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Abstract

Role of superoxide dismutase isozymes and other antioxidant enzymes was studied in relation to leaf age in sunflower
(Helianthus annuus L. cv. ACC 1508) at pre-flowering and grain filling stages. Relative water content (RWC) did not
change much in leaves of different age and at the two stages. Protein content declined continuously from the youngest to
the oldest leaf, while chlorophyll (Chl) and carotenoids (Car) contents increased down to 7%/9" leaf and declined in
subsequent older leaves. Protein, Chl and Car contents were higher at pre-flowering than at seed filling stage.
Superoxide dismutase (SOD), its isozymes, and ascorbate peroxidase (APO) and catalase (CAT) activities were highest
in the 9™ leaf and declined in subsequent older leaves. SOD and APO activities were higher at seed filling, except in
oldest senescent (13", 15™) leaves. Among SOD isozymes, Cu/Zn-SOD and Mn-SOD activities accounted for most of
the total SOD, and only marginal activity was observed for Fe-SOD. Peroxidase activity increased from youngest to the
oldest leaf at pre-flowering stage and down to 13™ leaf at seed filling stage.
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Introduction

‘In plants, senescence symptoms include loss in
chlorophyll, carotenoids, proteins, and increase in lipid
peroxidation and membrane injury, all of which lead to
decrease in photosynthetic capacity (Thompson et al.
1987). Senescence associated cell damages have been
linked to increase in reactive oxygen species (ROS) such
as superoxide radical (O,"), hydrogen peroxide (H,O,)
and hydroxyl radical (OH) (e.g. Thompson et al. 1987,
Prochazkova et al. 2001). Enzymes superoxide dismutase
(SOD) (EC 1.15.1.1), ascorbate peroxidase (APO)
(EC 1.11.1.11), glutathione reductase (GR) (EC 1.6.4.2),
dehydro-ascorbate reductase (DHAR) (EC 1.8.5.1) and
catalase (CAT) (EC 1.11.1.6) are important scavengers of
ROS in plants (Asada 1992, Bowler et al. 1992, Foyer
1993, Scandalios 1993). Susceptibility of a plant to
oxidative stress may depend on the over all balance
between factors that increase oxidant generation and
those cellular components that exhibit an antioxidant
capability (Foyer et al. 1994). Activities of various
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antioxidant enzymes are known to increase in response to
drought (Menconi et al. 1995, Zhang and Kirkham 1996,
Sairam and Saxena 2000, Sairam and Srivastava 2001),
high temperature (Upadhyaya et al. 1990, Sairam et al.
2000), low temperature/chilling (Anderson et al. 1995,
Doulis et al. 1997, Scebba er al. 1999) and salinity
(Hernandez et al. 1994, 1995, 1999, 2000). Contents of
ROS are known to increase during leaf senescence, and
therefore, it is possible that these changes are associated
with lowered antioxidant enzyme activity. There are
reports suggesting, both an increase in various
antioxidant enzymes (Bueno and del Rio 1992, del Rio
et al. 1992) as well as a decrease in the activity of these
enzymes (Dhindsa et al. 1981, Hurng and Kao 1994)
during senescence.

The objective of the present investigation has been to
study different isozymes of superoxide dismutase and
other antioxidant enzymes in sunflower leaves of
different ages.

Abbreviations: APO - ascorbate peroxidase; Car - carotenoids; CAT - catalase; Chl - chlorophyll; POX - peroxidase; ROS - reactive
oxygen species; RWC - relative water content; SOD - superoxide dismutase.

Fax: (+91) 011 25738766, e-mail: rks_ppl@yahoo.co.uk

61



R.K. SAIRAM et al.

Materials and methods

Sunflower (Helianthus annuus 1.) cv. ACC 1508 was
sown in cemented pots filled with clay loam soil and farm
yard manure in 6:1 ratio on 11 July 2000. Normal
recommended culture practices were followed. Samples
from leaves of different age from the top (1%, 3, 5%, 7%,
ot 11% 13% and 15"‘) were collected in quadruplicate at
two stages. Each sample (replicate) was assayed twice,
and all data are mean of 8 observations. First sampling
was done at the stage of fully developed unopened flower
bud, referred as pre-flowering stage and the other 10 d
after 100 % anthesis, referred to as seed filling stage.
Samples were collected between 09:30 and 10:30. For
enzyme essays the washed leaves were dipped in liquid
nitrogen to prevent proteolytic degradation of proteins;
while other estimations were done in fresh leaf samples.

Leaf relative water content (RWC) was estimated by
recording the saturated mass (SM) of 0.5 g fresh leaf
samples by keeping in water for 4 h, followed by drying
in hot air oven till constant dry mass (DM) is achieved
(Whetherley 1950):

RWC = [(FM - DM)/(SM - DM)] x 100

Chlorophyll and carotenoids contents were estimated
by extracting 0.05 g of the leaf material in 10 cm™
dimethylsulfoxide (DMSO) (Hiscox and Israelstam
1979). The samples were heated at 65 °C for 4 h and then
the absorbance was recorded at 665, 645 and 480 nm
spectrophotometrically  (Systronics-166, Ahmedabad,
India). Chlorophyll and carotenoids contents were
calculated as per Arnon (1949) and Lichtenthaler and
Wellburn (1983). Soluble protein content was estimated
as per Lowry et al. (1951) using bovine serum albumin as
standard.

Enzyme extract for SOD, APO, POX, and CAT was
prepared by freezing the leaf samples (1 g) in liquid
nitrogen followed by grinding with 10 cm® extraction
buffer (0.1 M phosphate buffer, pH 7.5, containing
0.5 mM EDTA and 1 mM ascorbic acid). Brie was passed
through 4 layers of cheesecloth and filtrate was
centrifuged at 15 000 g for 20 min and the supernatant
was used as enzyme extract.

SOD activity was estimated by following prevention
of an increase in Asg due to the formation of formazon
by superoxide anion with nitroblue tetrazolium chloride
(Dhindsa et al. 1981). Three cm’ of the reaction mixture
contained 13 mM methionine, 25 mM nitroblue
tetrazolium chloride (NBT), 0.1 mM EDTA, 50 mM

Results
Relative water content (RWC) (Fig. 14) did not vary

much both at the two stages as well as in leaves of
different age. However, slightly higher RWC was
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phosphate buffer (pH 7.8), 50 mM sodium carbonate and
0.1 cm® enzyme. Reaction was started by adding 2 uM
riboflavine and placing the tubes under two 15 W
fluorescent lamps for 15 min. A complete reaction
mixture without enzyme, which gave the maximal colour,
served as control. Reaction was stopped by switching off
the light and putting the tubes into dark. A non-irradiated
complete reaction mixture served as a blank. To
distinguish SOD isoforms, Cu/Zn-SOD, Fe-SOD and
Mn-SOD, the sensitivity of Cu/Zn-SOD to cyanide
(3 mM), and Cw/Zn-SOD and Fe-SOD to hydrogen
peroxide (5 mM) were used, whereas Mn-SOD is
unaffected (Yu and Rengel 1999). Separate controls
(lacking enzymes) were used for total SOD and inhibitor
studies. The absorbance was recorded at 560 nm, and one
unit of enzyme activity was taken as that amount of
enzyme, which reduced the absorbance reading to 50 %
in comparison with tubes lacking enzyme.

Ascorbate peroxidase was assayed by recording the
decrease in absorbance due to ascorbic acid oxidation at
290 nm (Nakano and Asada 1981). The 3 c¢m’ reaction
mixture contained 50 mM potassium phosphate buffer
(pH 7.0), 0.5 mM ascorbic acid, 0.1 mM EDTA, 1.5 mM
H,0, and 0.1 cm® enzyme, The reaction was started with
the addition of hydrogen peroxide. Absorbance was
measured at 290 nm in a UV-visible spectrophotometer
(model M 36, Beckman, USA).

Catalase activity was assayed by estimating residual
hydrogen peroxide by forming titanium-hydroperoxide
complex (Teranishi et al. 1974). The 3 cm’ reaction
mixture contained 0.1 mM phosphate buffer (pH 7.0),
6 mM H,0,; and 0.2 cm® enzyme extract. The reaction
was stopped after 5 min by the addition of 2 cm® of
titanium reagent, which also formed yellow titanium-
hydroperoxide complex with residual hydrogen peroxide.
After 30 min aliquot was centrifuged at 10 000 g for
10 min. Absorbance of supernatant was recorded at
410 nm.

Peroxidase activity was assayed as increase in
absorbance due to the formation of tetra-guaiacol
(Castillo et al. 1984). The 3 cm’® reaction mixture
contained 16 mM guaiacol, 2 mM H,0,, 70 mM
phosphate buffer (pH 6.1) and 0.1 cm’® enzyme extract
diluted 10 times. Absorbance due to the formation of
tetraguaiacol was recorded at 470 nm.

Results were analyzed by analysis of variance and
standard error of mean was calculated.

recorded in the fully mature (7*) leaf from the top, and
decreased in the lower leaves.
Protein content (Fig. 1C) was highest in the youngest



(1*) leaf, and decreased gradually in the older leaves,
minimum being in the lowest pale-green (15™) leaf.
Protein content was higher at pre-flowering stage in all
the leaves as compared to seed filling stage.

Total chlorophyll (Chl) content (Fig. 1B) increased
from youngest (1%) leaf to the 7™ and 9" leaves at pre-
flowering and seed filling stages respectively, except for
a dip in the 5™ leaf at both the stages. From seventh/ninth
leaf onward their Chl content decreased gradually, with
the lowest Chl content recorded in the bottom leaf (15™).
Chl content in all the leaves was significantly higher at
pre-flower opening stage than the seed filling stage.

ANTIOXIDANT ENZYMES IN LEAVES OF DIFFERENT AGES

stage than the seed filling stage (Fig. 1D). At pre-
flowering stage maximum Car content was observed in
the 7" leaf, followed by gradual decline in subsequent
leaves. At seed filling stage the Car content was highest
in the 3" leaf, while 5", 7" and 9" leaves showed no
differences in Car content, followed by decrease in lower
leaves.

Total SOD activity (Fig. 24) from 1* to 11™ leaves
was higher at seed filling stage than at pre-ﬂowerin%
stage, however the decrease in activity in 13" and 15'
leaves was more steep at seed filling stage, and the
activity in the last two leaves was lower than observed at

Carotenoid (Car) content was higher at pre-flowering pre-flower opening stage. The peak of SOD
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Fig. 1. Relative water content (4), chlorophyll content (B), protein content (C), and content of carotenoids (D) in different leaves of
sunflower at various stages of development. Vertical bars indicate SE of mean (n = 8).
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Fig. 2. Activity of total superoxide dismutase (SOD) (4), Mn-SOD (B), Cu/Zn-SOD (C) and Fe-SOD (D) in different leaves of
sunflower at various stages of development. Vertical bars indicate SE of mean (n = 8).
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activity at seed filling stage observed in the 9™ leaf was
higher than the peak activity observed in the 7% leaf at
pre-flower opening stage.

Mn-SOD activity did not vary significantly at the two
stages (Fig. 2B). The activity was higher in the 7%, 9™ and
117 leaves with decline on both sides, i.e., in very young
and older leaves. The activity was slightly higher at seed
filling stage in all the leaves. Cu/Zn-SOD activity (Fig.
2C) was significantly higher at seed filling stage in most
of the leaves, except in 1% and 15" leaves where it was
slightly higher at pre-flowering stage but the differences
were non-significant. At both the stages Cu/Zn-SOD
activity increased till the 9" leaf, which showed peak
activity, followed by a decline in subsequent lower
leaves. Fe-SOD activity (Fig. 2D) was lowest of the three
SOD isoforms. However, the activity was marginally
higher at seed filling stage, and the 7% leaf expressed
higher activity than the younger and older leaves at both
the stages.

APO activity increased from youngest (1¥) leaf to
7%/9" leaf at pre-flowering and seed filling stages
respectively (Fig. 34), and thereafter declined to lowest
in the bottom leaf (15™) at both the stages. From 1% to
11" leaf higher activity was recorded at seed filling stage,
while in 13™ and 15" leaves activity was higher at pre-
flower opening stage.

CAT activity (Fig. 3B) also increased up to 9" leaf at
both the stages, followed by gradual decline in activity in
subsequent lower leaves. The differences in CAT activity
at the two stages were non-significant, the two stages
overlapping each other, except in 9™ and 11", which
showed more activity at pre-flower opening stage.

POX activity continued to increase from youngest leaf
down to 15" leaf at pre-flower opening stage, and to 13™
leaf at seed filling stage (Fig. 3C). There were

Discussion

Protein content decreased continuously from youngest
leaf to the oldest one, suggesting that protein turnover
rate, ie, synthesis/degradation was more towards
degradation. This could be due to a continuous and linear
increase in oxidative stress from young leaf to oldest leaf.
Prochazkova et al. (2001) have reported a linear increase
in H,O, accumulation and lipid peroxidation in flag leaf
of maize with age. Chl and Car contents on the other
hand increased from the youngest leaf (1%) to mature
(7"/9") leaves and decreased there after, indicating the
onset of senescence. The lower Chl and Car contents in
leaves of different ages at seed filling stages indicate that
senescence has already set in at seed filling stage. Loss in
pigment and protein contents with ageing has been
reported by various workers (Dhindsa et al. 1981, Olsson
1995, Prochazkova et al. 2001), and might be associated
with an increased production of ROS and lipid
peroxidation (Dhindsa ef al. 1981, Hurng and Kao 1994,
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non-significant differences in POX activity for 1* and 3™
leaves at pre-flower opening and seed filling stages, but
from 5™ to 13" leaf significantly higher POX activity was
observed at seed filling stage, while 15" (senescent) leaf
showed more activity at pre-flower opening stage.
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Fig. 3. Ascorbate peroxidase (4), catalase (B), and peroxidase
(C) activity in different leaves of sunflower at various stages of
development. Vertical bars indicate SE of mean (n = 8).

Ye et al. 2000, Prochazkova et al. 2001).

The antioxidant enzymes such as SOD, APO and
CAT activities increased from youngest (1¥) leaf to the
mature (7%/9™) leaf and declined thereafter, with lowest
activity being observed in oldest (15™) leaf. Increases in
SOD and CAT activities followed by decline in older
leaves have been reported in tobacco (Dhindsa et al
1981), Arabidopsis thaliana (Ye et al. 2000) and pea
(Olsson 1995). Ascorbate peroxidase (APO) is the major
enzyme responsible for the scavenging of hydrogen
peroxide during water stress (Ye e al. 2000, Sairam and
Saxena 2000). Catalase (CAT) is also involved in H,O,
scavenging during stress (Anderson et al. 1995, Comba et
al. 1998). Higher SOD, APO and CAT activity in mature
leaves (7™ to 9") and specifically at seed filling stage
might be in response to increased oxidative stress due to
higher respiratory rates and energy metabolism
requirement at these stages (Aharoni and Lieberman



1979, Dunaeva and Galeeva 1980). Inanaga and Kumura
(1974) reported higher respiration rate 44 d after
flowering in Brassica napus, which declined at
subsequent stages. Similarly Fukushima et al (1993)
observed higher respiration rate in bolted radish plant
than in non-bolted ones, indicating higher energy
requirements at bolting stage.

Among the SOD isoforms, Cu/Zn-SOD and Mn-SOD
showed higher activity then the Fe-SOD, which showed
very rudimentary activity. Mn-SOD is primarily located
in mitochondria with some activity also reported in
peroxisomes (Hernandez et al. 1993, Gomez et al. 1999,
Sandalio er al 1987, del Rio et al. 1998). Increases in
Mn-SOD activity in mature leaves (7™, 9th), especially at
seed filling stage might primarily be triggered by
increased oxidative stress experienced in mitochondria
due to enhanced respiratory rate. Cu/Zn-SOD has been
reported from cytosol, chloroplast and mitochondria
(Hemandez et al. 1999, 2000, Sehmer and Dizengremel
1998). 1t is natural that chloroplastic Cu/Zn-SOD would
be induced by conditions prevailing in chloroplast, ie.,
increased oxidative stress at photosystem 1 due to
drought, high temperature, efc. However, under
conditions of negligible environmental stress it is
plausible that rise in Cu/Zn-SOD activity in mature
leaves (7™, 9th), especially at seed filling stage was not
due to chloroplastic Cu/Zn-SOD but due to mitochondrial
Cu/Zn-SOD. Sairam and Srivastava (2002) have reported
salinity induced increase in mitochondrial Cu/Zn-SOD
activity. Prochézkova et al. (2001) reported gradual
increase in Mn-SOD and Cu/Zn-SOD activity, the former
being higher, in flag leaf of maize up to 25 to 30 d after
tasselling, followed by decline at subsequent stages.

On the other hand, POX showed very low activity

References

Aharoni, N., Lieberman, M.: Patterns of ethylene production in
senescing leaves. - Plant Physiol. 64: 796-800, 1979.

Anderson, M.D., Prasad, T.K. Stewart, C.R.: Changes in isozyme
profiles of catalase, peroxidase and glutathione reductase
during acclimation to chilling in mesocotyls of maize
seedlings. - Plant Physiol. 109: 1247-1257, 1995.

Arnon, D.I.: Copper enzymes in isolated chloroplasts.
Polyphenol oxidase in Beta vulgaris. - Plant Physiol. 24: 1-
15, 1949.

Asada, K.. Ascorbate peroxidase — a hydrogen peroxide
scavenging enzyme in plants. - Physiol. Plant. 55: 235-241,
1992.

Bowler, C., Van Montague, M. Inze, D.: Superoxide dismutase
and stress tolerance. - Annu. Rev. Plant Physiol. Plant mol.
Biol. 43: 83-116, 1992.

Bueno, P., Del Rio, L.A.: Purification and properties of
glyoxysomal cuperozinc superoxide dismutase from
watermelon (Citrullus vulgaris Scrad.). - Plant Physiol. 98:
331-336, 1992.

Castillo, F.L, Penel, 1., Greppin, H.: Peroxidase release induced
by ozone in Sedum album leaves. - Plant Physiol. 74: 846-

ANTIOXIDANT ENZYMES IN LEAVES OF DIFFERENT AGES

from 1% to 9™ leaf at both stages, and increased thereafter.
The increase in POX activity towards the later stages of
senescence could primarily be due to its role in the
peroxidation of cell wall polysaccharides to generate
phenoxy compounds (Greppin et al. 1986).

The results suggest that SOD (Mn-SOD and Cu/Zn-
SOD), APO and CAT follow a pattern similar to the
pattern of Chl and Car contents in different leaves. This
means that in younger leaves the oxidative stress is
minimum and the antioxidant demand is also low. Chl
and Car contents increased to a peak in 7" - 9™ leaves
which also showed the highest antioxidant enzyme
activities. The decline in SOD, APO and CAT activity in
subsequent older leaves is associated with a parallel
decline in pigment contents, reflecting an enhanced
senescence due to lower antioxidant activity. It has been
reported that responses of plant are result of a balance
between oxidative stress and antioxidant activity (Foyer
et al. 1994). It is, therefore natural that increasing
oxidative stress normally experienced in mature and older
leaves (Dhindsa et a/. 1981, Hurng and Kao 1994, Ye
et al. 2000, Olsson 1995, Prochazkova et al. 2001), and
decrease in antioxidant activity would result in
degeneration of cell macromolecules and pigments, and
resultant senescence.

From the foregoing discussion it can be concluded
that antioxidant enzymes such as SOD, APO and CAT
play an important role in the regulation of senescence
processes. Secondly it seems quite plausible to assume
that much of the increase in SOD activity observed in
mature (7%/9") leaves could be increase in mitochondrial
SOD. However, this aspect needs further experi-
mentation.

851, 1984.

Comba, M.E., Benavides, M.P., Tomaro, M.L.: Effect of salt stress
on antioxidant defence system in soybean root nodules. - Aust.
J. Plant Physiol. 25: 665-671, 1998.

Del Rio, L.A., Sandalio, L.M., Palma, J.M., Bueno, P., Corpas,
F.J.: Metabolism of oxygen radicals in peroxisomes and
cellular implications. - Free Radical Biol. Med. 13: 557-
580, 1992.

Del Rio L.A., Pastori, G.M., Palma, J.M.,, Sandalio, L.M., Sevilla,
F., Corpas, F.J, Jimenez, A., Lopez-Huertas, E., Hemandez,
J.A.: The activated oxygen role of peroxisomes in senescence.
- Plant Physiol. 116: 1195-1200, 1998.

Dhindsa, R.A., Plumb-Dhindsa, P., Thorpe, T.A.: Leaf
senescence: Correlated with increased permeability and
lipid peroxidation, and decreased levels of superoxide
dismutase and catalase. - J. exp. Bot. 126: 93-101, 1981.

Dunaeva, S.E., Galeeva, A.Z.: [Changes in some photosynthetic
characteristics of the flag leaf of wheat in the process of its
senescence.] - Tr. prikl. Bot. Genet. Selek. 67: 30-37, 1980.
[In Russ.]

Doulis, A., Debian, N., Kingston-Smith, A.H., Foyer, C.H.:

65



R.K. SAIRAM et al.

Characterization of chilling sensitivity in maize. L
Differential localization of antioxidants in maize leaves. -
Plant Physiol. 114: 1031-1037, 1997.

Foyer, C.H.: Ascorbic acid. - In: Alscher, R.C., Hess, J.L. (ed.):
Antioxidants in Higher Plants. Pp. 31-58. CRC Press, Boca
Raton 1993.

Foyer, C.H., Descourvieres, P., Kunert, K.J.: Protection against
oxygen radicals: an important defence mechanism studied in
transgenic plants. - Plant Cell Environ. 17: 507-523, 1994.

Fukushima, T., Murayama, H., Katoh, C.: Effect of bolting on
post-harvest chlorophyll degradation of Japanese radishes. -
J. jap. Soc. hort. Sci. 61: 933-939, 1993.

Greppin, H., Penel, C., Gaspar, T. (ed.).. Molecular and
Physiological Aspects of Plant Peroxidases. - Geneva
University, Geneva 1986.

Gomez, ] M., Hernandez, J.A., Jimenez, A., Del Rio, L.A., Sevilla,
F.. Differential response of antioxidant enzymes of
chloroplasts and mitochondria to long term NaCl stress of pea
plants. - Free Radical Res. 31 (Suppl.): 11-18, 1999.

Hernandez, J.A., Campillo, A., Jimenez, A., Alarcon, J.J. Sevilla,
F.: Response of antioxidant systems and leaf water relations to
NaCl stress in pea. - New Phytol. 141: 241-251, 1999. ‘

Hernandez, J.A., Corpas, F.J., Gomez, M., Del Rio, L.A. Sevilla,
F.: Salt induced oxidative stress mediated by activated oxygen
species in pea leaf mitochondria. - Physiol Plant. 89: 103-110,
1993.

Hernandez, J.A., Del Rio, L.A., Sevilla, F.. Salt stress induced
changes in superoxide dismutase isozyme in leaves and
mesophyll protoplast from Vigna unguiculata (L) Walp. - New
Phytol. 126: 37-44, 1994.

Hernandez, J.A., Jimenez, A., Mullinecaux, P., Sevilla, F.:
Tolerance of pea (Pisum sativum L.) to long term salt stress is
associated with induction of antioxidant defences. - Plant Cell
Environ. 23: 853-862, 2000.

Hernandez, J.A., Olmos, E., Corpas, F.J., Sevilla, F., Del Rio,
L.A.: Salt induced oxidative stress in chloroplast of pea plants.
- Plant Sci. 105: 151- 167, 1995.

Hiscox, J.D., Israelstam, G.F.: A method for extraction of
chlorophyll from leaf tissue without maceration. - Can. J.
Bot. 57: 1332-1334, 1979.

Hurng, W.P,, Kao, C.H.: Lipid peroxidation and antioxidative
enzymes in senescing tobacco leaves during post flooding. -
Plant Sci. 96: 41-44, 1994.

Inanaga, S., Kumura, A.:. Studies on (dry) matter production of
the rape plant (Brassica napus L.) 1. Changes with growth
in rates of photosynthesis and respiration of rape population.
- Proc. Crop Sci. Soc. Jap. 43: 261-266, 1974.

Lichtenthater, H.K., Wellburn, W.R.: Determination of total
carotenoids and chlorophylls a and b of leaf extracts in
different solvents. - Biochem. Soc. Trans. 11: 591-592,
1983.

Lowry, O.H., Rosenbrough, N.J., Farr, Al, Randal, RJ.:
Protein measurement with Folin-phenol reagent. - J. biol.
Chem. 193: 265-275, 1951.

Menconi, M., Sgherri, C.L.M., Pinzino, C., Navari-Izzo, F.:
Activated oxygen production and detoxification in wheat
plants subjected to a water deficit programme. - J. exp. Bot.
46: 1123-1130, 1995.

66

Nakano, Y., Asada, K.: Hydrogen peroxide is scavenged by
ascorbate specific peroxidase in spinach chloroplasts. - Plant
Cell Physiol. 22: 867-880, 1981.

Olsson, M.: Alteration in lipid composition and antioxidative
protection during senescence in drought stressed plants and
non-drought stressed plants of Pisum sativum. - Plant
Physiol. Biochem. 33: 547-553, 1995.

Prochazkova, D., Sairam, R.K., Srivastava, G.C., Singh, D.V_:
Oxidative stress and antioxidant activity as the basis of
senescence in maize leaves. - Plant Sci. 161: 765-771, 2001.

Sairam, R.K., Srivastava, G.C.: Water stress tolerance of wheat
(Triticum aestivum L.). Variations in hydrogen peroxide
accumulation and antioxidant activity in tolerant and
susceptible genotypes. - J. Agron. Crop Sci. 186: 63-70,
2001.

Sairam, R.K, Srivastava, G.C. Saxena, D.C.. Increased
antioxidant activity under elevated temperature: a
mechanism of heat stress tolerance in wheat genotypes. -
Biol. Plant. 43: 245-251, 2000.

Sairam, R.K., Saxena, D.C.: Oxidative stress and antioxidants in
wheat genotypes: Possible mechanism of water stress
tolerance. - J. Agron. Crop Sci. 184: 55-61, 2000.

Sandalio, L.M., Palma, JM., del Rio, L.A.: Localization of
manganese-superoxide dismutase in peroxisomes isolated
from Pisum sativum L. - Plant Sci. 51: 1-8, 1987.

Scandalios, J.G.: Oxygen stress and superoxide dismutase. -
Plant Physiol. 101: 7-12, 1993.

Scebba, F., Sabastiani, L., Vitagliano, C.: Protective enzymes
against activated oxygen species in wheat (Triticum
aestivum L.) seedlings. Response to cold acclimation. - J.
Plant Physiol. 155: 762-768, 1999.

Sehmer, L., Dizengremel, P.. Contribution to subcellular
localization of superoxide dismutase isoforms of spruce
needles and oak leaves. - J. Plant Physiol. 153: 5-6, 1998.

Teranishi, Y., Tanaka, A. Osumi, M., Fukui, S.: Catalase activity
of hydrocarbon utilizing candida yeast. - Agr. biol. Chem. 38:
1213-1216, 1974.

Thompson, J.E., Legge, R.L., Barber, R.L.: The role of free
radicals in senescence and wounding. - New Phytol. 105:
317-334, 1987.

Upadhyaya, A., Davis, T.D., Larsen, M.H, Waker. R.H.,
Sankhla, N.: Uniconazole-induced thermo-tolerance in
soybean seedling root tissues. - Physiol. Plant. 79: 78-84,
1990.

Whetherley, P.E.: Studies in the water relations of cotton plants. 1.
The field measurement of water deficit in leaves. - New
Phytol. 49: 81-87, 1950.

Ye, Z., Rodriguez, R., Tran, A., Hoang, H., de los Santos, D.,
Brown, S., Vellanoweth, R.L.: The developmental transition
to flowering repress ascorbate peroxidase activity and
induces enzymatic lipid peroxidation in leaf tissue in
Arabidopsis thaliana. - Plant Sci. 158: 115-127, 2000.

Yu, Q., Rengel, Z.: Drought and salinity differentially influence
activities of superoxide dismutase in narrow-leafed lupines.
- Plant Sci. 142: 1-11, 1999.

Zhang, I., Kirkham, M.B.: Antioxidant responses to drought in
sunflower and sorghum seedlings. - New Phytol. 132: 361-
373, 1996.



