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During the past few years, considerable progress has been made in

understanding how plants protect themselves against oxidative stress. Genes

encoding plant antioxidant enzymes have been cloned and characterized.

Overproduction of superoxide dismutases and glutathione reductase has

been shown to confer increased tolerance to oxidative stress. Several lines

of evidence have revealed an important role for hydrogen peroxide in
stress-induced signalling.
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Introduction

Every year, environmental stress causes considerable
losses in crop quality and productivity. One of the im-
portant mechanisms by which plants are damaged during
adverse environmental conditions is the excess produc-
tion of active oxygen species (AOS), such as superoxide
(O»*-), hydrogen peroxide (H20»), and hydroxyl radicals
(OH?®). Such oxidative stress has been shown to occur in
plants exposed to high and low temperatures, particularly
in combination with high light intensities, drought, ex-
posure to air pollutants (e.g. ozone or sulphur dioxide),
ultraviolet light, and herbicides such as paraquat [1°].

Superoxide and H»Oj can inactivate various macro-
molecules directly, but it is their conversion to OH®,
catalyzed by transition metals (i.e. the Haber—Weiss re-
action), that accounts for their main toxicity. Hydroxyl
radicals react instantaneously with proteins, lipids, and
DNA, causing rapid cell damage.

Several metabolic processes make use of AOS in a ben-
eficial way. For example, H»O, and O*~ are involved
in lignin formation in cell walls. A large increase in
AOS is observed rapidly upon infection of plants with
pathogens or upon elicitor treatment. This oxidative
burst is thought to be responsible for the hypersensitive
cell death and the rapid cross-linking of hydroxyproline-
rich glycoproteins in the cell wall associated with active
pathogen defense. AOS might also serve as secondary
messengers responsible for activating pathogenesis-re-
lated genes and genes involved in phytoalexin biosyn-
thesis (see below).

Plants have evolved non-enzymic and enzymic protec-
tion mechanisms that efficiently scavenge AOS. Anti-

oxidants, such as ascorbic acid (vitamin C), glutathione,
a-tocopherols, and carotenoids, occur in high concen-
trations in plants. Hydroxyl radicals are too reactive to
be eliminated enzymically, but formation is limited by
scavenging of Oz*~ and H,O;. Superoxide dismutases
(SODs) are metal-containing enzymes that eliminate
O,*~ radicals according to the following reaction:

20, + 2H*+*—H>0,2+ O,

Different isoforms can be distinguished on the basis of
their metal co-factor. In general, plants contain a mito-
chondrial MnSOD, as well as a cytosolic and a chloro-
plastic Cu/ZnSOD [2]. Recently, it has become clear
that many plants contain chloroplastic FeSOD [2,3], be-
sides the ubiquitous chloroplastic Cu/ZnSOD.

Hydrogen peroxide is eliminated by catalases and peroxi-
dases. Catalases are peroxisomal enzymes that, in contrast
to peroxidases, do not require a reducing substrate for
their activity. Ascorbate peroxidases (APXs) are thought
to be the most important H,O, scavengers operating
both in the cytosol and chloroplasts. They use ascorbic
acid as a reducing substrate and form part of a cycle,
known as the ascorbate—glutathione or Halliwell-Asada
[1*] cycle (see Fig. 1). Other enzymes involved in
this oxidation—reduction cycle are monodehydroascor-
bate reductase (MDAR), dehydroascorbate reductase
(DHAR), and glutathione reductase (GR). Recently,
several cDNA clones encoding glutathione peroxidases
(GPXs) have been isolated, suggesting that in plants, as
in animals, these proteins might play an important role in
scavenging H»O», or the products of lipid peroxidation.

In this review, we summarize current knowledge on the
regulation of antioxidant genes and the potential com-
mercial application for engineering stress-tolerant plants.

Abbreviations
AOS—active oxygen species; APX—ascorbate peroxidase; DHAR—dehydroascorbate reductase; GPX—glutathione peroxidase;
GR—glutathione reductase; MDAR—monodehydroascorbate reductase; SAPX—stromal APX; SAR—systemic acquired resistance;
SOD—superoxide dismutase; tAPX—thylakoid membrane-bound APX.
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Fig. 1. The ascorbate-glutathione cycle. Hydrogen peroxide is removed by ascorbate peroxidase and ascorbate is regenerated by the

ascorbate-glutathione cycle, involving monodehydroascorbate reductase,

dehydroascorbate reductase, and glutathione reductase. Ascorbate

is first oxidized to monodehydroascorbate. If monodehydroascorbate is not rapidly reduced again to ascorbate by monodehydroascorbate
reductase, it will spontaneously disproportionate into ascorbate and dehydroascorbate. Dehydroascorbate recycles ascorbate using reduced
glutathione that is regenerated through the action of glutathione reductase in a NADPH-dependent reaction.

Superoxide dismutases

Detailed expression analysis in Nicotiana plumbaginifolia
[4}, tomato [5], and maize ([6] and references therein)
show that the Sod genes are differentially regulated
throughout development and in response to various stress
conditions. For example, in N. plumbaginifolia, expression
of cytosolic Cu/ZnSOD (SodCc) mRNA is enhanced
most by heat shock, chilling, or paraguat treatment in
the dark, whereas expression of FeSOD (SodB) mRNA
is induced most by chilling and paraquat treatment in the
light [4]. In tomato, expression of both the chloroplastic
Cu/ZnSOD (SodCp) and cytosolic Cu/ZnSOD (SodCc)
genes is elicited by paraquat in the light, but expression
of only the cytosolic isoform is induced following ex-
posure to drought [5]. Using gene-specific probes, it
has been shown that the individual members of the
maize MnSOD (SodA) gene family are differentially
expressed during maize development. In general, the
pattern of MnSOD mRNA accumulation appears to re-
flect the mitochondrial activity during plant growth [7].
The large increases in SOD transcript levels upon stress
treatment, in general, correlate with much more mod-
erate increases in SOD activity. Possibly, stress causes a
more rapid turnover of SOD proteins, thereby neces-
sitating activation of gene expression to maintain SOD
levels.

A hypothesis has been formulated that different stress
conditions lead to a different extent of oxidative stress

in the various subcellular compartments, necessitating
the expression of those Sod genes encoding the SOD
isoform(s) needed to protect a particular compartment
[4]. The nature of such signals remains speculative.
Organelle-specific lipid peroxidation products are good
candidates, although no experimental evidence is cur-~
rently avaijlable in support of this hypothesis. It appears
that Ca2* is involved in stress signal transduction. Treat-
ment of tobacco seedlings with H»O» has recently been
shown to result in a reduction in SOD activity, coincid-
ing with a transient increase in cytosolic-free Ca2* con-
centration [8]. Unfortunately, it is unclear which SOD
isoforms are under Ca2+ control and whether other en-
zymes involved in AOS-scavenging are affected by these
treatments.

Expression of the N. plumbaginifolia SodCc expression
is under redox control [9,10]. Sulphydryl antioxidants,
such as dithiothreitol, cysteine, or reduced glutathione,
induce the expression of a promoter SodCc—PB-glu-
curonidase gene fusion in protoplasts and in plants,
whereas the oxidized forms of glutathione and cys-
teine have no effects. Levels of reduced glutathione
increase under various oxidative stress conditions, such
as exposure to ozone, sulphur dioxide, heat shock, or
drought [11]. Thus, glutathione can act directly as an
antioxidant and simultaneously activate the transcrip-
tion of a panoply of stress genes, such as Cu/ZnSOD
genes [9,10] and genes encoding enzymes of the phenyl-
propanoid pathway [12].
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Catalase and the role of H,0, in signal
transduction

Extensive work by Scandalios and co-workers (see re-
view in [1¢]) have revealed the presence of three differen-
tially regulated catalases in maize. This situation appears
to hold true in dicotyledonous plants. The functional re-
lationship between catalases of monocotyledonous and
dicotyledonous plants is currently not clear and, as such,
the nomenclature is arbitrary. N. plumbaginifolia contains
three expressed catalase genes [13¢]. The Cat! gene
product seems to play a role in removing photorespi-
ratory H>O,, whereas the expression pattern of Car3
suggests the encoded protein has a role in scaveng-
ing H,O, generated by the B-oxidation of fatty acids
in the glyoxysomes. Interestingly, the Car2 gene prod-
uct most likely has a specific role in protecting the
cell from H>O; produced during oxidative stress. Ex-
posure of plants to ambient ozone, sulphur dioxide, and
ultraviolet-B radiation, all lead to a rapid decline in Cat1?
steady-state transcript levels and a concomitant rapid in-
crease in Cat2 transcript levels [14]. GPX transcript levels
are also rapidly induced, whereas changes in the Sod and
APX transcript levels occur in these conditions only with
the onset of visible damage [14].

Several other lines of evidence support a central role
of catalase in stress tolerance. Maize seedlings exposed
to low temperature (4°C) will not survive unless first
acclimated at intermediate temperatures (14°C). Cat3
mRNA levels are induced during acclimation, suggest-
ing that chilling imposes oxidative stress in the seedlings.
In accordance, H2O5 levels were elevated during chilling
of non-acclimated seedlings and during acclimation. It
has further been shown that treatment of seedlings with
H5O; or menadione, a Oy*—-generating compound, at
ambient temperature induces chilling tolerance [15°].
These results suggest a dual role for HyO,. During
acclimation, H,O; levels could be a signal that induces
antioxidant enzymes, such as catalase, that subsequently
protect the plant from excess HoO» production at chill-
ing temperature.

Hydrogen peroxide appears also to play an important role
in signal transduction during plant pathogen interactions.
Hypersensitive cell death associated with pathogen—plant
interactions is characterized by a rapid oxidative burst.
The HyO» produced from the oxidative burst functions
as a local trigger of programmed cell death of challenged
cells and causes a rapid cross-linking of cell wall pro-
teins [16,17¢¢]. Furthermore, HyO5 appears to act as a
signal molecule, inducing transcription of defense genes,
such as glutathione S-transferase and GPX in surround-
ing cells [17°].

Recent evidence suggests that HyO» may also have a
function in the induction of systemically acquired re-
sistance (SAR). For a long time, it has been known
that salicylic acid has an important role in the local
establishment of SAR. Interestingly, the salicylic acid-
binding protein (57 kDa), present in tobacco leaves, has

turned out to be a catalase. Salicylic acid inhibits in
vitro catalase activity and it was hypothesized that, in
vivo, this property would lead to an increase in H,O,
levels which, in turn, would act as a secondary mes-
senger to induce the defense response. Accordingly, it
has been shown that H»O, and the catalase inhibitor,
3-amino-1,2,4-triazole induces the accumulation of the
pathogenesis-related (PR1) protein [18°¢].

The mechanism of HrO»s-controlled gene expression is
currently unknown. Hydrogen peroxide is a well known
secondary messenger in mammalian cells, functioning
through the activation of transcription factors, such as
NFkB and AP-1. Possibly, H;O5 acts by modulating a
redox-sensitive signal transducer. AP-1 only binds to its
cis DNA element when cysteine residues in the DNA-
binding domain are reduced. This reduction is mediated
by the nuclear redox factor Ref-1, and a plant homo-
logue of this factor has recently been described [19].

The role of catalases in stress-induced signalling by mod-
ulating levels of H>O»5 is somewhat unexpected in view
of the presumed peroxisomal location. Although all three
N. plumbaginifolia catalases contain a carboxy-terminal
peroxisomal targeting sequence [20], their actual location
awaits confirmation. The differential pattern of catalase
gene expression suggests specific functions, different sub-
cellular locations, and, possibly, different substrate speci-
ficities. Biochemical characterization and the analysis of
transgenic plants expressing antisense or overexpression
constructs will provide further insights into the role of
specific catalase isoforms.

Ascorbate-glutathione cycle

Extensive progress has also been made on the char-
acterization and cloning of enzymes involved in the
ascorbate—glutathione cycle (see Fig. 1). Comple-
mentary DNAs encoding cytosolic APX have been
cloned from, amongst other species, Arabidopsis thali-
ana [21] and pea [22]. Apx gene expression is rapidly
induced by various stress conditions, such as paraquat,
abscisic acid, ethylene, drought, and heat shock, suggest-
ing an important role in stress tolerance [23]. In general,
a marked discrepancy has been found between the in-
crease in Apx steady-state transcript abundance, which
is relatively large, and the increase in APX protein and
activity, which is relatively small. It appears that the high
levels of Apx transcript observed in response to drought
are restricted from interaction with polysomes [24]. Be-
sides the cytosolic APX, plants also contain a stromal
APX (sAPX) and a thylakoid membrane-bound APX
(tAPX) [25], yet to be cloned. The spinach tAPX is a
40 kDa monomeric protein, whereas the stromal isoform
is approximately 30 kDa in size. The amino-terminal se-
quence of tAPX has a low degree of similarity with the
cytosolic APX [26].

Recently, a full-length cDNA clone encoding MDAR
has been isolated from cucumber [27] and pea [28].

155



156

Plant biotechnology

DHAR has been purified from spinach chloroplast, the
amino-terminal sequence showing surprising similarity
with Kunitz-type trypsin inhibitors [29]. The spinach
DHAR and soybean trypsin inhibitor are both capa-
ble of reducing dehydroascorbate when in the reduced
form, but acquire trypsin-inhibiting activity in the oxi-
dized state.

The last enzyme in the ascorbate—glutathione cycle, glu-
tathione reductase (GR), has been extensively studied.
Glutathione plays an important role in numerous cellular
processes, often resulting in its oxidation to glutathione
disulphate and each subcellular compartment recycles
the glutathione by GR activities. GR has been cloned
from pea and tobacco (see Creissen et al. in [1°]). Fur-
thermore, a ¢cDNA encoding the first committed step
in glutathione biosynthesis has recently been described
[30}.

In conclusion, genes for all enzymes of the ascorbate—
glutathione cycle have now been identified. This will
considerably accelerate the study of the occurrence and
function of this HyO,-detoxification pathway in plants,

Transgenic plants with improved antioxidant
systems

Tolerance to a wide variety of environmental stress
conditions have been correlated with increased activ-
ity of antioxidant enzymes [1°] and levels of antioxidant
metabolites [11]. Plants with such enhanced antioxida-
tive properties often show cross-tolerance to several dif-
ferent stresses. The ability to engineer plants that express
introduced genes to high levels provides an opportunity
to test the role of antioxidant enzymes in stress tolerance.

Tepperman and Dunsmuir [31] obtained transgenic to-
bacco plants with a 30-50-fold enhancement in chloro-
plastic Cu/ZnSOD activity. This high increment in
SOD activity did not, however, result in any improved
resistance against paraquat [31] or ozone [32]. In con-
trast, overproduction of MnSOD in tobacco chloroplasts
has been found to result in a significant, albeit not very
pronounced, protection against paraquat [33]. The same
transgenic lines display about fourfold less ozone injury
than control plants when exposed to ambient levels of
ozone (0 ppb at night to 120 ppb during the day) [34°*].
Transgenic alfalfa lines with enhanced MnSOD activity
in chloroplasts have more rapid regrowth after freezing
stress than control plants [35].

Overproduction of either chloroplastic or cytosolic
forms of Cu/ZnSOD in potato results in an increased
tolerance to paraquat [36]. In addition, transgenic to-
bacco plants that overproduce chloroplast-located pea
Cu/ZnSOD have greater resistance to photooxidative
damage and to paraquat-mediated oxidative stress than
control plants [37]. Interestingly, these plants exhibit a
three to fourfold increase in APX activity and have a cor-
responding increase in levels of Apx mRNA. DHAR or

GR activities are not affected in these plants [38]. Similar
studies in other transgenic plants have not been reported.

Not only native plant genes, but also genes of bacterial
origin have been used to engineer plants for oxidative
stress tolerance. Overexpression of the Escherichia coli
MnSOD gene in chloroplasts of tobacco transgenic
plants leads to an increase in tolerance against oxida-
tive stress produced by exposure to low concentrations
of methyl viologen or low-temperature stress [39]. The
E. coli gor gene, encoding GR, has also been expressed
in the cytosol of tobacco [40,41]. Although the trans-
genic plants show a reduction in visible injury caused by
paraquat [40], no effects on the protection of the photo-
synthetic apparatus are observed [40,41]. More recently,
in a separate study, the gor gene product has been targeted
to the chloroplast of transgenic tobacco [42]. These
transgenic plants have a GR activity in leaves threefold
higher than that in controls. These leaves also have in-
creased tolerance to paraquat, sulphur dioxide, but not
ozone.

Perspectives

Research on oxidative stress has progressed rapidly in
recent years. Genes encoding enzymes of known anti-
oxidant pathways have been cloned and characterized
in some detail. The dual role of HyO5 in signal trans-
duction and cell death has become clear and may pro-
vide further clues on how plants sense environmentally
adverse conditions. Furthermore, convincing evidence
now suggests that the manipulation of antioxidant capac-
ities is a valuable route to obtain stress-tolerant plants.
Because SOD dismutates O»*— to H,O5, little doubt
exists that the overproduction of a HyOj-scavenging en-
zyme alongside SOD will have a cooperatively protective
effect on oxidative stress-induced damage. Simultane-
ous overproduction of a Cu/ZnSOD and a catalase in
Drosophila extends the life-span by one-third and low-
ers the amount of oxidative damage to proteins [43°°].
It is currently unclear which of the HyOj)-scavenging
enzymes will be most effective for use alongside SOD
in plants. Depending on the subcellular compartment,
APX or GPX would be ideal because they cooperate
with SOD. Their dependence on reduced substrates for
activity would, however, demand highly efficient mech-
anisms for the regeneration of these substrates. Catalases
are an alternative, but a possible disadvantage is their
light sensitivity and the fact that catalase activity gen-
erates oxygen, thus creating more favourable conditions
for superoxide formation. Further work is required to
test which combination of SOD and H,O»-scavenging
enzymes provides the best protection.

In the long term, we need to understand how plants
sense oxidative stress in the various compartments and
how this stress signal is transduced to turn on the ap-
propriate defense systems. A promising route is the
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characterization of Arabidopsis mutants that exhibit en-
hanced sensitivity or tolerance to stress conditions and
the molecular analysis of the respective mutated genes.
This approach is particularly attractive because it may
lead to the characterization of key branch points in
stress signalling that orchestrate global regulation of anti-
oxidant defense.

Because oxidative stress occurs in all aerobic organ-
isms, one might expect that the basic defense systems
are conserved in evolution. As such, ‘shotgun’ cloning
of plant cDNAs that would render wild-type or mu-
tant yeast strains more resistant to oxidative stress may
yield novel defense genes of use in the engineering of
stress-tolerant crops.
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This very interesting article shows that simultaneous overexpression of

Cu/ZnSOD and catalases considerably extends the life-span of transgenic

Drosophila. It clearly underlines the importance of an optimum balance

between SOD and a H,O;-scavenging enzyme.
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