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Summary
The study of plant stress responses is fragmented into many separate domains by the type of stress used,
the response measured, and the disciplinary perspective of the investigation. Thus, light, salt, drought, and
ozone stress are commonly investigated separately. End-point measures vary from changes in stomatal
aperture and cellular electrophysiology to signaling and transcriptional changes and, ultimately, cell
death. Furthermore, investigations of the same system and end-point are often carried out from very
different disciplinary perspectives, such as signaling, cell structure, or expression of genes and protein
trafficking. In the present review, I use the old Hindu parable of the elephant and the blind men as a
metaphor for the study of the stress response. Taking the well-studied environmental response of guard
cells, I first assemble a “parts” list, briefly overviewing the literature on signaling, cytoskeletal changes
and vesicular trafficking that mediate changes in the stomatal aperture. I then attempt to synthesize a
“systems” view of stomatal responses by integrating the various perspectives. Finally, I briefly explore
the relevance of guard cell responses to the more general issues of plant stress responses and comment
on future areas of interest.
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I

Introduction

The plant stress response literature is replete
with titles asserting that a protein or a particular compound “regulates” a “signaling pathway”
that activates the plant’s response to a specific
stress of many abiotic stressors (commonly salt,
drought, cold, heat, excess light or ozone) or to a
biotic stressor (in the form of a particular pathogen – bacterial, viral or fungal). The underlying
concept is that there exists a specific set of interacting molecules, primarily proteins, that receives
each stress signal somewhere – we often vaguely
think that this must be at the cell surface – and
transmits it to someplace else commonly a target
gene or genes - through a series of intermediaries
to give a specific response unique to the stressor.
We endeavor to place a given protein “upstream”
or “downstream” of another in this signaling
pathway on the assumption that the pathway is
somehow quite uncomplicated, linear and yes,
hierarchical – else what would be the sense of
asserting that some component “regulates” the
“pathway”? If things don’t fit neatly into a linear
pathway, we postulate that a given intermediate
acts both “upstream” and “downstream”.
Yet it is increasingly clear that abiotic stressors,
such as excess light, salt and ozone, activate the
expression of many of the same genes that were
identified and viewed as specific responses to
infection by pathogens (Mullineaux et al. 2000;
Mahalingam et al. 2005; Tosti et al. 2006). So we
report the “crosstalk” between signaling pathways, as if these independent, linear pathways –
wires, as it were – occasionally got crossed and
the signal leaked from one to activate another –
Abbreviations: abg heterotrimeric G-protein subunits;
ABA abscisic acid; (Ca2+)cytcytosolic calcium concentration; cADPR cyclic ADP ribose; DAG diacylglycerol; ER
endoplasmic reticulum; GCR2 G-protein coupled receptor-2;
GFP green fluorescence protein; GPCR G-protein coupled
receptor; GSH glutathione; HRhypersensitive response;
IP3 inositol-1,4,5-triphosphate; KATI-GFP K+ channel-green
fluorescent protein; PA phosphatidic acid; PIphosphoinositide;
PI3P phosphoinositide-3-phosphate; PI4P phosphoinositide4-phosphate; PI4,5P2phosphoinositide-4,5-bisphosphate; PIP2
phosphoinositide-4,5-bisphosphate; PIP3 phosphatidylinositol-3,4,5-triphosphate; PLCphospholipase C; PLDphospholipase D; RAFL RIKEN Arabidopsis full-length cDNA; ROS
reactive oxygen species; SAA systemic acquired acclimation; SAR systemic acquired resistance
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not unlike someone else’s telephone conversation
intruding into yours. More recently, the concept
of “integrators” has entered literature, suggesting
somewhat more explicit points of reconciliation
amongst what we still conceptualize as independent,
even parallel, linear signaling pathways.
At the cellular level, many of the same ions and
small-molecules, ranging from calcium, ROS,
nitric oxide and small lipids to salicylic acid,
ethylene, ABA and jasmonic acid, are centrally
involved in the responses of plant cells to a variety
of stresses and pathogens (Howe and Schilmiller
2002; Laxalt and Munnik 2002; Wiermer et al.
2005; Gechev et al. 2006; Grun et al. 2006; Wang
2006). Calcium ions have long been called “second
messengers”, but reactive oxygen, nitrogen and
sulfur species are also increasingly receiving
this designation. Evidence is also rapidly accumulating that hormones can interact directly with
multiple proteins, commonly inside the cells, to
directly influence their biochemical functions,
often without the intervention of second messengers (Dharmasiri et al. 2003, 2005; Razem
et al. 2006; Shen et al. 2006). We still designate
these targets as “hormone receptors,” but the conventional separation of signal receiver from its
transmitter and its target may not exist for some
small molecules, traditionally regarded as hormones. Moreover, while some hormone receptors
are located in the plasma membrane, others are
in internal membranes, such as the endoplasmic
reticulum (ER) (Wang et al. 2001b; Chen et al.
2002). Inactive conjugates and esters of hormones
were identified some time ago, but evidence that
these constitute physiologically important, rapidly mobilizable internal stores is rather recent
(Lee et al. 2006).
Responses of plants to both abiotic stressors
and pathogens are complicated in time and space.
It was first reported more than a decade ago that
plants respond to a variety of insults, both biotic
and abiotic, themselves by producing a biphasic
“oxidative burst,” with a first transient increase
in ROS production commencing within minutes
of an insult and another some hours later (Levine
et al. 1994; Lamb and Dixon 1997). Rapid transient increases in the cytoplasmic concentration
of free calcium ions [(Ca+2)cyt] have been known
for some time (Trewavas and Gilroy 1991; MacRobbie 1993; Trewavas and Knight 1994), but
recent work utilizing new kinds of cellular calcium
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sensors has revealed that calcium signaling has
a previously unappreciated temporal and spatial
complexity (Allen et al., 1999, 2001; Wood et al.,
2000, 2001; Lecourieux et al. 2006; Xiong et al.
2006). The transcriptional response to stress
stimuli is also temporally complex, with a regular progression of changes in the expression
levels of genes extending from minutes to many
hours (Mahalingam et al. 2005). Moreover, signals originating within cells are communicated to
neighboring cells both to propagate and to limit
the propagation of localized cell death, termed
the HR, triggered by pathogens and abiotic
stressors. Cell-to-cell and longer-range signals initiate the development of SAR and SAA
responses (Mullineaux et al. 2000; Casimiro et al.
2001; Lam et al. 2001; Grant and Lamb 2006).
Hence, the emerging picture is somewhat insideout from the conventional view, with signal
perception at multiple sites both at the cell surface
and within cells and signals arising from affected
cells propagating both to neighboring cells and
throughout the plant.
In taking on the assignment of describing the
“system biology” of the stress response, I have
adopted the metaphor of the elephant and the
blind men, an old Hindu parable. Each of us most
clearly sees the small set of interactions on which
we choose to focus, rarely exploring the relationships among them. Although I cannot promise to
deliver the whole elephant, I can suggest some
ways to begin connecting the parts. The stressresponse literature has focused historically on
gene expression changes, which are somewhat
removed both spatially and temporally from the
initial insults. I will focus on the immediate
cellular responses to stimuli because the transcriptional changes must ultimately be grounded
in them. The importance of struggling towards a
conceptual integration among the various aspects
of stress responses lies in how it might influence
our future approach to their analysis. It is time
to begin viewing the system both at a new level
of multidimensional detail and as a whole system
to understand what is both common to all stress
profiles and what uniquely crafts the plant’s
response and adaptation to a specific stressor.
This is not just an intellectual exercise, however
absorbing, but a task of immense practical importance because it is well known that exposing a
plant to stress increases its ability to withstand

subsequent stress of the same or of a different
kind (Abel et al. 1986; Delledonne et al. 1998;
Sandermann 2000; Logemann and Hahlbrock
2002). These phenomena, termed “priming”
and “cross-protection,” have been explored as a
means of increasing the ability of crop plants to
maintain yield in the face of environmental stress
(Iriti et al. 2003; Engelberth et al. 2004). But even
priming is not a unitary response and some priming responses appear to have a higher cost in terms
of plant productivity than others, underscoring the
importance of understanding the operation of the
system as a whole (van Hulten et al. 2006).
II First Responders: Stomatal
Guard Cells
The response of stomatal guard cells to abiotic
stress is undoubtedly the best-studied plant cellular stress response. Guard cells are also the beststudied biotic stress response system, of course,
as well as the best-studied cellular light-, gas- and
chemical-sensing system in plants (MacRobbie 1998; Schroeder et al. 2001; Roelfsema and
Hedrich 2005). The output of this system is relatively simple and easily measured: stomata open
or close by virtue of the swelling or shrinkage of
the guard cells. There are dozens of review articles
on guard cell function and they can be lumped in
three groups by their primary focus on signaling,
vesicular trafficking or cytoskeletal re-structuring.
These categories overlap to some extent, are
vastly disproportionate in the size of the relevant
literature, and do not include the contribution of
cellular metabolism and sugar uptake (Vavasseur
and Raghavendra 2005). Indeed, reviews addressing
guard cell signaling outnumber those focused on
either of the other areas by more than an order of
magnitude. This does not necessarily reflect their
eventual importance, but rather reflects both the
history of discovery and the existence of appropriate tools and techniques. The availability of
genome sequence information, genome-wide gene
expression data and large libraries of insertion
mutations, together with improving markers and
microscopy, are vastly accelerating integration of
cellular and molecular studies. But it seems that
the tools have, if anything, gotten ahead of the
ideas and it is an opportune time to derive a new
“systems biology” perspective.
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A Signaling
Stomatal closure can be induced by application
of the stress hormone ABA, which is classically
regarded as a signaling molecule or first messenger in this system (Schroeder et al. 2001). For a
long time, it was assumed that ABA signaling
could be represented by a linear signaling pathway, commencing with the binding of ABA to a
surface receptor located in the plasma membrane.
The general idea is that a signaling molecule
(the first messenger) binds to a transmembrane
receptor (such as a GPCR), which then activates
a transducer (such as a heterotrimeric G-protein),
which further activates the production or release
of a diffusible second messenger, such as Ca2+ or
ROS, which in turn activates a range of downstream effectors. This concept captures some
elements of ABA signaling, but not its totality.
There is a plasma-membrane GPCR, encoded by
the Arabidopsis GCR2 gene, that interacts with the
a-subunit of the single heterotrimeric G protein
(Liu et al. 2007).
However, it was reported more than a dozen
years ago that ABA can act at both the cell surface
and inside of the cell (Allan et al. 1994; Anderson
et al. 1994; Schwartz et al. 1994). So there appears
to be at least two different routes for ABA action,
one from the outside and one from the inside of
the cell. But at least two other proteins have been
identified that might as well directly interact with
ABA in guard cells. These are the H-subunit of
the chloroplastic Mg-cheletase, reported to be the
most abundant ABA-binding protein in cells, and
a plasma membrane receptor-like kinase designated RLK1 (Osakabe et al. 2005; Shen et al.
2006). Moreover, stomatal aperture is also influenced by light, humidity and CO2, inputs that
impact stomatal dynamics by different molecular
routes (Schroeder et al. 2001).
The earliest detectable ABA-induced chemical
changes in plant cells are the increases in intracellular calcium [(Ca2+)cyt] and ROS (OrozcoCardenas et al. 2001; Lecourieux et al. 2006).
These have been designated “second messengers”
(Lecourieux et al. 2006) according to the criterion
that interfering with their production or destroying
them enzymatically or with reducing agents abolishes both the increase in (Ca2+)cyt and prevents
ABA-induced stomatal closure (Zhang et al.
2001). Also, there is evidence that the observed
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increase in (Ca2+)cyt is necessary for stomata to
close, suggesting again that calcium ions act as
second messengers (Blatt 2000a; Schroeder et al.
2001). However, there is also evidence that
stomata can close without an increase in (Ca2+)cyt
(Allan et al. 1994; Levchenko et al. 2005; Marten
et al. 2007), implying that at the very least, that
a calcium transient is not an obligatory feature of
the closure mechanism. Efforts to place calcium
and ROS in a linear chain of causation as second messengers in ABA signaling are stubbornly
resisted by the fact that some studies place ROS
firmly upstream of calcium signaling, while others place it downstream (Mori and Schroeder
2004). Also, both elevated external calcium level
and external exposure to ROS can induce stomatal closure (McAinsh et al. 1995; Zhang et al.
2001). The changes in (Ca2+)cyt observed in guard
cells have a temporal pattern, with single peaks
(transients) of a characteristic shape and size or
with oscillations in a few minutes following a
stimulus. These have been called the “calcium
signature” and there is a not insignificant cottage
industry in interpreting its information content
(McAinsh and Hetherington 1998; Clayton
et al. 1999; Knight and Knight 2000; Allen et al.
2001; Assmann and Wang 2001; Schroeder et al.
2001). Guard cells also rapidly produce ROS
from different sources in a temporal sequences
that can itself be regarded as an “ROS signature”
(Schroeder et al. 2001; Mahalingam and Fedoroff
2003; Gechev et al. 2006). Strikingly, chloroplasts are the initial site of ROS production in
ABA-treated guard cells, followed by cytoplasmic sources (Allan and Fluhr 1997; Zhang et al.
2001). But it has been reported that the ROS
produced by plasma membrane-bound NADPH
oxidases, which transport electrons across the
plasma membrane to generate ROS outside of
cells, are required for activation of calcium channels and stomatal closure (Pei et al. 2000; Kwak
et al. 2003).
Many other small molecules and signaling
proteins are involved in stomatal movements.
Phospholipases C and D and the small molecules
derived from membrane lipids, such as IP3, PA,
DAG, and sphingosine-1-phosphate have been
implicated in ABA signaling (Gilroy et al. 1990;
Jacob et al. 1999; Coursol et al. 2003; Zalejski
et al. 2005). Protein phosphorylation and dephosphorylation are known, as judged by both the ability
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of protein kinase and phosphatase inhibitors, as
well as mutations in two type 2C protein phosphatase genes (ABI1 and ABI2), to interfere with
stomatal movements (Schroeder et al. 2001).
cADPR also participates in ABA signaling and
stomatal closure (Wu et al. 1997; Leckie et al.
1998). Two GPCRs, GCR1 and GCR2, the a
subunit of the heterotrimeric G protein and the
small GTPase AtRac1 (Rop6) have been implicated in ABA signaling and guard cell function
(Lemichez et al. 2001; Wang et al. 2001a; Pandey
and Assmann 2004; Liu et al. 2007).
B Vesicular Trafficking
Guard cells swell and shrink to alter the size of
the stomatal aperture. The substantial increase in
guard cell volume during stomatal opening necessitates an increase in surface area that can be as
much as 40%, significantly exceeding the membrane elasticity limit of about 3% (Homann 1998;
Blatt 2000b; Morris and Homann 2001; Shope
et al. 2003; Meckel et al. 2005). Experiments
employing fluorescent membrane dyes reveal a
continuous slow internalization of membrane
material in unstimulated guard cell protoplasts
(Kubitscheck et al. 2000). Changes in osmotic
pressure trigger rapid variation in membrane
area, which has been reported to change by more
than 10% in 10 min (Homann and Thiel 1999).
The changes in surface area occur by incorporation of membranous material by exocytosis and
its retrieval by endocytosis (Homann and Thiel
1999; Kubitscheck et al. 2000; Shope et al. 2003).
Guard cells expand both in diameter and in length
during stomatal opening (Meckel et al. 2007).
Most of the increase in volume can be attributed
to cell expansion; however, extension of the tips
of guard cells appears to be primarily responsible for the mechanical deformation that increases
the size of the stomatal opening (Meckel et al.
2007). Moreover, changes in guard cell volume
are accompanied by re-organization of vacuoles.
Closed guard cells contain many small vacuoles
(Gao et al. 2005). These undergo rapid fusion
upon guard cell opening, with a simultaneous
increase in the area of the vacuolar membrane
(tonoplast) (Gao et al. 2005).
Stomatal opening occurs by changes in turgor
pressure driven by the influx of K+ ions, sugar
and anions (Cl− and malate) resulting from the
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development of an electrical potential by proton
pumps (H+-ATPases) in the plasma and vacuolar
membranes (Schroeder et al. 2001; Roelfsema and
Hedrich 2005). The H+-ATPases are activated by
a decrease in pH and contain a C-terminal autoinhibitory domain (Roelfsema and Hedrich 2005).
Stomatal opening is stimulated by both red and
blue light (Schroeder et al. 2001; Roelfsema and
Hedrich 2005). The plasma-membrane and vacuolar H+-ATPases are activated by phosphorylation and binding of 14-3-3 proteins in response
to blue light, which is perceived by phototropins
(Hentzen et al. 1996; Kinoshita and Shimazaki
1999; Kinoshita et al. 2001; Sakamoto and Briggs
2002; Takemiya et al. 2006). Although phototropins are themselves protein kinases and might be
responsible for the direct phosphorylation of the
proton pumps, additional regulatory components
are suggested by the report that inhibition of
type1 protein phosphatases by tautomycin interferes with phosphorylation of the H+-ATPase,
but not that of the phototropin (Takemiya et al.
2006). Stomatal aperture is also regulated by CO2,
although the underlying mechanisms are not well
understood (Roelfsema and Hedrich 2005). There
is evidence that ABA, light and CO2 responses
are linked to some extent and also that they are
independent (Vavasseur and Raghavendra 2005).
While little is yet known about the range of
mechanisms by which ion channels are regulated,
results of studies employing a K+ channel-green
fluorescent protein (KAT1-GFP) fusion have
established the existence of membrane patches
carrying a higher density of K+ channel clusters
than is characteristic of the plasma membrane as
a whole (Hurst et al. 2004; Meckel et al., 2004).
The KAT1-GFP fluorescence exhibits a punctate
distribution in guard cells, with an intensity greater
by two-fold at the tips of the cells than elsewhere,
which is consistent with greater membrane
turnover at the tips (Meckel et al. 2007). Rapid
and reversible changes in guard cell volume are
also induced by exposure to hypo- and hyperosmotic solutions (Shope et al. 2003). Such
changes occur by water uptake and extrusion.
These processes also entail changes in surface area of up to 30% by membrane endo- and
exocytosis (Shope et al. 2003; Shope and Mott
2006). Agents that promote depolymerization of
microtubules, actin filaments and the PI3 kinase
inhibitor wortmannin, all of which affect vesicular
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trafficking, were found to interfere either with
the expansion or the contraction of the membrane
(Shope and Mott 2006).
Evidence that vesicular trafficking is critical to
guard cell expansion and contraction is provided
by the discovery that disrupting the function
of a syntaxin encoded by the tobacco Nt-SYR1
(SYP121) gene blocks ion channel responses to
ABA (Leyman et al. 1999). Syntaxins comprise
a family of proteins that participate in proteinprotein interactions which mediate the vesiclemembrane fusions that are required for the vesicle
trafficking of secretory processes and endocytosis
(Sutter et al. 2006a). Over-expression of a fragment of this protein disperses plasma membrane
KAT1-GFP clusters and results in the apparent
retention of the channel in the endoplasmic reticulum (ER) (Sutter et al. 2006b). Similarly, SYP22
is involved in vacuolar fusion (Gao et al. 2005).
C Cytoskeletal Restructuring
The precise organization of the cytoskeleton, a
complex of microtubules and actin filaments, is
central both to the development of guard cells
and to their function of controlling the stomatal
aperture (Galatis and Apostolakos 2004). Many
investigations have documented the rapid rearrangement of the cytoskeleton from a form in
which the microtubules and actin filaments are in
a radial array and extend from the ventral to the
dorsal wall of each guard cell in open stomates
to a form in which they are shorter and occur in
many different orientations in closed stomates
(Staiger 2000). The ordered, radially arrayed
microtubules and actin filaments rearrange to the
more disordered form during ABA-induced stomatal closure, as well as stomatal closure during
the light-dark transition (Kim et al. 1995).
Stabilization of actin filaments with phalloidin
promotes formation of densely packed radial actin
filament arrays and inhibits both the inward K+
current and ABA-induced stomatal closure (Kim
et al. 1995; Hwang et al. 1997). Destabilization of
actin filaments with cytochalasin B or D causes
the partial opening of closed stomata, promotes
light-induced stomatal opening, and increases
the inward K+ current (Kim et al. 1995; Hwang
et al. 1997). Similar observations have been made
on guard cell microtubules (Fukuda et al. 1998;
Huang et al. 2000; Marcus et al. 2001; Lahav et al.
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2004). Thus, reorganization of microtubules and
actin filaments is closely correlated with changes
in stomatal aperture. Although it was originally
thought that the fungal toxin fusicoccin, which
promotes stomatal opening by activating plasma
membrane H+-ATPase, uncouples microtubule
and actin filament reorganization from stomatal
opening (Assmann and Schwartz 1992; Marcus et al. 2001), cytoskeletal changes have been
reported in fusicoccin-treated cells (Eun and Lee
2000).
III A Systems View of the Stress
Response: The Elephant
A The Stomate as a System
The variety of stimuli to which guard cells
respond and the multiplicity of molecular components participating in the response seriously defy
efforts to construct a satisfying array of conventional linear signaling pathways by incorporating
concepts such as “crosstalk” and “integrators.”
It is the stomate itself, comprising the guard cell
pair that is the “system”, integrating input signals and adjusting cell size and shape. While this
may seem like a retreat from molecular rigor to
animism, it is actually a first tentative attempt to
synthesize the various presently disparate observations on the chemical and structural dynamics
of guard cells.
1

Integrating Signal, Structure and Function

ROS and calcium “signals” are both ubiquitous
intertwined everywhere in plants and animals.
This is a phenomenon that some authors refer to
as “cross talk” (Knight and Knight 2001; Mori
and Schroeder 2004; Hidalgo 2005; CamelloAlmaraz et al. 2006), while others dismiss with
the argument that ROS and calcium aren’t really
signals, just regulators or switches in the chemical machinery of life (Scrase-Field and Knight
2003; Plieth 2005). But signal and switch may
be one and the same. Calcium ions and ROS
share several important characteristics: both are
extremely toxic to cells, both influence protein
structure and activity, both act rather indiscriminately over short distances (albeit for different
reasons) and there are multiple sources of each,
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both inside of plant cells and in the apoplastic space
(Gechev et al. 2006; Lecourieux et al. 2006).
Life evolved in a reducing atmosphere and
adaptation to an increasingly oxidizing environment did not alter its basic biochemistry. Rather,
it led to the evolution of multiple mechanisms to
maintain a reducing intracellular environment
(Sitia and Molteni 2004). Life is powered by the
conversion of solar energy to chemical energy,
its storage through photosynthesis and extraction
through oxidative phosphorylation. In all organisms, and especially plants, this entails the dangers
of unbalanced electron flow and the possibility
of generating ROS, which are partially reduced
oxygen molecules. The cellular mechanisms that
protect the cell from oxidation of proteins and
nucleic acids by these strong oxidants include
the maintenance of high intracellular concentrations of low molecular weight redox couples,
enzymes that rapidly reduce ROS to water, and
protective mechanisms such as glutathionylation
of proteins, activation of chaperones and protein disulfide isomerases, as well as nucleic acid
repair mechanisms (Sitia and Molteni 2004).
The existence of rapid chemical and enzymatic
mechanisms for quenching ROS, in turn, makes
it possible to make use of them as short-range
signals. Moreover, the oxidation and reduction
of disulfide bonds within and between proteins
is not only essential for their correct folding, but
is also as fundamental a regulatory mechanism as
protein phosphorylation (Paget and Buttner 2003;
Fedoroff 2006).
It has been suggested that efficient calcium
ion sequestration is essential in view of the central role of phosphate in both energy metabolism
and regulating protein structure, simply because
of the insolubility of calcium phosphate (Sanders et al. 1999). Plant cells maintain an internal
free calcium concentration about 1–2 orders of
magnitude lower than the extracellular calcium
concentration, both by the extrusion of calcium
and its rapid sequestration by the many calciumbinding proteins in cells (Gilroy et al. 1990;
Sanders et al. 1999). As in the case of ROS, these
mechanisms make it possible for rapid, transient
spikes in the concentration of free calcium to
serve as protein and enzyme activators and inactivators, both directly and through interaction with
calcium-binding proteins. Oscillations that bring
the (Ca2+)cyt in guard cells above 0.5 mM trigger
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guard cell closure (Gilroy et al. 1990; McAinsh
et al. 1992, 1995).
The prevailing view is that calcium is actively
sequestered by calcium pumps in “internal
stores” comprising vacuoles and the endoplasmic
reticulum and that calcium transients are generated by the release of calcium from these internal
stores, which in turn, triggers its uptake through
calcium channels in the plasma membrane (Penner and Fleig 2004; Putney 2007). A radically
different view holds that the main calciumsequestering protein in the cell is filamentous
actin (F-actin) and that actin depolymerization
transiently releases free calcium, which is then
rapidly bound by ATP-G-actin (which has a high
calcium affinity), and reincorporated into F-actin
(Lange and Brandt 1996; Lange and Gartzke
2006). The notion that F-actin is the major calcium store is a particularly attractive hypothesis
for plants cells whose cortical ER has an actin
backbone (Boevink et al. 1998). However, it is
increasingly recognized that ER resident proteins, such as calreticulin and calsequestrin, with
an extremely high calcium-binding capacity,
also participate actively in the sequestration and
release of calcium (Beard et al. 2004; Persson
et al. 2004).
A cytoskeletal network of both actin filaments
and microtubules comprises the heart of the
highly dynamic cortical ER of plant cells, including
stomata (Hepler et al. 1990; Boevink et al.
1998). Actin depolymerization and reorganization underlie all the shape changes that guard
cells undergo in response to prevailing external conditions (Fig. 1). Virtually every type of
stimulus that alters the stomatal aperture triggers
actin depolymerization and cytoskeletal restructuring (Kim et al. 1995; Hwang et al. 1997; Eun
and Lee 2000; Hwang and Lee 2001; Marcus
et al. 2001; Lahav et al. 2004; Xiao et al. 2004).
Assuming that F-actin and other calcium-binding proteins of the cortical ER are the calcium
stores, then calcium spikes reflect the transient
release of Ca2+ from ER proteins and the actin
depolymerization that initiate the changes in stomatal aperture (Fig. 1). The release of calcium,
as noted earlier, transiently increases the [Ca2+]cyt,
activating a variety of enzymes, including the
calcium-dependent membrane-bound NADPH
oxidase, as well as the further influx of calcium
(Schroeder et al. 2001).
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Fig. 1. A diagrammatic representation of some of the changes known to occur in the structural and signaling component during
stomatal movements, as described in the text. Abbreviations (used in the figure): ABA, abscisic acid; abg, heterotrimeric G-protein
subunits; GCR2, G-protein coupled receptor 2; PIP2, phosphatidylinositol 4,5 bisphosphate; GSH, glutathione; MPK, MAP kinase;
MPKK, MAPK kinase; MPKKK, MAPKK kinase; PLC and PLD, phospholipases C and D; ROS, reactive oxygen species [See
Color Plate 13, Fig. 20].

Similarly, ROS are likely to affect both
cytoskeletal organization and enzymatic activity.
Only one route of ROS production is represented
in Fig. 1, which is initiated by the perception of
ABA at the cell membrane, stimulating dissociation of the heterotrimeric G protein. Activated Ga,
in turn, is believed to activate the small GTPase
Rop6 which further activates the membranebound NADPH oxidases, primarily AtrbohF and
AtrbohD in guard cells (Kwak et al. 2003). But it
is also known that ROS are initially and rapidly
elicited from guard cell chloroplasts upon ABA
stimulation, as well as ozone exposure (Zhang
et al. 2001; Joo et al. 2005). There are additional
intra- and extra-cellular sources of ROS that may
well be triggered by other environmental stimuli
and the most stable ROS, H2O2, is membrane permeable (Bolwell et al. 2002). Thus, ROS arising
from either external or internal sources are likely

to exert an effect in the vicinity of the cell surface.
ROS stimulate the glutathionylation of many
proteins, particularly actin, in both animal and
plant cells (Giustarini et al. 2004; Dixon et al.
2005). Actin glutathionylation has been shown
to be essential for actin polymerization and reorganization in response to growth and chemotactic
factors in animal cells (Wang et al. 2003; Fiaschi et al. 2006). Specifically, glutathionylation of
sulfhydryl group of the single superficial cysteine
residue (Cys374) of actin interferes with the disassembly of the actinomyosin complex that initiates cytoskeletal reorganization (Fiaschi et al.
2006). The catalytic subunit of the mammalian
NADPH oxidase, designated Nox2, is associated
with the ER and is transported to the membrane
at the leading edge of migrating epithelial cells,
where it interacts with actin and an actin-binding
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scaffold protein designated IQGAP1 (Ikeda et al.
2005). While such studies have not yet been done
in plants, plant cells contain myosins, at least
some of which are thought to play an F-actin
stabilizing role and participate in organelle movement (Volkmann et al. 2003; Lee and Liu 2004;
Abu-Abied et al. 2006; Holweg 2007). There are
likely to be additional F-actin-stabilizing proteins
and in view of the fact that ROS production
and cytoskeletal restructuring are required for
stomatal closure, it appears a quite reasonable
conjecture that ROS promote actin reorganization in guard cells of plants, as they do in animal
cells (Fig. 1).
ROS also impact enzymatic activity directly
through oxidation of sulfhydryl residues and promotion of protein disulfide bond formation (Finkel
2001; Dietz 2003; Fedoroff 2006). Protein phosphatases contain readily oxidizable cysteine residues in their active sites and are therefore likely
to be immediate targets of ROS regulation (Xu
et al. 2002). It is well established that ABA and
ROS activate stress MAP kinases (Mishra et al.
2006b). Likely targets include the protein phosphatases encoded by the ABI1 and ABI2 genes, as
well as the MAP kinase phosphatases (Meinhard
and Grill 2001; Ulm et al., 2001, 2002; Meinhard
et al. 2002; Meskiene et al. 2003). Thus activation of ROS production and changes in [Ca2+]cyt
are intimately interconnected with cytoskeletal
reorganization. Moreover, as illustrated in the
Fig. 22.1, they may well feed-back on each other,
since the NADPH oxidase is activated by calcium.
It has also been suggested that Ca2+ channels are
activated by ROS (Pei et al. 2000), although the
effect of ROS on cytoskeletal structure was not
addressed in these experiments.
Moreover, vesicular trafficking in plant cells
is inseparable from the cytoskeletal network,
since F-actin filaments and microtubules are
integral to the structure and function of the ER
(Boevink et al. 1998; Brandizzi et al. 2003). The
exocytotic and endocytotic membrane trafficking
that are required for the constant adjustments in
membrane surface area are sensitive to agents
that interfere with microtubule and actin filament
dynamics (Shope and Mott 2006). It has been
reported in mammalian cells that both actin depolymerization and polymerization are necessary
for excocytosis (Malacombe et al. 2006). It is
thought that actin depolymerization enhances the
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ability of secretory granules to reach the plasma
membrane, while actin polymerization provides
a motive force that accelerates the membrane
fusion process (Malacombe et al. 2006).
The recognition that K+ channels are regulated
by altering their numbers through the insertion of
membranous packets containing multiple copies of them, as well as by Ca2+-dependent activation of their phosphorylation, identifies the link
between cytoskeleton and K+ currents (Hurst
et al. 2004; Sutter et al. 2006b). In a variety of
animal cells, most or all membrane proteins are
clustered in cholesterol-rich domains, designated
islands, separated by protein-free, cholesterolpoor membrane domains (Lillemeier et al. 2006).
The protein-rich islands include previously characterized lipid rafts, and different proteins form
sub-clusters within them. The protein islands are
connected to the actin cytoskeleton and can be
dispersed by latrunculin, an actin-depolymerizing agent (Lillemeier et al. 2006). Recent observations on KAT1-GFP fusions are consistent
with a similar organization of plant membranes,
revealing the existence of KAT1-rich membrane
clusters (Hurst et al. 2004; Meckel et al., 2005;
Sutter et al. 2006b) firmly anchored in the plasma
membrane (M. Blatt, personal communication).
Although it is known that Golgi bodies travel
rapidly along the cytoskeletal network (Boevink
et al. 1998; daSilva et al. 2004), there may be
other protein-lipid complexes that travel the
same cytoskeletal highway from ER to cell surface. A possibility yet to be explored is that Ca2+
currents are regulated by altering Ca2+ channel
densities in the plasma membrane by a similar
secretory mechanism. In addition to their role in
supporting the secretory trafficking required to
expand membranes and to add ion channels, it is
also possible that the cytoskeletal restructuring
observed during stomatal opening serves a structural role. The microtubules and actin filaments
form highly distinctive radial arrays when stomates open (Kim et al. 1995; Fukuda et al. 1998;
Lahav et al. 2004). Also, guard cells are encircled
by radial arrays of cellulose microfibrils (Lahav
et al. 2004). There is growing evidence that cellulose synthase complexes are mobile and critically
oriented by microtubules (Smith and Oppenheimer 2005; Somerville 2006; Chu et al. 2007;
DeBolt et al. 2007). As turgor pressure increases
with the influx of ions and water during guard
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cell opening, it is likely that the arrays limit the
radial expansion of the cells by guiding cellulose
deposition. The observation that blue light specifically promotes the reconfiguration of guard
cell microtubules suggests a connection between
phototropins and microtubule-associated proteins
(Lahav et al. 2004).
It is increasingly recognized that membrane
phospholipids are essential elements of plant
cellular signaling (Laxalt and Munnik 2002).
PI3P, and PI4P and PIP2 have all been implicated
in stomatal movements, as have PLC, PLD and
PI3 kinase (MacRobbie 1998; Jacob et al. 1999;
Staxen et al. 1999; Jung et al. 2002; Park et al.
2003; G. Mishra et al. 2006a). As shown in Fig. 1,
recent work has revealed that PLDa1-derived
PA binds to, inhibits and membrane-sequesters
the ABI1 protein phosphatase 2C to promote
stomatal closure (Mishra et al. 2006a). An interaction between PLDa1 and the Ga subunit of
the heterotrimeric G protein inhibits opening of
closed stomata by inhibiting PLD activity and
stimulating the GTPase activiy of Ga (Mishra
et al. 2006a). It has also been reported that PI3
kinase inhibitors prevent stomatal closing and the
production of ROS (Park et al. 2003).
Although little is as yet known about the
detailed mechanisms by which they exert their
effects on stomatal aperture, PI3P, PI4P and PI4,5P2,
appear to be located in different cell compartments
(Jung et al. 2002; Vermeer et al. 2006). Membrane phospholipids target many signaling and
cytoskeletal proteins to the plasma membrane and
there is recent evidence that such targeting can be
attributed to both polybasic clusters in the targeted
proteins and lipid modifications (Heo et al. 2006).
The membrane association of small GTPases and
heterotrimeric G proteins is likely to be regulated
by the specificity of their phospholipid interactions, as well as the activity of phospholipases.
Many actin-binding proteins that participate in
cytoskeletal remodeling are membrane-tethered
and maintained in an inactive form by binding to
membrane phospholipids, particularly PIP2 and
PIP3 (Nebl et al. 2000; Hilpela et al. 2004; Huang
et al. 2006). Both the spatial localization of the
phospholipids and the localized activation of lipid
kinases, phosphatases and phospholipases can
trigger actin remodeling by the differential release
and sequestration of actin-remodeling proteins
from the membrane (Toker 1998). Plants contain
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both profilin and cofillin/ADF, whose mammalian
counterparts bind to and are regulated by PIP2 and
PIP3 (McCurdy et al. 2001; Skare and Karlsson
2002; Feng et al. 2006; Gorbatyuk et al. 2006).
Also, there is substantial evidence that Ca2+ channels are reciprocally regulated by membrane
phospholipids PIP2 and PIP3 and the calciumbinding protein calmodulin (Kwon et al. 2007),
a mechanism similar to that reported for cofillin
(Gorbatyuk et al. 2006). Thus, the local activation of phospholipid-modifying enzymes, such as
phospholipid kinases and phosphatases, as well
as phospholipases, can both activate cytoskeletal
restructuring and affect ion movements across the
membrane (Tall et al. 2000).
B Stress Beyond the Stomate
To what extent are the signaling and cytoskeletal/
vesicular restructuring observed in stomata representative of cellular stress responses in general?
Perhaps because guard cells respond to changing environmental conditions rapidly, visibly
and reversibly, immediate structural and cellular
changes have dominated their study, with relatively
little attention devoted to transcriptional changes
(Leonhardt et al. 2004). By contrast, the literature
on abiotic stress responses is dominated by the
analysis of gene expression changes, increasingly
relying on cDNA and oligonucleotide microarray technology in recent years (Seki et al. 2004;
Kilian et al. 2007). Another obvious difference
is that guard cell studies are generally investigated
within a range of environmental conditions under
which they are reversible, while responses to
pathogens and other stresses are often investigated near or beyond the limits of plants’ ability
to adapt, as judged by either local cell death or
tissue collapse.
Nonetheless, transient Ca2+ spikes and the production of ROS are common early components of
both biotic and abiotic stress responses in plants
(Price et al. 1994; Doke et al. 1996; Knight et al.
1996, 1997; Takahashi et al. 1997; Lecourieux
et al. 2002; Mahalingam and Fedoroff 2003;
Torres and Dangl 2005; Lecourieux et al. 2006).
Phospholipid signaling is a well-established early
plant stress response and there is a direct connection between cytoskeletal reorganization and
activation of enzymes that modify membrane
phospholipids (Munnik 2001; Laxalt and Munnik
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2002; Dhonukshe et al. 2003; Testerink et al.
2004; Wang 2005; Williams et al. 2005; Huang
et al. 2006). Cytoskeletal rearrangements have
been reported in response to pathogens and pathogen-derived toxins, as well as a variety of abiotic
stresses, including cold, excess light, and osmotic
stress (Gross et al. 1993; Aon et al. 2000; Staiger
2000; Binet et al. 2001; Lipka and Panstruga
2005; Komis et al. 2006; Shoji et al. 2006; Yuan
et al. 2006; D’Angeli and Altamura 2007). Also,
upregulation of secretory process and vesicular
trafficking, are components of both biotic and
abiotic stress responses (Schmelzer 2002; Collins et al. 2003; Wick et al. 2003; Takemoto and
Hardham 2004; Lipka and Panstruga 2005; Wang
et al. 2005).
C Wherein Lies the Specificity?

But why is the response of a guard cell different
from that of an epidermal cell or a mesophyll
cell? And how does common cellular machinery
develop a response that is unique and appropriate
for a given stress? The answers to such questions
are not yet available at a satisfying level of granularity, but there are some generalizations. Plant
cells are highly specialized, yet remarkably flexible in their developmental fates. They acquire
and maintain their structural and physiological
identities by virtue of constant chemical communications among cells within the plant (Dolan and
Okada 1999; Golz 2006; Sieburth and Deyholos
2006; Anastasiou and Lenhard 2007). Many plant
cells, including guard cells of some plants, can
regenerate into complete plants (Hall et al. 1996).
The mechanisms that underlie the development
of a plant from a single cell, be it a vegetative cell
or a zygote, are just beginning to be explicated,
as are the mechanisms underlying the regeneration and maintenance of specialized cell types
(Willemsen and Scheres 2004; J.Xu et al. 2006;
Anastasiou and Lenhard 2007).
IV The Future
There are many challenges for future research in
understanding how plants elaborate appropriate
adaptations to environmental extremes. Information about sensors and how they trigger cellular
responses is still relatively meager (Albrecht

et al. 2003; Samaj et al. 2004; Zhu et al. 2007).
The connections between signaling relays, such
as stress-activated MAP kinase cascades, and
transcription factors is as yet little explored
(Cheong et al. 2003; Ahlfors et al. 2004). It
has been reported that the stress-activated transcriptional co-factor NPR1 is maintained in a
multimeric, disulfide-bonded cytoplasmic complex in unstressed cells and activated by reduction to monomeric form and translocation to the
nucleus, but little is known about the requisite
cellular and molecular changes that underlie its
mobilization (Mou et al. 2003; Rochon et al.
2006). It is known that the small GTPases, designated ROPs, in plants are involved in both
activating ROS production and in stress-mediated cytoskeletal changes (Lemichez et al. 2001;
Nibau et al. 2006), but little is known about how
such changes affect gene expression. Finally,
very little is known about the spatial localization
of stress signals and signaling molecules within
plant cells, although there is growing evidence
that such spatial localization is central to how
plant cells are structured in development (Fu
et al. 2005; Hwang et al. 2005).
Acknowledgements
This work was supported by the Willaman Professorship Endowment Fund
References
Abel PP, Nelson RS, De B, Hoffmann N, Rogers SG, Fraley
RT, Beachy RN (1986) Delay of disease development in
transgenic plants that express the tobacco mosaic virus
coat protein gene. Science 232:738–744
Abu-Abied M, Golomb L, Belausov E, Huang S, Geiger B,
Kam Z, Staiger CJ, Sadot E (2006) Identification of plant
cytoskeleton-interacting proteins by screening for actin
stress fiber association in mammalian fibroblasts. Plant J
48:367–379
Ahlfors R, Macioszek V, Rudd J, Brosche M, Schlichting
R, Scheel D, Kangasjarvi J (2004) Stress hormoneindependent activation and nuclear translocation of
mitogen activated protein kinases in Arabidopsis thaliana
during ozone exposure. Plant J 40:512–522
Albrecht V, Weinl S, Blazevic D, D’Angelo C, Batistic O,
Kolukisaoglu U, Bock R, Schulz B, Harter K, Kudla
J (2003) The calcium sensor CBL1 integrates plant
responses to abiotic stresses. Plant J 36:457–470

496
Allan AC, Fluhr R (1997) Two distinct sources of elicited
Reactive Oxygen Species in tobacco epidermal cells.
Plant Cell 9:1559–1572
Allan AC, Fricker MD, Ward JL, Beale MH, Trewavas AJ
(1994) Two transduction pathways mediate rapid effects
of abscisic acid in Commelina guard cells. Plant Cell
6:1319–1328
Allen GJ, Kwak JM, Chu SP, Llopis J, Tsien RY, Harper JF,
Schroeder JI (1999) Cameleon calcium indicator reports
cytoplasmic calcium dynamics in Arabidopsis guard cells.
Plant J 19:735–747
Allen GJ, Chu SP, Harrington CL, Schumacher K, Hoffmann
T, Tang YY, Grill E, Schroeder JI (2001) A defined range
of guard cell calcium oscillation parameters encodes
stomatal movements. Nature 411:1053–1057
Anastasiou E, Lenhard M (2007) Growing up to one’s standard.
Curr Opin Plant Biol 10:63–69
Anderson BE, Ward JM, Schroeder JI (1994) Evidence for
an extracellular reception site for abscisic acid in Commelina guard cells. Plant Physiol 104:1177–1183
Aon MA, Cortassa S, Gomez Casati DF, Iglesias AA (2000)
Effects of stress on cellular infrastructure and metabolic
organization in plant cells. Int Rev Cytol 194:239–273
Assmann SM, Schwartz A (1992) Synergistic effect of light
and fusicoccin on stomatal opening: epidermal peel and
patch clamp experiments. Plant Physiol 98:1349–1355
Assmann SM, Wang XQ (2001) From milliseconds to millions of years: guard cells and environmental responses.
Curr Opin Plant Biol 4:421–428
Beard NA, Laver DR, Dulhunty AF (2004) Calsequestrin
and the calcium release channel of skeletal and cardiac
muscle. Progr Biophys Molec Biol 85:33–69
Binet M, Humbert C, Lecourieux D, Vantard M, Pugin A
(2001) Disruption of microtubular cytoskeleton induced
by cryptogein, an elicitor of Hypersensitive Response in
tobacco cells. Plant Physiol 125:564–572
Blatt MR (2000a) Ca2+ signalling and control of guard-cell
volume in stomatal movements. Curr Opin Plant Biol
3:196–204
Blatt MR (2000b) Cellular signaling and volume control in
stomatal movements in plants. Annu Rev Cell Devel Biol
16:221–241
Boevink P, Oparka K, Santa Cruz S, Martin B, Betteridge A,
Hawes C (1998) Stacks on tracks: the plant Golgi apparatus traffics on an actin/ER network. Plant J 15:441–447
Bolwell GP, Bindschedler LV, Blee KA, Butt VS, Davies
DR, Gardner SL, Gerrish C, Minibayeva F (2002) The
apoplastic oxidative burst in response to biotic stress
in plants: a three-component system. J Exp Botany
53:1367–1376
Brandizzi F, Saint-Jore C, Moore I, Hawes C (2003) The
relationship between endomembranes and the plant
cytoskeleton. Cell Biol Int 27:177–179
Camello-Almaraz C, Gomez-Pinilla PJ, Pozo MJ, Camello PJ
(2006) Mitochondrial Reactive Oxygen Species and Ca2+
signaling. Am J Physiol Cell Physiol 291:C1082–1088

Nina V. Fedoroff
Casimiro I, Marchant A, Bhalerao RP, Beeckman T, Dhooge
S, Swarup R, Graham N, Inze D, Sandberg G, Casero PJ,
Bennett M (2001) Auxin transport promotes Arabidopsis
lateral root initiation. Plant Cell 13:843–852
Chen YF, Randlett MD, Findell JL, Schaller GE (2002)
Localization of the Ethylene Receptor ETR1 to the
Endoplasmic Reticulum of Arabidopsis. J Biol Chem
277:19861–19866
Cheong YH, Moon BC, Kim JK, Kim CY, Kim MC, Kim
IH, Park CY, Kim JC, Park BO, Koo SC, Yoon HW,
Chung WS, Lim CO, Lee SY, Cho MJ (2003) BWMK1,
a rice mitogen-activated protein kinase, locates in the
nucleus and mediates pathogenesis-related gene expression by activation of a transcription factor. Plant Physiol
132:1961–1972
Chu Z, Chen H, Zhang Y, Zhang Z, Zheng N, Yin B, Yan H,
Zhu L, Zhao X, Yuan M, Zhang X, Xie Q (2007) Knockout of the AtCESA2 gene affects microtubule orientation
and causes abnormal cell expansion in Arabidopsis. Plant
Physiol 143:213–224
Clayton H, Knight MR, Knight H, McAinsh MR, Hetherington AM (1999) Dissection of the ozone-induced calcium
signature. Plant J 17:575–579
Collins NC, Thordal-Christensen H, Lipka V, Bau S, Kombrink E, Qiu JL, Huckelhoven R, Stein M, Freialdenhoven
A, Somerville SC, Schulze-Lefert P (2003) SNAREprotein-mediated disease resistance at the plant cell wall.
Nature 425:973–977
Coursol S, Fan LM, Le Stunff H, Spiegel S, Gilroy S, Assmann SM (2003) Sphingolipid signalling in Arabidopsis
guard cells involves heterotrimeric G proteins. Nature
423:651–654
D’Angeli S, Altamura MM (2007) Osmotin induces cold protection in olive trees by affecting Programmed Cell Death
and cytoskeleton organization. Planta 225:1147–1163
daSilva LLP, Snapp EL, Denecke J, Lippincott-Schwartz
J, Hawes C, Brandizzi F (2004) Endoplasmic Reticulum
export sites and Golgi bodies behave as single mobile
secretory units in plant cells. Plant Cell 16:1753–1771
DeBolt S, Gutierrez R, Ehrhardt DW, Melo CV, Ross L, Cutler SR, Somerville C, Bonetta D (2007) Morlin, an inhibitor of cortical microtubule dynamics and cellulose synthase
movement. Proc Natl Acad Sci USA 104:5854–5859
Delledonne M, Xia Y, Dixon RA, Lamb C (1998) Nitric
oxide functions as a signal in plant disease resistance.
Nature 394:585–588
Dharmasiri N, Dharmasiri S, Jones AM, Estelle M (2003)
Auxin action in a cell-free system. Curr Biol 13:1418–1422
Dharmasiri N, Dharmasiri S, Estelle M (2005) The F-box
protein TIR1 is an auxin receptor. Nature 435:441–445
Dhonukshe P, Laxalt AM, Goedhart J, Gadella TW, Munnik T (2003) Phospholipase D activation correlates with
microtubule reorganization in living plant cells. Plant Cell
15:2666–2679
Dietz KJ (2003) Redox control, redox signaling and redox
homeostasis in plant cells. Int Rev Cytol 228:141–193

22

Systems Biology of Abiotic Stress

Dixon DP, Skipsey M, Grundy NM, Edwards R (2005)
Stress-induced protein S-glutathionylation in Arabidopsis.
Plant Physiol 138:2233–2244
Doke N, Miura Y, Sanchez LM, Park HJ, Noritake T, Yoshioka H, Kawakita K (1996) The oxidative burst protects
plants against pathogen attack: mechanism and role as an
emergency signal for plant bio-defence. Gene 179:45–51
Dolan L, Okada K (1999) Signaling in cell type specification.
Seminars Cell Dev Biol 10:149–156
Engelberth J, Alborn HT, Schmelz EA, Tumlinson JH (2004)
Airborne signals prime plants against insect herbivore
attack. Proc Natl Acad Sci USA 101:1781–1785
Eun SO, Lee Y (2000) Stomatal opening by fusicoccin is
accompanied by depolymerization of actin filaments in
guard cells. Planta 210:1014–1017
Fedoroff N (2006) Redox regulatory mechanisms in cellular
stress responses. Ann Bot 98:289–300
Feng Y, Liu Q, Xue Q (2006) Comparative study of rice and
Arabidopsis actin-depolymerizing factors gene families.
J Plant Physiol 163:69–79
Fiaschi T, Cozzi G, Raugei G, Formigli L, Ramponi G,
Chiarugi P (2006) Redox regulation of beta-actin during
integrin-mediated cell adhesion. J Biol Chem 281:22983–
22991
Finkel T (2001) Reactive oxygen species and signal transduction. IUBMB Life 52:3–6
Fu Y, Gu Y, Zheng Z, Wasteneys G, Yang Z (2005) Arabidopsis interdigitating cell growth requires two antagonistic
pathways with opposing action on cell morphogenesis. Cell
120:687–700
Fukuda M, Hasezawa S, Asai N, Nakajima N, Kondo N
(1998) Dynamic organization of microtubules in guard
cells of Vicia faba L. with diurnal cycle. Plant Cell Physiol
39:80–86
Galatis B, Apostolakos (2004) The role of the cytoskeleton
in the morphogenesis and function of stomatal complexes.
New Phytol 161:613–639
Gao XQ, Li CG, Wei PC, Zhang XY, Chen J, Wang XC
(2005) The dynamic changes of tonoplasts in guard cells
are important for stomatal movement in Vicia faba. Plant
Physiol 139:1207–1216
Gechev TS, Van Breusegem F, Stone JM, Denev I, Laloi C
(2006) Reactive oxygen species as signals that modulate
plant stress responses and programmed cell death. Bioessays 28:1091–1101
Gilroy S, Read ND, Trewavas AJ (1990) Elevation of cytoplasmic calcium by caged calcium or caged inositol triphosphate initiates stomatal closure. Nature 346:769–771
Giustarini D, Rossi R, Milzani A, Colombo R, Dalle-Donne
I (2004) S-glutathionylation: from redox regulation of
protein functions to human diseases. J Cellular Molec
Med 8:201–212
Golz JF (2006) Signalling between the shoot apical meristem
and developing lateral organs. Plant Mol Biol 60:889–903
Gorbatyuk VY, Nosworthy NJ, Robson SA, Bains NP,
Maciejewski MW, Dos Remedios CG, King GF (2006)

497
Mapping the phosphoinositide-binding site on chick cofilin explains how PIP2 regulates the cofilin-actin interaction. Mol Cell 24:511–522
Grant M, Lamb C (2006) Systemic immunity. Curr Opin
Plant Biol 9:414–420
Gross P, Julius C, Schmelzer E, Hahlbrock K (1993) Translocation of cytoplasm and nucleus to fungal penetration
sites is associated with depolymerization of microtubules
and defence gene activation in infected, cultured parsley
cells. EMBO J 12:1735–1744
Grun S, Lindermayr C, Sell S, Durner J (2006) Nitric oxide
and gene regulation in plants. J Exp Botany 57:507–516
Hall RD, Riksen-Bruinsma T, Weyens G, Lefebvre M, Dunwell JM, Krens FA (1996) Stomatal guard cells are totipotent. Plant Physiol 112:889–892
Hentzen AE, Smart LB, Wimmers LE, Fang HH, Schroeder JI,
Bennett AB (1996) Two plasma membrane H+-ATPase genes
expressed in guard cells of Vicia faba are also expressed
throughout the plant. Plant Cell Physiol 37:650–659
Heo WD, Inoue T, Park WS, Kim ML, Park BO, Wandless
TJ, Meyer T (2006) PI (3, 4, 5)P3 and PI(4, 5)P2 lipids
target proteins with polybasic clusters to the plasma membrane. Science 314:1458–1461
Hepler PK, Palevitz BA, Lancelle SA, McCauley MM,
Lichtscheidl I (1990) Cortical endoplasmic reticulum in
plants. J Cell Sci 96:355–373
Hidalgo C (2005) Cross talk between Ca2+ and redox signalling cascades in muscle and neurons through the combined
activation of ryanodine receptors/Ca2+ release channels.
Philos Trans R Soc Lond B Biol Sci 360:2237–2246
Hilpela P, Vartiainen MK, Lappalainen P (2004) Regulation
of the actin cytoskeleton by PI (4, 5)P2 and PI(3, 4, 5)P3.
Curr Topics Microbiol Immunol 282:117–163
Holweg CL (2007) Living markers for actin block myosindependent motility of plant organelles and auxin. Cell
Motility Cytoskeleton 64:69–81
Homann U (1998) Fusion and fission of plasma-membrane
material accomodates for osmotically induced changes in the
surface area of guard-cell protoplasts. Planta 206:329–333
Homann U, Thiel G (1999) Unitary exocytotic and endocytotic events in guard-cell protoplasts during osmotically
driven volume changes. FEBS Lett. 460:495–499
Howe GA, Schilmiller AL (2002) Oxylipin metabolism in
response to stress. Curr Opin Plant Biol 5:230–236
Huang RF, Wang XC, Lou CH (2000) Cytoskeletal inhibitors
suppress the stomatal opening of Vicia faba L. induced by
fusicoccin and IAA. Plant Sci 156:65–71
Huang S, Gao L, Blanchoin L, Staiger CJ (2006) Heterodimeric capping protein from Arabidopsis is regulated
by phosphatidic acid. Mol Biol Cell 17:1946–1958
Hurst AC, Meckel T, Tayefeh S, Thiel G, Homann U
(2004) Trafficking of the plant potassium inward rectifier
KAT1 in guard cell protoplasts of Vicia faba. Plant J 37:
391–397
Hwang JU, Lee Y (2001) Abscisic acid-induced actin reorganization in guard cells of dayflower is mediated by cytosolic

498
calcium levels and by protein kinase and protein phosphatase activities. Plant Physiol 125:2120–2128
Hwang JU, Suh S, Yi H, Kim J, Lee Y (1997) Actin filaments
modulate both stomatal opening and inward K+-channel
activities in guard cells of Vicia faba L. Plant Physiol
115:335–342
Hwang JU, Gu Y, Lee YJ, Yang Z (2005) Oscillatory ROP
GTPase activation leads the oscillatory polarized growth
of pollen tubes. Mol Biol Cell 16:5385–5399
Ikeda S, Yamaoka-Tojo M, Hilenski L, Patrushev NA,
Anwar GM, Quinn MT, Ushio-Fukai M (2005) IQGAP1
regulates reactive oxygen species-dependent endothelial
cell migration through interacting with Nox2. Arteriosclerosis, Thrombosis, Vascular Biol 25:2295–2300
Iriti M, Rabotti G, De Ascensao A, Faoro F (2003)
Benzothiadiazole-induced resistance modulates ozone
tolerance. J Agric Food Chem 51:4308–4314
Jacob T, Ritchie S, Assmann SM, Gilroy S (1999) abscisic acid
signal transduction in guard cells is mediated by phospholipase D activity. Proc Natl Acad Sci USA 96:12192–12197
Joo JH, Wang S, Chen JG, Jones AM, Fedoroff NV (2005)
Different signaling and cell death roles of heterotrimeric
G protein alpha and beta subunits in the Arabidopsis oxidative stress response to ozone. Plant Cell 17:957–970
Jung JY, Kim YW, Kwak JM, Hwang JU, Young J, Schroeder
JI, Hwang I, Lee Y (2002) Phosphatidylinositol 3- and
4-phosphate are required for normal stomatal movements.
Plant Cell 14:2399–2412
Kilian J, Whitehead D, Horak J, Wanke D, Weinl S, Batistic O,
D’Angelo C, Bornberg-Bauer E, Kudla J, Harter K (2007)
The AtGenExpress global stress expression data set: protocols, evaluation and model data analysis of UV-B light,
drought and cold stress responses. Plant J 50:347–363
Kim M, Hepler PK, Eun SO, Ha KS, Lee Y (1995) Actin
filaments in mature guard cells are radially distributed
and involved in stomatal movement. Plant Physiol
109:1077–1084
Kinoshita T, Shimazaki K (1999) Blue light activates
the plasma membrane H+-ATPase by phosphorylation of the
C-terminus in stomatal guard cells. EMBO J 18:5548–5558
Kinoshita T, Doi M, Suetsugu N, Kagawa T, Wada M, Shimazaki K (2001) Phot1 and phot2 mediate blue light regulation of stomatal opening. Nature 414:656–660
Knight H, Knight MR (2000) Imaging spatial and cellular
characteristics of low temperature calcium signature after
cold acclimation in Arabidopsis. J Exp Bot 51:1679–1686
Knight H, Knight MR (2001) Abiotic stress signalling
pathways: specificity and cross-talk. Trends Plant Sci
6:262–267
Knight H, Trewavas AJ, Knight MR (1996) Cold calcium signaling in Arabidopsis involves two cellular pools and a change
in calcium signature after acclimation. Plant Cell 8:489–503
Knight H, Trewavas AJ, Knight MR (1997) Calcium signalling in Arabidopsis thaliana responding to drought and
salinity. Plant J 12:1067–1078

Nina V. Fedoroff
Komis G, Quader H, Galatis B, Apostolakos P (2006)
Macrotubule-dependent protoplast volume regulation in
plasmolysed root-tip cells of Triticum turgidum: involvement of phospholipase D. New Phytol 171:737–750
Kubitscheck U, Homann U, Thiel G (2000) Osmotically
evoked shrinking of guard-cell protoplasts causes vesicular
retrieval of plasma membrane into the cytoplasm. Planta
210: 423–431
Kwak JM, Mori IC, Pei ZM, Leonhardt N, Torres MA, Dangl
JL, Bloom RE, Bodde S, Jones JD, Schroeder JI (2003)
NADPH oxidase AtrbohD and AtrbohF genes function in
ROS-dependent ABA signaling in Arabidopsis. EMBO J
22:2623–2633
Kwon Y, Hofmann T, Montell C (2007) Integration of phosphoinositide- and calmodulin-mediated regulation of TRPC6.
Mol Cell 25:491–503
Lahav M, Abu-Abied M, Belausov E, Schwartz A, Sadot
E (2004) Microtubules of guard cells are light sensitive.
Plant Cell Physiol 45:573–582
Lam E, Kato N, Lawton M (2001) Programmed cell death,
mitochondria and the plant hypersensitive response. Nature
411:848–853
Lamb D, Dixon RA (1997) The oxidative burst in plant
disease resistance. Annu Rev Plant Physiol Plant Mol
Biol 48:251–275
Lange K, Brandt U (1996) Calcium storage and release properties of F-actin: evidence for the involvement of F-actin
in cellular calcium signaling. FEBS Lett 395:137–142
Lange K, Gartzke J (2006) A critical comparison of the
current view of Ca signaling with the novel concept of
F-actin-based Ca2+ signaling. Critical Rev Euk Gene Expr
16:307–365
Laxalt AM, Munnik T (2002) Phospholipid signalling in
plant defence. Curr Opin Plant Biol 5:332–338
Leckie CP, McAinsh MR, Allen GJ, Sanders D, Hetherington AM (1998) Abscisic acid-induced stomatal closure
mediated by cyclic ADP-ribose. Proc Natl Acad Sci USA
95:15837–15842
Lecourieux D, Mazars C, Pauly N, Ranjeva R, Pugin A
(2002) Analysis and effects of cytosolic free calcium
increases in response to elicitors in Nicotiana plumbaginifolia cells. Plant Cell 14:2627–2641
Lecourieux D, Ranjeva R, Pugin A (2006) Calcium in plant
defence-signalling pathways. New Phytol 171:249–269
Lee KH, Piao HL, Kim HY, Choi SM, Jiang F, Hartung
W, Hwang I, Kwak JM, Lee IJ, Hwang I (2006) Activation of glucosidase via stress-induced polymerization rapidly increases active pools of abscisic acid. Cell
126:1109–1120
Lee YR, Liu B (2004) Cytoskeletal motors in Arabidopsis.
Sixty-one kinesins and seventeen myosins. Plant Physiol
136:3877–3883
Lemichez E, Wu Y, Sanchez JP, Mettouchi A, Mathur J,
Chua NH (2001) Inactivation of AtRac1 by abscisic acid is
essential for stomatal closure. Genes Dev 15:1808–1816

22

Systems Biology of Abiotic Stress

Leonhardt N, Kwak JM, Robert N, Waner D, Leonhardt G,
Schroeder JI (2004) Microarray expression analyses of
Arabidopsis guard cells and isolation of a recessive abscisic acid hypersensitive protein phosphatase 2C mutant.
Plant Cell 16:596–615
Levchenko V, Konrad KR, Dietrich P, Roelfsema MR,
Hedrich R (2005) Cytosolic abscisic acid activates guard
cell anion channels without preceding Ca2+ signals. Proc
Natl Acad Sci USA 102:4203–4208
Levine A, Tenhaken R, Dixon R, Lamb C (1994) H2O2 from
the oxidative burst orchestrates the plant hypersensitive
disease resistance response. Cell 79:583–593
Leyman B, Geelen D, Quintero FJ, Blatt MR (1999) A
tobacco syntaxin with a role in hormonal control of guard
cell ion channels. Science 283:537–540
Lipka V, Panstruga R (2005) Dynamic cellular responses
in plant-microbe interactions. Curr Opin Plant Biol 8:
625–631
Lillemeier BF, Pfeiffer JR, Surviladze Z, Wilson BS, Davis
MM (2006) Plasma membrane-associated proteins are
clustered into islands attached to the cytoskeleton. Proc
Natl Acad Sci U S A 103:18992–18997
Liu X, Yue Y, Li B, Nie Y, Li W, Wu WH, Ma L (2007) A G
protein-coupled receptor is a plasma membrane receptor for
the plant hormone abscisic acid. Science 315:1712–1716
Logemann E, Hahlbrock K (2002) Crosstalk among stress
responses in plants: pathogen defense overrides UV protection through an inversely regulated ACE/ACE type of
light- responsive gene promoter unit. Proc Natl Acad Sci
USA 99:2428–2432
MacRobbie EA (1993) Ca2+ and cell signalling in guard
cells. Semin Cell Biol 4:113–122
MacRobbie EA (1998) Signal transduction and ion channels in guard cells. Philos Trans R Soc Lond B Biol Sci
353:1475–1488
Mahalingam R, Fedoroff N (2003) Stress response, cell
death and signalling: the many faces of reactive oxygen
species. Physiol Plant 119:56–68
Mahalingam R, Shah N, Scrymgeour A, Fedoroff N (2005)
Temporal evolution of the Arabidopsis oxidative stress
response. Plant Mol Biol 57:709–730
Malacombe M, Bader MF, Gasman S (2006) Exocytosis in
neuro-endocrine cells: new tasks for actin. Biochem Biophys Acta 1763:1175–1183
Marcus AI, Moore RC, Cyr RJ (2001) The role of microtubules in guard cell function. Plant Physiol 125:387–395
Marten H, Konrad KR, Dietrich P, Roelfsema MR, Hedrich
R (2007) Ca2+-dependent and independent abscisic acid
activation of plasma membrane anion channels in guard
cells of Nicotiana tabacum. Plant Physiol 143:28–37
McAinsh MR, Hetherington AM (1998) Encoding specificity in Ca2+ signaling systems. Trends Plant Sci 3:32–36
McAinsh MR, Brownlee C, Hetherington AM (1992) Visualizing changes in cytosolic-free Ca2+ during the response
of stomatal guard cells to abscisic acid. Plant Cell 4:
1113–1122

499
McAinsh MR, Webb A, Taylor JE, Hetherington AM (1995)
Stimulus-induced oscillations in guard cell cytosolic free
calcium. Plant Cell 7:1207–1219
McCurdy DW, Kovar DR, Staiger CJ (2001) Actin and
actin-binding proteins in higher plants. Protoplasma 215:
89–104
Meckel T, Hurst AC, Thiel G, Homann U (2004) Endocytosis against high turgor: intact guard cells of Vicia faba
constitutively endocytose fluorescently labelled plasma
membrane and GFP-tagged K-channel KAT1. Plant J.
39:182–193
Meckel T, Hurst AC, Thiel G, Homann U (2005) Guard cells
undergo constitutive and pressure-driven membrane turnover. Protoplasma 226:23–29
Meckel T, Gall L, Semrau S, Homann U, Thiel G (2007)
Guard cells elongate: relationship of volume and surface
area during stomatal movement. Biophys J 92:1072–1080
Meinhard M, Grill E (2001) Hydrogen peroxide is a regulator of ABI1, a protein phosphatase 2C from Arabidopsis.
FEBS Lett 508:443–446
Meinhard M, Rodriguez PL, Grill E (2002) The sensitivity of
ABI2 to hydrogen peroxide links the abscisic acid-response
regulator to redox signalling. Planta 214:775–782
Meskiene I, Baudouin E, Schweighofer A, Liwosz A, Jonak
C, Rodriguez PL, Jelinek H, Hirt H (2003) Stress-induced
protein phosphatase 2C is a negative regulator of a mitogen
activated protein kinase. J Biol Chem 278:18945–18952
Mishra G, Zhang W, Deng F, Zhao J, Wang X (2006a) A
bifurcating pathway directs abscisic acid effects on
stomatal closure and opening in Arabidopsis. Science
312(5771):264–266
Mishra NS, Tuteja R, Tuteja N (2006b) Signaling through
MAP Kinase networks in plants. Arch Biochem Biophys
452:55–68
Mori IC, Schroeder JI (2004) Reactive oxygen species activation of plant Ca2+ channels. A signaling mechanism in
polar growth, hormone transduction, stresses signaling
and hypothetically mechano-transduction. Plant Physiol
135:702–708
Morris CE, Homann U (2001) Cell surface area regulation
and membrane tension. J Membrane Biol 179:79–102
Mou Z, Fan W, Dong X (2003) Inducers of plant systemic
acquired resistance regulate NPR1 function through redox
changes. Cell 113:935–944
Mullineaux P, Ball L, Escobar C, Karpinska B, Creissen G,
Karpinski S (2000) Are diverse signalling pathways integrated in the regulation of Arabidopsis antioxidant defense
gene expression in response to excess excitation energy?
Philos Trans R Soc Lond B Biol Sci 355:1531–1540
Munnik T (2001) Phosphatidic acid: an emerging plant lipid
second messenger. Trends Plant Sci 6:227–233
Nebl T, Oh SW, Luna EJ (2000) Membrane cytoskeleton:
PIP(2) pulls the strings. Curr Biol 10:R351–R354
Nibau C, Wu HM, Cheung AY (2006) RAC/ROP GTPases:
‘hubs’ for signal integration and diversification in plants.
Trends Plant Sci 11:309–315

500
Orozco-Cardenas M, Narvaez-Vasquez J, Ryan C (2001)
Hydrogen peroxide acts as a second messenger for the induction of defense genes in tomato plants in response to wounding, systemin, and methyl jasmonate. Plant Cell 13:179–191
Osakabe Y, Maruyama K, Seki M, Satou M, Shinozaki K,
Yamaguchi-Shinozaki K (2005) Leucine-rich repeat receptorlike kinase1 is a key membrane-bound regulator of abscisic
acid early signaling in Arabidopsis. Plant Cell 17:1105–1119
Paget MS, Buttner MJ (2003) Thiol-based regulatory
switches. Annu Rev Genetics 37:91–121
Pandey S, Assmann SM (2004) The Arabidopsis putative G
protein-coupled receptor GCR1 interacts with the G protein a subunit GPA1 and regulates abscisic acid signaling.
Plant Cell 16:1616–1632
Park KY, Jung JY, Park J, Hwang JU, Kim YW, Hwang I,
Lee Y (2003) A role for phosphatidylinositol 3-phosphate
in abscisic acid-induced reactive oxygen species generation in guard cells. Plant Physiol 132:92–98
Pei ZM, Murata Y, Benning G, Thomine S, Klusener B,
Allen GJ, Grill E, Schroeder JI (2000) Calcium channels
activated by hydrogen peroxide mediate abscisic acid
signalling in guard cells. Nature 406:731–734
Penner R, Fleig A (2004) Store-operated calcium entry: a
tough nut to CRAC. Sci STKE 2004: pe38
Persson C, Sjoblom T, Groen A, Kappert K, Engstrom U,
Hellman U, Heldin CH, den Hertog J, Ostman A (2004)
Preferential oxidation of the second phosphatase domain
of receptor-like PTP-alpha revealed by an antibody
against oxidized protein tyrosine phosphatases. Proc Natl
Acad Sci USA 101:1886–1891
Plieth C (2005) Calcium: just another regulator in the
machinery of life? Ann Bot (Lond) 96:1–8
Price AH, Taylor A, Ripley SJ, Griffiths A, Trewavas AJ,
Knight MR (1994) Oxidative signals in tobacco increase
cytosolic calcium. Plant Cell 6:1301–1310
Putney JW (2007) Inositol lipids and TRPC channel activation. Biochemical Society symposium: 37--45
Razem FA, El-Kereamy A, Abrams SR, Hill RD (2006) The
RNA-binding protein FCA is an abscisic acid receptor.
Nature 439:290–294
Rochon A, Boyle P, Wignes T, Fobert PR, Despres C (2006)
The coactivator function of Arabidopsis NPR1 requires
the core of its BTB/POZ domain and the oxidation of
C-terminal cysteines. Plant Cell 18:3670–3685
Roelfsema MR, Hedrich R (2005) In the light of stomatal
opening: new insights into the Watergate. New Phytol
167:665–691
Sakamoto K, Briggs WR (2002) Cellular and subcellular
localization of phototropin 1. Plant Cell 14:1723–1735
Samaj J, Baluska F, Hirt H (2004) From signal to cell polarity:
mitogen activated protein kinases as sensors and effectors
of cytoskeleton dynamicity. J Exp Bot 55:189–198
Sandermann H Jr (2000) Active oxygen species as mediators of
plant immunity: three case studies. Biol Chem 381:649–653
Sanders D, Brownlee C, Harper JF (1999) Communicating
with calcium. Plant Cell 11:691–706

Nina V. Fedoroff
Schmelzer E (2002) Cell polarization, a crucial process in
fungal defence. Trends Plant Sci 7:411–415
Schroeder JI, Allen GJ, Hugouvieux V, Kwak JM, Waner
D (2001) Guard cell signal transduction. Annu Rev Plant
Physiol Plant Mol Biol 52:627–658
Schwartz A, Wu WH, Tucker EB, Assmann SM (1994)
Inhibition of inward K+ channels and stomatal response
by abscisic acid: an intracellular locus of phytohormone
action. Proc Natl Acad Sci USA 91:4019–4023
Scrase-Field SA, Knight MR (2003) Calcium: just a chemical switch? Curr Opin Plant Biol 6:500–506
Seki M, Satou M, Sakurai T, Akiyama K, Iida K, Ishida J,
Nakajima M, Enju A, Narusaka M, Fujita M, Oono Y,
Kamei A, Yamaguchi-Shinozaki K, Shinozaki K (2004)
RIKEN Arabidopsis full-length (RAFL) cDNA and its
applications for expression profiling under abiotic stress
conditions. J Exp Botany 55:213–223
Shen YY, Wang XF, Wu FQ, Du SY, Cao Z, Shang Y, Wang
XL, Peng CC, Yu XC, Zhu SY, Fan RC, Xu YH, Zhang
DP (2006) The Mg-chelatase H subunit is an abscisic acid
receptor. Nature 443:823–826
Shoji T, Suzuki K, Abe T, Kaneko Y, Shi H, Zhu JK, Rus
A, Hasegawa PM, Hashimoto T (2006) Salt stress affects
cortical microtubule organization and helical growth in
Arabidopsis. Plant Cell Physiol 47:1158–1168
Shope JC, Mott KA (2006) Membrane trafficking and
osmotically induced volume changes in guard cells. J Exp
Bot 57:4123–4131
Shope JC, DeWald DB, Mott KA (2003) Changes in surface
area of intact guard cells are correlated with membrane
internalization. Plant Physiol 133:1314–1321
Sieburth LE, Deyholos MK (2006) Vascular development:
the long and winding road. Curr Opin Plant Biol 9:48–54
Sitia R, Molteni SN (2004) Stress, protein (mis)folding, and
signaling: the redox connection. Sci STKE 2004: pe27
Skare P, Karlsson R (2002) Evidence for two interaction
regions for phosphatidylinositol(4, 5)-bisphosphate on
mammalian profilin I. FEBS Lett 522:119–124
Smith LG, Oppenheimer DG (2005) Spatial control of cell
expansion by the plant cytoskeleton. Annu Rev Cell Devel
Biol 21:271–295
Somerville C (2006) Cellulose synthesis in higher plants.
Annu Rev Cell Devel Biol 22:53–78
Staiger CJ (2000) Signaling to the actin cytoskeleton in plants.
Annu Rev Plant Physiol Plant Mol Biol 51:257–288
Staxen II, Pical C, Montgomery LT, Gray JE, Hetherington
AM, McAinsh MR (1999) abscisic acid induces oscillations in guard-cell cytosolic free calcium that involve
phosphoinositide-specific phospholipase C. Proc Natl
Acad Sci USA 96:1779–1784
Sutter JU, Campanoni P, Blatt MR, Paneque M (2006a)
Setting SNAREs in a different wood. Traffic 7:627–638
Sutter JU, Campanoni P, Tyrrell M, Blatt MR (2006b)
Selective mobility and sensitivity to SNAREs is exhibited
by the Arabidopsis KAT1 K+ channel at the plasma membrane. Plant Cell 18:935–954

22

Systems Biology of Abiotic Stress

Takahashi K, Isobe M, Knight MR, Trewavas AJ, Muto S
(1997) Hypoosmotic shock induces increases in cytosolic
Ca2+ in tobacco suspension-culture cells. Plant Physiol
113:587–594
Takemiya A, Kinoshita T, Asanuma M, Shimazaki K (2006)
Protein phosphatase 1 positively regulates stomatal opening in response to blue light in Vicia faba. Proc Natl Acad
Sci USA 103:13549–13554
Takemoto D, Hardham AR (2004) The cytoskeleton as a
regulator and target of biotic interactions in plants. Plant
Physiol 136:3864–3876
Tall EG, Spector I, Pentyala SN, Bitter I, Rebecchi MJ
(2000) Dynamics of phosphatidylinositol 4, 5-bisphosphate in actin-rich structures. Curr Biol 10:743–746
Testerink C, Dekker HL, Lim ZY, Johns MK, Holmes AB,
Koster CG, Ktistakis N, Munnik T (2004) Isolation and
identification of phosphatidic acid targets from plants.
Plant J 39:527–536
Toker A (1998) The synthesis and cellular roles of phosphatidylinositol 4, 5-bisphosphate. Curr Opin Cell Biol
10:254–261
Torres MA, Dangl JL (2005) Functions of the respiratory
burst oxidase in biotic interactions, abiotic stress and
development. Curr Opin Plant Biol 8:397–403
Tosti N, Pasqualini S, Borgogni A, Ederli L, Falistocco E, Crispi
S, Paolocci F (2006) Gene expression profiles of O3-treated
Arabidopsis plants. Plant Cell Environ 29:1686–1702
Trewavas A, Gilroy S (1991) Signal transduction in plant
cells. Trends Genet 7:356–361
Trewavas A, Knight M (1994) Mechanical signalling,
calcium and plant form. Plant Mol Biol 265:1329–1341
Ulm R, Revenkova E, di Sansebastiano GP, Bechtold N,
Paszkowski J (2001) Mitogen activated protein kinase
phosphatase is required for genotoxic stress relief in Arabidopsis. Genes Dev 15:699–709
Ulm R, Ichimura K, Mizoguchi T, Peck SC, Zhu T, Wang
X, Shinozaki K, Paszkowski J (2002) Distinct regulation
of salinity and genotoxic stress responses by Arabidopsis
MAP kinase phosphatase 1. EMBO J 21:6483–6493
van Hulten M, Pelser M, van Loon LC, Pieterse CM, Ton J
(2006) Costs and benefits of priming for defense in Arabidopsis. Proc Natl Acad Sci USA 103:5602–5607
Vavasseur A, Raghavendra AS (2005) Guard cell metabolism and CO2 sensing. New Phytol 165:665–682
Vermeer JE, van Leeuwen W, Tobena-Santamaria R, Laxalt
AM, Jones DR, Divecha N, Gadella TW Jr, Munnik T
(2006) Visualization of PtdIns3P dynamics in living plant
cells. Plant J 47:687–700
Volkmann D, Mori T, Tirlapur UK, Konig K, Fujiwara T, Kendrick-Jones J, Baluska F (2003) Unconventional myosins
of the plant-specific class VIII: endocytosis, cytokinesis,
plasmodesmata/pit-fields and cell-to-cell coupling. Cell
Biol Int 27:289–291
Wang D, Weaver ND, Kesarwani M, Dong X (2005) Induction of protein secretory pathway is required for systemic
acquired resistance. Science 308:1036–1040

501
Wang J, Tekle E, Oubrahim H, Mieyal JJ, Stadtman ER,
Chock PB (2003) Stable and controllable RNA interference: Investigating the physiological function of glutathionylated actin. Proc Natl Acad Sci USA 100:5103–5106
Wang X (2005) Regulatory functions of phospholipase D
and phosphatidic acid in plant growth, development, and
stress responses. Plant Physiol 139:566–573
Wang X (2006) Phospholipid-derived signaling in plant response
to temperature and water stresses. Genet Eng 27:57–66
Wang XQ, Ullah H, Jones AM, Assmann SM (2001a) G protein regulation of ion channels and abscisic acid signaling
in Arabidopsis guard cells. Science 292:2070–2072
Wang ZY, Seto H, Fujioka S, Yoshida S, Chory J (2001b)
BRI1 is a critical component of a plasma-membrane
receptor for plant steroids. Nature 410:380–383
Wick P, Gansel X, Oulevey C, Page V, Studer I, Durst
M, Sticher L (2003) The expression of the t-SNARE
AtSNAP33 is induced by pathogens and mechanical stimulation. Plant Physiol 132:343–351
Wiermer M, Feys BJ, Parker JE (2005) Plant immunity: the
EDS1 regulatory node. Curr Opin Plant Biol 8:383–389
Willemsen V, Scheres B (2004) Mechanisms of pattern formation in plant embryogenesis. Annu Rev Genetics 38:587–614
Williams ME, Torabinejad J, Cohick E, Parker K, Drake EJ,
Thompson JE, Horter M, Dewald DB (2005) Mutations
in the Arabidopsis phosphoinositide phosphatase gene
SAC9 lead to overaccumulation of PtdIns(4, 5)P2 and
constitutive expression of the stress-response pathway.
Plant Physiol 138:686–700
Wood NT, Allan AC, Haley A, Viry-Moussaid M, Trewavas AJ (2000) The characterization of differential calcium
signalling in tobacco guard cells. Plant J 24:335–344
Wood NT, Haley A, Viry-Moussaid M, Johnson CH, van Der
Luit AH, Trewavas AJ (2001) The calcium rhythms of different cell types oscillate with different circadian phases.
Plant Physiol 125:787–796
Wu Y, Kuzma J, Marechal E, Graeff R, Lee HC, Foster R,
Chua NH (1997) Abscisic acid signaling through cyclic
ADP-ribose in plants. Science 278:2126–2130
Xiao Y, Chen Y, Huang R, Chen J, Wang XC (2004) Depolymerization of actin cytoskeleton is involved in stomatal
closure-induced by extracellular calmodulin in Arabidopsis. Sci China Life Sci 47:454–460
Xiong TC, Bourque S, Lecourieux D, Amelot N, Grat S,
Briere C, Mazars C, Pugin A, Ranjeva R (2006) Calcium
signaling in plant cell organelles delimited by a double
membrane. Biochim Biophys Acta 1763:1209–1215
Xu D, Rovira II, Finkel T (2002) Oxidants painting the cysteine
chapel: redox regulation of PTPs. Dev Cell 2:251–252
Xu J, Hofhuis H, Heidstra R, Sauer M, Friml J, Scheres B
(2006) A molecular framework for plant regeneration.
Science 311:385–388
Yuan HY, Yao LL, Jia ZQ, Li Y, Li YZ (2006) Verticillium
dahliae toxin induced alterations of cytoskeletons and
nucleoli in Arabidopsis thaliana suspension cells. Protoplasma 229:75–82

502
Zalejski C, Zhang Z, Quettier AL, Maldiney R, Bonnet M,
Brault M, Demandre C, Miginiac E, Rona JP, Sotta B,
Jeannette E (2005) Diacylglycerol pyrophosphate is a second messenger of abscisic acid signaling in Arabidopsis
thaliana suspension cells. Plant J 42:145–152
Zhang X, Zhang L, Dong F, Gao J, Galbraith DW, Song CP
(2001) Hydrogen peroxide is involved in abscisic acid-

Nina V. Fedoroff
induced stomatal closure in Vicia faba. Plant Physiol
126:1438–1448
Zhu J, Fu X, Koo YD, Zhu JK, Jenney FE Jr, Adams MW,
Zhu Y, Shi H, Yun DJ, Hasegawa PM, Bressan RA (2007)
An enhancer mutant of Arabidopsis salt overly sensitive
3 mediates both ion homeostasis and the oxidative stress
response. Mol Cell Biol 14:5214–5224

