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Introduction

Soil salinity is a major threat to global food security. Up to 20% 
of the world’s irrigated land, which produces one third of the 
world’s food, is salt affected.1 Salinity affects plant growth and 
development in two ways. First, it imposes osmotic stress by 
reducing the soil water potential leading to limiting the water 
uptake. Second, it causes excessive uptake of ions particularly 
Na+ and Cl- that ultimately interferes with various metabolic 
processes. Plant responses to the osmotic and ionic components 
of salt stress are complicated and involve many gene networks 
and metabolic processes. Such responses depend mainly on the 
inherent salt tolerance of the plant, the severity of salt stress 
(the concentration of salt in the soil solution) and the duration 
of exposure of the plant roots to the salt (reviewed in refs. 2–4). 
Consequently, plant responses to salt stress could lead to vary-
ing degrees of adaptation ranging from adaptation for growth 
continuation, though at a modified rate, to adaptation for sur-
vival where the growth is almost suspended but the plant stays 
alive until the stress is relieved. Contrarily, sensitive responses 
could result in accelerated senescence and eventually death 
of the plant.
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The essential processes leading to plant adaption to salt stress 
include control of water loss through stomata, metabolic adjust-
ment, toxic ion homeostasis, and osmotic adjustment.2,4 However, 
the significance of an additional process that is detoxification of 
(ROS) is still a matter of debate. On the one hand, it is considered 
as an essential component of salt tolerance based on studies on 
mutant and transgenic plants with enhanced capacities to scav-
enge ROS that showed higher salt tolerance (reviewed in ref. 2). 
On the other hand, it has been suggested that genetic differences 
in salt tolerance are not necessarily due to differences in the abil-
ity to detoxify ROS.4 This approach is supported by the finding 
that Arabidopsis mutants lacking cytosolic and/or chloroplastic 
ascorbate peroxidase (APX) were more salt tolerant than the wild 
type plants.5 Careful examination of the available information 
particularly recent findings on the production and scavenging of 
ROS under salt stress in relation to plant growth (adaptation) 
could resolve this paradox. Other aspects of ROS under salt stress 
such as their role in signaling have been reviewed elsewhere.6

ROS and their Production Under Normal Conditions

Molecular oxygen in its ground state (triplet oxygen) is essential 
to life on earth. It is a relatively stable molecule that does not 
directly cause damage to living cells. However, when triplet oxy-
gen receives extra energy or electrons, it generates a variety of ROS 
that will cause oxidative damage to various components of living 
cells including lipids, proteins and nucleic acids. The most com-
mon ROS are singlet oxygen (1O

2
), hydrogen peroxide (H

2
O

2
), 

superoxide anions (O-
2
) and hydroxyl radicals (OH•). Triplet 

oxygen has two unpaired electrons with parallel spin located in 
different orbitals. Upon receiving extra energy from a photosen-
sitizer such as chlorophyll, these two electrons show anti-parallel 
spin, a change that substantially increases the oxidizing power of 
oxygen (singlet oxygen) (reviewed in ref. 7). When triplet oxygen 
receives an electron, it gives rise to O-

2
, which generates hydro-

gen peroxide and hydroxyl radicals through a series of chemical 
conversions (reviewed in ref. 8). In photosynthesis, light energy 
is captured by Photosystem II and I and used to excite electrons 
which go through a series of electron transport reactions and end 
up in NADPH. It is suggested that about 10% of the photosyn-
thetic electrons leak from the photosynthetic electron transport 
chains to oxygen as a final electron acceptor (Mehler reaction) 
resulting in the formation of O-

2
.9

Plants produce ROS under normal conditions essentially from 
photosynthesis, photorespiration and respiration. Additional 
sources include NADPH oxidases, amine oxidases and cell wall-
bound peroxidases (reviewed in ref. 10). The most common ROS 
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Salt tolerance is a complex trait involving the coordinated 
action of many gene families that perform a variety of functions 
such as control of water loss through stomata, ion sequestra-
tion, metabolic adjustment, osmotic adjustment and antioxida-
tive defense. In spite of the large number of publications on 
the role of antioxidative defense under salt stress, the relative 
importance of this process to overall plant salt tolerance is still 
a matter of controversy. In this article, the generation and scav-
enging of reactive oxygen species (ROS) under normal and salt 
stress conditions in relation to the type of photosynthesis is 
discussed. The CO2 concentrating mechanism in C4 and CAM 
plants is expected to contribute to decreasing ROS generation. 
However, the available data supports this hypothesis in CAM 
but not in C4 plants. We discuss the specific roles of enzymatic 
and non enzymatic antioxidants in relation to the oxidative load 
in the context of whole plant salt tolerance. The possible pre-
ventive antioxidative mechanisms are also discussed.
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The consistent existence of constitutive activities and expression 
of antioxidant enzymes indicates that plants inevitably experience 
oxidative stress even under what is believed to be normal envi-
ronmental conditions and they are fully equipped to cope with 
it. Most of the information on antioxidative defense comes from 
plants grown in controlled environments in which all conditions 
(including relative humidity, temperature, wind speed and light 
intensity) are kept more or less unchanged during the day/night 
periods. Under these conditions, the antioxidative defense may 
seem relatively unnecessary. However, plants grown in the field 
are subject to rapidly changing environmental conditions even in 
the absence of salt (or drought) stress. A simple example for this 
is the appearance of the sun from behind a cloud that imposes 
dramatic change in the light intensity resulting in sudden and 
massive increase in energy capture.4 Simova-Stoilova et al.22 stud-
ied the antioxidative activities of wheat subjected to field drought 
and reported well expressed SOD, CAT and non specific peroxi-
dase (GPX) in the unstressed control plants. In some cases, the 
expression of these enzymes in the control plants was comparable 
to that in the droughted ones, indicating that the antioxidative 
defense is an integral part of the basic metabolism, enabling the 
plant to cope instantaneously with rapid environmental changes. 
In this context, the steady state levels of ROS are supposed to be 
used by the plant to monitor the intracellular levels of oxidative 
stress.10

Generation and Scavenging of ROS Under Salt 
Stress in Relation to the Type of Photosynthesis

Three types of photosynthesis are recognized in green plants 
namely: C3, C4 and CAM (Crassulacean Acid Metabolism). In 
C3 plants, atmospheric CO

2
 is fixed directly by the carboxylase 

activity of Rubisco (Ribulose 1,5-bisphosphate carboxylase oxy-
genase) into a 5-carbon sugar to produce a 3-carbon compound. 
In C4 and CAM plants, atmospheric CO

2
 is first fixed into a 

3-crabon compound by phosphenolpyruvate carboxylase (PEPC) 
to produce a 4-carbon compound, which is then decarboxylated 
to release CO

2
 in the vicinity of Rubisco, thereby concentrat-

ing CO
2
 and decreasing the chance of oxygenase reaction. In C4 

plants, fixation of atmospheric CO
2
 and its subsequent release 

into the action of Rubisco are spatially separated (leaf meso-
phyll and bundle sheath cells respectively) whereas these two 
events are temporally separated in CAM plants (night and day 
respectively).

Theoretically, salt stress is expected to encourage the gen-
eration of ROS in plants. First: plants respond to salt stress by 
decreasing stomatal conductance to avoid excessive water loss. 
This in turn decreases the internal CO

2
 concentrations (Ci) and 

slows down the reduction of CO
2
 by Calvin cycle. This response 

leads to depletion of the oxidized NADP+, which acts as a final 
acceptor of electrons in PSI, and alternatively increases the leakage 
of electrons to O

2
 forming O-

2
.23 Furthermore, Na+/Cl- toxicity 

resulting from salt stress could disrupt the photosynthetic elec-
tron transport and provoke electron leakage to O

2
.24-26 Second: 

the decrease in Ci slows down the reactions of Calvin cycle and 
induces photorespiration particularly in C3 plants, resulting in 

generated under normal conditions are O-
2
 and H

2
O

2
 perhaps as 

a result of electron leakage from the photosynthetic and respira-
tory electron transport chains to oxygen. Another source of ROS 
(H

2
O

2
) is photorespiration resulting from the oxygenase activity 

of Rubisco. Rates of photorespiration are basically controlled by 
the ratio of [CO

2
] to [O

2
]and temperature. In C3 plants, photo-

respiration constitutes about 20–30% of photosynthesis under 
the current atmospheric conditions at 25°C.11 Contrarily, C4 
plants show lower rates of photorespiration (3.5–6% of photosyn-
thesis) under various environmental conditions due to their CO

2
 

concentrating mechanism.12,13 However, it seems that the levels 
of ROS under normal conditions do not vary largely between C3 
and C4 plants. In a comparative study involving two wheat (C3) 
and two maize (C4) varieties, similar levels of lipid peroxidation 
(resulting from the activity of ROS) were observed.14 This could 
imply that either the actual contribution of photorespiration to 
generation of ROS under normal conditions in C3 plants is less 
than what is expected or C3 plants have higher CAT activity 
than C4 ones, which immediately detoxify H

2
O

2
. It is not pos-

sible to verify this suggestion because CAT activity was not mea-
sured in that study.

Scavenging of ROS Under Normal Conditions

Plants control the concentrations of ROS under normal condi-
tions by an array of enzymatic and non enzymatic antioxidants. 
Constitutive (under non stressful conditions) activity and expres-
sion of various antioxidant enzymes have been reported in C3 and 
C4 plants. Stepien and Klobus14 reported constitutive activities of 
the antioxidant enzymes superoxide dismutase (SOD), ascorbate 
peroxidase (APX) and glutathione reductase (GR) in wheat and 
maize varieties. The constitutive activities of these enzymes were 
higher (up to two-fold) in maize than in wheat although levels of 
lipid peroxidation were the same in both plants. In another study 
on wheat and maize, the constitutive activities of SOD, APX, 
GR, dehydroascorbate reductase (DHAR) and catalase (CAT) as 
well as the contents of H

2
O

2
 and rates of lipid peroxidation were 

largely the same in both plants.15 This difference in the measured 
constitutive activity is obviously due to the genetic background 
of the used varieties and/or experimental setup. Conversely, 
the constitutive activities of SOD, guaiacol peroxidase (POD), 
GR and CAT, have been reported to be higher in the leaves of 
sunflower (C3) than in those of maize (C4), but no consistent 
trend was observed for the activity of these enzymes in the roots. 
Furthermore, the enzyme activity depended largely on the plant 
organ and nitrogen source.16 The available data does not support 
the hypothesis that C4 photosynthesis reduces the generation of 
ROS under normal conditions. Data on the production of ROS 
in obligate CAM plants as compared to C3 or C4 ones is rare if 
at all. Thus, more broad-spectrum comparative studies involving 
C3, C4 and CAM plants are needed in order to evaluate the effect 
of the type of photosynthesis on the production and scavenging 
of ROS under normal conditions (if any) and consequently under 
salt stress.

The constitutive expression of antioxidant enzymes has been 
reported in C3 and C4 plants at mRNA and protein levels.17-21 
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development of CAM in the wild type (but not in the mutant) was 
accompanied by lower SOD activities in the wild type. The con-
clusion was that the lack of CAM in the mutant imposed higher 
oxidative stress that required higher SOD activities.41 However, 
neither growth parameters nor levels of ROS were shown and 
therefore the adaptive significance of CAM shift at whole plant 
level is unclear. Recently, Slesak et al.42 reported that salt stress-
dependent CAM shift was followed by reduction in ROS con-
tents in the leaves of ice plant although there was an increase 
in ROS contents during the C3-CAM transition. The authors 
suggested that the increase in ROS contents during the C3-CAM 
transition is not related to CAM but rather is the product of salt 
stress. The reduction in ROS content after the full development 
of CAM may indicate that CAM produces less ROS compared 
to C3 metabolism,40 although the possibility of CAM-dependent 
increase in antioxidative efficiency by upregulation of SOD can-
not be excluded.43

It seems that CAM may be more effective in reducing oxi-
dative stress compared to C3 and C4 metabolism. This could 
be because CAM is basically and adaptation to low water avail-
ability as well as low cellular CO

2
 concentrations in contrast to 

C4 metabolism in which the plant may benefit from the CO
2
 

concentrating mechanism but at the same time continues losing 
water until it eventually closes the stomata. At this point, C4 may 
not represent an advantage over C3 metabolism in terms of ROS 
generation.

Types of Antioxidant Enzymes Activities Required 
for Proper Antioxidative Defense

The activities of antioxidant enzymes have been studied inten-
sively and yet the significance of these enzymes in salt tolerance 
is still a matter of controversy, because high antioxidant enzymes 
activities have been associated with salt tolerance as well as salt 
sensitivity. This led to the suggestion that genetic differences in 
salt tolerance among plants are not necessarily due to differences 
in the ability to detoxify ROS4 despite the large number of stud-
ies that correlate efficient antioxidative defense to salt tolerance. 
This paradox has probably resulted from, first: the fact that is 
hard to measure ROS contents in plant tissues and in many pub-
lications, enzyme activity measurements were not accompanied 
by ROS contents. In these cases, high antioxidant activities could 
be interpreted as symptoms of oxidative stress or damage (the 
plant upregulates the antioxidant enzymes because it is produc-
ing more ROS). Conversely, high antioxidant activity could be 
interpreted as higher tolerance to oxidative stress (the plant suf-
fers less oxidative stress because it has higher antioxidant activ-
ity). Second: efficient antioxidative defense has often been viewed 
as upregulation of a full set of antioxidant enzymes (SOD, CAT, 
POD, GR, etc.) although each of these enzymes performs a spe-
cific function and its activity should be assigned to a specific role 
in ROS detoxification i.e., efficient antioxidative activity does not 
necessarily mean the strong upregulation of the full set of antioxi-
dant enzymes and vice versa.

Many comparative studies using salt tolerant and sensitive 
genotypes have correlated the salt tolerance to an increase in the 

generation of more H
2
O

2
 in the peroxisome.27-29 Third: the cell 

membrane-bound NADPH oxidase and the apoplastic diamine 
oxidase are supposed to be activated during salt stress and there-
fore contribute to generation of ROS.30-34 Fourth: salt stress 
increases the rates of respiration with the consequence of respira-
tory electron leakage to O

2
.35-37

Practically, it is not possible to determine the contribution of 
each of the above sources to the generation of ROS under salt 
stress. However, photorespiration is strongly induced by salt 
stress in C3 but not in C4 and CAM plants,38 (see above). It 
has been estimated that photorespiration accounts for over 70% 
of the H

2
O

2
 produced under osmotic stress.39 This means that 

photorespiration is expected to be the major source of ROS under 
salt stress. Furthermore, the day-time regeneration of CO

2
 by 

malate decarboxylation in CAM plants has been suggested to 
limit the over-reduction of the photosynthetic machinery under 
water stress and therefore reduce the generation of ROS.40 If this 
is true, then C4 and CAM plants should produce less ROS under 
salt stress as compared to C3 plants.

Experimental data reported by Stepien and Klobus14 on the tol-
erance to oxidative stress in wheat (C3) and maize (C4) indicated 
that maize suffered less oxidative stress as indicated by the levels 
of lipid peroxidation (H

2
O

2
 contents were not shown) under salt 

stress. In that study, varietal differences in the sensitivity to oxida-
tive stress were observed in wheat but not in maize and no data was 
shown on the inherent salt tolerance of the tested varieties (growth 
under salt stress). Moreover, the constitutive and salt stress-induc-
ible activities of SOD, APX and GR were higher in maize. It is 
thus unclear whether the higher tolerance of maize to oxidative 
stress is essentially due to lower production of ROS (perhaps due to 
C4 photosynthesis) or due to higher activities of the antioxidative 
enzymes. There is no evidence to suggest that the higher activi-
ties of antioxidant enzymes in maize are intrinsically related to 
C4 photosynthesis. In their comparative study on sunflower (C3) 
and maize (C4), Rios-Gonzalez et al.16 reported that the activities 
of GR, SOD, POD and CAT were higher in the leaves of sun-
flower than in these of maize under salt stress with 100 mM NaCl. 
However, such high activities did not seem to be essentially due to 
salt stress response but rather were due to the higher constitutive 
activities and the nitrogen source. No consistent responses of the 
root antioxidant enzymes were observed in either plant. Growth 
parameters showed that sunflower was more salt tolerant than 
maize. Although higher activities of antioxidant enzymes in sun-
flower correlated with higher salt tolerance, it is unclear how much 
these activities have contributed to salt tolerance because no data 
on the production of ROS under salt stress was presented. It is 
evident that the available data on the production and scavenging of 
ROS in C3 and C4 plants is insufficient to deliver an unequivocal 
conclusion on the role of antioxidative defense under salt stress in 
both groups of plants. Consequently, the contribution of photo-
respiration to generation of ROS in C3 and C4 plants under salts 
stress should be re-examined more thoroughly.

CAM photosynthesis has been correlated with relief of oxi-
dative stress in the salt-stressed ice plant (Mesembryanthemum 
crystallinum) by comparing the SOD activities in CAM-deficient 
mutant and the wild type after the development of CAM. The 
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whereas loss of activities of these enzymes in the sensitive plants 
led to induction of CAT that coincided with accumulation of 
ROS and growth cessation. Our conclusion was that POD, APX 
and GR are involved in fine regulation of ROS and loss of their 
activities resulted in buildup of ROS to high levels that resulted 
in CAT induction. However, because CAT has low affinity to 
H

2
O

2
 and is unable to bring it down to the physiological levels, 

the plants suffered oxidative stress even in the presence of high 
CAT activity.20 In this case, lower CAT activities correlated to 
salt tolerance simply because large increase in CAT activity was 
not essential as long as POD, APX and GR were imposing tight 
control on H

2
O

2
 concentration. SOD activity was lowest in the 

most salt tolerant mutant that also showed low levels of ROS 
indicating that high SOD activity was not needed.

In their study on cow peas, Cavalcanti et al.56 showed that 
the plants accumulated higher levels of malondialdehyde (MDA, 
indicator of lipid peroxidation) concomitantly with growth retar-
dation under salt stress. POD was induced by salt stress in con-
trast to CAT and SOD that were either inhibited or unchanged 
respectively. The authors concluded that salt sensitivity could be 
due to failure of SOD and CAT to detoxify O-

2
 and H

2
O

2
 pro-

duced from photosynthesis and photorespiration respectively. In 
this case, and contrarily to our findings, lower SOD and CAT 
activities correlated to salt sensitivity. In general, the significance 
of particular activities of ROS scavenging enzymes should be 
interpreted based on the overall plant response to salt stress, the 
cellular levels of ROS and the activities of other enzymes involved 
in ROS scavenging in order to make a precise correlation between 
enzyme activity and plant adaptation.

It appears that induction of ROS generation under salt stress is 
unavoidable in many plants and the scavenging process requires 
a concerted action of ROS detoxifying enzymes. However, the 
relative importance of ROS scavenging process in relation to 
other processes involved in salt tolerance (see introduction) as 
well as the relative importance of each type of activity (SOD, 
CAT, POD, etc.) required for ROS scavenging vary from a plant 
to the other according to the rates of ROS generation and the 
major sources of ROS and consequently the type of the required 
antioxidative activity. Thus, ROS scavenging as a whole may be 
relatively unimportant for plants that generate less ROS under 
salt stress.57 Moreover, salt sensitivity related to oxidative stress 
results from “breaks” in the “weak links” of the ROS detoxifying 
chains.

Non Enzymatic Antioxidants

Scavenging of ROS depends on both enzymatic and non enzy-
matic components. Among the important non enzymatic anti-
oxidants are ascorbate (which acts as a reductant for peroxidases), 
tocopherol and carotenoids. An ascorbate deficient Arabidopsis 
mutant showed higher sensitivity to the oxidative component 
of salt stress compared to the wild type. The mutant had lower 
content of reduced ascorbate, lower activities of monodehy-
droascorbate reductase (MDAR) and dehydroascorbate reductase 
(DHAR), and higher levels of H

2
O

2
, indicating that ascorbate 

can limit ROS scavenging under salt stress.58 Athar et al.59 used 

activity of antioxidant enzymes.44-48 Moreover, overexpression 
of some antioxidant enzymes has been reported to improve the 
salt tolerance.49,50 Contrarily, salt tolerance did not consistently 
depend on higher antioxidant activities.51 Furthermore, a mutant 
of Arabidopsis lacking cytosolic and/or chloroplastic APX iso-
forms has been found to be more salt tolerant than the wild type.5 
This discrepancy concerning the role of ROS detoxification under 
salt stress may have resulted at least in part from (1), the techni-
cal inability to determine the major sources(s) of ROS under salt 
stress and therefore the appropriate antioxidant enzyme required 
and (2), the expectation that ROS scavenging enzymes particu-
larly catalases and peroxidases perform similar functions.

The most common targets of antioxidant enzymes under salt 
stress are O-

2
 and H

2
O

2
.10 O-

2
 is converted to H

2
O

2
 by SOD in 

the chloroplast, mitochondrion, cytoplasm, apoplast and peroxi-
some.52 H

2
O

2
 is detoxified by two groups of enzymes namely: 

catalases and peroxidases. H
2
O

2
 at low concentrations is sug-

gested to play a role in signaling under stress.6,8 Therefore, the 
role of H

2
O

2
-detoxifying enzymes is to impose tight control on 

its cellular concentrations rather than to remove it completely 
(Fig. 1). CAT is known to have lower affinity to H

2
O

2
 than POD 

(mM and µM range respectively). Thus, CAT is suggested to be 
involved in mass scavenging of H

2
O

2
 whereas POD is suggested 

to be involved in fine regulation of H
2
O

2
.10,53-55 Recently, we have 

shown that salt tolerance in barnyard grass (Echinochloa crusgalli) 
mutants depended on higher activities of POD, APX and GR, 

Figure 1. Main intracellular sites of ROS generation under salt stress. 
The possible preventive antioxidative mechanisms are shown in italic in 
each cell organelle. Question marks mean the mechanism needs more 
evidence. The generated ROS are regulated by the action of different 
enzymes as indicated. The ROS concentrations in excess of normal 
steady state level work as signal to induce the defense mechanisms. 
Other sites of ROS generation (cell wall, etc.) are not shown for the 
sake of simplicity.
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contrasting salt and drought tolerance. The expression of two 
AOX genes was not detectable under control or salt stress, while 
that of a third gene (VuAox2b) showed no consistent response to 
salt stress at mRNA and protein levels as related to whole plant 
salt tolerance.66 Although AOX is expected to play a role in pre-
venting ROS generation, the relationship between its activity and 
stress response is unclear presumably because it is under tran-
scriptional and post transcriptional regulation involving other 
factors than oxidative stress.67 More information is needed to 
understand the role of AOX in controlling the generation of ROS 
under salt stress.

Another preventive strategy involves modifying the capac-
ity of Photosystem II and I to capture light energy. Malkin and 
Niyogi68 suggested a model for regulation of energy capture and 
distribution between photosystem II and I. In this model, part of 
the light harvesting complex II (LHC-II), which works as aux-
iliary antenna for photosystem II, is phosphorylated when the 
plastoquinone, which works as a mobile electron carrier between 
PSII and I, pool is over-reduced (a situation that is also likely to 
occur under salt stress). Upon phosphorylation, LHC-II migrates 
away from the stacked granal membranes (where PSII is located) 
thereby decreasing the energy capture by PSII. Dephosphorylation 
and back migration of LHC-II occurs when the plastoquinone 
pool is not over-reduced. However, the validity of this model and 
its significance under salt stress await evidence.

Concluding Remarks and Future Prospects

Generation of ROS seems to be unavoidable under normal condi-
tions as evidenced by the constitutive expression and activity of 
antioxidant enzymes in almost all studied plants so far. C3, C4 
and CAM plants are supposed to vary in terms of ROS genera-
tion under salt stress. However, the available data indicates that 
C3 and C4, but not CAM, plants are more or less equally sub-
ject to salt stress-induced oxidative stress. More broad-spectrum 
investigations using C3, C4 and CAM plants with contrasting 
salt tolerance are required to verify the role of photosynthesis 
versus the salt tolerance background of the plant in controlling 
ROS generation under salt stress. Although green plants share the 
mechanisms of ROS generation under salt stress, some plants are 
known to produce less ROS. Intensive studies are also needed to 
reveal the underlying mechanisms of this phenomenon particu-
larly the role of AOX.

exogenous ascorbic acid to alleviate the oxidative stress in wheat 
subjected to salinity stress. This indicates that steady state con-
tents of ascorbate may not be enough for efficient antioxidative 
defense under salt stress and its de novo synthesis may be neces-
sary. Tocopherol is located in cell membranes and plays an impor-
tant role in the scavenging of lipid peroxyl radicals. It has been 
shown to accumulate in plants subjected to oxidative stress.60,61 
Carotenoids are known to quench singlet oxygen and minimize 
its formation by receiving excess energy from the excited chloro-
phyll.62 However, the contribution of carotenoids to ROS scav-
enging under salt stress is unclear since it has been reported that 
their contents generally decrease in response to salt stress.63

Preventive Antioxidative Defense

It is surprising that plants vary in their ability to produce ROS 
under salt stress although they share the mechanisms of ROS 
generation. One reason for this variation may be the deploy-
ment of physiological preventive antioxidative mechanisms that 
could minimize the generation of ROS (Fig. 1). Among these 
mechanisms is the shift from C3 to CAM that has been shown 
to reduce the oxidative load under salt stress (see above). Based 
on their properties, carotenoids could play a role in preventive 
antioxidative defense, but more investigation is needed to verify 
this suggestion.

Alternative oxidases (AOXs) are a group of enzymes that can 
divert electrons from electron transport chains in the mitochon-
dria and chloroplasts and use them to reduce O

2
 into water. By 

doing so, AOXs exhaust the intracellular oxygen as well excess 
electrons and thereby contributes to reducing the generation of 
O-

2
 (reviewed in ref. 9). AOXs are expressed under normal condi-

tions but can be further induced by stress treatments (reviewed 
in ref. 64). The lower capacity of plant mitochondria to produce 
ROS compared to the chloroplasts has been attributed to AOX 
activity.8,65 Giraud et al.64 reported that Arabidopsis mutant 
lacking alternative oxidase1a (aox1a) showed acute sensitivity to 
drought and light stress. The authors showed that the effect of 
the mutation was not limited to the mitochondria where AOX 
is located but rather involved the regulation of many other genes 
involved in the stress response, indicating that AOX plays a role in 
controlling the steady state level of ROS in the cell. However, the 
expression of different AOX genes at mRNA and protein levels 
has been studied in the roots of Vigna unguiculata cultivars with 
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