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Oxidative stress resulting from increased availability of reactive oxygen species (ROS) is a key component
of many responses of plants to challenging environmental conditions. The consequences for plant metab-
olism are complex and manifold. We review data on small compounds involved in oxidative stress,
including ROS themselves and antioxidants and redox buffers in the membrane and soluble phases,
and we discuss the wider consequences for plant primary and secondary metabolism. While metabolo-
mics has been exploited in many studies on stress, there have been relatively few non-targeted studies
focused on how metabolite signatures respond specifically to oxidative stress. As part of the discussion,
we present results and reanalyze published datasets on metabolite profiles in catalase-deficient plants,
which can be considered to be model oxidative stress systems. We emphasize the roles of ROS-triggered
changes in metabolites as potential oxidative signals, and discuss responses that might be useful as mark-
ers for oxidative stress. Particular attention is paid to lipid-derived compounds, the status of antioxidants
and antioxidant breakdown products, altered metabolism of amino acids, and the roles of phytohormone
pathways.
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1. Introduction

Most environmental challenges involve redox adjustments
linked to enhanced accumulation of reactive oxygen species
(ROS), a condition commonly known as oxidative stress. Many
developmental processes also involve signalling through ROS that
are probably generated at lower, less stressful levels. While still
ill-defined, the state of oxidative stress can perhaps be considered
as one in which ROS impinge on and produce significant changes
in overall cellular redox state, with various, potentially wide-rang-
ing consequences for the metabolic processes that power plant
growth. Such a condition can be produced, to varying degrees,
by conditions such as excess light, cold or heat, drought, invasion
by pathogenic microorganisms, and oxidizing atmospheric
pollutants.

In its very broadest sense, metabolomics could describe mea-
surements of any component of the metabolome (ie, metabolite).
However, it is often used to refer to large-scale analyses able to
measure numerous metabolites at once. In this sense, metabolo-
mics often implies an approach using techniques such as mass
spectrometry, which is able to measure several classes of chemical
compounds in a relatively non-targeted fashion (Fernie et al.,
2004). Because of the chemical diversity of metabolites, which
include both hydrophilic and hydrophobic compounds, and the
incomplete nature of reference databases, no technique yet exists
that is able to measure the majority of them in a single analysis,
and comprehensive profiling of specific chemical classes can also
fall under the definition of metabolomics.

The lack of a single analytical protocol to measure the majority
of metabolites present in an extract of plant tissue contrasts with
commonly used methods in transcriptomics, which provide more
comprehensive information. Despite this drawback, changes in
metabolites could be considered to be potentially more informa-
tive on plant function than changes in transcripts because metab-
olites can contribute directly to plant phenotypes. Thus, non-
targeted metabolite profiling is clearly an interesting approach in
the analysis of plant stress responses (Shulaev et al., 2008). How-
ever, relatively few studies have reported such analyses on plants
in which the stress unambiguously originates from increased ROS
availability. Examples of such studies include several that have
used pharmacologically induced ROS production (Baxter et al.,
2007; Obata et al., 2011) and others that have exploited a genetic
approach based on mutants deficient in catalase (Chaouch et al.,
2010, 2012; Han et al., 2013a).

This review aims to discuss some aspects of how metabolites are
involved in oxidative stress and how this stress impacts on their sta-
tus. Our ever-increasing knowledge of plant metabolic pathways
potentially allows changes in individual metabolites or metabolite
patterns to be defined as markers that are likely to be useful in
assessing the degree or chemical and compartmental specificity of
oxidative stress. While certain secondary metabolites or lipid deriv-
atives have long been a focus of studies in this area, growing evi-
dence points to equally important interactions with primary
metabolism, leading to a more integrated view of the response of
metabolism to increased cellular oxidation. In this review, we pay
particular attention to unresolved issues surrounding measure-
ments of ROS themselves, the roles of the key metabolites with
which they interact directly, and some of the primary and secondary
metabolic pathways that are responsive to oxidative stress. To high-
light aspects of the discussion, we present new or reanalyzed data
on metabolites measured in the catalase-deficient Arabidopsis
cat2 mutant. Loss of CATALASE2 function in this line induces changes
in cell redox state and metabolites through an unambiguously oxi-
dative trigger (Mhamdi et al., 2010a). Advantages of using such sys-
tems are that (1) H2O2 is produced inside the cell by physiologically
relevant pathways and that (2) the production can be both more
readily controlled and more sustainably applied than when oxida-
tive stress is induced pharmacologically.

2. Physiological manifestation and impact of oxidative stress

Numerous reviews have covered ROS and their metabolism in
plants (eg, Møller et al., 2007; Van Breusegem et al., 2008; Foyer
and Noctor, 2009; Fischer et al., 2013) and so the sources of these
molecules will only be briefly introduced here. Primary ROS (ie,
direct inorganic derivatives of molecular oxygen) include singlet
oxygen, superoxide, hydrogen peroxide (H2O2), and the hydroxyl
radical. All of these molecules are significantly more reactive than
ground state triplet O2, can modify numerous cellular components
(Møller et al., 2007), and can be produced by various cellular
sources (Foyer and Noctor, 2009; Fischer et al., 2013). The best
known source of singlet oxygen is photodynamic excitation of trip-
let O2 in photosystem II during photosynthesis (Fischer et al.,
2013). In contrast, production of superoxide or H2O2 involves
reduction of oxygen, for example by chloroplast and mitochondrial
electron transport chains or by enzymes located in compartments
such as the peroxisomes (eg, glycolate oxidase) or at the cell sur-
face/apoplast (NADPH oxidases, peroxidases; Torres et al., 2002;
Foyer and Noctor, 2003; del Río et al., 2006; Bindschedler et al.,
2006; O’Brien et al., 2012a,b). The hydroxyl radical can be pro-
duced by reductive cleavage of H2O2, notably catalyzed by Fenton
reagents such as iron and other transition metals, although it can
also be produced from H2O2 by radiation, eg, with ultra-violet light
(Halliwell, 1996). Among the frequently used pharmacological
agents in oxidative stress research are redox cycling quinones like
menadione, and paraquat, the latter mainly acting to transfer elec-
trons from the photosynthetic electron transport chain to oxygen.
Both of these agents produce superoxide from which other ROS can
subsequently be produced, but paraquat is often used as a fairly
specific stimulus of ROS production in the chloroplast.

It is now clear that at least some of the effects of ROS are med-
iated by signalling pathways (Wagner et al., 2004; Achard et al.,
2008), and that both the chemical nature and subcellular location
of ROS production may be important in determining cellular
responses (Gadjev et al., 2006). Thus, it is possible that superox-
ide/H2O2 produced in the mitochondria trigger different signalling
pathways from the same molecules produced in the chloroplast. A
key distinction may well be the roles of ROS produced inside the
cell, where antioxidative capacity and redox buffering are high,
and those generated at the cell surface (Foyer and Noctor, 2009;
Miller et al., 2009). The apoplast is a significantly more oxidized
compartment than much of the cell interior (Pignocchi and
Foyer, 2003) and the hydroxyl radical, which is considered to be
the most short-lived ROS, is an essential chemical in cell wall



Fig. 1. Some of the multiple ways through which ROS can impact metabolism.
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metabolism (Müller et al., 2009). Intracellular and extracellular
ROS may be involved in an intricate crosstalk that determines
the metabolic and signalling outcome of oxidative stress
(Chaouch et al., 2012).

At the phenotypic level, common outcomes of oxidative stress
are restricted growth and, in leaves, bleaching. While bleaching
may result from a generalized loss of chlorophyll, oxidative stress
can also trigger more localized lesions that resemble the hypersen-
sitive response (HR) produced in certain plant–pathogen interac-
tions. For instance, in the cat2 mutant, HR-like responses can be
induced in some conditions whereas, in other conditions, a revers-
ible bleaching is triggered (Mhamdi et al., 2010a; Han et al., 2013a).
These observations underscore the complexity of responses to oxi-
dative stress. As well as triggering HR-like cell death, oxidative pro-
cesses are likely to be involved in autophagy (Hackenberg et al.,
2013). However, the relationships between these different ROS-
associated cell programmes are still unclear, and metabolite profil-
ing is among the approaches that may help to elucidate them.

Even when driven by a single type of ROS produced in a single
compartment, the outcome of oxidative stress may be environ-
mentally conditioned (Queval et al., 2007; Li et al., 2014). For
instance, HR-like lesions induced by intracellular redox perturba-
tion in the cat2 mutant can be prevented by blocking salicylic acid
(SA) synthesis, an effect that seems to be independent of the sever-
ity of intracellular redox perturbation (Chaouch et al., 2010).
Another example is the alleviation of the cat2 cell death phenotype
by auxin-like compounds (Kerchev et al., 2014).

Metabolite profiles can be affected by oxidative stress at multiple
levels through diverse mechanisms (Fig. 1). Even in cases where the
enzymes or metabolites involved in a given pathway do not them-
selves react at appreciable rates with ROS, the activity of the path-
way could be modified through effects mediated by ROS-
responsive regulators such as redox-dependent transcription fac-
tors. One direct effect on metabolite profiles is via the production
of oxidized compounds by chemical reactions of metabolites with
ROS (Møller et al., 2007; Farmer and Mueller, 2013). A second effect
is through reactions of ROS with enzymes in ways that either inhibit
catalysis (eg, the respiratory enzyme, aconitase) or that post-trans-
lationally modify activities or protein stability through processes
such as carbonylation or thiol oxidation (Fridovich, 1997; Taylor
et al., 2002; Davletova et al., 2005; Møller et al., 2007; Oracz et al.,
2007; Holtgrefe et al., 2008; Zaffagnini et al., 2012). Another route
is via metabolic adjustments that do not necessarily involve direct
oxidation of enzymes, but that result from increased ROS-dependent
engagement of reductant-generating pathways to support increased
ROS metabolism (Noctor, 2006; Valderrama et al., 2006;



36 G. Noctor et al. / Phytochemistry 112 (2015) 33–53
Dizengremel et al., 2009). All of these types of mechanisms, acting
alone or in interaction, may lead to secondary effects as altered
metabolite levels modify enzyme activities through transcriptional
or post-transcriptional mechanisms that activate signalling,
defence, or acclimatory pathways (Fig. 1).
3. Quantifying reactive oxygen species in vivo or in extracts: a
tricky business

The lack of adequate methods for measuring different ROS with
specificity and precision is still a major stumbling-block in oxida-
tive stress research (for critical discussions of this question, see
Wardman, 2007; Winterbourn, 2014). On the basis of its relative
chemical stability, H2O2 can be distinguished from the other pri-
mary ROS, whose lesser stabilities make them comparatively
short-lived. Theoretically, therefore, H2O2 might be best suited as
a mobile signal molecule in vivo and it should be the easiest of
these species to quantify, especially if it accumulates to higher con-
centrations than other ROS.

3.1. Singlet oxygen and free radicals

Methods for measuring singlet oxygen have recently been
reviewed in detail (Fischer et al., 2013). They include the use of
‘‘spin-traps’’ that react with singlet oxygen to produce radicals that
can be measured by electron paramagnetic resonance (EPR), as
well as probes whose absorbance or fluorescence properties are
characteristically altered by reaction with singlet oxygen. As mea-
sures of singlet oxygen in vivo, many of these techniques have to be
used with caution because of limitations with stability, sensitivity,
or specificity, or because of possible artefacts linked to distribution
of the probe itself within the tissue (Fischer et al., 2013).

While superoxide is less reactive than singlet oxygen, and can
be measured in isolated systems like chloroplasts and mitochon-
dria, its quantification in whole tissues or extracts thereof can be
problematic (Winterbourn, 2014). Common methods used to
detect superoxide in plants rely on formazan dyes like nitroblue
tetrazolium (NBT), which is often employed as an in situ stain. In
the in vivo environment, however, this method suffers from a lack
of specificity and also, potentially, from artefacts (Fridovich, 1997).
Monitoring the hydroxyl radical requires specialized techniques
such as EPR. Relative quantification of EPR signals has been used
to assess formation of both hydroxyl and superoxide radicals in
the cell walls of germinating seeds (Müller et al., 2009).

3.2. Hydrogen peroxide

H2O2 is probably the most assayed primary ROS. Methods
include purely chemical assays as well as enzyme-based measure-
ments. Staining in situ frequently uses diaminobenzidine (DAB),
which depends on the activity of peroxidases (Thordal-
Christensen et al., 1997). Because peroxidase expression can be
altered by oxidative stress, it is not always clear whether changes
in staining reflect changes in H2O2 concentration, alterations in
peroxidase capacity, or both. This limitation also applies to other
probes such as Amplex Red (Esposito-Rodriguez et al., 2013). Over
recent years, dihydrochlorofluorescin (DCFH2) has become quite
widely used as an in vivo probe, although it is not specific to
H2O2 (in fact, it does not react with H2O2 directly) and it potentially
suffers from several artefacts (Wardman, 2007; Winterbourn,
2014).

While various methods are available to assay H2O2 in extracts of
plant tissues, several observations suggest that caution is recom-
mended in using the data as a measure of H2O2 contents in those
compartments that are most active in ROS production. The first
is that literature data are extremely variable for what is presum-
ably expected to be a tightly controlled molecule with important
signalling functions (Queval et al., 2008). The second is that values
in unstressed plants are in excess of what might be predicted from
likely concentrations in H2O2-producing compartments such as the
peroxisomes, chloroplasts, and mitochondria. Reported affinities of
intracellular ascorbate- and thiol-dependent peroxidases for H2O2

are generally within the range 5–50 lM (Mittler and Zilinskas,
1991; König et al., 2002; Barranco-Medina et al., 2007), making it
unlikely that concentrations are much higher in unstressed plants.
The volume of expanded leaf mesophyll cells, outside the vacuole
and apoplast, probably does not greatly exceed 100 ll g�1 FW
(Winter et al., 1994). Mean global concentrations of around
20 lM in this volume would therefore contribute about 2 nmo-
les H2O2 g�1 FW to leaf extracts. This value is far below most
reported contents determined in leaf extracts, which are often
100 times higher (Queval et al., 2008).

A third point is that while numerous studies have reported
increases in H2O2 in stress conditions, these increases can be less
apparent in systems that might be considered to be a positive con-
trol for excess H2O2. One example is deficiency in endogenous cat-
alase. The cat2 mutant is a conditional mutant that undergoes
oxidative stress in air in moderate to high light, when photorespi-
ration is active, but not at low light or at high CO2, when photores-
piration is slow or negligible. In cat2 leaf extracts, a twofold
increase in H2O2 was reported by Gao et al. (2014), two days after
transferring plants from low to higher light. In our own hands,
increases under steady-state conditions are even smaller. For
instance, no increased signal was detected in cat2 using either
luminol to measure extracted peroxides or DCFH2 to detect ROS
in situ (Chaouch et al., 2010, 2012). These analyses were performed
on plants exposed to photorespiratory conditions for at least sev-
eral days: when plants were first grown at high CO2 to prevent oxi-
dative stress in cat2, a slight but significant increase in the
luminescence of luminol relative to Col-0 was observed 4 h after
transfer to oxidative stress conditions (Han et al., 2013a).

To attempt to resolve this point, we have re-investigated H2O2

contents in cat2 leaf extracts using two different commonly used
methods (Fig. 2). In the first, the luminol method was used to mea-
sure H2O2 in acid extracts from samples taken after transferring
plants from high CO2 to air. In the second, H2O2 was measured in
plants growing in air from seed using an enzyme-dependent spec-
trophotometric assay (Veljovic-Jovanovic et al., 2002). In both cases,
H2O2 contents in cat2 and Col-0 in the steady-state (24 h after onset
of the stress or later) were not significantly different (Fig. 2).
Although increased signal was detected with the luminol assay at
some early points after the transfer to air, biological variability
between cat2 extracts meant that only the first point (1 h after trans-
fer) was statistically significant at P < 0.05 (Fig. 2). In any case, the
increases are relatively small, with the additional H2O2 in cat2 not
exceeding 200 nmol g�1FW. This compares with an estimated rate
of photorespiratory H2O2 production of about 15 lmol g FW�1h�1.
This value is estimated based on a measured leaf mass/area of
260 g m�2 and the assumptions that the photorespiratory produc-
tion of glycolate in our growth conditions is around 1 lmol m�2s�1

(derived from typical rates of photosynthesis in Arabidopsis at
22 �C, 200 lmol m�2 s�1 irradiance; Veljovic-Jovanovic et al.,
2001) and that its metabolism occurs predominantly through glyco-
late oxidase. Thus, the maximum measured difference between cat2
and Col-0 leaf contents could be produced in less than a minute if no
other H2O2 removal pathways were operating. Even this difference
disappears within a few hours, so it seems that the vast majority of
H2O2 must be metabolized. Although we cannot exclude that some
form of down-regulation of H2O2 production through the photore-
spiratory pathways occurs (Schäfer and Feierabend, 2000), it seems
clear that catalase deficiency forces this oxidant through alternative
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Fig. 2. Peroxide contents in Col-0 (black symbols) and cat2 mutants (white symbols) using two different analytical methods. (A) Peroxides assayed as luminol
chemiluminescence in leaf extracts from plants grown for three weeks in high CO2 then transferred to air to induce oxidative stress in cat2. Left, time course over the first 24 h
after transfer. Right, 4 d after transfer. (B) Peroxide assayed enzymatically in leaf extracts from plants grown in air from seed for three weeks. Assay procedures as in Veljovic-
Jovanovic et al. (2002). Data are means ± SE of three to six independent biological repeats. ⁄Significant difference from Col-0 at P < 0.05.

G. Noctor et al. / Phytochemistry 112 (2015) 33–53 37
H2O2-reducing pathways that are less active when catalase capacity
is high. As we discuss further below, this notably drives significant
changes in cell thiol-disulfide status, as well as adjustments in other
areas of metabolism.

Observations on the relative stability of H2O2 signals in oxida-
tive stress are neither limited to cat2 mutants nor to H2O2 mea-
sured in extracts. Exposure of lettuce cells to 3-aminotriazole, a
very effective and rapid inhibitor of catalase, did not result in an
increase in H2O2 staining measured in situ using cerium chloride
(Bestwick et al., 1997). It is therefore pertinent to ask: what is
the signal measured in H2O2 assays performed on tissue extracts?
In control experiments in which extract aliquots were treated just
before the assay with commercially obtained catalase, more than
98% of the absorbance change shown in Fig. 2B was abolished, indi-
cating that the signal is indeed H2O2-dependent. Assuming that
H2O2 is not generated artefactually during sample preparation,
one possibility is that H2O2 measured in extracts predominantly
originates from the vacuole, apoplast, or other compartments with
comparatively low antioxidant capacity. Inter-compartmental
movement of H2O2 could be facilitated by some aquaporins
(Henzler and Steudle, 2000; Ye and Steudle, 2005; Bienert et al.,
2007; Borisova et al., 2012), although current knowledge suggests
that this would tend to attenuate any concentration differences
rather than promote them. As well as subcellular heterogeneity,
intercellular differences in H2O2 signals also exist in wild-type
plants exposed to high light (Mullineaux et al., 2006; Galvez-
Valdivieso et al., 2009). Assuming they are sufficiently specific
and can be calibrated accurately, genetically encoded probes offer
a promising approach to provide a more informative picture of
localized concentrations of H2O2 in a compartment-specific man-
ner (Costa et al., 2010; Esposito-Rodriguez et al., 2013).
4. Lipid peroxides and related molecules

Peroxidation of fatty acid chains is the basic cause of rancidity
in fats and oils, and can occur in biological cells during oxidative
stress. Indeed, breakdown products of fatty acid peroxides, such
as malondialdehyde (MDA), are often used as oxidative stress
markers. Non-enzymatic peroxidation of fatty acids occurs though
either addition of singlet oxygen or H abstraction (by the hydroxyl
radical, by lipid peroxyl radicals) followed by O2 and H addition.
Enzymatic generation can also occur, notably as an early step in
the synthesis of jasmonates, catalyzed by chloroplastic lipoxygen-
ases, for instance during wounding stress (Browse, 2009). Lipid
peroxides also accumulate during other stresses such as cryptog-
ein-elicited HR-like processes in tobacco (Davoine et al., 2006).

Because of its relatively high capacity for singlet oxygen genera-
tion and the presence of lipoxygenases, most attention has focused
on the chloroplast as a site of lipid peroxidation. The operation of dif-
ferent pathways can be distinguished based on metabolite signa-
tures measured, for example, by LC–MS/MS or HPLC followed by
GC–MS analysis of collected fractions. Such studies have shown that
although singlet oxygen can non-enzymatically produce lipid perox-
ides, it can also induce enzymatic pathways. Excess singlet oxygen in
the Arabidopsis flu (fluorescence) mutant triggered accumulation of
lipid peroxide signatures in a conditional manner (Przybyla et al.,
2008). Lesions dependent on EXECUTOR1 (an active cell death path-
way) were associated with enzymatic pathways, whereas profiles
consistent with non-enzymatic peroxidation were observed in other
conditions (Przybyla et al., 2008).

Peroxide profiling has also been used to distinguish between
hydroxyl radical- and singlet oxygen-mediated reactions
(Triantaphylidès et al., 2008). Based on the predominance of singlet
oxygen-related signatures, it was concluded that this molecule was
the major ROS causing lipid peroxidation in Arabidopsis subjected to
excess light (Triantaphylidès et al., 2008). Comparison of transcrip-
tomic data supports an important role for singlet oxygen during
other stresses like drought (Noctor et al., 2014). There is growing
interest in the roles of the complex array of compounds that can be
produced from lipid peroxidation, many of which are termed ‘‘reac-
tive electrophile species’’ (RES; Farmer and Mueller, 2013).

The biological activity of electrophiles can be regulated by con-
jugation to glutathione. Conjugation can occur spontaneously but
is accelerated by glutathione S-transferase (GST) activity. In at least
some cases triggering strong accumulation of RES, conjugation can
markedly deplete the glutathione pool (Davoine et al., 2006).
Among well-studied lipid peroxidation products are 4-hydroxy-
2-nonenal (HNE) which, like MDA, is a reactive aldehyde (Taylor
et al., 2004). Oxidative stress treatments promoted HNE accumula-
tion in Arabidopsis cells, accompanied by detection of HNE adducts
on mitochondrial proteins (Winger et al., 2005). Other reactive
aldehydes that have been studied in plastids include acrolein (2-
propenal). In isolated chloroplasts, this compound strongly inacti-
vated photosynthesis, accompanied by inactivation of photosyn-
thetic enzymes and the depletion of the glutathione pool, while
weaker effects were produced by HNE and MDA (Mano et al.,
2009). As well as, or by way of, these inactivating effects, some
RES may play important roles in signalling (Farmer and Mueller,
2013). Metabolite profiling will continue to be a key approach in
the elucidation of their physiological importance.
5. Chlorophyll catabolism

Chlorophyll breakdown pathways have notably been studied
during leaf senescence, but also during dehydration and rehydra-
tion of resurrection plants (Christ et al., 2014). Chlorophyll degra-
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dation involves loss of magnesium and the phytol chain within the
chloroplast, export to the cytosol for further modification by
enzymes such as cytochromes P450 (CYP; Christ et al., 2013), and
removal to the vacuole for breakdown. During senescence, chloro-
phyll degradation may be important to avoid excessive ROS pro-
duction by the electron transport chain under conditions where
metabolic capacity is declining or restricted. While non-enzymatic
pathways are possible, available evidence suggests that enzyme-
dependent degradation is predominant (Hörtensteiner and
Kräutler, 2011; Christ et al., 2014).

Free chlorophyll catabolites may sensitize ROS production or
otherwise act as stress-related signals to the nucleus, and so their
accumulation must be controlled during chlorophyll breakdown. A
key feature is metabolite channeling in enzyme complexes. Dereg-
ulation of the pathway in mutants for the Accelerated Cell Death1
(ACD1) gene, encoding pheophorbide a oxygenase, which catalyzes
the opening of the tetrapyrrole macrocycle, causes accelerated cell
death (Pružinska et al., 2003; Tanaka et al., 2003). Similar effects
have been observed in acd2 mutants lacking the function of red
chlorophyll catabolite reductase, a subsequent enzyme in the path-
way, which is induced during pathogenesis responses (Yao and
Greenberg, 2006). The ACD2 protein is predominantly chloroplastic
but is also found in the mitochondria. Together with evidence that
suggests an important role for mitochondria in ROS-dependent cell
death, this dual localization led to the hypothesis that ‘‘death sig-
nals’’ may involve movement of a sensitizing metabolite out of
these energy-generating organelles (Pattanayak et al., 2012).
6. Antioxidants and redox buffers

Many compounds that occur in cells can react with ROS and
potentially decrease the levels of these compounds. For a molecule
to be considered an effective antioxidant, the oxidized product
should be stable and, preferentially, recyclable to the active
reduced form, so that the sequence of potentially indiscriminate
oxidizing reactions can be effectively interrupted or at least con-
trolled. There has been interest in plant compounds as antioxidants
that can improve human health for many years (Halliwell, 1996).
Both in the human and plant context, many such compounds
may function as ‘‘sacrificial scavengers’’, meaning that their reac-
tion with ROS leads to their irreversible modification and their con-
tinued action requires resynthesis. Because of this, it remains
unclear whether such compounds are major players in ROS homeo-
stasis in plants. In some cases, however, they could play an impor-
tant role. One example could be during tomato fruit ripening,
which can be delayed by reinforcing anthocyanin contents
(Zhang et al., 2013). Similarly, compatible solutes may act to scav-
enge the hydroxyl radical (Smirnoff and Cumbes, 1989), although
evidence is growing that the roles of compounds such as proline
may also be important in controlling ROS accumulation more indi-
rectly, for example, through homeostasis of pyridine nucleotide
pools (Szabados and Savouré, 2010; Sharma et al., 2011).
6.1. Carotenoids and tocopherols

Within the membrane phase, carotenoids and tocopherols are
considered to be the most important compounds that control the
accumulation of ROS and derived molecules. In this context,
carotenoids can both act to avoid ROS production and as antioxi-
dants by reacting with any ROS that are produced. In addition to
their accessory light-harvesting roles, these pigments act in a
non-redox role to de-excite triplet chlorophyll or singlet oxygen
(Fischer et al., 2013). Moreover, the xanthophyll cycle carotenoids
are associated with a specific function in quenching singlet excited
chlorophyll, thereby decreasing excitation density that otherwise
promotes triplet chlorophyll formation and ROS formation
(Ruban et al., 2012). This involves two-step de-epoxidation of vio-
laxanthin to zeaxanthin via antheraxanthin in an ascorbate-depen-
dent manner (Demmig-Adams, 1990; Müller-Moulé et al., 2002).
Stress conditions such as high light can increase both total xantho-
phyll cycle pigments and, particularly, the proportion represented
by zeaxanthin and antheraxanthin (Grace and Logan, 1996;
Verhoeven et al., 1997).

In addition to their biophysical interactions, carotenoids can
undergo oxidation: GC–MS analysis of volatile products identified
several RES that accumulated after high light treatment of Arabid-
opsis (Ramel et al., 2012). Treatment of otherwise unstressed Ara-
bidopsis with one of these, b-cyclocitral, induced transcriptomic
signatures reminiscent of those previously described in the Arabid-
opsis singlet oxygen-accumulating flu mutant (Ramel et al., 2012).
This important study both defines metabolite markers for
increased singlet oxygen and provides mechanistic insight into
the early steps involved in linking accumulation of this unstable
and short-lived ROS to the induction of signalling pathways.

Tocopherols and tocotrienols differ in the presence or absence
of double bonds in their side-chains which, like carotenoids, are
derived from geranylgeranyl pyrophosphate in the terpenoid path-
way. Both tocopherols and tocotrienols contribute to vitamin E
activity, acting to directly quench singlet oxygen or to interrupt
peroxidation cascades by hydrogen donation to peroxyl radicals,
with the main contribution in photosynthetic tissue coming from
a-tocopherol (Dellapenna and Mène-Saffrané, 2011). Hydrogen
donation leads to the tocopherol radical, which can be re-reduced
by compounds such as ascorbate (Halliwell, 1996). Singlet oxygen
addition to the chromanol ring generates a relatively stable
tocopherolquinone that may be converted back to tocopherols
(Dellapenna and Mène-Saffrané, 2011).

Like carotenoids, tocopherols are strongly associated with plas-
tids, but they are found in higher levels in seeds than in leaves,
especially in oil-storing seeds. Arabidopsis vte mutants deficient
in tocopherol show clear signs of oxidative stress associated with
enhanced lipid peroxidation and the activation of defense path-
ways, particularly those associated with pathogenesis, during ger-
mination and early seedling establishment (Sattler et al., 2006). In
established plants, tocopherols may be less essential, because of
the presence of other antioxidative systems (Dellapenna and
Mène-Saffrané, 2011), although they may become important in
certain stress conditions (Havaux et al., 2005). The results of a
study using genetic enrichment of tocopherols in carotenoid-defi-
cient Chlamydomonas strains point to overlapping roles of carote-
noids and tocopherols in coping with high light stress (Li et al.,
2012).

6.2. Ascorbate and glutathione

Important features of core antioxidative systems in the soluble
phase of cells are that they either (1) accelerate reactions between
primary ROS to produce more stable species (superoxide dismu-
tase, catalase) or (2) involve the oxidation of reducing metabolites
to relatively stable forms that do not propagate the stress. An
important point is that the first type of antioxidant function does
not require accessory reductants. The best studied of the second
type is the ascorbate–glutathione pathway, in which regeneration
of these antioxidants ultimately requires NAD(P)H in an enzyme-
dependent manner. Although these metabolites are involved in
multiple cellular reactions (eg, glutathione is required in conjuga-
tion reactions), current concepts considers both of them to be key
players in controlling concentrations of ROS, notably H2O2.

Despite the general acceptance of the ascorbate–glutathione
pathway, and direct evidence that enzymes dependent on both
reductants become engaged when intracellular H2O2 availability



Fig. 3. Ascorbate, glutathione, and NADP(H) contents in Col-0 and cat2 mutants. Plants were grown for three weeks in longs days, and reduced (white) and oxidized (black)
forms of each compound were measured as in Queval and Noctor (2007). Data are means ± SE of three independent biological repeats.
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is enhanced (Mhamdi et al., 2010b; Vanderauwera et al., 2011), the
exact extent of coupling between the ascorbate and glutathione
pools remains to be established (Foyer and Noctor, 2011;
Rahantaniaina et al., 2013). Studies in catalase-deficient tobacco
and Arabidopsis backgrounds show that cytosolic ascorbate perox-
idase (APX) is an important player in H2O2 metabolism (Rizhsky
et al., 2002; Vanderauwera et al., 2011), but ascorbate pools seem
to be much less affected than glutathione in such plants (Fig. 3).
Glutathione status therefore seems to be a better marker for
changes in cellular redox state, at least those driven by increased
H2O2 inside the cell. Ascorbate contents are more responsive to fac-
tors such as irradiance (Grace and Logan, 1996; Gatzek et al., 2002;
Smirnoff, 2011), which affects glutathione somewhat less. Irradi-
ance-dependent changes in ascorbate may be partly related to
functions in tocopherol regeneration and the xanthophyll cycle,
discussed above.

While depletion of the total glutathione pool can be triggered
by stresses such as challenge with cryptogein (Davoine et al.,
2006; Hoeberichts et al., 2013), accumulation of glutathione simi-
lar to that shown in Fig. 3 can occur, at least transiently, in other
conditions that involve oxidative stress (Vanacker et al., 2000;
Bick et al., 2001; Gomez et al., 2004a). Such changes in glutathione
seem to be of functional importance in linking intracellular H2O2 to
pathogenesis-related (PR) responses (Han et al., 2013a,b), and sev-
eral other studies point to an important role of glutathione in
determining plant responses to biotic stress (Ball et al., 2004;
Parisy et al., 2007; Schlaeppi et al., 2008; Baldacci-Cresp et al.,
2012). The mechanisms by which glutathione is involved in oxida-
tive stress signalling remain to be elucidated but may involve pro-
cesses such as formation of protein disulfides, S-glutathionylation,
or S-nitrosylation (Dixon et al., 2005; Feechan et al., 2005; Tada
et al., 2008; Palmieri et al., 2010; Zaffagnini et al., 2012). Calcium
signalling may be involved (Gomez et al., 2004b), possibly driven
by the sensing of increased glutathione concentrations in the apop-
last (Li et al., 2013a).

6.3. Pyridine nucleotides

Maintenance of the reduced forms of ascorbate and glutathione
depends on NAD(P)H. Infiltration of these nucleotides into Arabid-
opsis leaves can induce pathogenesis responses (Zhang and Mou,
2009). This might reflect apoplastic sensing of key compounds that
in the absence of stress are mainly confined to the cell interior.
Pathogenesis responses can also be induced by enhancing NAD(H)
contents through manipulation of a chloroplastic step of the syn-
thesis pathway (Noctor et al., 2011; Pétriacq et al., 2012). Unlike
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glutathione, neither NAD(H) nor NADP(H) pools change dramati-
cally in response to intracellular H2O2 in cat2. Some increase in
total NAD(H) and total NADP(H) pools can be observed but changes
in redox state are minor (Fig. 3). Thus, while these molecules must
be required for oxidative stress responses, assays of their status
may not offer a sensitive marker for altered redox states. Given
the fast turnover of at least some NAD(P) pools, it is likely that
any changes in redox states are transient, similar to changes in
H2O2 (Fig. 2). Decreases in cellular NADPH:NADP+ ratios were
observed when oxidative stress was induced by application of
paraquat or menadione (Obata et al., 2011; Benina et al., 2014).

A large proportion of extracted pyridine nucleotides can be
bound to proteins in vivo. At any one time, therefore, only a fraction
of molecules may be contributing to the free pool (Hagedorn et al.,
2007). Hence, in vitro assays may not necessarily reflect biochem-
ically important changes. Reduced forms of NAD(P) can be mea-
sured directly by their intrinsic fluorescence, although this
method does not distinguish between NADH and NADPH, which
represents a limitation if both forms are present (Kasimova et al.,
2006). The relative stability of pyridine nucleotide redox states
during sustained oxidative stress may also be due to the plethora
of highly active enzymes that can interconvert oxidized and
reduced forms. Such enzymes are located notably in chloroplasts
but also in the mitochondria, cytosol, and peroxisomes (Møller
and Rasmusson, 1998; Valderrama et al., 2006; Mhamdi et al.,
2012). For instance, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is a central player in photosynthetic and respiratory
metabolism. Several isoforms of GAPDH can undergo specific redox
modifications that may affect flux through these major pathways
during oxidative stress (Hancock et al., 2005; Sparla et al., 2005;
Holtgrefe et al., 2008). NADPH-generating dehydrogenases are also
predicted to play roles in the response to increased ROS availabil-
ity, and analysis of mutants is beginning to throw light on their
importance in such conditions (Rius et al., 2006; Mhamdi et al.,
2010c; Voll et al., 2012; Li et al., 2013b; Dghim et al., 2013;
Mhamdi and Noctor, 2014).

Reduced forms of pyridine nucleotides can undergo hydration,
rendering them inactive or even inhibitory to essential metabolic
reactions. Enzymes that repair the hydrates are known and have
recently been described in plants. Loss-of-function Arabidopsis
mutants for an epimerase and hydratase, both of which appear
to be present as single gene copies in Arabidopsis, showed
increases in hydrated forms of NADH and NADPH (Niehaus et al.,
2014). However, both mutants showed a wild-type phenotype
when grown under standard conditions (Niehaus et al., 2014). It
is not yet clear whether these reactions are an important part of
oxidative stress responses.

6.4. Compartmentation, synthesis and turnover of NAD(P),
glutathione, and ascorbate

Although NAD(P)H, glutathione and ascorbate all have other
roles in cell metabolism, they are key to controlling ROS accumu-
lation. The wealth of information that has been generated on syn-
thesis, degradation, and transport pathways in Arabidopsis is
crucial to understanding how the status of these metabolites
responds to oxidative stress. Knowledge of these pathways may
also be useful to identify possible stress markers generated during
such responses (Fig. 4).

Although most of the ascorbate pool is intracellular, a large part
of the dehydroascorbate (DHA) detected in leaf tissue is probably
present in the apoplast so that the 90% reduction state typically
measured in leaf extracts (Fig. 3) underestimates the very high
reduction states of intracellular pools (Foyer and Noctor, 2011).
An important role for extracellular ascorbate pools in resistance
to oxidizing pollutants is consistent with the identification of
ascorbate-deficient mutants in screens for enhanced ozone sensi-
tivity (Conklin et al., 1996). Changes in apoplastic ascorbate in
these mutants may at least partly underlie the activation of PR
responses and abscisic acid (ABA) signalling in ascorbate-deficient
mutants (Pastori et al., 2003; Pavet et al., 2005; Colville and
Smirnoff, 2008). Despite the well-described links between ABA
and ROS (Kwak et al., 2003; Hu et al., 2006), it is not clear whether
the effect of ascorbate deficiency involves changes in ROS, since
ascorbate is also required to maintain optimal activities of various
iron-dependent enzymes, including dioxygenases involved in hor-
mone synthesis (including ABA) and histone demethylases
(Tsukada et al., 2006; Smirnoff, 2011). In the context of ROS metab-
olism, it is interesting that the final step of ascorbate synthesis
involves an oxidative step that feeds electrons directly into the
mitochondrial electron transport chain (Fig. 4). Accordingly, ascor-
bate synthesis and tissue contents can be influenced by the status
of the chain and of the tricarboxylic acid (TCA) cycle (Millar et al.,
2003; Nunes-Nesi et al., 2005), both of which may be modified
under oxidative stress conditions.

In the apoplast, ascorbate is a substrate for ascorbate oxidase
and may also influence H2O2 concentrations through various anti-
oxidant and pro-oxidant mechanisms, including acting as a Fenton
reagent (Kärkönen and Fry, 2006). In order to be converted to
ascorbate by compounds like GSH, at least some apoplastic DHA
probably has to be transferred to the more reducing cell interior
(Pignocchi and Foyer, 2003). Alternatively, apoplastic DHA can be
degraded (Green and Fry, 2005). Current knowledge points to
two routes of degradation, one that involves direct oxidation of
DHA and one in which oxidative steps are preceded by hydrolysis
to 2,3-diketogulonic acid (Parsons et al., 2011). These pathways
involve several intermediates, although their unstable nature
means that specialized techniques are required to quantify them
(Parsons and Fry, 2012). Ultimately, threonate and oxalate are pro-
duced (Fig. 4). Accumulation of these compounds may be a marker
for oxidative stress because ROS can accelerate not only the forma-
tion of DHA from ascorbate but also the oxidation steps in the
ensuing degradation pathways (Parsons and Fry, 2012).

One reason why GSSG accumulation seems to be quite a good
marker for increased H2O2 metabolism through reductive path-
ways is that a substantial proportion is sequestered in the vacuole,
where it escapes the action of glutathione reductase (Queval et al.,
2011). This effect may occur through transporters that are able to
transfer glutathione S-conjugates across the tonoplast (Noctor
et al., 2013). Clearance of GSSG from the cytosol is not restricted
to plants, but also occurs in some yeasts and in animal cells during
stress (Zechmann et al., 2011; Morgan et al., 2012). As well as the
vacuole, a significant part of the accumulated GSSG in catalase-
deficient Arabidopsis is found in the chloroplast (Queval et al.,
2011), a finding that is consistent with an earlier study in barley
(Smith et al., 1985). Oxidative stress can therefore drive significant
changes in thiol redox states in compartments in which sensitive
enzymes are present, perhaps leading to changes in metabolism
through post-translational modifications. Pathways that are modu-
lated by the GSH:GSSG ratio may include synthesis of glutathione
itself, as well its key precursor, cysteine (Bick et al., 2001; Queval
et al., 2009). Degradation of GSSG and GS-conjugates is notably ini-
tiated in the vacuole (Grzam et al., 2007; Martin et al., 2007). The
pathway involves 5-oxoproline production from the glutathione c-
glutamyl residue (Ohkamu-Ohtsu et al., 2008), and is likely to be
increasingly engaged under oxidative stress conditions that pro-
mote vacuolar accumulation of GSSG or GS-conjugates (Fig. 4).

Intercompartmental redox transfer through high capacity
exchangers and associated dehydrogenases is another important
mechanism that may operate to enable ROS homeostasis or sup-
port increased ROS metabolism. For instance, the ‘‘malate valve’’
could act to alleviate ROS production in the chloroplast by increas-
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Fig. 4. Simplified schemes of synthesis and degradation pathways of (A) NAD, (B) glutathione, and (C) ascorbate showing some of the steps that may be stimulated by
oxidative stress (red numbers). Arrows may represent more than one enzymatic/transport reaction. Glutathione and ascorbate oxidation can occur in many compartments
but for simplicity, this is not shown. While other steps are also likely to be sensitive to oxidative stress, the mechanisms depicted are (1) enhanced turnover of NAD by cellular
repair enzymes such as poly(ADP-ribose) polymerase; (2) induction of serine acetyltransferase; (3) induction and post-translational activation of some enzymes of sulfate
reduction; (4) post-translational activation of c-glutamylcysteine synthetase; (5) oxidation of GSH by dehydroascorbate reductase or enzymes with glutathione peroxidase
activity; (6) induction of glutathione S-transferases; (7) oxidation of ascorbate by ascorbate peroxidase and dismutation of monodehydroascorbate; (8) enhanced oxidation of
ascorbate by apoplastic ROS; (9) ROS-stimulated degradation of dehydroascorbate. ASC, reduced ascorbate. DHA, dehydroascorbate. c-EC, c-glutamylcysteine. Gal, galactose.
c-GalL, galactono-c-lactone. GDP-Man, GDP-mannose. GSH, glutathione (thiol form). GSSG, glutathione disulphide. GS-X, glutathione S-conjugate. NaMN, nicotinic acid
mononucleotide. OAS, O-acetylserine.
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ing NADP+ availability while simultaneously exporting reducing
equivalents for ROS metabolism in other compartments (Scheibe
et al., 2005). Analysis of knockout mutants for the stromal NADP-
malate dehydrogenase did not reveal an obvious phenotype, even
under high light, which may be due to a number of metabolic
adjustments that compensate for the absence of this enzyme
(Hebbelmann et al., 2012).

As well as redox cycling between NAD(P)H and NAD(P)+, pyri-
dine nucleotides can be partly degraded and resynthesized through
‘‘salvage’’ pathways. This type of ‘‘non-redox’’ turnover may be
stimulated by increased activities of several types of enzyme that
may play roles in oxidative stress, necessitating enhanced rates of
synthesis to maintain pool sizes. One notable example is poly(-
ADP-ribose)polymerase (De Block et al., 2005; Vanderauwera
et al., 2007; Pellny et al., 2009). As well as GSSG, several of the
metabolites involved in synthesis, recycling, or degradation path-
ways of glutathione, ascorbate, and pyridine nucleotides accumu-
late in response to oxidative stress in catalase-deficient
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Arabidopsis. These include nicotinic acid, O-acetylserine, cysteine,
c-glutamylcysteine, cysteinylglycine, 5-oxoproline, threonate, and
oxalate (Queval et al., 2009; Chaouch et al., 2012; Han et al.,
2013a). While the metabolic provenance of some of these com-
pounds could be multiple, their accumulation may reflect stimula-
tion of the mechanisms shown in Fig. 4.
7. Non-targeted profiling of the response to oxidative stress

In the context of studies on oxidative stress, we have published
several non-specific metabolite profiling analyses of derivatized
polar compounds in cat2 using GC–MS (Chaouch et al., 2010,
2012; Han et al., 2013a; Li et al., 2014). Within the framework of
the present metabolomics-focused paper, we have reanalyzed
some of these datasets with the aim of producing a robust descrip-
tion of detected metabolites that respond to oxidative stress in this
system. Our analysis is limited to the three studies performed in
comparable growth conditions (moderate light, air, long days). This
is a condition in which, despite the apparently rather modest and
transient increase in H2O2 contents (Section 3.2), oxidative stress
in cat2 is sufficient to activate pathogenesis responses in the
absence of any external biotic stressor. Up to 117 derivatives were
detected and quantified in either Col-0, cat2, or both. These are
listed in Supplementary Table S1, while Fig. 5 summarizes com-
pounds that were found to be significantly different in cat2 in all
three studies. In total, 29 compounds met this criterion, 28 of
which were increased in cat2 while one was found to be decreased
(Fig. 5). The predominance of increased signals probably partly
reflects growth restrictions, leading to a relative slowdown in syn-
thesis and/or accelerated degradation of macromolecules and
structural compounds, as discussed in the following sections.
7.1. Respiration

The key role of NAD(P)H in cell redox homeostasis and
increased energy use in repair processes predict enhanced respira-
tory flux during oxidative stress. The extractable activities of sev-
eral enzymes associated with the oxidative pentose phosphate
(OPP) pathway and glycolysis are enhanced in response to ozone
exposure (Dizengremel et al., 2009). In studies of Arabidopsis cell
using pharmacologically induced ROS, a number of glycolytic inter-
mediates accumulated, as well as gluconate (Baxter et al., 2007). In
cat2, we observed increases in glucose 6-phosphate and fructose 6-
phosphate in one study, but these compounds are not routinely
detected by our GC–MS procedures (Supplementary Table S1). In
agreement with the study of Baxter et al. (2007), gluconate is
clearly increased (Fig. 5). In fact, this compound can increase more
than 100-fold in cat2, suggesting it could be a useful oxidative
stress marker (Chaouch et al., 2012). The detected increases in glu-
conate may either reflect oxidation of glucose or enhanced produc-
tion of 6-phosphogluconate through the OPP pathway. The latter
effect may also possibly contribute to routinely detected increases
in ribose (Fig. 5).

Mitochondria play roles in the outcome of oxidative stress, even
when the stress does not primarily result from mitochondrial ROS,
as in catalase-deficient plants (Dat et al., 2003). Observations in
heterotrophic cells exposed to menadione suggest that the TCA
cycle is inhibited when ROS are increased (Baxter et al., 2007). Sev-
eral TCA cycle metabolites were increased in cat2. These included
2-oxoglutarate (2-OG), malate and succinate (Fig. 5). These data
are consistent with the view that the TCA cycle is impacted signif-
icantly by oxidative stress. However, the details of the underlying
mechanisms remain to be fully clarified (Obata et al., 2011).
7.2. Amino acids and related molecules

Of the 28 compounds found to be significantly more abundant
in cat2 than in Col-0, 13 were amino acids (Fig. 5). Accumulation
of aromatic amino acids may reflect an activation of the shikimate
and related pathways to support synthesis of phenolic and indolic
compounds, pathways that are known to be important in defence
in Arabidopsis (see Section 8). However, there is growing evidence
that other areas of amino acid-related metabolism play roles in
pathogenesis, for example, to generate respiratory fuel and/or
nutritional signals between the host plant and the pathogen
(Bolton, 2009; Liu et al., 2010; Stuttmann et al., 2011).

Eleven of the 13 amino acids that increased in cat2 are among
those found in protein. Enhanced protein degradation is probably
important to supply respiratory substrates during stress (Araújo
et al., 2011). For instance, isovaleryl-CoA dehydrogenase and 2-
hydroxyglutarate dehydrogenase are involved in the catabolism
of lysine and branched-chain amino acids. They feed electrons into
the mitochondrial electron transport chain and play roles in condi-
tions of low carbon availability or senescence (Däschner et al.,
2001; Araújo et al., 2010; Engqvist et al., 2011). In oxidative stress
conditions, where the TCA cycle may be partly inhibited, these
pathways can therefore promote ongoing activity of the mitochon-
drial electron transport chain and associated ATP generation
(Baxter et al., 2007; Obata et al., 2011). Lysine, isoleucine, leucine
and valine are all among the metabolites that most reproducibly
accumulate in cat2, alongside pipecolic acid, a product of lysine
breakdown (Fig. 5; Chaouch et al., 2012). Although 2-hydroxyglut-
arate was not detected in one of the studies, this metabolite accu-
mulated in cat2 in the other two (Supplementary Table S1).
Increases in all these compounds are consistent with enhanced
production of lysine and branched-chain amino acids during oxida-
tive stress, possibly following their release from proteins. Pipecolic
acid can be produced during lysine degradation (Galili, 1995) and
metabolized by a peroxisomal oxidase (Goyer et al., 2004). This
metabolite has been implicated in pathogenesis responses
(Návarová et al., 2012). As well as responding to peroxisomal-
derived H2O2 in cat2, pipecolic acid accumulates alongside lysine
when peroxisomal isocitrate dehydrogenase function is lost
(Mhamdi and Noctor, 2014).

Given that glutamate contents are relatively stable under condi-
tions of different nutritional status (Stitt et al., 2002), it is interest-
ing that this amino acid accumulates in cat2 alongside its carbon
skeleton precursor, 2-OG. Proteomic analyses suggest that this
may be related to down-regulation of primary ammonia metabo-
lism and recycling through chloroplast glutamine synthetase/gluta-
mate synthase (GS/GOGAT), accompanied by an up-regulation of
amino acid remobilization involving the cytosolic GS (Li et al.,
2014). Similar effects have been described during pathogenesis
responses (Pérez-Garcia et al., 1995). Interestingly, although knock-
ing out the cytosolic isocitrate dehydrogenase, one of the contribu-
tors to 2-oxoglutarate production for the GS/GOGAT pathway,
produced only a minor growth phenotype, it triggered enhanced
resistance to pathogens (Mhamdi et al., 2010c). Given the central
role of glutamate in carbon/nitrogen metabolism, this amino acid
could play several roles in pathogenesis and other conditions
involving oxidative stress (for a recent review, see Seifi et al., 2013).

Although proline has long been implicated in stress responses
(Szabados and Savouré, 2010), contents of this amino acid do not
generally show strong changes during oxidative stress in cat2. Pro-
line can accumulate during drought and related stresses as a com-
patible solute. However, enhanced sensitivity to drought was
observed in mutants for both proline synthesis and degradation
(Sharma et al., 2011). An additional possibility is that proline-glu-
tamate cycling plays a role in NADP(H) homeostasis (Sharma et al.,
2011 and references cited therein).
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Fig. 5. Summary of metabolite profiling of oxidative stress responses in the cat2 mutant. Extracts of polar metabolites were analyzed in methanolic extracts by gas
chromatography–mass spectrometry (GC–MS). (A) Data show metabolites that were significantly different (P < 0.05) from Col-0 in three different studies. Study 1, Chaouch
et al. (2010); study 2, Chaouch et al. (2012); study 3, Han et al. (2013a). Plants were sampled during growth in air in long day conditions. Decreases and increases in cat2 are
shown on green and red backgrounds, respectively, and the cat2/Col-0-fold-change is indicated. Where no number appears, +indicates detection in cat2 but not in Col-0. The
responses of all metabolites detected in the three studies are listed in Supplementary Table S1a and details of the GC–MS analysis are given in Supplementary Table S1b. (B)
Scheme to summarize some of the main pathways impacted by excess intracellular H2O2.
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Another glutamate-derived compound that has been linked to
oxidative stress responses is c-aminobutyrate (GABA; Bouché
et al., 2003). Although GABA accumulated in cat2 in one study, it
remained at wild-type levels in the two others (Table S1). As in
the case of proline, it may be that it is not GABA levels per se,
but rather the metabolic pathway that is important in stress
responses (Bao et al., 2014), possibly to provide succinate for the
mitochondrial electron transport chain when other steps of the
TCA cycle are inactivated (Studart-Guimarães et al., 2007).
Arginine is also derived from the glutamate skeleton, and is
reproducibly increased in cat2 (Fig. 5). Transcripts for enzymes
related to arginine metabolism were among those responding to
menadione treatment, leading to the proposal that arginine is a
‘‘reporter metabolite’’ for oxidative stress (Baxter et al., 2007).
Adjustments in arginine may also be related to synthesis of poly-
amines, compounds that have long been proposed to play roles
in oxidative stress, either as antioxidants or as substrates for
ROS-producing oxidases (Bors et al., 1989; Moschou et al., 2008).
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Both the simple polyamine, putrescine, and b-alanine, which can
be produced from polyamines, were found to be reproducibly
increased in cat2 (Fig. 5).

Cysteine production by serine acetyl transferase activity has
been shown to be among the factors limiting glutathione synthesis
(Harms et al., 2000). Increases in O-acetylserine in cat2 are very
probably related to the marked increase in glutathione production
(Figs. 3 and 4). Cysteine detected by GC–MS was increased signif-
icantly in cat2 in two studies but not detected in the other (Supple-
mentary Table S1). However, quantitative HPLC analysis showed
that the total cyst(e)ine pool is consistently increased in cat2, by
about 2-fold (Queval et al., 2009; Han et al., 2013b). Oxidative
stress-triggered accumulation of cysteine and glutathione is often
accompanied by increased amounts of the glutathione degradation
products, Cys-Gly (Han et al., 2013b) and oxoproline (Supplemen-
tary Table S1). This probably reflects vacuolar turnover of GSSG
and/or GS-conjugates initiated in the vacuole (Fig. 4).
7.3. Sugars and sugar alcohols

Several compounds in these classes are among plant metabo-
lites that have received attention as potential antioxidants, for
example, as scavengers of the hydroxyl radical (Smirnoff and
Cumbes, 1989; Couée et al., 2006; Nishizawa et al., 2010). Metab-
olites that directly scavenge ROS might be expected to decrease in
oxidative stress, unless their synthesis can be induced to compen-
sate. Intriguingly, the only compound that was reproducibly
decreased in cat2 was myo-inositol (Fig. 5). This decrease seems
to be necessary for activation of SA-dependent pathogenesis
responses in cat2, which can be prevented simply by treating
plants with myo-inositol during the onset of the stress (Chaouch
and Noctor, 2010). Other studies provide strong evidence that this
metabolite is a potentially important regulator of pathogenesis
responses. Mutants for a specific myo-inositol phosphate synthase
(MIPS1) show a lesion phenotype in long days or at increased
growth irradiance (Meng et al., 2009; Donahue et al., 2010) that
is similar to a spreading HR previously described in other lesion
mimic mutants (Dietrich et al., 1994).

Several other sugar alcohols, including sorbitol, may be oxidized
to sugars by NAD(P)-dependent dehydrogenases. Although sorbitol
dehydrogenase has been studied more intensively in other species
such as pear, an NAD-dependent Arabidopsis enzyme has recently
been characterized (Nosarzewski et al., 2012; Aguayo et al., 2013).
Interestingly, this enzyme can oxidize other sugar alcohols as well
as sorbitol, including ribitol, and the increase in ribose in cat2 (pro-
duced, perhaps, from its isomer, ribulose) could be partly linked to
this enhanced activity of this enzyme. Several sugars that accumu-
late in cat2 are components in cell wall polymers (arabinose, rham-
nose), and this may reflect ROS-driven reorganization of the wall
structure as a defense response (Müller et al., 2009).

Redox turnover of the ascorbate pool is likely to be enhanced in
conditions of oxidative stress (Davletova et al., 2005). As noted
above, changes in ascorbate status in cat2 are often minor, proba-
bly reflecting the presence of more powerful reductants (glutathi-
one, NADPH) that are able to ensure the efficient reduction of DHA
inside the cell. However, enhanced ROS availability could promote
DHA degradation in the apoplast (Parsons et al., 2011; Fig. 4). Con-
sistent with this notion, threonic acid and oxalate were each signif-
icantly increased in at least one study of cat2 metabolite profiles
(Supplementary Table 1). Threonate was also observed to accumu-
late in menadione-treated Arabidopsis cells (Baxter et al., 2007).
Taken together, these changes indicate that intracellular oxidative
stress promotes some increase in apoplastic degradation of
ascorbate.
8. Phytohormones and secondary metabolites

Increasing evidence suggests that phytohormone pathways are
important in mediating oxidative stress signalling. Among the
players are the DELLA proteins that regulate gibberellic acid
responses (Achard et al., 2008) and abscisic acid (ABA), which is
closely entwined with ROS-dependent pathways (Pastori and
Foyer, 2002; Hu et al., 2006; Noctor et al., 2014). ABA-induced sto-
matal closure involves ROS produced by NADPH oxidases (Kwak
et al., 2003). ABA is also implicated, together with ROS, in intercel-
lular transmission of high light responses (Galvez-Valdivieso et al.,
2009).

8.1. New roles for auxins in oxidative stress

The above findings underscore the tight integration of oxidative
stress with signalling involved in growth and development. Recent
work by several groups on catalase-deficient plants has uncovered
important interactions with auxins. Leaf contents of these key phy-
tohormone compounds are decreased by oxidative stress in cat2,
an effect that has been nicely shown to be responsible for the hyp-
onastic (upwardly curled) leaf phenotype that can be observed in
the mutant in some conditions (Gao et al., 2014). Highly induced
genes in catalase-deficient plants include a UDP-glycosyl transfer-
ase (UGT) with activity against indolebutyric acid that influences
responses to drought (Tognetti et al., 2010). Further, treatment of
young cat2 plants with auxins or auxin-like compounds decreases
lesions under conditions promoting high rates of photorespiration
(Kerchev et al., 2014).

8.2. Close interactions between H2O2 and salicylic acid

Salicylic acid and H2O2 are known to interact closely in the
response to biotic stress, although most of the research focus in
this area has been on H2O2 or superoxide produced at the cell sur-
face. While oxidative stress produced in the cell interior in the cat2
mutant can drive several different phenotypes, the spreading
lesion phenotype observed when the mutant is grown at moderate
light in long days is dependent on SA. Both free and total
(free + glycosylated forms) SA contents are markedly increased,
and this is accompanied by strong induction of SA-dependent PR
genes as well as of the gene encoding Isochorismate Synthase 1
(ICS1; Fig. 6), the key enzyme involved in production of SA during
biotic stress (Wildermuth et al., 2001). A very marked increase in
camalexin is also observed (Fig. 6), an indole phytoalexin which,
like auxins, is produced from tryptophan (Glawischnig, 2007).
Together with increases in phenylalanine and tryptophan contents
(Fig. 5), this suggests that sustained production of intracellular
H2O2 in the peroxisomes is sufficient to up-regulate the shikimate
and related pathways in the absence of external stress. As well as
SA itself, the isochorismate- or phenylalanine-dependent path-
ways can produce several structurally related metabolites follow-
ing exposure to pathogens. These include benzoic acid as well as
derivatives like m-hydroxybenzoic acid. In studies where they
were detected, both compounds showed some increase in cat2
(Supplementary Table S1). A dihydroxybenzoic acid-glycoside pro-
duced from isochorismate has been implicated in pathogenesis
responses and ageing (Bartsch et al., 2010). This compound could
play roles in oxidative stress, possible by controlling the availabil-
ity of free iron and, therefore, cleavage of H2O2 through Fenton
reactions (Bartsch et al., 2010).

The close relationship between oxidative stress-triggered
induction of these pathways and those observed in response to
stressors such as (hemi)biotrophic pathogens is clear. Blocking
ICS1 function using the sid2 mutation is sufficient to abolish oxida-
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tive stress-triggered SA accumulation and to prevent spreading
lesions and increases in camalexin (Chaouch et al., 2010). Crucially,
introducing the sid2 mutation into the cat2 background also pre-
vents much of the GC–MS metabolite signature discussed above,
even though other markers suggest that oxidative stress is still
occurring. This suggests that a large part of the changes in metab-
olite profiles triggered by intracellular H2O2 is dependent on SA
(Chaouch et al., 2010). Taken together, these observations suggest
that the oxidative stress triggered by the cat2 mutation mimics
conditions elicited by certain biotic challenges particularly closely
(Chaouch et al., 2012). A specific protein phosphatase 2A subunit
appears to be a key player in controlling these oxidative stress-trig-
gered metabolite signatures (Trotta et al., 2011; Li et al., 2014).

Perhaps not surprisingly, the activation of SA and related path-
ways in cat2 leads to induced resistance to bacteria (Chaouch et al.,
2010, 2012). Pathways that are involved in systemic acquired
resistance (SAR) also seem to be involved. Azelaic acid is a nine-
carbon dicarboxylic acid detected in the leaf exudates of infected
plants (Jung et al., 2009). Together with the lipid transfer protein,
AZI1, azelaic acid is involved in the activation of SAR (Jung et al.,
2009). In one of our studies, azelaic acid was found to be increased
(Chaouch et al., 2010; Supplementary Table S1), but the compound
is not routinely detectable by GC–MS analysis of whole leaf tissue.
Nevertheless, its role in signalling driven by intracellular H2O2

receives support from the induction of AZI1 in cat2 (Chaouch
et al., 2010; Queval et al., 2012).

8.3. Jasmonic acid and oxylipins

As discussed earlier, intracellular oxidative stress can also acti-
vate pathways related to jasmonic acid (JA). In cat2, however, such
effects are less clear than the activation of SA signalling, and are
quite dependent on growth conditions. A study using a catalase
inhibitor and catalase mutants reported that H2O2 produced inside
the cell plays a role in potentiating methyl jasmonate-induced sto-
matal closure (Jannat et al., 2012). Leaf contents of the JA precur-
sor, linolenic acid, showed a tendency to increase in cat2,
although this effect was only statistically significant in one exper-
iment (Supplementary Table S1). Are contents of JA itself induced
by intracellular H2O2? To answer this question, an LC–MS protocol
was developed that can measure SA at the same time (see Supple-
mentary File S1 for details). Using this technique, an increase in JA
of 5.5-fold was observed in wounded Col-0 leaves, a condition that
we used as a positive control. In cat2, only a more modest increase
was apparent, although it was statistically significant (Fig. 7). The
trends for SA detected by LC-MS are consistent with those obtained
by HPLC-fluorescence (Fig. 6). The cat2 mutation was sufficient to
produce increases in both free SA and SA-glucoside (SAG) to sev-
eral-fold Col-0 values, in contrast to wounding, which did not
affect these compounds (Fig. 7).

Together, the data of Figs. 6 and 7 are broadly consistent with
an especially tight link between SA and H2O2 generated in the per-
oxisome, although they also suggest that the ensuing intracellular
oxidative stress can simultaneously induce accumulation of JA.
This suggests that at least part of the well-known antagonism
between the two hormones operates subsequently to the oxidative
trigger(s) that drive their accumulation. However, interactions
between SA and JA may be complex. For example, synergistic
effects can be observed during induction of pathogenesis responses
and cell death by relatively low concentrations of the two com-
pounds (Mur et al., 2006). There may also be substantial interplay
or overlap between different oxidizing species or different intracel-
lular compartments involved in these responses. For instance, high
levels of lipid peroxides in a vitamin E-deficient mutant, whose pri-
mary effect is expected to be chloroplastic, can also cause marked
accumulation of camalexin (Sattler et al., 2006). Studies on cat2
carrying secondary mutations that target glutathione status impli-
cate thiol-disulfide signalling (Mhamdi et al., 2010b; Han et al.,
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2013a,b). Oxylipin signalling involves a cyclophilin that, on binding
12-oxo-phytodienoic acid (OPDA), activates cysteine synthesis to
modulate cell thiol status (Park et al., 2013). Another interaction
with glutathione involves possible regulation of OPDA signalling
intensity by formation of S-conjugates (Ohkamu-Ohtsu et al.,
2011). Camalexin accumulation also draws on the glutathione
pool, as its sulfur atom is derived from this key intracellular thiol
(Su et al., 2011).

8.4. Other pathways

Early steps of the terpenoid synthesis pathway are gaining
attention as generators of stress signals. Synthesis of isopentenyl
diphosphate in the plastid occurs through the methylerythritol
phosphate (MEP) pathway. Starting from a screen for mutants with
altered expression of Hydroperoxide Lyase, it was shown that accu-
mulation of methylerythritol cyclodiphosphate (MEcPP) triggers
SA accumulation and bacterial resistance (Xiao et al., 2012). Levels
of MEcPP were also found to be increased by high light and wound-
ing, effects that may be at least partly related to oxidative stress
(Xiao et al., 2012).

Although more information is available in animal systems, mel-
atonin occurs in plants and has been implicated in oxidative stress
regulation (Hardeland, 2014). In Brassica species, glucosinolates
are an important class of stress-related compounds. A mutant defi-
cient in Harmless to Ozone Layer1 (HOL1), so called because it has
only low emissions of ozone-damaging methyl halides, shows
decreased resistance to bacteria, associated with compromised
ability to methylate glucosinolate breakdown products
(Nagatoshi and Nakamura, 2009). Together with the glucosino-
late-cleaving enzyme (myrosinase) and SA-linked PR proteins
(PR2, PR5), HOL1 showed increased phosphopeptide signals in
cat2 and other mutants that show constitutive redox perturbation
and increased resistance to pathogens (Trotta et al., 2011; Li et al.,
2014). Like camalexin, glucosinolates contain sulfur atoms derived
from glutathione (Geu-Flores et al., 2009). Among other things, this
might favour coordination of glucosinolate and glutathione syn-
thesis during stress. Genetic deficiency of glutathione in Arabidop-
sis decreases glucosinolate contents and resistance to insects
(Schlaeppi et al., 2008).
9. Clues from oxidative stress transcriptomics

As noted at the beginning of this review, metabolite profiling
has technical limitations which mean that no single method cur-
rently provides as much coverage of different pathways as transcri-
ptomics analysis through microarray or RNA sequencing. In
addition to direct measurements of metabolites, there is consider-
able evidence from transcriptomics studies that specific secondary
metabolism pathways are up-regulated by oxidative stress. In cat-
alase-deficient mutants, the most strongly up-regulated genes typ-
ically include those encoding specific UGTs, GSTs, or CYPs. These
enzymes are involved in detoxifying and/or regulating the biolog-
ical activity of metabolites of external or endogenous origin, and
some are rapidly induced after transferring catalase-deficient
plants to oxidative stress conditions (Vandenabeele et al., 2004;
Vanderauwera et al., 2005). In a microarray study of cat2 (Queval
et al., 2012), 35 genes were found to be induced more than 10-fold
(Fig. 8). Of these, more than half encoded enzymes, but none of
these belonged to the core antioxidative or reductant-generating
systems (superoxide dismutase, catalases, peroxidases, ascorbate
and glutathione-linked reductases, etc). This underscores the rela-
tively constitutive nature of much of the primary ROS-processing
system, which is maybe not surprising given that generation of
ROS is a constant feature of primary metabolism and that plants
in natural environments have to be prepared for rapid fluctuations
in rates of generation.

Glutathione S-transferases accelerate the attachment of GSH to
electrophilic substrates, including xenobiotic pollutants and
endogenous metabolites, although many may also may have other
functions, notably as peroxidases (Dixon et al., 2009). All three of
the strongly induced GSTs (GSTU1, GSTU24, GSTU25) in cat2 were
also induced in Arabidopsis exposed to herbicides and trinitrotolu-
ene (TNT), alongside genes encoding enzymes of ascorbate regen-
eration (Ekman et al., 2003; Mezzari et al., 2005). Functional
studies suggest that GSUTU24 and U25 are important in TNT deg-
radation (Gunning et al., 2014). The three GSTU genes can also be
strongly induced by SA treatment (Sappl et al., 2009), although
our own studies suggest that their marked induction by oxidative
stress does not require increases in SA (Chaouch and Noctor,
2010; Queval et al., 2012).

In other detoxification pathways, CYP catalyze hydroxylation/
oxidation reactions, often producing a functional group that is then
glycosylated by UGTs. Like GSH conjugation via GST action, the
introduction of a sugar tag enables recognition by transporters,
notably located on the tonoplast. Also like GSTs, CYP and UGT func-
tions extend beyond metabolism of xenobiotics, and include syn-
thesis of secondary metabolites and regulation of secondary
signalling molecules produced by ROS-dependent reactions,
including phytohormone-related molecules like SA and OPDA
(Lim et al., 2002; Ohkamu-Ohtsu et al., 2011; Su et al., 2011;
Farmer and Mueller, 2013). At least two CYPs are induced >10-fold
in cat2 (Fig. 8). Both CYPs can be induced by phytoprostanes
although their substrates have not been identified (Loeffler et al.,
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2005; Mueller et al., 2008; Köster et al., 2012). CYP81D11 is also
induced by other compounds such as allelochemicals and herbi-
cides, and by insects as well as biotrophic and necrotrophic patho-
gens (Matthes et al., 2011; Köster et al., 2012). Induction of
CYP81D11 by both JA and other apparently unrelated compounds
required components of the JA signalling pathway to be active
(Köster et al., 2012). It is unclear whether H2O2 induction of this
gene also requires an active JA signalling pathway.

The most highly induced gene in cat2 was UGT74E2 (Fig. 8).
Functional characterization showed that UGT74E2 is active against
indole butyric acid and that the enzyme is implicated in tolerance
to drought stress (Tognetti et al., 2010). Attention has been drawn
to the role of other H2O2-induced UGTs (UGT73b3, UGT73b5) in
regulating redox state and metabolism during pathogenesis
(Simon et al., 2014), although their substrates remain to be identi-
fied. Indeed, four of the seven highly H2O2-induced UGTs were
among six induced by SA independently of the SA signalling regu-
lator, Nonexpressor Of Pathogenesis-Related Genes1 (NPR1; Blanco
et al., 2009), suggesting that they may be part of the early response
to this signalling molecule. Of these four, UGT74F2 is one of two
able to glycosylate SA (Lim et al., 2002; Dean and Delaney, 2008).
Unlike UGT74F1, UGT74F2 is able to glycosylate the SA carboxy
hydroxyl group, although it is the less active of the two in glycosy-
lating the 2-hydroxy group (Dean and Delaney, 2008). Interest-
ingly, UGT74F2 was the only one of these two genes induced in
cat2, suggesting that the encoded enzyme might be responsible
for a significant part of the accumulated SA glycosides driven by
intracellular oxidative stress (Figs. 6 and 7).

Another UGT that is also inducible by SA independently of NPR1
is UGT75B1, which has been implicated in callose formation (Hong
et al., 2001), an important response against biotic invaders. This
UGT was the most effective of three able to glycosylate the folic
acid precursor, p-aminobenzoic acid (Eudes et al., 2008). The link
between folic acid and oxidative stress is not clear. Conceivably,
methionine cycle reactions may be important, based on the accu-
mulation of this amino acid in cat2 (Fig. 5) and the accumulation
of the methionine cycle enzyme, S-adenosylhomocysteine hydro-
lase, in mutant lines showing constitutive activation of ROS-associ-
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ated pathogenesis-related responses (Trotta et al., 2011; Li et al.,
2014). In the cat2 context, it may also be noteworthy that photore-
spiratory metabolism relies on folate derivatives for the conversion
of glycine to serine in the mitochondria. One of the other H2O2-
induced UGTs (UGT73C5, or DOGT1) is active against brassinoster-
oids (Husar et al., 2011). Together with the links to SA, JA, and aux-
ins noted above, this further emphasizes the close relationships
between oxidative stress-induced redox signalling and hormone
function.

Catalase deficiency and high light act antagonistically in regu-
lating the expression of genes involved in the phenylpropanoid
pathway leading to anthocyanin generation (Vanderauwera et al.,
2005). This observation underlines the complex interactions
involved in oxidative stress responses, since high light is consid-
ered to involve increased ROS production, and anthocyanins and
flavonoids to have antioxidant activity (Zhang et al., 2013). It
may partly reflect antagonism between different ROS, or between
ROS produced in different compartments (Gadjev et al., 2006).

While their precise functions remain to be established, the
identity of the highly induced reductases and dehydrogenases in
cat2 further emphasizes the links to pathogenesis-induced changes
in cell wall metabolism and to regulation of compounds produced
secondarily from ROS accumulation. They include a member of the
cinnamyl-alcohol dehydrogenase family (At1g09500), which is
pathogen-induced, associated with lignin biosynthesis, and nega-
tively controlled by the transcription factor, WRKY7 (Kim et al.,
2006). The aldo–keto reductase encoded by At2g37770 (AKR4C9)
is active against reactive carbonyls that could be produced from
sugar or lipid oxidation (Yamauchi et al., 2011; Saito et al., 2013)
while At5g16980 is induced by phytoprostanes (Mueller et al.,
2008). Thus, the redox changes triggered by modified H2O2 metab-
olism in cat2 may induce secondary production of these reactive
compounds. If so, this may be important in modulating the phyto-
hormone-related pathways discussed above.
10. Conclusions and perspectives

The impact of oxidative stress on plant metabolism is complex
and intricate. Metabolite structure or abundance can be modified
through multiple types of mechanism (Fig. 1). Increased ROS may
modulate metabolites through both enzymatic and non-enzymatic
reactions. The prevailing view is that singlet oxygen drives lipid
peroxide signatures mainly through enzymatic pathways under
physiological conditions, and that non-enzymatic oxidation of
carotenoids is likely to generate important signal metabolites. In
the case of H2O2, non-enzymatic reactions are unlikely to play an
important role, unless the hydroxyl radical is produced. H2O2 does
not react at significant rates even with highly reducing molecules
such as ascorbate and glutathione: catalysts (peroxidases) are
required (Rahantaniaina et al., 2013). Inside the cell, peroxidases
have a largely antioxidant function that, with catalase, keeps
H2O2 low under most conditions. The main physiological impor-
tance of the many types of metabolite to which direct antioxidant
roles have been ascribed is not likely to be in removing H2O2, but
rather in scavenging the hydroxyl radical that can be generated if
H2O2 accumulates in the presence of Fenton reagents such as iron.
Hence, changes in iron homeostasis may trigger responses that
partly recapitulate those elicited by oxidative stress (Sudre et al.,
2013). The hydroxyl radical plays an important role in cell well
metabolism. Outstanding questions concern the roles of the
numerous apoplastic class III peroxidases found in plants, notably
which metabolite substrates they oxidize (O’Brien et al., 2012a,b;
Daudi et al., 2012).

Whether they be carotenoids, fatty acid chains, or soluble anti-
oxidants, metabolites that interact closely with ROS are likely to be
close to the source of signals perceived by the cell. Peptides pro-
duced from protein breakdown may also act as indicators of oxida-
tive stress (Møller and Sweetlove, 2010). A potentially important
emerging concept is that of metabolite repair (Linster et al.,
2013). While such repair reactions may require significant energy
expenditure, they could be important in determining cell longevity
and survival, particularly in stress conditions. Products of glutathi-
one oxidation may strongly influence H2O2-dependent signaling,
while peroxide-catalyzed oxidation of sensitive protein thiol
groups on regulatory proteins will influence the orchestration of
metabolic sequences at transcriptional or post-transcriptional lev-
els. At the level of specific enzymes, post-translational modifica-
tions of cysteine and methionine groups could be key in
promoting re-direction of metabolism. Significant bottlenecks for
progress here are that while many proteomics studies have
allowed list of such proteins to be constructed, the extent and
impact of the modification in vivo are in most cases not yet well
characterized. Unresolved questions include effects on protein
activity, as well as quantification of what proportion of residues
within the population of proteins are affected.

The accumulation of ROS-triggered metabolites may be a truer
marker for oxidative stress than ROS signals themselves. One
important implication of the close relationship between ROS and
phytohormones is that the tightness of the coupling between oxi-
dative stress and downstream responses can be variable. This point
is important for research strategies searching to manipulate plant
response to oxidative stress because it implies that other avenues
may be possible besides one that seeks to enhance stress resistance
by reinforcing antioxidant capacity. Rather, it may be possible to
search for factors that modulate the outcome of increased ROS,
rather than ROS accumulation per se. Such factors may include
metabolites whose content or nature is influenced by oxidative
stress in a way that can be perceived by plants.

Compartmentation remains a key issue, both with respect to
metabolomics in general and to redox-dependent changes in par-
ticular. Redox gradients between compartments may be important
in sensing, possibly driven by membrane-bound proteins with
redox-sensitive groups on either side of the membrane. Redox sen-
sors based on green fluorescent proteins that provide information
on cell thiol-disulfide status are already available (Jiang et al.,
2006; Schwarzländer et al., 2008; Jubany-Mari et al., 2010), and
the development of others that are specific for ROS such as H2O2

is ongoing (Esposito-Rodriguez et al., 2013). These techniques
could help to resolve issues surrounding ROS concentrations in dif-
ferent plant compartments.

Notwithstanding the problems that compartmentation poses
for data interpretation, metabolite signatures are interesting in
that they may provide an indicator of the extent and influence of
oxidative stress in given conditions. One example is the accumula-
tion of branched chain amino acids induced by ABA treatment
(Ghassemian et al., 2008), a response that seems to occur repro-
ducibly in oxidative stress (Fig. 5). Nevertheless, just as there is
no single oxidative stress transcriptome (Gadjev et al., 2006), it is
clear that there cannot be a single ‘‘oxidative stress metabolome’’.
Apart from specific effects produced by location and the type of
ROS, the metabolic response to increased oxidative load is likely
or be dynamic and plastic. Dissecting the regulatory networks that
underlie this complexity will require considerable further study.
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