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Abstract The impact of submergence on the photosynthesis and antioxidant capacities in three Indica rice cultivars
namely FR 13A, IR 42, and Sabita having differential response to flooding were examined under 8 days (d) of complete
submergence and subsequent re-aeration for 24 h. All upon three genotypes showed inhibition of CO, photosynthetic rate
due to complete submergence; this was accompanied with the decrease in the Rubisco activity, stomatal conductance (g;),
and leaf chlorophyll (Chl) content. These parameters decreased further after 24 h of re-aeration. The decrease was more
pronounced in sensitive cultivar, IR 42, and elongating type cultivar, Sabita. Sensitivity of elongating type cultivar under
complete submergence was alike to submergence sensitive type cultivar. The activities of antioxidant enzymes such as
superoxide dismutase, catalase, guaiacol peroxidase, ascorbate peroxidase, dehydroascorbate reductase, and glutathione
reductase and levels of ascorbate were found to be significantly high in tolerant cv. FR 13A during submergence and
subsequent re-aeration period. This study indicates that the suppression of CO, photo-assimilation under submergence was
not only due to decrease of g, and leaf chlorophyll content but mainly due to the inhibition of rubisco activity. A greater
protection of the photosynthetic system was observed through antioxidant system, since the degree of protection was more,
when the levels of ascorbate and the activities of antioxidant enzymes were high.
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Abbreviations

APX: Ascorbate peroxidase (EC 1.11.1.11); CAT: Catalase (EC 1.11.1.6); Chl: Chlorophyll; CPK: Creatine
phosphokinase; cv: Cultivar; d: Days; DCPIP: 2,6-Dichlorophenol indophenols; DHAR: Dehydroascorbate reductase
(EC 1.8.5.1); DNPH: 2,4-Dinitrophenyl hydrazine; DTT: Dithiothreitol; FW: Fresh weight; GAPDH: Glyceraldehydes-3-
phosphate dehydrogenase; GPX: Guaiacol peroxidase (EC 1.11.1.7); GR: Glutathione reductase (EC 1.6.4.2); g,: Stomatal
conductance; HEPES4: 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid; MDA: Malondialdehyde; PGK: 3-
Phosphoglyceric phosphokinase; Rubisco: Ribulose 1,5-bisphosphate carboxylase/oxygenase; RUBP: Ribulose 1,5-
bisphosphate; SOD: Superoxide dismutase (1.15.1.1); TBA: Thiobarbituric acid
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together with some elongating ability [4, 30, 32]. Is the
extent of injury caused by complete submergence is alike
both in tolerant and elongating type rice cultivars? Recent
discovery of SUB1 QTL from FR13A have given impetus
in developing cultivars tolerant to complete submergence
and associated tolerance mechanism studies [14, 32].
Besides, the genetic makeup the extent of injury caused by
complete submergence is also depend on floodwater con-
ditions, particularly its temperature, turbidity, and the
extent of light penetration [10]. The 10*-fold reduction in
diffusion of gases in water relative to air limits the exchange
of carbon dioxide and oxygen necessary for photosynthesis
and respiration [23]. When rice plants are subjected to flash
floods they should adapt themselves to two drastic envi-
ronmental changes: the changes from aerobic to hypoxic
condition during complete submergence and the subsequent
changes from hypoxic to aerobic conditions when the flood
water recedes. The visual damage caused by the submer-
gence is generally not apparent immediately but develops
soon after the water level recedes after complete submer-
gence [11]. It is generally assumed that submergence causes
closure of stomata and impairs gas exchange and CO,
assimilation further it induces photo bleaching of chloro-
phylls due to oxidative stress [12, 22, 31]. Flooding/sub-
mergence and re-oxygenation can induce oxidative stress
causing an increased production of reactive oxygen species
(ROS) [12, 36]. Submergence promotes rapid accumulation
of ROS, which function as signaling molecules to trigger
diverse acclimation responses to the stresses [14]. Plants
have active oxygen-scavenging systems consisting of sev-
eral antioxidant enzymes and some low molecules of non
enzyme antioxidants, which can neutralize the free radicals
and thus retard the progress of many injuries associated with
oxidative stress and ROS [9]. Among all the antioxidant
enzymes, superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), guaiacol peroxidase (GPX),
glutathione reductase (GR), and dehydroascorbate reduc-
tase (DHAR) play key roles protecting plants from oxida-
tive stress damage [3]. It is generally assumed that
submergence causes closure of stomata and impairs gas
exchange and CO, assimilation further it induces photo
bleaching of Chl due to oxidative stress [19].

Although the activities of antioxidative enzymes by
submergence stress in rice cultivars as already shown in
other research [9, 12, 15] and responses to a specific stress
may vary with the genotype; nevertheless, some general
reactions occur in all genotypes. The aim of the present
investigation was to compare the photosynthetic perfor-
mance and antioxidant defense in elongating and non-
elongating type cultivar under submergence and subsequent
re-aeration. Since submergence imposes hypoxic condition
thus antioxidant enzymes and the level of antioxidants were
also evaluated to know the association of these enzymes
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with photosynthetic process in rice as affected by complete
submergence and subsequent re-aeration.

Materials and Methods
Plant Material and Growth Conditions

The study was conducted by taking three Indica rice cul-
tivars namely FR 13A, IR 42, and Sabita having differen-
tial response to flooding. FR 13A, which is known to be
tolerant to complete submergence and IR 42, which is
susceptible, have been used in many physiological studies
[12, 22]. Sabita, a local cultivar that elongates fast under
complete submergence and survives if leaf tips remain
above the water surface was also examined to ascertain the
physiological changes, which it undergoes, resemble likely
elongating type under complete submergence.

The three cultivars were sown directly in earthen pots
containing 2 kg of farm soil and farmyard manure in a 3:1
ratio [22]. Each pot was supplied with 88 mg urea, 190 mg
single super phosphate, and 50 mg murate of potash. 10 days
after germination, the seedlings were thinned and five plants
per pot were maintained. Plants were grown in a greenhouse
subjected to natural solar radiation, with daily maximum
photosynthetic photon flux density, air temperature, and rel-
ative humidity being about 1,650 pmol m 2 s~ and 32.5 °C
and 70-75 %, respectively. The pots containing 21-day-old
seedlings were completely submerged in concrete tanks filled
with water to a height of 110 cm such that at least 50 cm of
water column remained above the top of the plants. This
complete submergence imposed severe stress on the plants.
The plants were maintained under three treatments: (1) com-
plete submergence for 8 days, (2) complete submergence for
8 days followed by aeration for 1 day, and (3) control growth
condition, i.e., without submergence treatment. For re-aera-
tion the height of water column was brought down to 10 cm
from the level of 110 cm. The experiments were carried out in
three replications and were statistically analyzed.

The characteristics of the floodwater in terms of
light transmission were measured at 12 h (LI-COR, Lincoln,
USA), and water temperature and oxygen concentration were
determined at 6 and 17 h (Syland, Heppenheim, Germany)
every alternate days. Light intensity at 60 cm water depth
or at the vicinity of canopy level ranged from 205 to 315
pmol m~2 s_l, whereas it was 1,723-1,818 umol m2gs!
above the water surface. The oxygen concentration at the same
water depth was 2.3-3.2 mg L™' at 6 hand 4.2-5.6 mg L™!
at 17 h. The temperature did not vary much, being
25.6-29.5 °C throughout the period of the experiment. To
study the effect of submergence on subsequent re-aeration, we
selected the leaves, which experienced full submergence
stress.
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Measurement of Carbon Dioxide Photosynthetic Rate
and Stomatal Conductance

Measurements of CO, photosynthetic rate (Py) and sto-
matal conductance (g;) were made on the fully expanded
leaves of five different plants within 30 min at the end of
submergence treatment using an open system photosyn-
thetic gas analyzer (model TPS-1, PP Systems, USA) under
ambient environmental conditions as reported in Panda
et al. [23]. The second and third leaf from the top was
selected and kept inside the chamber under natural irradi-
ance until stable reading was documented.

Chlorophyll Content

For Chl estimation, 100 mg of finely chopped fresh leaves
were placed in a 25 mL capped-measuring tube containing
25 mL of 80 % cold acetone, and kept dark inside a
refrigerator (4 °C) for 48 h [29]. The Chl was measured
spectrophotometrically by taking optical density at 663.6
and 646.6 nm following Porra [26]. The Chl a and b con-
tents were calculated using the following equations.

Chlorophyll a (ug ml™") = 12.25(A663.6) — 2.55(A646.6),

Chlorophyll b (ug ml™") = 20.31(A646.6) — 4.91(A663.6).

Rubisco Activities

The activity of Rubisco (EC 4.1.1.39) was estimated fol-
lowing the method of Yu-Chun et al. [37] with minor
modifications. The leaves collected per pot were chopped
and mixed, which constituted one replication. A represen-
tative sample of fresh leaves weighing 500 mg were
homogenized in a chilled mortar with 30 mg insoluble
polyvinyl pyrrolidone, 0.2 g sea sand and 4 mL extraction
buffer (100 mM Tris—HCI, pH 7.8), ] mM EDTA-NaOH
(pH 7.0), 5 mM DTT, 0.2 % BSA. The homogenate was
centrifuged at 15,000xg for 5 min; the supernatant was
used immediately for the determination of Rubisco activ-
ity. All processes were conducted within 0—4 °C. Rubisco
was assayed at 30 °C in a medium containing 50 mM
Hepes—KOH buffer (pH 8.0), 10 mM NaHCO;, 0.2 mM
NADH, 2.5 mM ATP, 10 mM KCIl, 1 mM EDTA-NaOH
buffer (pH 7.0), 20 mM MgCl,, 5 mM DTT, 5 mM
phospho creatine, 6 U mL~' PGK and GAPDH each,
20 U mL~' CPK, and 50 uL of leaf extract. The reaction
mixture was incubated for 10 min at 28 °C without RuBP
(substrate), which was added to initiate the reaction with a
concentration of 0.6 mM in a final volume of 1 mL. The
absorbance at 340 nm for NADH without RUBP was taken
as baseline. The activity was expressed as pmol NADH

1

oxidized min~' g~' fresh weight by using extinction
1

coefficient of 6.22 pmol cm™ .
Antioxidant Enzyme Activity

Leaf sample weighing 500 mg was homogenized in 10 mL
of 50 mM potassium phosphate buffer (pH 7.8) containing
1 mM EDTA, 1 mM ascorbate, 10 % (w/v) sorbitol, and
0.1 % tritron X-100. The homogenate was centrifuged at
4 °C at 15,000x g for 20 min and the supernatant was used
for enzyme analysis. All operations were performed at
04 °C.

SOD (EC 1.15.1.1) was measured by the photochemical
method described by Giannopolitics and Ries [16] with
modifications suggested by Choudhury and Choudhury [8].
3 mL reaction mixture contained 2.4 mL (50 mM) Na,
PO, buffer (pH 7.8) containing 0.1 mM EDTA, 63 uM
nitro blue tetrazolium chloride (NBT) and 13 uM L-
methionine, 0.2 mL of enzyme extract, and 0.5 mL ribo-
flavin (1.3 puM). Riboflavin was added last. The reaction
was monitored in the presence of two 40 V fluorescent
lamp for 20 min. 1 U of SOD activity was defined as the
amount of enzyme that caused 50 % inhibition of the rate
of NBT reduction at 560 nm using a spectrophotometer
(model SL 164 double beam, ELICO, Hyderabad, India).
CAT activity was measured in a reaction mixture con-
taining 25 mM phosphate buffer (pH 7.0), 10 mM H,O,
and the enzyme extract. The decomposition of HO, was
followed at 240 nm [7]. APX (EC 1.11.1.11) was assayed
following Nakano and Asada [20] by monitoring the rate of
ascorbate oxidation at 290 nm by using extinction coeffi-
cient = 2.8 mmol cm™'. The reaction mixture contained
50 mM potassium phosphate buffer (pH 7.0), 0.1 mM
EDTA, 100 mM H,0,, and 0.5 mM ascorbic acid and the
enzyme aliquot. The activity of GPX (EC 1.11.1.7) was
assayed following the method of Rao et al. [28]. The
reaction mixture contained 50 mM phosphate buffer (pH
7.0), 0.1 mM guaiacol, 0.1 mM H,0,, and the enzyme
aliquot. Enzyme activity was measured by the increase in
absorbance at 470 nm caused by guaiacol oxidation by
using extinction coefficient = 26.6 mM cm~'. GR (EC
1.6.4.2) was assayed according to the method of Foyer and
Halliwell [13] by following the decrease in absorbance at
340 nm caused by NADPH oxidation by using extinction
coefficient = 6.2 mM cm~'. DHAR (EC 1.8.5.1) was
assayed following Nakano and Asada [20] by measuring
the increase in absorbance at 265 nm.

Ascorbate Content
Ascorbic acid content was determined following Shigeoka

et al. [33]. Fresh leaf sample weighing 500 mg was
homogenized in 3 mL 5 % (w/v) meta-phosphoric acid.
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The extract was clarified by centrifugation at 2,000x g for
20 min at 4 °C and the supernatant was used for the assay.
An aliquot measuring 0.5 mL was mixed with 0.25 mL of
3 mM DCPIP to measure the total ascorbic acid content,
whereas an equal volume of water was added when the
oxidized ascorbic acid content was to be measured. After
keeping the mixture at room temperature for 20 min
0.5 mL of 1 % (w/v) thiourea in 5 % (w/v) meta-phos-
phoric acid and 0.5 mL of DNPH was added. The mixture
was then incubated at 50 °C for 1 h, cooled in an ice bath
for 15 min while adding 1.2 mL of ice cold 85 % H,SO,.
Then absorbance at 520 nm was recorded using a spec-
trophotometer (model SL 164 double beam, ELICO, Hy-
derabad, India). The amount of reduced ascorbate was
calculated by subtracting oxidized ascorbate content from
total ascorbate.

Lipid Peroxidation

Lipid peroxidation was measured as the amount of mal-
ondialdehyde (MDA) produced by thiobarbituric acid
(TBA) reaction, as described by Heath and Packer [18].
Fresh leaf sample weighing 500 mg was homogenized in
10 mL of 0.1 % (w/v) trichloro acetic acid (TCA). The
homogenate was centrifuged at 10,000xg for 20 min. To
4 mL of 20 % TCA containing 0.5 % (w/v) TBA was
added to 1 mL of supernatant. The mixture was heated at
95 °C for 30 min and was then quickly cooled in ice. The
contents were centrifuged at 10,000x g for 15 min and the
absorbance was measured at 532 nm. The value of non-
specific absorption was subtracted. The concentration of
MDA was calculated using an extinction coefficient of
155 mM " em™".

Statistical Analysis

Differences between various physiological and biochemi-
cal parameters were compared by ANOVA using IRRI-
STAT (International Rice Research Institute, Philippines)
software’s least significant difference (LSD, *P < 0.05), as
this is a good test for determining whether means were
significantly different. Correlation coefficients and regres-
sion analysis were done following the standard procedure.

Results
Survival and Shoot Elongations Under Submergence
In this experiment, the three cultivars gave distinctly dif-

ferent response to submergence in terms of survival and
shoot elongation. Tolerant cv. FR 13A showed 100 %
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survival after 8 days of submergence, whereas it was less
than 15 % in IR 42 and Sabita (data not given).

Plant height increased due to submergence in all the cv
but the elongation was greater in Sabita and IR42 com-
pared to FR13A. After 8 days of submergence, the increase
in plant height was more than 98 % in Sabita, 65 % in
IR42 and only 34 % in FR13A compared to the non sub-
merged control plant (data not given).

Chl Loss During Submergence

Submergence resulted in significant reduction of Chl con-
tent in both susceptible and tolerant cultivars (Table 1).
However, tolerant cv. FR 13A maintained significantly
higher amount of Chl during submergence and subsequent
period of re-aeration compared to IR 42 and Sabita. The
percentage reduction was more in IR 42 (65 %) followed
by Sabita (36 %) and FR13A (19 %). The level of Chl was
more or less same in all the cultivars compared to inun-
dated seedlings after 24 h of re-aeration.

Py, g, and Rubisco Activity

After 8 days of submergence there was a substantial
reduction in Py with maximum reduction in IR 42 (89 %),
followed by Sabita (84 %), and FR 13A (47 %) in com-
parison to non-submerged control plants (Table 1). On
subsequent re-aeration for 24 h Py further decreased with
greater reduction in IR 42 (99 %), followed by Sabita
(95 %) and FR 13A (66 %). Like Py, g, were also signif-
icantly reduced under submergence. Further, reduction
occurred during air-adaptation (Table 1). The reduction
was found to be 38, 75, and 73 % after 8 days of sub-
mergence and 44, 94, and 92 % after 24 h of re-aeration in
FR 13A, IR 42, and Sabita, respectively. Similarly the
activities of Rubisco decreased due to submergence treat-
ment (Table 1). The level of reduction was more in sus-
ceptible cultivar compared to the tolerant cultivar. The
decrease in Rubisco activities was 20, 84, and 72 % after
8 days of submergence and 69, 94, and 78 % after 24 h of
re-aeration in FR 13A, IR 42, and Sabita, respectively, in
compared to the control plants.

Antioxidant Enzymes, Ascorbate Content and Lipid
Peroxidation

Submergence caused reduction in activities of antioxidant
enzymes in both tolerant and susceptible cultivars (Fig. 1).
Under submergence the activities of the antioxidant
enzymes namely, SOD, CAT, GPX, APX, DHAR, and GR
were significantly greater in tolerant cultivar compared to
the susceptible cultivars. After exposure to air the activities
of all the antioxidant enzymes increased with greater
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Table 1 Changes of leaf Chl content (mg gf' FW), Rubisco (umol NADH oxidized min~! gfl FW) activity, g, (mmol m2 s, and Py [mol
(CO») m~? s™'] in rice leaves under submergence and subsequent period of re-aeration

Cultivars Chl Rubisco gs Py

C S RA C S RA C S RA C S RA
FR13A 1.6 1.3 1.4 11.1 8.9 3.5 190 138 127 28.6 15.0 10.0
IR 42 1.4 0.5 0.4 9.5 1.1 0.6 108 27 7 23.6 2.7 0.3
Sabita 1.4 0.9 0.8 10.1 2.9 23 109 30 9 21.3 3.6 1.1
LSD *P < 0.05 0.2 1.3 23 29

Chl content includes both Chl a and b. The measurement of Py was carried out on fully expanded mature leaves at 30 £ 2 °C, 70 % RH,
1,253 4 42 pmol m™> s~ photosynthetic active radiation, 370 pmol (CO,) m~2 s~' concentration and 21 % O,. Data are the mean of three

replicates. Each replication had five measurements

LSD * P < 0.05, C control without submergence, S submergence for 8 days, RA complete submergence for 8 days followed by aeration for

1 day

magnitude in tolerant cultivar. Both total and reduced
ascorbate content significantly decreased under submer-
gence in all the cultivars compared to the control plant
(Table 2). The tolerant cv. FR 13A maintained higher
levels of both total as well as reduced ascorbate content
during submergence and subsequent period of re-aeration.
MDA is one of the products of plant lipid peroxidation,
and its level reflects the level of lipid peroxidation,
resulting from oxidative stress induced damage to mem-
brane. The MDA content found to be significantly
increased in all the cultivar during submergence and sub-
sequent period of re-aeration compared to the control plant
(Table 2). The MDA content was more increased in sus-
ceptible and avoiding type cv. compared to tolerant cv.

Correlation of Antioxidants with Photosynthetic
Parameters

There was highly significant positive association of anti-
oxidant enzyme activities with Chl content, Rubisco
activity, and Py. The levels of ascorbate also showed
highly significant correlation with Chl content, Rubisco
activity, and Py (Table 3).

Discussion

Under natural flooding, in general, hypoxic condition pre-
vails especially at night and early hours of the day, when
plants absorb O, for respiration and photosynthetically
production of the O, is stopped. While during day time the
concentration of oxygen in floodwater varies from hypoxic
to super-saturation levels depending upon the photosyn-
thesis of submerged rice plants or other submerged plant
species [27]. As diffusion of gasses is 10,000 times lower
in water compared to the air [2], the plants are exposed
with different levels of O, during submergence. Besides
O,, another environmental constraint that plant has to

encounter during submergence is the low irradiance. Water
logging/submergence can induce oxidative stress in rice
causing an increased production of ROS reported in many
studies [9, 12, 15]. The ROS act as a cellular indicator of
submergence stress and as secondary messenger involved
in the stress response signal transduction pathway [14].
These ROS not only have the direct harmful effect of
photosynthesis but also contribute the repulsion of many
photosynthetic genes [25]. These environmental complex-
ities might reduce the concentration of Chl and simulta-
neously decrease the photosynthetic capacity and plants
succumb to die. When plants are submerged the anoxic/
hypoxic condition inhibits aerobic respiration and less
energy is yielded. Several other factors like Chl break-
down, lipid peroxidation, stomatal closure, and low internal
CO, concentration were results a concomitant decline in
photosynthesis. Reduction in CO, concentration and
increase in the amount of ROS within the leaf due to
ongoing light reaction, which leads to senescence and even
death of the plants [19]. High level of some antioxidant
enzymes such as SOD, CAT, APX, GR, GPX are important
in order to survive oxidative stress after the plants are
subjected to different levels of water logging [19]. Our
study clearly shows that submergence significantly inhibits
the Py (Table 1). Along with the Py there was an inhibition
of g, and Rubisco activity (Table 1). Various possible causes
of photosynthetic reductions of water-logged plants can be
considered, including abscisic acid, ethylene, and active
oxygen species [1]. The change in net carbon assimilation
under flooding was attributed to stomatal and non-stomatal
limitation [24]. More over decrease in photosynthesis and g;
under submergence had been demonstrated in many species
[35]. Photosynthetic activity has also been shown to be sig-
nificantly inhibited under flooding due to the reduction of
RuBP regeneration [6]. The maintenance of higher photo-
synthetic activity in tolerant cv. might be due to the protec-
tion of photosynthetic apparatus as well as the better g; and
higher level of Chl during submergence and subsequent
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Fig. 1 Changes of antioxidant enzyme activities in rice leaves under
submergence and subsequent re-aeration. The measurements were
carried out on fully expanded mature leaves. i, control without
submergence; #, submergence for 8 days; #, complete submergence

period of re-aeration compared to sensitive cv IR 42 and
elongating cv Sabita (Table 1).

When floodwater recedes, submerged rice plants come
across high oxygen and high light intensity relative to that
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for 8 days followed by aeration for 1 day. Data are the mean of three
replicates with vertical bar represents standard deviation. LSD,
*P < 0.05

of under water. It is unavoidable to escape oxidative
damage in aerobic condition; therefore, plants have their
own system for scavenging ROS through some antioxidant
enzymes and antioxidant substances. During re-aeration,
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Table 2 Changes of total and reduced ascorbate content (ug g~' FW) and MDA (nmol g~' FW) content in rice leaves under submergence and

subsequent re-aeration

Cultivars Total ascorbate Reduced ascorbate MDA

C S RA C S RA C S RA
FRI13A 692 280 299 292 65 29 19.2 18.6 21.6
IR 42 796 163 162 256 11 13 18.6 19.8 23.4
Sabita 922 158 152 282 30 24 17.3 19.6 239
LSD *P < 0.05 23 12 0.4

Data are the mean of three replicates

LSD * P < 0.05, C control without submergence, S submergence for 8 days, RA complete submergence for 8 days followed by aeration for

1 day

Table 3 Correlation coefficients (r values) of Chl content, Rubisco
activity, g, and Py with different antioxidant enzymes and ascorbate
content (ASC-T, total ascorbate; ASC-R, reduced ascorbate); N = 9

Chl gs Rubisco Py

SOD 0.907%* 0.772% 0.824%* 0.836%**
CAT 0.804%* 0.802%* 0.814%* 0.865%*
GPX 0.881%* 0.755% 0.767* 0.828%*
APX 0.853** 0.864** 0.727* 0.783*

GR 0.879%* 0.791* 0.857** 0.879%*
DHAR 0.926%** 0.944%* 0.760* 0.8527%*
ASC-T 0.712* 0.628 ns 0.859%* 0.890%*
ASC-R 0.735* 0.689* 0.892%* 0.927%*

Significance at * P < 0.05, and ** P < 0.01, respectively

ns non-significant

rice seedlings need protection from ROS [5]. Potentially
10, are generated in Photosynthesis-II (PS II) reaction
centres and light harvesting complex (LHC) and O, is
generated in Photosynthesis-1 (PS I) acceptor side [21].
Ascorbic acid interacts with scavenging ROS in both PS II
and PS I sides through xanthophyll cycle [34] and ascor-
bate—glutathione cycle [9]. The significant decrease of
antioxidative enzymes lilke SOD, CAT, APX, GPX, GR,
and DHAR after 8 days of submergence indicating the low
activity of rice leaves to decompose to H,O, and super-
oxide radicals as has been reported for other crops [1].
Another possible cause of reduction of these enzymes is the
reduction of the production and/or activity of active oxygen
species. In our previous study, the damaged light reaction
system was evident as decrease in PS II activity [22, 23].
This may have lead to a loss of chemical energy provided
by light reaction system, which are thought to be used for
the production of ROS under stressful condition, in which
chemical energy are not used for the CO, fixation. In the
present study decrease in antioxidant enzymes and ascor-
bate content during submergence and their slow recovery
after submergence in the susceptible cv. causes more oxi-
dative damage to the susceptible cv. MDA is one of the

products of plant lipid peroxidation, resulting from oxida-
tive stress induced damage to membrane [17]. The MDA
content found to be significantly higher in the susceptible
and elongating cv. showed more oxidative damage to the
membrane was observed during submergence and sub-
sequent period of re-aeration (Table 2). Our experiment
showed that there were positive correlations between dif-
ferent antioxidant enzyme SOD, CAT, APX, GPX, GR,
DHAR activities and ascorbate level with Rubisco activity
and Py (Table 3).

The results showed that tolerant cultivar, somehow
maintained greater quantities of ascorbate content and
antioxidant enzymes levels during submergence and sub-
sequent period of re-aeration might help it to encounter the
oxidative damage efficiently. The behavior of elongating
and submergence susceptible cultivar was same during and
after submergence on the basis of photosynthetic capacity
and antioxidant defense mechanism. Maintenance of higher
photosynthetic activity in rice during submergence and
subsequent period of re-aeration might be due to the anti
oxidative protection of photosynthetic apparatus and Ru-
bisco activity as well as the better g;.
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