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Preface

In plants as well as in all aerobic organisms, reactive oxygen species (ROS) are

produced commonly as a by-product of aerobic metabolism. It depends on the

formation and nature of ROS; some are toxic and easily destroyed/detoxified by

several enzymatic and nonenzymatic mechanisms in the plant cells. However,

lately, the role of ROS as second messengers participating in signaling processes

under normal and certain stress conditions was postulated (Foyer and Noctor 2003).

Environmental stresses such as heat, cold, drought, salinity, heavy metal toxicity,

ozone, and ultraviolet radiation as well as pathogens/contagion attack lead to

enhanced generation of ROS in plants due to disruption of cellular homeostasis.

When the increment of ROS in plant cells rapidly increased and the scavenging

systems of ROS do not operate properly, a situation of oxidative stress and

oxidative injury occurs. The toxicity caused by heavy metals leads to intervention

with metabolism and other biological activities through the generation of ROS such

as superoxide radicals (O2
•�), hydroxyl radicals (•OH), and hydrogen peroxide

molecule (H2O2). Under certain conditions which involve the presence of transition

metal ions, basically Cu2+ and Fe3+, H2O2 may be reduced to •OH radicals by

superoxide and generates oxidative damage to the plants. One of the major conse-

quences of heavy metals action in the cell is the enhanced generation of ROS which

usually damage the cellular components such as membranes, nucleic acids, chlo-

roplast pigments, and alteration in enzymatic and non-enzymatic antioxidants

(Gupta et al. 2013a). Stress-induced increases in ROS level can cause different

degree of oxidation of cell components and a gross change in redox status. Thus, an

oxidative outburst as a consequence of stress is reflected in the levels of ROS

molecules (O2
•�, H2O2 and •OH), which are biochemically connected through

metabolic reactions (Halliwell and Gutteridge 2007).

ROS generation is evident in chloroplast, mitochondria, peroxisomes, plasma

membrane, and apoplast adjacent to membrane. In green plants, chloroplast is the

most important among the organelles in respect of ROS generation as O2 is

continuously provided through the water autolysis and readily available inside the

organelle. Several reports showed that ROS induction can take place in response to

vii



cadmium stress in pepper (Capsicum annum L.) (Le�on et al. 2002) and Arabidopsis
thaliana (Remans et al. 2010), Pb and As stress in Zea mays and in A. thaliana
(Gupta et al. 2009, 2013b), Cd and Cu stress in pea (Pisum sativum) and A. thaliana
(Palma et al. 1987; Remans et al. 2010), Ni stress in wheat (Triticum aestivum) (Hao
et al. 2006), and Zn stress in Brassica (Feigl et al. 2014). Since now there is no

evidence that cytoplasmic phytochelatins (PCs) have a role in prevention of ROS

induction at plasma membrane or associated ROS formation at apoplast. However,

it is acceptable that cell-wall-associated peroxidase catalyzes formation of

membrane-permeable H2O2 in apoplast and then makes it possible to interact

with cytosolic PCs and other thiol peptides.

Since last three decades, it’s indeed a big boom in the field of ROS and its role/

function in plants. The main purpose of the book is to provide detailed and

comprehensive knowledge to the academicians and researchers who are interested

in the field of oxidative damage caused by stresses in plants with special reference

to the metabolism of ROS and site of production of ROS in plant systems. Other key

features of this book are ROS signaling, ROS and disease resistance, redox regu-

lation, and antioxidant defense during stresses, heavy metal-induced oxidative

stresses, and heavy metal toxicity and detoxification mechanism. Some chapters

are also focusing on hormones/polyphenols as antioxidants and the future of

transgenic plants in antioxidative defense. The functional interaction between

ROS and the reactive nitrogen species (RNS) is also addressed in this volume. In

the nutshell, the information compiled in this book will bring very deep knowledge

and advancement in the field of ROS and oxidative damages caused by stresses in

current years in plant sciences.

Dr. Dharmendra K. Gupta, Prof. José M. Palma, and Dr. Francisco J. Corpas

personally thank the authors for contributing their valuable time, knowledge, and

enthusiasm to bring this book into the present shape.

Hannover, Germany Dr. Dharmendra K. Gupta

Granada, Spain Prof. José M. Palma

Dr. Francisco J. Corpas
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Abstract Reactive oxygen species (ROS) have been considered for a long time as

undesirable by-product of the cellular metabolism, but recently the role of ROS in

molecular signaling processes has been reported. Consequently, the cell must keep

a fragile equilibrium between ROS production and the antioxidant defenses that

protect cells in vivo against potential damages (oxidative stress) and, alternatively,

allow the inter- and intra-cell communications. This equilibrium may become

disturbed under different array of adverse conditions by an excessive generation

of ROS or by an impaired antioxidant defenses. Plant cells have a compartmental-

ization of ROS production in the different organelles including chloroplasts,
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mitochondria, or peroxisomes, and they also have a complex battery of antioxidant

enzymes usually close to the site of ROS production. Cell compartmentalization has

been demonstrated to be an additional mechanism of cellular ROS modulation for

signaling purposes. This chapter will provide a general overview of the main

system of ROS production/regulation in plant cells.

Keywords Reactive oxygen species • Chloroplasts • Mitochondria • Peroxisomes

1 Introduction

Reactive oxygen species (ROS) is a term which includes radical and non-radical

oxygen species formed by the partial reduction of oxygen. The main ROS mostly

investigated are superoxide radical (O2
•�), hydroxyl radical (•OH), alkoxyl (RO•)

and peroxyl (ROO•) as radicals molecules, and hydrogen peroxide (H2O2), singlet

oxygen (1O2), ozone (O3), and hypochlorous acid (HClO) as non-radical. Under

normal conditions, these molecules are produced in many metabolic pathways as

normal by-product, being the respective electron transport chains present in chlo-

roplasts and mitochondria the main sources of these ROS (Halliwell 2006; del Rı́o

2015). However, the presence of free metals, such as iron, copper, and manganese,

released from metalloprotein complexes can also contribute to ROS production.

Plant cells enclose a wide range of enzymatic and nonenzymatic antioxidant

systems which usually are nearby the ROS production site being an excellent

mechanism to avoid the undesirable potential negative effects of ROS (oxidative

stress) but also to modulate their signaling role.

In parallel, plant cells contain a series of ROS-scavenging nonenzymatic anti-

oxidants such as ascorbic acid, glutathione (GSH), carotenoids, and others, as well

as a wide battery of enzymes such as superoxide dismutase (SOD), catalase,

glutathione peroxidase (GPX), peroxiredoxin (Prx), and the ascorbate–glutathione

cycle. All these latter elements have multiple isozymes located in all cell compart-

ments which provide a highly efficient system for detoxifying ROS. The main goal

of this chapter is to offer a general overview of the main system of ROS production/

scavenging in the principal plant organelles.

2 Chloroplasts

Due to their abundance and diversity of pigments, chloroplasts are the cell organ-

elles more susceptible to be attacked by ROS. These photosynthetic compartments

are also great sources of ROS production, including basically O2
•� and singlet

oxygen (1O2). Chloroplasts harbor in thylakoids the key elements to fully carry out

2 F.J. Corpas et al.



the photosynthesis, with the structures involved in the light-dependent phase being

mainly responsible for the ROS generation (Tripathy and Oelmüller 2012). Com-

plementarily, these organelles contain powerful antioxidant systems to counterbal-

ance the ROS production under normal conditions.

2.1 Production of Reactive Oxygen Species

The major site of superoxide radical’s production is linked to the photosystem I

(PSI). Under illumination conditions, O2 is continuously provided by the water

autolysis performed in the PSII as indicated in reaction [1], so light would favor the

superoxide radical formation reaction [2] at the PSI location. There, under exces-

sive reduced ferredoxin and low NADP availability, the autoxidation of this iron–

sulfur protein occurs with the formation of O2
•�, as depicted in reaction [3].

Reaction [1] 2H2O! 4e� + O2 + 4H+

Reaction [2] 2O2 + 2e�! 2O2
•�

Reaction [3] Fdred + O2! Fdox + O2
•�

If the conditions persist, the reduced ferredoxin is able to react with superoxide

radicals to form hydrogen peroxide, and this is what Mehler (1951) found when he

performed his experiments with illuminated chloroplasts (reaction 4).

Reaction [4] Fdred + O2
•� + 2H+! Fdox + H2O2

Asada and colleagues (1974) corroborated later that all the H2O2 formation

attributable to chloroplasts was a consequence of the disproportionation of super-

oxide radicals previously formed. It has been found that the H2O2 photo produced

via O2
•� accumulates in thylakoids, whereas in intact chloroplasts this ROS does

not accumulate (Asada 2006). The steady-state level of H2O2 in chloroplasts

was determined to be about 0.5 μM, with increases under stress conditions up to

1–15 μM.

The direct production of O2
•� to a lower extent at the level of the PSI was also

reported, and it was postulated that, when the NADP availability lowers and the

Calvin–Benson cycle does not operate properly, the ferredoxin autoxidation takes

place initially and afterwards the direct formation of superoxide radicals from the

PSI (Halliwell and Gutteridge 2007). Simultaneously, another source of superoxide

radicals is also associated to PSII, for instance, through the autoxidation of PSII

electronic acceptors and mostly at the level of the plastoquinone (Gupta and

Igamberdiev 2015). The superoxide radical’s production in chloroplasts is pro-

moted above the normal conditions under certain circumstances, basically stress

situations which proceed with stomata closure. Then, the CO2 availability decreases

and the photosynthetic carbon reductive pathway (Calvin–Benson cycle) is some-

how impaired, with the concomitant lower provision of NADP for the thylakoid-

linked ferredoxin-NADP reductase. Accordingly, reduced ferredoxin accumulates

Production Sites of Reactive Oxygen Species (ROS) in Organelles from Plant Cells 3



and develops the scenario described above. Overall, the rate of O2
•� production in

isolated chloroplasts was initially reported to be about 30 μmol mg�1 Chl h�1

(Asada 1992). Later, it was probed to that the superoxide radical’s generation

increased from 240 to 720 μM s�1 under stress conditions (Polle 2001).

Singlet oxygen is produced at the PSII (P680) by excitation of oxygen of the

ground (triplet) state 3O2 till singlet state (
1O2), as indicated in reaction [5].

Reaction [5] 3O2 +
3P680* (excited P680) ! 1O2 +

3P680

Under intense illumination conditions and/or low CO2 assimilation rate under-

gone due to environmental stresses or certain physiological conditions, electrons

from chlorophyll are excited to a higher energy layer, and this energy excess is

transferred to oxygen, thus generating singlet oxygen responsible for photodynamic

damages such as bleaching of leaves (Telfer et al. 1994; Hideg et al. 1998; Asada

2006). Additionally, it has been also found that biosynthetic and catabolic interme-

diates of chlorophyll are photosensitizers which generate singlet oxygen (Wagner

et al. 2004; Pruzinska et al. 2005). Although 1O2 is rapidly quenched by water, its

lifetime and diffusion distance from the generation site are very short. So, the

distance among the generation and the target sites of 1O2 is a critical factor to

evaluate the biological effect of this ROS (Asada 2006).

Many herbicides, including methyl viologen (paraquat), diquat, DCMU

[3-(3,4-dichlorophenyl)-1,1-dimethylurea], atrazine, and others base their mecha-

nism of action by promoting the generation of ROS. Thus, cationic herbicides such

as methyl viologen trigger the formation of superoxide radicals at the level of PSI;

other polar compounds like DCMU uncouple the electron fluxes at the PSII level

with excitation of chlorophyll and the energy excess of excited chlorophyll being

transferred toward the formation of 1O2. It has been demonstrated that many plants

(tobacco, tomato, potato, and alfalfa, among others) transfected with additional

SOD genes showed reduced damage symptoms after being subjected to diverse

herbicides.

2.2 ROS Scavenging Systems

Chloroplasts contain a battery of scavengers that not only protect chloroplasts from

the direct effects of ROS but also relax the electron excess stress. Thus, a series of

antioxidant enzymes and small molecules regulate the endogenous ROS levels, thus

allowing a coordinated response under stress conditions (Foyer et al. 1991, 1994;

Gill and Tuteia 2010). Chloroplastic membranes are rich of carotenoids (provitamin

A) and α-tocopherol (vitamin E), two powerful 1O2 scavengers, so this ROS with

high ability to diffuse in hydrophobic environments can be promptly removed by

these antioxidants, although ascorbate can also be an active scavenger of this

species.

4 F.J. Corpas et al.



Carotenoids, mainly β-carotene, besides working as complementary light-

absorbing pigments, can dissipate the photodynamic effect directly and indirectly.

Hence, the energy excess accumulated in the triplet state of chlorophyll as conse-

quence of intense illumination can be transferred to carotenoids which move up to

their triplet state. These excited carotenoids go back to their ground state by

dissipating their excess energy as heat. On the other hand carotenoids are able to

counterbalance the production of 1O2 promoted by the triplet-state chlorophyll.

Again, excited carotenoids, as consequence of their interaction with 1O2, dissipate

their higher energy as heat rendering the ground-state pigments. Up to 11 molecule

of β-carotene have been assigned to the PSII reaction center and antenna subunit

complex (Asada 2006). Xanthophylls, a series of molecules framed within the

carotenoids group, are also involved in the antioxidant metabolism in a stroma–

lumen interaction. This mechanism implies to violaxanthin, antheraxanthin, and

zeaxanthin which are interconverted one in another by epoxidation/de-epoxidation

reactions, thus giving rise to the so-called xanthophylls cycle (Adams and Demmig-

Adams 1992; Demmig-Adams and Adams 2006). The epoxidation pathway

(zeaxanthin–antheraxanthin–violaxanthin), carried out at neutral pH under low

light in the stroma, depends on the provision of NADPH, whereas the

de-epoxidation is achieved in the lumen at acid pH (around 5, high light) with the

participation of ascorbate which is converted into dehydroascorbate (Adams and

Demmig-Adams 1992; Demmig-Adams and Adams 2006).

Alpha-tocopherol is another molecule which can quench 1O2, although its

effectiveness regarding β-carotene is much lower, about two orders of magnitude.

After the reaction of α-tocopherol with 1O2, α-tocopherylquinone is formed

(Halliwell and Gutteridge 2007), and this can regenerate again α-tocopherol by
the reaction with ascorbate. As a result of this reaction chain, monodehy-

droascorbate is formed, and this is integrated within the enzymatic pathways

displayed below (Fig. 1). Tocopherols are also involved in suppressing the lipid

peroxidation of thylakoids by trapping lipid radicals (Muller et al. 2006).

From all antioxidant molecules, ascorbate seems to be the most versatile since

this compound not only scavenges all types of ROS by itself but also participates in

the ascorbate–glutathione cycle (see below) and in the regeneration of other

antioxidants as reported above for α-tocopherol. Thus, a very significant role in

the chloroplast redox homeostasis is attributed to ascorbate. In fact, chloroplasts are

the main cellular pool of ascorbate in spite that this antioxidant is synthesized in

mitochondria (Foyer et al. 1991; Smirnoff 2001).

The presence of several superoxide dismutases (SOD; EC 1.15.1.1) has been

reported in chloroplasts (Hayakawa et al. 1984; Grace 1990). SODs are a class of

metalloenzymes with different nature depending on the heavy metal located in the

active site of the protein which catalyze the reaction [6]:

Reaction [6]: 2O2
•� + 2H+ ! H2O2 + O2

Three main SOD types have been described in plants: copper–zinc-, iron-, and

manganese-containing superoxide dismutases (CuZn–SODs, Fe–SODs, and Mn–

SODs, respectively; Rodrı́guez-Serrano et al. 2007). Chloroplasts commonly house
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CuZn–SOD and Fe–SOD isozymes, although the presence of one Mn–SOD has

been reported in chromoplasts from pepper fruits (Martı́ et al. 2009). Both SOD

isoenzyme types have been reported to be attached to the thylakoids near the PSI

where O2
•� is produced but also soluble in the stroma (Asada 2006; Mittova

et al. 2015) (Fig. 1).

Fig. 1 Integrated model of production and scavenging of reactive oxygen species in chloroplasts.

Electrons in PSI are usually “sailing” toward the PSI-linked ferredoxin (Fd) and by action of the

NADP–ferredoxin reductase (FNR), NADPH is formed which can be used in the photosynthetic

carbon fixation. Subsidiary, superoxide radicals (O2
•�) can be generated continuously in the

presence of O2 provided by PSII after H2O photolysis. O2
•� is then dismutated either by the

thylakoid-linked superoxide dismutase (both CuZn–SOD and Fe–SOD) or the soluble forms of

these isozymes. The H2O2 generated by the action of SOD is decomposed by either the ascorbate

peroxidase bound to thylakoid membranes (tAPX) or the soluble isozyme (sAPX), using ascorbate

(AsA) as reducing source. sAPX is integrated within the chloroplastic ascorbate–glutathione cycle

(AGC) which implies the participation of the monodehydroascorbate reductase (MDAR), the

dehydroascorbate reductase (DAR), and glutathione reductase (GR). This redox pathway is

involved in the removal of H2O2 with expenses of NADPH. AsA could also be used to regenerate

α-tocopherol from α-tocopherylquinone (α-tocopheryl radical), after this lipophilic antioxidant has
been used as a singlet oxygen (1O2) quencher.

1O2 can be also scavenged by carotenoids with

excess energy being dissipated as heat. Throughout these processes, monodehydroascorbate

(MDA) is formed, and this radical can be used to regenerate ascorbate in the stroma by either

direct action of reduced Fd or through the AGC. MDA is also produced at the chloroplastic lumen

in the xanthophylls cycle. MDA dismutates into ascorbate and dehydroascorbate which can

migrate through the thylakoid membrane and be coupled to the stroma AGC. As depicted as

blue arrows, a water–water cycle occurs, with consume of water in the lumen and production in the

stroma side
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H2O2 is mainly removed by the action of the ascorbate peroxidase (reaction [7];

APX; EC 1.11.1.11) which, like SODs, is located either attached to the thylakoid

membrane (tAPX) or soluble in the stroma (sAPX) (Yoshimura et al. 1999;

Shigeoka et al. 2002; Maruta et al. 2010). In thylakoids, APX is in the vicinity of

PSI so the flux of electrons through PSI, SODs, and tAPX forms a thylakoidal

scavenging system which functions as the first defense against ROS, with the

participation of reduced ferredoxin which directly provides electrons to monodehy-

droascorbate to regenerate ascorbate (reaction [8]; Fig. 1).

Reaction [7] H2O2 + AsA ! 2H2O + 2MDA

Reaction [8] 2MDA + 2Fdred ! 2Asa + 2Fdox

The sAPX is integrated within the ascorbate–glutathione cycle, also called

Foyer–Halliwell–Asada cycle, where the enzymes monodehydroascorbate reduc-

tase (MDAR; EC 1.6.5.4), dehydroascorbate reductase (DAR; EC 1.8.5.1), and

glutathione reductase (GR; EC 1.6.4.2) are involved in the H2O2 scavenging

associated to the NADPH expense (Corpas and Barroso) (Fig. 1).

Overall, as the result of the series of reactions which involved the formation

(reactions 1 and 2) and scavenging (reactions 6, 7 and 8) of ROS in chloroplasts

renders the final stoichiometry given in reaction [9]:

Reaction [9] 2H2O + O2 ! O2 + 2H2O

which allows introducing the concept water–water cycle proposed by Professor

Kozi Asada (1999) as a unique pathway located in chloroplasts involving the

dynamics of oxygen in these organelles and integrating a network of molecules

which goes beyond the simple ROS-antioxidant pair.

Peroxiredoxins and thioredoxins are also systems involved in the detoxification

of hydrogen peroxide in chloroplasts. Peroxiredoxins are thiol-based peroxidases

which may utilize the reducing power provided through thioredoxins to scavenge

H2O2(Puerto-Galán 2013). Thioredoxins are crucial for the chloroplast redox net-

work, mediating environmental signals to the organelle proteins. Thus, chloroplast

thioredoxins have been found to be very versatile and to control the structure and

function of proteins by reducing disulfide bridges in the redox active site of a

protein (Schürman and Jacquot 2000; Nikkanen, and Rintamaki 2014). A

thioredoxin system which gains electrons from the PSI-linked ferredoxin and

involves a ferredoxin–thioredoxin reductase has been found. Besides, a thioredoxin

that uses NADPH as the reducing source through a NADPH–thioredoxin reductase

has been reported (Nikkanen and Rintamaki 2014). Finally, a more complex system

where the reducing power from NADPH is successively transferred following the

sequence thioredoxin reductase, thioredoxin, and peroxiredoxin to reduce H2O2 up

to water has been displayed (Dietz 2003). The possibility that this latter system may

function as a water–water cycle under certain conditions was already proposed by

Asada (2006).
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3 Mitochondria

In mammalian cells, mitochondria are the major cell loci for ROS production. In

plants, mitochondria constitute one of the main ROS production sites due to

unavoidable impairments of the electron transport chain (ETC) responsible of the

aerobic respiration which is located at the inner mitochondrial membrane. A short

review of the ROS metabolism, both generation and scavenging involved systems,

will be given in this chapter, although a wider view of this subject will be displayed

in chapter “What Do the Mitochondrial Antioxidant and Redox Systems Have to

Say Under Salinity, Drought and Extreme Temperature?” (F. Sevilla and

colleagues).

Similarly to what happened in chloroplasts, the first reports on ROS in mito-

chondria in the mid-1960s revealed that these organelles were able to produce H2O2

(Hinkle et al. 1967). Years later, the demonstration of O2
•� generation by submi-

tochondrial particles bearing diverse ETC complexes (Loschen and Azzi 1975),

along with the discovery of the presence of SOD activity in the organelle, led to

conclude that the original ROS formed in mitochondria were superoxide radicals.

About 2–5 % of the consumed O2 in mitochondria is derived toward the formation

of this species. By further research and thanks to the use of inhibitors of the ETC,

namely, rotenone and antimycin, it was found that the O2
•� production sites reside

in complex I and complex III (Fig. 2a) (Møller 2001; Sweetlove and Foyer 2004;

Fig. 2 Production and effects of ROS in mitochondria. (a) ROS production in mitochondria.

Superoxide radicals (O2
•�) are generated at the complexes I and III from the electron transport

chain located in the inner membrane. Mn–SOD disproportionates O2
•� into H2O2 which, in turn, is

removed by the ascorbate–glutathione (AGC) cycle enzymes in plants and in animal cells by a

glutathione peroxidase (GPX) and a system involving thioredoxin (Trx), peroxiredoxin (Prx), and

a thioredoxin reductase (TrxR). H2O2 can also come out of the mitochondria and be either

scavenged in the cytosol by soluble peroxidases and the cytosolic AGC or driven to peroxisomes

where catalase and AGC decompose it. (b) Effects of ROS on mitochondrial macromolecules.

Under controlled conditions, ROS produced in mitochondria participates in signaling processes.

However, when ROS generation exceeds the scavenging systems, ROS may attack mitochondrial

DNA and trigger mutations, promote oxidation, cleavage and degradation or nitration of proteins,

and favor the release of cytochrome c from the organelle membranes toward the cytosol, as it

occurs in apoptosis
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Gupta and Igamberdiev 2015). Rotenone inhibits the electron transfer from com-

plex I (NADH–ubiquinone oxidoreductase) to ubiquinone, whereas antimycin

binds to complex III (ubiquinol–cytochrome c oxidoreductase), thus avoiding this

complex capturing electrons from the previous ETC components. A more precise

study of the mitochondrial localization of O2
•� production reported that this event

develops in two ubiquinone pools: one associated to complex I and the other one

linked to complex III (Raha and Robinson 2000; Popov 2015).

According to the mechanism of action of complexes I and III and the position of

the respective ubiquinone pools in mammalian cells, it was postulated that O2
•�

generated in complex I was disposed of at the matrix of the organelle, whereas

complex III dropped this ROS to the intermembrane space (Raha and Robinson

2000; Murphy 2009). In the matrix, O2
•� dismutates by the action of a Mn–SOD

(Fig. 2a), characteristic of mitochondria (del Rı́o et al. 2002; Rodrı́guez-Serrano

et al. 2007; Palma et al. 2013), and, in animal cells, the resulting H2O2 is detoxified

by a selenium-dependent glutathione peroxidase (SeGPX) which, in turn, is

coupled to a GR for the continuous provision of reduced glutathione (GSH).

However, very few references have reported the presence of a CuZn–SOD in the

intermembrane space, and this eventuality is far to be still consensed by the

scientific community. H2O2 from the matrix can be pumped off to the cytosol

through the mitochondrial membranes and then scavenged by diverse detoxifying

systems such as peroxidases and the ascorbate–glutathione cycle or enters the

peroxisomes, where catalase/ascorbate–glutathione cycle would decompose it. A

thioredoxin–peroxiredoxin system located in the matrix could also remove H2O2

with the participation of a thioredoxin reductase which would utilize NADPH,

provided by a NADP-dependent isocitrate dehydrogenase as electron donor (Mur-

phy 2009). In plants, the presence of all enzyme components of the AGC in

mitochondria has been demonstrated (Jiménez et al. 1997), and the participation

of this pathway to remove H2O2 in this compartment is the most accepted issue for

plant biologists (Fig. 2a) (Mittova et al. 2015). The necessary NADPH for the

action of the GR is a common metabolite in plant mitochondria (Møller 2001).

Alternative oxidase (AOX) has been reported to be activated when the reduction

level of ubiquinone increases, so this is a dissipating mechanism which is also

useful to prevent the overproduction of superoxide radicals (Maxwell et al. 1999;

Rhoads et al. 2006; Gupta and Igamberdiev 2015).

Under certain stress conditions where H2O2 production overtakes the scavenging

barriers and in the presence of transition metals, basically Fe3+ and Cu2+, •OH

radicals can be formed in a Fenton-type reaction. Hydroxyl radicals could then be

able to attack the mitochondrial genome provoking mutations in many of the ETC

components which are encoded by the mitochondrial DNA (Fig. 2b) (Raha and

Robinson 2000; Murphy 2009). ROS also damage proteins by diverse mechanisms

which include oxidation, cleavage, and degradation of backbones and tyrosine

nitration (Gupta and Igamberdiev 2015). Overall, ROS are important molecules

to promote redox signaling events in mitochondria (Møller and Sweetlove 2010;

Hebelstrup and Møller 2015), but under mitochondrial dysfunction, the

overproduction of ROS under stress conditions and senescence ROS may lead to
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apoptosis (programmed cell death, PCD) and necrosis. PCD is characterized by the

release of cytochrome c from the inner mitochondrial membrane to the cytosol as a

consequence of the damage (lipid peroxidation) undergone in membranes by ROS

attack (Fig. 2b) (Murphy 2009).

3.1 Ascorbate Biosynthesis

A very important event in the antioxidant balance is the synthesis of ascorbate. This

antioxidant molecule is synthesized by the great majority of phyla, excepting

primates, rodents, and some others. Human cells lack the last enzyme of the

ascorbate synthesis, the L-gulono-lactone oxidase, that makes human beings strictly

dependent on an external ascorbate source, mainly fruits and vegetables. In plants,

although several alternative pathways have been described, the main last step of the

ascorbate biosynthesis is catalyzed by the L-galactono-lactone dehydrogenase

(GalLDH), an enzyme which oxidizes L-galactono-lactone to ascorbic acid without

the participation of any redox cofactor (Smirnoff 2001; Valpuesta and Botella

2004). GalLDH has been reported to be located in the inner mitochondrial mem-

brane, neighbor to the ETC, and providing the electrons from the L-galactono-

lactone to the terminal oxidase of complex IV (Bartoli et al. 2000). Thus, an

interesting issue as a source of the investigation in plant antioxidant arises: ascor-

bate is synthesized in mitochondria but the major pool of this antioxidant is found in

chloroplasts. The presence of ascorbate in other organelles suggest a very complex

mechanism by which the ascorbate biosynthesis is triggered under certain stress

conditions and how this important molecule is addressed to the diversity of organ-

elles, mainly chloroplasts.

4 Plasma Membrane

Plant membrane-bound NADPH oxidase (NOX), also called respiratory burst

oxidase homologue (RBOH), has the capacity to transfer electrons from intracel-

lular NADPH across the plasma membrane to molecular oxygen in the apoplast site

and generate O2
•�which can then dismutate through different mechanisms to H2O2.

RBOH genes belong to a multigenic family with 10 members in Arabidopsis
thaliana (RBOHA-RBOHJ) and 9 in rice (Oryza sativa) but also with five groups

of orthologous sequences (Torres et al. 2002; Sagi and Fluhr 2006; O’Brien
et al. 2012; Skelly and Loake 2013).

The plant Rboh protein has two main components: (i) membrane-bound respi-

ratory burst oxidase homologue (Rboh) with a molecular weight between 105 and

112 kDa (being homologue of gp91phox from mammalian phagocyte NAPDH

oxidase) and (ii) its cytosolic regulator Rop (Rho-like protein) which is a Rac

homologue of plants. Thus, the integral plasma membrane protein is composed of

10 F.J. Corpas et al.



six transmembrane domains (TMD-1 to TMD-6) connected by five loops (loops A–

E) where TMD-3 and TMD-5 contain pairs of His residues required to bind two

heme groups, C-terminal FAD and NADPH hydrophilic domains, and two

N-terminal calcium-binding (EF-hand) motifs and some phosphorylation target

sites (Yoshie et al. 2005; Marino et al. 2012) (Fig. 3). Besides this complex

structure, there are also regulatory components involving phosphorylation and

Ca2+ (Ogasawara et al. 2008) such as calcium-dependent protein kinases (CDPKs

are Ser/Thr protein kinases that include a Ca2+-binding calmodulin-like domain)

(Kobayashi et al. 2007), Ca2+/CaM-dependent protein kinase (CCaMK) (Shi

et al. 2012), and Rop (Wong et al. 2007). Moreover, new mechanisms of regulation

have been reported including phosphatidic acid binding (Zhang et al. 2009) and

S-nitrosylation, which are posttranslational protein modifications mediated by nitric

oxide-derived molecules (Corpas et al. 2015). Thus, in the Arabidopsis Rboh

isoform D (AtRBOHD), the S-nitrosylation of Cys 890, thus abolishing the ability

to generate O2
•� (Yun et al. 2011), provides a clear interrelationship between

reactive oxygen and nitrogen species.

Rboh is involved in many plant processes including cell growth (Foreman

et al. 2003), plant development, stomatal closure (Shi et al. 2012), pollen tube

growth (Kaya et al. 2014), symbiotic interactions (Marino et al. 2012; Kaur

et al. 2014), abiotic stress, and pathogen response (Wojtaszek 1997; Torres

et al. 2002; Daudi et al. 2012; Siddique et al. 2014). However, the number of

Rboh isozymes which are differentially expressed suggests a certain grade of

specialization for each one. For example, in Arabidopsis thaliana which has

Fig. 3 Simple model of the structure and localization of the components of the plant membrane-

bound respiratory burst oxidase homologues (RBOH) protein and other antioxidant elements. EF

hand domains, FAD flavin adenine dinucleotide, GSH glutathione, GSNO S-nitrosoglutathione,

NADPH reduced form of the nicotinamide adenine dinucleotide phosphate, NO nitric oxide, SOD

superoxide dismutase, TMD-1 to TMD-6 transmembrane domains
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10 genes, the focus has been pointed toward AtRbohB, AtRbohC, AtRbohD, and
AtRbohF, especially AtRbohD, because it is constitutively and ubiquitously

expressed (Kadota et al. 2014); however, the information about the other six

Rboh genes is very scarce.

On the other hand, the apoplast space seems to be more complex than we could

expect because it contains other elements such as SOD (Streller et al. 1997;

Vanacker et al. 1998; Kukavica et al. 2005), the antioxidant glutathione (GSH)

(Vanacker et al. 1999; Pignocchi and Foyer 2003), and nitric oxide (St€ohr and
Ullrich 2002; Bethke et al. 2004). Thus, the SOD must regulate the H2O2 produc-

tion during the dismutation of O2
•� generated by Rboh being a mechanism of

regulation of signaling between cells mediated by H2O2. Moreover, GSH and NO

can interact to form S-nitrosoglutathione (GSNO), which is also recognized as a

signaling molecule (Corpas et al. 2013), and can mediate the posttranslational

modifications of proteins affecting their activities such as it occurs to ascorbate

peroxidase (Begara-Morales et al. 2014).

Besides the mechanism of the local production of O2
•� by Rboh, it has been

proposed that after some stimuli (i.e., pathogens) and the generation of a local burst

of ROS mediated by Rboh in an specific cells, there is a cascade of cell-to-cell

communication events that carries a systemic signal over long distances throughout

different tissues of the plants (see chapter “ROS as Key Players of Abiotic Stress

Responses in Plants” of this book by Suzuki for deeper discussion) which opens a

new perspective of the Rboh functions (Marino et al. 2012; Kaur et al. 2014).

5 Peroxisomes

Unlike other subcellular compartments, peroxisome is a single membrane-bounded

compartment with a diverse range of specific metabolic functions depending on the

tissue localization, the plant developmental step, and the environmental conditions

(del Rı́o et al. 2002; Mano and Nishimura 2005; Palma et al. 2009; Hu et al. 2012;

Baker and Paudyal 2014). Among the principal functions of peroxisomes in plant

cells, the fatty acid β-oxidation, the glyoxylate cycle, the photorespiration cycle, the
metabolism of ureides, and the metabolism of reactive oxygen and nitrogen species

(ROS and RNS) can be included, being the peroxisomal characteristic enzymes

catalase and H2O2-generating flavin oxidases, which reflects a prominent oxidative

metabolism. Table 1 summarizes the main peroxisomal ROS-producing systems

and the involved enzymes.

5.1 H2O2-Producing System

Peroxisomal H2O2 generation is considered a side product of diverse pathways

where peroxisomes are involved; however, the capacity to go through membranes
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involves the capacity of this molecule to be used as a signal. Thus, peroxisomal

fatty acid β-oxidation allows the breakdown of these molecules to acetyl-CoA and

the subsequent conversion of acetyl-CoA to succinate via the glyoxylate cycle. In

the β-oxidation pathway, the enzyme acyl-CoA oxidase catalyzes the conversion of

acyl-CoA into trans-2-enyl-CoA with the concomitant generation of H2O2 (Arent

et al. 2008). This pathway has a relevant physiological function because it allows

the conversion of triacylglyceride pools in seedlings, the turnover of membrane

lipids during senescence or starvation situation, as well the synthesis of fatty acid-

derived hormones such as indole acetic acid (IAA), jasmonic acid (JA), and

salicylic acid (SA) which consequently are involved in stress response and growth

regulation (Poirier et al. 2006; Delker et al. 2007; Baker and Paudyal 2014).

Photorespiration involves the light‐dependent uptake of O2 and release of CO2

during the metabolism of phosphoglycolate, the two‐carbon by‐product by the

oxygenase activity of Rubisco. This pathway involves several organelles (chloro-

plasts, mitochondria, and peroxisomes) with the peroxisomal glycolate oxidase

generating H2O2.

Table 1 Summary of the main ROS-producing systems and involved enzymes identified in

peroxisomes from higher plants

Pathway Peroxisomal enzyme Reaction

H2O2-producing system

β-oxidation Acyl CoA oxidase

(EC:1.3.3.6)

Acyl-CoA ! trans-2-enoyl-CoA +

H2O2

Photorespiration Glycolate oxidase

(EC 1.1.3.15)

Glycolate + O2 ! glyoxylate + H2O2

Sulphite

detoxification

Sulfite oxidase

(EC 1.8.3.1)

Sulfite + O2+ H2O ! sulfate + H2O2

ROS metabolism Superoxide dismutase

(EC 1.15.11)

O2
•� + O2

•� + H+ ! H2O2 + O2

Purine metabolism Urate oxidase

(EC 1.7.3.3)

Uric acid + O2 + H2O !
5-hydroxyisourate+ H2O2 ! allantoin

+ CO2

Sarcosine

metabolism

Sarcosine oxidase

(EC 1.5.3.1)

Sarcosine + O2 + H2O ! glycine +

formaldehyde + H2O2

and

L-pipecolate ! Δ1-piperideine-6-

carboxylate + H2O2

Polyamine

catabolism

Polyamine oxidase

(EC 1.5.3.3)

Spermine + O2 + H2O ! spermidine +

3-aminopropanal + H2O2

Superoxide-generating system

Purine metabolism Xanthine oxidase

(EC 1.1.3.22)

Xanthine + O2! uric acid + O2
•�

Peroxisomal mem-

brane polypeptides

PMP32 (membrane

monodehydroascorbate

reductase)

NADH + PMP32 ! O2
•�

Production Sites of Reactive Oxygen Species (ROS) in Organelles from Plant Cells 13



There are other peroxisomal H2O2-producing enzymes but the available infor-

mation on their function is still scarce. Thus, sulfite oxidase (SO) catalyzes the

conversion of sulfite to sulfate with the concomitant generation of H2O2(Hänsch

et al. 2006). It has been reported that low concentrations of sulfite inhibit catalase

activity (Veljovic-Jovanovic et al. 1998), which could therefore be a means of

regulating both enzymes. Sarcosine, also known as N-methylglycine, is an inter-

mediate and by-product of glycine synthesis and degradation which also generates

H2O2. The enzyme responsible is the sarcosine oxidase (SOX) which is a 46-kDa

monomer that covalently attaches FAD molecule. Moreover, the SOX activity also

catalyzes the conversion of L-pipecolate to Δ1-piperideine-6-carboxylate plus H2O2

being a side branch of lysine catabolism (Goyer et al. 2004). In Arabidopsis, among

the family of polyamine oxidases (PAO), it has been identified a peroxisomal

isoform (AtPAO4) which is involved in polyamine catabolism especially in roots

(Kamada-Nobusada et al. 2008; Planas-Portell et al. 2013).

5.2 Superoxide-Generating System

Xanthine oxidoreductase (XOR) is an FAD-, molybdenum-, iron-, and sulfur-

containing hydroxylase enzyme that catalyzes the conversion of the purines hypo-

xanthine and xanthine into uric acid with the concomitant formation of either

NADH or O2
•� and plays an important role in nucleic acid degradation in all

organisms (Harrison 2002). The enzyme is a homodimer, and each subunit contains

one molybdenum atom, one FAD group, and two Fe2S2 centers. The molybdenum

cofactor (Moco) present in XOR is also shared by other key enzymes that catalyze

basic reactions in carbon, nitrogen, and sulfur metabolism, such as aldehyde

oxidase, nitrate reductase, and sulfite oxidase (Schwarz and Mendel 2006). XOR

exists in two interconvertible forms: an NAD-dependent dehydrogenase or xanthine

dehydrogenase (XDH; EC 1.1.1.204), which can be converted into an oxygen-

dependent oxidase or xanthine oxidase (XOD; EC 1.1.3.22). The presence of XOD

activity in peroxisomes has been reported in different plant species (Sandalio

et al. 1988; del Rı́o et al. 1989; Mateos et al. 2003). More recently, additional

biochemical and immunological results demonstrate the presence of XOR in leaf

peroxisomes, showing that the XOD form, which generates superoxide radicals, is

the predominant form in these oxidative organelles being differentially modulated

under cadmium-induced oxidative stress (Corpas et al. 2008).

On the other hand, the peroxisomal membrane is another potential source of

ROS, specifically O2
•�, through the existence of a small electron transport chain

using NADH as electron donor. This is composed of a flavoprotein NADH:ferri-

cyanide reductase of about 32 kDa and a cytochrome b (L�opez-Huertas et al. 1999).
The identity of the membrane protein of 32 kDa seems to be the enzyme monodehy-

droascorbate reductase (MDAR) since this enzyme has been described to be present

in both matrix and membrane polypeptide of peroxisomes (Leterrier et al. 2005;

Lisenbee et al. 2005). Additionally, using NADPH it was found a peroxisomal
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membrane of 29 kDa that had the capacity to generate O2
•� and to reduce cyto-

chrome c (L�opez-Huertas et al. 1999). The identity of this protein is not clear, but it
could be related to the family of NADPH:cytochrome P450 reductase (L�opez-
Huertas et al. 1999).

5.3 Peroxisomal Antioxidant Systems

Besides the presence of catalase, a well-characterized peroxisomal antioxidant

enzyme which keeps the H2O2 under control (Palma et al. 2013), there is another

complementary antioxidant systems to regulate the content of O2
•� and H2O2 in

these organelles (Corpas et al. 2001).

In the case of the H2O2, plant peroxisomes enclose a particular ascorbate–

glutathione cycle (Jiménez et al. 1997; Reumann and Corpas 2010) since its

components have a special distribution with some membrane-bound enzymes

such as the APX (Bunkelmann and Trelease 1996; Corpas and Trelease 1998)

and the MDAR (Leterrier et al. 2005; Lisenbee et al. 2005) and others located in

the matrix, such as the GR (Romero-Puertas et al. 2006) and also the DAR (Fig. 4).

This peroxisomal system has been described to participate in the mechanism of

response to different processes including growth (Narendra et al. 2006), leaf

Fig. 4 Model of ROS production in plant peroxisomes. APX ascorbate peroxidase, G6PDH

glucose-6-phosphate dehydrogenase, 6PGDH 6-phosphogluconate dehydrogenase, ICDH

NADP–isocitrate dehydrogenase, MDAR monodehydroascorbate reductase, XOD xanthine

oxidase
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senescence (Jiménez et al. 1998; Palma et al. 2006), fruit ripening (Mateos

et al. 2003), or heavy metal stress (Leterrier et al. 2005).

In animal cells, peroxisomes have been reported to contain exclusively a CuZn–

SOD; however, in plant peroxisomes, it can be found, depending on the tissue

and/or plant species and the three types of SOD isozymes, located in the matrix

and/or in the membrane. Although the presence of either a CuZn–SOD or a Mn–

SOD is the most common issue (del Rı́o et al. 1983; Corpas and Trelease 1998; del

Rı́o et al. 2002), there are other cases where the presence of a Mn–SOD plus a

CuZn–SOD (del Rı́o et al. 2002) or a Fe–SOD has been demonstrated (Droillard

and Paulin 1990).

Additionally, during the last decade, new components related with the peroxi-

somal metabolism of ROS have been discovered such as a closer family of

molecules designated as reactive nitrogen species (RNS) (Corpas et al. 2013). All

this indicates that peroxisomes enclose and complex nitro-oxidative apparatus

characterized by a relevant flexibility which can adapt to fluctuating conditions.

6 Conclusions

In comparison to animal cells, higher plants have a most complex and active ROS

metabolism under optimal environmental conditions which is in part consequence

of the photosynthesis and photorespiration processes. ROS are obligated site

products of many physiological pathways which are present in all cell compart-

ments, including chloroplasts, mitochondria, plasma membrane, and peroxisomes.

Although ROS have been considered as toxic molecules, this concept has changed

because under a controlled production ROS are part of the mechanism of signaling

or defense. This control is achieved by cellular complex of antioxidative systems

which usually are close to the different sites of ROS production at subcellular level.

However, under adverse environmental and/or certain physiological conditions, the

cellular equilibrium between ROS production and scavenging could be broken and

overcome the defense battery, which can provoke oxidative damage with fatal

consequences for the normal cell functions. Future research is needed to get deeper

knowledge and to decipher new mechanisms of regulation to keep under control the

ROS production and their signaling implications in combination with RNS.
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