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Oxidative stress is induced by a wide range of environmental factors including UV stress, pathogen invasion
(hypersensitive reaction), herbicide action and oxygen shortage. Oxygen deprivation stress in plant cells is
distinguished by three physiologically different states: transient hypoxia, anoxia and reoxygenation. Generation
of reactive oxygen species (ROS) is characteristic for hypoxia and especially for reoxygenation. Of the ROS,
hydrogen peroxide (H,O,) and superoxide (O, ) are both produced in a number of cellular reactions, including
the iron-catalysed Fenton reaction, and by various enzymes such as lipoxygenases, peroxidases, NADPH oxidase
and xanthine oxidase. The main cellular components susceptible to damage by free radicals are lipids
(peroxidation of unsaturated fatty acids in membranes), proteins (denaturation), carbohydrates and nucleic acids.
Consequences of hypoxia-induced oxidative stress depend on tissue and/or species (i.e. their tolerance to anoxia),
on membrane properties, on endogenous antioxidant content and on the ability to induce the response in the
antioxidant system. Effective utilization of energy resources (starch, sugars) and the switch to anaerobic
metabolism and the preservation of the redox status of the cell are vital for survival. The formation of ROS is
prevented by an antioxidant system: low molecular mass antioxidants (ascorbic acid, glutathione, tocopherols),
enzymes regenerating the reduced forms of antioxidants, and ROS-interacting enzymes such as SOD,
peroxidases and catalases. In plant tissues many phenolic compounds (in addition to tocopherols) are potential
antioxidants: flavonoids, tannins and lignin precursors may work as ROS-scavenging compounds. Antioxidants
act as a cooperative network, employing a series of redox reactions. Interactions between ascorbic acid and
glutathione, and ascorbic acid and phenolic compounds are well known. Under oxygen deprivation stress some
contradictory results on the antioxidant status have been obtained. Experiments on overexpression of antioxidant
production do not always result in the enhancement of the antioxidative defence, and hence increased
antioxidative capacity does not always correlate positively with the degree of protection. Here we present a
consideration of factors which possibly affect the effectiveness of antioxidant protection under oxygen
deprivation as well as under other environmental stresses. Such aspects as compartmentalization of ROS
formation and antioxidant localization, synthesis and transport of antioxidants, the ability to induce the
antioxidant defense and cooperation (and/or compensation) between different antioxidant systems are the
determinants of the competence of the antioxidant system. © 2003 Annals of Botany Company
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INTRODUCTION

Lack of oxygen or anoxia is a common environmental
challenge which plants have to face throughout their life.
Winter ice encasement, seed imbibition, spring floods and
excess of rainfall are examples of natural conditions leading
to root hypoxia or anoxia. Low oxygen concentration can
also be a normal attribute of a plants’ natural environment.
Wetland species and aquatic plants have developed
adaptative structural and metabolic features to combat
oxygen deficiency. A decrease in adenylate energy charge,
cytoplasmic acidification, anaerobic fermentation, elevation
in cytosolic Ca®* concentration, changes in the redox state
and a decrease in the membrane barrier function, are the
main features caused by lack of oxygen (reviewed by
Richard et al., 1994; Ratcliffe, 1995; Crawford and
Braendle, 1996; Drew, 1997; Vartapetian and Jackson,
1997; Tadege et al., 1999). Regulation of anoxic metabol-
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ism is complex and not all the features are well established.
In the recent paper by Gout et al. (2001) a cytoplasmic
acidification process has been temporally resolved in
sycamore (Acer pseudoplatanus) cell culture by NMR
(nuclear magnetic resonance). The immediate response of
cytoplasmic pH was solely dependent on proton-releasing
metabolization of the nucleoside triphosphate pool; the
long-term regulation (after 20 min of anoxia) involves
lactate synthesis, succinate, malate, amino acid metabolism
and ethanolic fermentation (Gout et al., 2001).

Under natural conditions anoxic stress includes several
transition states (hypoxia, anoxia and reoxygenation)
characterized by different O, concentrations. Excessive
generation of reactive oxygen species (ROS), i.e. under
oxidative stress, is an integral part of many stress situations,
including hypoxia. Hydrogen peroxide accumulation under
hypoxic conditions has been shown in the roots and leaves
of Hordeum vulgare (Kalashnikov et al., 1994) and in wheat
roots (Biemelt et al., 2000). The presence of H,O, in the
apoplast and in association with the plasma membrane has
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TABLE 1. ROS scavenging and detoxifying enzymes

Enzyme EC number Reaction catalysed

Superoxide dismutase 1.15.1.1 0, + Oy~ + 2H* & 2H,0, + O,

Catalase 1.11.1.6 2H,0, < O, + 2H,0

Glutathione peroxidase 1.11.1.12 2GSH + PUFA-OOH < GSSG + PUFA + 2H,0
Glutathione S-transferases 2.5.1.18 RX + GSH < HX + R-S-GSH*
Phospholipid-hydroperoxide glutathione peroxidase 1.11.1.9 2GSH + PUFA-OOH (H,0,) < GSSG + 2H,0f
Ascorbate peroxidase 1.11.1.11 AA + H,O, < DHA + 2H,0

Guaiacol type peroxidase 1.11.1.7 Donor + H,0, < oxidized donor + 2H,0%
Monodehydroascorbate reductase 1.6.5.4 NADH + 2MDHA < NAD* + 2AA
Dehydroascorbate reductase 1.8.5.1 2GSH + DHA < GSSG + AA

Glutathione reductase 1.6.4.2 NADPH + GSSG < NADP* + 2GSH

* R may be an aliphatic, aromatic or heterocyclic group; X may be a sulfate, nitrite or halide group.

 Reaction with H,O; is slow.
# AA acts as an electron donor (Mehlhorn et al., 1996).

been visualized by transmission electron microscopy under
hypoxic conditions in four plant species (Blokhina et al.,
2001). In these experiments H,O, was probably of
enzymatic origin considering the low oxygen concentration
in the system and the positive effects of the various
inhibitors of H>,O,-producing enzymes. Indirect evidence of
ROS formation (i.e. lipid peroxidation products) under low
oxygen has been detected (Hunter er al., 1983; Crawford
et al., 1994; Yan et al., 1996; Chirkova et al., 1998;
Blokhina et al., 1999).

The phenomenon of cross-tolerance to various environ-
mental stresses suggests the existence of a common factor,
which provides crosstalk between different signalling
pathways. ROS have recently been considered as possible
signalling molecules in the detection of the surrounding
oxygen concentration (Semenza, 1999). It has been sug-
gested also that ROS and oxygen concentration (including
hypoxia) can be sensed via the same mechanism. Several
models employ direct sensing of oxygen (via haemoglobin
or protein SH oxidation) or ROS sensing. There are two
models which suggest either a decrease in ROS under
oxygen deprivation (low NADPH oxidase activity) or an
increase in ROS due to the inhibition of the mitochondrial
electron transport chain.

SOURCES OF ROS IN PLANT CELLS

Molecular oxygen is relatively unreactive (Elstner, 1987)
due to its electron configuration. Activation of oxygen (i.e.
the first univalent reduction step) is energy dependent and
requires an electron donation. The subsequent one-electron
reduction steps are not energy dependent and can occur
spontaneously or require appropriate e /H* donors. In
biological systems transition metal ions (Fe?*, Cu*) and
semiquinones can act as e~ donors. Four-electron reduction
of oxygen in the respiratory electron transport chain (ETC)
is always accompanied with a partial one- to three-electron
reduction, yielding the formation of ROS. This term
includes not only free radicals (superoxide radical, Oy,
and hydroxyl radical, OH’), but also molecules such as
hydrogen peroxide (H,0,), singlet oxygen ('O,) and ozone
(O3). Both O, ™ and the hydroperoxyl radical HO, undergo

spontaneous dismutation to produce H,O,. Although H,O,
is less reactive than O, -, in the presence of reduced
transition metals such as Fe* in a chelated form (which is
the case in biological systems), the formation of OH' can
occur in the Fenton reaction.

Mechanisms for the generation of ROS in biological
systems are represented by both non-enzymatic and
enzymatic reactions. The partition between these two
pathways under oxygen deprivation stress can be regulated
by the oxygen concentration in the system. Non-enzymatic
one electron O, reduction can occur at about 10~* M and
higher oxygen concentrations (Skulachev, 1997), while in
very low O, concentrations plant terminal oxidases (K,
10® M for oxygen) and the formation of ROS via
mitochondrial ETC still remain functional.

Among enzymatic sources of ROS, xanthine oxidase
(X0), an enzyme responsible for the initial activation of
dioxygen should be mentioned. As electron donors XO can
use xanthine, hypoxanthine or acetaldehyde (Bolwell and
Wojtaszek, 1997). The latter has been shown to accumulate
under oxygen deprivation (Pfister-Sieber and Braendle,
1994) and can represent a possible source for hypoxia-
stimulated ROS production. The next enzymatic step is the
dismutation of the superoxide anion by superoxide
dismutase (SOD, EC.1.15.1.1) to yield H,O,. Due to its
relative stability the level of H,O, is regulated enzymati-
cally by an array of catalases (CAT) and peroxidases
localized in almost all compartments of the plant cell.
Peroxidases, besides their main function in H,O, elimin-
ation, can also catalyse O, and H,O, formation by a
complex reaction in which NADH is oxidized using trace
amounts of H,O, first produced by the non-enzymatic
breakdown of NADH. Next, the NAD" radical formed
reduces O, to O, ~, some of which dismutates to H,O, and
O, (Lamb and Dixon, 1997). Thus, peroxidases and
catalases play an important role in the fine regulation of
ROS concentration in the cell through activation and
deactivation of H,O, (Elstner, 1987). Lipoxygenase
(LOX, linoleate:oxygen oxidoreductase, EC.1.13.11.12)
reaction is another possible source of ROS and other
radicals. It catalyses the hydroperoxidation of poly-
unsaturated fatty acids (PUFA) (Rosahl, 1996). The
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TABLE 2. Differential response of SOD to oxygen deprivation stress

Plant* Site Stress SOD activity Reference

Iris pseudacorus L. (t) Rhizomes Anoxia + reaeration Increase Monk et al. (1987)

Lotus (Nelumbo nucifera Gaertn.) (t) Seedlings Hypoxia + Increase Ushimaru et al. (2001)
reoxygenation

Rice (Oryza sativa L.) (t) Roots Anoxia Decline Chirkova et al. (1998)

Rice (Oryza sativa L.) (t) Seedlings Hypoxia Plastidic SOD decline; Ushimaru et al. (1999)
(submerged plants) mitochondrial SOD decline

Iris germanica L. (i) Rhizomes Anoxia + reaeration Decline Monk et al. (1987)

Soybean (Glycine max (L.) Merr.) (i) Seedlings Anoxia Increase Van Toai and Bolles (1991)

Barley (Hordeum vulgare L.) (i) Roots Hypoxia Increase Kalashnikov er al. (1994)

Narrow-leaved lupin (Lupinus Waterlogging + FeSOD and Cu/Zn SOD, Yu and Rengel (1999a)

angustifolius L.) reoxygenation increase; MnSOD, decline

Wheat (Triticum aestivum L.) (1) Roots Hypoxia Unaffected Biemelt et al. (2000)
Anoxia Increase

Wheat (Triticum aestivum L.) (i) Roots Anoxia Decline Chirkova et al. (1998)

Maize (Zea mays L.) (i) Hypoxia Decline Yan et al. (1996)
(submerged plants)

Potato (Solanum tuberosum L.) (i) Cell culture Anoxia + Decline Pavelic et al. (2000)

reoxygenation

* (), Plants tolerant to oxygen deprivation stress; (i), plants intolerant to oxygen deprivation stress.

GSSG NADPH
XAPX MDHAR é—IAR
MDHA NADP*

F1G. 1. Ascorbate-glutathione cycle (Halliwell-Asada pathway). APX,

ascorbate-peroxidase; MDHAR, monodehydroascorbate  reductase;

DHAR, dehydroascorbate reductase; GR, glutathione reductase.
According to May et al. (1998).

hydroperoxyderivatives of PUFA can undergo autocatalytic
degradation, producing radicals and thus initiating the chain
reaction of lipid peroxidation (LP). In addition LOX-
mediated formation of singlet oxygen (Kanofsky and
Axelrod, 1986) or superoxide (Lynch and Thompson,
1984) has been shown. A specific LOX activity increase
and its positive correlation with the duration of anoxia have
been detected in potato cells (Pavelic et al., 2000).

Several apoplastic enzymes may also lead to ROS
production under normal and stress conditions. Other
oxidases, responsible for the two-electron transfer to
dioxygen (amino acid oxidases and glucose oxidase) can
contribute to H,O, accumulation. Also an extracellular
germin-like oxalate oxidase catalyses the formation of H,O,
and CO, from oxalate in the presence of oxygen (Bolwell
and Wojtaszek, 1997). Amine oxidases catalyse the oxida-
tion of biogenic amines to the corresponding aldehyde with
a release of NH; and H,O,. Data on polyamine (putrescine)
accumulation under anoxia in rice and wheat shoots
(Reggiani and Bertani, 1989) and predominant localization

of amine oxidase in the apoplast, suggest amine oxidase
participation in H>O, production under oxygen deprivation.

ROS can be also formed as by-products in the electron
transport chains of chloroplasts (Asada, 1999), mitochon-
dria and the plasma membrane (cytochrome b-mediated
electron transfer) (Elstner, 1987). Plant mitochondrial ETC,
with its redox-active electron carriers, is considered as the
most probable candidate for intracellular ROS formation.
Mitochondria have been shown to produce ROS (superoxide
anion O, ~ and the succeeding H,0O,) due to the electron
leakage at the ubiquinone site—the ubiquinone:cytochrome
b region (Gille and Nohl, 2001)—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 ETC and oxidative phosphorylation have been demon-
strated by Braidot et al. (1999).

Lipid peroxidation is a natural metabolic process under
normal aerobic conditions and it is one of the most
investigated consequences of ROS action on membrane
structure and function. PUFA, the main components of
membrane lipids, are susceptible to peroxidation. The
initiation phase of LP includes activation of O, (see
above) which is rate limiting. Hydroxyl radicals and singlet
oxygen can react with the methylene groups of PUFA
forming conjugated dienes, lipid peroxy radicals and
hydroperoxides (Smirnoff, 1995):

PUFA-H + X' — PUFA" + X-H
PUFA" + O, — PUFA-OO"

The peroxyl radical formed is highly reactive and is able
to propagate the chain reaction:

PUFA-OO" + PUFA-H — PUFA-OOH + PUFA-

The formation of conjugated dienes occurs when
free radicals attack the hydrogens of methylene groups
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separating double bonds and leading to a rearrangement of
the bonds (Recknagel and Glende, 1984). The lipid
hydroperoxides produced (PUFA-OOH) can undergo
reductive cleavage by reduced metals, such as Fe?*,
according to the following equation:

Fe>* complex + PUFA-OOH — Fe** complex + OH- +
PUFA-O

The lipid alkoxyl radical produced, PUFA-O;, can initiate
additional chain reactions (Buettner, 1993):

PUFA-O" + PUFA-H — PUFA-OH + PUFA-

The multi-stage character of the process, i.e. branching of
chain reactions, allows several ways of regulation (Shewfelt
and Purvis, 1995). Among the regulated properties are the
structure of the membranes: composition and organization
of lipids inside the bilayer in a way which prevents LP
(Merzlyak, 1989), the degree of PUFA unsaturation,
mobility of lipids within the bilayer, localization of the
peroxidative process in a particular membrane and the
preventive antioxidant system (ROS scavenging and LP
product detoxification). The idea of LP as a solely
destructive process has changed during the last decade. It
has been shown that lipid hydroperoxides and oxygenated
products of lipid degradation as well as LP initiators (i.e.
ROS) can participate in the signal transduction cascade
(Tarchevskii, 1992).

EFFECT OF ANOXIA ON MEMBRANE
STRUCTURE AND FUNCTION

Lipid and membrane integrity during oxygen deprivation
are among the key factors in the survival of plants. Under
anoxia a decrease in membrane integrity is a symptom of
injury, and it can be measured as changes in the lipid content
and composition (Hetherington et al., 1982; Chirkova et al.,
1989), as activation of lipid peroxidation (Crawford et al.,
1994; Crawford and Braendle, 1996; Chirkova et al., 1998;
Blokhina er al., 1999), as enhanced electrolyte leakage
(Chirkova et al., 1991a, b) and as a decrease in adenylate
energy charge (Chirkova et al., 1984; Hanhijirvi and
Fagerstedt, 1994, 1995). Since de novo lipid synthesis is
energy dependent, and could hardly occur under anoxia, the
preservation of membrane lipids is the most efficient way to
maintain functional membranes. In previous studies it has
been shown that anoxia-tolerant plant species such as
Acorus calamus and Schoenoplectus lacustris are able to
preserve their polar lipids during anoxia and in post-anoxia,
while in anoxia-sensitive plants (e.g. Iris germanica) a
significant decrease in polar lipids and a simultaneous
increase in free fatty acids (FFA) occur during anoxic stress
with markedly enhanced lipid peroxidation during re-
oxygenation (Henzi and Braendle, 1993).

A decrease in unsaturated to saturated fatty acid ratio
under anoxia may represent a result of LP and, at the same
time sets limits for substrates of LP, the PUFA. This is the
case in the anoxia-tolerant Acorus calamus, where a
decrease in linolenic acid (18:3) is compensated by linoleic
(18:2) and oleic (18:0) acids under oxygen deprivation. The
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original lipid composition is recovered during 2 d of re-
aeration (Pfister-Sieber and Braendle, 1994). Similar results
have been obtained for the anoxia-tolerant and -intolerant
cereals rice and wheat, respectively (Chirkova et al., 1989).
On the other hand, no significant qualitative and quantitative
changes have been detected in the composition of fatty acids
in anaerobically treated rice seedlings (Generosova et al.,
1998). In that study it was postulated that the reduction of
unsaturated fatty acids esterified in lipids was of no
significance as a mechanism of plant adaptation to anaer-
obic conditions. The key role in survival was assigned to
energy metabolism (Generosova et al., 1998). Indeed, a
correlation exists between the leakage of electrolytes (i.e.
membrane damage) under low ATP and a release of FFA
from anoxic tissue (Crawford and Braendle, 1996). The role
of ATP in the maintenance of membrane lipid integrity
under anoxia has been confirmed by Rawyler ez al. (1999) in
potato cell culture. It has been shown that, when the rate of
ATP synthesis falls below 10 pmol g~! fresh weight h™!, the
integrity of membranes cannot be preserved and FFA are
liberated via lipolytic acyl hydrolase (Rawyler et al., 1999).
In general, lipids of anoxia-tolerant plants are more
preserved during oxygen deprivation in respect to the
composition and the degree of unsaturation. During recent
years evidence has accumulated on the importance of lipid
metabolism, and especially on unsaturated fatty acids, in the
induction of defence reactions under biotic and abiotic
stresses. Linolenic acid (18:3) has been shown to be a
precursor of jasmonic acid, a signal transducer in defence
reactions in plant—pathogen interactions (Rickauer et al.,
1997). FFA, liberated during membrane breakdown under
stress conditions, are not only the substrates for LP, but can
act also as uncouplers in mitochondrial ETC (Skulachev,
1998).

Lipid hydroperoxides, formed as a result of LP, can affect
membrane properties, i.e. increase hydrophilicity of the
internal side of the bilayer (Frenkel, 1991). This phenom-
enon is very important for the termination of LP, since
increased hydrophilicity of the membrane favours the
regeneration of tocopherol by ascorbate.

Reoxygenation injury is a well-documented fact for both
animal and plant tissues. Indeed, under anoxia-saturated
electron transport components, the highly reduced intra-
cellular environment (including transition metal ions),
and low energy supply are factors favourable for ROS
generation. Formation of free radicals within minutes after
restoration of the oxygen supply has been shown by
electron paramagnetic resonance (EPR) spectroscopy in
the rhizodermis of the anoxia-intolerant I. germanica, while
in the tolerant I. pseudacorus no signal was detected
(Crawford et al., 1994). An investigation on the dynamics of
LP [changes in conjugated dienes, trienes and thiobarbituric
acid reactive susbstances (TBARS)] in the same plant
species confirmed this observation: neither dienes nor
TBARS production was detected in the anoxia-tolerant
L. pseudacorus, with the exception of a 45-d anoxic
treatment (Blokhina et al., 1999). Accumulation of various
LP products as a result of reoxygenation has been observed
in the roots of the anoxia-intolerant wheat and -tolerant rice,
the latter showing higher membrane stability and lower
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level of LP after several days of anoxia (Chirkova et al.,
1998; Blokhina et al., 1999). The length of the anoxic/
hypoxic treatment has been shown to affect the intensity of
LP in post-anoxia. Cultured potato cells are known to
exhibit a two-phase response to anoxia in respect to lipid
hydrolysis: no FFA release has been detected up to 12 h
under oxygen deprivation, while after 12 h intensive
liberation of FFA sustained by lipolytic acid hydrolase has
been observed. This behaviour was mirrored by post-anoxic
LP: negligible after short-term anoxia and elevated after
lipid hydrolysis had occurred (Pavelic et al., 2000).

The existence of anoxia-inducible changes in plant
metabolism implies that plant cells sense anoxic conditions
and respond to them quickly by glycolytic production of
ATP and the regeneration of NAD(P)* (Richard et al.,
1994). Impairment of membrane structure and function
under anoxia contribute to ROS-induced post-anoxic injury.
This causes peroxidation of lipid membranes, depletion of
reduced glutathione, an increase in cytosolic Ca* concen-
tration, oxidation of protein thiol groups and membrane
depolarization.

THE ROLE OF HYPOXIC PRETREATMENT IN
PLANT ADAPTATION TO ANOXIA

Hypoxic pretreatment of plants prior to anoxia leads to
increased survival (Waters et al., 1991; Xia and Roberts,
1994; reviewed by Drew, 1997; Vartapetian and Jackson,
1997). The minimal duration of hypoxia required for the
acclimation has been estimated at 2—4 h for the root tips of
maize seedlings (Chang et al., 2000). The biochemical and
physiological features induced by this pretreatment suggest
the involvement of several systems for increased stress
tolerance. Of these, one is aimed at the maintenance of
energy resources through the support of sugar utilization
and ATP formation via the glycolytic pathway, while
avoiding lactate accumulation and cytoplasmic acidosis.
The majority of the genes induced codes for enzymes
involved in starch and glucose mobilization, glycolysis and
ethanol fermentation (Russel and Sachs, 1991; Chirkova
and Voitzekovskaya, 1999). For example, anaerobic induc-
tion of enolase (2-phospho-D-glycerate hydratase, EC
4.2.1.11), an integral enzyme in glycolysis, which catalyses
the interconversion of 2-phosphoglycerate to phosphoenol-
pyruvic acid (PEP), has been reported in maize (Lal et al.,
1998). Some other glycolytic and fermentation pathway
enzymes, such as alcohol dehydrogenase (ADH, EC
1.1.1.1), glucose phosphate isomerase, pyruvate decarbox-
ylase (PDC, EC 4.1.1.1), and sucrose synthase have been
characterized as hypoxically induced in maize. ADH and
PDC, enzymes of ethanolic fermentation, were induced by
hypoxic pretreatment in rice cultivars with different toler-
ance to anoxia (Ellis and Setter, 1999). Interestingly, both
abscisic acid (ABA) and hypoxic pretreatment of Lactuca
sativa L. seedlings have resulted in increased survival of
roots and elevated ADH activity (Kato-Noguchi, 2000).
However, endogenous ABA level did not respond to
hypoxic pretreatment, suggesting that ABA was not
involved in hypoxia-induced anoxia tolerance. The crucial
role of protein synthesis under hypoxic conditions, but not
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under anoxia, has been shown in root tips of maize seedlings
(Chang et al., 2000). Among 46 individual proteins
analysed, four anaerobic proteins have been identified:
ADHI1, enolase, glyceraldehyde-3-phosphate dehydrogen-
ase and PDC. The rate of their synthesis under hypoxia was
enhanced (or comparable) under normoxic conditions. As
expected, cycloheximide treatment during hypoxic acclima-
tion (but not under anoxia) resulted in decreased anoxia
tolerance (Chang et al., 2000). Interestingly, low oxygen
(5 %) treatment of arabidopsis plants resulted in higher
tolerance to hypoxia (0-1 % O,) but not anoxia (Ellis et al.,
1999). In these experiments differential response of shoots
and roots was observed. In conclusion, early (hypoxic)
induction of the ethanolic fermentation pathway and sugar
utilization allows the maintenance of the energy status
through regeneration of NADH and, hence, improves anoxia
tolerance. Under natural conditions oxygen concentration
would decrease gradually, and hence anoxia is always
preceeded by hypoxia.

Another metabolic feature that has been shown to be up-
regulated (though not always) under lack of oxygen is the
antioxidant system. In an investigation on SOD activity and
expression under hypoxia, anoxia and subsequent re-
aeration, the appearance of additional isozymes has been
shown under anoxia. Judged by a cycloheximide treatment,
this activity could not be attributed to de novo synthesis
(Biemelt et al., 2000). It has been shown also that anoxic
pretreatment protected soybean cells from H,O,-induced
cell death. Such resistance was associated with up-regula-
tion of peroxidases and alternative oxidase (Amor et al.,
2000). The beneficial effect of alternative oxidase protein
accumulation under anoxia is due to electron flow bifurca-
tion and reduced probability of ROS formation under
subsequent reoxygenation. It has been known for a long
time that the main damage caused by anoxic stress occurs
during re-admission of oxygen. Some ROS formation can
take place in hypoxic tissues as a result of over reduction of
redox chains. Hence, anoxic stress is always accompanied to
some extent by oxidative stress (generation of ROS) and its
consequences. Induction of some components of the
antioxidant system by hypoxic pretreatment can be due to
such ROS accumulation and signalling (Lander, 1997,
Semenza, 1999).

ANTIOXIDANT SYSTEMS

To control the level of ROS and to protect cells under
stress conditions, plant tissues contain several enzymes
scavenging ROS (SOD, CAT, peroxidases and glutathione
peroxidase), detoxifying LP products (glutathione S-
transferases, phospholipid-hydroperoxide glutathione per-
oxidase and ascorbate peroxidase), and a network of low
molecular mass antioxidants (ascorbate, glutathione,
phenolic compounds and tocopherols). In addition, a
whole array of enzymes is needed for the regeneration
of the active forms of the antioxidants (monodehydroas-
corbate reductase, dehydroascorbate reductase and glu-
tathione reductase).
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Superoxide dismutase activity under various stress conditions

Enhanced formation of ROS under stress conditions
induces both protective responses and cellular damage. The
scavenging of O, is achieved through an upstream
enzyme, SOD, which catalyses the dismutation of super-
oxide to H,O,. This reaction has a 10 000-fold faster rate
than spontaneous dismutation (Bowler et al., 1992). The
enzyme is present in all aerobic organisms and in all
subcellular compartments susceptible of oxidative stress
(Bowler et al., 1992). Recently, a new type of SOD with Ni
in the active centre has been described in Streptomyces
(Kim et al., 1996). The other three types of this enzyme,
classified by their metal cofactor, can be found in living
organisms, and they are the structurally similar FeSOD
(prokaryotic organisms, chloroplast stroma) and MnSOD
(prokaryotic organisms and the mitochondrion of eukar-
yotes); and the structurally unrelated Cu/ZnSOD (cytosolic
and chloroplast enzyme, gram-negative bacteria). These
isoenzymes differ in their sensitivity to H,O, and KCN
(Bannister er al., 1987). All three enzymes are nuclear
encoded, and SOD genes have been shown to be sensitive to
environmental stresses, presumably as a consequence of
increased ROS formation. This has been shown in an
experiment with corn (Zea mays), where a 7-d flooding
treatment resulted in a significant increase in TBARS
content, membrane permeability and the production of
superoxide anion-radical and hydrogen peroxide in the
leaves (Yan et al., 1996). An excessive accumulation of
superoxide due to the reduced activity of SOD under
flooding stress was shown also (Yan et al., 1996). In
anoxically treated wheat and rice roots the activity of SOD
has been determined without a prolonged re-oxygenation
period, immediately after termination of the anoxic treat-
ment. In the course of this experiment the activity decreased
in wheat under both aeration and anoxia, but in the anoxic
samples this decline was slower. As a result, after 3 d of
anoxia the activity was 65 % higher than in the control roots.
In the more anoxia-tolerant rice, anoxia did not affect SOD
activity (Chirkova et al., 1998). Similar results have been
reported by Pavelic et al. (2000) for potato cell culture
during the post-anoxic period: only 60 % of initial specific
SOD activity remained after 3 h reoxygenation. In cereals
the activity of SOD has been found to decline depending on
the duration of the anoxic treatment, while in Iris
pseudacorus a 14-fold increase was observed during a
reoxygenation period (Monk et al., 1989). An increase in
total SOD activity has been also 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 the roots and leaves of Hordeum vulgare has been shown
by Kalashnikov et al. (1994).

Hence, investigations of SOD activity in different plant
species under hypoxia (submergence) and/or anoxia have
resulted in contradictory observations (Table 2). The
explanation can be found in different tolerance to anoxia
between species and experimental set-up (e.g. a prolonged
reoxygenation period in the case of Iris spp., while in cereal
roots activity of the enzyme was determined immediately
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after anoxia). The formation of ROS already under hypoxic
conditions and during the oxidative burst after re-admission
of oxygen could cause rapid substrate overload of
constitutive SOD, while induction was hindered probably
by other factors [e.g. time, activity of downstream enzymes
in the ROS-detoxification cascade, inhibition by the end
product (H,O,) and consequences of anoxic metabolism].
Observations on SOD activity in different plant species
under several stress conditions (drought, salinity and high/
low temperature) suggest that different mechanisms may be
involved in oxidative stress injury (Yu and Rengel, 1999aq,
b). Activation of oxygen may proceed through different
mechanisms, not necessarily producing a substrate for SOD.
Changes in O, electronic configuration can lead to the
formation of highly reactive singlet oxygen (1O,).
Comparison of drought and water stress effects on tolerant
and intolerant wheat genotypes suggests that different
mechanisms can participate in ROS detoxification. For
example, water stress did not affect SOD activity, while
under drought conditions a significant increase was detected
(Sairam et al., 1998). In another experiment, oxidative stress
conditions combined with cold acclimation of cold-resistant
and unresistant wheat cultivars, SOD activity in the leaves
and in the roots was unaffected by the low temperature
treatment but plants exhibited higher guaiacol peroxidase
activity (Scebba et al., 1998). Inefficiency of ROS-
detoxifying enzymes (SOD, CAT, ascorbate peroxidase
and non-specific peroxidase) has been shown under water
deficit-induced oxidative stress in rice (Boo and Jung,
1999). In this paper a decrease in enzymatic activity was
accompanied by LP, chlorophyll bleaching, loss of ascorbic
acid (AA), reduced glutathione (GSH), o-tocopherol and
carotenoids in stressed plants. The authors suggested the
formation of a certain strong pro-oxidant, which is neither
superoxide nor H,O, under the conditions of water deficit
(Boo and Jung, 1999). The ability of plants to overcome
oxidative stress only partly relies on the induction of SOD
activity and other factors can regulate the availability of the
substrate for SOD. Diversification of the pathways of ROS
formation, compartmentalization of oxidative processes
(charged ROS cannot penetrate the membrane) and
compartmentalization of SOD isozymes. It is also possible
that in different plant species and tissues different mechan-
isms are involved in the protection against oxidative stress.

Catalase and peroxidases

The intracellular level of H,O, is regulated by a wide
range of enzymes, the most important being catalase
(reviewed by Willekens er al., 1995) and peroxidases.
Catalase functions through an intermediate catalase—-H,O,
complex (Compound I) and produces water and dioxygen
(catalase action) or can decay to the inactive Compound II.
In the presence of an appropriate substrate Compound I
drives the peroxidatic reaction. Compound I is a much more
effective oxidant than H,O, itself, thus the reaction of
Compound I with another H,O, molecule (catalase action)
represents a one-electron transfer, which splits peroxide and
produces another strong oxidant, the hydroxyl radical
(OH)(Elstner, 1987). OH" is a very strong oxidant and
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can initiate radical chain reactions with organic molecules,
particularly with PUFA in membrane lipids.

Under anoxia a differential response of the peroxidase
system has been observed in coleoptiles and roots of rice
seedlings. There was a decrease in activity of cell wall-
bound guaiacol and syringaldazine peroxidase activities,
while soluble peroxidase activity was not affected in
coleoptiles. In contrast anoxia-grown roots showed 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 have
been up-regulated by anoxic stress (Amor et al., 2000). In
rice seedlings ADH and SOD activities responded non-
significantly to submergence, while catalase activity
increased upon re-admission of oxygen (Ushimaru et al.,
1999). However, under strict anoxia in bakers yeast
(Saccharomyces cerevisiae) the expression of peroxisomal
catalase A was down-regulated by anoxia (Skoneczny and
Rytka, 2000).

Phospholipid hydroperoxide glutathione peroxidase

Phospholipid hydroperoxide glutathione peroxidase
(PHGPX) is a key enzyme in the protection of the
membranes exposed to oxidative stress and it is inducible
under various stress conditions. The enzyme catalyses the
regeneration of phospholipid hydroperoxides at the expense
of GSH and is localized in the cytosol and the inner
membrane of mitochondria of animal cells. PHGPX can
also react with H,O, but this is a very slow process. Until
now, most of the investigations have been performed on
animal tissues. Recently, a cDNA clone homologous to
PHGPX has been isolated from tobacco, maize, soybean and
arabidopsis (Sugimoto et al., 1997). The PHGPX protein
and its encoding gene csa have been isolated and
characterized 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).

ANTIOXIDANT AND NON-ANTIOXIDANT
FUNCTIONS OF GLUTATHIONE,
ASCORBATE AND TOCOPHEROL UNDER
PHYSIOLOGICAL AND STRESS
CONDITIONS

Glutathione

A tripeptide glutathione (y-glutamylcysteinylglycine) is
an abundant compound in plant tissues. It has been
found virtually in all cell compartments: cytosol,
endoplasmic  reticulum, vacuole and mitochondria
(Jimenez et al., 1998), where GSH executes multiple
functions. GSH is the main storage form of sulfur, and
it acts as a potent detoxifier of xenobiotics through
GSH-conjugation, and can serve as a precursor of
phytochelatins (reviewed by Noctor et al., 1998b; May
et al., 1998). Together with its oxidized form (GSSG)
glutathione maintains a redox balance in the cellular
compartments. The latter property is of great biological
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importance, since it allows fine-tuning of the cellular
redox environment under normal conditions and upon
the onset of stress, and provides the basis for GSH
stress signalling. Indeed, the role for GSH in redox
regulation of gene expression has been described in
many papers (e.g. Wingate ef al., 1988; Alscher, 1989).
Due to redox properties of the GSH/GSSG pair and
reduced SH-group of GSH, it can participate in the
regulation of the cell cycle (Sanchez-Fernandez et al.,
1997).

Functioning of GSH as antioxidant under oxidative
stress has received much attention during the last
decade. A central nucleophilic cysteine residue is
responsible for high reductive potential of GSH. It
scavenges 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 defence is due to its ability to
regenerate another powerful water-soluble antioxidant,
ascorbic acid, via the ascorbate—glutathione cycle (Foyer
and Halliwell, 1976; Noctor and Foyer, 1998).

Ascorbic acid

AA is one of the most studied and powerful
antioxidants (reviewed by Smirnoff, 1996; Noctor and
Foyer, 1998; Arrigoni and de Tullio, 2000; Horemans
et al., 2000b; Smirnoff, 2000). It has been detected in
the majority of plant cell types, organelles and in the
apoplast. Under physiological conditions AA exists
mostly in the reduced form (90 % of the ascorbate
pool) in leaves and chloroplasts (Smirnoff, 2000); and
its intracellular concentration can build up to millimolar
range (e.g. 20 mM in the cytosol and 20-300 mM in the
chloroplast stroma (Foyer and Lelandais, 1996). The
ability to donate electrons in a wide range of enzymatic
and non-enzymatic reactions makes AA the main ROS-
detoxifying compound in the aqueous phase. AA can
directly scavenge superoxide, hydroxyl radicals and
singlet oxygen and reduce H,O, to water via ascorbate
peroxidase reaction (Noctor and Foyer, 1998). In chloro-
plasts, AA acts as a cofactor of violaxantin de-epoxidase
thus sustaining dissipation of excess exitation energy
(Smirnoff, 2000). AA regenerates tocopherol from
tocopheroxyl radical providing membrane protection
(Thomas et al., 1992). In addition, 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 G; to S phase (Liso et al.,
1988; Smirnoff, 1996) and cell elongation (De Tullio
et al., 1999).

Tocopherol

Tocopherols and tocotrienols are essential components of
biological membranes where they have both antioxidant and
non-antioxidant functions (Kagan, 1989). There are four
tocopherol and tocotrienol isomers (ci-, B-, ¥-, 8-) which
structurally consist of a chroman head group and a phytyl
side chain giving vitamin E compounds amphipathic
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character (Kamal-Eldin and Appelqvist, 1996). Relative
antioxidant activity of the tocopherol isomers in vivo is
o > P >y > & which is due to the methylation pattern and
the amount of methyl groups attached to the phenolic ring of
the polar head structure. Hence, o-tocopherol with its three
methyl substituents has the highest antioxidant activity of
tocopherols (Kamal-Eldin and Appelqvist, 1996). Though
antioxidant activity of tocotrienols vs. tocopherols is far less
studied, a-tocotrienol is proven to be a better antioxidant
than o-tocopherol in a membrane environment (Packer
et al., 2001). Tocopherols, synthesized only by plants and
algae, are found in all parts of plants (Janiszowska and
Pennock, 1976). Chloroplast membranes of higher plants
contain o-tocopherol as the predominant tocopherol isomer,
and are hence well protected against photooxidative damage
(Fryer, 1992). There is also evidence that a-tocopherol
quinone, existing solely in chloroplast membranes, shows
antioxidant properties similar to those of -tocopherol
(Kruk et al., 1997).

Vitamin E is a chain-breaking antioxidant, i.e. it is able to
repair oxidizing radicals directly, preventing the chain
propagation step during lipid autoxidation (Serbinova and
Packer, 1994). It reacts with alkoxy radicals (LO), lipid
peroxyl radicals (LOO) and with alkyl radicals (L"), derived
from PUFA oxidation (Kamal-Eldin and Appelqvist, 1996;
Buettner, 1993). The reaction between vitamin E and lipid
radical occurs in the membrane-water interphase where
vitamin E donates a hydrogen ion to lipid radical with
consequent tocopheroxyl radical (TOH') formation
(Buettner, 1993). Regeneration of the TOH' 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 act as chemical
scavengers of oxygen radicals, especially singlet oxygen
(via irreversible oxidation of tocopherol), and as physical
deactivators of singlet oxygen by charge transfer mechan-
ism (Fryer, 1992).

TOH " formation sustains prooxidant action of tocopherol.
At high concentration tocopherols act as prooxidant
synergists with transition metal ions, lipid peroxides or
other oxidizing agents (Kamal-Eldin and Appelqvist, 1996).
It has been clearly shown, that prooxidant function of
tocopherol on low density lipoprotein was clearly inhibited
in vitro by antioxidants (ascorbate or ubiquinol) (Upston
et al., 1999).

In addition to antioxidant functions vitamin E has several
non-antioxidant functions in membranes. Tocopherols have
been suggested to stabilize membrane structures. Earlier
studies have shown that o-tocopherol modulates membrane
fluidity in a similar manner to cholesterol, and also
membrane permeability to small ions and molecules
(Fryer, 1992). In recent studies o-tocopherol has been
shown to decrease the permeability of digalactosyldiacyl-
glycerol vesicles for glucose and protons (Berglund et al.,
1999). There is also recent evidence of interaction between
PS II with o-tocopherol and o-tocopherol quinone (Kruk
et al., 2000). Complexation of tocopherol with free fatty
acids and lysophospholipids protects membrane structures
against their deleterious effects. The process is of great
physiological relevance, since phospholipid hydrolysis
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products are characteristics of pathological events such as
hypoxia, ischaemia or stress damage (Kagan, 1989). In
addition, several other non-antioxidant functions of
a-tocopherol have been described such as protein kinase
C inhibition, inhibition of cell proliferation, etc. as reviewed
by Azzi and Stocker (2000).

Phenolic compounds as antioxidants

Phenolics are diverse secondary metabolites (flavonoids,
tannins, hydroxycinnamate esters and lignin) abundant in
plant tissues (reviewed by 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 tocopherols 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-break-
ing function), and from their ability to chelate transition
metal ions (termination of the Fenton reaction) (Rice-Evans
et al., 1997). Another mechanism underlying the antiox-
idative properties of phenolics is the ability of flavonoids to
alter peroxidation 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 recently that phenolic
compounds can be involved in the hydrogen peroxide
scavenging cascade in plant cells (Takahama and Oniki,
1997). According to our unpublished results the content of
condensed tannins (flavonols), as measured by high per-
formance liquid chromatography, was 100 times higher in
I. pseudacorus rhizomes than in those of I. germanica. The
effect of anoxia on the flavonol content (a decrease after 35 d
of treatment) suggests their participation in the antioxidative
defence in I. pseudacorus rhizomes.

ANTIOXIDANT STATUS UNDER OXYGEN
DEPRIVATION

Data on antioxidant levels and the activity of antioxidant-
regenerating enzymes are somewhat contradictory, both
decreases and increases in antioxidative capacity of the
tissues have been reported. Such diversification partly arises
from the response specificity of a particular plant species
and from different experimental conditions (stress treat-
ment, duration of stress, assay procedure and parameters
measured). A large-scale investigation on monodehydro-
ascorbate reductase (MDHAR) and dehydroascorbate
reductase (DHAR) activities, and AA and GSH contents
in 11 species with contrasting tolerance to anoxia has
revealed an increase in MDHAR and/or DHAR in the
anoxia-tolerant plants after several days of anoxic treat-
ment. In the intolerant plants activities were very low or
without any changes. GSH decreased significantly during
the post-anoxic period, while AA showed increased values
in the tolerant species (Wollenweber-Ratzer and Crawford,
1994). An investigation on the antioxidative defence system
in the roots of wheat seedlings under root hypoxia or whole
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plant anoxia (Biemelt ez al., 1998) has revealed a significant
increase in the reduced forms of ascorbate and glutathione.
Nevertheless, a rapid decrease in the redox state of both
antioxidants was observed during reaeration. The activities
of MDHAR, DHAR and glutathione reductase (GR)
decreased slightly or remained unaltered under hypoxia,
while anoxia caused a significant inhibition of enzyme
activities (Biemelt et al., 1998). Inhibition of GR, ascorbate
peroxidase (APX), CAT and SOD activities has been shown
also by Yan et al. (1996) in corn leaves under prolonged
flooding, while a short-term treatment led to an increase in
the activities. Induction of enzymes involved in the
ascorbate-dependent  antioxidative  system = (APX,
MDHAR, DHAR) has been shown for anaerobically
germinated rice seedlings after transfer to air. In submerged
seedlings (i.e. under hypoxic conditions) the activities of
antioxidative enzymes were lower compared with air-
germinated controls (measured as changes in the protein
levels of enzymes) (Ushimaru et al., 1997). The imposition
of anoxia and subsequent reoxygenation caused a decrease
both in the content of ascorbate and in its reduction state in
the roots of cereals and the rhizomes of Iris spp. (Blokhina
et al., 2000). Prolongation of the anoxic treatment led to a
decline in the antioxidant level, both reduced and oxidized
forms, in all plants tested. A decrease in the AA/DHA ratio
indicated a shift in the reduction state of the ascorbate pool
under oxygen deprivation.

Less information is available on tocopherol status under
oxygen deprivation. Since oxidative stress is non-specific
and many diverse environmental stress factors, e.g. light,
drought, chilling temperature and flooding, affect plant
tissues enhancing production of ROS in chloroplasts and
inducing photo-oxidation of thylakoid membranes (Elstner
and Osswald, 1994), the response of tocopherols to other
abiotic stresses will be discussed. In an experiment where
isolated spinach thylakoids and thylakoids with an exogen-
ously added high concentration of o-tocopherol were
exposed either to photosynthetically active radiation
(PAR) or to UV-B light, lipid peroxidation occurred only
in normal thylakoids while no peroxidation was detected in
membranes with high amounts of a-tocopherol. According
to the results, there was no decrease in endogenous oO-
tocopherol in normal thylakoids, while in artificially treated
thylakoids «o-tocopherol contents decreased though no
significant lipid peroxidation could be detected (DeLong
and Steffen, 1998). The latter results contradict previous
studies on lipid peroxidation since increased peroxidation of
membranes has been described to occur only after signifi-
cant amounts of membrane «-tocopherol have been
depleted (Thomas et al., 1989; Shewfelt and Purvis, 1995).

During drought, plants show a general response to stress
by increasing tocopherol and carotenoid contents in photo-
synthetic tissues (Munné-Bosch and Alegre, 2000a) which
is accompanied by a similar sized rise in total glutathione
pool and a depletion of ascorbate at least in many grass
species (Price and Hendry, 1989). Substantial increases in
a-tocopherol during water-stress have been detected in
leaves of Rosmarinus officinalis L. (Munné-Bosch and
Alegre, 2000a), Melissa officinalis L. (Munné-Bosch
and Alegre, 20000) and Fagus sylvatica L. (Garcia-Plazaola
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and Becerril, 2000). Enhanced activity of the xanthophyll
cycle measured as increases in de-epoxidized xanthophylls
(antheraxanthin and zeaxanthin) during drought is also a
feature shared in water-stressed plant species. Rosemary
plants also have species-specific antioxidants, abietane
diterpenes, known for their function in inhibiting lipid
peroxidation and superoxide generation in chloroplasts and
microsomes, which are consumed during drought-stress in
scavenging oxygen radicals (Munné-Bosch et al., 1999).

There is evidence that the chilling-tolerance of plants is
correlated with increasing amounts of antioxidants and
increasing activity of radical scavenging enzymes. A
chilling-tolerant maize genotype has been shown to contain
higher amounts of both o-tocopherol and glutathione and
higher GR activity than a chilling-sensitive maize genotype
(Leipner et al., 1999). It is known that ascorbate regenerates
tocopherols from their radical forms (Buettner, 1993).
However, artificially increased ascorbate content in maize
leaves did not improve the preservation of endogenous
tocopherol during high light and chilling stress, but the high
ascorbate content increased the usage of glutathione
(Leipner et al., 2000).

Studies on vitamin E in the underground parts of plants
during stress are scarce, which might in part be a conse-
quence of the fact that generally the predominating
tocopherol isomer of plant tissues, o-tocopherol, is mainly
localized in chloroplasts (Kamal-Eldin and Appelqvist,
1996), and tocopherol synthesis is described to take place
only in chloroplasts and chromoplasts (Schulz et al., 1991).
During long-term anoxic stress vitamin E contents in the
rhizomes of two iris species, highly anoxia-tolerant [Iris
pseudacorus and anoxia-sensitive I. germanica, have been
determined. Tocopherols (a- and 3-) were identified in both
iris species, B-tocopherol being the predominant tocopherol
isomer especially in rhizomes of I. germanica which also
possessed markedly higher total tocopherol content than
I. pseudacorus. Anoxia caused a decrease in tocopherol
isomers in both iris species (Blokhina et al., 2000).

The vitamin E composition in rhizomes of the iris species
is unique since there are no previous reports of plant species
having B-tocopherol as the main tocopherol isomer in
vegetative tissues. In addition, according to mass spectro-
metry the identified isomer is B-dehydrotocopherol with one
double bond in its phytyl side chain (Blokhina et al., 2000),
while tocopherols have saturated phytyl chains.
Dehydrotocopherols have been found previously in etiol-
ated shoots of maize and barley (Threlfall and Whistance,
1977). There is evidence that tocopherol isomers differ from
each other in their functional properties. When the effect-
iveness of tocopherol isomers in quenching of singlet
oxygen was studied, o-and B-tocopherols were equally
effective in quenching singlet oxygen physically, but B-
tocopherol showed almost no chemical reactivity with
singlet oxygen, while o-tocopherol had the highest chem-
ical reactivity of tocopherol isomers (Kaiser et al., 1990).
Inhibition of protein kinase C activity and cell proliferation
is a specific non-antioxidant function of o-tocopherol in
animal cells. B-Tocopherol lacks this ability but when the
two isomers are present together B-tocopherol prevents the
inhibitory effect of o-tocopherol (Azzi and Stocker, 2000).
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Though the total tocopherol content was higher in I
germanica than in the more anoxia-tolerant 1. pseudacorus
(Blokhina et al., 2000), this could not prevent the massive
lipid degradation in I. germanica during anoxia found by
Henzi and Braendle (1993). There are also earlier reports
suggesting that anoxia causes more pronounced lipid
peroxidation in the rhizomes of I germanica than in
I. pseudacorus during reaeration (Hunter et al., 1983;
Blokhina et al., 1999). In anaerobically germinated rice
seedlings a three-fold increase in tocopherol and low
TBARS formation have been observed (Ushimaru et al.,
1994). However, an anoxia-induced elevation in the
tocopherol level observed in the anoxia-intolerant wheat
and oat seedlings could not be detected in rice seedlings
subjected to anoxia (Chirkova et al., 1998). There are in vitro
studies suggesting that under anaerobic conditions a radical-
initiated reaction between linoleic acid hydroperoxide or
methyl linoleate hydroperoxide and o-tocopherol occurs,
forming an addition compound of the two reactants, the
reaction being terminated in the presence of air (Gardner
et al., 1972). Carbon-centred radicals are also formed during
anaerobic conditions, tending to add to the oxygen of
tocopheroxyl radicals forming 6-O-lipid alkyl-chromanol
adducts (Kamal-Eldin and Appelqvist, 1996).

FACTORS AFFECTING THE ANTIOXIDANT
DEFENCE SYSTEM

Considering the experimental data discussed above, it is
difficult to delineate a universal mechanism for the whole
antioxidant system response to anoxia. It is necessary to
discuss other factors involved in the protective machinery of
plants under oxygen deprivation with a particular emphasis
on the antioxidant system.

Oxygen deprivation stress-specific factors

Metabolic changes specifically induced by anoxia (a drop
in cytosolic pH, a decrease in adenylate energy charge,
membrane lipid peroxidation, excess of NADH) may alter
the antioxidant status of the tissue. One of the most
important consequences of energy limitation under anoxia is
the altered redox state of the cell. When oxygen—the
terminal electron acceptor of ETC—is unavailable, inter-
mediate electron carriers become reduced. This process in
turn affects redox-active metabolic reactions. Indeed, the
ability to maintain redox characteristics of the cell (i.e.
NADH/NAD* ratio) unaltered for a prolonged period has
been shown for the anoxia-tolerant rice (Chirkova et al.,
1992) and is considered important for plant survival under
anoxia. A decrease in NADH/NAD* has been observed in
the anoxia-intolerant wheat and bean (Chirkova er al.,
1992). The redox changes can affect other redox-dependent
reactions, i.e. the oxidation state of ferrous ions—the
promoters of ROS generation (through the Fenton reaction)
and peroxidation of lipids. If oxygen deprivation persists,
the need for oxidized NAD* and ATP leads to the
fermentation pathway, where both LDH and ADH can
regenerate NAD*. Among the possible targets of oxygen
deprivation stress in respect of the antioxidant system are de
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novo antioxidant synthesis, intra- and intercellular transport,
recycling of antioxidants and impaired cooperation of the
antioxidant network.

Compartmentalization of lipophilic antioxidants

ROS (with the exception of H,O,) are charged species
and cannot penetrate biological membranes, hence local
antioxidant protection is more important than an overall
increase in antioxidants. In a model of lipid peroxidation in
tissue disorders, Shewfelt and Purvis (1995) emphasize the
importance of compartmentalization within the cell. The
fate of the tissue may rely on the antioxidant capacity of a
specific membrane structure (Shewfelt and Purvis, 1995). In
previous studies on the compartmentalization of tocopherols
in photosynthetic tissues tocopherol has been localized in
chloroplasts and plastids, while other tocopherol isomers
have been found in chloroplasts, mitochondria and micro-
somes (Janiszowska and Korczak, 1980). Some evidence
exists on the importance of compartmentalization of other
lipophilic antioxidants. In a recent study on the chloro-
plast localized antioxidant carnosic acid of rosemary
(Rosmarinus officinalis) leaves, it was shown that, after
ROS scavenging, the carnosic acid metabolites are trans-
ferred to the plasma membrane (Munné-Bosch and Alegre,
2001). Identification of the cell structures affected primarily
in oxidative stress, as well as the localization pattern of
different antioxidants especially in non-photosynthesizing
plant organs, are still poorly studied areas. Accumulation of
antioxidants and ROS in different cell compartments could
lead to lowered antioxidant defence, and hence would
require fine tuning of cellular metabolism to achieve
protection. Under severe stress conditions such a regulatory
mechanism can be impaired.

Is there a possibility for de novo synthesis of antioxidants
under particular stress conditions?

Limitations for GSH biosynthesis under oxygen depriv-
ation mainly arise from the restriction of the energy supply.
Two ATP-dependent steps represent the GSH biosynthetic
pathway: synthesis of y-glutamylcysteine catalysed by 7y-
ECS (y-glutamylcysteine synthase, EC 6.3.2.2), and glycine
addition to 7y-glutamylcysteine catalysed by glutathione
synthetase (May et al., 1998). GSH is synthesized in both
the chloroplasts and the cytosol (Noctor et al., 1998b).
Besides ATP availability, several other factors affect GSH
biosynthesis: cysteine supply, GSH turnover (since GSH is a
feedback inhibitor of y-ECS), GSH conjugation (see below)
and environmental factors. A decline in ATP content
observed under anoxia (Chirkova, 1988; Hanhijirvi and
Fagerstedt, 1995; Rawyler et al., 1999) increases the
probability of ROS formation in the ETC of mitochondria
and, at the same time, inhibits an energy-dependent step in
GSH biosynthesis. The key enzyme in GSH biosynthesis, y-
ECS, requires ATP as a cofactor and has an alkaline pH
optimum of 8-8-4 (Noctor et al., 1998a).

The AA biosynthetic pathway in plants has been eluci-
dated recently (Wheeler er al., 1998; Conklin, 2001;
reviewed by Smirnoff ez al., 2001). The pathway proceeds
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through D-glucose < GDP-D-mannose < GDP-L-galactose
= L-galactose = L-galactono-1,4-lactone, the latter being
an immediate precursor of L-ascorbate (non-inversion
pathway, i.e. no inversion of glucose carbon skeleton
occurs); while in animals AA biosynthesis involves the
conversion of derivatives of D-glucose (Loewus, 1980).
Another possible non-inversion route involves the following
reactions: D-glucose = D-glucosone = L-sorbosone = AA
(Loewus et al., 1990). Nevertheless, evidence exists on the
possibility of AA biosynthesis through other pathways
(Davey et al., 1999). The final step in AA biosynthesis
occurs in the inner mitochondrial membrane and is
catalysed by L-galactono-y-lactone dehydrogenase (GAL,
EC 1.3.2.3), an enzyme with specificity to cytochrome c as
an electron acceptor (Bartoli et al., 2000). Association of
AA biosynthesis with the functional activity of mitochon-
drial ETC sets a limit to AA synthesis under lack of oxygen
due to saturation of ETC and reduction of cytochrome c.
Another factor, unfavourable for AA synthesis, is anoxia-
induced cytoplasmic acidosis, which can affect the activity
of GAL (Ostergaard et al., 1997).

Efficient transport of antioxidants from the biosynthetic sites
and/or undamaged tissue to the ROS-producing compartment

Under physiological pH the reduced form of AA is
negatively charged, and therefore cannot freely diffuse
through the biological membranes. In contrast, dehydro-
ascorbic acid (DHA) is more likely to penetrate the
membrane. In plants, the AA biosynthetic site is localized
on the inner mitochondrial membrane (Wheeler et al., 1998;
Conklin et al., 1999) and, hence, AA should be transported
out from the mitochondria to the cytosol, chloroplast, and
across the plasma membrane to the apoplast to provide
antioxidative defence. Until now, a mitochondrial trans-
porter has not been characterized. Evidence has been
accumulating on the existence of both AA and DHA
specific transporters on the plant plasma membrane. DHA
appears to be the preferred form of transport from the
apoplast to the cytosol in Phaseolus vulgaris (Horemans
et al., 1998a) and in Nicotiana tabacum (Horemans et al.,
1998b). The K, values for intercellular transport of AA
(90 um) and DHA (20 um) through high-affinity carriers
also suggest that DHA is more readily taken up by the cell
(Smirnoff, 1996). Recently, the existence of an AA/DHA
exchanger on the plant plasma membrane has been
suggested (Horemans et al., 2000a). The mechanism of
exchange employs the proton-electrochemical gradient
across the plasma membrane, as shown with uncoupler
[carbonylcyanide-3-chlorophenylhydrazone (CCCP)] experi-
ments, while DHA uptake occurs via facilitated diffusion
and shows no dependence on proton and ion gradients. The
pathways of AA (DHA) transport are of crucial importance
under anoxia, since the inner mitochondrial membrane
potential dissipates after a short lag phase, sustained by ATP
hydrolysis via F;Fy-ATPase, and hence, only proton gradi-
ent-independent transport is possible. In our experiments
(Blokhina et al., 2000) DHA was the main form in the
ascorbate pool of cereal roots (AA/DHA ratios between 0-2
and 0-8), a fact that can be partly explained by the preferred
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transport of DHA from shoots to roots. It is not clear
whether AA biosynthesis occurs in the plant root mitochon-
dria to the same extent as it does in green tissues, where
more precursors are available. However, expression of L-
galactono-y-lactone dehydrogenase mRNA has been found
in tobacco leaves, shoots and roots in almost equal
quantities (Yabuta et al., 2000). Besides, high-level
irradiance has been shown to have a stimulating effect on
ascorbate accumulation in leaves and the chloroplasts
(Foyer et al., 1991), and dark-induced ascorbate deficiency
has been described in leaf cell walls of Phaseolus vulgaris
(Moldau et al., 1998). It is also possible that intercellular
transport of DHA can act as a signal of redox imbalance
under stress, a condition that is known to induce defence
responses.

Less is known about the glutathione transport mechanism
in plant tissues. Most of the studies are focused on the
function of glutathione-S-transferases (GST, EC 2.5.1.18) in
herbicide detoxification, conjugation of GSH to cytotoxic
compounds arising from oxidative stress, pathogen attack
and heavy metals (reviewed by Marrs, 1996). The onset of
hypoxia and subsequent reoxygenation is manifested by
enhanced ROS formation and LP. Peroxidation products
such as membrane lipid hydroperoxides (e.g. 4-hydroxy-
alkenals), epoxides, organic hydroperoxides (Alin et al.,
1985) and oxidative products of DNA degradation (base
propanols) are the substrates of GST; they can be conju-
gated to GSH and detoxified (Marrs, 1996; Dixon et al.,
1998). In plant tissues GSH-conjugates are transported from
the cytosol into the vacuole for storage via ATP-binding
cassette transporters (Rea, 1999), including the GS-X pump.
Conjugation to GSH serves as a specific ‘tag’ for recogni-
tion, transport and sequestration of endogenous and stress-
specific metabolites. ATP-dependent transport of GSSG,
but not GSH into barley vacuoles via glutathione S-
conjugate ATPase has been described (Tommasini et al.,
1993). However, under energy limitation during hypoxia/
anoxia the translocation to vacuole can be inhibited, while
GSH conjugation can still occur. In addition, ascorbate
peroxidase-mediated conjugation of GSH to unsaturated
phenylpropanoids (trans-cinnamic and para-coumaric
acids) has been shown in plants. GSH-conjugate is
presumably formed via peroxidase-dependent formation of
thiyl free radicals that react with the alkyl double bond
(Dean and Devarenne, 1997). Conjugation of GSH to LP
products can lead to the depletion of the total glutathione
pool, since glutathione turnover will be repressed. Indeed,
exhaustion of the glutathione pool under anoxia and
reoxygenation was not accompanied with concurrent
increase in GSSG (Blokhina et al., 2000).

Other pathways for glutathione transport have been
described in animal tissues and yeast. In rabbit kidney
mitochondria (Cheng et al., 2000) and in yeast (Cummings
et al., 2000) uptake of GSH by dicarboxylate and 2-
oxoglutarate carriers in the inner mitochondrial membrane
has been demonstrated. The first high affinity plasma
membrane GSH transporter (K,, 54 um) different from
glutathione-conjugate pumps and dicarboxylate transporters
has been identified in the yeast Saccharomyces cerevisiae.
The transporter protein shares homology with S. pombe and
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with five proteins from Arabidopsis thaliana (Bourbouloux
et al., 2000).

Cooperation between different antioxidant systems

It is very important for plant survival under stress
conditions that antioxidants can work in co-operation, thus
providing better defence and regeneration of the active
reduced forms. The most studied example of the antioxidant
network is the ascorbate—glutathione (Halliwell-Asada)
pathway in the chloroplasts, where it provides photoprotec-
tion (Noctor and Foyer, 1998) by removing H,O,. Recently,
components of this cycle have been detected in other cell
compartments (Jimenez et al., 1998).

Ascorbate works in co-operation not only with gluta-
thione, but also takes part in the regeneration of o-
tocopherol, providing synergetic protection of the mem-
branes (Thomas et al., 1992). Tocopherol has been reported
to be in direct interaction also with reduced glutathione
(Fryer, 1992) and reduced coenzyme Q (Buettner, 1993). In
a recent paper by Kagan er al. (2000) it was suggested that
tocopherol and reduced coenzyme Q, when present together
in a membrane, show combined antioxidant activity which
is markedly synergetic.

Recently, redox coupling of plant phenolics with
ascorbate in the H,O,—peroxidase system has been shown
(Takahama and Oniki, 1997; Yamasaki and Grace, 1998). It
takes place in the vacuole, where H,O, diffuses and can be
reduced by peroxidases using phenolics as primary electron
donors. Both AA and the monodehydroascorbic acid radical
can reduce phenoxyl radicals generated by this oxidation. If
regeneration of AA is performed in the cytosol and AA is
supplied back to the vacuole, a peroxidase/phenolics/AA
system could function in vacuoles and scavenge H,O,
(Yamasaki and Grace, 1998). This mechanism is specific for
plant tissues and can improve stress tolerance under
oxidative stress.

Species and tissue specificity adds to the already complex
antioxidant response. It is also important to carry out
experiments under strictly controlled conditions with
respect to oxygen concentration and to distinguish between
hypoxia and anoxia. Accumulating data suggest that low
oxygen concentration plays a crucial role in the induction of
anoxic metabolism, i.e. triggers the expression of genes
responsible for anaerobic fermentation, sugar utilization
(Chang et al., 2000) and antioxidant defence. Another
important point for the experimental set-up is the unavoid-
able reoxygenation period, when most of anoxia-induced
damage has been shown to occur (Crawford ez al., 1994). To
clarify the situation ROS-levels should be detected (e.g. by
electron spin resonance spectrometry) in similar conditions.

Hypoxic tissues exhibit possibilities for enhanced ROS
production, accumulation of LP substrates (FFA) and LP
itself. These possibilities rise from mitochondria-dependent
ROS generation, acetaldehyde dependent O,-formation via
XO, lipoxygenase action on membrane lipids and finally
from lipolytic acyl hydrolase-catalysed liberation of FFA,
which underpins a burst in LP on return to normoxia. Short-
term oxygen deprivation stress possibly causes limited
accumulation of ROS and peroxidized lipids. At this stage
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the rate of ROS formation and the degree of lipid
peroxidation can be regulated by constitutive endogenous
antioxidants. This in part can explain the lack of antioxidant
system induction under oxygen deprivation in some
experiments. It is noteworthy, that accumulation of ROS
and LP products already under hypoxic conditions can bear
a signal for low oxygen concentration in the tissue.

Prolonged anoxic treatment will emphasize anoxia-
specific metabolic changes which, in turn, will abolish
antioxidant synthesis, transport and turnover. As a conse-
quence, depleted antioxidants and decreased activity of the
antioxidant-associated enzymes will be unable to cope with
the overflow of ROS and on-going peroxidative chain
reactions during reoxygenation. On the restoration of
normoxia, enzymatic ROS formation and LP will be
overwhelmed by chemical oxidations in an uncontrolled
manner. The scope of membrane damage and cell fate are
probably determined by the degree of hypoxia (anoxia)-
induced changes in metabolism (i.e. drop in adenylate
energy charge, cytoplasmic acidosis, amount of ethanol and
acetaldehyde produced) and in membrane structures (i.e.
depending on the duration of oxygen deprivation) and on
plants’ tolerance to anoxia.
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