. Stomatal responses to blue light and

abscisic acid. Plant Physiol. 119, 809±815 (1999).

47. Pottossin, I. I., Tikhonova, L. I., Hedrich, R. & Schonknecht, G. Slowly activating vacuolar channels

can not mediate Ca2+-induced Ca2+ release. Plant J. 12, 1387-1398 (1997).

48. Bewell, M. A., Maathuis, F. J. M., Allen, G. J. & Sanders, D. Calcium-induced calcium release mediated

by a voltage-activated cation channel in vacuolar vesicles from red beet. FEBS Lett. 458, 41±44 (1999).

49. Wu, Y. et al. Abscisic acid signaling through cyclic ADP-ribose in plants. Science 278, 2126±2130 (1997).

Acknowledgements

We thank Z.-M. Pei for discussions and help with ®gures and M. Ghassemian,
N. Crawford, N. Spitzer, D. Waner and N. Leonhardt for comments. Supported by NSF,
NIH and DOE grants (J.I.S.) and HFSP fellowships (J.M.K. and G.A.).

progress

330 NATURE | VOL 410 | 15 MARCH 2001 | www.nature.com© 2001 Macmillan Magazines Ltd


