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SUMMARY

Reactive oxygen species (ROS) play a key role in the acclimation process of plants to abiotic stress. They pri-

marily function as signal transduction molecules that regulate different pathways during plant acclimation

to stress, but are also toxic byproducts of stress metabolism. Because each subcellular compartment in

plants contains its own set of ROS-producing and ROS-scavenging pathways, the steady-state level of ROS,

as well as the redox state of each compartment, is different at any given time giving rise to a distinct signa-

ture of ROS levels at the different compartments of the cell. Here we review recent studies on the role of

ROS in abiotic stress in plants, and propose that different abiotic stresses, such as drought, heat, salinity

and high light, result in different ROS signatures that determine the specificity of the acclimation response

and help tailor it to the exact stress the plant encounters. We further address the role of ROS in the acclima-

tion of plants to stress combination as well as the role of ROS in mediating rapid systemic signaling during

abiotic stress. We conclude that as long as cells maintain high enough energy reserves to detoxify ROS,

ROS is beneficial to plants during abiotic stress enabling them to adjust their metabolism and mount a

proper acclimation response.
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INTRODUCTION TO REACTIVE OXYGEN SPECIES (ROS)

DURING ABIOTIC STRESS

Reactive oxygen species (e.g. O2
.-, H2O2, OH˙, 1O2) are par-

tially reduced or activated forms of atmospheric oxygen

(O2). They are considered to be unavoidable byproducts of

aerobic metabolism that have accompanied life on Earth

ever since the appearance of oxygen-evolving photosyn-

thetic organisms about 2.2–2.7 billion years ago (Mittler

et al., 2011). Higher plants have thus evolved in the pres-

ence of ROS and have acquired dedicated pathways to pro-

tect themselves from ROS toxicity, as well as to use ROS as

signaling molecules (Foyer and Noctor, 2013; Vaahtera

et al., 2014; Considine et al., 2015; Dietz, 2015; Mignolet-

Spruyt et al., 2016). If kept unchecked, ROS concentrations

will increase in cells and cause oxidative damage to mem-

branes (lipid peroxidation), proteins, RNA and DNA mole-

cules, and can even lead to the oxidative destruction of the

cell in a process termed oxidative stress (Mittler, 2002).

However, this process is mitigated in cells by a large num-

ber of ROS detoxifying proteins [e.g. superoxide dismutase

(SOD), ascorbate peroxidase (APX), catalase (CAT), glu-

tathione peroxidase (GPX), and peroxiredoxin (PRX)], as

well as by antioxidants such as ascorbic acid and glu-

tathione (GSH) that are present in almost all subcellular

compartments (Mittler et al., 2004). The active process of

ROS detoxification in plant cells is also aided by different

metabolic adaptations that reduce ROS production, and by

maintaining the level of free transient metals such as Fe2+

under control, to prevent the formation of the highly toxic

hydroxyl radical (HO.) via the Fenton reaction (Halliwell and

Gutteridge, 2007). On the other hand, plants actively pro-

duce ROS that are used as signal transduction molecules.
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These are mainly produced at the apoplast by NADPH oxi-

dases (termed respiratory burst oxidase homologs; RBOHs)

and some oxidases and peroxidases, and at the chloro-

plast, mitochondria, peroxisome and possibly other cellular

compartments, via different pathways (Suzuki et al., 2011;

Vaahtera et al., 2014; Gilroy et al., 2016; Mignolet-Spruyt

et al., 2016). This continual process of ROS production

(metabolically or for signaling purposes) and ROS scaveng-

ing occurs at all cellular compartments of the cells and is

controlled by the ROS gene network (Mittler et al., 2004).

Because each cellular compartment establishes and con-

trols its own ROS homeostasis, altogether the different

ROS levels in the different compartments can be viewed as

generating a particular ROS signature. This signature can

change depending on the type of cell, its developmental

stage, or stress level. Different abiotic stresses and/or dif-

ferent combinations of abiotic stresses (stress combina-

tion) are likely to cause the formation of different ROS

signatures in plant cells, and decoding these signatures via

different ROS sensors can create a stress-specific signal

that will tailor the acclimation response to the type of

stress/combination affecting the plant.

Decoding ROS signals or signatures by the cell is thought

to occur via different redox reactions in which ROS such as

hydrogen peroxide (H2O2) will oxidize sulfur-containing

residues of proteins (e.g. the -SH group of cysteine) and

alter protein structure and function (e.g. via the formation

of disulfide bonds). Such alterations in protein structure/

function can for example regulate the binding of transcrip-

tion factors (TFs) to DNA and affect transcription (Dietz,

2015, 2016; Dietz et al., 2016). The above-described inter-

face between ROS and redox changes/regulation in cells is

generally termed redox biology, and is thought to play a

key role in ROS-driven signal transduction and/or metabolic

regulation in cells (Foyer and Noctor, 2013, 2016; Dietz,

2015, 2016). Another known effect of ROS on protein struc-

ture/function is the interaction between superoxide radicals

(O2
.-) and iron-sulfur (Fe-S) clusters of certain proteins.

Because membranes can function as barriers for redox

levels, each subcellular compartment can contain its own

redox state that will match its own ROS steady-state level,

contributing to the formation of a specific cellular ROS sig-

nature during abiotic stress (Noctor and Foyer, 2016).

The two major sources of ROS during abiotic stress are

shown in Figure 1. They include ROS produced as a conse-

quence of disruptions in metabolic activity (metabolic

ROS) and ROS produced for the purpose of signaling as

part of the abiotic stress–response signal transduction net-

work (signaling ROS). Metabolic ROS could directly alter

the redox status of rate-limiting enzymes and control meta-

bolic fluxes in the cell (flux control), thereby altering differ-

ent metabolic reactions in order to counter the effect(s) of

stress (Miller et al., 2010). In addition it could affect tran-

scription and/or translation by altering the function of key

regulatory proteins via ROS-derived redox modifications

(Foyer and Noctor, 2013, 2016). In contrast, signaling ROS

is generated as a response to stress perception by stress

sensors (e.g. cyclic nucleotide-gated channels activated by

heat stress; Mittler et al., 2012) and is mediated by cal-

cium- and/or phosphorylation-derived activation of NADPH

oxidases (RBOH) at the plasma membrane (PM) (Suzuki

et al., 2011; Gilroy et al., 2014). Signaling ROS is also

thought to directly alter the redox state of regulatory pro-

teins, and alter transcription and translation resulting in

the activation of an acclimation response that would miti-

gate the effects of stress on metabolism and reduce the

level of metabolically produced ROS. Metabolic and signal-

ing ROS could be produced at different subcellular com-

partments (e.g. metabolic ROS in the chloroplast and

signaling ROS at the apoplast). Nevertheless, they can

affect the level of each other and even move between com-

partments (e.g. H2O2 that can move across membranes in

a regulated process via aquoaporins; Tian et al., 2016).

The different steady-state levels of ROS in the different

cellular compartments (apoplast, chloroplast, peroxisome,

mitochondria, vacuole, cytosol and nuclei) compile an

overall ROS signature that varies in different tissues and

cells subjected to different abiotic stresses and/or their

combination (ROS signature). A simplified model for this is

shown in Figure 2. The regulation of RBOH at the PM by

calcium, phosphorylation, hormones such as NO or

NADPH availability is shown to generate signaling ROS at

the apoplast (Gilroy et al., 2016). This signaling ROS then
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Figure 1. The role of reactive oxygen species (ROS) in abiotic stress accli-

mation.

The two major sources of ROS during abiotic stress, metabolic and signal-

ing ROS, are shown to interact and form a ROS signature that controls plant

acclimation to stress through redox reactions that regulate transcription

and translation of stress acclimation proteins and enzymes.
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moves into the cytoplasm via regulated aquaporins (Tian

et al., 2016), and together with metabolic and signaling

ROS produced in the chloroplast, peroxisome and mito-

chondria (Dietz et al., 2016; Huang et al., 2016; Kerchev

et al., 2016; Rodr�ıguez-Serrano et al., 2016; Takagi et al.,

2016) alters the redox status of key regulatory proteins

such as TFs affecting gene expression. Recent studies have

shown that under stress conditions chloroplast, peroxi-

somes and mitochondria can extend membrane structures

(stromules, peroxules and matrixules, respectively) that

will contact the nuclear envelope and could directly alter

the ROS status of the nuclei (Noctor and Foyer, 2016).

However, if labile Fe2+ exist in cells, ROS such as H2O2 can

react with it to generate the highly toxic hydroxyl radical

that would lead to oxidative stress and cell damage. Regu-

lating iron levels in the cell in response to abiotic stress is

therefore very important, and was recently highlighted by

the interplay between the ROS-response zinc finger protein

ZAT12 and iron uptake into cells (Le et al., 2016). Despite

the fact that it occupies a relatively large volume of the

plant cell and could have a significant buffering capacity of

ROS, the role of the vacuole in ROS signaling and metabo-

lism is currently unknown (Figure 2).

SOURCES OF ROS DURING ABIOTIC STRESS

The major ROS-producing sites during abiotic stress are

the chloroplast, mitochondria, peroxisome and apoplast

(Dietz et al., 2016; Gilroy et al., 2016; Huang et al., 2016;

Kerchev et al., 2016; Rodr�ıguez-Serrano et al., 2016; Takagi

et al., 2016). Abiotic stresses that limit CO2 availability due

to stomatal closure enhance the production of ROS such

as O2�- and 1O2 in chloroplasts that, in turn, can initiate

retrograde and anterograde signaling (Asada, 2006; Sarva-

jeet and Narendra, 2010; Baniulis et al., 2013; Kleine and

Leister, 2016; Mignolet-Spruyt et al., 2016). ROS produc-

tion during stress can also balance the energy distribution

between PSII and PSI and affect photosystem stoichiome-

try (Dietzel et al., 2008; Vainonen et al., 2008; Pesaresi

et al., 2009). The production of 1O2 in chloroplasts can also

cause reprogramming of nuclear gene expression leading

to chlorosis and programmed cell death, as well as induce

a wide range of responses related to biotic and abiotic

stresses through the function of EXECUTER1 (EX1) and

EX2, two nuclear-encoded chloroplast proteins associated

with thylakoid membranes (Wagner et al., 2004; Lee et al.,

2007; Kleine and Leister, 2016). Chloroplastic ROS is miti-

gated by an array of ROS-scavenging enzymes and path-

ways such as Fe- and CuZn-SODs and the Asada–Foyer–
Halliwell pathway, as well as high concentrations of antiox-

idants such as ascorbic acid and GSH (Mittler et al., 2004).

Mitochondrial ROS accumulation during abiotic stress is

typically mediated via electron leakage from complex I and

III to produce O2�-, which can be converted to H2O2 by Mn-

SOD (Quan et al., 2008; Huang et al., 2016). This process

can be mitigated by alternative oxidase (AOX), type II NAD

(P)H dehydrogenase and uncoupling proteins in the inner

mitochondrial membrane (Noctor et al., 2007; Rasmusson

and Wallstrom, 2010). ROS can regulate AOX1 expression

via WRKY15, which represses AOX1 by binding to its pro-

moter region (Vanderauwera et al., 2012). Alteration in the

levels of ROS produced by mitochondria during abiotic

stress can induce retrograde signaling between mitochon-

dria and nucleus and control plant acclimation (Woodson

and Chory, 2008). Production of ROS in peroxisomes
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Figure 2. The interaction between reactive oxygen

species (ROS) produced in different compartments

during abiotic stress, redox signaling that leads to

acclimation, and oxidative stress caused by the

presence of labile iron in cells.

Metabolic and signaling ROS are shown to accumu-

late in the different compartments of the cells and

generate an abiotic stress-specific ROS signature.

This signature is shown to alter protein redox reac-

tions and control plant acclimation. The presence of

labile iron in cells is shown to be a primer for the

initiation of oxidative stress that could in turn cause

oxidative cell injury and death, highlighting the

need to maintain the levels of free iron under con-

trol during stress. Abbreviations: Cp, chloroplast;

Mt, mitochondria; Pr, peroxisome; RBOH, respira-

tory burst oxidase homolog; TF, transcription fac-

tor; SOD, superoxide dismutase.
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during abiotic stress is mainly the outcome of enhanced

photorespiration resulting in the production of H2O2 by

glycolate oxidase (Foyer and Noctor, 2009; Sarvajeet and

Narendra, 2010; Baishnab and Ralf, 2012; Kerchev et al.,

2016). Photorespiratory ROS production is primarily miti-

gated by CAT, and mutants deficient in peroxisomal CAT

have been a major tool in the study of H2O2 signaling dur-

ing stress (e.g. Kerchev et al., 2016). Peroxisomal ROS can

impact the cellular redox balance and alter nuclear gene

transcription (Vanderauwera et al., 2005).

Production of ROS at the apoplast during abiotic stress is

mediated via at least four different mechanisms. The most

studied of the four are the PM NADPH oxidase-RBOH pro-

teins that link calcium and ROS signaling during stress and

produce superoxide in the apoplast (Gilroy et al., 2014,

2016). RBOHs have been shown to play a key role in signal

transduction reactions that mediate plant acclimation to abi-

otic stress, and mutants deficient in RBOHs such as rbohD

and rbohF have been a valuable tool in the study of ROS-

abiotic stress interactions. Apoplastic ROS production dur-

ing abiotic and biotic stress can also be mediated by peroxi-

dases (O’Brien et al., 2012). Peroxidase-generated ROS was

shown, for example, to be involved in regulating root

growth and response to potassium deficiency (Kim et al.,

2010). Another important ROS-producing protein in the apo-

plast during abiotic stress is oxalate oxidase. Oxalate oxi-

dase-mediated H2O2 production in root cell was, for

example, shown to be important for drought stress acclima-

tion (Voothuluru and Sharp, 2013). In addition to these, xan-

thine dehydrogenase was also recently proposed to play a

role in stress signaling (Ma et al., 2016). Countering ROS

levels in the apoplast are CuZn-SODs, APXs, cell wall-bound

peroxidases, and low levels of ascorbate and GSH. However,

these apoplastic ROS-scavenging mechanisms are not as

efficient as the intracellular ROS-scavenging systems, and

allow the accumulation of ROS to high levels at the apoplast

(important for systemic signaling and pathogen defense).

The steady-state level of ROS and the redox state of

each of the compartments described above is likely to vary

depending on the type of abiotic stress encountered by the

plant. Thus, each set of different environmental conditions

(e.g. drought, salinity, cold, heat, etc.) will result in a speci-

fic subcellular ROS and redox signature that will in turn

result in the activation of an acclimation response tailored

to it (Figure 2). The activation of acclimation responses by

ROS could initially be mediated by interactions of ROS

with different proteins and hormones as described below.

ROS-INDUCED PROTEIN MODIFICATIONS AND THEIR

ROLE IN STRESS ACCLIMATION

Reactive oxygen species can provoke reversible or irre-

versible modifications of proteins, causing in turn alter-

ations in the control and regulation of plant metabolism,

as well as the activation of transcriptional regulatory

networks. The study of ROS-induced protein modifications

is, therefore, fundamental to our understanding of how

ROS could modify metabolism and gene expression during

abiotic stress. Among the most important ROS-induced

post-translational modifications are sulfonylation, carbony-

lation, glutathionylation and S-nitrosylation.

Sulfonylation, one of the main mechanisms that regulates

the activity of many enzymes and TFs in plants, is the oxida-

tion of sulfhydryl groups. This oxidation is mainly induced

by H2O2 generating sulfenic acid (R-SOH) that can lead to

the formation of disulfide (S–S) bonds between cysteine

residues, which in turn result in conformational changes

that alter protein/enzyme activity. The ‘recovery’ of a protein

from this oxidized state is mainly mediated via thioredoxins

(Trxs), PRXs and the GSH system, which respond to stress

and regulate redox homeostasis. Several enzymes of the

Benson–Calvin cycle [e.g. Fru-1,6-bisphosphatase (FBPase)

or the malate valve] are regulated, for example, in this man-

ner; reduced and active in the light and oxidized and inactive

in the dark (Scheibe et al., 2005). Regulation via reduced Trx

therefore prevents a waste of energy by activation of FBPase

and seduheptulose-bisphosphatase in the reductive cycle,

and a parallel inactivation of the Glc-6-P dehydrogenase in

the oxidative cycle. This directs FBP into the reductive cycle

in the light. In the dark, Trx becomes oxidized and the oppo-

site situation becomes predominant. The reduction state of

Trx creates, therefore, a conditional separation of metabolic

fluxes within the same compartment. Another type of

sufonylation occurs with methionine (Met) oxidation, which

yields Met-sulfoxide. Enzymes affected by this modification

can sometimes be reactivated via reduction by methionine

sulfoxide reductase using Trx as reductant (Gustavsson

et al., 2002), providing yet another example of the impor-

tance of the Trx pathway in the control of numerous enzy-

matic activities under stress conditions.

As indicated above, the first step in the ROS-dependent

redox signaling pathway results from the oxidation of cys-

teine residues to sulfenic acid. Sulfenic acid-containing

side-chains are highly reactive and can form covalent

bonds with low molecular weight thiols, such as GSH giv-

ing rise to S-glutathionylation. This modification can act as

a redox-driven regulator of signal transduction cascades

and metabolic pathways (Fratelli et al., 2004). Glutathiony-

lation can be reversed via the activity of thiol-disulfide oxi-

doreductases Grxs (also known as thioltransferases;

Gallogly and Mieyal, 2007). S-Glutathionylation may also

be of physiological importance in buffering the GSSG/GSH

pool as well as having additional regulatory functions (Di

Simplicio et al., 1998; Schafer and Buettner, 2001).

Tryptophan (Trp) oxidation to Trp hydroperoxide, which

is highly unstable and rapidly decomposes into N-formylk-

ynurenine and kynurenine as major end-products, repre-

sents another mode by which ROS can modify proteins

(Ronsein et al., 2008). This mode of protein oxidation was
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found to play an important role in the regulation of photo-

synthesis. Thus, oxidation of Trp365 to NFK in the CP43

subunit of PSII correlates with high light stress and

increased photoinhibition (Dreaden et al., 2011; Kasson

and Barry, 2012). CP43 and D1 Trp oxidation to NFK

appears to be linked to D1 degradation and subsequent

replacement of the damaged D1 proteins (Kasson and

Barry, 2012). In a mass spectrometry study of Arabidopsis

mitochondrial cell culture proteins, Trp oxidation was also

found in glycine decarboxylase (one of the main enzymes

in the photorespiration process catalyzing the oxidative

decarboxylation and deamination of glycine; Douce et al.,

2001), mitochondrial peptidase from complex III (critical in

the oxidative phosphorylation and the biochemical genera-

tion of ATP; Crofts, 2004) and in Mn-SOD.

Carbonylation, the oxidation of residues, such as Arg,

His, Lys, Pro and Thr, constitutes another form of protein

oxidation, which is thought to be irreversible (Shacter,

2000). Carbonylation of proteins can also be mediated by

indirect reactions of lipoperoxidation products with Cys

and His residues (Madian and Regnier, 2010). Several mito-

chondrial enzymes such as aconitase, pyruvate dehydroge-

nase and glycine decarboxylase are sensitive to

inactivation by oxidation and carbonylation, and the inhibi-

tion of these enzymes by an increase in ROS production

may result in slowing down the flow to the TCA cycle and

a consequent decrease in the energy status of the cell

(Schwarzlander and Finkemeier, 2013; Camejo et al., 2015).

Several chloroplastic proteins were also shown to be the

target of carbonylation during oxidative stress induced by

high light in Arabidopsis. These included Cys synthase,

Asp kinase and Rubisco (Davletova et al., 2005).

S-Nitrosylation, the covalent binding of NO to thiol

groups of Cys, is another post-translational modification

that can regulate the function of some proteins during

stress. Camejo et al. (2013) showed that different enzymes

involved in respiration, antioxidation and photorespiration

were S-nitrosylated during salinity stress. In plants sub-

jected to low temperatures, the main S-nitrosylated pro-

teins were those related to C metabolism (Puyaubert et al.,

2014). S-Nitrosylation of proteins is essential for metabolic

reprogramming that is necessary to keep homeostasis

under stress conditions. S-Nitrosylation also induces

changes in some TFs, which affect their binding to DNA, as

well as inactivate RBOH (Yun et al., 2011). For example, S-

nitrosylation can act as a negative regulator of MYB TFs,

which are essential regulators of abiotic and stress

responses (Tavares et al., 2014).

INTERACTIONS OF ROS WITH STRESS HORMONES

Plant hormones play a key role in shaping the acclimation

response of plants to abiotic stress. Recent studies have

shown that an intricate interplay exists between plant hor-

mones and ROS during abiotic stress. Thus, in addition to

directly affecting proteins and altering metabolic fluxes

and transcription, the accumulation of ROS during abiotic

stress affects the level and function of different plant hor-

mones, such as abscisic acid (ABA), auxin, brassinos-

teroids (BRs), gibberellins (GAs) and NO. Below, we

highlight some of these interactions.

Plant responses to abiotic stress were recently shown to

be influenced by reciprocal interactions between ROS and

auxin, affecting auxin balance and resulting in altered

growth (Tognetti et al., 2012). Stress-induced ROS produc-

tion can alter auxin gradients in the plant and also reduce

auxin-mediated signaling (Xia et al., 2015). The mecha-

nisms associated with changes in auxin homeostasis and

signaling attenuation include: oxidative auxin degradation

(Kawano, 2003); auxin conjugation (Tognetti et al., 2010);

and auxin distribution through changes in the expression

of genes encoding auxin transporters (Grunewald and

Friml, 2010). Auxins can induce the production of ROS

(Tognetti et al., 2012) and regulate ROS homeostasis

(Pasternak et al., 2005), hinting at the relationship between

auxin signaling and oxidative stress (Tognetti et al., 2012).

For example, auxins activate a Rho-GTPase (RAC/ROP) that

interacts with NADPH oxidases, resulting in apoplastic

ROS production (Duan et al., 2010). On the other hand,

ROS trigger a MAPK cascade that inhibits auxin-dependent

signaling while activating oxidative stress signaling (Kov-

tun et al., 2000). The auxin-dependent increase in apoplas-

tic superoxide ions facilitates cell wall modifications during

cell elongation in Zea mays (Schopfer et al., 2001). Auxin-

induced changes in cellular redox status, brought about by

auxin-induced ROS production, regulate plant cell cycle

(Vivancos et al., 2011). Although the examples cited above

suggest a close association between ROS and auxin-

mediated processes, the cellular/molecular mechanisms

controlling auxin-induced ROS synthesis remain unknown.

Brassinosteroids are hormones associated with a num-

ber of biochemical and physiological processes in plants,

and are linked to the response of plants to abiotic stress

(Xia et al., 2009). Abiotic stress tolerance in tomato was

correlated with BR synthesis. BRs induced RBOH transcrip-

tion and increased NADPH oxidase activity with the con-

comitant increase in apoplastic H2O2 (Nie et al., 2013).

Similar effects of ABA on RBOH expression and the pro-

duction of apoplastic H2O2 have been reported (Xia et al.,

2015) and, although the genetic basis of a crosstalk

between BRs and ABA remains to be clarified, the notion

of a positive feedback mechanism in which BRs induce,

through the activation of RBOH, the transient accumulation

of H2O2 and the induction of ABA biosynthesis has been

proposed (Zhou et al., 2014). This mechanism would lead

to prolonged H2O2 production and the induction of plant

stress tolerance.

Gibberellins are involved in the response of plants to

abiotic stress, and their action is associated with the

© 2016 The Authors.
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control of growth through the control of cell division and

cell elongation (Colebrook et al., 2014). GAs exert their

function through the regulation of DELLA proteins, nega-

tive regulators of GA signaling (Achard et al., 2006). The

binding of GAs to the nuclear receptor GID1 induces con-

formational changes in the protein, favoring its interaction

with DELLA proteins. As a consequence of this interaction,

DELLA is ubiquitinated and targeted for degradation via

the 26S proteasome (Colebrook et al., 2014). GA signaling

regulates stress tolerance through the control of cellular

redox homeostasis. Water-deficit reduced leaf GA contents

in maize (Wang et al., 2008), leading to an increase in

DELLA activity that resulted in increased ROS quenching

capacity and improved survival. Arabidopsis quadruple

DELLA mutants showed increased expression of genes

encoding antioxidant enzymes, with the concomitant

reduction in ROS accumulation in plants under high salin-

ity (Achard et al., 2009). Similar results were seen in rice

plants expressing SUB1A (SUBMERGENCE 1A; Fukao

et al., 2011). SUB1A restricted the accumulation of ROS

and diminished oxidative damage during submergence

stress, through the accumulation of negative regulators of

GA signaling, the DELLA protein SLR1 and the SLR-like 1

(Fukao et al., 2006).

Abscisic acid plays significant roles in plant develop-

ment, the regulation of stomata function and the response

of plants to abiotic stresses. During the exposure of plants

to stress conditions, ABA concentrations in the plant

increase as a result of increased biosynthesis, release of

active ABA from its conjugated forms or decreased degra-

dation (Boursiac et al., 2013). Water-deficit and high salin-

ity stress promote ABA accumulation that induces changes

in gene expression (Shinozaki and Yamaguchi-Shinozaki,

2007) and the closing of stomata (Mittler and Blumwald,

2015). Stomata closure reduces transpiration and water

loss, but also promotes decreased gas exchange and a

reduction in photosynthetic activity. Upon binding of ABA

to the pyrabactin-resistance protein/PYR-like proteins (PYR/

PYLs) receptor complex, and the suppression of protein

phosphatase 2C (PP2C), the activation of the SnRK2 protein

kinase OST1 leads to the activation of PM-bound NADPH

oxidase (RBOH) that mediates the production of superox-

ide and the generation of H2O2, via the action of apoplastic

CuZn-SODs (Sirichandra et al., 2009). H2O2 generated by

RBOH-SOD and/or arriving at the guard cells with the ROS

wave (Mittler and Blumwald, 2015) resulted in the opening

of ROS-regulated Ca2+ channels that in turn induced the

activation of RBOH by CIPK26 (Drerup et al., 2013), result-

ing in further biosynthesis of ROS and generating a posi-

tive feedback loop for stomata closure. Because ROS can

directly inactivate PP2C, ABA and ROS can function in a

positive amplification loop that controls stomatal function

as well as gene expression during stress (Mittler and Blum-

wald, 2015).

NO is the most abundant among reactive nitrogen spe-

cies, and has been associated with numerous plant physio-

logical processes (Niu and Liao, 2016). NO mediates the

post-translational modification of target proteins through

S-nitrosylation and nitration. Under water-deficit condi-

tions, ABA induces NO and ROS synthesis. Both NO and

ROS form 8-nitro-cGMP inducing stomata closure (Joudoi

et al., 2013). Similar to ABA, auxin can also induce ROS

and NO synthesis, and both can act on auxin-mediated sig-

naling (Yadav et al., 2011; Farnese et al., 2016; ). Shi et al.

(2015) compared auxin signaling and auxin transport in

Arabidopsis Col-0 and gsnor1-3 (a mutant defective in pro-

tein de-nitrosylation), and showed that auxin signaling and

polar auxin transport were reduced, demonstrating the role

of S-nitrosylation in auxin signaling.

As indicated above, ROS can function on many different

levels to affect or mediate the acclimation of plants to abi-

otic stresses. Below we will address the involvement of

ROS in two emerging fields of plant abiotic stress research:

stress combination and systemic acclimation.

ROS AND STRESS COMBINATION

Stress combination is a term used to describe a situation

in which a plant is simultaneously subjected to two or

more abiotic stresses (Mittler, 2006). Although stress com-

bination has been acknowledged as a major cause of crop

loss worldwide (reviewed in Mittler, 2006; Mittler and

Blumwald, 2010; Suzuki et al., 2014), it has only recently

been addressed in laboratory studies at the molecular level

(Rizhsky et al., 2002, 2004). In general, the combination of

two or more abiotic stresses has a negative impact on

plants that is greater than that of each of the different

stresses applied individually. In addition, stress combina-

tions such as drought and heat, or salinity and heat result

in the activation of unique transcriptome responses that

involve hundreds of transcripts not altered by each of the

different stresses applied individually (Rizhsky et al., 2004;

Suzuki et al., 2016). In contrast to examples such as

drought and heat, some abiotic stresses (e.g. ozone) could

actually enhance the tolerance of plants to another abiotic

(e.g. drought) or biotic (e.g. bacterial infection) stress when

the two stresses are combined (Mittler, 2006; Mittler and

Blumwald, 2010; Suzuki et al., 2014; Foyer et al., 2016).

From the standpoint of ROS involvement, a number of

studies have shown that ROS levels, the expression of dif-

ferent ROS-scavenging enzymes and the level of different

antioxidants display a unique pattern during stress combi-

nation that is different than that found to be induced by

each of the different stresses applied separately. These

changes were reflected in levels of O2
.-, H2O2, byproducts

of lipid peroxidation, expression of enzymes such as SOD,

APX, CAT, AOX, peroxidases, glutathione-S-transferase,

glutathione reductase and GPX, accumulation of antioxi-

dants such as ascorbate, GSH, flavonols, phenolic
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compounds, alkaloids, tocopherol and carotenoids, and

accumulation of osmoprotectants such as proline, glycine

betaine, trehalose and sucrose (Keles� and €Oncel, 2002;

Rizhsky et al., 2002; Rizhsky et al., 2004; Giraud et al., 2008;

Vile et al., 2012; Prasch and Sonnewald, 2013; Rasmussen

et al., 2013; Li et al., 2014; Rivero et al., 2014; Suzuki et al.,

2014; Vuleta et al., 2015; Jin et al., 2015; Pandey et al.,

2015; Carvalho et al., 2016; Martinez et al., 2016). Because

the combination of two different stresses imposes on

plants a unique set of physiological restrains, it is likely

that the ROS signature generated under conditions of

stress combination is unique (Figure 3). For example, a

combination of drought and heat stress imposes two

opposing demands on the plant: open stomata to cool the

leaves off – a typical response of plants to heat a stress;

but at the same time close stomata to avoid water loss – a

typical response to drought (Rizhsky et al., 2002, 2004).

Interestingly, Arabidopsis mutants deficient in cytosolic

APX1 (apx1), but not chloroplastic thylakoid APX, were

found to be highly sensitive to this stress combination sug-

gesting that cytosolic and not chloroplastic H2O2 levels are

important for acclimation to this particular stress combina-

tion (Koussevitzky et al., 2008). In addition, mutants

impaired in the function of the ABA and ROS-regulated

protein PP2Cs (abi-1) were found to be highly sensitive to

a combination of drought and heat, as well as salinity and

heat, further highlighting the importance of ROS–ABA
interactions for plant acclimation to stress combination

(Suzuki et al., 2016; Zandalinas et al., 2016). The impor-

tance of ROS for plant acclimation to stress combination is

also underscored by the large number of studies that

found elevated ROS-response transcripts, as a key compo-

nent of the stress combination-acclimation response path-

way (reviewed in Suzuki et al., 2014). Future studies

conducted in this emerging and important field of plant

stress research will likely highlight additional roles for ROS

in plant acclimation to stress combination. For now, how-

ever, ROS and ABA appear to be two of the key regulators

that mediate the acclimation of plants to stress combina-

tion.

ROS IN SYSTEMIC SIGNALING

Reactive oxygen species were recently shown to mediate

rapid systemic signaling in plants in response to abiotic

stress in a process that is coupled to calcium signaling and

perhaps even electric waves (Miller et al., 2009; Mittler

et al., 2011; Gilroy et al., 2014, 2016; Figure 4). In order for

a plant to achieve maximal fitness in the field, the

response of all of its organs and leaves to abiotic stress

needs to be coordinated. This coordination is thought to

be achieved by an auto-propagating wave of ROS produc-

tion (Figure 4a; the ROS wave) that is initiated in a group

of cells that first senses the stress and spreads to the entire

plant at a rate of up to 8.4 cm min�1 (Miller et al., 2009).

The basic mechanistic model describing the ROS wave

postulates that abiotic stress affecting local cells results in

Stress Metabolic changes
Sensors and transduction

Stress-Specific
ROS Signature

Synthesis of Acclimation
Proteins, Metabolic 
Adjustments,…

Acclimation

Death

Stress A Stress A-specific
ROS signature

Stress A-Specific
Acclimation

Stress B Stress B-specific
ROS signature

Stress B-Specific
Acclimation

Stress A + B

Stress A-specific
ROS signature

Stress B-specific
ROS signature

Stress A+B 
Specific
Acclimation

Stress A+B-specific
ROS signature

ROS A, B, A+B

(a)

(b)

Figure 3. Reactive oxygen species (ROS) signatures during abiotic stress combination.

(a) Abiotic stress is shown to result in the formation of a ROS signature that mediates plant acclimation and cell death.

(b) A combination of two different stresses (Stress A and Stress B) is shown to generate a ROS signature that is unique to the stress combination and is the

result of combining three different ROS signatures (ROS signature for Stress A, ROS signature for Stress B, and ROS signature generated from the combination

of the two different stresses, i.e. A + B).
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a flux of calcium into the cytosol. This flux directly acti-

vates RBOHs, and/or triggers a cascade of events that acti-

vates calcium-dependent protein kinases that

phosphorylate and activate RBOHs (Miller et al., 2009; Mit-

tler et al., 2011; Dubiella et al., 2013; Gilroy et al., 2014; Fig-

ure 4a). The activated RBOHs generate ROS at the apoplast

that is sensed by neighboring cells triggering a calcium

flux in these cells that will activate their own RBOHs. This

state of ROS-derived calcium flux – coupled with calcium-

derived activation of RBOHs – is then auto-propagated

from cell to neighboring cell throughout the entire plant,

and triggers systemic responses to abiotic stress (Miller

et al., 2009; Figure 4a). Recent studies have shown that the

ROS wave is mediated by RBOHD in Arabidopsis and that

it is coordinated with a systemic calcium wave (Gilroy

et al., 2016). In addition, the ROS wave was shown to be

required for the generation of some electric signals during

abiotic stress (Suzuki et al., 2013). Furthermore, the ROS

wave was shown to be required to induce a systemic accli-

mation response to light or heat stress (Suzuki et al.,

2013). At least when it comes to heat stress, the ROS wave

was also shown to be coordinated with ABA function in

systemic leaves (Suzuki et al., 2013). Further to the discov-

ery of the ROS wave (Miller et al., 2009) and its interaction

with the calcium wave (Choi et al., 2014; Gilroy et al.,

2014), it was proposed that abiotic stress responses in each

leaf are controlled in a leaf autonomous way and linked to

stomata function, and that the response of each leaf is

communicated to all other leaves via the combined func-

tion of the ROS, calcium, hydraulic (Le�on et al., 2001) and

ROS

RBOH

Ca2+

Ca2+

Ca2+

RBOH

Ca2+

Ca2+

Ca2+

RBOH

Ca2+

Ca2+

Ca2+

RBOH

Ca2+

Ca2+

Ca2+

ROS ROS ROS

ROS/Ca2+-ac�vated Ca2+ channels CPK/CBL-CIPKs

Stress Systemic 
Response

Abio�c Stress
Calcium Flux

ROS accumula�on
ABA responses

Stomatal responses
Gene Expression

ROS/Ca2+/hydraulic/electric 
Wave Ini�a�on

Systemic 
leaves

ROS/Ca2+/hydraulic/electric 
Wave percep�on

ABA-ROS-NO responses
Stomatal responses

Gene Expression
Systemic Acclima�on
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(a)

(b)

ROS/Ca2+/hydraulic/electric Wave

Figure 4. The reactive oxygen species (ROS) wave.

(a) A simplified model for the propagation of the ROS wave. Abiotic stress is shown to cause calcium fluxes in a cell that activates ROS production via respira-

tory burst oxidase homolog (RBOH). The accumulation of the RBOH-produced ROS in the apoplast is then sensed by a neighboring cell and triggers its ROS/cal-

cium-activated calcium channels, resulting in the formation of calcium fluxes that in turn activate ROS production via RBOH in the neighboring cell. This state of

ROS/calcium-activated calcium flux causing RBOH activation and apoplastic ROS production via RBOH (the ROS wave) is then auto-propagated throughout the

plant resulting in the activation of systemic acquired acclimation (SAA) in systemic tissues. For a more detailed model, see Gilroy et al. (2016).

(b) The leaf-autonomous systemic signaling hypothesis. A local leaf subjected to abiotic stress is shown to activate the combined ROS/calcium/hydraulic/electric

wave via the coordinated function of calcium fluxes, ROS, abscisic acid (ABA) and stomatal responses. Upon perception of the combined wave in systemic

leaves, each leaf is shown to activate acclimation mechanisms through ABA-ROS-NO and stomata interactions that lead to alteration in gene expression and

acclimation. For a more detailed model, see Mittler and Blumwald (2015). Abbreviation: CPK/CBL-CIPKs, Ca2+-dependent protein kinases.
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electric waves (Mittler and Blumwald, 2010; Figure 4b).

This model explains many of the previous observations

regarding systemic plant responses to stress, and pro-

poses a key role for ROS, ABA and stomatal responses in

the systemic acclimation response of plants to abiotic

stress (Mittler and Blumwald, 2010). Although the ROS

wave is thought to be primarily regulated by RBOHs,

recent studies have highlighted other types of ROS as well

as other types of ROS producers as potential contributors

to rapid systemic signaling. Singlet oxygen produced in

the chloroplast was, for example, shown to be required to

initiate the RBOH-derived ROS wave in response to high

light stress (Carmody et al., 2016). In addition, a possible

role for glutamate receptor-like channels and NO was pro-

posed in integrating the ROS, calcium and electric waves

during systemic acquired acclimation (SAA; Gilroy et al.,

2016). The studies described above point to a key role for

the ROS wave in priming the entire plant for the induction

of SAA state. Although it does not convey abiotic stress

specificity to the systemic response, the ROS wave is abso-

lutely required for it (Suzuki et al., 2013).

ARE ROS GOOD OR BAD FOR ABIOTIC STRESS?

Reactive oxygen species have recently been shown to be

beneficial to animal cells promoting cellular proliferation

and overall health (Schieber and Chandel, 2014). During

abiotic stress in plants ROS could have a few important

beneficial roles. For example, ROS production in the

chloroplast could divert electrons from the photosynthetic

apparatus preventing overload of the antenna and subse-

quent damage. A similar sink function could also be medi-

ated by ROS in the mitochondria. Diverting electrons and

preventing overload of different systems in the cell during

stress via ROS production is, of course, only possible

because plant cells contain multiple levels of ROS detoxifi-

cation pathways and mechanisms (Asada, 2006). ROS

could also be mediating the regulation of metabolic fluxes

during stress to prevent damage or over-accumulation of

certain intermediates toxic to cells. Of course, the most

beneficial role of ROS during abiotic stress is likely their

function in signal transduction reactions mediating the

activation of acclimation pathways (Figures 1–3; Foyer and
Noctor, 2013; Vaahtera et al., 2014; Considine et al., 2015;

Dietz, 2015; Mignolet-Spruyt et al., 2016; Mittler, 2016), and

the application of ROS was for example shown to prime

plant defenses to abiotic stress (Hossain et al., 2015).

Accordingly, mutants impaired in ROS production or ROS

scavenging were found to be more sensitive to abiotic

stresses as well as unable to mediate systemic signaling

during abiotic stress (Davletova et al., 2005; Suzuki et al.,

2013; reviewed in Mittler et al., 2004; Suzuki et al., 2011).

Among the negative aspects of ROS function during abi-

otic stress are their potential toxicity and the energetic

costs associated with their detoxification. Thus, pathways

such as the Asada–Foyer–Halliwell pathway require energy

in the form of NAD(P)H and, once this energy is depleted,

these pathways would be unable to prevent ROS toxicity

(Mittler et al., 2004). Overall, and as long as the cell main-

tains sufficient energy reserves to detoxify ROS, ROS

appear to be beneficial to plants during abiotic stress,

enabling them to adjust their metabolism and mount a

proper acclimation response.

ACKNOWLEDGEMENTS

This work was supported by funding from the National Science
Foundation (IOS-1353886, IOS-0820188, IOS-0743954, IOS-1063287,
MCB-1613462) and the University of North Texas, College of Arts
and Sciences. The funders had no role in the design, data collection,
analysis, decision to publish, or preparation of the manuscript.

AUTHOR CONTRIBUTION

FKC, RMR, EB and RM wrote the paper.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

REFERENCES

Achard, P., Cheng, H., De Grauwe, L., Decat, J., Schoutteten, H., Moritz, T.,

Van Der Straeten, D., Peng, J. and Harberd, N.P. (2006) Integration of

plant responses to environmentally activated phytohormonal signals.

Science, 311, 91–94.
Achard, P., Gusti, A., Cheminant, S., Alioua, M., Dhondt, S., Coppens, F.,

Beemster, G.T. and Genschik, P. (2009) Gibberellin signaling controls cell

proliferation rate in Arabidopsis. Curr. Biol. 19, 1188–1193.
Asada, K. (2006) Production and scavenging of reactive oxygen species in

chloroplasts and their functions. Plant Physiol. 141, 391–396.
Baishnab, C.T. and Ralf, O. (2012) Reactive oxygen species generation and

signaling in plants. Plant Signal. Behav. 7, 1621–1633.
Baniulis, D., Hasan, S.S., Stofleth, J.T. and Cramer, W.A. (2013) Mechanism

of enhanced superoxide production in the cytochrome b(6)f complex of

oxygenic photosynthesis. Biochemistry, 52, 8975–8983.
Boursiac, Y., Leran, S., Corratge-Faillie, C., Gojon, A., Krouk, G. and

Lacombe, B. (2013) ABA transport and transporters. Trends Plant Sci. 18,

325–333.
Camejo, D., Romero-Puertas Mdel, C., Rodriguez-Serrano, M., Sandalio,

L.M., Lazaro, J.J., Jimenez, A. and Sevilla, F. (2013) Salinity-induced

changes in S-nitrosylation of pea mitochondrial proteins. J. Proteomics.

79, 87–99.
Camejo, D., Jimenez, A., Palma, J.M. and Sevilla, F. (2015) Proteomic identi-

fication of mitochondrial carbonylated proteins in two maturation stages

of pepper fruits. Proteomics, 15, 2634–2642.
Carmody, M., Crisp, P.A., D’Alessandro, S., Ganguly, D., Gordon, M.,

Havaux, M., Albrecht-Borth, V. and Pogson, B.J. (2016) Uncoupling high

light responses from singlet oxygen retrograde signaling and spatial-

temporal systemic acquired acclimation in Arabidopsis. Plant Physiol.

171, 1734–1749.
Carvalho, L.C., Coito, J.L., Goncalves, E.F., Chaves, M.M. and Amancio, S.

(2016) Differential physiological response of the grapevine varieties Tour-

iga Nacional and Trincadeira to combined heat, drought and light stres-

ses. Plant Biol (Stuttg) 18(Suppl 1), 101–111.
Choi, W.G., Toyota, M., Kim, S.H., Hilleary, R. and Gilroy, S. (2014) Salt

stress-induced Ca2+ waves are associated with rapid, long-distance root-

to-shoot signaling in plants. Proc. Natl Acad. Sci. USA 111, 6497–6502.
Colebrook, E.H., Thomas, S.G., Phillips, A.L. and Hedden, P. (2014) The role

of gibberellin signalling in plant responses to abiotic stress. J. Exp. Biol.

217, 67–75.
Considine, M.J., Sandalio, L.M. and Foyer, C.H. (2015) Unravelling how

plants benefit from ROS and NO reactions, while resisting oxidative

stress. Ann. Bot. 116, 469–473.

© 2016 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2017), 90, 856–867

864 Feroza K. Choudhury et al.



Crofts, A.R. (2004) The cytochrome bc1 complex: function in the context of

structure. Annu. Rev. Physiol. 66, 689–733.
Davletova, S., Rizhsky, L., Liang, H., Shengqiang, Z., Oliver, D.J., Coutu, J.,

Shulaev, V., Schlauch, K. and Mittler, R. (2005) Cytosolic ascorbate per-

oxidase 1 is a central component of the reactive oxygen gene network of

Arabidopsis. Plant Cell, 17, 268–281.
Di Simplicio, P., Cacace, M.G., Lusini, L., Giannerini, F., Giustarini, D. and

Rossi, R. (1998) Role of protein -SH groups in redox homeostasis – the

erythrocyte as a model system. Arch. Biochem. Biophys. 355, 145–152.
Dietz, K.J. (2015) Efficient high light acclimation involves rapid processes at

multiple mechanistic levels. J. Exp. Bot. 66, 2401–2414.
Dietz, K.J. (2016) Thiol-based peroxidases and ascorbate peroxidases: why

plants rely on multiple peroxidase systems in the photosynthesizing

chloroplast?. Mol. Cells 39, 20–25.
Dietz, K.J., Turkan, I. and Krieger-Liszkay, A. (2016) Redox- and reactive

oxygen species-dependent signaling in and from the photosynthesizing

chloroplast. Plant Physiol. 171, 1541–1550.
Dietzel, L., Brautigam, K. and Pfannschmidt, T. (2008) Photosynthetic accli-

mation: state transitions and adjustment of photosystem stoichiometry –
functional relationships between short-term and long-term light quality

acclimation in plants. FEBS J. 275, 1080–1088.
Douce, R., Bourguignon, J., Neuburger, M. and Rebeille, F. (2001) The gly-

cine decarboxylase system: a fascinating complex. Trends Plant Sci. 6,

167–176.
Dreaden, T.M., Chen, J., Rexroth, S. and Barry, B.A. (2011) N-formylkynure-

nine as a marker of high light stress in photosynthesis. J. Biol. Chem.

286, 22632–22641.
Drerup, M.M., Schlucking, K., Hashimoto, K., Manishankar, P., Steinhorst,

L., Kuchitsu, K. and Kudla, J. (2013) The Calcineurin B-like calcium sen-

sors CBL1 and CBL9 together with their interacting protein kinase CIPK26

regulate the Arabidopsis NADPH oxidase RBOHF. Mol. Plant 6, 559–569.
Duan, Q.H., Kita, D., Li, C., Cheung, A.Y. and Wu, H.M. (2010) FERONIA

receptor-like kinase regulates RHO GTPase signaling of root hair devel-

opment. Proc. Natl Acad. Sci. USA 107, 17821–17826.
Dubiella, U., Seybold, H., Durian, G., Komander, E., Lassig, R., Witte, C.P.,

Schulze, W.X. and Romeis, T. (2013) Calcium-dependent protein kinase/

NADPH oxidase activation circuit is required for rapid defense signal

propagation. Proc. Natl Acad. Sci. USA 110, 8744–8749.
Farnese, F.S., Menezes-Silva, P.E., Gusman, G.S. and Oliveira, J.A. (2016)

When bad guys become good ones: the key role of reactive oxygen spe-

cies and nitric oxide in the plant responses to abiotic stress. Front. Plant

Sci. 7, 471.

Foyer, C.H. and Noctor, G. (2009) Redox regulation in photosynthetic organ-

isms: signaling, acclimation, and practical implications. Antioxid. Redox

Signal. 11, 861–905.
Foyer, C.H. and Noctor, G. (2013) Redox signaling in plants. Antioxid. Redox

Signal. 18, 2087–2090.
Foyer, C.H. and Noctor, G. (2016) Stress-triggered redox signalling: what’s

in pROSpect? Plant, Cell Environ. 39, 951–964.
Foyer, C.H., Rasool, B., Davey, J.W. and Hancock, R.D. (2016) Cross-toler-

ance to biotic and abiotic stresses in plants: a focus on resistance to

aphid infestation. J. Exp. Bot., 67, 2025–2037.
Fratelli, M., Gianazza, E. and Ghezzi, P. (2004) Redox proteomics: identifica-

tion and functional role of glutathionylated proteins. Expert Rev. Pro-

teomics 1, 365–376.
Fukao, T., Xu, K., Ronald, P.C. and Bailey-Serres, J. (2006) A variable cluster

of ethylene response factor-like genes regulates metabolic and develop-

mental acclimation responses to submergence in rice. Plant Cell, 18,

2021–2034.
Fukao, T., Yeung, E. and Bailey-Serres, J. (2011) The submergence tolerance

regulator SUB1A mediates crosstalk between submergence and drought

tolerance in rice. Plant Cell, 23, 412–427.
Gallogly, M.M. and Mieyal, J.J. (2007) Mechanisms of reversible protein

glutathionylation in redox signaling and oxidative stress. Curr. Opin.

Pharmacol. 7, 381–391.
Gilroy, S., Suzuki, N., Miller, G., Choi, W.G., Toyota, M., Devireddy, A.R.

and Mittler, R. (2014) A tidal wave of signals: calcium and ROS at the

forefront of rapid systemic signaling. Trends Plant Sci. 19, 623–630.
Gilroy, S., Bialasek, M., Suzuki, N., Gorecka, M., Devireddy, A., Karpinski, S.

and Mittler, R. (2016) ROS, calcium and electric signals: key mediators of

rapid systemic signaling in plants. Plant Physiol. 171, 1606–1615.

Giraud, E., Ho, L.H., Clifton, R. et al. (2008) The absence of ALTERNATIVE

OXIDASE1a in Arabidopsis results in acute sensitivity to combined light

and drought stress. Plant Physiol. 147, 595–610.
Grunewald, W. and Friml, J. (2010) The march of the PINs: developmental

plasticity by dynamic polar targeting in plant cells. EMBO J. 29, 2700–2714.
Gustavsson, N., Kokke, B.P., Harndahl, U., Silow, M., Bechtold, U., Poghos-

yan, Z., Murphy, D., Boelens, W.C. and Sundby, C. (2002) A peptide

methionine sulfoxide reductase highly expressed in photosynthetic tis-

sue in Arabidopsis thaliana can protect the chaperone-like activity of a

chloroplast-localized small heat shock protein. Plant J. 29, 545–553.
Halliwell, B. and Gutteridge, J.M. (2015) Free radicals in biology and medi-

cine, New York, NY: Oxford University Press.

Hossain, M.A., Bhattacharjee, S., Armin, S.M., Qian, P., Xin, W., Li, H.Y.,

Burritt, D.J., Fujita, M. and Tran, L.S. (2015) Hydrogen peroxide priming

modulates abiotic oxidative stress tolerance: insights from ROS detoxifi-

cation and scavenging. Front. Plant Sci. 6, 420.

Huang, S., Van Aken, O., Schwarzl€ander, M., Belt, K. and Millar, A. (2016)

The roles of mitochondrial reactive oxygen species in cellular signaling

and stress responses in plants. Plant Physiol. 171, 1551–1559.
Jin, R., Wang, Y., Liu, R., Gou, J. and Chan, Z. (2015) Physiological and

metabolic changes of Purslane (Portulaca oleracea L.) in response to

drought, heat, and combined stresses. Front. Plant Sci. 6, 1123.

Joudoi, T., Shichiri, Y., Kamizono, N., Akaike, T., Sawa, T., Yoshitake, J.,

Yamada, N. and Iwai, S. (2013) Nitrated cyclic GMP modulates guard cell

signaling in Arabidopsis. Plant Cell, 25, 558–571.
Kasson, T.M. and Barry, B.A. (2012) Reactive oxygen and oxidative stress:

N-formyl kynurenine in photosystem II and non-photosynthetic proteins.

Photosynth. Res. 114, 97–110.
Kawano, T. (2003) Roles of the reactive oxygen species-generating peroxi-

dase reactions in plant defense and growth induction. Plant Cell Rep. 21,

829–837.
Keles�, Y. and €Oncel, I. (2002) Response of antioxidative defence system to

temperature and water stress combinations in wheat seedlings. Plant

Sci. 163, 783–790.
Kerchev, P.I., Waszczak, C., Lewandowska, A. et al. (2016) Lack of GLYCO-

LATE OXIDASE 1, but not GLYCOLATE OXIDASE 2, attenuates the pho-

torespiratory phenotype of CATALASE2-deficient Arabidopsis. Plant

Physiol. 171, 1704–1719.
Kim, M.J., Ciani, S. and Schachtman, D.P. (2010) A peroxidase contributes

to ROS production during Arabidopsis root response to potassium defi-

ciency. Mol. Plant 3, 420–427.
Kleine, T. and Leister, D. (2016) Retrograde signaling: organelles go net-

working. Biochim. Biophys. Acta 1857, 1313–1325.
Koussevitzky, S., Suzuki, N., Huntington, S., Armijo, L., Sha, W., Cortes, D.,

Shulaev, V. and Mittler, R. (2008) Ascorbate peroxidase 1 plays a key role

in the response of Arabidopsis thaliana to stress combination. J. Biol.

Chem. 283, 34197–34203.
Kovtun, Y., Chiu, W.L., Tena, G. and Sheen, J. (2000) Functional analysis of

oxidative stress-activated mitogen-activated protein kinase cascade in

plants. Proc. Natl Acad. Sci. USA 97, 2940–2945.
Le, C., Brumbarova, T., Ivanov, R., Stoof, C., Weber, E., Mohrbacher, J.,

Fink-Straube, C. and Bauer, P. (2016) ZINC FINGER OF ARABIDOPSIS

THALIANA12 (ZAT12) interacts with FER-LIKE IRON DEFICIENCYIN-

DUCED TRANSCRIPTION FACTOR (FIT) linking iron deficiency and oxida-

tive stress responses. Plant Physiol. 170, 540–557.
Lee, K., Kim, C., Landgraf, K. and Apel, K. (2007) EXECUTER1- and EXE-

CUTER2-dependent transfer of stress-related signals from the plastid to

the nucleus of Arabidopsis thaliana. Proc. Natl Acad. Sci. 104, 10270–
10275.

Le�on, J., Rojo, E. and S�anchez-Serrano, J.J. (2001) Wound signalling in

plants. J. Exp. Bot. 52, 1–9.
Li, L., Li, M., Yu, L. et al. (2014) The FLS2-associated kinase BIK1 directly

phosphorylates the NADPH oxidase RbohD to control plant immunity.

Cell Host Microbe 15, 329–338.
Ma, X., Wang, W., Bittner, F. et al. (2016) Dual and opposing roles of xan-

thine dehydrogenase in defense-associated reactive oxygen species

metabolism in Arabidopsis. Plant Cell, 28, 1108–1126.
Madian, A.G. and Regnier, F.E. (2010) Proteomic identification of carbony-

lated proteins and their oxidation sites. J. Proteome Res. 9, 3766–3780.
Martinez, V., Mestre, T.C., Rubio, F., Girones-Vilaplana, A., Moreno, D.A.,

Mittler, R. and Rivero, R.M. (2016) Accumulation of flavonols over

© 2016 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2017), 90, 856–867

ROS and abiotic stress 865



hydroxycinnamic acids favors oxidative damage protection under abiotic

stress. Front. Plant Sci. 7, 838.

Mignolet-Spruyt, L., Xu, E., Idanheimo, N., Hoeberichts, F.A., Muhlenbock,

P., Brosche, M., Van Breusegem, F. and Kangasjarvi, J. (2016) Spreading

the news: subcellular and organellar reactive oxygen species production

and signalling. J. Exp. Bot. 67, 3831–3844.
Miller, G., Schlauch, K., Tam, R., Cortes, D., Torres, M.A., Shulaev, V.,

Dangl, J.L. and Mittler, R. (2009) The plant NADPH oxidase RBOHD medi-

ates rapid systemic signaling in response to diverse stimuli. Sci. Signal.

2, ra45.

Miller, G., Suzuki, N., Ciftci-Yilmaz, S. and Mittler, R. (2010) Reactive oxy-

gen species homeostasis and signalling during drought and salinity

stresses. Plant, Cell Environ. 33, 453–467.
Mittler, R. (2002) Oxidative stress, antioxidants and stress tolerance. Trends

Plant Sci. 7, 405–410.
Mittler, R. (2006) Abiotic stress, the field environment and stress combina-

tion. Trends Plant Sci. 11, 15–19.
Mittler, R. (2016) ROS are good!. Trends Plant Sci. (in press).

Mittler, R. and Blumwald, E. (2010) Genetic engineering for modern

agriculture: challenges and perspectives. Annu. Rev. Plant Biol. 61, 443–
462.

Mittler, R. and Blumwald, E. (2015) The roles of ROS and ABA in systemic

acquired acclimation. Plant Cell, 27, 64–70.
Mittler, R., Vanderauwera, S., Gollery, M. and Van Breusegem, F. (2004)

Reactive oxygen gene network of plants. Trends Plant Sci. 9, 490–498.
Mittler, R., Vanderauwera, S., Suzuki, N., Miller, G., Tognetti, V.B., Vande-

poele, K., Gollery, M., Shulaev, V. and Van Breusegem, F. (2011) ROS

signaling: the new wave? Trends Plant Sci. 16, 300–309.
Mittler, R., Finka, A. and Goloubinoff, P. (2012) How do plants feel the heat?.

Trends Biochem. Sci. 37, 118–125.
Nie, W.F., Wang, M.M., Xia, X.J., Zhou, Y.H., Shi, K., Chen, Z. and Yu, J.Q.

(2013) Silencing of tomato RBOH1 and MPK2 abolishes brassinosteroid-

induced H(2)O(2) generation and stress tolerance. Plant, Cell Environ. 36,

789–803.
Niu, L. and Liao, W. (2016) Hydrogen peroxide signaling in plant develop-

ment and abiotic responses: crosstalk with nitric oxide and calcium.

Front. Plant Sci. 7, 230.

Noctor, G. and Foyer, C.H. (2016) Intracellular redox compartmentation and

ROS-related communication in regulation and signaling. Plant Physiol.

171, 1581–1592.
Noctor, G., De Paepe, R. and Foyer, C.H. (2007) Mitochondrial redox biology

and homeostasis in plants. Trends Plant Sci. 12, 125–134.
O’Brien, J.A., Daudi, A., Finch, P., Butt, V.S., Whitelegge, J.P., Souda, P.,

Ausubel, F.M. and Bolwell, G.P. (2012) A peroxidase-dependent apoplas-

tic oxidative burst in cultured Arabidopsis cells functions in MAMP-eli-

cited defense. Plant Physiol. 158, 2013–2027.
Pandey, P., Ramegowda, V. and Senthil-Kumar, M. (2015) Shared and

unique responses of plants to multiple individual stresses and stress

combinations: physiological and molecular mechanisms. Front. Plant

Sci. 6, 723.

Pasternak, T., Potters, G., Caubergs, R. and Jansen, M.A. (2005) Comple-

mentary interactions between oxidative stress and auxins control plant

growth responses at plant, organ, and cellular level. J. Exp. Bot. 56,

1991–2001.
Pesaresi, P., Hertle, A., Pribil, M. et al. (2009) Arabidopsis STN7 kinase pro-

vides a link between short- and long-term photosynthetic acclimation.

Plant Cell, 21, 2402–2423.
Prasch, C.M. and Sonnewald, U. (2013) Simultaneous application of heat,

drought, and virus to Arabidopsis plants reveals significant shifts in sig-

naling networks. Plant Physiol. 162, 1849–1866.
Puyaubert, J., Fares, A., Reze, N., Peltier, J.B. and Baudouin, E. (2014) Iden-

tification of endogenously S-nitrosylated proteins in Arabidopsis plant-

lets: effect of cold stress on cysteine nitrosylation level. Plant Sci. 215–
216, 150–156.

Quan, L.J., Zhang, B., Shi, W.W. and Li, H.Y. (2008) Hydrogen peroxide in

plants: a versatile molecule of the reactive oxygen species network. J.

Integr. Plant Biol. 50, 2–18.
Rasmussen, S., Barah, P., Suarez-Rodriguez, M.C., Bressendorff, S., Friis, P.,

Costantino, P., Bones, A.M., Nielsen, H.B. and Mundy, J. (2013) Tran-

scriptome responses to combinations of stresses in Arabidopsis. Plant

Physiol. 161, 1783–1794.

Rasmusson, A.G. and Wallstrom, S.V. (2010) Involvement of mitochondria

in the control of plant cell NAD(P)H reduction levels. Biochem. Soc.

Trans. 38, 661–666.
Rivero, R.M., Mestre, T.C., Mittler, R., Rubio, F., Garcia-Sanchez, F. and Mar-

tinez, V. (2014) The combined effect of salinity and heat reveals a specific

physiological, biochemical and molecular response in tomato plants.

Plant, Cell Environ. 37, 1059–1073.
Rizhsky, L., Liang, H. and Mittler, R. (2002) The combined effect of drought

stress and heat shock on gene expression in tobacco. Plant Physiol. 130,

1143–1151.
Rizhsky, L., Liang, H., Shuman, J., Shulaev, V., Davletova, S. and Mittler, R.

(2004) When defense pathways collide. The response of Arabidopsis to a

combination of drought and heat stress. Plant Physiol. 134, 1683–1696.
Rodr�ıguez-Serrano, M., Romero-Puertas, M.C., Sanz-Fern�andez, M., Hu, J.

and Sandalio, L.M. (2016) Peroxisomes extend peroxules in a fast

response to stress via a reactive oxygen species-mediated induction of

the peroxin PEX11a. Plant Physiol. 171, 1665–1674.
Ronsein, G.E., Oliveira, M.C., Miyamoto, S., Medeiros, M.H. and Di Mascio,

P. (2008) Tryptophan oxidation by singlet molecular oxygen [O2(1Del-

tag)]: mechanistic studies using 18O-labeled hydroperoxides, mass spec-

trometry, and light emission measurements. Chem. Res. Toxicol. 21,

1271–1283.
Sarvajeet, S.G. and Narendra, T. (2010) Reactive oxygen species and antiox-

idant machinery in abiotic stress tolerance in crop plants. Plant Physiol.

Biochem. 48, 909–930.
Schafer, F.Q. and Buettner, G.R. (2001) Redox environment of the cell as

viewed through the redox state of the glutathione disulfide/glutathione

couple. Free Radic. Biol. Med. 30, 1191–1212.
Scheibe, R., Backhausen, J.E., Emmerlich, V. and Holtgrefe, S. (2005) Strate-

gies to maintain redox homeostasis during photosynthesis under chang-

ing conditions. J. Exp. Bot. 56, 1481–1489.
Schieber, M. and Chandel, N.S. (2014) ROS function in redox signaling and

oxidative stress. Curr. Biol. 24, R453–R462.
Schopfer, P., Plachy, C. and Frahry, G. (2001) Release of reactive oxygen

intermediates (superoxide radicals, hydrogen peroxide, and hydroxyl

radicals) and peroxidase in germinating radish seeds controlled by light,

gibberellin, and abscisic acid. Plant Physiol. 125, 1591–1602.
Schwarzlander, M. and Finkemeier, I. (2013) Mitochondrial energy and

redox signaling in plants. Antioxid. Redox Signal. 18, 2122–2144.
Shacter, E. (2000) Protein oxidative damage. Meth. Enzymol. 319, 428–436.
Shi, Y.F., Wang, D.L., Wang, C., Culler, A.H., Kreiser, M.A., Suresh, J.,

Cohen, J.D., Pan, J., Baker, B. and Liu, J.Z. (2015) Loss of GSNOR1 func-

tion leads to compromised auxin signaling and polar auxin transport.

Mol. Plant 8, 1350–1365.
Shinozaki, K. and Yamaguchi-Shinozaki, K. (2007) Gene networks involved

in drought stress response and tolerance. J. Exp. Bot. 58, 221–227.
Sirichandra, C., Gu, D., Hu, H.C. et al. (2009) Phosphorylation of the Ara-

bidopsis AtrbohF NADPH oxidase by OST1 protein kinase. FEBS Lett.

583, 2982–2986.
Suzuki, N., Miller, G., Morales, J., Shulaev, V., Torres, M.A. and Mittler, R.

(2011) Respiratory burst oxidases: the engines of ROS signaling. Curr.

Opin. Plant Biol. 14, 691–699.
Suzuki, N., Miller, G., Salazar, C. et al. (2013) Temporal-spatial interaction

between reactive oxygen species and abscisic acid regulates rapid sys-

temic acclimation in plants. Plant Cell, 25, 3553–3569.
Suzuki, N., Rivero, R.M., Shulaev, V., Blumwald, E. and Mittler, R. (2014)

Abiotic and biotic stress combinations. New Phytol. 203, 32–43.
Suzuki, N., Bassil, E., Hamilton, J.S. et al. (2016) ABA is required for plant

acclimation to a combination of salt and heat stress. PLoS ONE 11,

e0147625.

Takagi, D., Takumi, S., Hashiguchi, M., Sejima, T. and Miyake, C. (2016)

Superoxide and singlet oxygen produced within the thylakoid mem-

branes both cause photosystem I photoinhibition. Plant Physiol. 171,

1626–1634.
Tavares, C.P., Vernal, J., Delena, R.A., Lamattina, L., Cassia, R. and Terenzi,

H. (2014) S-nitrosylation influences the structure and DNA binding activ-

ity of AtMYB30 transcription factor from Arabidopsis thaliana. Biochim.

Biophys. Acta 1844, 810–817.
Tian, S., Wang, X., Li, P., Wang, H., Ji, H., Xie, J., Qiu, Q., Shen, D. and

Dong, H. (2016) Plant aquaporin AtPIP1;4 links apoplastic H2O2 induction

to disease immunity pathways. Plant Physiol. 171, 1635–1650.

© 2016 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2017), 90, 856–867

866 Feroza K. Choudhury et al.



Tognetti, V.B., Van Aken, O., Morreel, K. et al. (2010) Perturbation of indole-

3-butyric acid homeostasis by the UDP-glucosyltransferase UGT74E2

modulates Arabidopsis architecture and water stress tolerance. Plant

Cell, 22, 2660–2679.
Tognetti, V.B., Muhlenbock, P. and Van Breusegem, F. (2012) Stress home-

ostasis – the redox and auxin perspective. Plant, Cell Environ. 35, 321–
333.

Vaahtera, L., Brosche, M., Wrzaczek, M. and Kangasjarvi, J. (2014) Speci-

ficity in ROS signaling and transcript signatures. Antioxid. Redox Signal.

21, 1422–1441.
Vainonen, J.P., Sakuragi, Y., Stael, S. et al. (2008) Light regulation of CaS, a

novel phosphoprotein in the thylakoid membrane of Arabidopsis thali-

ana. FEBS J. 275, 1767–1777.
Vanderauwera, S., Zimmermann, P., Rombauts, S., Vandenabeele, S.,

Langebartels, C., Gruissem, W., Inze, D. and Van Breusegem, F.

(2005) Genome-wide analysis of hydrogen peroxide-regulated gene

expression in Arabidopsis reveals a high light-induced transcriptional

cluster involved in anthocyanin biosynthesis. Plant Physiol. 139, 806–
821.

Vanderauwera, S., Vandenbroucke, K., Inze, A., van de Cotte, B., Muhlen-

bock, P., De Rycke, R., Naouar, N., Van Gaever, T., Van Montagu, M.C.

and Van Breusegem, F. (2012) AtWRKY15 perturbation abolishes the

mitochondrial stress response that steers osmotic stress tolerance in

Arabidopsis. Proc. Natl Acad. Sci. USA 109, 20113–20118.
Vile, D., Pervent, M., Belluau, M., Vasseur, F., Bresson, J., Muller, B., Gran-

ier, C. and Simonneau, T. (2012) Arabidopsis growth under prolonged

high temperature and water deficit: independent or interactive effects?

Plant, Cell Environ. 35, 702–718.
Vivancos, P.D., Driscoll, S.P., Bulman, C.A., Ying, L., Emami, K., Treumann,

A., Mauve, C., Noctor, G. and Foyer, C.H. (2011) Perturbations of amino

acid metabolism associated with glyphosate-dependent inhibition of shi-

kimic acid metabolism affect cellular redox homeostasis and alter the

abundance of proteins involved in photosynthesis and photorespiration.

Plant Physiol. 157, 256–268.

Voothuluru, P. and Sharp, R.E. (2013) Apoplastic hydrogen peroxide in the

growth zone of the maize primary root under water stress. I. Increased

levels are specific to the apical region of growth maintenance. J. Exp.

Bot. 64, 1223–1233.
Vuleta, A., Manita�sevi�c, Jovanovi�c S. and Tuci�c, B. (2015) How do plants

cope with oxidative stress in nature? A study on the dwarf bearded iris

(Iris pumila). Acta Physiol. Plant 37, 1711–1719.
Wagner, D., Przybyla, D., op den Camp, R. et al. (2004) The genetic basis of

singlet oxygen-induced stress responses of Arabidopsis thaliana.

Science, 306, 1183–1185.
Wang, C., Yang, A., Yin, H. and Zhang, J. (2008) Influence of water stress on

endogenous hormone contents and cell damage of maize seedlings. J.

Integr. Plant Biol. 50, 427–434.
Woodson, J.D. and Chory, J. (2008) Coordination of gene expression

between organellar and nuclear genomes. Nat. Rev. Genet. 9, 383–395.
Xia, X.J., Wang, Y.J., Zhou, Y.H., Tao, Y., Mao, W.H., Shi, K., Asami, T., Chen,

Z.X. and Yu, J.Q. (2009) Reactive oxygen species are involved in brassinos-

teroid-induced stress tolerance in cucumber. Plant Physiol. 150, 801–814.
Xia, X.J., Zhou, Y.H., Shi, K., Zhou, J., Foyer, C.H. and Yu, J.Q. (2015) Inter-

play between reactive oxygen species and hormones in the control of

plant development and stress tolerance. J. Exp. Bot. 66, 2839–2856.
Yadav, S., David, A. and Bhatla, S.C. (2011) Nitric oxide accumulation and

actin distribution during auxin-induced adventitious root development in

sunflower. Sci. Hort. 129, 159–166.
Yun, B.W., Feechan, A., Yin, M. et al. (2011) S-nitrosylation of NADPH oxi-

dase regulates cell death in plant immunity. Nature, 478, 264–268.
Zandalinas, S.I., Balfag�on, D., Arbona, V., G�omez-Cadenas, A., Inupakutika,

M.A. and Mittler, R. (2016) ABA is required for the accumulation of APX1

and MBF1c during a combination of water deficit and heat stress. J. Exp.

Bot. doi:10.1093/jxb/erw299. (in press).

Zhou, J., Wang, J., Li, X., Xia, X.J., Zhou, Y.H., Shi, K., Chen, Z. and Yu, J.Q.

(2014) H2O2 mediates the crosstalk of brassinosteroid and abscisic acid

in tomato responses to heat and oxidative stresses. J. Exp. Bot. 65,

4371–4383.

© 2016 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2017), 90, 856–867

ROS and abiotic stress 867

info:doi/10.1093/jxb/erw299

