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Reduction/oxidation (redox) metabolism and as-
sociated signaling are key components of cross tol-
erance to biotic and abiotic stresses in plants. Climate
change factors such as predicted increases in tem-
perature and the availability of atmospheric carbon
dioxide (CO2) and ozone (O3) will have a profound
effect on oxidative signaling in plants, particularly in
relation to photosynthetic metabolism and environmen-
tal stress responses. Redox signaling is responsive to
myriad environmental signals through influences on
metabolism and the triggered activation of the suite of
oxidative burst-generating enzymes, whose function is to
enhance the oxidation state of the apoplast/cell wall
environment. Like reactive oxygen species (ROS), the
abundance of low molecular antioxidants such as as-
corbate, glutathione, tocopherols and carotenoids, and
antioxidant enzymes is modified by environmental
triggers. Oxidants and antioxidants do not operate in
isolated linear redox signaling pathways. Rather, they
are part of a much larger stress signaling network that
integrates information from many pathways including
hormones and sugars to regulate plant growth and
defense responses. Here, we explore the likely re-
sponses of oxidants and antioxidants to global change
factors and discuss how they might modify gene ex-
pression, influencing overall plant fitness through
altered stress responses.

OXIDANTS AND ANTIOXIDANTS

Of the many oxidants in cells, ROS have received the
greatest attention because of their inherent reactivity and
their functions as cellular signalingmolecules (D’Autréaux
and Toledano, 2007). The signaling function of ROS
has been extensively documented (Kovtun et al., 2000;

Apel and Hirt, 2004; Miller et al., 2008), but the mech-
anisms involved remain controversial, particularly with
regard to the specificity that is required for signaling.
Much uncertainty remains concerning whether super-
oxide, hydrogen peroxide, and singlet oxygen are them-
selves signaling molecules or whether their generation
and accumulation simply create an oxidative envi-
ronment that facilitates signaling by other pathways
such as calcium mobilization, thiol-disulfide exchange,
protein-protein interactions, and transcription factor-
binding properties. Hydrogen peroxide is able to oper-
ate efficiently in signaling through chemical reactions
with specific atoms of target proteins that lead to co-
valent protein modifications. The primary targets of ROS
signals are amino acids such as Cys. Low-Mr thiols such
as glutathione and protein Cys residues are particularly
well suited for reactions with oxidants such as hydrogen
peroxide (D’Autréaux and Toledano, 2007). ROS accu-
mulation is also intrinsically linked to the production of
another major plant signaling molecule, nitric oxide
(Neill et al., 2002).

The lifetime of ROS is determined largely by the
complex antioxidant network, which is composed of
antioxidant enzymes such as catalase, ascorbate peroxi-
dase (APX), and the other enzymes of the ascorbate/
glutathione cycle (Fig. 1) and low-Mr antioxidants such
as ascorbate, glutathione, carotenoids, and tocopherols.
Ascorbate and glutathione are the major low-Mr hy-
drophilic antioxidants of plants. Together with peroxire-
doxins, these metabolites play a major role in ROS
detoxification (Foyer and Shigeoka, 2011). The roles of
individual enzymes and metabolites of the antioxidant
system have been elucidated largely from studies on
mutants that are deficient in different components of
the system. For example, Arabidopsis (Arabidopsis thali-
ana) mutants that are deficient in CATALASE2 (cat2),
which is the enzyme responsible for the removal of
hydrogen peroxide produced during photorespiration,
show a marked accumulation of glutathione together
with a decrease in the ratio of reduced glutathione (GSH)
to glutathione disulfide when grown in air. Moreover,
cat2 mutants are characterized by a constitutive up-
regulation of pathogen response proteins, particularly
those that are commonly induced by salicylic acid
(SA)-dependent pathways (Queval et al., 2007; Chaouch
et al., 2010). Knockout mutants that are deficient in the
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cytosolic form (gr1) of glutathione reductase have a
similar phenotype to the wild-type plants. However,
cat2gr1 double mutants display a strong stress-response
phenotype, suggesting that glutathione-dependent anti-
oxidative pathways are increasingly solicited when
peroxisomal catalase activity is compromised (Mhamdi
et al., 2010).

While the ability of the ascorbate and glutathione
pools to act as redox buffers is undoubtedly one of
their most important attributes, current evidence sug-
gests that they have precise and distinct roles in redox
signaling. Glutathione makes a key contribution to hy-
drogen peroxide-dependent signaling pathways within
the intracellular environment (Han et al., 2012). It is a
major arbiter of the intracellular redox potential (Foyer
and Noctor, 2005). In contrast to glutathione, ascorbate
appears to exert its greatest influence by setting
thresholds for apoplastic and cytoplasmic signaling.
Hence, oxidants and antioxidants fulfill signaling roles
within the antioxidant signaling network, using kinase-
dependent and -independent pathways that are initi-
ated through redox-sensitive receptors, most probably
modulated by thiol status. While the antioxidant system
is highly efficient, its regulation is finely tuned to allow
fluctuations in the extent of ROS accumulation in order
to facilitate appropriate signaling functions.

Within the context of redox signaling, the plant cell
must be considered as a set of discrete compartments,
as illustrated in Figure 1, each of which has different
antioxidants and antioxidant-buffering capacities that
are determined by differences in synthesis, transport,
and/or degradation of key components. In each dis-
crete cellular location, therefore, redox signaling can be
controlled and buffered independently. This permits
redox-sensitive signal transduction to occur in locations
such as the apoplast and the thylakoid lumen, whereas
other highly buffered spaces have a much higher
threshold for ROS signals. Through interactions with
the hormone signaling network, oxidants and antiox-
idants participate in numerous signaling pathways,
including those involved in chloroplast-to-nucleus and
mitochondria-to-nucleus retrograde communication, that
serve to coordinate gene expression in the nuclear and
cytoplasmic genomes (Fey et al., 2005; Bräutigam et al.,
2007; Cela et al., 2011; Ramel et al., 2012).

ASCORBATE-BASED REDOX SHUTTLE SYSTEMS
ACROSS THE PLASMA MEMBRANE

Ascorbate is synthesized in the mitochondria, the final
step of the pathway, which is catalyzed by L-galactono-

Figure 1. Schematic representation of
subcellular hydrogen peroxide (H2O2)
metabolism and its generation by the
pathway of photorespiration and sub-
sequent signaling through the gluta-
thione pool linked to the ascorbate/
glutathione cycle, as well as the pro-
duction of ascorbate in the mitochon-
dria and its subsequent transport to the
apoplast, where it is oxidized by apo-
plastic enzymes related to extracellu-
lar redox signaling pathways. AGC,
Ascorbate-glutathione cycle; AO, ascor-
bate peroxidase; CAT, catalase; DH,
dehydrogenase; DHA, dehydroascor-
bate; DHAR, DHA reductase; GO, gly-
colate oxidase; GR, glutathione reductase;
MDHA,monodehydroascorbate;MDHAR,
monodehydroascorbate reductase; OX,
oxidase; PET, photosynthetic electron
transfer chain; Pi, inorganic phosphate;
POX, peroxidase; RET, respiratory elec-
tron transfer chain.
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1,4-lactone dehydrogenase (GLDH), residing in the res-
piratory electron transport chain, where it directly do-
nates electrons to cytochrome c (Bartoli et al., 2000;
Millar et al., 2003). GLDH is a plant-specific ancillary
subunit of complex I, and its presence is required for the
stability of the complex (Millar et al., 2003; Pineau et al.,
2008). GLDH activity is regulated by respiration and by
redox controls such as glutathionylation (Leferink et al.,
2009). Ascorbate produced in the mitochondria is trans-
ported throughout the cell and across the plasma
membrane into the apoplast, where it is oxidized by
ascorbate oxidase (Fig. 1). Ascorbate oxidase initiates
the apoplastic pathway for ascorbate degradation, which
produces metabolites such as oxalic acid and threonic
acid (Green and Fry, 2005).
Apoplastic ascorbate plays an important role in plant

resistance to O3. Moreover, there is a general correlation
between O3 sensitivity and tissue ascorbate contents
(Sandermann, 2008). Arabidopsis mutants that are de-
ficient in ascorbate (vtc) are characterized by high sen-
sitivity to O3 (Conklin et al., 2000) as well as constitutive
up-regulation of SA-dependent defense responses and
an enhanced basal resistance to biotrophic pathogens
(Pastori et al., 2003; Pavet et al., 2005; Mukherjee et al.,
2010). Plants respond to O3 and other apoplastic oxi-
dants by rapidly exporting ascorbate into the apoplast
(Parsons and Fry, 2010). The products of ascorbate
breakdown such as oxalate are considered to contrib-
ute to a network of signals in the apoplast that transfer
information concerning the redox state of the extra-
cellular environment to the nucleus. In addition, many
of the apoplast/cell wall functions depend on its rel-
atively low antioxidant status. Despite the presence of
many potential antioxidants, such as flavonoids and
polyamines, the redox-buffering capacity of the apo-
plast is much weaker than inside the cell (Pignocchi
et al., 2003). Unlike the cytoplasm, the apoplast is de-
ficient in NAD(P)H, and the apoplastic ascorbate pool
is markedly more oxidized than cytoplasmic ascorbate
(Pignocchi et al., 2003; Pignocchi and Foyer, 2003).
Like the tonoplast membrane, the plasma membrane

contains an ascorbate-dependent cytochrome b561, which
is reduced on one face by ascorbate and oxidized on the
other by monodehydroascorbate or phenolics that can
act as substrates for monodehydroascorbate reductase
(Preger et al., 2005). The ultimate electron acceptor in
the apoplast is either oxygen or 3,4-dihydroxyphenolic
compounds such as chlorogenic acid and catechin that
influence cell wall composition. While redox shuttling
between the chloroplast and cytosol is well characterized,
with well-described roles in the integration of stromal
and cytosolic metabolism (Taniguchi and Miyake, 2012),
little is known about the redox shuttling between
the cytosol and apoplast and how it may participate
in the coordination of intracellular processes and cell
wall metabolism. In addition to driving plasma mem-
brane electron transport chains, ascorbate-based redox
shuttle systems ensure adequate provision of reductant
to the apoplast while exporting excess reducing equiv-
alents from the cytosol and thus helping to maintain a

proper metabolic balance between energy and reducing
equivalents.

The oxidized form of ascorbate, dehydroascorbate,
can only be regenerated in the cytosol after transport
across the plasma membrane (Pignocchi and Foyer,
2003). Crucially, the plasma membrane ascorbate and
dehydroascorbate transport systems fail to maintain a
highly reduced apoplastic ascorbate pool, probably
because of the action of apoplastic ascorbate oxidase.
This results in a steep ascorbate gradient across the
plasma membrane, which contributes to a futile cycle
of ascorbate synthesis, oxidation, and recycling that
spans the intracellular and extracellular environments.
Such a futile cycle might function to limit and monitor
the availability of reduced ascorbate within the cellular
environment and hence mitochondrial function, but it
may also serve to decrease the overall levels of cellular
reductant and generate the oxidized forms (mono-
dehydroascorbate and dehydroascorbate) in the apo-
plastic environment. The operation of futile cycles
involving cellular reductants like ascorbate can also be
used to control ROS-mediated signal transmission that
occurs in response to atmospheric pollutants, patho-
gens, and hormones (Pignocchi et al., 2003).

THE INFLUENCE OF GLOBAL CHANGE FACTORS
ON REDOX SIGNALING PATHWAYS

The climate and atmosphere of the earth have varied
greatly over geologic time. For example, the step-wise
increase in atmospheric oxygen that occurred in the late
Precambrian is considered to be pivotal in the rapid
evolution of macroscopic multicellular life. In recent
times, the CO2 and O3 levels in the troposphere have
increased significantly because of industrialization
and emissions arising from the burning of fossil fuels
(Prentice et al., 2001; Ainsworth et al., 2008). Increases
in atmospheric CO2 concentrations favor enhanced car-
bon gain because of the stimulation of photosynthesis,
and they are likely to ameliorate O3 damage due to
reduced O3 uptake and increased carbon assimilation.
However, the beneficial effects of elevated CO2 on
photosynthesis and hence productivity, particularly in
C3 plants, may be offset by increases in global temper-
atures. By the end of this century, the Earth’s atmos-
phere may have CO2:oxygen ratios as high as 0.0047,
but average global temperatures are likely to increase
by up to 3.9°C (Lopes and Foyer, 2011). While no ne-
gative effects of elevated atmospheric CO2 have been
observed in C4 crops, which will benefit from higher
temperatures, atmospheric CO2 enrichment coupled to
declining oxygen levels is likely to favor C3 plants,
particularly in environments where NH4

+ is the most
abundant nitrogen source (Long et al., 2005).

Elevated atmospheric CO2 levels have a stimulating
effect on photosynthesis because of decreased photo-
respiration, particularly in C3 plants. Photorespiration is
a major source of hydrogen peroxide, which is widely
accepted to be one of the most important oxidative
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signaling molecules leading to the activation of abiotic
and biotic stress responses (Neill et al., 2002; Miller
et al., 2008). Future atmospheric CO2 enrichment will
favor a decline in photorespiratory hydrogen peroxide
production relative to oxidative signals produced by
other processes, particularly photosynthetic and respi-
ratory electron transport. Moreover, the predicted in-
creases in tropospheric O3 will favor enhanced oxidative
signaling from other compartments of the cell, particu-
larly the apoplast. The responses of antioxidant metab-
olism in the leaves of plants grown with atmospheric
CO2 enrichment are variable, but the consensus appears
to be that growth at elevated CO2 reduces oxidative
stress (Booker and Fiscus, 2005). However, it is inter-
esting that a similar increase in protein carbonylation
was observed in the leaves of Arabidopsis and soy-
bean (Glycine max) plants that were grown either with
CO2 enrichment or exposed to O3 (Qiu et al., 2008).
While the majority of the proteins that were responsive
to both treatments such as ferredoxin-thioredoxin re-
ductase were decreased in abundance, others such as
APX1 and the b-subunit of ATP synthase were more
abundant in plants grown under high CO2 or treated
with O3. Because the protein carbonylation patterns
were similar under both conditions, the authors con-
cluded that plants grown with CO2 enrichment suffer
enhanced oxidative stress (Qiu et al., 2008). However,
a possible alternative explanation might be that CO2
enrichment and exposure to O3 increase the redox gra-
dient across the plasma membrane. In this explanation,
CO2 enrichment would decrease oxidative signaling
processes in the intracellular environment (by decreas-
ing photorespiration) relative to the apoplastic environ-
ment, while exposure to O3 would enhance oxidative
signaling in the extracellular apoplastic environment
relative to the intracellular compartment. Hence, both
treatments would increase the redox gradient across
the plasma membrane, leading to similar changes in
signaling pathways regulating gene expression, includ-
ing genes encoding specific proteases that target proteins
with carbonyl groups for degradation.

Exposure to even very low O3 concentrations can
trigger large and sustained increases in plant defenses to
biotic threats. For example, when tomato (Solanum lyco-
persicum) fruit are treated with low levels of O3, they are
thereafter better able resist fungal growth (Tzortzakis
et al., 2007). Moreover, pretreatment with O3 prior to
fungal infection produces fruit that remain resistant
to subsequent fungal spoilage even when stored in an
O3-free atmosphere (Tzortzakis et al., 2007). Low-O3
treatments induce plant innate immune responses
(Tzortzakis et al., 2011) and pathogen-associated mo-
lecular patterns, which result in enhanced tolerance to
microbes, often including genetically programmed cell
suicide pathways (Sandermann et al., 1998), a process
that involves the activation of an anion channel in the
plasma membrane (Kadono et al., 2010).

Leaves respond to O3 fumigation by increasing sec-
ondary metabolism in a seemingly unspecific manner,
with increases in compounds such as phenylpropanoids

and polyamines, as well as increasing the production of
the stress hormone ethylene and modifications in the
patterns of biogenic volatile organic compounds (Iriti
and Faoro, 2009). O3 rapidly breaks down in plants be-
cause it reacts with water and other cellular components
to form other ROS, particularly hydrogen peroxide,
which trigger downstream responses including hor-
mone cascades (Overmyer et al., 2003) and increased
antioxidant metabolism (Gillespie et al., 2012), features
that underpin cross tolerance to biotic and abiotic stresses.
The leaf response to O3 not only clearly illustrates the
overlap between plant defense responses against patho-
gens and environmental pollutants but demonstrates the
fundamental role of oxidation as a key trigger in both
processes. It is tempting to speculate that O3-triggered
cellular oxidation is central to the creation of short- and
long-term molecular stress “memories” by facilitating the
activation of a general suite of preemptive plant defenses.

The phenomenon of cross tolerance to different stresses
that is triggered by an exposure to a single stress is
widespread in plants. It involves the synergistic coac-
tivation of nonspecific stress-responsive pathways that
cross biotic-abiotic stress boundaries. The synergistic
coactivation of plant stress responses confers a pre-
emptive advantage by enabling a general increase in
stress resistance following exposure to a single stress
condition (Collins et al., 1995; Ryu et al., 1995). While
the precise molecular and physiological mechanisms
remain poorly defined, the acquisition of cross tolerance
is linked to enhanced production of ROS and oxidative
signaling pathways that operate at the interface be-
tween redox and hormone signaling networks (Bartoli
et al., 2012). Plant stress hormones such as ethylene,
SA, abscisic acid (ABA), and jasmonates (JAs), which
induce tolerance to a wide spectrum of stresses, also
promote ROS production through the activation of
NADPH oxidases (Bartoli et al., 2012).

ANTIOXIDANT DEFENSES AND PROTECTION
OF PHOTOSYNTHESIS

Photosynthesis is a major source of ROS, which are
generated through processes associated with energy
transfer and electron transport (Fig. 2) and also indi-
rectly through the initiation of the photorespiratory
pathway (Foyer and Noctor, 2009). The intracellular
environment is protected from uncontrolled oxidation
by a robust antioxidant defense network. All the enzymes
of the ascorbate/glutathione cycle are dual targeted to
chloroplasts and mitochondria, while other forms of
the pathway enzymes are found in the cytosol and per-
oxisomes. In chloroplasts, ascorbate also fulfills crucial
roles in photosynthesis. It helps to prevent oxidation of
stromal proteins and protects PSII by participating in the
violaxanthin deepoxidase reaction, which generates ze-
axanthin, an essential component of the thermal energy
dissipation mechanisms that protect PSII from the po-
tentially harmful effects of high light. If the oxygen-
evolving complex is inactivated by high light, then
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lumen ascorbate can act as a temporary electron donor to
PSII (Tóth et al., 2009). Ascorbate is also required in the
thylakoid membranes for the regeneration of the reduced
form of a-tocopherol, which is the major tocochromanol
(vitamin E) compound accumulating in chloroplasts
exposed to high-light stress. As well as physically
quenching and chemically scavenging singlet oxygen,
tocopherols are also major scavengers of lipid peroxyl
radicals in the thylakoid membranes (Liebler, 1993;
Maeda et al., 2005). The lipophilic antioxidants, such as
carotenoids, tocopherols, and plastoquinol, fulfill es-
sential roles in policing oxidants such as singlet oxygen
that are generated within the thylakoid membranes.
Singlet oxygen generated by PSII is responsible for most
(over 90%) of the observed nonenzymatic peroxidation
of thylakoid membrane lipids (Triantaphylidès et al.,
2008). a-Tocopherol and b-carotene operate synergisti-
cally to eliminate singlet oxygen from PSII (Trebst et al.,
2002; Munné-Bosch, 2005). Plastoquinol can also act as
an efficient singlet oxygen scavenger (Nowicka and
Kruk, 2012). However, the reactivity of singlet oxygen
means that the most effective means of defense is to
minimize singlet oxygen production by preventing the
overreduction of PSII that allows back reactions lead-
ing to triplet chlorophyll.
Light-induced damage to PSII resulting in photo-

inhibition is an inherent problem in the design of the
photosynthetic machinery. It is generally considered that
primary photodamage to PSII is caused by the absorp-
tion of light by the manganese cluster of the PSII reaction
center. Moreover, singlet oxygen inhibits the PSII repair
cycle (Nishiyama et al., 2006; Takahashi and Badger,
2011). This vulnerability to light means that each PSII
reaction center is rebuilt about once every 20 to 30 min,

even under optimal irradiances. However, the light-
induced turnover of D1 protein might be viewed as a
system that fine-tunes electron transport and metabolic
processes to prevailing environmental conditions (Foyer
and Shigeoka, 2011). The acidification of the thylakoid
lumen limits the capacity for electron transport from the
plastoquinone pool to the cytochrome b6/f complex.
Hence, under high light, the transport of electrons from
PSII may be limited at the level of plastoquinol oxidation,
and this would favor an increase in the lifetime of the
reduced PSII acceptor. In such circumstances, the likeli-
hood of a back reaction in PSII is increased, as is, as a
consequence, the probability of singlet oxygen formation.

Flux control exerted at the level of the abundance of
plastocyanin may serve to adjust the electron transport
rate under conditions of low carbon assimilation (Schottler
et al., 2004). Decreases in the abundance of plastocyanin
may protect PSI from overreduction and hence favor
decreased superoxide and hydrogen peroxide pro-
duction. The PROTON GRADIENT REGULATION5
protein protects PSI against light-induced damage, par-
ticularly in plants exposed to fluctuating light (Suorsa
et al., 2012). Leaves employ a range of other protection
mechanisms that minimize light-induced damage to
PSII and PSI, including light avoidance strategies such
as leaf and chloroplast movements, light scattering
by anthocyanins or other phenolic compounds, and re-
duction of pigment antenna size that contributes to the
overall protection of PSII under high light (Krieger-
Liszkay et al., 2008). A range of photoprotection mecha-
nisms exist within the light-harvesting and electron
transport system, including thermal energy dissipation,
cyclic electron flow around PSI, pseudocyclic electron
flow coupled to the ascorbate/glutathione cycle, the

Figure 2. Schematic representation of
the intracellular and extracellular redox
signaling networks involving hydrogen
peroxide (H2O2) and singlet oxygen
(1O2) generated by chloroplasts and
extracellular apoplastic processes and
O3. b-COP, b-Carotene oxidation pro-
ducts; DHA, dehydroascorbate; HOc, hy-
droxyl radical; MAPK, mitogen-activated
protein kinase; MDHA, monodehydro-
ascorbate; MDHAR, monodehydroascor-
bate reductase; O2

c2, superoxide; POX,
peroxidase; PQ, oxidized plastoquinone;
PQH2, reduced plastoquinone; SOD,
superoxide dismutase.
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malate valve, and photorespiration (Demmig-Adams
and Adams, 2006). Global change factors that enhance
these photoprotection processes would diminish the
excitation energy pressure on PSII and limit high-light-
induced damage.

CHLOROPLASTS AS SENSORS OF
ENVIRONMENTAL CHANGE

In natural environments, plants grow under fluctu-
ating environmental conditions, requiring frequent ac-
climation of photosynthesis and related metabolism to
drive plant growth and development. The sensor func-
tion of chloroplasts is intrinsically linked to photosyn-
thesis and its regulation. The photosynthetic electron
transport chain uses redox signals as direct and dy-
namic means of regulating metabolism and gene ex-
pression (Foyer et al., 2012). Chloroplast-to-nucleus
signaling pathways allow the optimization of photo-
synthetic electron transport efficiency in response to
environmental change. Within this context, the redox
state of the plastoquinone pool is an important regulator
of chloroplast-to-nucleus signaling regulating nuclear
gene expression through pathways involving plastid-
localized protein kinases such as STATE TRANSI-
TION7 (STN7) or STN8 (Pfannschmidt et al., 2001;
Sullivan and Gray, 2002). The production of superox-
ide and hydrogen peroxide by PSI and the generation
of singlet oxygen at PSII also contribute to the network
of signals that provide information on the redox state
of the electron transport system (Wagner et al., 2004;
Lee et al., 2007). Moreover, carotenoids, ascorbate, and
glutathione not only limit the lifetime of oxidant sig-
nals but also participate in signal transduction path-
ways (Foyer and Noctor, 2005; Ramel et al., 2012). As
discussed above, signals downstream of hydrogen per-
oxide produced by the electron transport system are
likely to be mediated by changes in the redox state of the
glutathione pool as well as by direct interactions with
redox-sensitive proteins (D’Autréaux and Toledano,
2007). The hydrogen peroxide-dependent activation of SA-
dependent pathways is well characterized (Desikan et al.,
2001; Vandenabeele et al., 2004; Davletova et al., 2005;
Vanderauwera et al., 2005). However, recent evidence
suggests that hydrogen peroxide-dependent changes in
the glutathione pool can act independently of NON-
EXPRESSER OF PATHOGENESIS-RELATED GENE1,
which is the best-characterized thiol-dependent pro-
tein involved in pathogenesis responses, to activate
SA-dependent defense responses (Han et al., 2012).

The carotenoid-based pathways of ABA and strigo-
lactone synthesis begin in chloroplasts, as do pathways
of oxylipin synthesis. The oxidation of free a-linolenic
acid by electron-carrying lipoxygenases is a “wound”
signal that results in downstream JA synthesis (Gfeller
et al., 2010). Thereafter, a chloroplastic 13-lipoxygenase
converts 18:3 and 16:3 fatty acids into their hydroper-
oxide forms such as 13-hydroperoxylinolenic acid, from
which a range of different metabolites are produced,
including cis+-12-oxophytodienoic acid. This metabolite

can either be retained in the chloroplasts, where it is
used as a precursor for the synthesis of other oxylipins,
or it can be transported to the peroxisomes, where JA is
produced (Gfeller et al., 2010). ABA and brassinoste-
roids trigger NADPH oxidase-dependent bursts of hy-
drogen peroxide that are integral to the regulation of
stomatal closure and hence leaf transpiration rates and
water use efficiency (Karpinski et al., 1999; Fryer et al.,
2003). The ABA-dependent signaling pathway involves
ABA receptor proteins, GLUTATHIONE PEROXI-
DASE3, protein kinases such as OPEN STOMATA1,
and protein phosphatases such as ABA INSENSITIVE1
(ABI1) and ABI2 (Bartoli et al., 2012).

Genetic evidence has demonstrated unequivocally that
singlet oxygen is a signaling molecule in plants. Given
the reactivity of singlet oxygen, it is unlikely that it
escapes the chloroplast, so signal transduction is con-
sidered to begin close to the site of singlet oxygen
generation. Two plastid proteins, EXECUTER1 and
EXECUTER2, participate in the translocation of singlet
oxygen-derived signals from the plastid to the nucleus
(Wagner et al., 2004; Lee et al., 2007). Moreover, the
oxidation of b-carotene also leads to the generation of
signals that reprogram gene expression or trigger cell
suicide pathways (Ramel et al., 2012). The singlet
oxygen-dependent oxidation of b-carotene produces
a range of volatile derivatives such as b-cyclocitral,
which induces changes in the expression of a large
set of singlet oxygen-responsive genes (Ramel et al.,
2012). However, unlike EXECUTER1 and EXEXUTER2
(Wagner et al., 2004; Lee et al., 2007), the volatile deriv-
ative pathway appears to exert little effect on hydrogen
peroxide-responsive genes (Ramel et al., 2012).

An analysis of the transcriptome profiles of a range of
Arabidopsis genotypes that are deficient in either hy-
drogen peroxide processing enzymes or in low-Mr
antioxidants revealed a surprisingly small degree of
overlap in the transcriptome patterns of leaves lacking
different components of the antioxidant system (Queval
and Foyer, 2012). Relatively few transcripts encoding
chloroplast proteins were changed in abundance in
response to antioxidant depletion. However, a large
number of transcripts encoding core and accessory
components of the thylakoid NADPH dehydrogenase
complex were decreased in abundance when the ac-
tivity of the thylakoid ascorbate peroxidase (tAPX) was
decreased or in mutants with low levels of glutathione.
Similarly, the levels of mRNAs encoding auxiliary
proteins involved in the PSII repair cycle were specif-
ically decreased in mutants deficient in glutathione
(Queval and Foyer, 2012). These data, taken together
with the finding that mRNAs encoding components of
the thylakoid NADPH dehydrogenase complex were
enhanced in abundance in Arabidopsis leaves follow-
ing the transfer from high-CO2 growth conditions to
air (Foyer et al., 2012), suggest that the expression of
genes encoding proteins involved in this complex,
which is involved in the regulation of cyclic electron
flow around PSI, is highly sensitive to redox- and/or
energy-related controls.
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LEAF TRANSCRIPTOME PROFILES RESULTING
FROM PERTURBATIONS IN THE BALANCE
BETWEEN OXIDANTS AND ANTIOXIDANTS

To provide greater insights into how global change
factors might influence cross-tolerance phenomena as-
sociated with alterations in the balance between oxidants
and antioxidants, we have compared the leaf trans-
criptome profiles of Arabidopsis genotypes that are
deficient in photorespiratory hydrogen peroxide pro-
cessing (cat2; Queval et al., 2012), chloroplastic hydrogen
peroxide processing (tapx; Maruta et al., 2012), ascor-
bate synthesis (vtc1 and vtc2; Kerchev et al., 2011),
GSH synthesis (rootmeristemless1 [rml1]; Vernoux et al.,
2000), or wild-type plants that had been exposed to 500
nL L21 O3 for 6 h (Short et al., 2012). For simplicity, we
have focused here on two components as examples of
common responses of plants to environmental stress:
the activation of the anthocyanin synthesis pathway
(Fig. 3) and increases in mRNAs encoding receptor-like
kinases (Figs. 4 and 5). The data used in Figures 3 to 5
were either generated in our own laboratories (cat2,
vtc1, vtc2, and rml1) or taken from the literature (tapx
[Maruta et al., 2012] and wild-type plants subjected
to O3 fumigation [Short et al., 2012]). All the micro-
array data used in this analysis are available at the
Web sites listed in Table I. For our analysis, tran-
scriptomic data from the mutants were processed as
described previously (Queval and Foyer, 2012). Data
from the O3 fumigation have been subjected to Stu-
dent’s t test and false discovery rate calculation us-
ing the Limma algorithm, and genes showing false
discovery rate-corrected P values of less than 0.05 and
relative change in expression of at least 2 compared
with nonfumigated Arabidopsis were retained for the
comparison.

DIFFERENTIALREGULATIONOFANTHOCYANINGENE
EXPRESSION BY LOW ASCORBATE AND LOW GSH

Anthocyanins are often used as a visible phenotypic
marker of stress. The synthesis of anthocyanins is co-
ordinately controlled by a complex network of induc-
ible transcription factors such as PRODUCTION OF
ANTHOCYANIN PIGMENT1 (PAP1) and PAP2 that
are regulated by hormones, nutrients, and photorecep-
tors such as cryptochromes and phytochromes, as il-
lustrated in Figure 3 (Shin et al., 2007; Rubin et al., 2009).
Anthocyanin synthesis is also highly responsive to redox
regulation (Vanderauwera et al., 2005; Bashandy et al.,
2009). It was recently shown that ascorbate, which exerts
a strong influence on plant growth and defense path-
ways through the activation of SA- and ABA-dependent
pathways and a repression of JA signaling (Pastori et al.,
2003; Kerchev et al., 2011), is an important endogenous
regulator of anthocyanin synthesis (Page et al., 2012).
The analysis shown in Figure 3 confirms that ascorbate
regulates the accumulation of mRNAs involved in fla-
vonol and anthocyanin precursor synthesis (Page et al.,
2012), such as PHENYLALANINE AMMONIA-LYASE1
(PAL1), 4-COUMARATE:COENZYME A LIGASE3,
CHALCONE SYNTHASE (CHS), CHALCONE FLA-
VANONE ISOMERASE1 (CFI), FLAVANONE 3-HY-
DROXYLASE (F3H), and FLAVONOL SYNTHASE1
(FLS1), as well as the MYB transcription factor PAP1
and an ELONGATED HYPOCOTYL5 (HY5) homolog
HYH (Fig. 3). Moreover, ascorbate modulates the blue
light- and chloroplast-derived signal transduction sys-
tems that regulate anthocyanin accumulation. How-
ever, the abundance of mRNAs encoding components
of flavonol glycoside biosynthesis, which branches from
the anthocyanin pathway, is unchanged by low ascorbate.
The induction of the phenylpropanoid biosynthesis

Figure 3. Redox regulation of the phe-
nylpropanoid pathway leading to antho-
cyanin synthesis in Arabidopsis genotypes
that are deficient in chloroplastic hydro-
gen peroxide processing (tapx), ascorbate
synthesis (vtc1 and vtc2), GSH synthesis
(rml1), or wild-type plants that had been
exposed to 500 nL L21 O3 for 6 h. A,
Genes encoding components of the an-
thocyanin biosynthesis pathway or asso-
ciated regulatory genes. B, Accessory or
putative genes involved in anthocyanin
biosynthesis. Blue bars, rml1; dark green
bars, vtc2; light green bars, vtc1; black
bars, tapx; red bars, O3. C, Simplified rep-
resentation of the anthocyanin biosynthesis
pathway to indicate the components en-
coded by the genes identified in A and B.
4CL, 4-COUMARATE:COA LIGASE; DFR,
DIHYDROFLAVONOL 4-REDUCTASE;
LDOX, LEUCOANTHOCYANIDIN DI-
OXYGENASE; PIF3, PHYTOCHROME
INTERACTING FACTOR3; TT, TRANS-
PARENT TESTA.
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pathway, particularly the expression of PAL and CHS
by O3, has been reported for several plant systems (Iriti
and Faoro, 2009). The results of the analysis shown in
Figure 3 confirm this finding in Arabidopsis, where
mRNAs encoding two PAL isoforms were increased in
abundance after exposure to O3.

In marked contrast to the ascorbate-dependent
repression of the expression of CHS, CFI, and F3H,
low GSH enhanced the abundance of these mRNAs
(Fig. 3A). Moreover, low GSH increased transcripts
such as DIHYDROFLAVONOL 4-REDUCTASE,
LEUCOANTHOCYANIDIN DIOXYGENASE, and an
anthocyanin acyltransferase (AAT) that encode later
steps of the anthocyanin biosynthetic pathway and
also several related transporters, UGTs, and glutathi-
one S-transferases (Fig. 3, A and B). Three members
of the Myb/bHLH/WD-repeat complex family (PAP1,
PAP2, and TRANSPARENT TESTA8), which activate
anthocyanin biosynthesis (González et al., 2008), as
well as the phytochrome interactor PIF3 were induced
by GSH deficiency, as illustrated in Figure 3. More-
over, transcripts of LATERAL ORGAN BOUNDARY
DOMAIN39 (LBD39), which is a repressor of antho-
cyanin biosynthesis (Rubin et al., 2009), were de-
creased by low GSH (Fig. 3, A and C).

While the control of anthocyanin synthesis by a set
of closely related MYB transcription factors, such as
PAP1/MYB75 and PAP2/MYB90 (Fig. 3), that activate
the transcription of general phenylpropanoid and
anthocyanin-specific genes has been reported, little
information is currently available concerning the reg-
ulation of phenylpropanoid biosynthesis, especially
with respect to the homeostatic mechanisms that co-
ordinate and maintain metabolite levels within the
required range. The data presented here provide evi-
dence of the specific roles of different antioxidants in
this regulation. Moreover, the inverse effects of O3 and
low ascorbate would argue against simple models in
which phenylpropanoid biosynthesis is triggered by
enhanced oxidation. The data in Figure 3 indicate that
the relative abundance of different antioxidants in the
cell could exert much more specific effects on the
regulation of the expression of genes encoding specific
components of the phenylpropanoid pathway.

OXIDANT AND ANTIOXIDANT REGULATION OF
RECEPTOR-LIKE KINASES

Accumulating evidence suggests that existing models
greatly oversimplify redox signaling and that it is

Figure 4. Hierarchical clustering (Pearson correlation) of RLK transcripts that respond to changes in cellular redox signaling in
Arabidopsis genotypes that are deficient in photorespiratory hydrogen peroxide processing (cat2), chloroplastic hydrogen
peroxide processing (tapx), ascorbate synthesis (vtc1 and vtc2), GSH synthesis (rml1), or wild-type plants that had been exposed
to 500 nL L21 O3 for 6 h. The color scale indicates relative log2 changes in expression; ns, nonsignificant.
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important to clearly distinguish between different sig-
naling cascades and signaling tasks initiated by fine-
tuning of the balance between oxidants and antioxidants
in different cellular compartments. The following con-
sideration of the regulation of the expression patterns of
receptor-like/Pelle kinases (RLKs) shows that low

ascorbate induces a unique profile of RLK regulation,
which has some overlap with the transcript profiles
induced by O3 but not those induced by deficiencies in
other hydrogen peroxide-scavenging systems.

RLKs are Ser/Thr protein kinases that regulate a wide
range of physiological processes, including development,

Figure 5. Radial cladogram showing the classification of the RLKs identified in Figure 4 based on their protein sequences.
Protein sequences were aligned and homologies calculated using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2). The
cladogram was drawn using Dendroscope3 (Huson and Scornavacca, 2012). The color classification inside the circle indicates
RLK families at bottom left. The color classification of the Arabidopsis Genome Initiative codes indicates the oxidant condition
(mutant or treatment) affecting RLK expression at bottom right. LLRK, Legume-lectin RLK; LRK10, wheat LRK10-like RLK; RLCK,
receptor-like cytoplasmic kinase; SLRK, S-locus glycoprotein-like RLK.
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hormone perception, and abiotic and biotic stress re-
sponses in plants (Gish and Clark, 2011). They typically
contain a signal peptide, a variable extracellular domain,
a transmembrane region, and a conserved intracellular
protein kinase domain. The extracellular ligand-binding
domain, which perceives signals and is important in
cell-to-environment and cell-to-cell communication, is
commonly used to classify RLKs into distinct sub-
groups (Shiu and Bleecker, 2003). There are more than
600 genes encoding RLKs in Arabidopsis, and they re-
present about 2% of the genome, but only relatively few
of them, mostly Leu-rich repeat-RLKs, have been func-
tionally characterized (Gish and Clark, 2011).

The Cys-rich RLKs (CRKs), previously called Domain
of Unknown Function26 RLKs, form a large subgroup
with more than 40 members, many of which are in-
volved in the regulation of programmed cell death and
plant defense responses. Transcripts encoding several
CRKs were increased in abundance following exposure
to O3 in a manner that was very similar to the response
to pathogen attack (Wrzaczek et al., 2010). Moreover, a
comprehensive phenotypic characterization of a knock-
out collection for the entire CRK family has confirmed
their role in oxidative signaling (J. Kangasjärvi, personal
communication). The expression of CRKs is regulated by
high light, and several CRKs are differentially expressed
in mutants that are defective in hormone signaling,
particularly SA, ethylene, and JA-dependent pathways
(Wrzaczek et al., 2010). The analysis illustrated in
Figures 4 and 5 shows that many more transcripts
encoding RLKs were increased in leaves exposed to O3
than in leaves that were deficient in catalase, tAPX, or
glutathione. Surprisingly, although a set of RLKs were
affected in a similar way in both vtc1 and vtc2, another
group of RLK mRNAs were differentially abundant in
vtc2 but not in vtc1 (Fig. 4).

Growth at high levels of O3 resulted in coordinated
transcriptional reprogramming of antioxidant metabo-
lism, chlorophyll biosynthesis, and respiratory pathways
(Gillespie et al., 2012). However, the transcriptional
response of antioxidant metabolism to elevated O3 was
less marked compared with ambient atmospheric CO2
availability (Gillespie et al., 2012). In contrast to plants
exposed to 500 nL L21 O3 for 6 h, which resulted in
changes in the abundance of a large number (95) of RLK
mRNAs, very few (16) RLK mRNAs were responsive

to photorespiratory hydrogen peroxide, as indicated by
the mutants deficient in the major photorespiratory
form of catalase (cat2; Supplemental Table S1). While 62
RLKs were induced by low ascorbate and seven RLK
mRNAs were repressed (Supplemental Table S1), only
five were induced by low GSH and 14 RLKs were re-
pressed. Moreover, only four RLKs were similarly reg-
ulated by the two antioxidants (Supplemental Table S1),
suggesting a high degree of specificity in ascorbate-
dependent and GSH-dependent regulation of RLK ex-
pression. Furthermore, four RLKs were repressed and
26 were induced in response to low ascorbate peroxi-
dase activity in the thylakoid membranes (tapx). Less
than one-half (10) of the induced RLKs in tapx showed
the same pattern in response to ascorbate deficiency. Of
the low ascorbate-induced RLK genes, 18 belong to the
CRK family. Despite the specific responses of the indi-
vidual RLK genes to the different redox signals de-
scribed here, the pattern of expression did not reveal an
exclusive RLK family response to a given signal (Fig. 5).
The literature information available on the RLKs re-
sponding to specific oxidative signals suggests that they
are involved in a diverse range of physiological pro-
cesses, as discussed below. However, the scarcity of
literature information on RLK functions has not allowed
the production of a more precise map than that shown
in Figure 5 linking the different classes of RLK to specific
redox signals.

All of the 16 RLK mRNAs that were responsive to
increased photorespiratory hydrogen peroxide avail-
ability in the cat2 mutant were increased in abundance,
and of these, 13 were also induced by O3 (Fig. 4). Hence,
this subset of RLKs might form part of a general re-
sponse to enhanced oxidation, whether this is perceived
first in the apoplast or in the peroxisomes. Of the 13
genes that are induced by O3 and by higher photo-
respiratory hydrogen peroxide availability, four were
also induced by low ascorbate. This small group that is
generally responsive to enhanced oxidation includes
Leu-rich repeat kinase, which contributes to Hyaloper-
onospora arabidopsidis susceptibility, IMPAIRED OOMY-
CETE SUSCEPTIBILITY1 (IOS1; Hok et al., 2011), and
the negative regulators of ABA responses LECTIN
RECEPTOR KINASE A4.1 (LecRKA4.1) and CRK36 (Xin
et al., 2009; Tanaka et al., 2012). The other RLK mRNAs
that show a similar response to enhanced oxidation in

Table I. Background information related to transcriptome data for Arabidopsis mutants with deficiencies in antioxidant capacity and for wild-type
plants subjected to 500 nL L21 O3 fumigation for 6 h

Mutant or Treatment Reference Data Web Site

vtc1 Kerchev et al. (2011) http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23331
vtc2 Kerchev et al. (2011) http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23331
rml1 D. Schnaubelt, Y. Dong, G. Queval,

P. Diaz-Vivancos, M. Makgopa,
G. Howell, M. Hannah, and
C. Foyer, unpublished data

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE36893

cat2 Queval et al. (2012) http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE27985
tapx Maruta et al. (2012) http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE35526
O3 Short et al. (2012) http://www.ebi.ac.uk/arrayexpress/experiments/E-MEXP-342
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the cat2 mutant and following O3 fumigation of wild-
type plants are CRK3 and CRK11. CRK11 is induced by
pathogens, SA, and oxidative stress (Czernic et al., 1999),
while CRK3, like CRK2, might participate in ABA and
GA signaling (Bassel et al., 2011). It has also been sug-
gested that CRK3 interacts with an isoform of Gln syn-
thase (GLN1;1) to regulate nitrogen remobilization during
leaf senescence (Li et al., 2006). Transcripts encoding
another RLK (PROLINE-RICH EXTENSIN-LIKE RE-
CEPTOR KINASE10 [PERK10]), which is thought to be
involved in the regulation of primary metabolism, were
decreased in abundance following exposure to O3. De-
pletion of PERK10 in loss-of-function mutants leads to
enhanced starch accumulation (Mentzen et al., 2008).
Transcripts encoding a range of other RLKs that were

increased following fumigation with O3 are involved in
development, hormone perception, and abiotic and bio-
tic stress responses in Arabidopsis (Supplemental Table
S1). For example, the expression of PEPTIDE SIGNALING
MOLECULE RECEPTOR1 (PEPR1) and PEPR2 is in-
duced by pathogens, wounding, and methyl jasmonate
(Yamaguchi et al., 2010). The PEPR1 gene product shows
guanyl cyclase activity and is involved in calcium-
dependent defense gene expression (Qi et al., 2010). Ex-
posure to O3 has been found to induce a large cluster of
genes involved in calcium signaling, including several
calcium/calmodulin-dependent protein kinases (Short
et al., 2012). Like PEPR1, the PHYTOSULFOKINE
RECEPTOR1 shows both kinase and guanylate cyclase
activity (Kwezi et al., 2011). CHITIN ELICITOR
RECEPTOR KINASE1 (CERK1) is required for the
elicitation of defense signaling in response to the per-
ception of chitin (Miya et al., 2007). The expression of
BOTRYTIS-INDUCED KINASE1 and RPM1-INDUCED
PROTEIN KINASE is modulated by the Xanthomonas
campestris AvirulenceAC effector, suggesting that
these function in signaling pathways that operate
downstream of FLAGELLIN-SENSITIVE2 (FLS2) and
CERK1 (Feng et al., 2012).
Exposure to O3 also results in the altered abundance

of transcripts encoding RLKs that have functions in the
regulation of intracellular and intercellular transport.
For example, NUCLEAR SHUTTLE PROTEIN INTER-
ACTING KINASE3 mRNAs, which were less abundant
following O3 treatment (Supplemental Table S1), are
considered to be involved in plant responses to viruses
(Fontes et al., 2004). PLASMODESMATA-LOCATED
PROTEIN1 (PDLP1) mRNAs were more abundant
following O3 treatment. The PDLP family of proteins is
considered to promote virus movement through the
plasmodesmata by regulating tubule formation in re-
sponse to viral movement proteins (Amari et al., 2010).
For example, PDLP5 transcripts accumulate in response
to infestation by the biotrophic pathogen Pseudomonas
syringae; they are involved in the induction of SA-
dependent innate immunity responses as well as the re-
pression of plasmodesmata trafficking (Lee et al., 2011b).
The plant response to O3 also involves RLKs that are

involved in the regulation of developmental processes.
For example, HAE induces floral organ abscission (Jinn

et al., 2000), while CAST AWAY acts together with
EVERSHED (EVR) and HAE to inhibit cell separation
(Burr et al., 2011). ROOT HAIR SPECIFIC16 over-
expression causes branched root hair morphology (Won
et al., 2009). RECEPTOR-LIKE PROTEIN KINASE1 is
required for embryo patterning (Nodine et al., 2007) but
it also has roles in ABA signaling, both in responses to
drought and in the regulation of senescence (Osakabe
et al., 2010; Lee et al., 2011a). Similarly, LecRK1 is in-
duced in stomatal guard cells after bacterial infection
and leads to the inhibition of ABA-mediated stomatal
immunity (Desclos-Theveniau et al., 2012). This
mechanism may have evolved to avoid the deleteri-
ous effects of a prolonged inhibition of photosynthe-
sis that would be caused by decreased CO2 availability
following prolonged stomata closure (Desclos-Theveniau
et al., 2012).

Given the roles of ascorbate in the apoplast and cell
wall compartments of the cell (Pignocchi and Foyer,
2003), it is interesting that transcripts encoding four
WALL-ASSOCIATED KINASEs (WAKs) were enhanced
in abundance in the vtc2 mutant that is deficient in this
redox metabolite. The WAK proteins are considered to
have functions in pectin metabolism in the apoplast
(Kohorn et al., 2006). The wak2mutants show decreased
vacuolar invertase activity, consistent with the sugar-
mediated regulation of turgor maintenance and cell
growth (Kohorn et al., 2006). WAKL10 is a guanylyl
cyclase that is expressed in response to pathogens (Meier
et al., 2010).

Transcripts encoding SOMATIC EMBRYOGENESIS
RECEPTOR KINASE4 (SERK4) and SERK5, which were
much more abundant in the leaves of the vtc1 and vtc2
mutants than in the wild type (Fig. 4), are considered
to fulfill roles in the control of cell death, particularly in
response to pathogens (Albrecht et al., 2008). More-
over, SERK4 is able to restore the shoot phenotype of
brassinosteroid-insensitive mutants (Albrecht et al., 2008).
The SERK4 gene product interacts with FLS2, which is
involved in the bacterial elicitor flagellin perception and
innate immunity response (Gómez-Gómez and Boller,
2000). FLS2 was induced in response to both low GSH
and low ascorbate (Supplemental Table S1).

Transcripts encoding the pathogen-responsive IOS1
(Hok et al., 2011) were more abundant in the leaves of
the vtc1 and vtc2 mutants that have low ascorbate than
in the wild type (Fig. 4), as was SUPPRESSOR OF BIR1
(SOBIR1). Other RLK genes, such as CRK5, CRK6,
CRK10, and BAK1-INTERACTING RECEPTOR-LIKE
KINASE1 (BIR1), were induced in vtc2 but not in vtc1.
CRK5, CRK6, and CRK10 are involved in plant defense
processes and have WRKY-binding sites in their pro-
moter regions (Du and Chen, 2000; Chen et al., 2003).
They are responsive to both pathogen- and SA-induced
WRKY transcription factors (Du and Chen, 2000; Chen
et al., 2003). Moreover, CRK5 can induce cell death,
even in the absence of SA (Chen et al., 2003). The bir1
mutants exhibit spontaneous cell death (Gao et al., 2009).
BIR1 is a repressor of the defense response that includes
the repression of the SOBIR1 defense pathway (Gao
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et al., 2009). BIR1 (EVR) is also a repressor of abscis-
sion (Leslie et al., 2010).

mRNAs encoding several RLKs such as CRK13,
which modulate SA signaling, were altered in abun-
dance in vtc1 (Supplemental Table S1), consistent with
the global changes in other SA-related transcripts that
have previously been reported in the vtc1 and vtc2
mutants (Pastori et al., 2003; Kerchev et al., 2011). The
overexpression of CRK13 resulted in the activation of
SA signaling pathways, leading to the accumulation of
pathogenesis-related proteins and enhanced resistance
to P. syringae (Acharya et al., 2007). Therefore, the en-
hanced expression of CRK13 in vtc1 is consistent with
the enhanced resistance to P. syringae observed in the
low-ascorbate mutants (Pavet et al., 2005). Moreover,
transcripts encoding other RLKs with functions in ABA
signaling were also modified in the low-ascorbate geno-
types, consistent with the elevated ABA content and
altered ABA-mediated expression patterns observed
in these mutants (Kerchev et al., 2011). For example,
LecRKA4.1was induced in response to low ascorbate and
LecRKA4.3 was induced in tapx (Fig. 4; Supplemental
Table S1). These RLKs are negative regulators of ABA
responses in seed germination (Xin et al., 2009). ABA-
AND OSMOTIC STRESS-INDUCIBLE RECEPTOR-LIKE
CYTOSOLIC KINASE1 (ARCK1) and CRK36 transcripts
were increased in abundance in both the vtc1 and vtc2
mutants (Fig. 4). The CRK36 and ARCK1 proteins form
a complex that negatively controls ABA and osmotic
stress signal transduction (Tanaka et al., 2012). Among
the 14 RLKs uniquely affected by tAPX deficiency were
BRASSINOSTEROID INSENSITIVE1 (BRI1)-LIKE, which
regulates vascular differentiation and is a functional
homolog of the brassinosteroid receptor BRI1 (Caño-
Delgado et al., 2004) and ROP-BINDING PROTEIN
KINASE1 (RBK1). RBK1 expression is associated with
vasculature, induced by pathogens, and interacts with
Rop GTPases, which are a plant-specific class of small
GTPases (Molendijk et al., 2008).

A smaller number of RLK genes were regulated by
low GSH compared with those modified by low as-
corbate. Of these, ARABIDOPSIS HISTIDINE PHOS-
PHOTRANSFER PROTEIN5 (AHP5) and RLK7 were
induced by low GSH (Supplemental Table S1). The
AHP family proteins play a role in the phosphorelay
involved in cytokinin signaling (Hutchison et al., 2006),
and RLK7 controls germination speed and tolerance to
oxidative stress (Pitorre et al., 2010). Taken together,
these data suggest that, in contrast to the GSH pool,
which exerts only a minor influence on the abundance
of RLK mRNAs, the abundance of ascorbate might be
an important regulator of the expression of RLK genes.

CONCLUSION AND PERSPECTIVE

It is generally accepted that exposure to environ-
mental stresses disrupts the metabolic balance of plant
cells, leading to increases in oxidant production, and
accumulation, leading to oxidative signaling (Miller

et al., 2008). However, the evidence discussed here
demonstrates that while oxidants and antioxidants
are essentially opposing elements in redox signaling
cascades, each component (oxidant and antioxidant)
within a given cellular compartment or niche is likely
to fulfill an individual signaling task. The intracellular
environment, apart from certain compartments such as
the endoplasmic reticulum, tends to be highly reduc-
ing, while the extracellular environment of the cell
wall/apoplast tends to be highly oxidizing, with a net
flow of reductant in the form of ascorbate from the in-
terior of the cell to the external surface, where ascorbate
oxidase is used to maintain a strong redox gradient
across the plasma membrane. The strong induction in
plasma membrane-associated RLKs in plants that have
low leaf ascorbate levels, where ascorbate levels in the
apoplast are undetectable (Veljovic-Jovanovic et al.,
2001), would support the view that the redox gradient
across the plasma membrane is a crucial redox sensor
and regulator of gene expression. The extent of this
gradient is greatly influenced by changes in metabo-
lism during development and by stress, which often
favors a steepening of the gradient, because of the re-
gulated generation of stress-induced oxidative burst.

Differential oxidant and antioxidant concentrations be-
tween compartments permit redox-driven vectorial sig-
naling, through processes such as ascorbate-driven
electron transport or futile cycles. With respect to global
change parameters, attention must be focused on the
apoplast as a major site where oxidants are produced in
response to stress and are perceived. Fluctuations in the
redox state of the apoplast will facilitate interactions
between receptor proteins containing oxidizable thiols
that are sited in or near the membrane surface. The ex-
tent of the redox gradient across the plasma membrane
triggers or elaborates membrane signaling, for exam-
ple, through receptor kinases and channel activity,
modifying calcium release and aquaporin or perox-
iporin function.

We suggest that the redox gradient across the plasma
membrane is a key sensor of global change and a crucial
regulator of redox signaling. The predicted increases in the
abundance of CO2 and O3 in the atmosphere by 2050 will
have a profound influence on the balance between intra-
cellular and extracellular oxidation, favoring a steepening
of the redox gradient across the plasma membrane.
Changes in the redox gradient across the plasma mem-
brane will inevitably modify the stress signaling pathways
that contribute to cross-tolerance phenomena and perhaps
also the molecular patterns by which plants create a
“memory” of stress by reprogramming gene expression
and epigenetic pathways. While the presented analysis is
based on results obtained from a somewhat limited
number of mutants/transgenic plants, the future analysis
of signal transduction effects, especially data based on
transient redox shifts and induced RNA silencing, will
undoubtedly lead to the identification of redox signaling
components, processes, and mechanisms that can be used
to improve stress tolerance traits while enabling crops to
exploit the future high atmospheric CO2 environment for
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yield enhancement. This will be a critical step toward
adapting crops to future growing environments.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Expression change values (in log2) of RLKs that
are differentially expressed in response to changes in cellular redox sig-
naling pathways in various Arabidopsis genotypes.
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