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Abstract: Development of salt tolerant rice varieties has
become an urgent priority because of the increase of salinity
in rice lands. The objectives of the present experiment were to
determine: (a) the appropriate level of salt stress to be imposed
for screening rice varieties grown in hydroponics for salt
tolerance at Phase I (osmotic stress) and at Phase II (salt ion
toxicity) of salt stress development; (b) the point of transition
from Phase I to II and (c) the degree of salt tolerance in the
Sri Lankan improved rice variety At354 in comparison to the
known salt-tolerant rice variety, Pokkali. Seedlings of the two
varieties were grown in a plant house in nutrient solutions in a
range of salt concentrations, i.e. 1 (Control), 20, 40, 60, 80, 100,
120 and 150 mM NaCl. Area of the youngest fully-expanded
leaf at salt stress commencement and at 2-7 day intervals
was measured non-destructively. The total plant biomass was
measured after 30 days of salt stress. Based on the time courses
of relative area of the youngest fully-expanded leaf RL, (i.e.
area of the leaf under salt stress as a proportion of that in the
control), 100 mM Na" was determined as the optimum salinity
level for varietal screening. At 100 mM Na*, the two phases
could be identified clearly, with Phase I (from 0 to 10 days after
reaching 100 mM Na®) showing a significantly lower rate of
reduction of RL, than Phase II (starting after 10 days). The
Sri Lankan improved rice variety At354 showed lower rates of
reduction of relative plant biomass and RL, and a slower rate
of Na* accumulation in the shoot in comparison to Pokkali with
increasing salt stress, demonstrating its greater salt tolerance
than that of Pokkali.
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INTRODUCTION

Increasing salt ion concentration in the soil solution,
commonly known as ‘salinity’, is becoming an
important stress factor causing significant reduction

in the productivity of agricultural crops, both globally
(Szabolcs, 1994; Pitman & Léauchli, 2002; Munns &
Tester, 2008) and in Sri Lanka (Sirisena & Herath,
2009). In agriculture, a soil having a salt concentration
exceedingan electrical conductivity (EC) value of 4 dSm!
is classified as saline (USDA-ARS, 2008). This is based
on the observation that the yield of most crops is reduced
at salinity levels above 4 dS m', which is equivalent to
40 mM NaCl and an osmotic pressure of 0.2 MPa. Rice
(Oryza sativa L.) is the staple food of more than 1 billion
people worldwide, which includes 20 million people in
Sri Lanka. The sensitivity to salinity differs between
different crop species and rice is classified as one of the
most sensitive crops (Maas & Hoffman, 1977; Munns &
Tester, 2008).

High concentrations of salts in irrigation water,
(Ghassemi et al., 1995), global warming-induced sea
level rise (IPCC, 2007) and increased evapotranspiration
rates (De Costa, 2009), which bring greater amounts of
salts to the soil surface could contribute to increased
salinity levels in rice lands in the future. Out of the 160
million ha of rice grown worldwide, nearly 80 million
ha are grown under irrigation (IRRI, 2011). Seventy five
percent of the 720,000 ha of rice in Sri Lanka is cultivated
under irrigation (IRRI, 2010). Irrigated lands have higher
productivity in comparison to rainfed lands. The effect
of increasing salinity levels in irrigated rice lands on
total rice production, will therefore be proportionately
greater. Out of the total annual extent of rice-cultivated
in Sri Lanka, nearly 70 % of the coastal rice lands are
reported to be affected by salinity (Anonymous, 2011).
Therefore, it is imperative that salt-tolerant rice varieties
are developed in Sri Lanka.
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Traditional rice varieties, Pokkali and Nona Bokra,
which originated in the coastal zones of India, have been
identified as salt-tolerant and used extensively worldwide
for research on salt-tolerance in rice (Munns et al., 2006).
However, these varieties are low-yielding because of their
tall plant type and droopy-leaved canopy architecture.
Rice breeders at the Rice Research and Development
Institute of the Department of Agriculture of Sri Lanka
have been successful in breeding several rice varieties,
which combine comparative salt-tolerance with medium-
to-high yield. The most prominent among these is the
variety At354, which is a 3 %2 -month variety with dwarf
and erect-leaved canopy architecture and a yield potential
(i.e. the yield under optimum environmental and growing
conditions) of 10 t ha' and a potential yield of 5 t ha’!
under saline conditions. At354 has been developed from
a cross between Pokkali and the high-yielding, dwarf and
erect-leaved variety Bg94-1.

Plants respond to salinity in two phases (Munns
1993; Munns et al., 1995). During the initial phase
(Phase I), excess salts in the external soil solution makes
water less available for absorption through plant roots,
due to binding with water molecules, thus reducing
plant growth. Salinity-induced growth reduction in
Phase I is followed by a gradual accumulation of salts
in plant tissue, first in the older tissue and then in the
younger tissue along with the absorption of saline water
leading to salt-ion toxicity. This is Phase II of salt-stress
development and is characterized by tissue senescence
proceeding from older to younger tissues (i.e. leaves).

It follows from the two-phase model of salt-stress
development that tolerance to salinity requires different
physiological mechanisms during the two phases. Salt-
tolerance during Phase I requires tolerance to osmotic
stress, while tolerance during Phase II requires exclusion
of toxic salt ions from important tissues such as leaves
and tolerance of tissues to high salt concentrations
through cellular and intra-cellular compartmentalization
(Munns & Tester, 2008). It is highly likely that these
different physiological mechanisms of salt tolerance
during different phases are controlled by different genes,
which may be expressed to different degrees in different
genotypes. Therefore, varietal screening of rice needs to
be carried out separately for the two phases of salt stress
development, so that the varieties/genotypes/accessions
that are tolerant to osmotic stress (during Phase I) and salt
ion toxicity (during Phase II) can be identified separately
(Munns et al., 2002).

Therefore, an important requirement in the varietal
screening for salt tolerance is to determine the appropriate
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level of salinity that should be used for screening. When
deciding on an appropriate level of salinity for varietal
screening, the following have to be considered. Firstly,
the selected level of salinity should be high enough
to detect varieties, that have an adequate degree of
tolerance. A salinity level that is not high enough
would detect varieties, which do not have an adequate
degree of tolerance, as tolerant. Secondly, in order to
identify varieties that are tolerant in the two phases of
salt stress development separately, the selected level of
salinity needs to be ‘low’ enough for the two phases to
be adequately separated in time. This would allow the
researchers enough time to collect plant samples in the
two phases. The present experiment was designed to
hydroponically screen the two known salt tolerant rice
varieties (i.e. Pokkali and At354) using a series of salinity
levels ranging from 20 to 150 mM Na* with the objective
to determine: (a) the appropriate level of salt stress to
be imposed for screening rice varieties in hydroponics
for tolerance to salinity in the two phases of salt stress
development; (b) the point at which Phase I of salt stress
development (i.e. osmotic stress) shifts to Phase II of
salt stress development (i.e. salt-ion toxicity) and (c) the
degree of salt tolerance in the Sri Lankan improved rice
variety At354 in comparison to the standard salt-tolerant
rice variety, Pokkali. In order to determine the appropriate
level of salt stress to be imposed for screening for salt
tolerance, the known tolerant varieties had to be used as
benchmarks. Use of moderately-tolerant or susceptible
varieties for the above purpose would result in a lower
level of salinity being selected as appropriate, thus
identifying even moderately tolerant varieties as tolerant
varieties. This would not bring about any improvement
in salt tolerance in rice because the new salt tolerant
varieties would only be useful if they have a greater
tolerance than the existing tolerant varieties.

METHODS AND MATERIALS

Experimental location: The experiment was conducted in
arain-sheltered, ventilated plant house at the Agricultural
Biotechnology Centre, University of Peradeniya,
Peradeniya (Latitude 7° 15’ 47N, Longitude 80° 36’ 10E,
Altitude 496 m above sea level).

Plant material: The two known salt-tolerantrice varieties,
At354 and Pokkali were used in this experiment. The
seeds were obtained from the Plant Genetic Resources
Centre of the Department of Agriculture, Gannoruwa,
Peradeniya.

Plant culture and experimental treatments: Plants were
grown hydroponically in aerated nutrient solutions. A
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specific nutrient solution thathad been used for hydroponic
culture of rice (Yoshida et al., 1972) was used. The
composition of the full-strength nutrient solution was:
(in gL") NH,NO,, 91.4; NaH,PO,.2H,0, 40.3; K,SO,,
71.4; MgSO,.7H 0, 324; CaCl, 88.6; MnClL,.4H,0,
1.5; (NH,)Mo,0,,.4H,0, 0.074; H,BO, ZnSO,.7H,0,
0.035; CuSO,.5H,0, 0.031; FeCl3.6HZO, 7.7; and Citric
acid, 11.9. Micronutrient salts were dissolved separately
and combined with 50 mL conc. H,SO, and the volume
adjusted to 1 L by distilled water. pH of the final culture
solution was maintained at 5. The nutrient solution was

completely replenished at weekly intervals.

The experiment was a two-factor factorial, the factors
being genotypes with two levels, At354 and Pokkali and
salt-treatment with eight levels: control - 1 mM NaCl and
seven salt-stress treatments T1- 20 mM NaCl, T2- 40 mM
NaCl, T3- 60 mM NacCl, T4- 80 mM NacCl, T5-100 mM
NaCl, T6-120 mM NaCl, and T7-150 mM NaCl. The
experiment was laid out in a completely randomized
design with four replications. NaCl was selected for the
salt treatment because NaCl is the most abundant and the
most soluble (Flowers, 2004; Munns & Tester, 2008), out
of the different salts that can cause salinity in agricultural
lands.

Seeds were imbibed overnight in aerated 1 % CaSO,
solution and wrapped in banana leaves for germination.
Pre-germinated seeds were kept between wet filter papers
to develop seedlings. After one week, the seedlings were
transferred to aerated nutrient solutions in 3 L plastic
containers in a well-ventilated plant house, which was
rain-sheltered with a glass roof. Each variety x salt
treatment X replicate combination was represented with
nine plants.

At the time of seedling transfer, the nutrient solution
was at %4 of full strength. Strength of the nutrient solution
was increased in 25 % steps, up to full strength at 2 d
intervals. Salt treatments (control — 1 mM NacCl, stress-
20 mM NaCl) were started one week after giving the full
strength nutrient solution. The control was maintained
at 1 mM NacCl concentration throughout. In salt stress
treatments of T2, T3 and T4, salt concentration was
increased up to the final concentration in 20 mM steps
at 2 d intervals. In salt stress treatments of TS5, T6 and
T7, salt concentration was increased up to 100 mM
concentration in 25 mM steps at 2 d intervals. Two
days later, salt concentrations of T6 and T7 were further
increased to the respective final concentrations of 120
and 150 mM Na'. Plants were harvested 30 days after
commencement of salt treatments, when salt toxicity
symptoms appeared in more than 50 % of shoots at the
highest salt concentration solution (i.e. 150 mM NaCl).
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Measurements:

(a) Plant growth: Leaf growth was quantified by
measuring the length and width of the two youngest
expanding leaves. Measurements were started 24 h after
imposing stress. Thereafter, leaf growth measurements
were taken at 2—7 d intervals until harvesting. These leaves
were selected because their entire duration of expansion
occurred during the stress period. When the initially
selected leaves completed expanding, measurements
were made on the younger expanding leaves. Green leaf
area was computed as the product between the respective
length and width divided by 2. At final harvest, the plants
were separated into shoots and roots and the fresh and
dry weights were measured.

(b) Na* concentration in shoot and root: The two
youngest leaves and the roots were taken at the time of
harvesting for analysis of tissue Na*concentrations. Na*
ion extraction was done according to the general method
for plant samples as described by Van Ranst et al. (1999).
Na® ion concentration was measured using a flame
photometer.

(c) Visual observations: The time of appearance of
visual symptoms of water stress (i.e. leaf rolling) and salt
toxicity (i.e. burning of leaf tip and gradual advancement
of burning towards the rest of the leaf blade) were
recorded.

(d) Data analysis: Data on the measured parameters were
analyzed using analysis of variance (ANOVA). Whenever
the genotype x salt concentration interaction effect was
found to be significant (p < 0.05), significance for salt
concentration effects within the genotype was tested by
running separate ANOVA for each genotype. Means were
separated using either the Least Significant Difference
or the Duncan’s Multiple Range Test. Responses of
selected parameters to increasing salinity were quantified
by regression analysis. Appropriate regression models
were determined by examining the respective scatter
plots. Correlations between different parameters were
determined by linear correlation analysis.

The two phases of salt stress development were
identified by examining the variation in relative leaf area
with time after imposing salt stress. Relative leaf area
was calculated as the ratio between area of the youngest
expanding leaf at a given salt concentration and that in
the control. The point at which relative leaf area shows
a significant acceleration in its decline with time was
identified as the end of Phase I and the beginning of
Phase II of salt stress development. Relative shoot, root
and total dry weights were calculated as the ratios between
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the respective mean shoot, root and total dry weights at
a given salt concentration and the corresponding mean
shoot, root and total dry weights in the control. The
respective means of shoot, root and total dry weights
were obtained by pooling and averaging the replicate
values of each variety x salt concentration combination.

RESULTS
Meteorological conditions during the experiment

Meteorological conditions during the 49 day period of
the experiment are presented in Table 1. The respective
ranges of variation of all meteorological variables were
within the tolerable minimum and maximum thresholds
for rice (Yoshida, 1981). Therefore, the meteorological
conditions during the experiment did not have any
adverse effect on the growth of rice plants.

Total plant biomass and its partitioning
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Na™ (R?= 0.58) when the salinity level increased from
1 to 80 mM Na'*. This was followed by a faster rate of
decrease 0of37.7 mgmM™' Na*, when the salinity increased
from 80 to 100 mM Na*. W_ of At354 did not decrease
significantly below the minimum that was reached at 100
mM Na’, even when the salinity level increased beyond
100 mM Na" up to 150 mM Na'. As compared to At354,
Pokkali showed a faster rate of decrease in W, (34.2+£5.6
mg mM™ Na*, R?= 0.62), when salinity increased from
1 to 60 mM Na® (Figure 1a). Although W_ continued
to show a very slow decline when salinity increased
beyond 60 mM Na’, the W_ values were not significantly
(p = 0.05) different. At a given level of salinity, At354
always showed a higher W_ than Pokkali (Figure 1a).
This varietal difference was significant (p < 0.05) at all
levels of salinity, except at 20 and 100 mM Na". Relative
W_ (i.e. W, at a given level of salinity as a ratio of that
in the respective control) (Figure 1b) also showed a
variation pattern that was very similar to that of W_.

There was a highly significant (p = 0.001) salinity x 30
genotype interaction effect on the total plant dry weight ' (@)
(W), indicating that the genotypes were differentially =~ 251
affected by the different salinity levels. Despite 5 20
. . o
the 1nterapt10n effect, W, at . harvejs.t (49 days after e T A354
transplanting or 30 days after imposition of salt stress) £ 5 —=— Pokkali
showed highly significant variation between different 2 10-
salinity levels (p < 0.0001) and the two genotypes (p < z 05
0.0001). In the control (i.e. 1 mM Na"), the two varieties -
did not show a significant difference in their W_ (Figure P00
la). When salinity was increased from 1 mM Na*, both 0 20 40 60 80 100 120 140 160
genotypes showed significant linear decreases in W Salinity level (mM Na)
until the salinity level increased up to a threshold value.
W.. of At354 decreased at a rate of 16.6 + 2.6 mg mM! 10
(b)
£ 08
Table 1: Meteorological conditions during the 49 day period of the %
experiment. g‘ 0.6 - o AI354
= —=— Pokkali
Variable Maximum Minimum Mean s 0.4 1
[
. . . 2 02 -
Daily maximum air 32.7 25.5 29.60 %
temperature (°C) Z 00
Dally minimum air 24.6 21.0 22.50 0 20 40 60 80 100 120 140 160
temperature (°C) Salinity level (mM Na*)
Daily mean air 27.7 23.5 26.10
temperature (°C)
Daily mean relative 92.0 320 7630 Figure 1: Response of: (a) total plant dry weight and (b) relative total
humidity (%) o . .
plant dry weight (i.e. total plant dry weight at a given level
Daily sunshine 11.2 0.1 05.23 . . .
of salinity as a ratio of the control) of At354 and Pokkali to
duration (h d) . . ..
) increasing level of salinity. All measurements were taken
Pan eve?poratlon rate 75 0.1 02.89 30 days after imposing salinity. Vertical error bars indicate
(mm d") 95 % confidence intervals.
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Table 2: Linear correlation coefficients among total shoot and root dry weights and shoot-

weight ratio.

Total plant dry Shoot dry Root dry Shoot-weight

weight weight weight ratio
Total plant dry - 0.998 0.989 -0.783
weight (p <0.0001) (p<0.0001) (p=0.0003)
Shoot dry - 0.979 -0.760
weight (p<0.0001)  (p=0.0006)
Root dry -0.829
weight - (p <0.0001)

Note: Data from both genotypes and all salinity treatments were pooled

The respective shoot dry weights (W) and root dry
weights (W) showed highly significant correlations with
W, (Table 2). On the other hand, the shoot-weight ratio
(i.e. ratio between W and W.) showed highly significant
negative correlations with W, W and W .

Shoot Na™ concentration (Na_)

The genotype x salt concentration interaction effect on
shoot Na™ concentration (Na_) was found to be highly
significant (p = 0.001). Despite the interaction effect,
Na, showed highly significant variation with salinity
level (p < 0.0001) and genotypes (p = 0.01). In both
varieties, there was a continuous increase of Na, with
increasing salt concentration in the external medium
(Figure 2a). Analysis of variance of Na, for different
external Na" concentrations showed that in both varieties,
Na_ of salinized treatments did not differ significantly
(p <0.05) from that of the control (i.e. | mM Na") until
salinity exceeded 40 mM Na“. Within the range between
40 and 80 mM Na’, Na, in both genotypes showed a
gradual increase. Both genotypes showed substantial
increases of Na, when the salinity level increased
beyond 80 mM Na*, with Pokkali showing a greater
rate of increase [i.e. 26.1 mM Na* kg'! (mM Na*)! with
linear R?= 0.77] than At354 [18.3 mM Na" kg' (mM
Na")! with linear R?>= 0.73]. Pokkali had a significantly
(p < 0.05) greater Na, than At354 at all external Na*
concentrations beyond 80 mM Na™.

Root Na* concentration (Na )

Withrespect to root Na” concentration (Na ), the genotype
x salt concentration interaction effect was found to be
not significant at p = 0.05. However, Na, showed highly
significant variation between salt concentrations in the
external medium (p <0.0001) and genotypes (p <0.0001).
Both genotypes showed an increasing overall trend in
their respective Na_ (Figure 2b) with At354 showing

a greater rate of increase [i.e. 10.3 mM Na* kg! (mM
Na")! with linear R?= 0.74] as compared to Pokkali [8.3
mM Na* kg! (mM Na*)! with linear R?=0.66] across the
whole range of external salt concentrations. In contrast
to Na , Na_was significantly (p < 0.05) greater in At354
than in Pokkali at all levels of salinity except 20 and 120
mM Na".

3000

(a)
2500 -

2000 -
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—— Pokkali

1500 -

1000 -

500 -

Shoot [Na*] (mmol kg' DW)

0 T T T T T T T
0 20 40 60 80 100 120 140 160
Salinity level (mM Na*)

3000

2500 - (b)

2000 -

—— At354
—&— Pokkali

1500 -

1000 -
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0

0 20 40 60 80 100 120 140 160
Salinity level (mM Na*)

Figure 2:  Response of shoot (a) and root (b) Na* concentrations
of At354 and Pokkali to increasing level of salinity. All
measurements were taken 30 days after imposing salinity.

Vertical error bars indicate 95 % confidence intervals.
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Shoot:root Na* concentration ratio (R )

The genotype x salt concentration interaction effect on
the ratio between shoot and root Na® concentrations
(R,,) was found to be highly significant (p = 0.0007).
Despite the interaction effect, R~ showed highly
(p <0.0001) significant variation between salinity levels
and genotypes. Despite unexpected fluctuations, which
were probably due to the fluctuations of Na_, R for both
varieties showed an overall increasing trend across the
whole range of external salt concentrations (Figure 3).
Here, Pokkali showed a higher linear rate of increase in
R, [i.e. 0.0077 (mM Na®)" with linear R*= 0.60] than
that of At354 [0.0062 (mM Na*)' with linear R?>=0.56].
Pokkali had a significantly (p < 0.05) greater R than
At354 at all levels of salinity except at 80 and 120 mM

Na'.
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which had similar R? values to that of the corresponding
relationship between relative shoot dry weight and Na_,
(Figure 4a).

Variation of relative leaf area with time at different
Na* concentrations

In both genotypes, relative green leaf area (RL,) did
not show a significant decline at 20 mM Na' even
27 days after imposition of salt stress (Figure 6a).
At 40, 60 and 80 mM Na*, RL, showed significant
reductions with time (Figures 6b — d & Table 3). The
respective rates of reduction increased with increasing
levels of salinity (Table 3). However, in both genotypes,
the rates of reduction of RL, with time were uniform

1 -

Relationship between relative shoot and root growth

and the respective tissue Na* concentrations under £ 084 @

salt stress 2 A

3
. - : 2 061 = 4.9506x %%
A negative significant power function adequately S Y=o
; . ) i d 5 R® = 0.8612

described the relationship between tissue Na S o4

concentration and relative dry weight for both shoot g .." A B

(Figure 4a) and root (Figure 4b). Coefficients of the power T 024 o B -

. . [} -0.6926
functions clearly showed that relative shoot growth of o y=32.962x -

Pokkali was more sensitive to increasing Na  than that of 0 _ R7=0881 ‘ ‘ ‘

At354. However, no clear genotypic difference was found 0 500 1000 1500 2000 2500 3000

in the sensitivity of re}atlve root growth tlo increasing N. Shoot [Na'] (mmol kg DW)

Because shoot dry weight formed the major portion of the

total plant dry weight, the relationship between relative

total plant dry weight and Na could also be described

adequately by a negative power function (Figure 5),

14 LAY
: (b)
« 08 -

1.8 5

1.6 g .
2 14l ; 0.6 - . v = 30051x %%
£ 1'2 | b . R’ = 0.7747
L] 1'0 | S S 04 y=6510x"*%%
% o . S R®=05718
g 08+ —8— Pokkali =
o o 0.2+ . A
T 06 K ..
S 04 L] -
S 04
] 0.2 - 0 T T T T T

0.0 - 0 500 1000 1500 2000 2500 3000

0 20 40 60 80 100 120 140 160 Root [Na*] (mmol kg™ DW)
Salinity level (nM Na*)

Figure 3:  Response of shoot: root Na' concentration ratio of Figure 4:  Relationships between relative shoot (a) and root (b)
At354 and Pokkali to increasing level of salinity. All growth and their respective Na* concentrations of At354
measurements were taken 30 days after imposing and Pokkali at 30 days after imposing salt stress.
salinity. Vertical error bars indicate 95 % confidence * - Coefficient is significantly different from zero at
intervals. p <0.05
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s 081 \3¥
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Figure 5:  Relationships between relative total plant dry weight and

shoot Na' concentration of At354 and Pokkali at 30 days
after imposing salt stress.

* - Coefficient is significantly different from zero at
p <0.05
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throughout the period of observation, as indicated
by the very high (i.e. > 0.95) R? values for the fitted
linear regressions. Therefore, identification of the two
phases of salt stress development was not possible. In
contrast, the two phases could be identified clearly at
100 mM Na* (Figure 6¢), with the first phase (i.e. from
0 to 10 days after reaching 100 mM Na") showing a
significantly lower rate of reduction of RL, than the
second phase (i.e. after 10 days). Notably, the rates of
reduction during the identified second phase at 100 mM
Na® were substantially greater than the uniform rates
observed at 40, 60 and 80 mM Na* (Table 3).

At salinity levels greater than 100 mM Na' (i.e. 120
and 150 mM Na"), the phase of rapid reduction of RL,
had already started in Pokkali, when the target salinity
level was reached (Figures 6f & g). At these two high
salinity treatments, the phase of rapid RL, reduction was
followed by a phase of comparatively slower reduction
(Table 3). By this time, the plants were showing clear
symptoms of salt toxicity and their rate of growth had
reduced substantially.

Table 3: Rate of reduction of relative leaf area with time after reaching the target salinity level

at different levels of salinity in At354 and Pokkali.

Salinity Period At354 Pokkali
level considered rate of rate of
(mM (days after reduction of R? reduction of R?
Na*) reaching relative leaf relative leaf
salinity level) area (d) area (d)
40 0-20 0.041%** 0.97 0.027%%** 0.98
60 0-17 0.065%** 0.99 0.036%** 0.99
80 0-19 0.111%** 0.97 0.056%** 0.99
100 0-10 0.016%** 0.89 0.032%** 0.98
10—-13 0.346 n.a. 0.283 n.a.
10-18 0.139%* 0.74 0.122%%* 0.78
120 0-3 0.265%%*%* 0.90 0.175%%* 0.99
3-15 0.083%** 0.92 0.033%** 0.96
150 0-3 0.391%** 0.99 0.284%** 0.98
3-10 0.087 n.a. 0.051 n.a.
3-15 0.066*** 0.95 0.031** 0.83
n.a. — R?value is not available as only two data points were used to calculate the rate of

Kk

reduction.
Regression coefficient is significantly different from zero at p < 0.01
Regression coefficient is significantly different from zero at p < 0.0001
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Except at 20 mM Na®, the RL, values of At354 were
greater than the respective values of Pokkali (Figure 6).

W.A.J.M. De Costa et al.

However, the rates of reduction of RL, with time were
greater in At354 as compared to Pokkali (Table 3).
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Figure 6:  Variation of relative green leaf area of At 354 and Pokkali with time, after reaching the respective target salinity levels: (a)
20;(b)40; (c) 60;(d) 80; (e) 100 ; (f) 120 and (g) 150 mM Na'. Except the 20 mM Na' treatment, all other target salinity
levels were achieved as step-wise increases (see Methods and Materials for more details). The measurements started from
the first step of salt stress imposition. All measurements were standardized to the initial values at the time of salt stress
imposition.
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Table 4: Visual observations on the response of At354 and Pokkali to different levels of salt stress: Time of transition from Phase I to

Phase II and appearance of water stress and salt toxicity symptoms.

Salt stress Variety Point of significant Point at which water Point at which salt toxicity
level (mM acceleration in the stress symptoms symptoms first appeared
NaCl) decline of relative first appeared (DAT) (DAT)
leaf area’
20 mM At354 Did not observe Did not observe even Did not observe even after
even after 27 DAT after 27 DAT 27 DAT
Pokkali Did not observe even Did not observe even Did not observe even
after 27 DAT after 27 DAT after 27 DAT
40 mM At354 Did not observe even Did not observe even Burning of leaf tip at
after 24 DAT after 27 DAT 24 DAT
Pokkali Did not observe even Did not observe even Burning of leaf tip at
after 24 DAT after 27 DAT 20 DAT
60 mM At354 Did not observe even Did not observe even Burning of leaf tip at
after 22 DAT after 27 DAT 15 DAT
Pokkali Did not observe even Leaf rolling on the Burning of leaf
after 22 DAT same day of increasing tip at 12 DAT
salinity up to 60 mM
NacCl
80 mM At354 Did not observe even Slight leaf rolling on Burning of leaf tip at
after 19 DAT the same day of 4 DAT
increasing salinity Leaf scorching at 9 DAT
up to 80 mM NaCl
Pokkali Did not observe Leaf rolling to a greater Burning of leaf tip at
even after 19 DAT extent than that in 4 DAT
At354 on the same day Leaf scorching at 9 DAT
of increasing salinity (Both symptoms to a
up to 80 mM NaCl greater extent than At354)
100 mM At354 10 DAT Slight leaf rolling at Slight burning of leaf tip
2 DAT at 2 DAT
Leaf scorching at 7 DAT
Pokkali 10 DAT Wilting of all leaves at Clear burning of leaf tip
1 DAT at2 DAT
Leaf scorching at 5 DAT
120 mM At354 Rapid decline Leaf rolling before Tip burn before salinity
started at the point salinity was increased was increased up to
of reaching the up to 120 mM 120 mM
target salinity level Leaf wilting at | DAT Leaf scorching at 3 DAT
(i.e. 0 DAT) (i.e. one day after
salinity reached 120 mM)
Intensity of symptoms
were less than in
Pokkali
Pokkali Rapid decline Leaf rolling before Tip burn before salinity

started at the point
of reaching the
target salinity level
(i.e. 0 DAT)

salinity was increased

up to 120 mM

Leaf wilting at 1 DAT
(i.e. one day after salinity
reached 120 mM)

was increased up to
120 mM
Leaf scorching at 2 DAT

— continued
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— continued from page 37 —
Salt stress Variety Point of significant Point at which water Point at which salt toxicity
level (mM acceleration in the stress symptoms symptoms first appeared
NaCl) decline of relative first appeared (DAT) (DAT)
leaf area
150 mM At354 Rapid decline Leaf rolling and wilting Tip burn and leaf scorching
started at the point before salinity was before salinity was increased
of reaching the increased up to up to 150 mM
target salinity level 150 mM
(i.e. 0 DAT)
Pokkali Rapid decline Leaf rolling and wilting Tip burn and leaf scorching

started at the point
of reaching the
target salinity level
(i.e. 0 DAT)

before salinity was before salinity was
increased up to

150 mM

increased up to 150 mM

! - Based on Figure 6
DAT - Days after reaching target salinity

Visual observations of water stress and salt toxicity

Visual symptoms of water stress (i.e. leaf rolling)
and salt toxicity (i.c. burning of leaf tip and gradual
advancement of burning towards the rest of the
leaf blade) appeared (Table 4) before the point of
commencement of rapid decline in RL,. Both water
stress and salt toxicity symptoms appeared slightly
carlier in Pokkali as compared to At354.

DISCUSSION

Comparison and validation of the screening method
developed with other methods of screening for salt
tolerance

The ultimate measure of salt tolerance of a given crop
variety would be its ability to produce a high yield in a
naturally saline environment. However, there are several
practical difficulties in using the above criterion for
screening of a large number of genotypes/accessions/
varieties. Firstly, the plants need to be grown in the saline
environment for a lengthy period of time (i.e. 3 months
or more in the case of rice) until they produce a yield.
During this lengthy period, in a natural environment, the
salinity level can fluctuate due to several factors such as
rainfall and drainage conditions in the field. Secondly,
screening a large number of genotypes in the field
requires a considerable land area, within which the level
of salinity is often non-uniformly distributed (Richards,
1983) due to spatial heterogeneity of soil chemical and
physical factors that are responsible for salinity. As a
result, different genotypes may be growing under different

levels of salinity, thus making valid comparisons difficult.
Thirdly, screening and identification of genotypes of
relative salt tolerance based on their final yield will
not provide information on the different physiological,
metabolic, growth and phenological traits that may have
contributed to produce a higher yield under salinity. It
is highly likely that salt tolerance is polygenic and is
controlled by a large number of genes or groups of genes
(Flowers & Yeo, 1995; Munns, 2005; Munns & Tester,
2008). Therefore, a varietal screening method should not
only identify genotypes of relatively greater tolerance
but also provide indications of the physiological basis of
the observed salt tolerance.

The screening method developed and tested in
the present study did not have the above-mentioned
disadvantages. Firstly, it provided a measure of salt
tolerance (i.e. relative leaf area) within a shorter time
period. At the optimum salinity level of 100 mM Na*,
the whole screening process took less than 20 days after
imposition of salt stress (Figure 6¢). Taking into account
the time that was required for raising the seedlings,
transferring and acclimatization in the nutrient solutions
and step-wise imposition of the target level of salt-stress,
the whole period of screening took less than 50 days.
This is a considerable reduction of the time required
to complete one round of screening in comparison to
screening based on yield, which takes longer than 3
months based on the life cycle duration of the genotypes
being screened. Secondly, by growing plants in nutrient
solutions, all genotypes that are being screened could be
subjected to uniform and constant levels of salt stress
unlike in the field where the salinity levels vary, both
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spatially and temporally. Thirdly, by allowing separation
of the two physiological phases of responses to salt
stress, the present method provides indications of the
physiological basis of salt tolerance, which could be
further explored through molecular and biochemical
studies.

Abeysiriwardena (2004) proposed a rapid screening
technique based on germination percentage after
soaking the seeds in a solution of high salinity (i.e. 45
dS m’!, which is equivalent to 450 mM Na") for 9 days.
Screening of 10 rice varieties of known salt tolerance
in the field, including Pokkali and Nona Bokra using
the above method, has shown that the ability to sustain
seed viability under high salt concentration as measured
by post-soaking germination percentage had a positive
correlation with the level of salt tolerance shown in the
field. Sirisena and Abeysiriwardena (2005); Dissanayake
and Wijeratne (2006) and Subasinghe et al. (2007) also
used the same method to screen the salt tolerance of
10 and 28 Sri Lankan rice, varieties, respectively and
obtained similar results. However, Munns and James
(2003) concluded that screening based on germination
at high salinity did not discriminate between genotypes
of varying salt tolerance at moderate levels of salinity
(i.e. 50 — 100 mM NaCl), which are typical of the
salinity levels encountered under actual field conditions.
Consequently, there has been poor correlation between
varietal classifications of salt tolerance based on
germination and those based on actual field performance
(Munns & James, 2003). This is understandable as the
processes that are responsible for cell expansion during
germination (i.e. water uptake and swelling) are different
from the processes responsible for seedling growth (i.e.
cell division and expansion and photosynthesis).

Identification of the two phases of salt stress
development, the point of transfer from Phase I to
Phase II and determination of the optimum level of
salinity for varietal screening

The primary objective of the present study was to
determine an optimum level of salinity for rapid screening
of a large number of rice genotypes/accessions/varieties
hydroponically for salt-tolerance during the two phases
of salt stress development. Time courses of variation of
relative area of the two youngest expanding leaves at
each salinity level were used to identify the two phases
of salt stress development. Leaf growth was used for this
purpose because of two reasons. Firstly, leaf expansion
is a process, which is more sensitive to water and salt
stress than total dry weight (Munns, 2002; De Costa
etal.,2007). Secondly, leaf growth can be measured non-
destructively while total dry weight needs a destructive
measurement. Rawson et al. (1988) concluded that leaf
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area expansion rates of several cereal genotypes under
salinity correlated with biomass production rates, which
in turn showed adequate correlation with salt tolerance
based on grain yield.

Based on the results of the present study, 100 mM
Na* was identified as the optimum salinity level for
varietal screening of rice germplasm, under hydroponic
conditions, for identification of salt tolerance during the
two phases of salt stress development. This optimum can
be extended to any of the indica rice varieties as well.
Examination of time courses of relative leaf area showed
that the two phases of salt stress development could be
clearly demarcated at 100 mM Na* (Figure 6), with the
transition from Phase I to Phase II occurring around 10
days after reaching 100 mM Na*. Salinity levels lower
than 100 mM Na* did not indicate a clear demarcation
of the two phases (in terms of the time course of relative
leaf area). On the other hand, at salinity levels above
100 mM Na*, Phase I could not be identified as salt
toxicity symptoms appeared even before the salinity was
increased up to the target level.

100 mM Na* was high enough to induce growth
reductions and salt toxicity symptoms in the relatively
salt-tolerant rice variety At354, which showed itself to
have a greater tolerance than even Pokkali. Therefore,
the salt tolerance of At354 can be used as the benchmark
to develop new tolerant varieties, which preferably need
to possess a greater degree of tolerance than At354. It
may be argued that levels higher than 100 mM Na" may
help identify germplasms with greater tolerance than
At354. However, salinity levels greater than 100 mM
Na* have the disadvantage of not being able to clearly
identify the two phases of salt stress development. As
the two-phase model for response to salinity provides
a physiological and molecular basis for development
of salt tolerant varieties and for identification of genes
that are responsible for salt tolerance, the inability to
demarcate the two phases would constitute a significant
disadvantage. Therefore, until the development of a rice
variety, which has significantly greater salt tolerance than
At354, 100 mM Na* can be considered as the optimum
for varietal screening.

In a study comparing different methods of screening
rice varieties for salt tolerance, Aslam ez al. (1993)
showed that screening at the seedling stage in solution
culture at 100 mM Na* produced varietal classification,
which was adequately correlated with the corresponding
varietal classification based on final yield under field
conditions. These results are in agreement with the
findings of the present study. However, Aslam et al.
(1993) did not distinguish between the two phases of salt
stress development.
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Comparison of the optimum salinity level for varietal
screening of rice and the point of transition from
Phase I to Phase II of salt stress development found in
the present study with those found in the other studies
on rice and other crops

The extensive body of published work that has reported
different aspects of salt tolerance in rice has used a wide
range of salinity levels, which were similar, lower or
greater than the optimum of 100 mM Na* used in the
present study. For example, Koyama ef al. (2001) and
Flowers et al. (2000) have used the salinity level of 100
mM Na* for investigating QTLs for salt tolerance in rice.
Senadheera ez al. (2009) also have used 100 mM Na*
to investigate the differential expression of membrane
transporters in rice genotypes differing in salt tolerance.
On the other hand, Zeng ef al. (2002; 2003) and Zeng
(2005) have used salinity levels ranging from 45 to 83
mM Na® to investigate agronomic and physiological
traits related to salt tolerance in rice. Similarly, Walia
et al. (2005;2007) have used salinity levels of 70 — 74
mM Na" for comparing salt-induced gene expression
profiles of different rice genotypes. In contrast, Zhou
et al. (2007) and Sahi et al. (2003) used salinity levels
ranging from 150 to 300 mM Na* to analyze salt-induced
gene expression and isolate ESTs in rice.

Apart from the influence of the salt sensitivity/
tolerance of the different species and varieties, the
transition time taken to move from Phase I to Phase I1
of salt stress development has been influenced by the
growing temperature of the experimental plants. Munns
et al. (1993;1995) defined that the point of transition
from Phase I to Phase II would be the time at which
significant varietal differences appear in the growth
reductions as measured in terms of reductions in total
biomass or leaf area expansion. For example, in rice
growing at temperatures, which are comparable to
those of the present study, Aslam et al. (1993) detected
significant varietal variation 10 days after imposing a
salinity level of 100 mM Na*. This is in agreement with
the results of the present study, which showed that the
transition occurred 10 days after increasing salinity up
to 100 mM Na* (Table 4 & Figure 6). In contrast, several
studies conducted at lower growing temperatures (i.e. 15
— 25°C) on wheat, barley and maize have shown varietal
differentiation in the salinity-induced growth reduction,
four weeks after imposing salt stress (Schachtman ef al.,
1991; Fortmeier & Schubert, 1995; Munns et al., 1995).
The longer period taken for transition from Phase I to
Phase II was probably the combined result of lower
growing temperatures, in which the build-up of salinity
in plant tissue would be slower, and the greater salt
tolerance of these crop species.

W.A.J.M. De Costa et al.

Comparative salt tolerance of At354 and Pokkali

Results of the present study showed that the Sri Lankan
rice variety At354 has a greater degree of salt tolerance
than Pokkali, which is the widely-used standard salt
tolerant variety. This was evidenced by the slower rate
of decline of total plant dry weight of At354 as compared
to Pokkali, when salt stress was increased gradually
(Figure 1). This resulted in At354 having a higher
absolute and relative total dry weight than Pokkali at
any given level of salt stress. Absence of any significant
effects on shoot-weight ratio (data not shown) showed
that salt stress reduced both shoot and root growth in
approximately equal proportions. Highly significant
correlations between total plant dry weight and shoot dry
weight showed that shoot dry weight could also be used
as a criterion for evaluating the genotypic variation of
salt tolerance in rice.

The lower Na“ concentrations of shoots at levels
greater than 80 mM Na', in At354 as compared to
Pokkali (Figure 2a) showed that At354 had a greater
ability to exclude Na* from its shoot. The higher root Na*
concentrations of At354 (Figure 2b) than that of Pokkali
indicated that Na-exclusion was more efficient in At354
at the point of Na" entering the xylem stream (probably
the root xylem parenchyma). The Na-exclusion ability
of At354 was also shown by its lower shoot:root Na*
concentration ratio (Figure 3). Furthermore, all power
functions describing the reduction of total plant dry
weight and shoot dry weight with increasing shoot Na*
concentration (Figures 4a & 5) showed greater salt
sensitivity of Pokkali as compared to At354.

The observation in the present study of greater salt
tolerance of At354 in comparison to Pokkali is in direct
contrast to the findings of Abeysiriwardena (2004) and
Subasinghe et al. (2007), which showed greater salt
tolerance in Pokkali. However, in both above studies, salt
tolerance was quantified based on seed germination after
soaking seed in water with a salinity level 0of 45 dS m™. In
contrast, the quantification of salt tolerance in the present
study was based on growth data collected across a range
of salinity levels from 20 to 150 mM Na*.

In the present study, the time required for appearance
of the two visual symptoms of drought and salt toxicity,
namely leaf rolling and burning of leaf tip, respectively,
showed a negative correlation with the salinity level,
with symptoms appearing quicker at higher salinities
(Table 4). However, it is notable that visual symptoms
of salt toxicity appeared before the detection of a
significant acceleration in the reduction of relative leaf
area (Table 4). This was probably because of the time
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period that was needed for salt toxicity to affect leaf area.
Therefore, determination of the point of transition from
Phase I to Phase II of salt stress development should be
based on measurements of leaf area or plant biomass
rather than on visual symptoms.

CONCLUSION

The appropriate level of salt stress for screening of
hydroponically grown rice varieties for tolerance to
salinity in the two phases of salt stress development was
found to be 100 mM Na". The transition from Phase I of
salt stress (osmotic stress) development to Phase II of salt
stress (salt ion toxicity) development appeared to occur
within 10 days after imposing salt stress. With respect
to vegetative growth and Na* ion concentration at tissue
level, the new improved Sri Lankan rice variety At354
showed a greater salt tolerance than that of the standard
salt tolerant variety, Pokkali.
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