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Summary
Biotic and abiotic stresses often lead to transient oxidation of the internal milieu of cells. This oxidation is considered to be an essential signal for further downstream events within the cellular signaling
network and therefore demands careful and, if possible, quantitative analysis. Fluorescent probes and
confocal or multi-photon imaging offer almost unparalleled opportunities for visualization of an ever
increasing range of compounds and even the dynamics of physiological processes within living cells
and tissues with minimal perturbation. However, the utility of the methods relies on the development of
probes and imaging protocols that can achieve sufficient specificity and sensitivity to give unambiguous physiological measurements. In situ estimates of glutathione have been undertaken on relatively
few systems so far and in vivo measurements of redox state have only recently been made possible with
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the advent of transgenic fluorescent reporters. Detection and quantification of reactive oxygen species
(ROS) is also challenging, and a large number of different approaches have been developed to deduce
information about components of this ROS-dependent signaling pathway. This review describes different imaging-based approaches for qualitative and quantitative measurement of glutathione and ROS in
living plant cells. Particular attention is given to general strategies for probe design and application of
quantitative confocal fluorescence imaging.

I. Introduction
The first simple life forms developed in a reducing environment. However, with the evolution
of oxygenic photosynthesis the environment
changed dramatically with the increasing levels
of oxygen, potentially exposing cells to a severe
stress. To maintain their predominantly reducing
metabolism, cells had to develop additional systems to keep the internal medium reducing. One
of the key metabolites used to achieve this was
the tripeptide glutathione, which can be converted
from its reduced form GSH to the oxidized glutathione disulfide GSSG. The GSH-GSSG redox
couple is the most important redox buffer in virtually all eukaryotic cells, most Gram-negative
bacteria, and a few Gram-positive bacteria (Sundquist and Fahey, 1989; Fahey and Sundquist,
1991; Newton et al., 1996). In some archebacteria,
high concentrations of γ-glutamylcysteine appear
to function instead of GSH and γ-EC is sufficient
to buffer the cellular redox state (Newton and
Javor, 1985; Sundquist and Fahey, 1989).

Abbreviations: BSO – L-buthionine-(S,R)-sulfoximine;
CALI – chromophore-assisted light inactivation; CLSM
– confocal laser scanning microscopy; DHE – dihydroethidium; DHR – 123 dihydrorhodamine 123; FLIP – fluorescence indicator protein; FRET – fluorescence resonance
energy transfer; FWHM – full width at half maximum;
GRX – glutaredoxin; GSB – glutathione S-bimane; GSH
– reduced glutathione; GSSG – oxidized glutathione; GST
– glutathione S-transferase; GSX – glutathione conjugate of
xenobiotics ‘X’; H2DCFDA – dihydro-dichloro fluorescein
diacetate; MCB – monochlorobimane; MPLSM – multiphoton laser scanning microscopy; NO – nitric oxide; PBP
– periplasmic binding protein; PI – propidium iodide; PSF
– point spread function; roGFP – reduction–oxidation sensitive GFP; ROS – reactive oxygen species; rxYFP – redoxsensitive YFP; SOSG – Singlet Oxygen Sensor Green

Severe stress of any description is usually
accompanied by increasing concentrations of
reactive oxygen species (ROS) (Apel and Hirt,
2004; Mittler et al., 2004). Thus, the redox buffer
system not only helps to ameliorate the stress but
may also act as a sensor and transmit these signals to the respective targets (May et al., 1998).
These targets include both metabolic processes
and transcriptional events. However, at this stage
it has not yet been fully elucidated how the signals
are transduced at the molecular level. Exploiting
the redox system as part of a signal transduction network requires means to sense a temporary deviation from the resting level. By analogy
with Ca2+ signal transduction (Hetherington and
Brownlee, 2004) it can be envisaged that the
amplitude, duration and location of such redox
signatures might code for some detailed information about the particular stress.
To understand the different redox poise and
sensitivity of different cells and to decode the
redox signature it is of particular importance to
be able to measure the redox signals in time and
space. A number of different techniques have
been developed to visualize different aspects of
the cellular redox systems and deviations from
resting levels in particular. These techniques
range from histochemical localization of H2O2 as
insoluble precipitates to the large number of fluorescent probes available to image different ROS.
These studies have also highlighted the extent of
stress-related formation of ROS, not least from
wound reactions during simple preparation of
the material for observation. Thus redox measurements need to be made on systems that are as
intact as possible and operating in as close to their
natural environment to minimize the perturbation
associated with the measurement.
Live cell imaging currently offers the best possible solution when measurements are required at
the level of single cells or defined tissues. Even
so, quantitative live-cell imaging is technically
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challenging and requires careful attention to artifacts arising from preparation of the material,
the perfusion systems used, and the potential for
stress induced by the process of imaging itself
(Fricker et al., 1999, 2006). For example, there
are particular problems with microscopy of aerial tissues that are normally operating in contact
with a gaseous phase, as this air gap significantly
degrades image quality. Immersion in buffer or
water significantly improves the imaging characteristics, but may substantially modify the
local environment around the tissues. In nonphotosynthetic tissues this may lead to reduced
oxygen levels, conversely in photosynthetically
active tissues, locally higher O2 levels may result
under microscope illumination.
II. General Strategies of Probe Design
to Image Components of Redox
Pathways
Although useful measurements can be made
using histochemical techniques, the vast majority
of probes currently under development are fluorescent as these give high sensitivity and contrast
and are compatible with confocal or multi-photon imaging systems that provide the best route to
quantitative measurements in situ.
A limited number of cellular components
are intrinsically fluorescent, which provides a
straightforward route to measure their relative
or absolute concentration, if suitable calibration standards are available. In a subset of these
compounds, the fluorescence properties alter in
response to the physiological environment, such
as redox poise, and can be used to monitor dynamics of the corresponding parameter. For compounds
that do not show useful auto-fluorescence, there
are three main routes available to develop a fluorescent assay appropriate for fluorescence imaging and analysis. The preferred approach is to
develop a probe that interacts specifically, but
reversibly, with the target molecule, but does
not react directly. This class of probes is typified by the ion reporters that reversibly bind to
the ion of interest with a particular dissociation
constant (kd) and selectivity (Fricker and Meyer,
2001; Fricker et al., 2006). The second approach
involves a probe that chemically interacts with the
molecule of interest, but in a reversible reaction,
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and is exemplified by the di-cysteine based redox
indicators described later. In this case the target is
also modified by the interaction with the probe.
The third approach involves a probe that is itself
a substrate for one of the enzymes in the pathway
and exhibits a change in its fluorescent properties
during the reaction. The target molecule is also
irreversibly modified in this process.
A. Intrinsically Fluorescent Probes
The redox state of the NADH pool has been
measured from auto-fluorescence of reduced
nucleotides using UV-CLSM or multi-photon
laser scanning microscopy (MPLSM) (Masters
and Chance, 1993; Piston et al., 1995; Patterson et al., 2000; Huang et al., 2002; Kasimova
et al., 2006) and used to infer changes in glucose
metabolism (Bennett et al., 1996). Using highspeed microscopy and microspectrophotometry
it was shown that in living human neutrophils
NAD(P)H waves travel through cells intracellularly at high speed (~50 µm s−1) and supply the
membrane bound NADPH oxidase with pulses
of substrate (Kindzelskii and Petty, 2002). Oscillatory NAD(P)H fluorescence was recently also
observed in pollen tubes and shown to correlate with oscillatory tip growth (Cardenas et al.,
2006). Changes in redox state can also be inferred
from flavoprotein fluorescence (e.g. Rocheleau et
al., 2004; Quesada et al., 2006), which also offers
a more convenient set of excitation wavelengths
than NAD(P)H. Given the steadily increasing interest in redox regulated processes and
the awareness of the importance of even minor
changes in different cellular redox compounds,
NAD(P)H or flavoprotein redox imaging would
thus provide a very powerful adjunct to many biochemical analyses. It should be noted, however,
that the autofluorescence from reduced pyridine
nucleotides is very weak. The major challenge
therefore is to effectively separate these weak
signals from the range of other UV-excitable
compounds present in plants and to quantify them
accurately.
B. Reversible Probes
Probes that bind reversibly to their target can
provide information on the steady-state concentration of the target, but not directly its rate of
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synthesis or consumption. Based on the precedents from the ion-imaging field, the most useful
reversible probes, termed ratio probes, exhibit a
shift in either their excitation or emission spectrum between the free and bound forms. The shift
in spectrum can be readily measured as a ratio
between images or average intensities measured
at two wavelengths, typically corresponding
to the peak wavelengths for the free and bound
forms (Fricker et al., 2001). The ratio provides a
convenient means to correct for changes in dye
concentration, pathlength, photobleaching or dye
leakage. Single wavelength probes only show
changes in intensity on binding with no spectral
shift. In these cases, it is more difficult to separate
changes in fluorescence arising from the target
versus the dye concentration, etc.
The number of chemical probes for cations is
increasing as it is relatively easy to design specific binding sites to co-ordinate metal ion ligands. Progress has been less rapid for anions and
essentially non-existent for other compounds as
it is extremely difficult to design binding sites for
small molecules that then also trigger a change in
fluorescence. An alternative approach uses peptide-based binding domains to achieve specificity
for different substrates and exploits any conformational change on binding to affect the amount
of fluorescence resonance energy transfer (FRET)
between spectral variants of GFP fused in-frame
with the binding peptide(s). The first such transgenic ratio indicator designed was for calcium
and was termed cameleon as it changed color and
incorporated a calmodulin (CaM) binding domain
as part of a linker between CFP and YFP (Miyawaki et al., 1997, 1999). The cameleon concept
inspired the development of genetically-encoded
FRET-based sensors for other metabolites. For
example, Frommer and co-workers exploited the
substrate-induced conformation change in bacterial periplasmic-binding proteins (PBPs) to construct fluorescent indicator protein (FLIP) sensors
for maltose (Fehr et al., 2002), glucose (Fehr et
al., 2003, 2004), ribose (Lager et al., 2003) and
glutamate (Okumoto et al., 2005). Unlike most
measurements of metabolites, these sensors
report concentration directly from specific cellular compartments. As reaction rates and enzyme
kinetics are concentration dependent, this should
provide much better understanding of the control
of metabolism in vivo. Sensitivity can be altered
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by mutations in the binding site and sensors can
be targeted to other compartments, such as the
ER (M. Fehr and W. Frommer, personal communication). The ratio change for the first generation
of these sensors was very small. However, recent
improvements include replacing EYFP with Venus
(Deuschle et al., 2005; Okumoto et al., 2005)
and modification of the linker length and site of
chromophore insertion to improve dipole-dipole
coupling, giving a ~2-fold increase in response
(Deuschle et al., 2005). Other PBP-based sensors
for sugars, amino acids, sulfate and phosphate
have already been synthesized using chemical
coupling of fluorescent dyes to appropriate binding
peptides (De Lorimier et al., 2002). Incorporation
of the same binding peptides into the geneticallyencoded FLIP sensors should yield equivalent
transgenic probes and this approach has recently
been shown to work for a phosphate binding PBP
(Gu et al., 2006). These sensors can be expressed
in plants (Fehr et al., 2004) but are subject to
transgene silencing (Deuschle et al., 2006). Nevertheless, metabolite measurements can be made
if the constructs are expressed in silencing mutant
backgrounds (Deuschle et al., 2006). As yet, no
probes have been developed for specific components of redox systems. However, the transgenic
FRET approach is generic, and it is only a matter
of time before suitable binding motifs are incorporated into the basic cassette to yield reversible
sensors to report the concentration of individual
components in different redox pathways.
C. Reversible Reactive Probes
Currently the most promising reactive, but
reversible probes for dynamic redox imaging are
redox-sensitive fluorescent proteins. Additional
cysteine residues have been engineered into the
protein barrel of both GFP and YFP, such that
the two cysteines are located on two adjacent ßstrands (Østergaard et al., 2001; Dooley et al.,
2004; Hanson et al., 2004). The two cysteine
residues are sufficiently close to form disulfide
bridges depending on the redox-environment of
the protein. Formation or release of this disulfide
bridge then leads to slight conformational
changes in the protein barrel and alters the protonation state of the fluorophore. This change in
protonation leads to a change in the absorption
properties and hence in a change of fluorescence.
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A range of different redox-sensitive GFP (roGFP)
and YFP (rxYFP) versions have been generated,
which all are slightly different in their redox and
fluorescence properties (Østergaard et al., 2001,
2004; Hanson et al., 2004; Cannon and Remington,
2006).
In the case of rxYFP, the introduction of a pair
of cysteine residues (N149C and S202C) confers
reversible redox-dependent changes in fluorescence intensity (Østergaard et al., 2001, 2004).
rxYFP appears to be specifically reporting the
state of the GSH-GSSG redox couple in yeast
cells, as it interacts with glutaredoxins (GRXs)
which shuffle electrons between the cellular glutathione redox buffer and rxYFP (Østergaard
et al., 2004). Thus, in this case rxYFP can be
regarded as a bonafide GSH redox sensor.
Whilst rxYFP is a single wavelength redox
sensor, the roGFPs (Dooley et al., 2004; Hanson
et al., 2004) are particularly useful as they can be
excited with two different wavelengths (405 and
488 nm) and the resulting fluorescence intensity
of the two peaks changes relative to each other
depending on the degree of disulfide bond formation between the two cysteines. This allows for
ratiometric measurements, facilitating quantitative imaging of redox dynamics, which makes
roGFPs potentially superior to single wavelength
rxYFP (Björnberg et al., 2006). The structural
similarities of rxYFP and roGFP suggested that
roGFP might also be a specific glutathione redox
sensor, provided a GRX is available for transferring electrons between glutathione and roGFP.
At least in plants this is indeed likely because
plants contain a large number of different GRXs,
which exhibit a strong structural homology to the
yeast GRX (Lemaire, 2004; Xing et al., 2006). In
vitro studies with poplar GRX C4 confirmed this
hypothesis and showed that only GRX together
with GSH are capable of efficiently reducing the
disulfide bond of roGFP while other reducing
compounds like ascorbate or NADPH and thioredoxin were not able to reduce roGFP (Meyer et
al., 2007). Thus it seems likely that roGFP also
specifically reports on the state of the GSH-GSSG
redox couple in vivo.
D. Irreversible Reactive Probes
In contrast to reversible interactions exemplified by the cameleons, biosensors and roGFPs,
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it is possible to image some metabolites, such as
glutathione, various ROS or nitric oxide (NO),
following reaction in vivo to give a fluorescent product. The majority of the probes so far
developed are fluorescent substrates or products
for cleavage reactions catalyzed by esterases,
lipases or proteases, rather than probes useful to
track metabolic pathways. The major exception
are probes for ROS, as it is possible to present
reduced forms of the fluorescent probes that can
be oxidized back to their fluorescent parent by
different ROS with varying degrees of specificity.
For this type of probe, the fluorescent signal
is a cumulative measure of the amount of target molecule that reacts, and is usually irreversible. Thus the signal increases over time at a rate
dependent on the concentration of the target, the
concentration of the probe and, in some cases,
the presence of an enzyme catalyst. Interpretation of the kinetics, either from the gradient of
the increase over time or as the amount present
at a fixed point is therefore not straightforward.
For example, in the un-catalyzed case, the reaction will be at least second order, depending on
the stoichiometry of the reactants, and thus critically dependent on the local concentration of
the probe. This is likely to be highly variable in
intact tissues due to variation in access, tissue
penetration rate, and the local environment. High
concentrations of probe should give faster reactions and thus make the signal easier to detect,
conversely, they will deplete the target more
rapidly, perturbing any downstream processes.
In the case of enzyme-catalyzed reactions, it is
possible to use near saturating probe concentrations to make the kinetics pseudo-first order and
thus provide a less ambiguous measure of the
concentration of the target. However, high concentrations of the probe may themselves cause
technical problems with self-absorbance and
auto-fluorescence of the unreacted form. Even
more worrying are reports that show decreases
in fluorescence using these probes. As the reactions are essentially irreversible, this suggests
these measurements are subject to extreme
interference by other processes, such as photobleaching, sequestration in a low pH environment
quenching the fluorescence, dye leakage to the
medium or dye destruction by detoxification
systems.
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III. Quantitative Confocal Fluorescence
Imaging
The requirement to reduce experimental manipulation of the tissue to a minimum places a premium
on working with intact tissues. Currently the best
approaches to image such material are confocal
laser scanning microscopy (CLSM), multiphoton
laser scanning microscopy (MPLSM), or confocal disk-scanning instruments. These systems can
be used to collect optical sections, free from outof-focus blur, from fluorescent probes distributed
within living plant tissues with repeated sampling
at sub-cellular resolution. The removal of out-offocus blur allows discrimination of signals from
sub-cellular domains, whilst contaminating signal from auto-fluorescence and/or stained tissues
outside the focal plane is rejected. The increased
contrast achieved in comparison to conventional wide-field fluorescence imaging, greatly
improves visualization of cellular and sub-cellular
morphology in thin optical sections.
The main advantages of confocal or multiphoton microscopy for quantitative fluorescence
measurements arise from the well defined 3-D
volume (voxel) that is sampled to form each
2-D picture element (pixel). The volume probed
is always asymmetric, being at least 3–4 times
longer in the axial (z) direction. The overall shape
of the confocal probe in fluorescence is described
by the point spread function (psf). Optical probe
dimensions are usually given in terms of the full
width at half the maximum height (FWHM) in a
given direction along one of the orthogonal axes.
Point-scanning confocal instruments can achieve
a probe size of 0.2 µm × 0.2 µm × 0.6 µm, in x,
y and z respectively, with a high NA (1.4) oilimmersion lens. However, typical probe dimensions for physiological measurements are likely
to be larger, in the region of 0.4 µm × 0.4 µm ×
1.2 µm, as longer-working distance, lower NA,
water-immersion lenses are usually used, and
the optical sectioning is often relaxed slightly by
increasing the pinhole diameter to obtain sufficient signal within a useful sampling time.
The primary objective of quantitative physiological measurements is to maximize the signal
to noise (S/N) ratio with minimal disruption to
the cell physiology. In many instruments there is
control over the degree of confocality, the area
scanned, the scan speed and the number of frames
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averaged that provides the user with considerable flexibility in choice of sampling speed and
the volume of specimen imaged. At one extreme,
repeated sampling can be made of a single point
in the 1 MHz range, whilst a 3-D volume of a
thick tissue specimen, such as a root tip, can be
sampled at high resolution in a few minutes. Thus
different facets of a given biological question can
be tackled on the same instrument.
To make absolute photometric measurements,
the relationship between the image brightness
and the concentration of the fluorophore has to
be calibrated. One of the limitations of CLSM
and MPLSM is the very low number of photons
emanating from each voxel, making accurate
measurements more difficult. Furthermore, quantitative measurements need to subtract a good
estimate of the weak background signal from the
specimen, auto-fluorescence in lens elements,
sample chamber and perfusion medium. It is not
usually possible to separate out and remove these
different background noise components, thus
noise from all sources contributes to an increase
in the variance of the signal. To make an accurate
estimate of the mean signal requires that both the
background and the total intensity are recorded
without clipping the intensity distributions (Fricker
et al., 2001).
Although confocal and multiphoton imaging
can work with intact tissues, they are still limited to measurements near the surface. One of the
major optical consequences of imaging progressively deeper into tissues is blurring of the psf
as the light rays travel through more and more
refractive boundaries. Blurring of the probe
results in a decrease in signal accepted by the
confocal detector pinhole or reduces the probability of multi-photon excitation, leading to
significant attenuation of fluorescence intensity
with depth into the tissue. In theory, ratiometric
measurements can compensate for such attenuation, provided it is equivalent at all wavelengths
needed for the measurement. However, single
wavelength measurements can often show several fold reduction in signal over a few tens of
microns from the surface. Partial correction for
tissue-dependent attenuation can be achieved by
a pragmatic approach based on determination
of the axial intensity profile of a permeabilised
specimen filled with a fluorescent ‘sea’ (White
et al., 1996; Fricker et al., 2000, 2001; Hartmann
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et al., 2003). The resultant response combines the
effects of depth-dependent ‘sea’ response and
the additional contribution of the permeabilised
tissue.
With suitable calibration, the fluorescence
intensity can be directly related to target concentration as the psf gives a defined sampling
volume both in the tissue and in the calibration
solutions. To relate in vivo measurements to other
biochemical measurements, it is useful to be able
to normalize the fluorescence intensity in a range
of different units, such as µmole (mg protein)−1.
If particular tissue zones, cells or compartments
are segmented from the image, results can be
expressed on an appropriate database, such as
pmole cell−1. At the moment it is rather more complex to relate fluorescence levels to other parameters such as protein levels or DNA content. The
basic approach involves collection of 3-D images
of protein or DNA distribution from corresponding regions of the same or an equivalent specimen
and measurement of the total amount of protein
DNA−1 (Fricker et al., 2000).
IV. Application of Thiol-Based Redox
Imaging in Plants
A. Measurement of Total Glutathione
Total cytoplasmic glutathione (GSH) can be
determined in vivo following GST-catalyzed conjugation to monochlorobimane (MCB) to give a
fluorescent glutathiones-bimane (GSB) adduct
(Fig. 1). The strong preference of MCB for GSH
over other low molecular weight thiols and protein thiols was initially shown for Arabidopsis
suspension culture cells (Meyer et al., 2001).
Recently, the specificity was further confirmed
by the absence of labeling in homozygous gsh1
knockout embryos, which cannot be labeled by
the routine protocol used for labeling of cells
(Cairns et al., 2006). The only exception where
significant labeling of thiols other than GSH was
observed in homozygous gsh2 knockouts, which
hyperaccumulate γ-EC to 5,000-fold normal
levels in the absence of GSH (Pasternak et al.,
2008). Imaging deep within tissues requires correction for depth-dependent attenuation (Fricker
et al., 2000; Meyer and Fricker, 2000; Meyer
et al., 2001), but has now been applied to GSH
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measurements in several different types of
tissues including roots (Fig. 2a and b) (SánchezFernández et al., 1997; Fricker et al., 2000; Meyer
and Fricker, 2000; Fricker and Meyer, 2001),
suspension culture cells (Fig. 2c and d) (Meyer
and Fricker, 2002), trichomes of Arabidopsis
(Gutiérrez-Alcalá et al., 2000) and tobacco (Fig.
2g), and mesophyll, epidermal and guard cells
of poplar leaves (Hartmann et al., 2003; see also
Fig. 2e and f). Sequential imaging at different
time points during incubation with MCB clearly
revealed that conjugates with GSH are formed in
the cytoplasm and subsequently sequestrated to
the vacuole (Fig. 2). The time required for this
sequestration might be different in different cell
types depending on the activity of the vacuolar
GSX conjugate pumps (see section IV.B). Figure
2b shows an example for Arabidopsis roots in
which epidermal cells have already sequestered
most of the conjugates whereas the underlying
cortex cells show still mainly cytosolic fluorescence. For cells of the root cap it has also been
shown that conjugate formed in the cytosol of
the central columella cells can be transferred and
sequestered in the vacuoles of the outermost cell
layer (Fricker et al., 2000; A.J. Meyer and M.D.
Fricker, unpublished results). Through competition for the glutathione moiety, labeling with
MCB can also be used as an indirect assay for
other factors that affect GSH levels such as heavy
metals, herbicides, or even explosive compounds
(Fig. 3) (Meyer and Fricker, 2002; Mezzari et al.,
2005).
The MCB assay depletes the level of GSH
and thus perturbs the system under study during the measurement. In some cases this can be
used advantageously to follow the capacity of
the system to respond to GSH depletion (Meyer
and Fricker, 2002). If no internal pools for de
novo synthesis of GSH are available direct monitoring of demand-driven GSH-biosynthesis can
also be used to measure flux through synthesis
pathway. For Arabidopsis suspension culture
cells it was shown that de novo synthesis of
GSH was dependent on external sulfate supply
and thus the rate of de novo synthesis effectively
reported flux through the entire sulfate assimilation pathway down to GSH (Meyer and Fricker,
2002). In theory, conjugation of GSH with MCB
can also be used to give controlled titration of
GSH levels to explore responses in plants where

Fig. 1. Conjugation of GSH with monochlorobimane (MCB) leads to formation of fluorescent and membrane-impermeable
glutathione S-bimane. Despite being reactive to all accessible thiols the conjugation to GSH is highly favored due to catalysis
by glutathione S-transferases (GSTs).

Fig. 2. In situ labeling of glutathione in plant cells. All cells and tissues were labeled with 100 µM MCB (green). (a) and (b)
Optical sections through Arabidopsis roots show vacuolar sequestration of GSB. Initial labeling in the cytosol (a) is followed by
vacuolar sequestration of GSB (b). The sequestration appears to occur faster in epidermal cell files (E) than in cortex cells (C).
Bar = 50 µm. (c) and (d) Arabidopsis suspension culture cells stained with MCB and propidium iodide (PI) for cell walls and
plasma membrane integrity (red). The MCB label appeared first in the cytosol after 5 min (c) and was completely sequestrated
to the vacuole after 60 min (d). Bars = 20 µm. (e) and (f) Tobacco guard cells stained with MCB. In addition to bimane autofluorescence from chloroplasts is detected (red). Initial labeling in the cytosol after 5 min (e) and complete vacuolar sequestration of
GSB after 60 min (f). Bars = 20 µm. (g) Tobacco trichome labeled with MCB, 50 µM PI (red) and 10 µM Hoechst 33258 (blue)
for 30 min. Bar = 10 µm (See Color Plates).
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Fig. 3. Competition assay for indirect imaging of nonfluorescent glutathione conjugates. The amount of a GSHreactive compound ‘X’ can be deduced from the reduction
of the GSB signal compared to a control without ‘X’.

overall redox protection capacity is reduced,
although this approach has not yet been used to
our knowledge.
B. Analysis of the Glutathione-Dependent
Xenobiotic Detoxification Pathway In Situ
The GSB is formed initially in the cytoplasm,
but is subsequently transferred to the vacuole by
GS-X conjugate pumps. This provides an opportunity to map the activity of the GSH-based
detoxification pathway for a model substrate
for each individual cell in a tissue. For example, the level of fluorescence initially increases
in the cytoplasm of all cells in an Arabidopsis
root tip observed in single optical sections followed over time (Fig. 2a and b). Most of the
label is quickly transported into the vacuole,
giving an increase in vacuolar fluorescence and
eventually leading to a reduction in cytoplasmic
fluorescence. In general, the smallest cells with
the highest cytoplasm-to-vacuole ratios showed
the greatest increase in vacuolar fluorescence.
This dilution effect depending on volumes of
subcellular compartments can also be observed
in guard cells, which appear much brighter than
surrounding epidermal cells.
To analyze the data, it is assumed that the
conjugation and sequestration reactions can be
described as a two step pathway (Fig. 4). The
estimates of [GSB]cyt and [GSB]vac are based
on the average fluorescence measured from
manually-defined regions of interest (ROIs)
in each compartment for each complete cell in
the field of view (Fricker and Meyer, 2001). To
express fluorescence levels in terms of GSB
concentration requires subtraction of the average background signal, and calibration against
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the average fluorescence of GSB standards. The
change in cytoplasmic GSB concentration over
time will reflect the balance between the rate of
conjugation and the rate of sequestration into the
vacuole. In addition, as the cells under examination are still alive and elongating, cell expansion during the assay adds a volume-dependent
decrease in the apparent concentration. The volumes of the cytoplasm and vacuole are therefore
measured using stereological techniques (Meyer
and Fricker, 2000) in parallel experiments. The
change in vacuolar GSB concentration over time
will reflect the vacuolar transport rate and the
dilution (or concentration) arising from the difference in the relative volumes of cytoplasm and
vacuole. The vacuolar concentration will also be
affected by any increase in overall cell volume
due to cell growth. With this approach, in vivo
estimates for the kinetic parameters for the GST
and the GSX pumps can be obtained for different cell types in the root tip (Fricker and Meyer,
2001).
Once inside the vacuole, glutathione conjugates are not just sequestered, but are also metabolized further to recover the amino acids used
for the glutathione-tag. This degradation might
be initiated from either end of the glutathione
moiety followed by removal of the second terminal amino acid (Fig. 5). In both cases the initial
two reactions lead to accumulation of cysteine
conjugates. If MCB is used as a substrate for
GSH conjugation, the resulting cysteine-bimane
is still fluorescent. Because the fluorescence
properties of the bimane-tag remain virtually
unchanged during this degradation microscopic
observation can help to define in which subcellular compartment degradation occurs, but can
not provide evidence for either possible pathway. However, in combination with extraction
and subsequent HPLC-analysis, accumulation of
fluorescent intermediates might provide information about the order of the two initial reactions. In Arabidopsis, only Cys-B accumulation
has been detected during a 48 h degradation
period, indicating that the initial breakdown step
is rate-limiting (Grzam et al., 2006). Recently, a
γ-glutamyl transpeptidase was identified as the
enzyme catalyzing this reaction (Grzam et al.,
2007; Ohkama-Ohtsu et al., 2007). It is not clear
at this stage, however, whether this also applies
to other plants.
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Fig. 4. Two-step pathway for glutathione-dependent conjugation and vacuolar sequestration of xenobiotics. Monochlorobimane (MCB) can be used as a visible model xenobiotics
that can be followed microscopically during these reactions.

Fig. 5. Possible metabolic steps for the vacuolar degradation
of glutathione conjugates in plants. Degradation is initiated
at the termini of the glutathione moiety and leads to accumulation of cysteine conjugates (Cys-R), but so far none of the
involved enzymes have been characterized in detail.

C. Measurement of the Glutathione Redox
Potential In Vivo
Whilst knowledge of the total GSH pool or the
GSH detoxification pathway gained from the
bimane imaging approach are useful, there is perhaps more interest in the redox poise of the glutathione pool. From the Nernst-equation it is apparent
that the redox potential of the gluta-thione pool is
not dependent on the [GSH]/[GSSG] ratio, which
is the form normally reported in the literature, but
rather the ratio [GSH]2/[GSSG]. The redox potential is thus dependent on both the total concentration of glutathione and the degree of oxidation
of the glutathione pool (Meyer and Hell, 2005).
Until recently it was only possible to determine
GSH and GSSG simultaneously by destructive
sampling and chemical analysis. However, the
redox sensitive fluorescent proteins, rxYFP and
roGFP, can be expressed in plants and appear to
function properly (Jiang et al., 2006; Meyer et al.,
2007), facilitating in vivo measurements of the
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GSH-GSSG redox state in vivo for different cell
types and even different cell compartments.
Under non-stressed conditions, the probes
are almost completely reduced (Fig. 6a). Based
on midpoint redox potentials estimated in vivo
around −280 to −290 mV (Dooley et al., 2004;
Hanson et al., 2004), it can be deduced that
the steady state redox potential in the cytosol
of plant cells is around −320 mV (Meyer et al.,
2007). Substantial shifts in redox potential can be
achieved by H2O2 and DTT and the probes can
be used to monitor redox differences in different cells along the root axis (Jiang et al., 2006).
Further in vivo experiments in which the cellular
glutathione level was altered through either pharmacological or genetic approaches confirmed the
direct link between the poise of the glutathione
redox buffer and roGFP fluorescence (Meyer
et al., 2007). For example, cellular glutathione
can be effectively depleted with L-buthionine(S,R)-sulfoximine (BSO) as a specific inhibi tor
of glutamate-cysteine ligase (GSH1), the first
enzyme of glutathione biosynthesis. Germination of Arabidopsis seeds on medium containing
1 mM BSO thus leads to a seedling remarkably
similar in phenotype as the GSH-deficient rml1
mutant (Vernoux et al., 2000; Cairns et al., 2006).
Germination of roGFP-expressing Arabidopsis
seed on BSO leads to almost complete oxidation
of the probe compared to the reduced roGFP in
control seedlings (Fig. 6a and b).
Like all other genetically encoded probes,
roGFPs can be targeted to different subcellular
compartments, such as the ER, mitochondria or
chloroplasts (M. Schwarzländer et al., submitted). Thus, it is now feasible to study the subcellular compartmentation of glutathione in vivo and
to address questions regarding intracellular and
intercellular transport and turnover of the glutathione pool in living cells.
The link between the glutathione redox buffer
and roGFP with GRXs as mediators also suggest that changes in glutathione redox potential
would trigger modification of native target proteins either through glutathionylation or formation of disulfide bridges. One important goal for
future research thus is the identification of such
GRXs targets. A strategy for the identification of
proteins targeted by thioredoxin combines twodimensional gel-based separation methods for
proteins with fluorescent tagging of accessible
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Fig. 6. Inhibition of glutathione biosynthesis causes oxidation of roGFP2. Arabidopsis seeds transformed with roGFP2 were
germinated on Agar plates with or without 1 mM BSO for 7 days and imaged for the redox status of roGFP2 and GSH levels.
All images are maximum projections from stacks of serial optical sections. The ratio images show analysis of control roots (a)
and roots grown on 1 mM BSO (b). The color scale shows the pseudocolor coding for reduced (blue) and oxidized roGFP2 (red).
Bars = 100 µm (See Color Plates).

protein thiol-groups with monobromobimane,
a more reactive homologue of MCB (Yano et
al., 2001; Ströher and Dietz, 2006). Similar gelbased approaches using other reactive probes
have also been applied successfully to monitor
protein thiol modifications in vivo (Leichert and
Jakob, 2004, 2006) and it can be envisaged that
such an approach might help identifying specific
GRX targets.
V. Probes for Components that Interact
with Thiols
A. Measurement of Reactive Oxygen
Species (ROS) and Nitric Oxide (NO)
Production of several ROS is of interest both
in terms of monitoring their destructive effects
during photo-damage or pathogen attack and
also because of increasing evidence that ROS
might act as signals in their own right (Buchanan and Balmer, 2005; Foyer and Noctor, 2005).
A common form of ROS in plant cells is singlet oxygen (1O2*) which is formed when activation energy is directly transferred from the

triplet-state of chlorophyll to molecular oxygen.
Formation of other ROS results from sequential
transfer of electrons to molecular oxygen (Fig.
7). Formation of superoxide (•O2−) is a common process and plants have evolved efficient
systems for detoxification of •O2−. Superoxide
dismutases, as a rapid defense against ROS, are
capable of generating molecular oxygen and the
far less reactive hydrogen peroxide (H2O2) from
two •O2− molecules (Grene, 2002). Hydrogen
peroxide can then be further detoxified through
different peroxidases or the glutathione-ascorbate-cycle (Noctor and Foyer, 1998). Under
stress conditions, however, the capacity for
detoxification of ROS might not be sufficient,
resulting in formation of a multitude of different
ROS within the same cell or subcellular compartment. This mixture of ROS in most cases
makes it difficult to unequivocally detect a particular form of ROS.
A number of chromogenic probes for ROS
have been widely used for a broad range of different applications including toxicity assays
and formation of ROS after pathogen attack.
Nitroblue tetrazolium salt (NBT) reacts with
•O2−, whilst 3,3′-diaminobenzidine (DAB) gives
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Fig. 7. Sequential transfer of electrons to molecular oxygen
and formation of reactive oxygen species (ROS).

brown precipitates with H2O2 in the presence of
ascorbate peroxidase (Thordal-Christensen et al.,
1997; Fryer et al., 2002).
Singlet oxygen specifically quenches the fluorescence from the dansyl-based fluorophore DanePy
(5-Dimethylamino-naphthalene-1- sulfonic acid
(2-diethylamino-ethyl)-(2,2,5,5-tetramethyl-2,
5-dihydro-1H-pyrrol-3-ylmethyl)-amide), whilst
another dansyl-based compound, HO-1889NH, is
quenched by both 1O2* and •O2− (Hideg et al., 2001,
2002, 2006). These compounds were designed by
chemically adding a spin trap to the fluorophore
dansyl-chloride, which results in partial quenching of fluorescence in the presence of ROS. With
these compounds ROS production can be measured as the relative decrease in sensor fluorescence
after leaf infiltration and corrected for blue-green
autofluorescence of leaves or another dye. Dansyl-chloride on its own can be used as a control as
it has the same fluorophore, but lacks the spin trap
(Hideg et al., 2001). These dyes need to be vacuum infiltrated into detached leaves or taken up
via the transpiration stream, which might impose
problems with even distribution of the dye within
the tissue. In addition, dansyl-based fluorophores
accumulate preferentially in chloroplasts in intact
leaves (Hideg et al., 2001, 2002; Fryer et al.,
2002). A better alternative to DanePy is Singlet
Oxygen Sensor Green (SOSG) which is able to
diffuse through cuticles and membranes and thus
can be painted directly on leaves. SOSG shows
a high preference for 1O2* and has been used to
show that 1O2* is produced by wounding even in
the dark (Flors et al., 2006).
Fluorescein derivatives and dihydrodichlorofluorescein diacetate (H2DCFDA) in particular
are currently the most widely used fluorescent
probes for ROS. The dihydro-derivatives of fluorescein are non-fluorescent until oxidized to the
brightly fluorescent dichlorofluorescein (DCF).
For a long time the oxidation of H2DCFDA was
thought to be relatively specific for H2O2, but it is
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now known that peroxidases are capable of inducing
H2DCFDA oxidation even in the absence of H2O2
(Rota et al., 1999; Tarpey et al., 2004). Furthermore, the H2O2-dependent oxidation needs the
presence of ferrous iron and is greatly enhanced
in the presence of heme-containing compounds
or other redox-active metal ions (Tarpey et al.,
2004). Although this oxidation in living cells is
preferentially mediated by H2O2, these probes
are also reactive towards other ROS, with highest sensitivity towards the hydroxyl radical (•OH)
(Table 1). The oxidized dye accumulates in different organelles like chloroplasts, mitochondria,
cytoplasm and vacuole, imposing problems in
quantifying the response and inferring information about ROS production in distinct subcellular
compartments. Possible problems related to dye
leaking out of the labeled cell can be partially
avoided by using the derivative carboxy-H2DCFDA, which is suggested to be better retained
within the cell.
Dihydrorhodamine 123 (DHR 123) is a structural analog of H2DCF and is also responsive to
ROS through oxidation to the fluorescent rhodamine 123. DHR 123 is membrane permeable
and accumulates in the mitochondria. Oxidation
by H2O2 requires the presence of heme-containing peroxidases or other heme-compounds like
cytochrome c (Royall and Ischiropoulos, 1993).
Dihydrocalcein is another probe that becomes
fluorescent after oxidation and is recommended
to be superior to the other ROS probes because
the oxidation product calcein is not thought to
leak out of cells. Oxidation appears to take place
in the mitochondria where calcein accumulates.
However, it was also shown that dihydrocalcein
inhibits the activity of complex I of the mitochondrial electron transport chain (Keller et al., 2004).
Independent of whether electrons for reduction
of dihydrocalcein are derived from complex I or
whether the probe is only inhibiting normal function of the electron transport chain this interference puts major doubts on the usefulness of this
probe for reliable ROS imaging.
In contrast to the initially colorless probes discussed before, dihydroethidium (DHE) is already
fluorescent in its reduced form. Dihydroethidium
has been reported to be sensitive to •O2−, but there
is some controversy about whether the oxidation product is ethidium or a distinctly different
form (Zhao et al., 2003). In any case the oxida-
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Table 1. Reactivity of selected fluorescent probes for live cell imaging
towards different reactive oxygen species.
1
O2*
•O2−
H2O2
•OH
DanePy
X
HO-1889NH
X
X
SOSG
X
MitoSOX
X
H2DCFDA
X
X
X
XX
DHR 123
X
Dihydrocalcein
X
Dihydroethidium
X
RedoxSensor Red CC-1
X
X
DanePy: 5-Dimethylamino-naphthalene-1-sulfonic acid (2-diethylamino-ethyl)(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-ylmethyl)-amide; HO-1889NH:
5-Dimethylamino-naphthalene-1-sulfonic acid (2,2,5,5-tetramethyl-2,5-dihydro1H-pyrrol-3-ylmethyl)-amide; SOSG: Singlet Oxygen Sensor Green; H2DCFDA:
dihydro-dichloro fluorescein diacetate; DHR 123: Dihydrorhodamine 123.

tion product binds to DNA resulting in significant
increase in fluorescence. In plants DHE has been
used to observe •O2− production under conditions
of heavy metal stress (Yamamoto et al., 2002;
Rodriguez-Serrano et al., 2006), but can be difficult to introduce into different cell types (M.D.
Fricker, unpublished).
RedoxSensor Red CC1 is unique in that the
subcelluar localization of fluorescence appears
to be dependent of the redox environment in
the cytosol. In animal cells the non-fluorescent
probe is either oxidized in the cytosol followed
by accumulation of the fluorescent product in
the mitochondria or alternatively the nonfluorescent probe is sequestered to the lysosome
where it is subsequently oxidized (Haugland,
2005). For plant cells a differential localization of the probe between mitochondria and the
vacuole has been observed (S. Jeridi and A.J.
Meyer, unpublished).
Considering the problem highlighted in relation to compartmentation of the dyes, lack of
specificity to a particular ROS and possible
interference with biological compounds leading
to artifactual fluorescence, all these probes can
only be used as qualitative indicators of oxidative
stress rather than quantitative sensors for the rate
of H2O2 formation. In addition, the accumulation
of H2O2 during oxidative stress is thought to be
transient, which requires detailed analysis of the
time-course of fluorescence increase to quantify
the kinetics.

Another important reactive signaling molecule
that interacts with thiol groups is nitric oxide
(NO) (Lamattina et al., 2003; del Rio et al., 2004;
Crawford and Guo, 2005). The S-nitrosation reaction and its reverse reaction represent the most
convenient general way to store, to transport and
finally to release NO and at the same time modify
potential target proteins. A number of fluorescent
probes have been developed that allow visualization of NO in living cells. Cellular imaging has
mainly used the increase in fluorescence following reaction of NO oxidation products with vicinal amine groups of diaminofluorescein (DAF-2)
or the less pH sensitive fluoromethyl derivative
(DAF-FM) to give a fluorescent triazole product (Kojima et al., 1998, 1999). These dyes are
loaded into cells as membrane permeant diacetate
derivatives (DA), which are then deacetylated to
release the free dye. Reaction with auto-oxidation
products of NO, such as N2O3, gives a 160-fold
increase in fluorescence from a low background.
Both dyes have been used in plants as qualitative indicators of NO production (Foissner et al.,
2000).
Quantitative analysis is more difficult. The
relationship between fluorescence and the level
of NO is not straightforward. NO requires oxidation to N2O3 to react, which may be slow and
depends on the level of O2 and other NO scavenging systems. Substantial intracellular accumulation of the free dye to mM concentrations
increases the probability of reaction, but can
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also give sufficient fluorescence from the unreacted dye to mask low levels of triazole formation (Rodriguez et al., 2005). The measurement
itself may trigger a marked fluorescent increase
from photoactivation of the dye (Broillet et al.,
2001; Balcerczyk et al., 2005) or stimulation
of NO release from artificial NO donors. Activation by oxidizing agents like HRP/H2O2 may
promote direct reaction with NO rather than N2O3
(Jourd’heuil, 2002). The effect of reducing agents
is also complex. Ascorbic acid (AA) and dehydroascorbate (DHA) compete with the dye for
N2O3, reducing the fluorescence yield (Rodriguez
et al., 2005), but may themselves react with the
dye to give fluorescent products that are spectrally similar, giving increases in fluorescence
that are independent of NO levels (Zhang et al.,
2002). One useful control is to use mono-amine
derivatives such as 4-aminofluorescein (4-AF)
that do not react with NO. Substantial increases
in 4-AF fluorescence in some tissues have been
used as a criterion to reject the use of DAF probes
to measure NO (Beligni et al., 2002). In this case,
the rhodamine-based di-amine NO probes were
more appropriate.
To ensure specificity for NO, the experimental
protocol typically includes abolition of the signal
in the presence of NO scavengers, such as cPTIO,
inhibition of NO synthesis by non-metabolized
analogues, and artificial elevation of NO by NO
donors. In the latter case there is some evidence
that the rate of detectable NO production is itself
dependent on Ca2+ (Broillet et al., 2001).
Unlike reversible binding exploited in the
development of ion indicators, for example, the
absolute fluorescent signal integrates the total
level of triazole formed during the time course.
The instantaneous gradient should give an indirect
measure of the NO concentration, although the
calibration is essentially unknown because of the
involvement of additional reaction intermediates.
To measure rates requires more detailed timecourse measurements, which have not usually
been attempted in plants. In some reports that do
include time-courses, the level of triazole fluorescence apparently declines. As triazole formation is
essentially irreversible, a decrease in fluorescence
does not mean the level of NO production has
changed, but that there are other experimental artifacts affecting the signal, such as redistribution of
the dye outside the field of view, photobleaching,
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sequestration in a low pH environment quenching
the fluorescence, leakage to the medium or dye
destruction by detoxification systems.
If the dyes are working properly and react with
a significant proportion of the NO produced, they
should also deplete NO levels and interfere with
the downstream signaling pathway. Whether this
occurs in vivo has not been reported.
B. Ratioable Transgenic Probes for H2O2
Another genetically encoded probe with great
potential for future research is the recently developed H2O2-sensitive HyPer (Belousov et al.,
2006). This probe consists of a circularly permutated YFP inserted into the regulatory domain of
the Escherichia coli protein OxyR (OxyR-RD).
OxyR is a redox-responsive transcription factor that undergoes significant conformational
changes after H2O2 binding which enables DNA
binding (Choi et al., 2001). In the fusion with YFP
the conformational change after H2O2 binding is
transmitted to YFP and changes the excitation
properties of the fluorophore. Therefore, HyPer
is also a ratiometric probe, with excitation peaks
at 420 nm and 500 nm and emission at 516 nm.
In the free form the 420 nm excitation peak is
predominant, whereas upon binding of H2O2
this peak decreases and the 500 nm excitation
peak increases proportionally. HyPer is sensitive
to submicromolar changes in H2O2 and thus is
expected to allow visualization of physiological
H2O2 concentrations. The fully reversible probe
should also enable dynamic H2O2 measurements
in cells exposed to biotic or abiotic stress.
C. Experimental Induction of ROS
In contrast to the imaging of ROS generated
during environmental stress it might also be of
interest to deliberately generate ROS to validate
and possibly calibrate the fluorescence measured
with ROS-specific dyes or to generate ROS to
initiate localized transduction cascades or destroy
cellular components in a targeted way. Photosensitizers, such as Rose Bengal, are chromophores
that generate ROS upon light irradiation. More
precise inactivation of selected proteins can
be achieved by fusing the targeted protein
with a photosensitizer in a technique termed
chromophore-assisted light inactivation (CALI;
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Tour et al., 2003). Initially, this was achieved
through addition of a small tetra-cysteine peptide motif (Cys-Cys-Pro-Gly-Cys-Cys) that
binds fluorescent bis-arsenical ligands with high
affinity (~10−11 M) to give a fluorescent complex
(Griffin et al., 1998; Adams et al., 2002). Three
fluorescent ligands, with different spectra based
on xanthene (CHoXAsH), fluorescein (FlAsH) or
resorufin (ReAsH), are now commercially available (Invitrogen, Lumio series). The ligands are
applied as membrane-permeant complexes with
1,2-ethanedithiol (EDT). Once in the cell, the tetracysteine hairpin displaces the EDT to generate
a minimally disrupted fluorescent fusion protein.
Under high levels of illumination, these fluorophores produce singlet oxygen that is capable of
inactivating proteins in the immediate vicinity.
More recently, the protein KillerRed has been
developed in which the entire photosensitizer
is genetically encoded and can be transcriptionally fused to the target (Bulina et al., 2006). This
protein has been developed on the basis of the
Anthomedusa chromoprotein anm2CP (Shagin
et al., 2004) and generates ROS upon irradiation
with green light. Due to the high reactivity of
ROS the localized ROS production then will lead
to selective damage of adjacent molecules.
VI. Conclusion and Future Perspectives
Generation of ROS is a normal feature of metabolism that occurs at tightly controlled rates under
non-stress conditions, but can be dramatically
increased under conditions of oxidative stress.
This deviation from steady state directly of indirectly affects the oxidation of different cellular
components and cysteine residues in particular.
Glutathione is a key metabolite for redox control,
and it is likely that the glutathione redox potential
is directly exploited to alter the oxidation state and
thus the activity of effector proteins, with GRXs
as important mediators to ensure tight coupling
and specificity. Thus, the formation of ROS, the
glutathione redox buffer, GRXs and target proteins
are all components of the same signaling pathway.
To understand the dynamics of this pathway, particularly as many of the signals are themselves
short-lived and highly localized, it is essential to
quantitatively analyze these components in living
cells with good spatial and temporal resolution.
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Formation of ROS in non-stressed cells is
mainly restricted to organelles like mitochondria
and chloroplasts. Micro-compartmentation is
also likely to occur during many forms of stress
and biotic interactions in particular. Analysis of
micro-compartmentation of oxidative stress and
signaling as well as dissection of redox signals
at high spatial and temporal resolution can only
be achieved through imaging approaches applied
to living cells. Another challenge will be to
understand more about the way plants regulate
the amount of ROS at the cellular and subcellular level. In this context reversible genetically
encoded probes that can be targeted to different
organelles currently have the greatest potential for
providing new insights into the cellular redox network. In combination with thiol redox proteomics the imaging approaches will provide detailed
insights into the complex redox network.
As already noted the dynamic measurement of
ROS is still in its infancy. Nevertheless, with the
development of new GFP-based probes it now
seems feasible to get new insights into the dynamics
of redox metabolism and to dissect ROS-dependent signaling pathways. Thus, it is expected that
broad application of these novel imaging technologies will lead to a dramatic increase of our
knowledge about redox signaling.
Increasing evidence points at significant crosstalk between redox-dependent pathways and other
signaling pathways. This has already been shown
for ROS and Ca2+ (Gomez et al., 2004), abscisic acid
(Pei et al., 2000), ethylene (Moeder et al., 2002),
salicylic acid (Mateo et al., 2006), and is also likely
to occur for pathways dependent on other signaling
molecules. Integration of all these signals into the
entire cellular signaling network further highlights
the necessity for a dynamic and quantitative analysis of signals in living cells. Better understanding of
this network is expected to aid the improvement of
plants towards environmental stress.
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