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The discovery that there is a close relationship
between ascorbate and glutathione dates from soon
after the characterization of the chemical formulae of
the two molecules (Szent-Györgyi, 1931; Hopkins and
Morgan, 1936). Similarly, it has long been known that
thylakoids can generate hydrogen peroxide (H2O2;
Mehler, 1951). Following the discovery of superoxide
and superoxide dismutase in mammalian cells
(McCord and Fridovich, 1969) and their subsequent
discovery and study in chloroplasts (Allen and Hall,
1973; Asada et al., 1974), it became obvious that
systems must exist to metabolize H2O2 produced in
this organelle. Once it was accepted that the perox-
isomal enzyme, catalase, was not found in the chlo-
roplast, a predominant idea was that chloroplast
H2O2 must escape to be metabolized by this enzyme
or by “guaiacol-type” peroxidases for which no spe-
cific substrate had been identified. However, the
discovery of thiol-disulfide exchange as a significant
mechanism of enzyme regulation led to the finding
that H2O2 could inactivate photosynthetic metabo-
lism and activate respiratory pathways (Kaiser, 1979;
Charles and Halliwell, 1980). Within the context of
these exciting developments in oxygen biochemistry,
Barry Halliwell, a newly appointed young lecturer at
Kings College, London, sought to resolve the issue of
how H2O2 was metabolized in chloroplasts by assign-
ing his first Ph.D. student, Christine Foyer, to this
task. Based on an initial hypothesis that ascorbate and
glutathione had the potential to act in detoxification,
it was shown that both metabolites and enzymes
linking NADPH, glutathione, and ascorbate were
found in isolated chloroplast preparations (Foyer
and Halliwell, 1976, 1977), and a simple metabolic
scheme was proposed (Fig. 1). Even at that time, it
was considered that ascorbate oxidase could act as a
terminal oxidase and, thus, as a sink for reducing
power. However, no specific ascorbate- or glutathi-
one-dependent peroxidase had been identified in
plants. The proposed role of ascorbate and glutathi-

one in H2O2 metabolism in chloroplasts led to the
successful identification of thylakoid-bound and sol-
uble stromal ascorbate peroxidase (APX; Groden and
Beck, 1979; Kelly and Latzko, 1979). It was subse-
quently shown that ascorbate could also be regener-
ated in the chloroplast by other mechanisms
depending on ferredoxin or NADPH (Asada, 1999).
Now known as the ascorbate-glutathione or “Foyer-
Halliwell-Asada” pathway, the resulting scheme is
recognized to be a key player in H2O2 metabolism in
both animals and plants. Components of this path-
way have been shown to be present in animals and in
the plant cell, cytosol, mitochondria, and peroxi-
somes as well as the chloroplast (Edwards et al.,
1991; Mittler and Zilinskas, 1991; Jiménez et al., 1997).
Here, we explore current concepts on the functions of
ascorbate and glutathione in H2O2 metabolism and
signaling, but also in the wider contexts of plant
development and environmental responses. We pay
particular attention to studies in which the status of
ascorbate and glutathione themselves has been ma-
nipulated. Such changes may be linked to or inde-
pendent of modified activity of dependent enzymes,
just as the activity of ascorbate- or glutathione-
dependent components may be modified without
sustained, marked changes in ascorbate or glutathi-
one status. Among key current questions is the nature
of the mechanisms that link changes in ascorbate and
glutathione status to downstream signaling, and we
discuss these in the light of recent advances, notably
information generated from genetically based studies
of Arabidopsis (Arabidopsis thaliana).

OXYGEN TOXICITY AND CONCEPTS OF
OXIDATIVE STRESS

The discovery of superoxide took place within a
widespread appreciation of oxygen toxicity. Thus,
initial concepts regarding reactive oxygen species
(ROS) simply extended this idea to one of heightened
reactivity. According to this concept, the formation of
ROS merely increased the capacity of oxygen to cause
damage to cells. However, the term “oxidative stress”
did not become widely used until the 1980s, and the
major focus on ROS and photosynthesis during the
1970s was as inevitable, indeed necessary, by-prod-
ucts of the photosynthetic electron transport chain
that played an important role in regulation (Foyer
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et al., 1990). The term oxidative stress still lacks a
precise definition, but the key hallmarks are (1)
increased oxidative load (enhanced ROS production);
(2) the potential for uncontrolled oxidation due to
rates of production exceeding rates of metabolism; (3)
oxidative damage to cellular components, which as-
sumes that the rate of oxidation exceeds repair or
replacement; causing (4) the accumulation of dam-
aged cellular components that somehow lead to loss
of function and eventual death. Despite the vague
nature of some of these notions, they have become
embedded in the psyche of researchers in this area
and have been important both in driving research
orientation and strategy and in determining data
interpretation. It was within this paradigm that over
a decade ago, we reviewed the roles of ascorbate and
glutathione and considered that their main functions
revolved around “keeping active oxygen under con-
trol” (Noctor and Foyer, 1998). In the intervening
years, an explosion of research on the signaling
functions of ROS in conjunction with ascorbate and
glutathione (Fig. 2) has confirmed this notion while at
the same time significantly extending it to one of
redox signaling (Foyer and Noctor, 2005a, 2005b,
2009). In this review, we propose the concept of
ascorbate and glutathione as key players in a redox
hub that integrates metabolic information and envi-
ronmental stimuli to tone responses within the cellu-
lar signaling network. We discuss recent data and
emerging concepts on the roles of ascorbate and
glutathione in important physiological processes
such as cell division, cell death, light signaling, and
pathogen responses, with a focus on the following
issues. What is a redox hub? Within such a hub, how
interdependent or independent are ascorbate and
glutathione? How important are modifications in
their status in transmitting ROS signals, and how
crucial are the resulting changes in processes such as
cell death? What is their significance as signals in the
absence of ROS-driven changes in redox state? How
could any of this signaling occur from a mechanistic
point of view?

DEFINING THE REDOX HUB

The Collins English dictionary defines the word
“hub” as either the central part of a wheel or a focal

point. Within this concept, a redox hub can be viewed
as an interconnected core of reactions and components
able to mediate cross talk between essential bioener-
getic processes and signaling pathways. Why should
such a redox hub exist? First, all life on earth is driven
by reduction-oxidation reactions, in which energy is
extracted from electron flow between compounds of
differing electrochemical potential. Second, for cells to
exist, they have had to evolve mechanisms to control
redox potential spans in the soluble phase of the cell,
in which biosynthetic processes occur and signals are
transduced (Foyer and Noctor, 2005a, 2009). Third,
plant growth occurs through developmentally plastic
programs within a context of ever-changing environ-
mental conditions that can potentially cause large
swings in redox states. Cellular redox homeostasis is
an essential buffering mechanism that prevents exces-
sive reduction or oxidation. Redox signaling triggered
by perturbations in this buffering system can transmit
“current status” information on the balance between
external inputs and internal cellular requirements.

Why should ascorbate and glutathione be part of
any redox hub? Compounds able to directly oxidize
ascorbate and reduced glutathione (GSH) at high rates
include ROS such as superoxide or hydroxyl radical,
whose probability of production is influenced by the
environment. Due to their relatively high cellular con-
centrations, therefore, ascorbate and GSH act as scav-
engers or sacrificial nucleophiles. Many primary and
secondary metabolites can function similarly. Ascor-
bate and glutathione are distinguished from most of
these compounds by (1) specific enzymes that couple
them to peroxide metabolism; (2) the existence of rel-
atively stable oxidized forms; and (3) recycling of these
forms to the reduced compounds by high-capacity
enzyme-based systems that depend on the key elec-
tron carriers, NAD(P)H. Analysis of Arabidopsis mu-
tants has provided convincing demonstrations that
ascorbate and glutathione are required for plant de-
velopment (Vernoux et al., 2000; Cairns et al., 2006;
Dowdle et al., 2007). In shoot meristem functions,
glutathione also plays overlapping roles with thiore-
doxin (TRX) systems (Reichheld et al., 2007; Bashandy
et al., 2010). Other studies of Arabidopsis mutants
have provided unequivocal evidence that both ascor-
bate and glutathione are multifunctional metabolites
that are important in redox homeostasis and signaling
as well as in development and defense reactions such
as those that occur during plant responses to patho-
gens (Pastori et al., 2003; Ball et al., 2004; Conklin and
Barth, 2004; Parisy et al., 2007; Schlaeppi et al., 2008;
Mhamdi et al., 2010a).

Both ascorbate and glutathione are abundant and
stable antioxidants with appropriate redox potentials
that interact with numerous components and path-
ways and that are maintained in a generally reduced
state. In compartments where the pools are at or close
to thermodynamic equilibrium with each other, and
assuming an NADP(H) redox potential of 2300 mVor
lower, glutathione is expected to be almost completely

Figure 1. The chloroplast ascorbate-glutathione cycle as proposed in
1976. Scheme adapted from Foyer and Halliwell (1976).
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in the reduced form, GSH (Fig. 3). Where they are
present together with the enzymes monodehydro-
ascorbate reductase and dehydroascorbate (DHA) re-
ductase (DHAR), the reducing actions of both NAD(P)
H and GSH should mean that oxidized ascorbate is
present at only trace concentrations under optimal
conditions (Fig. 3). Within this highly reducing intra-
cellular context, even the most stable ROS, H2O2, has a
relatively short lifetime. ROS removal by the ascor-
bate-glutathione-NADPH system can cause transient
or sustained adjustments in all or some of the compo-
nents of this system. A key theme of this review is that
such adjustments have physiological significance, as
they can be sensed and transduced to influence mul-
tiple signaling pathways, notably those involving
phytohormones. Furthermore, even without ROS-
induced changes in the system, components such as
glutathione and ascorbate can provide current status
redox information through proteins such as glutare-

doxins (GRX) and enzymes of phytohormone syn-
thesis. Ascorbate is an essential cofactor in several
biosynthetic pathways, while glutathione acts as a sul-
fur source or reductant in metabolism and is also
necessary for the formation of GS conjugates involved
in biosynthesis, transport, and detoxification.

INTERDEPENDENCE OR INDEPENDENCE OF
ASCORBATE AND GLUTATHIONE

Ascorbate and glutathione are part of a highly com-
plex and intricate plant antioxidative system (Mittler
et al., 2004). They function alongside catalases in high-
capacity redox-homeostatic H2O2-processing pathways.
While the ascorbate-glutathione pathway has long
been considered to function in an integrated fashion, a
key question concerns the extent to which the func-
tions and status of the two pools are interdependent
(Noctor et al., 2000; Potters et al., 2002; Noctor, 2006).

Figure 2. Simple scheme illustrating the timeline of some important advances concerning ascorbate and glutathione during the
development of concepts on the roles of ROS in plants since 1970. Purple text shows some of the many related advances in ROS
metabolism that may not directly involve ascorbate or glutathione systems. References not cited in the text (in alphabetical order):
Apostol et al., 1989; Conklin et al., 1996; Creissen et al., 1995; Davletova et al., 2005; Desikan et al., 1996, 2001; Doke, 1983;
Edwards et al., 1990; Keller et al., 1998; Rizhsky et al., 2002; Takahashi et al., 1997; Wachter et al., 2005; Wheeler et al., 1998.
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Although ascorbate and glutathione pools may be
configured to respond to perturbation in a compensa-
tory manner (discussed further below), it is now clear
from studies of Arabidopsis mutants that the two
compounds have specific functions and should not
merely be considered as interchangeable antioxidants.
Work on GSH-deficient Arabidopsis mutants has
shown that glutathione has critical functions in em-
bryo and meristem development (Vernoux et al., 2000;
Cairns et al., 2006; Reichheld et al., 2007; Frottin et al.,
2009; Bashandy et al., 2010), while complete deficiency
in ascorbate synthesized through GDP-L-Gal phosphor-
ylase causes lethality at the seedling stage (Dowdle
et al., 2007). Interactions with specific cellular com-
pounds or specific reactions are necessary if the two
compounds are to play roles in signaling other than
indirect ones in which they influence ROS availability.
Ascorbate and glutathione are differentially influ-

enced by environmental factors. One example is sulfur
nutrition, which affects glutathione much more than
ascorbate. In contrast, while leaf glutathione contents
can be increased by higher irradiances, they are gen-
erally not as responsive as ascorbate contents (Grace
and Logan, 1996; Willekens et al., 1997). Marked
diurnal fluctuations in the leaf ascorbate pool size
have been reported with considerable depletion of
ascorbate in darkness (Dutilleul et al., 2003; Bartoli
et al., 2006) that has been linked to decreased abun-
dance of transcripts encoding the biosynthetic en-
zymes GDP-D-Man pyrophosphorylase, L-Gal 1-P
phosphatase, L-galactono-1,4-lactone dehydrogenase,
and GDP-L-Gal phosphorylase in the dark (Yabuta
et al., 2007). While the light-dependent stimulation of
ascorbate biosynthesis appears to require photosyn-

thetic electron transport activity (Yabuta et al., 2007),
ascorbate synthesis and ascorbate regeneration are
influenced by light quality as well as quantity (Bartoli
et al., 2009). Ascorbate synthesis and accumulation are
particularly sensitive to the changing light environ-
ment, particularly red/far-red ratios, effects that are in
line with the direct interactions between the ascorbate
pool and the photosynthetic and respiratory electron
transport chains (Bartoli et al., 2006, 2009).

In the ascorbate-glutathione pathway, GSH regen-
erates ascorbate by reducing DHA, either chemically
or via DHARs, enzymes that constitute a class of
glutathione S-transferases (Dixon et al., 2002). Over-
expression of DHAR has highlighted the roles of
GSH-dependent ascorbate pools in responses such as
stomatal regulation (Chen et al., 2003). However, as-
corbate regeneration may be independent of GSH,
while DHAR is only one of several routes for GSH
oxidation (Fig. 4). Annotated plant GPXs use TRXs
more efficiently than GSH (Iqbal et al., 2006), but some
glutathione S-transferases show GSH-dependent per-
oxidase activity against H2O2 and organic peroxides
(Dixon et al., 2009), and some GST-encoding genes are
strongly induced by oxidative stress (Vanderauwera
et al., 2005; Queval et al., 2007). GSH oxidation that is
independent of DHA or of chemical reactions with
ROS could also occur through GRX-dependent peroxi-
redoxin (PRX) or Met sulfoxide reductase (Rouhier
et al., 2002; Tarrago et al., 2009). In some cases, how-
ever, the physiological reductants of these peroxidases
remain to be unequivocally identified. Like GSH, TRX,
GRX, and cyclophilins, ascorbate can function as an
electron donor in the regeneration of the active form of
thiol peroxidases such as PRX. In particular, ascorbate
has been shown to reduce the sulfenic acid form of
yeast 1-Cys PRX (Monteiro et al., 2007). This nucleus-
localized enzyme is expressed in the embryo and aleu-
rone layers of seeds and is encoded by a single gene
in Arabidopsis (Dietz, 2003). A recent study in wheat
(Triticum aestivum) has shown that the oxidized form of
the enzyme can be regenerated by ascorbate or by
NADPH-dependent TRX reductase (Pulido et al., 2009).

Consistent with the idea that ascorbate pools should
remain highly reduced if there are significant amounts
of GSH (or other thiols) present, catalase deficiency in
Arabidopsis drives glutathione oxidation while ascor-
bate remains highly reduced (Mhamdi et al., 2010a).
This could occur because of the difference in redox
potential (Fig. 3) or because reduction of DHA is only
one of several routes for GSH oxidation (Fig. 4). In
Arabidopsis cat2 knockouts, specific cytosolic APXs
and DHARs are induced in concert, providing evi-
dence that the core ascorbate-glutathione pathway is
engaged in the response to increased H2O2 availability
(Mhamdi et al., 2010a). However, several other genes
encoding potential GSH-dependent peroxidases are
also induced. Thus, peroxide-triggered glutathione
oxidation could be linked to flux through ascorbate
pools as well as ascorbate-independent reactions,
thereby providing a mechanism by which perturbations

Figure 3. Redox potentials of NAD(P), glutathione, and ascorbate cou-
ples. Adapted from Noctor (2006). The shaded backgrounds indicate
typical redox states in the absence of stress. For glutathione, the two curves
indicate the relationship between reduction state and redox potential at
total glutathione concentrations of 1 mM (triangles) and 5 mM (circles).
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in glutathione could act to transmit peroxide signals. A
key issue here could be changes in NADP(H) redox
status and the relatively low capacity of glutathione di-
sulfide (GSSG)-reducing systems such as glutathione
reductase (GR) compared with GSH-oxidizing mecha-
nisms (discussed further in Noctor et al., 2010)

THE IMPORTANCE OF MODIFICATIONS IN
GLUTATHIONE AND ASCORBATE IN
TRANSMITTING ROS SIGNALS

Three properties mark out glutathione as a candi-
date transmitter of intracellular ROS signals: (1) glu-
tathione is highly reduced under optimal conditions;
(2) shifts toward a more oxidized glutathione status
are well described in response to increased intracellu-
lar ROS availability; and (3) mechanisms exist that are
theoretically able to link such shifts to altered redox
state, and therefore biological activity, of target pro-
teins. There is quite a good correlation between the
expected intracellular H2O2 availability and the status
of the glutathione pool. Oxidative perturbation of
glutathione pools has been well documented in plants
with pharmacologically or genetically knocked down
catalase activities (Smith et al., 1985; May and Leaver,
1993; Willekens et al., 1997; Queval et al., 2009;
Mhamdi et al., 2010a, 2010c). Most data suggest that
enhanced ROS availability has less impact on the
ascorbate-DHA ratio than on the redox status of the
glutathione pool. Moreover, because much of the
DHA detected in tissues is probably localized in the
apoplast rather than the cytosol, we can assume that
plant cells are able to maintain very high cytoplasmic
ascorbate-DHA ratios simultaneously with low GSH-
GSSG ratios, presumably because of efficient GSH-
independent pathways of ascorbate regeneration and/
or the difference in redox potential between the GSH/
GSSG and ascorbate/DHA couples (Fig. 3).

Direct evidence for a role for glutathione in trans-
mitting H2O2 signals is scarce. A recent study
compared gene expression patterns in lines in which
GSH-GSSG ratios were decreased by increased H2O2
availability or by lowered glutathione recycling capac-
ity. Mutants in which one of the two Arabidopsis
GR genes (encoding a mainly cytosolic isoform) is
knocked out (gr1) are aphenotypic and show no evi-
dence of generalized oxidative stress, despite an in-
crease in leaf GSSG (Marty et al., 2009; Mhamdi et al.,
2010a). In itself, this shows that plants can tolerate
mild constitutive perturbation of the glutathione redox
state without adverse consequences on growth and
development. However, when compared in identical
conditions, gr1 shows gene expression patterns that
partly recapitulate those driven by H2O2 in cat2
(Mhamdi et al., 2010a). Moreover, introduction of the
gr1 mutation into the cat2 background causes marked
modulation of H2O2-associated transcript profiles.
This observation points to a significant role for gluta-
thione status in transmitting a subset of the signals
derived from intracellular H2O2. However, because of
uncertainty over whether changes in GR-dependent
glutathione status are themselves sensed or rather
affect gene expression through secondary effects on
ROS availability, further work is required to resolve
this issue (Mhamdi et al., 2010a).

In vivo studies conducted in wild-type Arabidopsis
using redox-sensitive GRX-dependent redox-sensitive
GFPs (roGFPs) have reported glutathione redox po-
tential values lower than 2300 mV in the cytosol
(Meyer et al., 2007; Jubany-Mari et al., 2010). These
values may be considered surprising because they
imply that GSSG concentrations are in the low nano-
molar range. On the other hand, they suggest that the
glutathione and NADP(H) redox potentials are close
to thermodynamic equilibrium, and it is not clear why
this would not be the case in compartments in which

Figure 4. Interdependence and inde-
pendence of glutathione and ascor-
bate in peroxide metabolism. The
scheme is not meant to show an
exhaustive inventory of all mecha-
nisms. For further discussion, see text.
ASC, Reduced ascorbate; MDHA(R),
monodehydroascorbate (reductase);
GST, glutathione S-transferase; ROH
and ROOH, organic compound with
alcohol and peroxide group, respec-
tively.
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GSSG-reducing mechanisms are active in conditions
where GSH turnover is relatively low. However, the
growing awareness of interactions between glutathi-
one and TRX systems (Michelet et al., 2005; Reichheld
et al., 2007; Marty et al., 2009) and the potential
complexity of the reaction mechanisms of the different
types of GRX (Gao et al., 2010) mean that it remains to
be unequivocally established whether the GFP ex-
pressed in vivo really is reporting only on the glu-
tathione redox potential. Typical GSH-GSSG ratios
measured in whole tissue extracts (of the order of
10–20) point to redox potentials closer to 2200 mV,
which would mean that glutathione and NADP(H)
potentials are significantly removed from equilibrium
(Fig. 3). Differences between analyses of whole tissue,
which typically report GSSG contents corresponding
to overall concentrations in the micromolar range, and
roGFP analyses of cytosolic redox potential, which
suggest much lower GSSG concentrations in compart-
ments such as the cytosol, could be reconciled if a
significant amount of GSSG is present in compart-
ments such as the endoplasmic reticulum, vacuole,
or apoplast, where glutathione reduction capacity is
relatively low. Indeed, GSSG can be imported into
vacuoles by certain transporters of the multidrug
resistance-associated protein family (Tommasini et al.,
1993; Lu et al., 1998). Accumulation of GSSG in cat2
leaves is accompanied by induction at the transcript
level of some of these types of transporter (Mhamdi
et al., 2010a), and evidence has been presented that a
significant proportion of the accumulated GSSG is
indeed found in the vacuole (Queval et al., 2010).
Maintenance of low GSSG concentrations under

optimal conditions could confer high sensitivity in
signal transduction. It would allow relatively small
ROS-triggered departures from this highly reduced
state to be perceived as significant changes in redox
potential by sensitive proteins. A second important
factor is glutathione concentration, which in itself
affects glutathione redox potential. Even if the GSH-
GSSG ratio does not change, decreased concentration
causes the redox potential to increase (i.e. become
more positive). Indeed, the cytosolic redox potential
measured by roGFP was more oxidizing in both
glutathione-deficient cad2 and in GR-deficient gr1
mutants in which the GSH-GSSG ratio but not the
glutathione concentration is decreased (Meyer et al.,
2007; Marty et al., 2009). The decreased reduction state
of GRXs caused by a more positive glutathione redox
potential could explain observations in plants that
both lack NADPH-dependent TRX reductase and are
partly deficient in glutathione (Reichheld et al., 2007;
Bashandy et al., 2010). To date, however, quantification
of changes in glutathione redox potential caused by
stress or mutations has produced relatively modest
values (about 20 mV), and it is still unclear whether
such adjustments are a major part of the mechanism of
ROS-dependent signaling through the glutathione pool.
In contrast to glutathione, there is no evidence that

the ratio of ascorbate to DHA is itself involved in the

transmission of ROS signals. Like glutathione, ascor-
bate scavenges ROS both nonenzymatically and enzy-
matically and thus limits the lifetime of the ROS signal.
Despite the discovery and characterization of several
classes of thiol-dependent peroxidases (Rouhier et al.,
2002; Dietz, 2003; Iqbal et al., 2006; Dixon et al., 2009),
current information suggests that APX is the major
H2O2-reducing peroxidase in plants (Ishikawa and
Shigeoka, 2008). Moreover, like glutathione, the ascor-
bate pool is highly reduced under optimal conditions,
and it can shift toward a more oxidized state as the
oxidative load on the cell increases, although such
effects are often less marked than those documented
for glutathione. While changes in the ascorbate-DHA
ratio are frequently considered to be a redox status
indicator, there are no mechanisms at present that
directly link such shifts in the ascorbate-DHA ratio to
altered redox state and the biological activity of target
proteins. One complexity in interpreting changes in
the ascorbate-DHA ratio in terms of effects on redox
state is the possibility that much of the DHA pool is
spatially separated from the ascorbate pool. It is now
widely accepted that DHA accumulates in the apo-
plast, which is considered to be the site of ascorbate
degradation (Green and Fry, 2005). It is possible,
therefore, that the intracellular ascorbate pool is main-
tained in a largely reduced state even under conditions
of enhanced oxidative load, while the DHA pool of the
apoplast is enhanced under these conditions because
of increased ascorbate export from the cytoplasm
coupled to increased oxidation in the apoplast. Fur-
thermore, ascorbate redox state in the apoplast, as
reflected by the ascorbate-DHA ratio, is critically im-
portant in a number of stress responses such as the
control of guard cell signaling and stomatal movement
(Chen et al., 2003). Moreover, while ascorbate is a
cofactor of endoplasmic reticulum-located prolyl hy-
droxylase that produces the Hyp-rich glycoproteins
required for cell division and expansion, the require-
ments of cell wall cross-linking are compatible only
with a completely oxidized apoplastic ascorbate pool
(Kärkönen and Fry, 2006).

In the intracellular environment, the overall abun-
dance of reduced ascorbate may be more important in
terms of regulation than the ascorbate-DHA ratio. This
is probably because ascorbate is a cofactor for enzymes
such as violaxanthin deepoxidase, which is involved
in xanthophyll cycle-mediated photoprotection, and
for enzymes participating in the biosynthesis of plant
hormones such as abscisic acid (ABA), GA, and
ethylene (Arrigoni and De Tullio, 2002; Mirica and
Klinman, 2008). Ascorbate is also required for the
anthocyanin biosynthetic pathway as well as a range
of enzymes involved in Hyp, flavonoid, and glucosi-
nolate biosynthesis (Turnbull et al., 2004). It is not
surprising, therefore, that ascorbate depletion in the
Arabidopsis vtc2 mutant causes increased susceptibil-
ity to high-light-induced stress linked to an inability to
accumulate either zeaxanthin or anthocyanin (Müller-
Moulé et al., 2004; Giacomelli et al., 2006). In addition
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to the direct effects of ascorbate availability on meta-
bolic pathways, the abundance of ascorbate exerts a
strong influence on gene expression (Kiddle et al.,
2003; Pastori et al., 2003). The mechanisms by which
ascorbate controls gene expression remain to be eluci-
dated, but several mechanisms are possible. First, as
noted above, the availability of ascorbate may regulate
the synthesis and abundance of hormones and thus
modulate hormone-signaling pathways. Second, there
is a compensation for a decrease in ascorbate by an
increase in the abundance of glutathione, potentially
enhancing redox signaling through glutathione-
dependent pathways in ascorbate-deficient cells. Both
types of ascorbate-dependent control over cell signal-
ing and gene expression have been observed in the
Arabidopsis vtc1 and vtc2 mutants (C.H. Foyer, un-
published data).

OXIDATIVE STRESS, GLUTATHIONE, ASCORBATE,
CELL DIVISION, CELL DIFFERENTIATION,
AND FATE

Since the end of the 1970s, work on ROS in plants
has to some extent been divided between two main
research communities. The first has been concerned
with photosynthesis and, more recently, respiration
(i.e. whatmight be called “metabolic ROS”). The second
has focused on signaling linked to biotic stress, in
which ROS are considered to be produced at the cell
surface. These two fields established their own para-
digms and concepts. While the notion of ROS signal-
ing has traditionally been more readily accepted
within the plant-pathogen field, many researchers
working on metabolic ROS cling, somewhat tenaci-
ously, perhaps, to notions of indiscriminate “damage”
as the main phenomenon through which these com-
pounds produce their physiological effects (Møller
et al., 2007). The effects of ROS produced extracellu-
larly and intracellularly may well be distinct. How-
ever, the observation that the formation of lesions
induced by singlet oxygen produced in the chloroplast
requires genetic factors (Wagner et al., 2004) provided
key evidence that even ROS-triggered chlorotic lesions
are the result of a controlled process rather than the
result of accumulated damage. Like lesions induced
by chloroplast-generated singlet oxygen, hypersensi-
tive response-like lesions driven by metabolic H2O2
produced in the peroxisomes during photorespiration
(Foyer et al., 2009) can also be genetically prevented
(Chaouch et al., 2010). While plant programmed cell
death (PCD) may be defined as the “the genetically-
controlled suicide of the cell,” the pathways that lead
to PCD are complex and often poorly characterized
(Cacas, 2010), particularly in relation to ROS. Several
studies have shown the involvement of genetic factors
in PCD-like processes (Dietrich et al., 1994; Kaminaka
et al., 2006), including lesions triggered by ROS
(Overmyer et al., 2000, 2003, 2005). However, many
genetic studies on PCD and similar processes have
assumed rather than demonstrated the involvement of

ROS. Given the capacity of several subcellular com-
partments to generate ROS potentially involved in
PCD (Foyer and Noctor, 2003; Mittler et al., 2004), the
site of the initial trigger is a key issue. Similarly, the
roles of different ROS remain unclear, although it has
been shown that different ROS can activate distinct
signaling pathways (Gadjev et al., 2006). Thus, it is
intriguing that cell death unambiguously triggered by
intracellular oxidation can be genetically reverted and
that this is the case whether the initial ROS trigger is
excess singlet oxygen generated in the chloroplast or
H2O2 formed in the peroxisomes (Wagner et al., 2004;
Chaouch et al., 2010).

Accumulating evidence suggests that modifications
in glutathione and/or ascorbate status modulate the
signaling cascades that govern genetically controlled
suicide programs within the cell. Cytosolic APX has
been reported as a key regulator of PCD (de Pinto
et al., 2006). The glutathione redox potential has been
suggested to act as a key determinant of cell death and
dormancy (Kranner et al., 2006). Thus, an increase in
glutathione redox potential above a threshold value
would cause death and/or growth arrest. Increased
glutathione leaf contents resulting from overexpres-
sion of glutathione synthesis enzymes in the tobacco
(Nicotiana tabacum) chloroplast triggered lesion for-
mation and induced pathogenesis-related (PR) gene
expression (Creissen et al., 1999). No lesions were
observed in poplar (Populus sp.) with similar increases
in tissue glutathione (Noctor and Foyer, 1998), and it
has recently been shown that very high glutathione
contents can be engineered in tobacco without major
detrimental effects on plant development (Liedschulte
et al., 2010). Thus, the available data suggest that high
levels of glutathione can be tolerated by plants and are
not in themselves sufficient to trigger cell death path-
ways. In catalase-deficient barley (Hordeum vulgare)
and tobacco, however, oxidative perturbation of glu-
tathione (accumulation of GSSG to many-fold wild-
type levels) precedes or accompanies the appearance
of lesions (Smith et al., 1985; Willekens et al., 1997).
Similar effects occur in Arabidopsis catalase-deficient
cat2 mutants (Queval et al., 2007, 2009). However,
lesions in cat2 are environmentally determined and
depend on the conditional accumulation of salicylic
acid (SA) through the pathogen-activated isochoris-
mate pathway (Chaouch et al., 2010). Lesions can also
be prevented by treating cat2 plants with myoinositol
(Chaouch and Noctor, 2010). Suppression of cell death
in cat2, whether this is achieved by growth daylength
conditions, by blocking SA synthesis, or by myoinosi-
tol treatment, is not associated with decreased pertur-
bation of leaf glutathione. Rather, leaf glutathione
tends to be more oxidized under conditions in which
cell death is prevented. This suggests that death is not
caused merely by overoxidation of the glutathione
pool. Another relevant finding is that double cat2 gr1
mutants, in which GSSG can accumulate to extremely
high levels, do not engage the necrotic cell death
pathways observed in cat2, although they do show leaf
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bleaching in some conditions (Mhamdi et al., 2010a).
The gr1 mutation also represses SA accumulation and
responses in the wild-type background. Although it is
impossible to ignore the potential importance of cel-
lular or subcellular compartmentation in such re-
sponses, these observations suggest that even quite
severe glutathione oxidation is not sufficient to trigger
death in mature leaf cells. They raise the intriguing
possibility that at least some death pathways may
require reductive as well as oxidative events.
The relationship between ROS accumulation at the

plasmalemma and that potentially occurring inside
the cell during pathogen responses remains unclear.
Induction of PR gene expression downstream of SA
involves cytosolic redox modifications (Mou et al.,
2003). Relatively low redox buffering in the apoplast
likely means that ROS lifetimes are longer than inside
the cell (Foyer and Noctor, 2005b), but plant metabo-
lism can produce ROS at high rates (Foyer and Noctor,
2003). The potentially high capacity of ROS production
in the chloroplasts and mitochondria may enable these
organelles to make important contributions in certain
circumstances (Dutilleul et al., 2003; Joo et al., 2005),
and this could involve secondary changes in redox
states of cellular redox buffers. Data obtained in cat2,
in which cell death is among a wide range of SA-
dependent responses (Chaouch et al., 2010), highlight
the potentially important role of the peroxisomes
(discussed further in Mhamdi et al., 2010c). Evidence
in favor of a role for photorespiration in lesion forma-
tion has been reported by Mateo et al. (2004).
While the above discussion concerns the role of

oxidation as a driving force and regulator for geneti-
cally programmed cell suicide pathways, recent evi-
dence has demonstrated unequivocally that metabolic
oxidation is a crucial regulator of the cell cycle and
embryonic stem cell differentiation in animals (Menon
et al., 2003; Yanes et al., 2010). These mechanisms are
likely generic in eukaryotes, because very similar pat-
terns of recruitment of GSH into the nucleus have been
observed in plant and animal cells (Markovic et al.,
2007; Diaz-Vivancos et al., 2010a, 2010b). In both cases,
GSH is recruited into the nucleus at the G1 phase of
the cell cycle and the resultant depletion of the cyto-
sol leads to a readjustment of intracellular redox
metabolism and oxidative signaling (Diaz-Vivancos
et al., 2010b). GSH recruitment into the nucleus is
rapidly followed by a significant accumulation of GSH
throughout the cell (Pellny et al., 2009), suggesting
that GSH depletion coupled to stromal oxidation
causes the activation of glutathione synthesis. We
presume that posttranslational activation of g-gluta-
mylcysteine synthetase (g-ECS), the first enzyme of
the committed path of glutathione synthesis, together
with the observed enhanced glutathione synthetase
expression (Diaz-Vivancos et al., 2010b), leads to the
enhanced GSH production and the larger total GSH
pool size that is required for redistribution between
the daughter cells following mitosis (Diaz-Vivancos
et al., 2010a).

It should be noted that enhanced oxidative load
frequently leads to a slow-growth phenotype, as ob-
served in mutants that are deficient in calatase when
they are grown in air but not when they are grown in a
high-CO2 atmosphere to limit photorespiratory H2O2
production. The slow-growth phenotype that is ob-
served in these circumstances is linked to GSSG accu-
mulation rather than a buildup of H2O2 (Mhamdi
et al., 2010c). While the development of the shoot
apical meristem requires either GSH or reduced TRX
(Vernoux et al., 2000; Reichheld et al., 2007), the failure
of catalase-deficient plants to grow at optimal rates in
air may be caused by an inability to maintain gluta-
thione status at values sufficient to allow the dividing
cells to progress rapidly out of G1. However, mild
GSSG accumulation is not sufficient to restrict growth,
as is evident from the aphenotypic nature of gr1
knockout mutants (Marty et al., 2009; Mhamdi et al.,
2010a). The abundance of GSH in proliferating cells
plays a critical role in shoot and root meristem devel-
opment, exerting control by mechanisms such as the
regulation of auxin transport and signaling (Bashandy
et al., 2010).

Depletion of the cytosolic GSH pool is accompanied
by large changes in the abundance of transcripts
encoding proteins that are involved in oxidative de-
fense (Diaz-Vivancos et al., 2010b). GSH recruitment
into the nucleus is not impaired in the presence of SA
(Diaz-Vivancos et al., 2010b). However, it is likely that
plant pathogen response pathways are down-regu-
lated in these circumstances, because depletion of
the cytosolic GSH pool leads to a reduced ability to
activate SA-dependent PR gene expression (Maughan
et al., 2010). These observations are consistent with
reported links between glutathione status and SA con-
tents or SA-dependent gene expression (Mou et al., 2003;
Gomez et al., 2004; Mateo et al., 2006; Koornneef et al.,
2008) aswell aswith the pathogen responses of mutants
in glutathione synthesis or reduction (Ball et al.,
2004; Parisy et al., 2007; Mhamdi et al., 2010a).

The oxidative regulation of animal embryonic stem
cells is considered to be important in allowing them to
differentiate in response to in vivo oxidative processes
that occur, for example, in conditions such as inflam-
mation (Yanes et al., 2010). Crucially, the GSH-GSSG
ratio and ascorbate abundance are differentially regu-
lated during the essential oxidation step that stimu-
lates the embryonic stem cells to begin differentiation
(Yanes et al., 2010). While little information is available
on comparable processes in plants, it has recently been
shown that a transcription factor called UPBEAT1,
which regulates the expression of a small set of per-
oxidases, determines the ROS balance between the
different zones and thus controls the transition from
cell proliferation to cell elongation within the root
(Tsukagoshi et al., 2010). It is also clear that cell iden-
tity has a major influence on cell fate, together with the
modulation of ROS signaling pathways and responses
to abiotic stress (Jiang et al., 2006; Dinneny et al., 2008).
In plants, cell identity determines hormone-triggered
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gene expression patterns (Dinneny et al., 2008), par-
ticularly in relation to the action of defense hormones
such as ABA, which use ROS as second messengers.
ROS generation is required for polarized cell growth
(Foreman et al., 2003). It has long been recognized
that the cells of the root quiescent center are in a highly
oxidized state as a consequence of the action of auxin
(Jiang and Feldman, 2005; Jiang et al., 2006). Crucially,
despite the highly oxidizing environment, the quiescent
center cells avoid the oxidative initiation of genetically
programmed cell suicide pathways.

Taken together, the above studies demonstrate that
control of the intracellular redistribution of antioxi-
dants, particularly glutathione, can act as a potent
signal in the regulation of the cell cycle (Diaz-Vivancos
et al., 2010a, 2010b). Control of redox state could be
achieved by the regulation of antioxidant capacity or of
ROS production. When the cytoplasmic GSH pool is
depleted, the control of redox state in the affected
compartments is shifted to ascorbate-dependent pro-
cesses and related signaling. Similarly, depletion of the
ascorbate pool, as observed in the Arabidopsis vtc1 and
vtc2 mutants, shifts redox control to the glutathione
pool, glutathione-dependent processes, and related
signaling. Moreover, the response of the cells to ROS-
dependent signaling processes is fundamentally de-
pendent on cell identity. Thus, ROS levels that cause cell
death in fully expanded cells that are far removed from
cell division fail to trigger cell suicide programs in the
stem cell niche (Jiang and Feldman, 2005). During the
development of the latter, high ROS levels could act as
signals for differentiation as they do in animal cells.

GLUTATHIONE, ASCORBATE, AND
LIGHT SIGNALING

Genetic studies have identified glutathione content
as potentially influential in irradiance signaling and
also point to functions in light quality signaling. The
Arabidopsis rax1 mutant was identified through
constitutively enhanced expression of the high-light-
induced gene, APX2, and shown to contain less than
50% of wild-type glutathione contents caused by a
mutation in the GSH1 gene encoding g-ECS (Ball et al.,
2004). Glutathione has also been implicated in sys-
temic electrophysiological signaling pathways leading
to acclimation to high light (Szechyńska-Hebda et al.,
2010). Studies on the arsenic-tolerant mutants ars4
and ars5 have also revealed links between glutathione
and photoreceptor signaling (Sung et al., 2007). The
ars5 mutation is affected in a component of the 26S
proteasome, while ars4 is a phytochrome A mutant
(Sung et al., 2007, 2009). Mutants for phyA showed
increased resistance to buthionine sulfoximine as well
as to arsenic (Sung et al., 2007), and ars5 had increased
GSH1 and GSH2 transcripts and enhanced levels of
glutathione when exposed to arsenic (Sung et al., 2009).

Ascorbate fulfills several important roles in the
protection of photosynthesis from the adverse effects
of high light. In addition, the high-light-inducible

cytosolic APX2 gene has proved to be a useful tool in
the analysis of light-associated signaling cascades
(Karpinski et al., 1999; Ball et al., 2004; Szechyńska-
Hebda et al., 2010). The abundance of ascorbate in
leaves is regulated both in response to the amount of
light available during the photoperiod and the red/
far-red ratio of the incident light (Bartoli et al., 2006,
2009). Because the ascorbate pool is significantly de-
pleted during the dark, it adjusts to prevailing condi-
tions of light quality and quantity within a single
photoperiod (Bartoli et al., 2006, 2009). Furthermore,
ascorbate deficiency in the vtc1 and vtc2mutants alters
the expression of a number of genes encoding chloro-
plast proteins, effects that are reversed upon the ad-
dition of ascorbate (Kiddle et al., 2003). The latter
observation suggests that ascorbate might also partic-
ipate in the repertoire of signals that are transmitted
from the chloroplasts to the nucleus in order to co-
ordinate nuclear and chloroplast gene expression.
Chloroplast-to-nucleus retrograde signaling, which is
considered to be particularly important for the correct
assembly of functional chloroplasts, is considered to
involve magnesium-protoporphyrin-, ROS-, and ABA-
signaling pathways (Koussevitzky et al., 2007). In
particular, the nucleus-localized Apetala2-type tran-
scription factor, ABA-INSENSITIVE4 (ABI4), has been
shown to have functions in chloroplast-to-nucleus
and mitochondria-to-nucleus (retrograde) signaling
pathways, and it has been suggested that ABI4 is a
“master switch” for the regulation of nuclear genes in
response to environmental and developmental cues
(Koussevitzky et al., 2007; Giraud et al., 2009). Intrigu-
ingly, the transcriptomes of vtc1 and vtc2mutants show
very high overlap with those of mutants lacking ABI4
(C.H. Foyer, unpublished data). This observation shows
that ascorbate deficiency or failure to sense ABA drives
very similar patterns of gene expression.

MECHANISMS OF
GLUTATHIONE-DEPENDENT SIGNALING

As well as potential roles in the regulation of the cell
cycle, cell death, and light signaling, glutathione status
has clearly been implicated in signaling through both
SA and jasmonic acid (JA) pathways. Although it
remains unclear whether these effects require dynamic
changes in glutathione, such changes have been de-
scribed in response to biotic stress or SA in barley and
Arabidopsis (Vanacker et al., 2000; Mou et al., 2003;
Mateo et al., 2006; Koornneef et al., 2008). Furthermore,
addition of GSH but not GSSG is sufficient to mimic
SA in inducing PR1 (Gomez et al., 2004), an effect
presumably occurring through NPR1 reduction and
relocation to the nucleus (Mou et al., 2003). NPR1
monomers interact with the reduced form of the TGA1
transcription factor, which targets the activation
sequence-1 element in the promoter regions of de-
fense proteins. The NPR1 and TGA1 proteins are
S-nitrosylated as part of the redox-controlled regulation
of defense gene expression in systemic acquired resis-

Foyer and Noctor

10 Plant Physiol. Vol. 155, 2011



tance, which employs S-nitrosoglutathione (GSNO) as
the physiological nitric oxide donor (Lindermayr et al.,
2010). Other links between SA and glutathione status
have also been reported (Mateo et al., 2006), while
glutathione has been implicated in SA-dependent re-
pression of JA signaling through an NPR1-dependent
mechanism in the cytosol (Spoel et al., 2003; Koornneef
et al., 2008). However, a certain glutathione reduction
status appears to be required for both SA and JA
signaling (Mhamdi et al., 2010a), while glutathione-
deficient mutants have compromised resistance to
both microorganisms and insects (Ball et al., 2004;
Parisy et al., 2007; Schlaeppi et al., 2008). It is likely that
the influence of glutathione status in biotic stress sig-
naling extends beyond that mediated through NPR1
function. It may also impact SA synthesis (Mhamdi
et al., 2010a) and effects on JA signaling mediated by
certain GRXs (Ndamukong et al., 2007). Redox effects
on the F-box protein COI1, which functions in JA
perception, may also await discovery (Acosta and
Farmer, 2010). Communication is not one way, as JA
induces genes encoding glutathione synthesis en-
zymes as well as GR (Xiang and Oliver, 1998).
Glutathione redox functions are linked to reversible

oxidation or conjugation of the Cys sulfur group,
resulting in many possible oxidized forms or deriva-
tives. These notably include mixed GS-S-protein disul-
fides, GS conjugates with electrophilic metabolites, and
GSNO (Fig. 5; Foyer and Noctor, 2005b; Lindermayr
et al., 2005; Dixon and Edwards, 2010). A potential
further layer of possible complexity of redox regulation
is added by biochemical interactions between gluta-
thione and TRX systems through S-glutathionylation

of TRXf or TRX-regulated enzymes (Michelet et al.,
2005; Zaffagnini et al., 2007). These studies and others
have identified potential effects of modified glutathi-
one status on photosynthetic and respiratory enzymes
(Ito et al., 2003; Dixon et al., 2005; Holtgrefe et al., 2008;
Zaffagnini et al., 2008; Gao et al., 2009; Palmieri et al.,
2010). In many cases, the in vivo mechanisms under-
lying S-glutathionylation remain to be elucidated.
They may involve thiol-disulfide exchange between
protein thiol groups and GSSG, the conversion of
protein thiol groups to thiyl radicals or sulfenic acids,
or be mediated by GSNO (Dixon et al., 2005; Holtgrefe
et al., 2008; Gao et al., 2009; Palmieri et al., 2010).

GRXs are the outstanding candidates for transmit-
ting changes in glutathione redox state. In plants, they
consist of several types defined according to their
active-site motif (Lemaire, 2004; Rouhier, 2010). The
activities of the different GRXs (over 30 genes in
Arabidopsis) remain to be established but include rege-
neration of PRX, DHAR activity, and assembly of iron-
sulfur clusters (Rouhier et al., 2007; Bandyopadhyay
et al., 2008; Zaffagnini et al., 2008; Gao et al., 2010).
From a signaling perspective, their abilities to regulate
the status of protein thiols through reactions leading to
disulfides or mixed disulfides [protein (de)glutathio-
nylation] may be key (Fig. 5). Certain GRXs may also
interact with ion channels (Cheng and Hirschi, 2003)
and play roles in deglutathionylation reactions
through monothiol or dithiol mechanisms (Zaffagnini
et al., 2008; Couturier et al., 2009; Gao et al., 2009, 2010).
Removal of glutathione through a GRX-dependent
mechanism is also implicated in the catalytic cycle
of Arabidopsis Met sulfoxide reductase B1 (MSRB1),

Figure 5. Some possible glutathione-
linked signaling mechanisms. GS-R,
Glutathione S-conjugate; GSNOR,
GSNO reductase; R, small organic
molecule; SH, sulfhydryl (thiol) group;
SSG, glutathionylated protein Cys
residue. Other abbreviations as for
Figure 4.

Ascorbate, Glutathione, and the Redox Hub

Plant Physiol. Vol. 155, 2011 11



whereas MSRB2 is regenerated through a TRX-
dependent mechanism (Tarrago et al., 2009).

Both S-glutathionylation and S-nitrosylation of
protein Cys residues may be mediated by GSNO
(Holtgrefe et al., 2008; Palmieri et al., 2010). Inhibition
of a Met adenosyltransferase by GSNO-triggered
S-nitrosylation has been proposed to be an impor-
tant regulatory mechanism in ethylene synthesis
(Lindermayr et al., 2006), while modification of PRX
by S-nitrosylation has been implicated in the regula-
tion of ROS signaling (Romero-Puertas et al., 2007).
GSNO may be an important physiological nitric oxide
donor in the regulation of NPR1 activity (Tada et al.,
2008). It is not yet clear whether changes in glutathione
status can affect GSNO availability or the probability
of either protein S-glutathionylation and S-nitrosylation.
A key enzyme appears to be GSNO reductase, which is
clearly implicated in biotic stress responses (Dı́az et al.,
2003; Feechan et al., 2005).

An intriguing issue in defining glutathione-depen-
dent signaling concerns the biochemical activities of
the numerous CC-type GRX subclass, which appear to
be specific to plants. Physiological functions for two of
these GRXs have been identified through genetic
approaches. ROXY1 and ROXY2 are involved in petal
and anther development (Li et al., 2009). Overexpres-
sion studies have also implicated a third CC-type GRX
(GRX480) in JA signaling (Ndamukong et al., 2007).
While relatively little is known about their biochem-
istry, complementation experiments with ROXY1,
ROXY2, and GRX480 suggest that their functions
may be mainly determined by gene expression pat-
terns (Li et al., 2009; Wang et al., 2009; Ziemann et al.,
2009). Both this notion and the potential roles of this
type of GRX in ROS-triggered signaling are consistent
with the gene expression patterns of plants with
genetically determined perturbations in glutathione.
H2O2-triggered alteration of glutathione status in cat2
and cat2 gr1 mutants modifies the expression of four
CC-type GRXs but not other GRX types. The affected
genes included GRX480 as part of a generalized effect
on JA-associated genes but not ROXY1 or ROXY2
(Mhamdi et al., 2010a).

ASCORBATE AND GLUTATHIONE AS
ROS-INDEPENDENT SIGNALS

While ascorbate and glutathione may play roles in
signal regulation and/or transmission during cell
death and defense responses, it is less clear how
closely their functions in controlling growth interact
with ROS. As discussed above, the controlled redistri-
bution of the intracellular GSH pool during the cell
cycle has pronounced effects on gene expression and
leads to a lowering of the oxidative defenses during
cell division (Diaz-Vivancos et al., 2010b). This illus-
trates the key point that although GSH and ascorbate
fulfill similar essential antioxidant roles, they serve
different functions in the control of cell division and
cell growth. This feature is also evident in the pheno-

types produced in mutants that are completely defi-
cient in either ascorbate or glutathione. Both ascorbate
and glutathione are irreplaceable in Arabidopsis
development. Mutants that are completely deficient
in ascorbate synthesized through the “Smirnoff-
Wheeler” pathway are seedling lethal (Dowdle et al.,
2007), while partial ascorbate deficiency slows the
growth of the shoot and the root to a similar extent
(Olmos et al., 2006). Knockout mutants for g-ECS are
embryo lethal (Cairns et al., 2006). The Arabidopsis
rml1 mutant, which has very low glutathione, shows a
marked inhibition of root development, in which the
cells of the primary root meristem arrest at G1, while
in comparison shoot development is relatively unaf-
fected (Reichheld et al., 2007). The developmental
phenotypes of mutants for Met aminopeptidase 1a
can be complemented by supplying GSH but not
ascorbate (Frottin et al., 2009). Glutathione is essential
for the establishment of root nodules in the legume/
rhizobial symbiosis. Depletion of glutathione results
not only in a decrease in the number of nodules but
also in the expression of early nodulin genes (Frendo
et al., 2005).

It is pertinent to address the question of whether
changes in NADP(H) redox state drive glutathione-
dependent signaling independent of changes in ROS
concentration or as a secondary response to ROS-
triggered oxidation. Theoretically, such effects could
be involved in reductive or oxidative signaling through
increases or decreases, respectively, in NADPH-NADP+

ratios. Pharmacological evidence was presented that
insufficient NADPH prevents the glutathione reduc-
tion state necessary for the activation of PR1 gene
expression (Mou et al., 2003), although it is unclear
how NADP(H) pools were affected by this treatment.
In general, overall pools of leaf NADP(H) are more
stable than glutathione, and a key question concerns
how important dynamic changes in NADPH-
NADP+ ratios are in response to the environment or
during development. While the cytosolic NADPH-
NADP+ ratios of photosynthetically active pea (Pisum
sativum) protoplasts were quite stable in different
conditions (light, darkness, CO2 concentration), short-
term alterations in these factors caused marked
changes in mitochondrial NADPH-NADP+ ratios
(Igamberdiev and Gardeström, 2003). Such changes,
if efficiently transmitted to the glutathione pool by GR,
could be sufficient to drive significant changes in
glutathione redox potential (Noctor et al., 2010). It
remains unclear whether such effects actually occur,
and ROS-triggered oxidation remains the most obvi-
ous candidate for setting in motion dynamic signaling
through glutathione. Arabidopsis mutants lacking cy-
tosolic isocitrate dehydrogenase (icdh), an NADP-
linked enzyme, have very similar NADPH-NADP+

and GSH-GSSG ratios to the wild type (Mhamdi
et al., 2010b). At least in steady-state conditions, whole
tissue NADPH-NADP+ ratios are not decreased by
increased H2O2 availability in either cat2 or double cat2
icdh lines. However, GSH-GSSG ratios are decreased

Foyer and Noctor

12 Plant Physiol. Vol. 155, 2011



further in double cat2 icdh mutants than in cat2
(Mhamdi et al., 2010b). These observations underscore
the potential sensitivity of glutathione status as a
signal transmitter while also further emphasizing the
close link between glutathione redox status and per-
oxide availability.
Despite these observations, changes in glutathione

concentration could act independently of ROS, either
by affecting the glutathione redox potential or the
availability of glutathione as a substrate or sulfur
donor. For instance, sulfur supply has been implicated
in resistance to pathogens (Bloem et al., 2007). Although
the underlying causes of this phenomenon remain to be
identified, tissue contents of glutathione or precursors
could be one of the factors linking sulfur nutrition to the
responses of plants to fungal and viral infection (Bloem
et al., 2007; Höller et al., 2010). A threshold level of
glutathione has been shown to be necessary for pro-
duction of the phytoalexin camalexin and also to de-
termine pathogen resistance (Parisy et al., 2007).
The ascorbate-deficient vtc1 and vtc2 mutants have

similar levels of oxidants and do not show symptoms
of oxidative stress under optimal growth conditions
(Veljovic-Jovanovic et al., 2001; Colville and Smirnoff,
2008). It is thus pertinent to address the question of
how ascorbate controls growth and gene expression in
the absence of changes in ROS. It has long been
recognized that ascorbate and ascorbate oxidase exert
a strong influence on plant growth and development,
a trait that has largely been attributed to direct effects
of ascorbate on cell expansion (Pignocchi et al.,
2003; Conklin and Barth, 2004; Pavet et al., 2005). As
mentioned above, ascorbate participates in phenoxy
radical-mediated cross-linking of cell wall compo-
nents, leading to cell wall stiffening (Smirnoff, 2000).
A strong link between ascorbate and noncellulosic cell
wall polysaccharide biosynthesis has also been estab-
lished (Gilbert et al., 2009).
In addition to direct effects of ascorbate on photo-

synthesis and cell wall metabolism, the participation
of ascorbate in the synthesis of several major hor-
mones such as ABA and GA may also be relevant to
ROS-independent signaling pathways. Arabidopsis
vtc1 and vtc2 have enhanced ABA levels (Pastori
et al., 2003) and weaker GA signaling (C.H. Foyer,
unpublished data). Evidence to support the view that
ABA and ABA signaling participate in ascorbate-
dependent control of growth comes from studies on
Arabidopsis mutants that lack both ascorbate and
ABI4. The vtc2 abi4 double mutants have low ascorbate
levels like the vtc2 mutant but have the wild-type
growth phenotype like the abi4 mutant (C.H. Foyer,
unpublished data). Such observations provide evi-
dence of a strong interaction between ascorbate abun-
dance and ABA signaling pathways in the control of
plant growth and development. The ascorbate-ABA
interaction could involve both ROS-dependent and
ROS-independent pathways, as illustrated in Figure 6.
A further mechanism that might facilitate ascorbate-

dependent signaling is related to the large ascorbate

gradient that is observed in membranes like the
plasma membrane and thylakoid membrane and
probably also on the endoplasmic reticulum. While
ascorbate is very high in the cytosol, it can be present
at much lower levels in the apoplast and thylakoid
lumen. Intriguingly, the DHAR family of proteins
includes members known to affect membrane conduc-
tance. It appears that when some DHARs become
oxidized, they can insert directly into membranes,
where it is possible that they form “chloride intracel-
lular channels” that may mediate ion movement
across the membrane. This behavior has been de-
scribed for three DHAR-like chloride intracellular
channels in mammals and at least one of the Arabi-
dopsis DHAR proteins (Littler et al., 2004; Elter et al.,
2007). In this way, the DHARs can act both as an ion
channel and as a glutathione-coupled redoxin. More-
over, one of the three Arabidopsis DHARs, DHAR1, is
glutathionylated at the conserved catalytic Cys resi-
due, Cys-20 (Dixon et al., 2005), suggesting a further
layer of regulation. Many studies have highlighted the
influence of ROS on ion channels and their impact on

Figure 6. A schematic representation of possible interactions between
ascorbate, ROS, and ABA. This scheme depicts the negative effects of
the vtc1 and vtc2mutations on the tissue ascorbate pool. A high level of
tissue ascorbate will favor lower abundance of both ROS and ABA.
However, a low ascorbate pool will favor increases in both ROS and
ABA, together leading to an increase in signal transduction through
ROS-mediated and ABA-dependent signaling cascades. The ABA sig-
naling components have been placed in this scheme in relation to the
control of growth, with ABI4 having a major downstream effect on the
signaling cascade leading to the ascorbate-dependent repression of
growth. The ABI1 and ABI2 protein phosphatases are involved in the
transmission of ROS signals. For simplicity, in this scheme ABI3 and
ABI5 have been placed downsteam of ABI1 and ABI2, but other
interactions are also possible.
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transmembrane ion flux, particularly through cou-
pling to mechanisms that elevate free calcium in the
cytosol, in relation to plant stress responses and also
stomatal responses to water stress and ABA. The
participation of DHARs in the regulation of trans-
membrane ion flux provides a mechanism that couples
ion transport to the redox state of the ascorbate across
the membrane, a feature that may be particularly
important in stress situations that involve oxidation
of the apoplast.

CONCLUDING REMARKS: REQUIREMENT,
REGULATION, OR BOTH?

Awheel without a hub will not turn, but it is not the
hub itself that determines the rate of rotation. Simi-
larly, in the cellular control network, requirement is
not proof of a regulatory role. Reverse genetics ap-
proaches are incisive in demonstrating that a com-
pound is indispensable for a given process and thus in
providing clues to underlyingmechanisms. Such stud-
ies have shown unequivocally that ascorbate and
glutathione are essential for plant growth and devel-
opment. It remains less clear how influential changes
in the abundance or redox states of these compounds
are in determining plant function or responses to the
environment. As discussed in this review, however, a
number of observations suggest that changes in ascor-
bate and glutathione status can exert a powerful
influence on plant function. These are (1) the effects
of modest alterations in ascorbate or glutathione on
various physiological processes; (2) the response of
both compounds to changes in the environment; (3)
dynamic changes, particularly in glutathione, in re-
sponse to increased intracellular ROS; and (4) the
emerging evidence of mechanisms that are potentially
able to sense physiologically relevant changes in glu-
tathione and/or ascorbate concentration or redox
state.

While a minimal amount of ascorbate may be nec-
essary for phytohormone synthesis, an overwhelming
body of evidence derived from the analysis of ascor-
bate-deficient mutants shows that a 50% to 70% de-
pletion of the total ascorbate pool can exert a profound
influence over plant growth, defenses, and responses
to environmental triggers. Such observations suggest
that although this metabolite is abundant, metabolism
and gene expression are highly sensitive to changes in
the ascorbate pool size. Moreover, the ability to syn-
thesize GSH rapidly following its sequestration in the
nucleus is a critical regulator of cell cycle progression
that may influence the ability of auxin to promote root
growth. A threshold glutathione concentration may be
required to support GRX or glutathione S-transferase
activity and to allow cells to progress from G1 through
the cell cycle. In theory, glutathione has all the attri-
butes required of a sensitive, regulatory redox buffer
that is sensed by the cell. The well-known dynamic
changes in its concentration and redox state are con-

sistent with this notion, while components such as
GRX provide a potential means of coupling such
changes to modified protein status and activity. A
key issue concerns to what extent any of the signaling
mechanisms discussed in this review are impacted by
physiologically relevant changes in glutathione status
or whether they merely require a threshold concen-
tration or reduction state of the substrate. While the
coming years will throw further light on these issues, it
is our view that the well-known effects of environ-
mental factors on ascorbate and glutathione, whether
mediated via ROS or other factors, mark them out as
central compounds that influence signaling intensity
through pathways mediated by other factors such as
recognized phytohormones.
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Langebartels C, Gruissem W, Inzé D, Van Breusegem F (2005) Ge-

nome-wide analysis of hydrogen peroxide-regulated gene expression in

Arabidopsis reveals a high light-induced transcriptional cluster in-

volved in anthocyanin biosynthesis. Plant Physiol 139: 806–821

Veljovic-Jovanovic SD, Pignocchi C, Noctor G, Foyer CH (2001) Low

ascorbic acid in the vtc-1 mutant of Arabidopsis is associated with

decreased growth and intracellular redistribution of the antioxidant

system. Plant Physiol 127: 426–435

Vernoux T, Wilson RC, Seeley KA, Reichheld JP, Muroy S, Brown S,

Maughan SC, Cobbett CS, Van Montagu M, Inzé D, et al (2000)
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