Chapter 7
Oxygen Deprivation, Metabolic Adaptations
and Oxidative Stress

Olga Blokhina and Kurt V. Fagerstedt

Abstract In this chapter, we discuss the metabolic changes relevant for the pro-
duction of reactive oxygen and nitrogen species (ROS and RNS) in plant tissues
during oxygen deprivation. It is notable too, that at times the oxidative dam-
age does not take place during the oxygen deficiency period but only after the
restoration of normal oxygen supply to the tissues. This is mainly due to the fact
that ROS may be formed immediately after oxygen re-enters the tissues. The level
of oxygen in the tissues naturally depends on the outside concentration and
diffusion rate but is also under metabolic control. Two hypotheses on the regula-
tion of internal O, concentration in the cells through the control of respiration rely
on a regulation of glycolytic pathway and pyruvate availability and mitochondrial
electron transport chain by NO and ROS balance. Both adaptive strategies aim to
decrease the respiratory capacity and to postpone complete anoxia. This chapter
also describes the interaction of the many antioxidants found in plant tissues and
oxidative stress and oxidative damage caused by waterlogging and oxygen depri-
vation. If the antioxidative protection is still capable of detoxifying the ROS
formed, damage is minimal, but if not, then considerable damage can take place
very suddenly. Many of the ROS and RNS species act as signalling agents acting
in the regulation of metabolic events leading to tolerance or, e.g. in the case
of aerenchyma development, into programmed cell death. The balance between
O, transport to hypoxic tissues, regulatory adaptations, anoxic metabolites,
ROS-RNS chemistry and signalling, determines the survival of plants under
waterlogging and oxygen deprivation.
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Abbreviations

ADH Alcohol dehydrogenase

AOX Alternative oxidase
COX Cytochrome oxidase
ETC Electron transport chain
FFA Free fatty acids

LP Lipid peroxidation

NO Nitric oxide

'0, Singlet oxygen

0, Superoxide anion

ONOO™  Peroxynitrite

PFK-PPi PPi-dependent phosphofructokinase
PLD Phospholipase D

PEPC Phosphoenolpyruvate carboxylase
PPDK Pyruvate phosphate dikinase

RNS Reactive nitrogen species

ROS Reactive oxygen species

SOD Superoxide dismutase

UCP Mitochondrial uncoupling protein

7.1 Introduction

Almost two decades of oxidative stress studies in plants under diverse biotic and
abiotic stress factors, has yielded a concept of ROS being ubiquitous stress markers
and signalling species (Bailey-Serres and Chang 2005; Miller et al. 2008; Van
Breusegem et al. 2008). Oxygen deprivation stress stands somewhat apart in the
universal and quite concise picture of stress responses. Intrinsic contradiction
between low oxygen concentration on the one hand, and the well documented
ROS production under these conditions on the other hand, has promoted studies
on the biochemistry underlying ROS formation under oxygen deprivation and
during reoxygenation (Yan et al. 1996; Blokhina et al. 1999; Biemelt et al. 1998;
Biemelt et al. 2000; Blokhina et al. 2001, 2003; Fukao and Bailey-Serres 2004).
Such biochemical adjustments are closely related to plant survival under hypoxia
and inherently connected with the activation of remaining oxygen. Among the main
processes relevant for occurrence of oxidative stress under hypoxia are preservation
of energy (Greenway and Gibbs 2003) and regulation of the internal O, concentra-
tion (Borisjuk et al. 2007; Zabalza et al. 2009). Moreover, during the last years a
vast amount of evidence has accumulated on the regulatory role of reactive nitrogen
species (RNS) in hypoxic metabolism (Qiao and Fan 2008). These metabolic
adjustments have a common crosspoint — mitochondrial metabolism affected by
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the lack of oxygen and by hypoxic metabolites (Bailey-Serres and Voesenek 2008;
Benamar et al. 2008; Igamberdiev and Hill 2009).

Multiple routes for hypoxic ATP production and consumption have been eluc-
idated recently: pyrophosphate-dependent glycolysis (Huang et al. 2008), anaerobic
nitrite-dependent ATP synthesis (Stoimenova et al. 2007), and a reverse reaction
for ATP synthesis — anaerobic ATP hydrolysis (St-Pierre et al. 2000). The above-
mentioned NO can exert a dual effect on cell energetics, depending on the target
and localization: inhibition of key mitochondrial enzymes cytochrome oxidase
(COX), aconitase and upregulation of alternative oxidase, sustaining of NADH
turnover via hemoglobin-dependent reaction cascade, and termination of the lipid
peroxidation (LP) cascade (discussed in more detail in the text).

Two hypotheses on the regulation of internal O, concentration in the cells
through the control of respiration rely on a regulation of glycolytic pathway and
pyruvate availability (Geigenberger 2003; Zabalza et al. 2009) and mitochondrial
ETC by NO and ROS balance (Borisjuk et al. 2007). Both adaptive strategies aim
to decrease the respiratory capacity and to postpone complete anoxia. They also
emphasize the key role of adenylate energy charge of the tissue (Bailey-Serres
and Voesenek 2008). These routes are inherently connected with the mitochon-
dria and hypoxic oxidative stress. However, several non-mitochondrial enzyme
reactions are capable of producing ROS (and RNS) in a stress-dependent manner
(Blokhina et al. 2003). The phenomenon of oxidative stress under hypoxia
has found its affirmation in microarray studies on the whole genome response
to hypoxia. Indeed, expression of a wide range of ROS- and redox-related
transcripts is induced by the lack of oxygen (Klok et al. 2002; Branco-Price
et al. 2005; Loreti et al. 2005; Branco-Price et al. 2008; van Dongen et al. 2009).

Elegant new methods for the determination of oxygen levels inside plant organs
and tissues have given new possibilities for accurate description of the regulation of
respiration very precisely. This is discussed further in Sect. 7.4.

7.2 Anoxia: Metabolic Events Relevant for ROS Formation

7.2.1 “Classic” Metabolic Changes Under Oxygen Deprivation
Related to ROS Formation

Studies on morphological and metabolic adaptations to oxygen deprivation stress in
plants have a long history, and are very well documented, with a number of
excellent reviews available on the subject (Gibbs and Greenway 2003; Greenway
and Gibbs 2003; Visser et al. 2003; Fukao and Bailey-Serres 2004; Bailey-Serres
and Voesenek 2008; Jackson 2008; Sairam et al. 2008). Here we will only discuss
changes in metabolic events brought about by oxygen deprivation which can
potentially support the progression of oxidative stress in oxygen-limited environ-
ments and on reoxygenation.
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An induction of alcoholic fermentation can be observed under normoxic condi-
tions as part of regulatory mechanism controlling O, consumption and, hence, O,
concentration in the tissue (Zabalza et al. 2009). Controlling pyruvate availability
for respiration underlies the organism’s ability to avoid complete depletion of O,
i.e. anoxia. Energy status of the tissue has been shown to be the key regulatory switch
in the regulation of the pyruvate level and, hence, the inhibition of respiration rate
(Zabalza et al. 2009), Fig. 7.1. Threshold ATP concentration has been also dis-
cussed as a regulatory trigger for membrane integrity, i.e. when ATP level falls
below 10 uM membrane lipids are hydrolysed to FFA (Rawyler et al. 2002), the
process which can have detrimental consequences for mitochondrial functioning
(see Sect. 7.2.2).

It seems that multiple mechanisms for glycolytic flux regulation exist in plants
and control adenylate energy charge, O, availability, the rate of mitochondrial
respiration, and ROS formation in ETC. A switch to pyrophosphate-dependent
glycolysis due to upregulation of cytosolic reversible PPi-dependent phosphofruc-
tokinase (PFK-PPi) and pyruvate phosphate dikinase (PPDK) in anoxia tolerant
plants has been suggested recently as an alternative to conventional glycolysis.
Theoretically five ATP vs two ATP molecules are produced in PPi-dependent and
conventional glycolysis, respectively (Huang et al. 2008). The dynamic association
of glycolytic enzymes with mitochondria, glycolytic support of mitochondrial
respiration and regulatory substrate channelling has been shown recently (Graham
et al. 2007). Moreover, since both PPi-dependent enzymes are reversible, the
increased level of PPi can affect the mitochondrial energy production directly
through an engagement of proton pumping inner mitochondrial membrane pyro-
phosphatase (Vianello and Macri 1999). Diminished PPi level in transgenic potato
expressing E. coli pyrophosphatase has resulted in decreased glycolytic activity,
lower ATP levels and negatively affected overall survival of plants (Mustroph et al.
2005). In addition to its role in NO formation, nitrite accumulated under oxygen
deprivation can act as an electron acceptor in ETC, providing the sink mechan-
ism for reduced NAD(P)H and sustaining ATP synthesis comparable with that of
glycolysis (Stoimenova et al. 2007). The additional ATP formed would slow
down the demand for mitochondrial ETC, and the concurrent production of mito-
chondrial ROS.

Regulation of cytoplasmic pH is another control point for anoxic metabolism and
a probable upregulation of ROS production. In mammalian models cytoplasmic
acidosis accelerated the peroxidation of membrane lipids in Fe**-dependent manner.
Reduced pH favours mobilisation of ferrous ions (e.g. from ferritin) and, therefore,
promotes the formation O, * in Haber—Weiss reaction or H,O, in Fenton reaction
(Pryor et al. 2006; Hassan et al. 2009). It has been shown that more alkaline pH (in
the range of pH 7.0-8.8) stimulates ROS production via mitochondrial complex 1
(Turrens and Boveris 1980) and, hence, cytoplasmic acidification (down to pH
6.8) will render ROS formation less probable. However, acidification promotes the
formation of another reactive species — NO: non-enzymatically from exogenous
nitrite in plants (Bethke et al. 2004) and enzymatically via cytosolic nitrate reduc-
tase and plasma membrane-bound nitrite-NO reductase (see Sect. 7.3.2).
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Fig. 7.1 Anoxia-induced metabolic changes regulating ATP level, internal O, concentration and
favourable for ROS and RNS formation. Upregulated metabolic pathways and accumulating
metabolites are highlighted in red. AcAld, acetaldehyde; ETC, electron transport chain; LP,
lipid peroxidation; Hb, hemoglobin; PPi, pyrophosphate. Enzymes are omitted for clarity of the
picture. Decreasing availability of O, leads to acidification of cytoplasm (pH down to 6.8) and
repression of TCA cycle. Non-functional TCA cycle is unable to sustain respiration when O,
concentration is not yet limiting for COX. However, accumulating succinate can support ROS-
producing reverse e transport from mitochondrial complex II to complex I. Acidification opti-
mizes enzymatic production of nitrite and NO and promotes the release of ferrous ions from
proteins. NO facilitates this process by acting on FeS clusters of enzymes. Nitrite can serve as an
e acceptor in mitochondrial ETC, sustaining anoxic ATP synthesis. Accumulating acetaldehyde,
one of the products of induced fermentation pathway, serves as a substrate for xanthine oxidore-
ductase, an enzyme capable for both NO and O, ° generation. NO formed affects both negatively
and positively a number of reactions: inhibitis aconitase (a TCA cycle enzyme), catalase and COX
— the latter two enzymes are important for the control of ROS level. Positive effects of NO under
anoxia are represented by its interaction with hypoxically-induced hemoglobin in a NADH
regenerative cycle and by transcriptional upregulation of AOX. Pyrophosphate-dependent glycol-
ysis is efficient (in terms of theoretical ATP production) in supporting energy status and relies on
upregulation of cytosolic reversible PPi-dependent phosphofructokinase and pyruvate phosphate
dikinase. Induced conventional (as opposite to PPi-induced) glycolytic pathway is responsible not
only for ATP synthesis but also for the regulation of pyruvate available for respiration. High
pyruvate stimulates respiration and facilitates the onset of anoxia. Control of pyruvate level can be
achieved through pyruvate kinase and phosphoenolpuryvate carboxylase, entry of pyruvate into
TCA cycle is regulated by pyruvatedehydrogenase complex. The respiration rate is adjusted
according to ATP level and internal O, concentration. ETC is the source of ROS when not fully
operational. ROS and NO produced in different hypoxia-induced reactions can exert feedback
regulation of respiration rate and other signalling functions, directly oxidize biological molecules.
The oxidative damage by ROS is exemplified on the graph by lipid peroxidation which is induced
by Fe?* ions and also embraces NO-induced lipid modification. ATP is essential for the integrity of
lipids and for prevention of FFA release
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7.2.2 Changes in Lipid Composition and Role of Free
Fatty Acids Under Stress

Functional integrity of membrane lipids, the degree of fatty acid unsaturation,
and causes of free fatty acid (FFA) liberation and regulation of LP, are issues
closely connected to ROS and RNS metabolism. The maintenance of membrane
lipid integrity is an important factor in plant survival under oxygen deprivation.
Anoxia-tolerant plants (i.e. rice and Echinochloa phyllopogon) are able to synthe-
size lipids under strict anoxia. Incorporation of radioactive label has been detected
in phospholipids, glycolypids and neutral lipids but mainly in saturated fatty acids
(Generosova and Vartapetian 2005). The saturation of double bonds of esterified
FA has been discussed as an adaptive property (Generosova and Vartapetian 2005).
There are two trends in lipid metabolism under anoxia which are important when
considering ROS chemistry: increased degree of saturation and dependence of
membrane integrity on ATP levels (Chirkova et al. 1989; Pavelic et al. 2000).

Polyunsaturated fatty acids (PUFA) are the targets of lipophilic RNS and ROS
(discussed below) accumulating in the membranes. Increased FA unsaturation will
affect the progression of both LP and nitration. These oxidative reactions can result
in a number of molecular species that restructure the membrane (conjugated dienes
and lipid hydroperoxides) that make the membrane less ordered and more hydro-
philic). Both FA unsaturation and FA-NO interaction (discussed below) negatively
affect LP (O’Donnell and Freeman 2001; Blokhina et al. 2003; Freeman et al. 2008).
Falling ATP concentration under anoxia has been shown to act as a threshold
regulatory switch for membrane integrity: when ATP concentration decreases
below 10 uM the integrity of membrane lipids is no longer preserved and they
are hydrolysed to FFA (Pavelic et al. 2000).

Liberation of FFA is indicative of severe membrane damage and manifests cell
death. This process also affects mitochondria: FFAs are known to uncouple oxida-
tive phosphorylation via a protonophore mechanism: FFA™ anion forms a complex
with H" and as a neutral species moves across the membrane via the “flip-flop”
mechanism (Skulachev 1998; Arcisio-Miranda et al. 2009). In case of “mild”
uncoupling, when the concentration of uncoupler is extremely low, the process
can exert an antioxidative function by decreasing the probability of O, * formation
in the ETC (Skulachev 1998).

In animal systems cytochromes P450 are responsible for epoxidation of non-
esterified linolenic acid, and the resulting epoxide has been shown to support
mitochondrial respiration under anoxia/reperfusion (Nowak et al. 2004). In plants
H,O,-dependent fatty acid epoxygenase activity has been detected in broad beans.
Interestingly, the products of this reaction — epoxy fatty acids — have been shown to
accumulate under the pathogen attack and to exhibit antifungal activity (Hamberg
and Fahlstadius 1992).

Close association between ROS, RNS and phospholipase D (PLD) under abiotic
stress conditions has been shown (Testerink and Munnik 2005). Indeed, upregu-
lated PLD and its product phosphatidic acid induced plasma membrane NADPH
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oxidase under excess copper stress and, hence, were considered responsible for
H,0, accumulation and LP (Yu et al. 2008). The formation of adventitious roots in
cucumber — one of the main anatomic features in the adaptation to oxygen depriva-
tion — appeared to be mediated by auxin and NO induction of PLD and a concurrent
accumulation of phosphatidic acid (Lanteri et al. 2008). Among other activation
targets of phosphatidic acid in plants are protein kinases and phosphoenolpuryvate
carboxylase (PEPC) (Testerink and Munnik 2005). The latter enzyme catalyzes the
phosphorylation of oxaloacetate to form phosphoenolpuryvate and is upregulated
during flooding. PEPC is involved in the control of pyruvate level, a metabolite
shown to regulate internal O, concentration under oxygen deprivation (see above)
(Zabalza et al. 2009). Increased PEPC activity has been discussed also as an
adaptive mechanism for improved CO, assimilation under flooding (Yordanova
and Popova 2007).

7.2.3 Maodification of Lipids: LP

Oxidative modification of lipids, LP, has long been recognized as the main cause of
membrane destabilisation and injury under a range of stimuli in both animals and
plants. LP is a result of action of ROS on PUFA in membrane phospholipids. The
hydroxyl radical, OH", is considered as the initiation species for LP due to its high
reactivity. Both OH* radical and singlet oxygen 'O, can react with methylene
groups of PUFA producing several products differing in their lifetime: conjugated
dienes, lipid peroxy radicals and lipid hydroperoxides (Blokhina et al. 2003). A
reaction of ROS (hydroxyl radical and singlet oxygen) with methylene groups of
PUFA results in the rearrangement of the double bond and the formation of
conjugated dienes (two double bonds sepatrated with a single bond), lipid peroxy
(L-O0°) and alkoxy (L—O®) radicals and lipid hydroperoxides (LOOH). In turn,
lipid radical species propagate or initiate (branch) a new chain of peroxidative
reactions in membrane lipids (Buettner 1993).

ROS and products of LP can build up under hypoxic conditions (Biemelt et al.
2000; Blokhina et al. 2001; Santosa et al. 2007). E.g. the detection of ethane
emission from submerged rice seedlings suggests oxidative damage and the forma-
tion of ROS already under hypoxia (Santosa et al. 2007) as well as apoplastic H,O,
formation (Blokhina et al. 2001). Interaction between small monomeric GTP-
binding protein Rop and its negative regulator RopGAP4 (GTPase activating
protein) has been shown to control H,O, level and affect gene expression in
hypoxic Arabidopsis seedlings in Ca®*-dependent manner. Rop-induced increase
in H,O, led to the induction of ADH (ethanolic fermentation) and RopGAP4
(a negative regulator of Rop) expression, thus sustaining the negative feedback
regulation of oxidative stress, ethanolic fermentation and survivial under hypoxia
(Baxter-Burrell et al. 2002; Van Breusegem et al. 2008). However, more prominent
oxidative damage occurs upon re-admission of O, (Yan et al. 1996; Biemelt et al.
1998; Blokhina et al. 1999; Yordanova and Popova 2007).
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The main chain breaking antioxidant in biological membranes undergoing LP is
tocopherol. NO can react with alkoxy and peroxy radicals thus terminating the
chain reaction of LP (Wink and Mitchell 1998).

LOO*®* + NO — LOONO

In soybean, NO donor treatment decreased the level of lipid radicals in chloro-
plast membranes; however, ONOO treatment resulted in an increase in LP (Jasid
et al. 2006). Lipid nitration and the physiological and signalling role of nitro fatty
acids have been intensively studied in animal models mostly in connection with
vasorelaxation, inflammatory signalling, oxidative injury and apoptosis (Freeman
et al. 2008; Rubbo and Radi 2008). The process is sustained by the lipophilicity of
molecular O, and NO: they can both accumulate three to fourfold in the lipid phase
and react to produce oxidants and nitrating species (Moller et al. 2005; Freeman
et al. 2008). To our knowledge there are no reports on the existence and role of
nitrated lipids in plants. However, some hypoxia-related metabolic changes allow
the speculation on the relevance of this process in plants. Accumulation of nitrite
and its evolution to NO associated with oxygen deprivation can lead to the
formation of secondary NO-derived species ("NO,, ONOO™, N,0,). The onset of
cytoplasmic acidification not only favours non-enzymatic formation of NO from
nitrite (Bethke et al. 2004) but also promotes protonation of NO, ™ to nitrous acid
HNO, (a membrane permeable compound) with consequent nitration of proteins
and unsaturated fatty acids (Freeman et al. 2008). Increased probability of Fenton
reaction under hypoxia relies on the liberation of ferrous ions due to acidification
(Navarre et al. 2000) and Fenton chemistry sustains nitrite oxidation to radical *"NO,
(Freeman et al. 2008). Depending on O, concentration, *"NO, can oxidize (LP) or
nitrate unsaturated fatty acids in vitro. The nitration products are represented by
diverse species and can include alkyl nitrites LONO and nitrolipids LNO, (O’Don-
nell and Freeman 2001). Signalling properties of nitrolipids and nitro-fatty acids
rely on their chemistry and encompass NO release and nitroalkylation of protein
thiol and histidine residues (Freeman et al. 2008).

7.3 ROS and RNS Chemistry Overview and Sources
of Formation Under Lack of Oxygen

7.3.1 Reactive Oxygen Species

During the last two decades, chemistry of oxygen activation and its consequences
for biological systems have been extensively reviewed (Mittler 2002; Sorg 2004;
Blokhina and Fagerstedt 2006; Halliwell 2006; Pryor et al. 2006; Halliwell 2009,).
The first step in O, activation (one electron reduction which yields superoxide
0,7°) requires energy; the subsequent steps can proceed spontaneously in the
presence of proton and/or electron donors. The superoxide O, ° formed is
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membrane impermeable and is dismutated to H,O, by compartment specific super-
oxide dismutase (SOD) isoforms (Bowler et al. 1992). Due to restricted intermem-
brane mobility, ROS formed in the membrane-enclosed cellular compartments
react “on-spot” with their oxidation targets. Therefore, distinct sites of ROS
formation under different environmental stimuli might bring about the specificity
of ROS signal. However, H,O, is not a radical, is uncharged, has relatively long
lifetime and is able to penetrate the membrane. This property makes H,O, a good
candidate for long-distance or intercompartment signalling species. An extremely
potent oxidant hydroxyl radical OH" is considered as the most reactive ROS. It is
formed in a transition metal-catalysed Fenton reaction, during decomposition of
ozone in the presence of protons in the apoplast, and is considered as the species
initiating the chain reaction of LP (Ohyashiki and Nunomura 2000; Pryor et al.
2006). Singlet oxygen (102), where one of the electrons on the outer electron sheath
has changed its spin, is formed in tissues under UV-exposure and during photo-
inhibition in chloroplasts (Triantaphylidés and Havaux 2009). Of the ROS, hydro-
gen peroxide and superoxide are both produced in a number of cellular reactions
including the Mehler reaction in the chloroplasts, the iron catalyzed Haber—Weiss
and Fenton reactions, photorespiration and by various enzymes such as lipoxy-
genases, peroxidases, NADPH oxidase, xanthine oxidase and amine oxidase
(Bolwell and Wojtaszek 1997; Bolwell et al. 2002; Blokhina et al. 2003; Blokhina
and Fagerstedt 2006; Pryor et al. 2000).

Several enzyme reactions have been shown to produce ROS (via the main route
or as a side reaction) under the lack of oxygen (Blokhina et al. 2003). Xanthine
oxidoreductase can use acetaldehyde accumulating under hypoxia (fermentation
product) and hypoxanthine (ATP catabolism product) as an e~ donor to perform
primary activation of O, and, hence, produce O, * and H,O, (Godber et al. 2000;
Harrison 2002).

The formation of ROS has been detected virtually in all cellular compartments:
mitochondria, chloroplast, peroxisomes, cytoplasm (P450), plasma membrane
(NADPH oxidase) and apoplast. For updates on ROS and RNS formation in
peroxisomes, see the work by del Rio et al. (2006), and for mitochondria and
chloroplasts, see Moller et al. (2007) and Rinalducci et al. (2008).

7.3.2 Reactive Nitrogen Species

The chemical properties of nitric oxide, NO, make this gas a good candidate for a
signalling molecule. NO can freely penetrate the lipid bilayer and, hence, can be
transported within the cell. NO is quickly produced on demand via inducible
enzymatic or non-enzymatic routes. Due to its free radical nature (one unpaired
electron) NO has a short half-life (in order of seconds), and can be removed easily
when no longer needed (Lamattina et al. 2003; Neill et al. 2003; Besson-Bard et al.
2008; Qiao and Fan 2008). NO can also react either with O, or O, °. The end
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products, NO,, N,O,, and peroxynitrite ONOO™ all have deleterious consequences
in biological systems (Wink and Mitchell 1998).

Metabolic alterations brought about by oxygen deprivation provide a possibility
for increased NO levels in hypoxic tissues. At low oxygen tensions NO-generating
activity of xanthine oxidoreductase is enhanced. Interestingly, under normoxic
conditions xanthine oxidoreductase is capable of both NO and O, ° formation
with consequent production of ONOO™ (Godber et al. 2000). It has been shown
that under oxygen deprivation the accumulated nitrite can be converted to NO by
several hypoxically induced enzymes, namely cytosolic nitrate reductase (can use
nitrite as a substrate and convert it to NO, induced several fold under hypoxia)
(Drew 1997; Yamasaki and Sakihama 2000; Rockel et al. 2002), plasma mem-
brane-bound nitrite-NO reductase (acidic conditions under anoxia are favourable
for this enzyme with pH 6.1 optimum, hemoglobin (Hb) can act as a physiological
€™ donor for this reaction) (Stohr and Stremlau 2006). Indeed, accumulation of NO
has been shown in hypoxic alfalfa root cultures and maize cell cultures (Dordas
et al. 2004). Anoxic mitochondria are capable of nitrite reduction to NO, in a
process specific for root mitochondria and elevated under the lack of O, (Gupta
et al. 2005; Planchet et al. 2005).

The direct effects of NO on biological targets include reduction of free
metal ions or oxidation of metals in protein complexes such as hemoglobin, and
Fe-nitrosyl formation resulting in activation of guanylate cyclase and hemoxygen-
ase, inhibition of P450, cytochrome ¢ oxidase, aconitase and catalase, and down-
regulation of ferritin (Wink and Mitchell 1998). NO exerts an inhibitory effect on
aconitase, a TCA cycle enzyme which catalyses the reversible conversion of citrate
to isocitrate. A cytoplasmic isoform of aconitase is also affected: NO promotes the
release of iron-sulphur cluster from the active center of the enzyme (Navarre et al.
2000). Possible release of ferrous ions from the cluster, e.g. upon cytoplasmic
acidification, can enhance ROS production. NO intervention with TCA cycle
enzyme would also have an impact on the energy status of the cell, already affected
by COX inhibition. The NO inhibitory effect on COX in potato tuber mitochondria
has been shown recently (de Oliveira et al. 2008). Therefore, not only the TCA
cycle enzymes but also ETC are targets for NO regulation also under oxygen
deprivation stress.

On the other hand, reactions of NO with Hb allow the maintenance of NAD™"
levels for the needs of glycolysis under hypoxic conditions (Igamberdiev and Hill
2004; Igamberdiev et al. 2005). Overexpression of hypoxically induced class 1
hemoglobin in maize cell cultures has resulted in the maintenance of the energy
status, and these cells showed less induction of ADH and were able to maintain
the redox status of the cells. Transformed alfalfa roots overexpressing Hb have
lower levels of NO (Dordas et al. 2004). Hence, the regulation of NO level under
oxygen deprivation can be achieved in plants via interaction with class 1 non-
symbiotic hemoglobins through several routes. In a reaction with oxyhemoglobin
to form nitrate and methemoglobin (Fe**) with the latter being reduced to
hemoglobin (Fe>*) in an NADPH-depending reaction (Igamberdiev and Hill
2004). Another route is interaction of NO with deoxyhemoglobin to form
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nitrosylhemoglobin (Dordas et al. 2003). Under low oxygen tension, nitrosylhe-
moglobin will represent a significant part of the Hb pool. The beneficial role of
nitrate and nitrite supplementation under anoxia has been attributed to cytoplas-
mic alkalinisation and to NADH recycling (Stoimenova et al. 2003; Libourel et al.
2006), moreover, anoxic mitochondria have been shown to synthesize ATP in the
presence of NAD(P)H and nitrite with concurrent production of NO (Stoimenova
et al. 2007).

7.3.3 Plant Mitochondria as ROS Producers: Relevance
Jor Oxygen Deprivation Stress

Aerobic mitochondrial metabolism relies on electron transport along the chain of
inner mitochondrial membrane-associated carriers and proton extrusion to create
the electrochemical gradient which is the driving force for ATP synthesis with O, as
terminal e~ acceptor. This tightly coupled redox system is extremely sensitive to
inhibition and/or modification of its components by pharmacological agents and
different stress factors (Noctor et al. 2007). The redox misbalance leads to over
reduction of e-carriers, to e-leakage and formation of ROS. Mitochondria are able
to produce superoxide anion O, ° and the succeeding H,O, (Moller et al. 2007;
Murphy 2009) due to electron leakage at the ubiquinone site — ubiquinone: cyto-
chrome b region (Gille and Nohl 2001; Andreyev et al. 2005) — and at the matrix
side of complex I (NADH dehydrogenase) (Chakraborti et al. 1999; Moller 2001).
Hydrogen peroxide generation by higher plant mitochondria and its regulation by
uncoupling of electron transport chain and oxidative phosphorylation have been
demonstrated (Braidot et al. 1999; Grabel’nykh et al. 2006).

At the same time, mitochondria can be considered as a tool for ROS level
regulation/elimination through AOX, plant uncoupling protein (UCP), and ATP-
sensitive plant mitochondrial potassium channel (PmitoKATP) (Grabel’nykh
et al. 2006; McDonald and Vanlerberghe 2007; Pastore et al. 2007). An antioxi-
dant role has recently been suggested for mitochondrial uncoupling protein (UCP)
which transports fatty acid anions from the inner to the outer leaflet of the
membrane (Goglia and Skulachev 2003; Grabel’nykh et al. 2006). First, uncou-
pling itself lowers mitochondrial ROS production, and second, it is hypothesized
that UCP is able to electrophoretically transport fatty acid hydroperoxides
from mitochondrial matrix to the intermembrane space (Goglia and Skulachev
2003). Such extrusion preserves mtDNA and matrix proteins from contact with
intermediates of LP. Indeed, overexpression of Arabidopsis uncoupling protein
encoded by AtUCPI leads to increased oxidative stress tolerance in tobacco
(Brandalise et al. 2003).

Mitochondria are also responsible for retrograde ROS signalling. Importance of
mitochondrial ETC complexes in the regulation of ROS-mediated abiotic stress
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responses have been confirmed recently by inactivation and concurrent comple-
mentation of mitochondrial pentatricopeptide repeat (PPR) domain protein, PPR40
(Zsigmond et al. 2008). The protein is associated with complex III and its malfunc-
tion resulted in ROS accumulation, SOD activation, LP and altered induction of
stress-responsive genes, e.g. AOX (Zsigmond et al. 2008).

The alternative oxidase (AOX) present in plant mitochondria catalyzes four-
electron reduction of O, by ubiquinone and, hence, competes for the electrons with
the main respiratory chain. Control of H,O, formation in mitochondrial ETC is one
of the functions suggested for AOX. Antisense suppression of AOX in tobacco has
resulted in ROS accumulation, while overexpression lead to decreased ROS levels
(Maxwell et al. 1999). Under hypoxia the expression of AOX protein has been
shown to be translationally regulated, dependent on O, concentration (Szal et al.
2003) and activated by pyruvate (Millenaar and Lambers 2003; McDonald and
Vanlerberghe 2007).

Mitochondria are capable of e transport from complex II to complex 1 (reverse
electron flow) supported by succinate, a substrate for complex II (Andreyev et al.
2005). This process has been shown to increase ROS (O, *) production at complex
I and is regulated by ATP hydrolysis via mitochondrial ATPase confirmed by
sensitivity to inhibitors of complex 1 (rotenone) and ATPase (oligomycin) (Turrens
and Boveris 1980).

Under anoxic conditions mitochondrial ATPase can switch to ATP hydrolysis to
maintain the decreasing proton gradient, as is the case in the skeletal muscles of
anoxia tolerant frogs (St-Pierre et al. 2000). Under oxygen-limited conditions ATP
use in this model can account for 9% from total ATP consumption (St-Pierre et al.
2000). To avoid the complete depletion of already limited ATP supply the enzyme
is regulated by inhibitory subunit IF1 of ATPase. The inhibition occurs upon
binding of IF1 to F1 subunit, is reversible and takes place under the conditions
which limit oxidative phosphorylation (Rouslin 1991). In plants IF1 protein has
been isolated from potato (Polgreen et al. 1995) and nucleotide sequences of cDNA
for two isoforms of IF1 in rice has been described (Nakazono et al. 2000).

Besides ATP hydrolysis, plant mitochondria exhibit a number of distinct meta-
bolic features under anoxia (reviewed by Igamberdiev and Hill 2009). Anoxic
mitochondria have been shown to produce ATP utilizing NADH and nitrite (as an
e~ acceptor) with concurrent production of NO (Stoimenova et al. 2007). The
organelles are involved in regulation of NO and NADH turnover via hypoxically
induced hemoglobins to maintain redox and energy status (Igamberdiev et al. 2005;
Hebelstrup et al. 2007). Apparently, the level of NO formed in anoxic mitochondria
has to be tightly regulated, since NO affects the activity of ETC and matrix enzymes
(as discussed above) and, besides inhibition can increase the Km for oxygen of
COX (Cooper et al. 2003) and transcriptionally upregulate AOX (Huang et al.
2002). Nitrite-dependent NO production under hypoxia and the fine regulation of
NO and ROS levels in mitochondria have recently been suggested as a main
regulatory mechanism slowing down the respiration and preventing tissues from
entering complete anoxia (Borisjuk et al. 2007; Benamar et al. 2008).
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7.4 O, Fluxes in Tissues and Factors Affecting O,
Concentration In Vivo

At first we have to pay attention to the definition of critical oxygen pressure for
respiration (COPR). This is the lowest oxygen concentration to support maximum
respiratory rate and below which the rate of O, consumption rapidly declines. It has
been estimated that the determination of COPR is very difficult through measure-
ments of O, consumption rates in intact or excised roots in oxygen free media, and
hence a mathematical model and a polarographic method for determining COPR
has been published (Armstrong et al. 2009).

In a recent study on oxygen distribution in developing seeds Borisjuk and
Rolletschek (2009) argue that NO may be a key player in the oxygen balancing
process in seeds and especially in the avoidance of anoxia and fermentation
(Borisjuk et al. 2007; Borisjuk and Rolletschek 2009). Increasing NO concentration
(synthesised from nitrite) in pea (Pisum sativum) and soybean (Glycine max) lead
to reduced O, consumption and decreased ATP availability, and hence biosynthetic
activity (Borisjuk et al. 2007; Borisjuk and Rolletschek 2009). This kind of
balancing of oxygen diffusion and consumption via NO can be a mechanism for
avoidance of anoxia in seeds.

In a very interesting and fundamental study on oxygen consumption rates
and the induction of ethanolic fermentation in pea (P. sativum) and thale grass
(Arabidopsis thaliana) alcohol dehydrogenase knockout lines, it has been shown
that fermentation is primarily induced by a drop in the energy status of the cells
and not by the oxygen concentration per se (Zabalza et al. 2009). The fact that
O, consumption of isolated mitochondria is linear to practically zero O, levels
due to the high O, affinity of the terminal electron acceptor COX, in comparison
with the situation in intact tissues, indicates that mitochondrial respiration is
regulated (possibly by substrate availability in the TCA cycle). This regulation
results in slowing down of mitochondrial respiration under O, concentration far
from that limiting COX activity. Similarly, in an earlier study by van Dongen and
coworkers (2003), oxygen concentrations inside Ricinus communis stems were
low (7%) even while grown under normal oxygen partial pressures (21%) and
resulted in adaptive changes in phloem metabolism and function (van Dongen
et al. 2003).

An interesting feature in plant roots grown in stagnant solutions has been noted:
A barrier for radial oxygen loss developing in the basal parts of the roots preventing
O, diffusion into the surrounding O, deficient solution (Visser et al. 2000; Colmer
2003; Armstrong et al. 2009). The barrier seems to be constitutive and “tighter” in
monocotyledonous species than in dicotyledons but this result has to be confirmed
with a wider range of species (Visser et al. 2000). The barrier is formed of suberised
cell walls in the exodermis of the roots in rice (Fagerstedt, unpublished data). The
ability of anoxia tolerant plant species to maintain an adequate oxygen supply or
to restrict oxygen loss from the tissues due to the formation of oxygen-impermeable
barrier would certainly imply the formation of ROS or RNS. The reduced cellular
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environment, together with O, availability (and Fe* liberation) create of favour-
able conditions for oxidative reactions producing ROS.

In a recent study on root and shoot relation, it has been noticed that root hypoxia
leads to increased glycolytic flux and ethanolic fermentation in the roots but not in
the leaves of grey poplar (Populus x canescens) (Kreuzwieser et al. 2009). Simi-
larly, various biosynthetic processes were downregulated in the roots but not in the
leaves and shoot growth was not hindered, which suggests that increased glycolytic
flux is enough to maintain shoot growth (Kreuzwieser et al. 2009).

7.5 Microarray Experiments in the Study of Hypoxia-
Associated Oxidative Stress

The availability of microarray technology advanced the investigation of the whole-
genome response to oxygen deprivation stress (Klok et al. 2002; Branco-Price
et al. 2005; Liu et al. 2005; Loreti et al. 2005; Lasanthi-Kudahettige et al. 2007;
Branco-Price et al. 2008; van Dongen et al. 2009). In a number of studies both
metabolic and transcriptomic changes have been assessed. Microarray data have
confirmed the upregulation of transcripts coding for anaerobic proteins: about 20
proteins which function mainly in sugar metabolism, glycolysis and fermentation
(sucrose synthase, fructokinase, glyceraldehyde-3-phosphate dehydrogenase, pur-
yvate decarboxylase 1 and 2, alcohol dehydrogenase 1, lactate dehydrogenase 1,
alanine aminotransferase). Microarray studies have also revealed a number of novel
transcripts implicated in signalling (ethylene receptor ETR2, calmodulin-like
Ca-binding protein, heat shock proteins, MYB family transcription factors, kinases,
zinc finger protein ZAT12, WRKY transcription factors)(Branco-Price et al. 2005).
Earlier observations on ROS elevation resulting from oxygen deprivation and upon
reoxygenation have been validated by transcriptomic analysis: indeed, expression
of a wide range of ROS- and redox-related transcripts are induced by the lack of
oxygen. Almost threefold transient upregulation of ascorbate peroxidase has been
detected already after 0.5 h of low O, treatment, followed by monodehydroascor-
bate reductase, peroxidase ATP4a and a respiratory burst oxidase protein (Klok
et al. 2002; Branco-Price et al. 2005; Liu et al. 2005). Interestingly, catalase
expression is downregulated or unaffected under hypoxia and low abundance of
the catalase transcript in anoxic rice coleoptiles has been discussed as signalling-
related and necessary for H,O, build-up (Lasanthi-Kudahettige et al. 2007).

Regulation of ROS originating from the mitochondrial ETC is achieved by the
repression of TCA cycle enzymes and by induction of alternative oxidase (see
above) (Klok et al. 2002; Branco-Price et al. 2008). In corroboration with the
energy saving strategy the transcripts of genes related to energy-consuming sec-
ondary processes has been shown to be downregulated, but genes responsible for
ATP-producing reactions shown to be — upregulated (Klok et al. 2002; Loreti et al.
2005; van Dongen et al. 2009).
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Transcripts linked to RNS metabolism constitute another group of upregulated
redox-related genes: nitrate reductase, a known source of NO under oxygen depri-
vation (see above) and non-symbiotic hemoglobin 1 implicated in NO-dependent
NADH recycling under hypoxia (Klok et al. 2002; Igamberdiev et al. 2005; van
Dongen et al. 2009). Induction of class 1 hemoglobin has been detected in all
experimental trials under different O, concentrations and in a range of durations
(van Dongen et al. 2009), emphasizing the importance of hypoxically induced
hemoglobins in stress survival.

The response to hypoxia and reoxygenation is regulated not only by induced
transcription but also by differential translation of mRNAs: the general trend being
translation suppression of the majority of mRNAs, while sustaining the translation
of the small group of mRNAs encoding the enzymes relevant for energy mainte-
nance and counteraction of ROS (Ahsan et al. 2007; Bailey-Serres and Voesenek
2008; Branco-Price et al. 2008). Quick metabolic reoxygenation response has found
its explanation in a reversal of the sequestered untranslated mRNA and immediate
protein synthesis (Branco-Price et al. 2008).

7.6 Update on Antioxidant Protection

The importance of antioxidants during oxidative stress has long been recognised.
The positive effect of antioxidant supplementation/upregulation has been docu-
mented in numerous studies on metabolic factors underlying anoxia tolerance
(Monk et al. 1989; Noctor and Foyer 1998; Scebba et al. 1998; Blokhina et al.
1999; Boo and Jung 1999; Blokhina et al. 2000; Smirnoff 2000; Blokhina et al.
2001, 2003). The complicated antioxidant network is regulated at the site of
synthesis and during transport and through interaction with reactive oxygen spe-
cies. The plant antioxidant defence system is represented by a range of molecules
with different chemical nature, and it is, therefore, capable of exerting the antioxi-
dant function in both aqueous and lipid phases in live tissues. The small molecular
antioxidant arsenal in plants consists of ascorbate, glutathione, thioredoxins, toco-
pherols and carotenoids while many of the phenolic compounds in plants also
have considerable antioxidant activity (Pietta 2000; Hernandez et al. 2009). To
maintain the redox status and to regenerate antioxidants in their active form an
array of enzymes acts in the support of the antioxidative defences: Dehydroascor-
bate reductase (DHAR), thioredoxin (TRX) reductase, glutathione (GSH) reduc-
tase, lipoamide dehydrogenase, thiol transferase (glutaredoxin). The efficiency
of antioxidant system is increased by direct enzymatic elimination of deleterious
ROS by superoxide dismutases (SODs), catalases (CAT), and peroxidases (PRX).
There are also a number of enzymes detoxifying LP products: glutathione
S-transferases, phospholipid-hydroperoxide glutathione peroxidase and ascorbate
peroxidase.
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7.6.1 Low Molecular Weight Antioxidants

7.6.1.1 Glutathione

The tripeptide glutathione (GSH, glutamylcysteinylglycine) is an abundant com-
pound in plant tissues being present in virtually all cell compartments: cytosol, ER,
vacuole and mitochondria (Jimenez et al. 1998). GSH together with its oxidized
form (GSSG) maintains the cellular redox balance, which is of great importance as
it allows fine-tuning of the cellular redox environment under normal conditions and
provides the basis for GSH stress signalling. Indeed, GSH has a role in redox
regulation of gene expression (Wingate et al. 1988; Alscher 1989), and also in the
regulation of the cell cycle (Sanchez-Fernandez et al. 1997). GSH functions under
oxidative stress by scavenging cytotoxic H,O,, and reacts non-enzymatically with
other ROS: singlet oxygen, superoxide radical and hydroxyl radical (Larson 1988).
The central role of GSH in the antioxidative defense is due to its ability to regen-
erate another powerful water-soluble antioxidant, ascorbic acid, via ascorbate-
glutathione cycle (Foyer and Halliwell 1976; Noctor and Foyer 1998), Fig. 7.2.

7.6.1.2 Ascorbic acid

Vitamin C is one of the most studied and powerful antioxidants (Noctor and Foyer
1998; Arrigoni and De Tullio 2000; Horemans et al. 2000). It is astonishing that the
last steps in the biosynthesis of ascorbic acid (AA) have been elucidated as late as in
2000 by Smirnoff. Ascorbate has not only been detected in the majority of plant cell
types and cellular organelles, but also in the apoplast. Ascorbic acid exists mostly in
its reduced form (90% of the ascorbate pool) in leaves and chloroplasts (Smirnoff
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Fig. 7.2 Antioxidant turnover in plant tissues. The reducing power needed comes from NAD(P)H
through the several enzymes catalysing reactions in the cycles. GSH, reduced glutathione, GSSG,
oxidised glutathione. Adapted and redrawn from May et al. (1998)
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2000), and its intracellular concentration can be in the high millimolar range
(e.g. 20 mM in the cytosol and 20—300 mM in the chloroplast stroma (Foyer and
Lelandais 1996).

AA acts in many ways in the protection of tissues against oxidative damage.
It can directly scavenge superoxide, hydroxyl radicals and singlet oxygen and
reduce H,O, to water via ascorbate peroxidase reaction (Noctor and Foyer 1998).
In chloroplasts AA acts in the xanthophyll cycle as a cofactor of violaxantin
de-epoxidase thus sustaining dissipation of excess exitation energy (Smirnoff
2000). Albeit AA acts in the aqueous phase, it also protects membrane lipids by
regenerating tocopherol from tocopheroxyl radicals (Thomas et al. 1992). In addi-
tion, AA carries out a number of non-antioxidant functions in the cell. It has been
implicated in the regulation of the cell division, cell cycle progression from G1 to
S phase (Liso et al. 1988; Smirnoff 1996) and cell elongation (de Tullio et al. 1999).
Very recently dehydroascorbic acid has emerged as a signalling molecule regulat-
ing stomatal closure (Fotopoulos et al. 2008).

7.6.1.3 Tocopherol (Vitamin E)

Tocochromanols, i.e. a group of four tocopherols and four tocotrienols that col-
lectively constitute vitamin E, is a vital nutrient in human diet only produced in
photosynthetic organisms (Della Penna 2005). During the recent decade genetic
engineering of the biosynthetic pathway has provided significant insights into the
molecular genetics and biochemical control of tocochromanol biosynthesis in
plants (Della Penna 2005). The importance of tocopherols and tocotrienols lies in
the fact that they are essential components of biological membranes where they
have both antioxidant and non-antioxidant functions (Kagan 1989). a-Tocopherol
with its three methyl substitutes has the highest antioxidant activity of tocopherols
(Kamal-Eldin and Appelqvist 1996), while B-, y-, d-isomers form the other three
tocopherol and tocotrienols. Chloroplast membranes of higher plants contain
a-tocopherol as the predominant tocopherol isomer, and are hence well protected
against photooxidative damage (Fryer 1992).

The fact that makes Vitamin E especially important during the postanoxic phase
in plant tissues is its chain-breaking antioxidant activity: It is able to repair oxidiz-
ing radicals directly, preventing the chain propagation step during lipid autoxida-
tion (Serbinova and Packer 1994). The reaction between vitamin E and lipid radicals
occurs in the membrane-water interphase where vitamin E donates a hydrogen ion
to the lipid radical with the consequent formation of tocopheroxyl radical (TOH®)
formation (Buettner 1993). Regeneration of the tocopheroxyl radical back to its
reduced form can be achieved by vitamin C (ascorbate), reduced glutathione (Fryer
1992) or coenzyme Q (Kagan et al. 2000). In addition, tocopherols may act as
chemical scavengers of oxygen radicals, especially singlet oxygen, and as physical
deactivators of singlet oxygen by charge transfer mechanism (Fryer 1992).

It has only very recently been demonstrated for the first time that tocopherol
deficiency may alter endogenous phytohormone levels, especially jasmonate,
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thereby reducing plant growth and triggering anthocyanin accumulation in leaves
(Munné-Bosch et al. 2007). In another study on ethylene insensitive Arabidopsis
mutants it has been concluded that tocopherol biosynthesis may be regulated by
ethylene: The disruption of ethylene perception in ein3-1, etrl/-1 and its overpro-
duction in efol -1 mutants of Arabidopsis thaliana correlated positively with tocoph-
erol content (Cela et al. 2009). It was shown that a mutation in the EIN3 gene delayed
the water-stress related increase in a-tocopherol and caused a reduction in the levels
of this antioxidant by ca. 30% compared to the wild type. In contrast to the wild
type and ein3-1 mutants, both etrl-1 and etol-1 mutants showed a sharp (up to
fivefold) increase in a-tocopherol levels during leaf aging (Cela et al. 2009).

It has also been noticed that nonenzymatic LP reprograms gene expression
and activates defence markers in Arabidopsis tocopherol-deficient mutants (Sattler
et al. 20006).

7.6.1.4 Phenolic Compounds as Antioxidants

Phenolics (flavonoids, tannins, hydroxycinnamate esters and lignin) are the largest
group of secondary compounds in many plant tissues (Grace and Logan 2000).
Polyphenols possess ideal structural chemistry for free radical scavenging activity,
and they have been shown to be more effective antioxidants in vitro than tocopher-
ols and ascorbate. Antioxidative properties of polyphenols arise from their high
reactivity as hydrogen or electron donors, and from the ability of the polyphenol-
derived radical to stabilize and delocalize the unpaired electron (chain-breaking
function), as well as their ability to chelate transition metal ions (termination of the
Fenton reaction) (Rice-Evans et al. 1997). Another mechanism underlying the
antioxidative properties of phenolics is the ability of flavonoids to alter peroxida-
tion kinetics by modification of the lipid packing order and to decrease fluidity of
the membranes (Arora et al. 2000). These changes could sterically hinder diffusion
of free radicals and restrict peroxidative reactions. Moreover, it has been shown that
phenolic compounds can be involved in the hydrogen peroxide scavenging cascade
in plant cells (Takahama and Oniki 1997). Induction of the biosynthesis of phenolic
compounds has been shown in several articles, in connection with various stress
conditions such as heavy metal stress (Sgherri et al. 2003; Mithofer et al. 2004) and
UV-B irradiation (Kondo and Kawashima 2000; Lavola et al. 2000).

7.6.2 Enzymes Participating in Quenching ROS

7.6.2.1 Superoxide Dismutase

Superoxide dismutases (SODs) are key enzymes in the antioxidative defense sys-
tem of plants. SODs are present in all aerobic organisms and in all subcellular
compartments susceptible of oxidative stress (Bowler et al. 1992). It is well known
that enhanced formation of ROS and superoxide, O, °, under stress conditions may
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induce both protective responses and cellular damage. The scavenging of O, *
is achieved through SODs, which catalyse the dismutation of superoxide to H,O,.
This reaction has a 10—10,000-fold faster rate than spontaneous dismutation (Bowler
et al. 1992). SODs are classified by their metal cofactor into FeSOD (prokaryotic
organisms, chloroplast stroma) and MnSOD (prokaryotic organisms and the mito-
chondrion of eukaryotes) which are structurally similar, and into the structurally
unrelated Cu/ZnSOD (cytosolic and chloroplast enzyme, gram-negative bacteria).

Excessive accumulation of superoxide due to the reduced activity of SOD under
flooding stress has been shown by Yan and coworkers (1996). Hence, it was to be
expected that SOD activities will increase and this has indeed been shown in several
experiments on plants under abiotic stress conditions. An increase in total SOD
activity has been detected in wheat roots under anoxia but not under hypoxia. The
degree of increase positively correlated with duration of anoxia (Biemelt et al.
2000). Induction of SOD activity under hypoxia by 40-60% in roots and leaves
under hypoxia of Hordeum vulgare has been shown by Kalashnikov et al. (1994).
Also salt stress has an effect on SOD transcription level and it seems that in
different accession of Arabidopsis the responses can be different (Attia et al. 2008).

In Arabidopsis plants under various stresses including high light, ozone fumiga-
tion, and ultraviolet-B radiation that may lead to increased oxidative stress, differ-
ential regulation of seven SOD mRNAs and four SOD proteins have been noticed
(Kliebenstein et al. 1998). On the whole, antioxidant defences are induced in plants
under mild oxidative stress conditions (Lee et al. 2007), while a severe stress, such
as anoxia, results in antioxidant depletion or slower turnover, and hence increased
oxidative damage on re-oxygenation (Blokhina et al. 2000). Very recently a view
on the mechanisms for the induction of SODs in plants has emerged: It has been
noticed that there is a microRNA (miRNA, a class of regulatory RNAs of c. 21
nucleotides that posttranscriptionally regulate gene expression by directing mRNA
cleavage or translational inhibition) in Arabidopsis called miR398 that targets two
closely related Cu/ZnSODs (Sunkar et al. 2006). The induction of these SODs is
mediated by the downregulation of miR398 but the actual molecular mechanism is
still unknown (Sunkar et al. 2006). Another novel mitochondrial protein, AtMTM1,
has also been implicated in the activation of MnSOD in Arabidopsis (Su et al.
2007). In a recent study on the significance of MnSOD (the mitochondrial SOD)
with the antisense technique, it was shown that reduced MnSOD activity results in
altered mitochondrial redox balance and reduced root growth while total respiratory
CO; output did not change (Morgan et al. 2008).

7.6.2.2 Catalases, Peroxidases and Ascorbate Peroxidases

Catalases and peroxidases are important enzymes present in the intercellular
spaces, where they can regulate the level of H,O, (reviewed by Willekens et al.
1995). The catalase function has been explained in a review on plant antioxidants
recently (Blokhina et al. 2003). In addition to catalysing the breakdown of H,O,
to water and dioxygen (catalase action), catalase can also work in a peroxidatic
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reaction and splits hydrogen peroxide and produces another strong oxidant, the
hydroxyl radical (OH®; Elstner and Osswald 1994). OH® is a very strong oxidant
and can initiate radical chain reactions with organic molecules, particularly with
PUFA in membrane lipids.

In waterlogged citrus trees increases in both antioxidant enzyme activities (SOD,
ascorbate peroxidase, catalase and glutathione reductase) as well as in ascorbate
and glutathione have been detected (Arbona et al. 2008). Under anoxia a differen-
tial response of the peroxidase system has been observed in coleoptiles and roots of
rice seedlings. A decrease in activities of cell wall-bound guaiacol and syringalda-
zine peroxidase activities has been reported, while soluble peroxidase activity was
not affected in coleoptiles. In contrast, anoxia-grown roots have shown an increase
in the cell wall-bound peroxidases (Lee and Lin 1995). Acclimation to anoxia has
been shown to be dependent, at least partly, on peroxidases, which are up-regulated
by anoxic stress in soybean cell cultures (Amor et al. 2000). In rice seedlings ADH
and SOD activities responded non-significantly to submergence, while catalase
activity increased upon re-oxygenation (Ushimaru et al. 1999).

7.6.2.3 Phospholipid Hydroperoxide Glutathione Peroxidase

The phospholipid hydroperoxide glutathione peroxidase (PHGPX) is an important
antioxidant enzyme in the protection of biological membranes exposed to oxidative
stress. It is known to be inducible under various stress conditions. This enzyme
catalyses the regeneration of phospholipid hydroperoxides using the reducing
power of GSH. It is localised in the cytosol and the inner membrane of mitochon-
dria of animal cells. A cDNA clone homologous to PHGPX has been isolated from
tobacco, maize, soybean, and Arabidopsis (Sugimoto et al. 1997). The PHGPX
protein and its encoded gene CSA have been isolated and characterised in citrus. It
has been shown that CSA is directly induced by the substrate of PHGPX under heat,
cold and salt stresses, and that this induction occurs mainly via the production of
ROS (Avsian-Kretchmer et al. 1999). It remains to be seen whether this gene is
induced as ROS production increases after flooding or anoxia. In an earlier study,
PHGPX has been suggested of being a chloroplast-localised enzyme (Mullineaux
et al. 1998) preventing oxidative modification of lipids in chloroplast stroma (Baier
and Dietz 1999) together with another alkyl hydroperoxide reductase, 2-Cys per-
oxiredoxin (Rouhier and Jacquot 2002). Recently, it has been proven to be localised
in the mitochondrion (Yang et al. 2006).

7.7 Concluding Remarks

The paradoxic connection between oxygen deprivation and oxidative stress is
substantiated by changes on transcriptional, translational and metabolic levels.
Transcripts coding for both anaerobic proteins and ROS-detoxifying enzymes
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have been shown to be upregulated during hypoxia. ROS and RNS formation is
tightly connected with hypoxia-induced pathways and metabolic adjustments dur-
ing glycolysis, fermentation, cytoplasmic acidification, respiratory inhibition and
the declining ATP level (Fig. 7.1). Many anoxia-induced enzymes have been shown
to produce ROS or RNS under hypoxic conditions. In turn, ROS and RNS carry out
a feedback regulation of e.g. respiration, ATP level and the TCA cycle. Their
signalling functions rely on pH changes and Ca®" elevation, as is the case with
Rop GTPase signalling. The ability to control respiration and to preserve energy
leads to manageable levels of ROS and RNS, (depending on the severity and length
of oxygen deprivation), favouring cell survival. The energy preservation can be
achieved via activation of glycolysis, via the PPi-dependent glycolysis (in anoxia
tolerant plants) and by using of the anoxic metabolite nitrite as final electron
acceptor in anoxic mitochondria. Control of the respiration rate can be realized
through regulation of the glycolytic flux (to handle pyruvate levels and its
entrance into the TCA cycle) and, probably, by the fine regulation of mitochon-
drial terminal oxidases via the dynamic equilibrium between ROS and NO. The
balance between O, transport to hypoxic tissues, regulatory adaptations, anoxic
metabolites, ROS—RNS chemistry and signalling, determine the survival of plants
under waterlogging and oxygen deprivation.
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