




generation at site 3 (Fig. 1). These energy-dissipative
functions may be important because singlet oxygen is
a powerful oxidant and signaling molecule that probably
accounts for the vast majority of damage measured as
lipid peroxidation in chloroplasts (Triantaphylidès et al.,
2008). However, although photorespiration undoubtedly
has a dissipative role by consuming both reductant and
ATP, any such role for the water-water cycle must take
into account the often overlooked notion of photosyn-
thetic control.

COUPLING IN CHLOROPLASTS: DO NOT FORGET
THE PROTONS

A predominant concept is that drought, like some
other stresses, favors electron flux to O2 based on
the notion that the regeneration of NADP+ cannot
keep pace with NADPH production (Fig. 1, site 2).

However, any marked increase in the NADPH:NADP+

ratio will have profound effects on the regulation of
photosynthesis because of the obligatory coupling of
electron transport to ATP synthesis (Foyer et al., 2012).
In terms of the sustainability of alternative electron
flow, a key point is the average turnover times of ATP
and NADPH in the chloroplast stroma, which do not
exceed a few seconds at moderate to high rates of
steady-state photosynthesis (Noctor and Foyer, 2000).
In addition to any promotion of the Mehler reaction,
overreduction of the stroma will favor engagement of
other ATP-generating processes such as cyclic electron
transport and chlororespiratory pathways. As a con-
sequence, photosynthetic control over plastoquinol
oxidation at the cytochrome b6f complex will restrict
overreduction of PSI and tend to build electron pres-
sure in PSII (Joliot and Johnson, 2011). Increased
photosynthetic control will not only promote energy
dissipation in PSII but will also tend to increase the

Figure 1. Current concepts of how drought increases the generation of ROS in photosynthesis. A, Cartoon of leaf section in
well-watered plants in which relatively high intercellular CO2 concentrations (Ci) allow efficient regeneration of terminal
oxidants and limit RuBP oxygenation. B, Drought-induced stomatal closure restricts CO2 uptake, favoring photorespiratory
production of H2O2 in the peroxisome (1) and possibly favoring production of superoxide and H2O2 (2) or singlet oxygen (3) by
the photosynthetic electron transport chain. PGA, 3-Phosphoglyceric acid. [See online article for color version of this figure.]
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likelihood of singlet oxygen production (Fig. 1B, site 3).
Unless uncoupling mechanisms exist in the thylakoid
electron transport chain, sustained high rates of the
water-water cycle are not possible without an addi-
tional sink for ATP. Although leaf ATP contents have
been reported to decrease during drought stress, this
was ascribed to inhibition of the ATP synthase, rather
than uncoupling (Tezara et al., 1999). Consistent with
this interpretation, nonphotochemical quenching of
chlorophyll fluorescence (NPQ), an indicator of trans-
thylakoid pH difference, increased with progressive
decreases in water potential (Tezara et al., 1999). In-
creases in NPQ during drought have commonly been
observed in other studies of intact leaves, providing
little evidence of significant uncoupling to allow elec-
tron transport-pumped protons to flow back more
easily from the lumen to the stroma. Therefore, unlike
photorespiration, which consumes both ATP and re-
ductant, any acceleration of the water-water cycle ac-
tivity may only be transient. Moreover, rather than a
simple safety valve to relieve overreduction of PSII, the
water-water cycle might be predicted to enhance
photosynthetic control, favoring singlet oxygen pro-
duction unless alternative sinks are present.

OTHER POTENTIAL SOURCES OF ROS
DURING DROUGHT

The mitochondrial electron transport chain is an-
other possible source of superoxide and H2O2 during
drought. In addition to any drought-induced changes
in dark respiration, increases in photorespiration could
enhance mitochondrial electron pressure linked to ac-
celerated production of Gly, hence favoring mito-
chondrial ROS production in the light. Interestingly,
the Gly decarboxylase complex can undergo oxidative
inactivation and be subject to posttranslational re-
dox modifications including S-glutathionylation and
S-nitrosylation of several Cys residues (Taylor et al.,
2002; Palmieri et al., 2010), although the physiological
impact of these modifications is not yet clear. The ROS-
inducible alternative oxidase (AOX) is considered a
crucial player in limiting ROS production by the mi-
tochondrial electron transport chain and, possibly, in
cellular redox homeostasis in general (Vanlerberghe,
2013). Although rates of photosynthesis are very sen-
sitive to drought, overall respiration rates appear to be
less affected (Ribas-Carbo et al., 2005). However,
drought induced a shift from the cytochrome oxidase
to the AOX pathway, although this was not associated
with altered AOX abundance (Ribas-Carbo et al.,
2005). Current evidence suggests that deficiency in the
AOX pathway enhances drought sensitivity (Giraud
et al., 2008; Wang and Vanlerberghe, 2013).
Other than the organelles discussed above, the

plasma membrane together with the cell wall and
apoplast could make an important contribution to
drought-induced ROS production. Adjustments in the
cell wall are part of drought responses in many species

and involve processes such as both wall loosening and
tightening, the latter associated with lignin formation
(Moore et al., 2008). Several genes encoding expansins
are among genes that are up-regulated at an early
stage or in response to moderate drought (Harb et al.,
2010). Some of these adjustments in cell wall structure
may involve ROS and thus one or more of several
types of enzymes that are localized at the cell surface
or apoplast and that use different reductants and co-
factors to produce either superoxide or H2O2 (Fig. 2).
These include NADPH oxidases, amine oxidases, pol-
yamine oxidases, oxalate oxidases, and a large family
of class III heme peroxidases (Moschou et al., 2008;
Angelini et al., 2010; Marino et al., 2012; O’Brien et al.,
2012). Class III heme peroxidases may either use H2O2
to oxidize apoplastic substrates or reductants to pro-
duce superoxide from O2 (O’Brien et al., 2012). Al-
though most of these ROS-producing enzymes have
been implicated in pathogenesis responses (Zhou et al.,
1998; Torres et al., 2006; Angelini et al., 2010; O’Brien
et al., 2012), the roles of many of them in drought are
less clear. However, enzymes such as oxalate oxidases
may play important roles in the acclimation of root
growth to drought (Voothuluru et al., 2011).

Specific NADPH oxidases play indispensable roles
in stomatal regulation in response to stress-induced
hormones such as ABA (Kwak et al., 2003). Increasing
attention has recently focused on the central role of
NADPH oxidases in stress-induced systemic signaling
involving fast waves of ROS production at the cell
surface (Miller et al., 2009; Steinhorst and Kudla, 2013).
It is not yet clear whether and how such systemic cell-
to-cell signaling interacts with ROS-linked processes at
the local intracellular level. A key difference could be
the timescale, with intracellular events being the result
of more prolonged, sustained ROS production. An-
other important point is that the apoplast lacks much
of the antioxidative machinery of the cell interior. It is
therefore a relatively oxidized compartment that tol-
erates, or indeed requires, strong oxidants such as the
hydroxyl radical for important reactions in cell wall
synthesis and expansion (Müller et al., 2009). In addi-
tion, the plasma membrane is rich in stress perception
proteins such as receptor-like kinases that fulfill im-
portant roles in drought tolerance and cell wall func-
tion (Steinwand and Kieber, 2010; Marshall et al.,
2012). Many of these are regulated at the level of ex-
pression by changes in the cell redox state (Munné-
Bosch et al., 2013).

ANTIOXIDATIVE DEFENSES AND REDOX
HOMEOSTATIC MECHANISMS IN DROUGHT

The predominant mechanisms for the removal of
superoxide and H2O2 are enzyme-catalyzed reactions,
which are in some cases linked to low Mr antioxidants
such as ascorbate and reduced glutathione (GSH).
Within the antioxidant network, catalases (CATs) and
ascorbate peroxidases (APXs), are the main enzymes
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involved in H2O2 removal. In parallel, glutathione
peroxidases (GPXs; Iqbal et al., 2006), glutathione
S-transferases (GSTs; Dixon et al., 2009), and peroxi-
redoxins (PRXs; Dietz, 2011) reduce H2O2 and organic
hydroperoxides by ascorbate-independent thiol-mediated
pathways. The nucleophile in these reactions is usually
GSH or thioredoxin (TRX).

Many studies have reported effects of drought on
the expression and activities of the major antioxidant
enzymes such as superoxide dismutase (SOD), CAT,
APX, and so forth. This has involved two main types
of approaches: Expression and/or activities are either
measured after drought in comparison with well-
watered controls, or they are compared between
plants that have differing drought sensitivity. A sum-
mary of data on total extractable enzyme activities
provides little evidence for a striking, consistent re-
sponse between different plant species, but the repor-
ted effects generally involve unchanged or increased
activities (de Carvalho, 2013). In terms of extractable
activities, the information provided by such analyses is
potentially useful to understand the physiology un-
derlying the response and/or as a marker in breeding
programs. However, the conclusions that can be
drawn from such analyses are complicated by several

factors, notably the existence of multiple isoforms for
these enzymes as well as the now-evident complexity
of plant antioxidative systems, meaning that only a
partial picture of ROS metabolism is obtained. A recent
proteomics study of wheat (Triticum aestivum) cultivars
with different drought tolerance reported that several
antioxidative enzymes showed altered abundance in
response to drought (Ford et al., 2011). Enhanced CAT
accumulation was the clearest response, although no
marked difference was observed between the three
cultivars (Ford et al., 2011). Because CAT is predomi-
nantly located in peroxisomes, sufficient activity of this
enzyme may be particularly important to metabolize
photorespiratory H2O2, which, as noted above, can
be produced at higher rates when water becomes
limiting.

A transcriptomics-based study of Arabidopsis (Arabi-
dopsis thaliana) exposed to mild drought stress pro-
vided little evidence for an acute, generalized response
of antioxidative systems (Harb et al., 2010). To inves-
tigate this question in detail, we defined 406 Arabi-
dopsis genes encoding core antioxidative and redox
homeostatic components (Supplemental Table S1A).
Although even this set of genes does not represent a
comprehensive survey of proteins potentially involved

Figure 2. Multiple ROS-producing enzymes at the cell surface/exterior. Enzymes are shown in blue and their redox cofactors
are indicated in yellow. Class III peroxidases may accept electrons from several types of compounds to generate superoxide, but
in many cases their physiological reductant is not established (O’Brien et al., 2012). [See online article for color version of this
figure.]
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in ROS-linked metabolism or repair, our analysis in-
cluded many of the recognized antioxidative and as-
sociated reductant-regenerating enzymes, as well as
ROS sources such as those shown in Figure 2. Genes
were assigned loosely into classes according to their
likely or known substrates/products; in some cases,
these categories are difficult to assign unambiguously
(e.g. for some glutaredoxins [GRXs] or GRX-linked
PRX, SOD, and dehydroascorbate reductase). Of these
genes, 302 were represented by probes on the most
commonly used microarray chip (ATH1) and therefore
Genevestigator data were available on their expression
in response to drought and associated stresses
(Supplemental Table S1B). The available relevant data
sets were as follows: two recent drought experiments,
osmotic stress, salt, and ABA treatment. Details of the
design of these transcriptomic experiments are given
in Supplemental Table S2.
Identification of redox-linked genes that are re-

sponsive to drought reveals that many antioxidative
and redox homeostatic systems respond; however,
within each class, the response is both complex
and specific. Most notably, there is no general up-
regulation of either ROS-producing enzymes or anti-
oxidative and redox homeostatic pathways (Table I).
In all categories, as many genes are repressed as are
induced.
Fifteen genes were found to respond in the same

direction at the .2-fold level in both drought experi-
ments, and some of these genes also responded to
ABA, salt, or osmotic stress (Fig. 3; Supplemental
Table S1C). The only potential ROS-producing enzyme
that was induced in both drought data sets was
annexin1, which is known to have peroxidase activity.
None of the 10 recognized Arabidopsis thaliana Respi-
ratory burst oxidase homolog-encoded NADPH oxidases
responded at the 2-fold level in any treatment. Simi-
larly, the abundance of transcripts for the major Arab-
idopsis leaf CAT2 was not affected. Two genes
encoding cytosolic and chloroplastic SODs were re-
pressed in both drought experiments, as well as by salt
treatment (Fig. 3). The clearest response of genes in-
volved in ascorbate metabolism was Senescence-Related
Gene1, encoding an ascorbate oxidase, which was

induced in the drought experiments and by ABA and
salt (Fig. 3). Repression of transcripts for the major leaf
chloroplast Glc-6-P dehydrogenase1 is possibly con-
sistent with an increased NADPH:NADP+ ratio after
adjustments of photosynthetic metabolism during
drought (Fig. 1), although the encoded protein is also
addressed to the peroxisomes (Meyer et al., 2011). Two
TRX-linked genes were also repressed, including a
chloroplast 2-Cys-PRX subunit and suppressor of
quenching1, a thylakoid-located TRX-like protein in-
volved in regulating NPQ (Brooks et al., 2013). Re-
sponsive glutathione-associated genes included two
CC-type GRXs, some of which are known to interact
with transcription factors (Zander et al., 2012), a
g-glutamyl transpeptidase1 involved in degradation of
glutathione or glutathione S-conjugates in the apoplast
(Ohkama-Ohtsu et al., 2007), and several GSTs.
Among the last type, the response of GSTU4 seems
particularly noteworthy. This gene was the only redox-
associated gene that was consistently induced in re-
sponse to drought, salt, ABA, and osmotic stress (Fig. 3).
The precise nature of the in vivo reactions catalyzed
by many GSTs remains uncertain. In many cases, it is
not clear whether their primary function is as a con-
jugase, a peroxidase, or both (Dixon et al., 2009). Pu-
rified recombinant GSTU4 shows both types of activity
in vitro (Dixon et al., 2009).

In addition to enzymatic H2O2-metabolizing sys-
tems, many metabolites may act as antioxidants. Most
of these are considered to be sacrificial. This means
that they lack recognized, high-capacity systems to
regenerate their reduced forms. Hence, their ongoing
function requires resynthesis, which is likely to occur
at significantly slower rates than regeneration of the
classical antioxidants ascorbate or glutathione. Given
this, they are not likely to play a major direct role in
peroxide metabolism. Their most important function
could be as scavengers of the highly reactive hydroxyl
radical, which is notably formed by reductive cleavage
of H2O2. Attention has been drawn to the roles of
compatible solutes in this regard (Smirnoff and
Cumbes, 1989). Other metabolites could be important
in redox homeostatic pathways that act to enable on-
going NADPH consumption and/or production. For

Table I. Response of redox-associated genes to drought in Arabidopsis

Genevestigator data were used from experiments described in Supplemental Table S2. A full list of data and gene identities are given in
Supplemental Table S1. The percentage of hits is calculated as the number of responsive genes as a percentage of the maximum possible number of
responsive genes in the two experiments (e.g. for ROS sources = 100 3 17/80).

Category Genes
Drought 1 Drought 2

Total Hits Hits
Repressed .2-fold Induced .2-fold Repressed .2-fold Induced .2-fold

n %

ROS sources 40 7 4 5 1 17 21
CAT 3 0 0 0 1 1 17
Ascorbate metabolism 37 4 2 5 3 14 19
Glutathione metabolism 106 12 4 13 16 45 21
Thioredoxin-linked 96 4 5 8 4 21 11
NADPH generation 20 1 1 3 3 8 20
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instance, although Pro has long been proposed to ac-
cumulate during drought and related stresses as a
compatible solute, mutants in both Pro synthesis and
degradation were found to show enhanced sensitivity
to drought (Sharma et al., 2011). One possibility is that
Pro-Glu cycling plays a role in NADP(H) homeostasis
(Sharma et al., 2011 and refs. therein).

ANTIOXIDANT SYSTEMS AS REDOX
SIGNAL TRANSMITTERS

By definition, the primary function of antioxidant
defenses is to restrict the accumulation of ROS. It is
therefore often considered that ROS can only act in
signaling by escaping this removal system. Although it
is easy to understand how this can happen at the cell
surface or in the case of singlet oxygen produced in the
PSII reaction center, it is less clear how H2O2 generated
in the aqueous phase of the highly reducing cell inte-
rior can work. We consider that one physiologically
relevant way to classify the major antioxidative en-
zymes, which is sometimes overlooked, is according to
their dependence or not on reducing cofactors. Such a
classification divides the numerous H2O2-removing
enzymes into CATs, which dismutate H2O2 to water
and O2 through heme-dependent dismutation, and
peroxidases, which require reducing cofactors.

Peroxidases are diverse enzymes, but include two
major groups: heme-based and thiol-based peroxidases.
In plants, the first group includes the best-characterized
antioxidative heme-based peroxidase, APX (a class I
heme peroxidase), and class III heme peroxidases,
which, as noted above, may be as important in ROS
generation (Fig. 2) as in ROS consumption. APX re-
duces H2O2 at the expense of ascorbate, which is then

regenerated by monodehydroascorbate reductases and
dehydroascorbate reductases using NAD(P)H and
GSH, respectively. Thiol-based peroxidases include en-
zymes that notably use reducing equivalents from TRX-
and/or GSH. They include glutathione peroxidases
(GPXs, which probably function as TRX-dependent
PRXs), PRX, and GSTs (Iqbal et al., 2006; Dixon et al.,
2009; Tripathi et al., 2009).

Although many of the details of redox signaling
pathways remain unclear, they are likely to involve
changes in thiol status. Thus, thiol-based enzymes may
have antioxidative and signaling functions through
essentially similar chemistry so that their increased
engagement in H2O2 reduction can be sensed by the
cell (Fig. 4). This could be mediated either by changes
in glutathione or TRX redox potentials with repercus-
sions for sensitive target proteins, or by structural
changes in the enzymes themselves and knock-on ef-
fects on their partners. For heme-based enzymes, even
if their activities are greatly increased (for instance, in
response to accelerated photorespiration), this in-
creased activity will not necessarily in itself affect cell
thiol status. We suggest that enhanced APX activity
may only involve signaling if it is linked to thiol oxi-
dation in the ascorbate-glutathione pathway, a ques-
tion that is still not resolved (Fig. 4; Foyer and Noctor,
2011; Rahantaniaina et al., 2013). Thus, although the
main role of heme-based antioxidative enzymes may
be to antagonize ROS signaling by decreasing ROS
concentrations, increased engagement of thiol en-
zymes may itself be an integral part of the signals that
are generated (Tripathi et al., 2009).

If drought leads to even a small switch between
these two types of systems, then ROS signaling could
become intrinsically linked to the resulting changes in
thiol oxidation (Fig. 4). The effects of such shifts are

Figure 3. The 15 of the 302 redox-linked genes that respond.2-fold in the same direction in both drought 1 and drought 2 data
sets and their response in related conditions. Data extracted from Genevestigator are shown as log2 values compared with
controls. Red and green indicate induction and repression. Genes are ordered from the top according to the number of con-
ditions in which they respond. The full list of genes and their expression values is given in Supplemental Table S1. For details of
experiments, see Supplemental Table S2. [See online article for color version of this figure.]
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apparent in CAT-deficient mutants, in which oxidative
signaling linked to photorespiration is forced through
thiol-based pathways (Mhamdi et al., 2010), causing
marked changes in cell thiol-disulfide status that have
been shown to be required for increased oxidation to
activate signaling through salicylic acid and jasmonic
acid pathways (Han et al., 2013a, 2013b). Specific thiol-
dependent peroxidases that couple H2O2 reduction to
oxidation of a yeast activator protein1 transcription
factor were described in yeast (Saccharomyces cerevisiae)
several years ago (Delaunay et al., 2002), and a sub-
sequent study reported that an Arabidopsis GPX can
function in a similar manner to allow oxidation of
components involved in ABA signaling during drought
(Miao et al., 2006).
Although Figure 4 places emphasis on thiol-based

pathways in redox signaling, we do not discount
roles for CAT that are additional to its primary anti-
oxidative function. For instance, evidence from for-
ward genetics screens suggests that this enzyme acts as
a ROS-dependent activator of signals involved in cell
death or autophagy, possibly through a secondary
CAT-peroxidase reaction (Juul et al., 2010; Hackenberg
et al., 2013).

The Arabidopsis flu (fluorescent) mutant has been
extensively used to study singlet oxygen signaling
(Kim and Apel, 2013). The excess singlet oxygen pro-
duction in this line does not occur within the PSII re-
action center, which is probably the most relevant site
for electron transport-linked singlet oxygen signaling.
However, because of the spatial separation of scaven-
gers from the site of generation, singlet oxygen pro-
duced in the reaction center can largely evade removal
by cellular antioxidants. Hence, drought-induced in-
creases in singlet oxygen generation in the chloroplasts
will facilitate the operation of oxylipin and jasmonate-
dependent pathways that underpin further local and
systemic responses in gene expression (Kim and Apel,
2013). Recent evidence suggests that oxidation pro-
ducts produced by interactions with carotenoids are
also important in singlet oxygen signaling (Ramel
et al., 2012).

MEASURABLE CHANGES IN REDOX STATE
DURING DROUGHT

Increased expression or activities of major anti-
oxidative enzymes is often taken as an indicator of

Figure 4. Peroxide-removing enzymes: roles as antioxidants, in signaling, or both? Cartoon of the best characterized peroxide-
metabolizing enzymes in plants. Other mechanisms are possible and for ease of display reactions are not shown stoichiometri-
cally. 2CPRX, 2-cys-PRX; ASC, ascorbate; DHAR, dehydroascorbate reductase; MDHAR, monodehydroascorbate reductase; NTR,
NADPH-thioredoxin C; PRXII, PRX type II; ROH, water or organic alcohol; ROOH, H2O2 or organic peroxide; S, sulfur atom in
disulfide bond; SH, sulfhydryl (thiol) group; SOH, sulfenic acid group. [See online article for color version of this figure.]
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increases in ROS. One often overlooked problem is the
difficulty of quantifying ROS in plants. For instance,
nitroblue tetrazolium is frequently used as an in situ
indicator of superoxide but such data should be trea-
ted with some skepticism, because of problems with
specificity and the artifactual generation of superoxide
triggered by the presence of nitroblue tetrazolium itself
(Fridovich, 1997). Assays of the more stable nonradical
ROS, H2O2, are also plagued by potential problems
linked to extraction and artifactual effects in the assay
(Queval et al., 2008). Although extracellular ROS sig-
naling can occur over long distances (Miller et al.,
2009), the extent to which ROS move between com-
partments within the highly reducing cell interior is
unclear. One mechanism is through aquaporins (Henzler
and Steudle, 2000; Bienert et al., 2007; Mubarakshina
Borisova et al., 2012), so that any drought-triggered
effects on aquaporin activity could conceivably affect
movement of H2O2. Inversely, water transport through
aquaporins may be affected by ROS-triggered gating,
caused by direct hydroxyl radical-mediated closure or
by more indirect signaling pathways, the latter pos-
sibly involving salicylic acid (Ye and Steudle, 2006;
Boursiac et al., 2008).

As key antioxidants, ascorbate and glutathione can be
used as biochemical markers of general cell redox state.
For instance, leaf glutathione status is clearly influenced
by intracellular H2O2 availability (Mhamdi et al., 2010).
A comprehensive appraisal of the extensive literature
on the response of major antioxidants to drought is
beyond the scope of this discussion. However, based on
our knowledge of this literature and our own experi-
ments (Bartoli et al., 2005), we conclude that these an-
tioxidants remain relatively unaffected by drought until
stress-induced senescence is triggered. At this point, the
major change is a marked decrease in the abundance of
these antioxidants rather than a change in their redox
state, although a decrease in ascorbate during seed
desiccation is accompanied by an accumulation of oxi-
dized glutathione (GSSG) with total glutathione re-
maining relatively constant (Colville and Kranner,
2010). In leaves undergoing relatively mild drought, the
lack of accumulation of GSSG contrasts with some other
stresses, in which glutathione oxidation is evident. In
itself, this observation suggests either that oxidative
stress plays a relatively minor role during drought or at
least that the antioxidative and reductant-generating
systems have sufficient capacity to keep ROS-sensitive
redox pools largely in the reduced state. Nevertheless,
measurements using a redox-sensitive GFP suggest that
the cytosol becomes more oxidized during drought
(Jubany-Mari et al., 2010). Evidence suggests that these
proteins report mainly on the glutathione redox po-
tential (Meyer et al., 2007), suggesting that drought
decreases either the total cytosolic glutathione pool or
the GSH:GSSG ratio. This indicates a change in thiol-
disulfide status that is compatible with a role in oxi-
dative stress signaling.

Although mild drought does not seem to cause
a marked change in the status of key antioxidants

measured in whole-tissue extracts, shifts between
compartments cannot be discounted. A key factor may
be subcellular compartmentation of oxidants and of
changes in redox state. For instance, increases in cy-
tosolic (and therefore nuclear) glutathione redox po-
tential during drought may be limited by transfer of
GSSG to the vacuole or, perhaps, the apoplast, where
it can be degraded by g-glutamyl transpeptidase-
dependent pathways. Vacuolar GSSG accumula-
tion is triggered in CAT-deficient plants and probably
involves class C ATP-binding cassette (ABCC) trans-
porters (Queval et al., 2011; Noctor et al., 2013). In-
terestingly, two ABCC proteins (ABCC4 and ABCC5)
have been implicated in stomatal regulation (Klein
et al., 2004), with the function of ABCC5 linked to
transport of inositol hexakisphosphate from the cytosol
to the vacuole (Nagy et al., 2009).

SOURCES AND SITES OF ROS IN DROUGHT:
INSIGHTS FROM TRANSCRIPTOMIC PATTERNS

Despite intensive research over many years, key
questions remain concerning how important ROS are
in drought and which sites contribute to ROS pro-
duction in these conditions. As discussed above, the
ongoing difficulties of accurately quantifying ROS
production and accumulation at specific sites contrib-
ute to this uncertainty. Transcriptomic signatures may
provide useful pointers. To analyze how important
ROS-triggered events are in drought responses, we
investigated whether oxidative stresses linked to ROS
differing in site specificity affected the expression of
drought-induced genes. Data sets from two recent
studies reporting drought transcriptomes (Bhaskara
et al., 2012; Pandey et al., 2013) were chosen that
showed considerable overlap (Fig. 5A). Of 375 genes
that were induced .2-fold in at least one of the stud-
ies, 272 genes were induced to this level in both (Fig.
5B). None of the 103 genes induced in only one ex-
periment showed antagonistic behavior in the other
(Supplemental Table S3). The observed overlap sug-
gests that this suite of genes is a reasonably robust
indicator of drought-inducible genes in Arabidopsis.
Indeed, almost one-half (173) of the 375 genes were
induced .2-fold by ABA treatment (Fig. 5).

To examine the potential influence of different ROS
in the drought response, we analyzed how many of the
drought-induced genes were induced by different ox-
idative stress conditions. The responses of the drought-
induced genes to different oxidative stresses were
extracted from Genevestigator (Hruz et al., 2008). Data
were available for externally supplied H2O2 (Davletova
et al., 2005), paraquat (which mainly stimulates light-
dependent production of superoxide and H2O2 in the
chloroplast), the flu mutant (excess singlet oxygen
production in the chloroplast; Laloi et al., 2007), and
the photorespiratory cat2 mutant (excess H2O2 in the
peroxisomes; Queval et al., 2012). It cannot be ex-
cluded that differences observed between the treatments
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are partly caused by developmental stage, treatment
time, stress intensity, or another factor (details of
conditions used for the different data sets are given in
Supplemental Table S2). Nevertheless, an examination
of known oxidative stress-responsive genes suggests
that ROS signaling was active in all of the conditions
(Fig. 5A, bottom frame). Five genes encoding two
antioxidative enzymes that are up-regulated by oxi-
dative stress and three highly ROS-inducible genes
showed a fairly similar expression pattern in response
to the different treatments (Fig. 5A). The five oxidative
stress marker genes showed some induction by drought
and, particularly, ABA treatment (Fig. 5A, bottom
frame).
Analysis of the sensitivity of the 375 drought-induced

genes to different oxidative stresses (Supplemental
Table S3, A and B) revealed the following. First,
paraquat did not induce any of these genes to the
2-fold level. Second, approximately 15% of them
were induced by the flu mutation. Finally, external
H2O2 and CAT deficiency (cat2) induced a lower
number, although the values were higher than the

number induced in cat2 at high CO2 compared with
the wild type at high CO2 (Fig. 5; Supplemental Table
S3). The last condition abolishes the main source of
oxidative stress in cat2 (photorespiration), and can
therefore be considered a negative control. Hence, the
comparison indicates that the number of drought-
induced genes induced in cat2 in air, by H2O2, or, es-
pecially, in the flu mutant are of physiological signifi-
cance. Of the drought-associated genes that were
induced by these three oxidative stresses, 57% to 72%
were also induced by ABA (Supplemental Table S3B).
These percentages are higher than the overall propor-
tion of the drought-induced genes that were induced
by ABA (173 of 375; 46%). This is consistent with a
close relationship between oxidative stress and ABA in
ROS-dependent drought responses.

A striking implication of the analysis shown in Figure
5 is that of the ROS produced in the chloroplast, super-
oxide and H2O2 generated as part of the water-water cycle
(Fig. 1B, site 2) contribute much less to drought-induced
gene expression than singlet oxygen (Fig. 1B, site 3).
Moreover, the data suggest that the source of H2O2

Figure 5. Analysis of drought-inducible gene expression in responses to redox perturbation. A, Heatmap of drought-induced
genes extracted from Genevestigator and the response of these genes to ABA or oxidative stress (top) and histogram showing
expression of oxidative stress marker genes after the different treatments (bottom). Data are shown as log2 values compared with
Col-0 (the wild type or untreated). Experimental details are given in Supplemental Table S2. Red and green on the heatmap
indicate induction and repression according to the color scale shown at the top. The five genes for which data are shown in the
bottom histogram are as follows (left to right): APX1, GSTU24, UGT75B1, UGT73B5, and GPX6 (for values, see Supplemental
Table S3C). B, Overlap of induced genes (cutoff, 2-fold) in the two drought experiments; 375 genes were induced .2-fold in at
least one of the experiments (Supplemental Table S3A). C, The number of these 375 genes that were induced .2-fold by the
different oxidative stresses (indicated in red circles within the outer blue circles). Col-0, Ecotype Columbia 0 of Arabidopsis.
[See online article for color version of this figure.]
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leading to drought-induced gene expression could be
peroxisomal photorespiratory metabolism (Fig. 1B, site 1)
or apoplastic metabolism (Fig. 2). Drought-responsive
genes that were induced in flu and cat2, or by treat-
ment with H2O2 but not paraquat, notably include
ANAC (for Arabidopsis NAM, ATAF1, ATAF2, CUC2)
and DREB (for Dehydration Response Element Binding
protein) transcription factors, UGT73b5 (for UDP-glyco-
syl transferase 73b5), and GSTU4 (Supplemental Table
S3A). Several ANACs are induced by photorespiratory
H2O2, and analysis of the subcellular compartmentation
of five of them after oxidative stress suggests that
ANAC032 is the only one exclusively located in the nu-
cleus (Inzé et al., 2012). DREB2A is induced by a range of
abiotic stresses, and interacts with JUNGBRUNNEN1,
another ROS-responsive NAC transcription factor, to
regulate senescence and longevity (Wu et al., 2012).
UGT73B5 has been implicated in redox regulation linked
to pathogenesis, although its substrate remains to be
definitively identified (Simon et al., 2013). As noted
above, GSTU4 is the only one of the 302 redox-associated
genes that is clearly induced by drought and all of the
related stresses analyzed in this study (Fig. 3). Although
both conjugase and peroxidase activities have been
detected in the recombinant protein (Dixon et al., 2009),
the physiological function of GSTU4 is not yet known.

CONCLUSION AND PERSPECTIVES

Chloroplast production of ROS has long been pro-
posed as a major driver of redox signaling or damage
during drought. Bearing in mind the constraints of
experiments performed under controlled conditions,
which may differ considerably from the natural envi-
ronment, analysis of transcriptomic data sets supports
this view while raising one important point with re-
spect to the regulation of electron transport. Any
overreduction of the chloroplast stroma (e.g. increased
NADPH:NADP+ ratios) should favor patterns of gene
expression that are more akin to the singlet oxygen
profile rather than that generated by paraquat. That
drought effects on the transcriptome are most closely
mimicked by singlet oxygen and photorespiratory
H2O2 is consistent with (1) current views of photo-
synthetic control (Joliot and Johnson, 2011), (2) the
importance ascribed to singlet oxygen as the most ac-
tive ROS produced in chloroplasts (Triantaphylidès
et al., 2008), (3) conclusions that the Mehler reaction is
a minor alternative pathway compared with photo-
respiration during drought (Cornic and Briantais,
1991), and (4) the likely capacities of H2O2 generation
at the two sites (Noctor et al., 2002). Extracellular H2O2
may be particularly important in systemic long-distance
signaling (Miller et al., 2009).

Although transcriptomic data can provide useful
signposts, further analyses are required to confirm the
robustness of the effects shown in Figure 5. A key point
is the time dependence of ROS signaling, which is likely
to be a highly dynamic process. Another issue is that

although the past decade has witnessed an ever-growing
focus on programmed production of ROS, the major
sources of ROS in drought may be pathways whose
main physiological function is not to generate ROS. Gene
expression is only one of many levels at which drought
may influence ROS production. It would be very inter-
esting to compare overlap between drought- and ROS-
induced changes at different levels of regulation, from
the transcriptome through the proteome to the metab-
olome and fluxome. Such analyses would undoubtedly
identify novel and probably unforeseen interactions.

Given that drought seems to cause less evident
changes in cell redox state than some other stresses
(e.g. many biotic stresses), decreased water availability
may involve a progressive, rather than an acute, oxi-
dative stress. Nonetheless, based on the centrality of
ROS in stress, and the view that their effects are mainly
negative, overexpression of single enzymes associated
with the complex antioxidative system continues to
receive attention as a strategy to ameliorate stress re-
sistance in plants. Indeed, encouraging results of such
manipulations on tolerance to drought and related
stresses continue to be published, although we are not
aware of any plants that have yet been introduced into
the field for commercial purposes.

The obvious outstanding issue in research on ROS
remains: How are ROS perceived by the cell? Redox
proteomics are likely to be key approaches here. Cys
S-glutathionylation and S-nitrosylation are just two of
the possible reversible oxidative modifications that
may be involved in redox signaling during drought
(Colville and Kranner, 2010). Based on reports even for
single proteins (Palmieri et al., 2010), such approaches
are likely to uncover a complex web of modifications.
There is a need for accurate quantification of redox
modifications within the cellular environment, given that
few of them are likely to be all of nothing, especially
during relatively mild oxidative stresses. It remains to
be seen how many modifications are mediated by ROS
that escape the antioxidative system and how many are
mediated via oxidant-triggeredmodulation of the status of
thiol-dependent antioxidative/signaling systems (Fig. 4).

Supplemental Data

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

Supplemental Table S1. Drought response of redox-associated genes.

Supplemental Table S2. Details of studies from which the expression data
shown in the figures and other supplemental tables were obtained.

Supplemental Table S3. Expression levels of drought-induced genes in
different conditions of oxidative stress.
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