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e Background and Aims Salinity is a widespread soil problem limiting productivity of cereal crops worldwide. Rice
is particularly sensitive to salt stress during the seedling stage, with consequent poor crop establishment, as well as
during reproduction where salinity can severely disrupt grain formation and yield. Tolerance at the seedling stage is
weakly associated with tolerance during reproduction. Physiological responses to salinity were evaluated for con-
trasting genotypes, during the seedling and reproductive stages.

e Methods Three rice genotypes differing in their tolerance of salinity were evaluated in a set of greenhouse exper-
iments under salt stress during both seedling stage and reproduction.

e Key Results Photosynthetic CO, fixation, stomatal conductance (g;) and transpiration decreased substantially
because of salt stress, but with greater reduction in the sensitive cultivar IR29. The tolerant lines IR651 and
IR632 had more responsive stomata that tended to close faster during the first few hours of stress, followed by
partial recovery after a brief period of acclimation. However, in the sensitive line, g, continued to decrease for
longer duration and with no recovery afterward. Chlorophyll fluorescence measurements revealed that
non-photochemical quenching increased, whereas the electron transport rate decreased under salt stress. Salt-tolerant
cultivars exhibited much lower lipid peroxidation, maintained elevated levels of reduced ascorbic acid and showed
increased activities of the enzymes involved in the reactive oxygen scavenging system during both developmental
stages.

e Conclusions Upregulation of the anti-oxidant system appears to play a role in salt tolerance of rice, with tolerant
genotypes also maintaining relatively higher photosynthetic function; during both the vegetative and reproductive

stages.
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INTRODUCTION

Salt stress limits rice (Oryza sativa) production in vast areas
worldwide, and the problem is ever increasing because of
irrational human acts, causing secondary salinization, as
well as because of global warming, with the consequent
rise in sea level and increase in storm incidences, particu-
larly in coastal areas (Peltier and Tushingham, 1989;
Pessarakli and Szabolcs, 1999; Wassmannn et al., 2004).
Salinity imposes both ionic and osmotic stresses on plants
(reviewed by Munns et al., 2006), and salt exclusion from
photosynthetic tissues was considered an important mech-
anism associated with salt tolerance in monocots (Yeo
et al., 1990; Moradi et al., 2003, Davenport et al., 2005).
Stomatal closure is often a rapid initial response to salt
stress. In wheat, James er al. (2002) showed that a
stress-induced reduction in stomatal conductance was seen
when the leaf emerged, but after some time there was
a further decline, probably caused by salt toxicity, as the
concentrations of Na* and Cl~ in the leaf tissue increase
further. Chen and Gallie (2004) suggested that the redox
state of ascorbate might play an important role in stomatal
function through regulating H,O, concentration as a
signal involved in guard cell movement. Beside the
effects of osmotic stress, apparently other factors could
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also be implicated in regulating stomatal function under
salt stress (Zhang et al., 2000).

Dionisio-Sese and Tobita (2000) reported that the net
photosynthetic rate, measured in terms of CO, assimilation
of the youngest fully expanded leaf of four rice varieties,
declined with increasing level of salinity stress. They
suggested that this might be due to a direct effect of salt
on stomatal resistance via a reduction in guard cell turgor.
Chlorophyll fluorescence is a rapid and non-intrusive tool
used to screen varieties for salinity tolerance (Maxwell
and Johnson, 2000). In Sorghum, Netondo et al. (2004)
reported that maximum quantum yield of photosystem II
(PSII; F,/F,,), photochemical quenching coefficient (gP)
and electron transport rate (ETR) significantly decreased,
but non-photochemical quenching (¢N) increased substan-
tially under saline conditions. However, for rice cultivars
contrasting in salinity tolerance, F,/F,, was almost not
affected by salt stress, whereas gN increased in sensitive
cultivars with increasing salt stress (Dionisio-Sese and
Tobita, 2000). Sensitivity to salt stress in cereals might
thus be associated with both reduction in PSII photochemi-
cal efficiency and enhanced gN to dissipate excess energy.

Several factors associated with salinity stress can lead to
an increase in reactive oxygen species (ROS; Asada, 1999).
Free radical scavenging systems such as superoxide dismu-
tase (SOD; EC 1-15-1-1) can be a critical component of sal-
inity tolerance (Bohnert and Jensen, 1996) because of their
protection of chloroplast function under high salinity
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(Orcutt and Nilsen, 2000). Salinity causes a significant
decrease in SOD activity in rice seedlings, with noticeable
differences between varieties (Dionisio-Sese and Tobita,
1998). The predominant peroxidase enzyme is ascorbate
peroxidase (APX; EC 1-11-1-11), which catalyses oxidation
of ascorbate (AsA) by H,O,, generating dehydroascorbate
radicals (Hideg, 1999). In chloroplast, the enzyme primarily
occurs in stroma thylakoid, where superoxide and H,O, are
produced (Asada, 2006). Lin and Kao (2000) reported a sig-
nificant increase in APX activity in salt-treated rice seed-
lings and concluded that this could be due to the effect of
AsA in controlling H,O, under stress. The functioning of
this enzyme is supported by a large (10—300 mm) AsA
pool, which constitutes the largest pool of antioxidants
found in plants (Chen and Gallie, 2004). However, this
pool would be exhausted within a few minutes without
the high-capacity regenerating system consisting of the
monodehydroascorbate reductase (EC 1-6-5-4) and dehy-
droascorbate reductase (EC 1-8-5-1) enzymes (Pignocchi
et al., 2003). AsA is an important primary metabolite in
plants that functions as an antioxidant, an enzyme cofactor
and a cell signalling modulator in a wide array of crucial
physiological processes, including biosynthesis of the cell
wall, secondary metabolites and phytohormones, stress tol-
erance, photoprotection, cell division and growth (Wolucka
et al., 2005). Besides, it is also important for the regener-
ation of membrane-bound antioxidants (Hideg, 1999).
Glutathione is a water-soluble tripeptide containing a sulf-
hydryl group, and has several important roles (Hideg,
1999; Asada, 2006). Reduced glutathione is the substrate
for dehydroascorbate reductase in the glutathione—
ascorbate cycle. The oxidized product is re-reduced by
glutathione reductase (GR; EC 1.-6-4.2), a flavoprotein,
using NADPH as an electron acceptor. Glutathione is
found in chloroplasts in 1-5 mM concentration and, under
physiological conditions, the ratio of the reduced and oxi-
dized forms is kept high, around 10:1 (Asada, 1999).
Reduced glutathione scavenges hydroxyl radicals and
singlet oxygen and may protect enzyme thiol groups
(Hideg, 1999). Maintenance and regeneration of a high con-
centration of reduced AsA and glutathione, as well as the
upregulation of the activity of enzymes involved in their
regeneration, could help in reducing harmful effects of
ROS generated during salt stress.

Rice is a salt-sensitive crop, yet it is the only cereal that
can grow fairly well in salt-affected soils because of its
ability to grow in standing water that can help leach salts
from top soils to a level low enough for subsequent crops
(Bhumbla and Abrol, 1978), and also because it thrives
during the rainy season in coastal saline areas where other
crops cannot survive recurrent flooding. Rice is relatively
tolerant of salt stress during germination, active tillering
and towards maturity, and is sensitive during the early seed-
ling and reproductive stages (Pearson and Bernstein, 1959;
Zheng et al., 2001). Salinity tolerance at the seedling and
reproductive stages is only weakly associated (Moradi
et al., 2003); hence, the discovery of contributing traits at
both stages is essential for developing resilient salt-tolerant
cultivars. The physiological bases of salt tolerance during
the early seedling stage are fairly established, key traits
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include salt exclusion, compartmentation of ions in struc-
tural and older tissues, vigorous growth and higher tissue
tolerance (Yeo and Flowers, 1986; Yeo et al, 1990; Peng
and Ismail, 2004); nonetheless, little is known about the
important mechanisms associated with tolerance during
reproduction. In this study, the effects of salinity on some
physiological traits such as photosynthesis, chlorophyll flu-
orescence and the activity of enzymes involved in ROS
scavenging systems were investigated during the seedling
stage and the reproductive stage.

MATERIALS AND METHODS

Three rice cultivars contrasting in tolerance of salt stress
during the vegetative and reproductive stages (Moradi
et al., 2003) were selected for this investigation.
IR65192-4B-10-3 and IR63295-AC209-7 (abbreviated as
IR651 and IR632, respectively, henceforth) are breeding
lines tolerant of salt stress at both the seedling and repro-
ductive stages, but with the former having a higher level
of tolerance at the seedling stage. IR29 is a cultivar sensi-
tive to salt stress during both stages and is commonly
used as a sensitive check in breeding nurseries. Two exper-
iments were conducted, with salt stress imposed during the
seedling stage in the first experiment and during reproduc-
tion in the second experiment. The first experiment was
repeated once with some modifications.

Experiment la

This experiment was conducted in a growth cabinet with
light intensity of about 700 wmol m s~ ' and 12 h dur-
ation, 70 % relative humidity and 29/22 °C day/night temp-
erature. Pre-germinated seeds of each cultivar were sown in
holes made on Styrofoam sheets with a nylon net bottom
(Gregorio et al., 1997). Two seeds were sown per hole,
with 50 holes per entry. The sheets were first floated on dis-
tilled water in 11 L plastic trays for 3 d, after which a nutri-
ent solution (Yoshida et al., 1976) was used until the plants
were 21 d old. A control treatment (nutrient solution) and
two levels of salt stress were introduced thereafter, with
the latter corresponding to electrical conductivities (ECs)
of 6 and 12dSm™' using NaCl, and with seedlings
harvested 7 d after the start of the salt treatments for
subsequent measurements. A randomized complete block
design was used with three replications. The -culture
solution was renewed once with the pH adjusted daily to
5-5 by adding either NaOH or HCI.

Experiment Ib

In the repeat experiment, only two salinity levels were
used, control and an EC of 12dS m™ ', and the duration
of the treatment was extended to 14 d with harvesting at
35d after sowing. Nutrient solution was renewed once
every 5 d. All other conditions were the same as those in
experiment Ia.
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Experiment 11

This experiment was conducted to evaluate the effects of
salt stress starting at about 10—7 d before panicle initiation
and continuing through harvest. The experiment was carried
out in a greenhouse with air temperature in the range of
about 25 to 35 °C and light intensity in the range of about
6001000 wmol m *s %, and was conducted using a ran-
domized complete block design with three replications
and with 12 pots per cultivar in each replication.
Pre-germinated seeds were sown in 1 L perforated plastic
pots filled with fertilized (50N, 25 P and 25 K mgkg ')
Maahas clay soil (43 % clay, 44 % silt and 13 % sand;
pH 5-9; Tirol-Padre and Ladha, 2004) and were kept in con-
crete tanks filled with tap water. The level of water was
maintained at 3 cm below the soil surface for 2 d. Five
seeds of each of the three cultivars were sown in each
pot, thinned to one seedling 2 weeks later, and the water
level was raised to about 1-2 cm above the soil surface.
When the seedlings were 28 d old, water was siphoned
out and the pots were drained for 12 h, then flooded with
tap water (control) or with a saline solution with EC of
3dS m™ ' using NaCl for 3 d, then increased progressively
to 4 and 5dS m ' at 3 d intervals, and finally stabilized at
6+ 0-3dSm™ ' through harvesting. The pots were kept
flooded thereafter for the duration of the experiment, and
the EC of the water was monitored daily and adjusted
when necessary using NaCl and tap water. All parameters
were measured on flag leaves of the first four tillers that
were tagged 25 d after sowing.

Sodium and potassium measurements

The third leaf below the youngest fully expanded leaf in
experiment Ib and leaf number 3 below the flag leaf in
experiment Il were harvested for the determination of
Na® and K" concentrations. Harvesting was performed
14 d after the start of salt stress treatment in experiment
Ib and at maturity (61, 65 and 66 d from the start of salt
stress treatment for IR632, IR651 and IR29, respectively)
in experiment II. Dried samples were ground to a fine
powder and about 0-1 g was transferred to a test tube con-
taining 10 mL of O-1 N acetic acid, and heated in a water
bath at 80 °C for 2 h. The extracted tissue was cooled at
room temperature and left overnight, and then filtered
using Whitman filter paper number 40. Sodium and potass-
ium concentrations were then determined using an atomic
absorption spectrometer (Perkins Elmer, Norwalk, CT,
USA).

Gas exchange measurements

During the vegetative stage, gas exchange measurements
were conducted on the youngest fully expanded leaf at 7 d
after treatment in experiment Ia, and at 0, 4, 72, 168, 240
and 312 h after treatment in experiment Ib. Net CO, assim-
ilation, stomatal conductance, internal CO, concentration
(C)) and transpiration rate were assessed on intact leaves
using the LiCor 6400 gas exchange system (Lincoln, NE,
USA) and four sub-measurements were made on four
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different plants selected randomly from the 100 seedlings
of each cultivar grown in each replication. During the repro-
ductive stage in experiment II, the same parameters were
measured at flowering (65-70d after sowing) on flag
leaves of the tagged tillers after 1-2h of acclimation
in a growth cabinet, under a light intensity of about
1000 pmol m ™% s~ !, relative humidity of 70 % and 29 °C
to ensure measurements under stable conditions.

Chlorophyll fluorescence measurements

Fluorescence yield determinants were measured on the
same leaves used for gas exchange measurements, as
described by Dionisio-Sese and Tobita (2000). Chlorophyll
fluorescence in dark- and light-adapted leaves was excited,
and measured using a portable chlorophyll fluorometer
(PAM-2000 WALZ, Germany). Maximum quantum yield
(F,/F,) was determined after a 30 min dark acclimation of
selected leaves using a dark leaf clip. Actual quantum
yield (AF/F,, or ®pgy) was measured on the youngest
fully expanded leaves that were illuminated for 30 min in
the growth chamber with actinic light after dark adaptation,
with four measurements conducted per replication, and was
calculated as ®pgy; = (Fhy — Fo)/FL,, where Fl, and F, refer to
maximum and steady-state fluorescence in the light, respect-
ively. ETR was calculated as ETR = ®pgy X PFDa x 0.5,
where PFDa is absorbed light in pmol photon m 2 s~ !
and 0-5 is a factor that accounts for the partitioning of
energy between PSII and PSI (Maxwell and Johnson,
2000). From the fluorescence data obtained with the same
dark-adapted and steady-state-illuminated leaves, gN was
calculated as gN = 1 — (F,, — Fp)/(F, — Fp). At the flow-
ering stage, fluorescence parameters were measured on the
same flag leaves used for photosynthetic gas exchange
measurements using the same procedure described above.

Preparation of extracts for assays of ROS enzymes

The youngest fully expanded leaf (experiment Ia) or the
flag leaf (experiment II) were harvest, respectively, at 7
and 35d after the start of the treatment, snap-frozen in
liquid nitrogen and then kept at —80 °C until measure-
ments. Leaves (0-5 g) were homogenized in 100 mwm potass-
ium phosphate buffer (pH 7-8) containing 0-1 mm EDTA,
1 % (w/v) PVP, 0-5 % (v/v) Triton X-100, 5 mm ascorbate
and 1 mm EDTA. The homogenate was centrifuged at
10 000 g for 20 min at 4 °C. The supernatant was collected
for measurements of antioxidant enzyme activities.

Superoxide dismutase assay

SOD activity was determined following the method
described by Asada et al. (1973). An aliquot of 1 mL of
the crude enzyme solution in a cellulose tube was dialysed
in 1 L of potassium phosphate buffer for 2 h and then 1 L of
the same buffer for 18 h at 4 °C. The sample was centri-
fuged at 10 000 g for 20 min and the supernatant was
added to the reaction mixture at 30°C. The reaction
mixture consisted of 50 mM potassium phosphate buffer
(pH 7-8), 10 mMm cytochrome ¢ and O-1 mm xanthine and
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xanthine oxidase. The reaction was started by the addition
of xanthine and monitored at 550 nm using a UV
spectrophotometer.

Ascorbate peroxidase assay

APX activity was determined following the procedure of
Nakano and Asada (1981) with slight modifications. The
crude extract described above was used together with a
reaction solution containing 25 mMm potassium phosphate
buffer, 0-25 mm ascorbate, 0-1 mm EDTA and 0-1 mm
hydrogen peroxide. The oxidation of ascorbate was moni-
tored at 290 nm with a UV spectrophotometer.

Glutathione reductase assay

The reaction mixture for the determination of GR activity
consisted of 25 mm potassium phosphate buffer, 0-12 mm
NADPH, 0-5mm reduced glutathione and the crude
enzyme solution, according to Foyer and Halliwell
(1986). The oxidation of glutathione was determined at
340 nm with a UV spectrophotometer.

Ascorbate concentration

The amount of AsA in leaf samples was measured based
on the method of Shigeoka ef al. (1979) using sub-samples
from the same leaf tissue used for the determination of ROS
enzyme activities. About 0-5g of fresh leaf tissue was
frozen in liquid nitrogen and ground with a mortar and
pestle. Ground tissue was mixed with 10 mL of 10 % tri-
chloroacetic acid (TCA), and the supernatant obtained
after centrifugation at 10 000 g for 20 min at 4 °C was
analysed for total and reduced ascorbic acid.

Malondialdehyde (MDA) determination

The amount of MDA was measured according to the
method of Dionisio-Sese and Tobita (1998) using sub-
samples from the same leaves used for measuring ROS
enzyme activities and AsA. A pre-weighed (0-5 g) fresh
leaf sample was ground to a fine powder in liquid nitrogen.
The ground powder was homogenized in 5 mL of ice-cold
50 mM potassium phosphate buffer (pH 7.0) and the
extract was centrifuged at 4 °C for 30 min at 20 000 g. A
1 mL aliquot of the extract was then mixed with the same
volume of a 0-5 % (w/v) thiobarbituric acid solution con-
taining 20 % (w/v) trichloroacetic acid. The mixture was
heated at 95 °C for 30 min and the reaction was stopped
quickly by placing the sample in an ice bath. The cooled
mixture was centrifuged at 10 000 g for 10 min, and the
absorbance of the supernatant was determined at 532 and
600 nm. After subtracting the non-specific absorbance at
600 nm, the MDA concentration was determined using
the extinction coefficient of 155 mm™ ' cm ™!

Proline measurements

Fresh flag leaf tissue (0-5 g) was ground in liquid nitro-
gen and then extracted in 20 mL of hot water for 30 min
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with moderate shaking. The homogenate was centrifuged
at 5000 g for 10 min. The proline concentration was quan-
tified using the ninhydrin acid reagent method as described
by Bates et al. (1973) using L-proline as a standard.

Statistical analysis

Statistical analysis was performed for each parameter
studied based on a randomized complete block design
model with three replications using SAS software version
6-1. Associations among characters were examined by
simple correlation analysis.

RESULTS

In experiment Ia, no significant differences in biomass pro-
duction were observed but with significant differences in
other physiological traits. This was probably because the
seedlings were subjected to salt stress only for 7d.
However, in experiment Ib conducted during the seedling
stage as well as in experiment II during the reproductive
stage, clear differences in aboveground biomass production
(Table 1) and salt uptake (Table 2) were observed, both
between genotypes and because of salt stress. On average,
salinity reduced total seedling biomass by about 26 % and
total plant biomass at maturity by about 31 %. Total
biomass of seedlings of the two tolerant lines (IR651 and
IR632) decreased by 18 and 15 %, respectively, whereas
that of IR29 decreased by 46 % under salt stress. Salinity
imposed during the reproductive stage decreased shoot
biomass of the two tolerant lines to a similar extent to
that observed during the seedling stage (17 and 16 % for
IR651 and 1IR632, respectively), but substantially
reduced total biomass of the sensitive cultivar by about
73 % (Table 1). The sodium concentration in leaves of

TAaBLE 1. Shoot dry weight of three rice cultivars under

control and salt stress conditions measured during the

seedling stage at 14 d after the start of salt stress in
experiment Ib and at the reproductive stage at harvest

Seedling stage Reproductive stage

(g seedling™ ") (g plant™ ")
Cultivar Control 12dSm™! Control 6dSm™!
1R632 0-459 0-389 353 292
IR651 0-468 0-385 39-0 328
IR29 0-451 0-243 26-4 7-1
Mean 0-459 0-339 336 23-0
Significance
Salinity (S) ok ok
Cultivar wEE HE
S X C sk sekok
LSDy.05
Salinity (S) 0-014 3.9
Cultivar (S) 0-019 7-1
SxC 0-013 65
CV % 8 81

Data are means of three replications with six and four sub-samples per
replication, respectively, at the vegetative and reproductive stages.
wkREE gignificant at P < 0-01 and 0-001, respectively.
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TaBLE 2. Na' concentration and K"/Na* ratio of three rice cultivars under control and salt stress conditions measured using
the third leaf below the fully expanded leaf, 14 d after the start of salt stress in experiment Ib, and using the third leaf below
the flag leaf at harvest in experiment Il

Seedling stage

Reproductive stage

Na't concentration
(mmol kg7l d. wt)

K*/Na™ ratio

Na™" concentration

(mmol kg~ d. wt) K*/Na™ ratio

Cultivars Control EC12 Control ECI12 Control EC6 Control EC6
1R632 35 427 210 1-40 50 593 16-20 1-56
IR651 35 647 220 1-27 66 427 7-61 0-89
1R29 49 897 19-2 0-97 101 640 6-56 0-64
Mean 40 657 20-7 121 73 553 10-13 1-03
Significance

Salinity (S) ok Hokok ok ok

Cultivar (C) ol % stk s

LSDg.05

Salinity (S) 224 0-032 2:92 0-022
Cultivar (C) 3.52 0-052 433 0-053

SxC 1-55 0-071 3.43 0-076

(&\% 6-7 6-1 51 53

Data are means of three replications with six and four sub-samples per replication, respectively, at the seedling and reproductive stages.

* % and *** significant at P < 0-05, 0-01 and 0-001, respectively.

the sensitive genotype IR29 was significantly higher and the
K"/Na™ ratio was lower under salt stress during both seed-
ling and reproductive stages (Table 2). Salt stress also
resulted in greater reduction in grain yield (per plant) of
the sensitive genotype IR29, where it decreased by about
93 %, but only by 25 and 18 % for IR632 and IR651,
respectively (data not shown).

Gas exchange responses to salt stress at the seedling stage

In experiment Ia, gas exchange parameters were measured
7 d after the imposition of salt stress. The photosynthetic CO,
fixation rate decreased by about 18 and 35 % when seedlings
were subjected to salt stress of 6 and 12 dS m ™', respectively;
however, reductions in stomatal conductance (g) and tran-
spiration rate were much greater, amounting to 58 and
74 % for g, and 44 and 63 % for transpiration rate under
the intermediate and high salt stress, respectively.
Conversely, the reduction in C; was much lower, amounting
to only 9 and 15 %, respectively, at stress levels of 6 and
12 dS m™". The salt-tolerant cultivar IR651 had the highest
stomatal conductance under both 6 and 12 dS m ™!, amount-
ing to 0-677 and 0-409 mol H,O m ™2 s~ ', compared with
0-366 and 0-206 mol H,O m™~? s~ !, respectively, for IR29.

Experiment Ib was designed to detect earlier responses to
salt stress and to assess time course genotypic differences in
these responses that might be associated with tolerance.
In general, responses were relatively fast, with a reduction
in all attributes measured occurring within 4 h of exposure
to salt stress, and with mean photosynthetic CO, fixation,
stomatal conductance, transpiration and C; decreased by
19, 72, 63 and 18 %, respectively (Fig. 1), though, a
partial recovery was observed in C; after 72h of salt
stress (Fig. 1C). Genotypic responses were also variable,
with the salt-tolerant lines IR651 and IR632 showing a

relatively greater decline in photosynthesis, g; and tran-
spiration within the first 4 h following the start of the
stress treatment; however, this response lasted for longer
in the salt-sensitive cultivar IR29 (Fig. 1A, B, D). A
partial recovery in photosynthesis and g; was observed in
the tolerant cultivars after 72 h of stress, particularly in
the most tolerant line (IR651), but with mostly no apparent
recovery with time in IR29 and with a greater effect on
photosynthetic CO, fixation (Fig. 1A). By the end of the
experiment, more than 50 % of the recently expanded
leaves of IR29 seedlings (leaf 7) were greatly damaged,
whereas the most tolerant lines (IR651 and IR632) still
maintained active growth and new leaf formation, but
older leaves were severely damaged in all three cultivars.
The slower response of stomata of IR29 after the start of
salt stress might have resulted in increased salt accumu-
lation (Table 2). In contrast, the tolerant cultivars showed
faster and earlier stomatal response, followed by partial
resumption in g, and photosynthesis after a brief period of
acclimation. Salinity also resulted in a significant reduction
in Cj, but to a lesser extent than its effects on photosynthesis
and g, and with no effect due to genotype or interaction
with salinity (Fig. 1C).

Gas exchange responses to salt stress during
the reproductive stage

Photosynthesis, g and transpiration rate measured using
the flag leaf at flowering decreased by 40, 65 and 55 %,
respectively, under salt stress, whereas internal CO,
decreased only by about 5 %. Genotypic differences as
well as interactions with salinity were also significant for
all attributes except for C;. The tolerant line IR651 had
the highest photosynthetic rate under salt stress, followed
by IR632 (Fig. 2A). Both cultivars also showed the least
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reduction in photosynthesis due to salt stress (24 and 17 %,
respectively, compared with 48 % in IR29). However, the
higher photosynthesis of IR651 was also associated with
higher g, under salinity (Fig. 2B). These results showed
that responses in gas exchange parameters were similar to
those observed during the seedling stage in the first exper-
iment as well as after the initial acclimation period in the
second experiment, with the tolerant lines having a higher
photosynthetic gas exchange rate under salt stress than the
sensitive cultivar.
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Fi1G. 3. (A) Actual quantum yield of photosystem II (®pgy;), (B) electron
transport rate (ETR) and (C) non-photochemical quenching (¢N) of chlor-
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Chlorophyll fluorescence during the vegetative and
reproductive stages

During the seedling stage, measurements of chlorophyll
fluorescence were conducted 7 d after salinization using
leaf number 3 below the youngest fully expanded leaf
(leaf number 4 from the bottom) of each cultivar in exper-
iment la. No significant differences in actual quantum yield
of photosynthesis (Ppgy) were observed because of salinity
(Fig. 3A), although the ETR decreased progressively and
significantly with increasing salinity level (Fig. 3B). A
similar but opposite trend was also observed with gN,
which increased substantially with increasing salinity
level (Fig. 3C), suggesting that photo-inhibition may have
occurred. No significant differences were observed due
to cultivars or their interaction with salinity in the three
parameters studied in this experiment (data not shown).
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ering (35 d after the start of salt stress treatment) in experiment II. The data
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At flowering, salt stress did not cause significant changes
in average ®pgyy but significantly reduced the ETR and
increased ¢gN, as observed during the seedling stage. The
ETR decreased under salinity by about 31 %, whereas gN
increased dramatically by about 132 %. No reduction in
Ppg; was observed in the tolerant lines IR651 and IR632,
while that of IR29 decreased by about 15 % under salt
stress (Fig. 4A). The ETR of IR29 showed only a slight
reduction (16 %) but a greater reduction was seen in
IR632, where it decreased by about 33 % under salt stress
(Fig. 4B). Conversely, gN increased substantially in all cul-
tivars under salt stress (Fig. 4C). Salinity tolerance of IR651
therefore seems to be associated with a lower reduction in
®pg; and substantial increase in gN, whereas that of
IR632 is associated with a minimal reduction in ®pgy; but
a moderate increase in gN under salt stress.

Effects of salinity on reactive oxygen species and scavengers
during the vegetative and reproductive stages

The level of MDA in seedlings increased with increasing
salinity stress in IR29, but showed no significant change in
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FiG. 5. Concentration of (A) malondialdehyde (MDA), (B) total and

(C) reduced ascorbate in the youngest fully expanded leaves of three rice

cultivars under different levels of salt stress. Leaf samples were collected

7 d after the start of salt stress treatment during the seedling stage in exper-
iment Ia. Vertical bars indicate LSDy.os.
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the two tolerant lines (Fig. 5A). This indicated that the
extent of lipid peroxidation in IR29 was significantly
higher under salt stress. Total AsA decreased significantly
only in IR29 under an EC of 12dS m~ !, but did not
change in IR651 and IR632 (Fig. 5B). The two tolerant
lines showed significantly higher levels of reduced AsA,
either constitutively (IR632) or with increasing level of
salt stress (IR651). Conversely, reduced AsA decreased
with increasing salinity stress in the intolerant cultivar
IR29 (Fig. 50).
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FiG. 6. Concentration of (A) malondialdehyde (MDA), (B) total and

(C) reduced ascorbate measured in the flag leaf of three rice cultivars at

flowering (35 d after the start of salt stress treatment) in experiment II.

The data are mean values of three replications with two sub-samples per
replication, and vertical bars indicate LSDy.qs.
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Similar trends were observed at flowering, where the
level of MDA increased dramatically under salt stress in
IR29 (Fig. 6A). However, a slight increase in MDA was
also apparent in the tolerant lines IR651 and IR632, and
this could be attributed to the longer duration of salt
stress in this experiment compared with that at the seedling
stage. Salinity caused a slight, though insignificant, increase
in total AsA in the tolerant cultivars but a slight reduction
in IR29 (Fig. 6B). The two tolerant cultivars (IR651 and
IR632) showed higher levels of reduced AsA, under
control conditions, and it further increased slightly under
salinity (Fig. 6C). However, reduced AsA was lower in
the flag leaves of IR29 and decreased even more under
salt stress (Fig. 6C).

The MDA level measured in leaves of seedlings sub-
jected to salt stress for 7 d correlated negatively with the
level of reduced AsA (R®>=0-79 and 0-62 at 6 and 12 dS
m ! respectively, Fig. 7A, B), but not with total AsA at
an EC of 6dS m™~' (R?=0-02, Fig. 7C) and showed a
weak negative correlation at an EC of 12dSm™' (R*=
0-26, Fig. 7D). A similar trend was also observed during
flowering, when a stronger negative correlation of MDA
with reduced AsA (R>=0-71) was observed than with
total AsA (R*> = 0-21).

The activity of SOD was constitutively high in IR651 and
increased further under both salinity levels in IR632 and
under 12dS m™" in IR651, but it decreased progressively
with increasing salt stress in IR29 (Fig. 8A). APX activity
was constitutively high in IR651 and IR29, and increased
under salt stress in both IR632 and IR651. However, in
the salt-intolerant line IR29, APX activity decreased signifi-
cantly and progressively with increasing salt stress
(Fig. 8B). GR activity increased in leaves of the tolerant
lines with increasing salt stress, particularly in IR651,
which showed a >3-5-fold increase in activity under
12dS m~'. However, GR activity in leaves of IR29 did
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not change under salt stress (Fig. 8C). When measured in
the flag leaf at flowering, the responses of these three
enzymes were essentially similar to those observed at the
seedling stage (Fig. 9). Both SOD and APX were constitu-
tively high in the most tolerant line, IR651, and were
upregulated by salt stress in both tolerant lines, but downre-
gulated in the sensitive cultivar (Fig. 9A, B). GR activity
also increased in both tolerant lines under salinity, with
the greatest increase of about 120 % in IR651, but
showed no change in the sensitive cultivar (Fig. 9C).

Effect of salinity on proline accumulation

Proline concentration was measured using the flag leaf
tissue at flowering to determine its association with salinity
tolerance. Under control conditions, proline concentration
was higher in the flag leaf of IR651 and was lowest in
IR29. However, under salt stress, proline concentration
increased significantly in all three lines. The highest percen-
tage increase relative to that under control conditions was
observed in IR29, in which proline concentration increased
by about 369 %, and the lowest increase was observed in
the most tolerant line (IR651), in which it increased by
only 35 % under salinity stress (Fig. 10).

DISCUSSION

Salt stress significantly reduced the growth of the three rice
genotypes during both the seedling and reproductive stage
(Table 1). At the seedling stage, this effect was apparent
only when seedlings were subjected to salt stress for
about 2 weeks in experiment Ib, but not when seedlings
were stressed for only 1 week. In wheat, genotypic differ-
ences in biomass production under salt stress were observed
only after 3 weeks of stress (James et al., 2002). The
observed reduction in plant biomass might be due to a
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Fi1Gc. 8. Activities of (A) superoxide dismutase, (B) ascorbate peroxidase

and (C) glutathione reductase in leaves of three rice cultivars under control

and salt stress measured 7 d after the start of stress treatment in experiment

Ta. Measurements were made on the fully expanded youngest leaves, and
vertical bars indicate LSDg.os.

combination of slower growth and development as a result
of osmotic stress (Shani and Ben-Gal, 2005), inhibition of
photosynthesis as a result of direct effects of salinity on
the photosynthetic apparatus or indirect effects as a result
of a reduction in sink capacity (Kato and Takeda, 1996).
The fact that the two tolerant breeding lines maintained
substantially greater biomass under salt stress, lower Na*
concentration and higher K*/Na™ ratio in leaves (Table 2)
than the sensitive cultivar (IR29) during both stages, as
well as greater grain yield when subject to salt stress
during reproduction, confirmed their tolerance of salt
stress as we observed previously (Moradi et al., 2003).
During the seedling stage, gas exchange attributes were
significantly reduced by salt stress, with a greater reduction
with time of exposure. A substantial reduction in photosyn-
thesis, stomatal conductance and transpiration was detected
within only 4 h of exposure to salt stress (Fig. 1). The salt-
tolerant cultivars seem to have better control over their
stomata and maintained lower transpiration rates in the
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Fi1G. 9. Activities of (A) superoxide dismutase, (B) ascorbate peroxidase
and (C) glutathione reductase in three rice cultivars measured using the flag
leaf tissue at flowering (35 d after the start of salt stress treatment) in exper-
iment II. The data are mean values of three replications with three sub-
samples per replication, and the vertical bars indicate LSDy.os.

short term immediately after the imposition of salt stress
(Fig. 1) probably to limit damaging effects of the influx
of large quantities of salt and to allow further acclimation.
James et al. (2002) observed a large decrease in stomatal
conductance of two contrasting wheat genotypes under sal-
inity, which was not associated with poor water relations,
but presumably due to ‘root signals’ as the leaf turgor of
both genotypes did not change under stress.

The observed decrease in g and reduction in transpira-
tion rate might be among the important adaptive mechan-
isms of salinity tolerance in rice (Flowers and Yeo, 1981;
Robinson, 1988). Interestingly, the most tolerant cultivar
(IR651) had the highest photosynthesis rate and g, after
312 h of exposure to salt stress. The salt concentration in
leaves of the tolerant lines was lower than that of the intol-
erant line IR29 (Table 2), and this could be attributed to the
initial period of acclimation following exposure to salt
stress, when a reduction in g and transpiration will also
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Fi1G. 10. Proline concentration in the flag leaf of three rice cultivars at

flowering (35 d after the start of salt stress treatment) in experiment II.

Data are the mean values of three replications with four sub-samples per
replication, and vertical bars indicate LSDy.s.

result in reduced salt uptake, as most of this uptake in rice is
known to occur passively, through the transpiration stream
(Yeo and Flowers, 1986). However, processes occurring
during this early acclimation period await further investi-
gation. Mechanisms underlying the longer term adaptive
responses observed in the tolerant cultivar after 312 h are
not clear, but probably involve processes that resulted in
better control of uptake and/or translocation of toxic salts
to the shoot.

During the reproductive stage, photosynthesis, stomatal
conductance and transpiration, measured on the flag leaf
at flowering, also decreased under saline conditions, with
greater effects on stomatal conductance and transpiration,
whereas C; did not show a significant reduction (Fig. 2),
and is similar to that observed at the seedling stage
(Fig. 1). IR651 again maintained the highest photosynthetic
CO, fixation rate under salt stress, and this is associated
with higher g, (Fig. 2), similar to the longer term responses
of the seedlings of this line to salt stress. The lack of paral-
lel effects of salinity on C; again suggested a direct effect of
salinity on carbon assimilation, apart from its effect on g.
Salt accumulation in the mesophyll cells may inhibit
carbon assimilation, resulting in an increase in internal
CO, concentration, with eventual reduction in stomatal
conductance (Maxwell and Johnson, 2000), particularly in
sensitive cultivars such as IR29.

Salinity is known to inhibit photosynthesis in a number
of plant species (Longstreth and Nobel, 1979; Flowers
and Yeo, 1981; Yeo et al., 1985; Dionsio-Sese and
Tobita, 2000). Possible reasons for this include stomatal
closure, feedback inhibition due to reduced sink activity,
decreased efficiency of Rubisco, displacement of essential
cations from the endo-membrane structure (leading to
changes in permeability), and swelling and disorganization
of the grana (Flowers and Yeo, 1981), or due to the direct
effects of salt on stomatal conductance via a reduction in
guard cell turgor and intercellular CO, partial pressure
(Dionisio-Sese and Tobita, 2000). Recently, Chen and
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Gallie (2004) reported that the AsA redox state controls
the rate of transpiration and stomatal conductance. They
observed that a higher AsA redox state substantially
increases the total open stomatal area of a leaf and conse-
quently results in greater stomatal conductance and a
higher transpiration rate. Zheng et al. (2001) reported that
the transpiration rate generally tends to decline with
increasing rhizospheric salinity and this could be attributed
to lower water potential in roots and the transport of absci-
sic acid (ABA) from root to shoot to induce stomatal
closure. In wheat, James et al. (2002) observed that
reduction in gs occurred under salt stress before an apparent
decline in leaf water potential, and argued that chemical
signals are likely to cause the decrease in g,. The prelimi-
nary data on early stomatal response to salinity also
suggested the involvement of root—shoot communication
in this initial acclimation stage of the tolerant lines, where
stomatal conductance decreased substantially before any
noticeable change in leaf water potential (A. M. Ismail,
unpubl. res.).

Although the actual quantum yield of PSII did not
change substantially, the ETR under saline conditions
decreased and ¢N increased significantly, and this was con-
sistent in both stages despite the longer exposure to salinity
during the reproductive stage (Figs 3 and 4). In both IR651
and IR632, ®pgy; did not change significantly, which agreed
with their relatively higher photosynthetic gas exchange
rate under salt stress. In sorghum, Netondo et al. (2004)
observed no significant change in the photosynthetic
quantum yield (F,/Fy,) in response to salt stress, but gN
increased and ETR decreased, which agreed with the
current observations in rice. The increase in gN may
reflect a reduced demand for products of electron transport
and, hence, increased heat dissipation. These results
suggested that, beside its direct effect on stomatal conduc-
tance, salinity may reduce photosynthesis through its
indirect effect on the photosynthetic apparatus.

Another common damage anticipated under stress con-
ditions is the accumulation of excessive ROS (Asada,
2006), which occurs when the reduction in ®pgy; is much
lower than the extent of the reduction in photosynthesis,
suggesting movement of electrons to oxygen molecules
rather than being used for carbon assimilation. ROS can
also cause serious damage to organelles such as chloro-
plasts, mitochondria and plasma membranes. Among the
three cultivars, IR651 and IR632 had the highest level of
reduced AsA, which is known to play a vital role in ROS
detoxification in plant cells. The two tolerant lines also
showed higher activities of SOD, APX and GR, which
further ensure detoxification of ROS and regeneration of
reduced AsA. The higher gN in IR651 associated with a
higher concentration of reduced AsA and higher activities
of the scavenging enzymes probably suggested that the
excess energy generated in this tolerant line under salt
stress is effectively dissipated through upregulation of the
reactive oxygen scavenging system. AsA can directly sca-
venge superoxide, hydroxyl radicals and singlet oxygen,
and can serve as an enzyme cofactor, for example for vio-
laxanthin de-epoxidase (Fedoroff, 2006), which catalyses
the conversion of violaxanthin to zeaxanthin (the
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xanthophyll cycle), required for the dissipation of excess
excitation energy during gN. Also AsA can act as a second-
ary antioxidant during reductive recycling of the oxidized
form of a-tocopherol, another lipophilic antioxidant mol-
ecule (Shalata and Neumann, 2001). The high levels of
gN in IR29, on the other hand, might be due to an
adverse salt effect on the enzymes involved in the dark
reactions of photosynthesis and could result in the gener-
ation of excess ROS with subsequent damage to lipid mem-
branes, as demonstrated by the high levels of MDA and
severe leaf damage in this cultivar.

The strong negative correlation observed between the level
of reduced AsA and MDA at an EC of both 6 dSm ™! (R*> =
0-79, Fig. 7A) and 12dS m~' (R* = 0-62, Fig. 7B), during
the seedling stage as well as at flowering (R*=0-71)
suggested that reduced AsA apparently plays a vital role in
reducing membrane damage during salinity stress. Similar
observations were also made previously (Noctor and Foyer,
1998; Shalata and Neumann, 2001; Fedoroff, 2006).

During both stages, activities of SOD, APX and GR in
IR651 and IR632 increased significantly and with a
greater increase in GR activity, while those of IR29 either
declined or stayed unchanged (Figs 8 and 9). The superior
performance of the salt-tolerant lines, particularly that of
IR651, may therefore be partially attributed to their
ability to detoxify effectively ROS generated during stress
as a consequence of reduced photochemical carbon fixation
and excess energy. These processes involve the mainten-
ance of higher activity of SOD (46 % increase at EC of
12dS m™ ") for the detoxification of O5 and production
of H,O, (Fig. 8A) and a high activity of APX (19 %
increase in IR651 but a substantial reduction in IR29 at
EC of 12dS m™ ', Fig. 8B), together with a high level of
reduced AsA (Figs 5C and 6C) for detoxification of H,O,
to H,O. In addition to that, GR activity in IR651 leaves
was significantly higher (273 % at an EC of 12dSm™ " at
the vegetative stage) under salt stress than in other cultivars
(Figs 8C and 9C).

The upregulation of this antioxidant system in the toler-
ant lines, together with the maintenance of a high level of
reduced AsA and lower MDA compared with those
observed in IR29, suggested that this pathway probably
plays a functional role in mitigating the effects of salt
stress in rice. AsA may also be involved in the maintenance
of the higher stomatal conductance observed in the tolerant
line IR651 (Chen and Gallie, 2004). The agreement
between results obtained at the early seedling stage and
those at flowering suggested that mechanisms associated
with detoxification of these ROS are effective at both
stages, though their effects are more prominent during the
early vegetative stage.

One distinctive feature of most plants growing in saline
environments is the accumulation of increased amounts of
low molecular weight water-soluble metabolites in their
cells, such as proline (Hasegawa et al., 2000), possibly
for osmotic adjustment. The accumulation of proline in
the flag leaf of the three lines was studied at flowering to
investigate its association with tolerance to salt stress. The
proline concentration significantly increased in the flag
leaf of all cultivars under salinity, with the highest relative
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increase observed in IR29, in which it increased by about
369 %, whereas a much lower increase was observed in
the most tolerant line, IR651 (Fig. 10). It has been repeat-
edly inferred, but not yet proven, that there might be a
relationship between salt tolerance and the accumulation
of proline and other metabolites for osmotic adjustment.
However, the present results suggest that the increase in
proline concentration may not be associated with salinity
tolerance, which agrees with similar observations made pre-
viously (Colmer et al., 1995). However, elevated proline
levels may also confer additional regulatory or osmoprotec-
tive functions under salt stress, such as its role in the control
of the activity of plasma membrane transporters involved in
cell osmotic adjustment in barley roots (Cuin and Shabala,
2005). Given the fact that proline biosynthesis is a highly
energy-demanding process and that only small quantities
of proline are probably required for the control of plasma
membrane transporters (Cuin and Shabala, 2005), the
observed overproduction of proline in IR29 may not be
explained by these processes, but rather may be a reflection
of poor performance and greater damage in response to salt
stress.

This study showed that tolerant rice cultivars maintained
a relatively higher photosynthetic function after a brief
period of acclimation following exposure to salt stress.
These cultivars also tend to upregulate their antioxidant
system to detoxify ROS generated during stress and to dis-
sipate excess energy, as demonstrated by their higher levels
of reduced AsA, lower level of MDA that did not increase
under salt stress and the upregulation of the activity of
enzymes involved in the detoxification system. The
greater tolerance of IR651 seems to be associated with a
more efficient antioxidant system than IR632, and also a
greater ability to recover after a brief acclimation upon
exposure to salt stress. The mechanisms investigated in
this study seem to be effective both at the early seedling
stage and at flowering.
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