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Abstract Rice is very sensitive to salinity stress during the reproductive stage and salinity
stress causes reduced grain yields. The salinity concentration, critical point and phenotypic
parameter of the reproductive stage were identified for screening a large fast neutron mutant
population (M4). The results showed a 150 mM NaCl treated in irrigated water at the early
booting stage (R2) had the greatest effect on flag leaf and panicle damage, and it also reduced
seed setting, especially in susceptible genotype. However, seed setting was a suitable parameter
for screening salinity tolerance in the large mutant population. Then, the 9,000 JHN mutant
lines were screened for salinity tolerance under 150 mM NaCl at early R2 - R9. The result
showed 5,397 mutant lines failed to produce seed setting and found 20 lines produced seed
setting above 60% in the preliminary screening. In repeated screening, the 20 lines (Ms) were
confirmed a potential to produce seed set under salinity stress and found M1145 produced the
highest seed set. Finally, the validated screening, M1145 showed a stable tolerance under salt
stress and produced the highest seed setting at 48%, which was not significantly different from
the standard salinity tolerant (Pokkali, FL496 and FL530). In conclusion, seed setting during
salinity stress at reproductive stage was representative of salinity tolerance and can be used as a
screening parameter for salinity tolerance on a large scale. In addition, the fast neutron mutant
population showed variations in salinity tolerance levels, and M1145 was identified as a salinity
tolerant and is a potential genetic stock for use in a salinity tolerance breeding program.

Keywords: rice (Oryza sativa L), salinity stress, salinity tolerance, seed setting, screening,
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Introduction

One of the crucial limitations affecting crop yield global is soil salinity.
Rice is an important crop that in sensitive to soil salinity. Approximately 20%
of Earth’s land area and 50% of irrigated land worldwide including about 30%
of rice areas are salinized (Wang et al., 2012). Rice is most sensitive to salinity
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at level above 3 dSm™ (USDA, 2013). At an EC as low as 3.5 dSm™, the grain
yield loss can be approximately 10% depending on varied differences (Gregorio
et al., 1997), and when salinity is at the most severe level (> 10 dSm™), the rice
yield can decrease more than 50% (Dobermann and Fairhurst, 2000). In the
northeast of Thailand, approximately 1.84 M ha or 16% of the lowland rainfed
area is classified as an inland saline area ranging from 11 to 35 dS m-1 (Im-Erb
et al., 2013; Arunin and Pongwichian, 2015). Therefore, breeding programs for
salinity tolerance can help poor farmers grow rice in high-salinity areas.

Salinity stress affects seed germination, seedling growth, leaf size, shoot
growth, shoot and root length, shoot dry weight, shoot fresh weight, number of
tillers per plant, flowering stage, spikelet number, percent of sterile florets and
productivity (Zeng and Shannon, 2000; Lauchli and Grattan, 2007; Moradi and
Ismail, 2007; Munns and Tester, 2008; Ashraf, 2009; Hakim et al., 2010; Gupta
and Huang, 2014). However, rice is very sensitive at the early seedling stage
and reproductive stage (Singh and Flowers, 2010). It can be suggested that
these two sensitive stages are independent of each other. Thus, tolerance at the
reproductive stage is not correlated with tolerance at the seedling stage
(Ahmadizadeh et al., 2017). This means that a genotype with seedling stage
salinity tolerance is not automatically going to be tolerant at reproductive stage
as well.

At the flowering stage, a salinity level from 2.5 to 4.0 dSm™ seriously
affected to rice at the booting stage. Salinization affects primary branch and
spikelet formation, pollination and germination of the pollen, reduces the
number of effective spikelets/panicles and increases the unfilled grain ratio
(Singh et al., 2008). Salinity also reduces panicle length, grains/panicle and
1,000 grain weight, resulting in reduced rice productivity (Akbar and Yabuno,
1974; Ota and Yasue, 1962). Another research reported that salinity stress at 8
dS/m™ in the flowering stage caused a reduction in the overall vigor of rice,
especially in pollen germination, fertilization and grain yield (Sen et al., 2017).
In addition, high salt reduces pollen viability at the flowering stage, which in
turn determines grain yield (Khatun and Flowers, 1995; Singh and Flowers,
2010; Singh et al., 2004; Calapit-Palao et al., 2013; Hossain et al., 2015).
However, the growth differences among various genotypes in response to
salinity are dependent on the salt concentration and the degree of salt tolerance
(Eynard et al., 2005). Therefore, screening for salt tolerance at the reproductive
stages has been considered to be more useful than screening at other stages.

Extensive germplasm collection provides a useful source of the genetic
diversity used to find salt tolerant genotypes. Therefore, the choice of
germplasm is most crucial for the success of breeding (Reddy et al., 2017).
Ideally, germplasms should differ as much as possible for the traits to be
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improved. Thus, the application of mutation breeding to identify abiotic stress
tolerant mutants has been successful in some crop plants, including rice
(Ahloowalia et al., 2004; Lee et al., 2003) and this procedure can be used to
explore the salt tolerance genotype.

There are few studies on reproductive-stage salinity tolerance mainly
because of the lack of reliable reproductive stage-specific phenotyping
techniques and incomplete knowledge of the stage-specific mechanisms of
salinity tolerance. The first important step in the selection of salinity tolerant
rice varieties is screening in the greenhouse. It helps shorten the time and lower
the cost of the selection process before production in the field and
simultaneously uses as a scientific basis to select the primary materials for
breeding. The aims of this study were to (1) find techniques that are suitable
and stable for a large population screening of salinity tolerant at the
reproductive stage and (2) identify a parameter to use for screening salt
tolerance at reproductive stage and (3) discovery a new genetic donors for salt
tolerance from 9,000 mutant population (M,) of Jao Hom Nin (JHN) comparing
with IR29 (susceptible) and Pokkali (tolerance) under salt stress at reproductive
stage from booting to harvesting stage.

Materials and Methods
Plant materials and growth conditions

The experiments were conducted from 2014 to 2016 at the Rice Science
Centre at Kasetsart University, Nakhon Patom, Thailand. A total of 9,000 lines
of JHN mutants (M4) were screened for salt tolerance. The population arose
from 100,000 breeder seeds of the JHN wild type, and the mutations were
induced using 33 Gy fast neutrons (FN). The successive generations from M-
M, and the family history were traceable from individual M; plants. Due to
abnormal mutations affecting the seed set, several families were terminated,
leaving only 21,024 mutant families at M, that formed the base population for
genetic screening (Ruengphayak et al., 2015).

The 9,000 M, mutant lines were seeded in a field nursery. After 30 days,
the rice seedlings were transferred into plastic pots with 1 plant/pot (30 cm in
height and 25 cm in diameter with 8 kg of sieved sandy loam soil). The soil
contained 5.57% organic matter, 0.332% total N, 111.56 mg/kg of available
(avail) P, 558 mg/kg of exchangeable (exch) K, 1882.3 mg/kg of exchangeable
Ca, and 118 mg/kg of exchangeable Mg. Other management activities followed
a conventional high-yielding cultivation approach.
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Greenhouse setup

The capacity of the greenhouse was 640 m?, which consisted of 2 ponds
(40 m x 8 m). The greenhouse was controlled for temperatures between 32-
35 with a relative humidity of 50%-60% RH and a daytime light intensity of
900-1,000 pM/m~2s (Jagadish et al., 2008). The micro-climate data were
recorded by using data loggers (WatchDog 1000 series Micro Stations) at 3
positions (10 m distance), and the carbon dioxide concentration in the
greenhouse, which was approximately 390 pmol-1, was also monitored with a
HUATO 653 series detector.

Determination of the optimum NaCl concentration for screening salt
tolerance

To determine the suitable concentration of NaCl that can be used to
screen salt tolerance at the reproductive stage, a split-plot with a CRD with 4
replications was performed. The seeds of the JHN wildtype as well as the
standard salt tolerant varieties (Pokkali, FL496, FL530) and standard
susceptible varieties (IR29 and KDML105) were grown under normal
conditions from seed germination to the booting stage (R2). After that, all rice
plants were treated with NaCl 0, 50, 75, 100 and 100 mM in a circular irrigated
water pond (pH 7) until physiological maturity (R9; 27 days after treatment). A
waterproof EC tester (EC Testrll) was used to check the NaCl concentration in
the hydroponic solution every 7 days. The salinity symptoms were scored,
including the percentage of flag leaf damage and panicle damage, seed set, seed
weight/panicle and 20-seed weight. In addition, after selecting the NaCl
concentration for screening, the pollen viability, pollen germination, and anther
dehiscence were examined only in the JHN wild type.

Determination of the optimum period in the reproductive stage for screening
salt tolerance

The JHN wild type was used to observe the severity of salt stress at the
reproductive stage. A CRD with 4 replications was used in this experiment. Salt
stress at 150 mM NaCl was induced at different growth stages, including 65
(panicle initiation; PI), 70 (R1), 75 (early R2), 80 (late R2), 85 (R3), 90 (R4),
95 (R5), 100 (R6) and 105 (R7) days after germination (DAG). These starting
points cover the reproductive stage from P1 until grain filling (R5-R7) (Counce
et al., 2000; Endo et al., 2009). The rice plants that grew in the normal solution
were used as a control. All of the treatments were left in 150 mM NaCl for 10
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days and then moved to the normal solution. The pollen viability, panicle length,
seed set and 20-seed weight were observed.

Screening the large JHN mutant population for salt stress

The experiment was conducted in an augmented design with 2
replications during the rice growing season from November 2013 to December
2014. First, 9,000 lines from the JHN mutant (M4) population were planted in
pots (4 pots per line) and maintained under natural conditions from the seedling
(VE) to the booting stage (R2). After that, all of the mutant lines were
transferred to a 150 mM NacCl solution until R9. The concentration of NaCl was
tested every 7 days to maintain the salt concentration. However, the greenhouse
had a sufficient capacity to screen 1,500 lines (6,000 pots)/crop. Thus, the
screening for salt tolerance had to be performed as a preliminary screening for
six crops. The JHN wild type and FL530 were used as a control. The spikelet
fertility was investigated at the maturity stage (Sen et al., 2017).

Repeated screening and validation of salt tolerance

For the repeat screening, 13 lines of JHN mutants (M5) that showed high
spikelet fertility (>60%) were treated with a 150 mM NaCl and normal solution
(0 mM) under the same method as in the preliminary screening. The experiment
began in 2015 (April-May), and it was set up in a CRD split-plot design 4
replications (5 pots/rep).

The candidate lines (M6) validated for salt tolerance with the JHN wild
type, IR29 and FL530 lines were treated with a 150 mM NaCl and normal
solution (0 mM) under the same method as in the previous work. The
experiment began in 2015 (July-August), and it was set up in a CRD split-plot
design with 4 replications (5 pots/rep).

Data collection

Panicle traits; for the preliminary screening, repeat screening and
validation screening at panicle emergence (R4), the first panicles in each pot
were selected. The data for plant height, panicle length, number of filled and
unfilled grains per panicle, seed weight/panicle and 20-seed weight were
recorded. The spikelet fertility was estimated as the ratio of the number of filled
grains to the total number of spikelets and expressed as a percentage. The
number of filled grains included both completely and partially filled grains.
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However, due to the limited standard for salt tolerance for seed setting the
standard for heat tolerance (IRRI, 1996) was applied in this research.

Pollen viability; for the study of the salt stress period in the reproductive
stage, pollen viability was estimated using 1% IKI stain. The pollen grains that
stained uniformly were considered viable. For pollen viability, 10 anthers from
different plants were collected early in the morning before anthesis, and the
anthers were opened with a needle. The pollen grains were immediately
brushed onto a glass slide and covered with a drop of IKI. Pollen viability was
estimated as the ratio of the number of stained pollen grains to the total number
of pollen grains and expressed as a percentage (Prasad et al., 2006).

Statistical Analysis

All the data were analyzed using the R program to test the significance of
the results for the NaCl treatments. The means were separated using Tukey’s
least significant difference (LSD) test at an alpha level of 0.05. If there was no
significant difference among the experiments for a given parameter, then the
values from all of the experiments for that parameter were used to obtain the
mean and error. The standard errors of the means were also calculated, and they
are presented in the graphs as error bars.

Results
The damage to the flag leaf under salt stress

The flag leaf in all cultivars developed normally in the nutrient solution
until 12 days after treatment with NaCl. The results showed that salt stress at
every concentration did not affect Pokkali, FL496, FL530 (tolerance cultivars)
and KDML105 (sensitive cultivar). However, the flag leaf of IR29 was 4, 25,
38 and 75% damaged by salt stress at 50, 75, 100 and 150 mM respectively. On
the other hand, the wild type JHN flag leaves were also slightly damaged by
salt stress at 50, 75, 100 and 150 mM with 2, 2, 3 and 21% damage,
respectively (Figure 1a).

Then, the rice plants continued to grow in salt solution until 27 days after
treatment with NaCl, and the levels of flag leaf damage were increased in every
cultivar, especially in IR29, which showed severe flag leaf damage compared to
the other cultivars at every NaCl concentration. It showed 10, 63, 79 and 100%
damage in 50, 75, 100 and 150 mM NacCl, respectively, while FL496, FL530,
Pokkali, KDML105 and JHN wild type showed severe flag leaf damage at 150
mM NaCl with 58, 76, 40, 40 and 41% damage, respectively (Figure 1b).
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Figure 1. The percentage of flag leaf damage at 12 and 27 days after treatment
with 0, 50, 75, 100 and 150 mM NaCl

The damage to the panicle under salt stress

The evaluation of panicle damage due to salt stress is one parameter that
can be used to screen salt tolerance in a large population. If Na* can be
translocated from the root to the panicle, the panicle will be damaged, and the
florets cannot be fertilized. The result showed that at 12 days after treatment
with 150 mM NacCl, only IR29 was damaged by salt stress with 21% damage.
Then, the rice plants continued to be under salinity stress for 27 days. The
percentage of panicle damage of IR29 was increased to 60%, and the panicle of
JHN was damaged at 50%. On the other hand, the panicles of Pokkali, FL496,
FL530 and KDML105 appeared normally.

The ability for seed setting under salt stress

In this experiment, we found that the increase in NaCl concentration
caused a decrease in the seed setting on the panicle. The JHN wild type treated

451



in NaCl at 50, 75 and 100 mM produced seed settings at 95, 75 and 64%,
respectively. In addition, the JHN wild type, IR29 and KDML105 at 150 mM
showed severe decreases in seed setting to 9, 10 and 10%, respectively.
However, the tolerant cultivars, including FL496, Pokkali and FL530, showed a
high seed setting of 38, 44 and 46% at 150 mM NaCl, respectively (Figure 2).
Thus, 150 mM NacCl can be used to screen the mutant population in the next
experiment. After that, Pokkali, JHN wild type and KDML were used to
examine pollen viability and anther dehiscence in 150 mM NaCl. The pollen
viability of the JHN wild type decreased to 35.8% (60% viability) in 150 mM
NaCl, while the pollen viability of Pokkali and KDML105 decreased slightly
by 12.3% (85% viability) and 13.5% (74% viability), respectively. However,
the percentage of pollen viability of JHN and KDML still reached up to 60%,
which was in the opposite of seed setting. Thus, the low seed setting in JHN
and KDML might be affected by the failure of anther dehiscence and pollen
fertilization (data not shown).
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Figure 2. The percentage of seed setting at the R9 stage under 0, 50, 75, 100
and 150 mM NacCl

Critical phase of salt stress at the reproductive stage

The JHN wild type was used to determine the sensitive period of the
reproductive stage by inducing salt stress at 150 mM NaCl at 9 different
reproductive stages and leaving the rice plants in the solution for 10 days.
These periods covered panicle initiation (P1) through the seed development
stages (R7).

452



International Journal of Agricultural Technology 2019 Vol. 15(3): 445-464

The results showed that salt stress significantly affected some traits at
different periods in the reproductive stage (p<0.05), and the critical
reproductive period under salt stress in the JHN wild type was 75 DAG or the
early booting stage (R2), which had the lowest seed setting (17.68%) and 20-
seed weight (0.309 g) compared with those of the JHN wild type under the
control conditions (0 mM NaCl), 79.05% seed setting and 0.497 g of 20 seeds
(Figure 3b and c). However, when the JHN wild type was treated with salinity
stress after 90 DAG (R4), the difference in seed setting was not significant
(p>0.05), with plants at 95, 100, 105 DAG and under control conditions
producing a seed setting of 71.18, 69.02, 83.34, 83.67 and 79.05%, respectively.
This result suggests that salt stress at 150 mM NaCl can severely affect spikelet
development. Thus, seed setting decreased dramatically. In addition, salt stress
affected panicle development but not for seed setting at 65 (PI) and 70 (R1)
DAG (Figure 3a). In the first part of the experiment, the JHN wild type was the
most sensitive to salt stress at 150 mM NaCl and at the booting stage (R2), and
this condition was used to screen the JHN mutant population using seed setting
as a parameter and the JHN wild type as a control.

Screening a large JHN mutant population for salt tolerance

The preliminary screening that included 9,000 lines of irradiated M4 JHN
plants was conducted for 6 crops, including 725, 1221, 1234, 1524, 1985 and
1635 lines/crops. The total number of mutant lines that underwent screening
was 8324 lines because some lines did not germinate or died after screening.
The salt tolerance screening was controlled at 150 mM NaCl from R2 — R9 by
using seed setting as the parameter. The results of the preliminary screening
showed that salt stress decreased the number of spikelets. The results showed
that the seed setting produced by the 8,324 lines ranged from 0-76%. Most
mutant lines (5,397 lines) were sensitive to salt stress and could not produce a
seed set (0%). A total of 2,388 lines showed seed setting from 1% to 20%; 63
lines showed 21% to 30%; 91 lines showed 31% to 40%; and 51 lines showed
51% - 60%. A seed setting from 61% to 70% under salt stress was classified as
salt tolerant, met by 11 lines. A seed setting greater than 70% was classified as
highly salt tolerant, met by only 5 lines (Figure 4). When the seed settings
among the JHN wild type and mutant populations were compared, 5,397
mutant lines showed lower seed settings than the JHN wild type, and 2,451
lines showed a similar seed set to the JHN wild type. In addition, 246 mutant
lines showed a higher seed setting than the JHN wild type.

Therefore, the mutant lines that showed a seed setting over 60% including
M395, M1145, M1389, M1724, M1846, M2168, M2265, M2289, M2849,
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M2957, M3053, M3318, M3353, M3475, M3662, M5899, M6671, M6753,
M6780 and M7376 were used for repeat screening to confirm their salt
tolerance.
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Figure 4. The preliminary screening of 9,000 M, mutant lines of 6 crops, the
mutant lines that showed a seed setting over 60% were selected for repeated
screening

Repeated screening

The 20 lines (Ms) selected from 8,324 lines of M, that exhibited a seed
setting above 60% in the preliminary screening were investigated and compared
with the JHN wild type, FL496, FL530 and IR29 in the same conditions as first
screening. However, lines M395, M6771 and M7376 did not germinate. Thus,
the total number of lines that underwent repeated screening was 17 mutant lines.
The seed set of 13 mutant lines was still greater than JHN wild type (12.3%
seed setting). However, the seed set of 19 mutant lines was less than first
screening (Figure 5a). This may show that the accuracy of the repeated
screening was greater than the first screening or the Ms generation was still
segregated. The mutant line that showed the highest seed setting under salt
stress was M1145 (41.2% seed setting). The seed set of this line also did not
significantly differ from Pokkali and FL530 (P>0.05), which gave 45.2 and
42.8%, respectively. Therefore, the ability of M1145 to set seed was
investigated again in the validation screening.

The seed weight/panicle showed the same result as the seed setting. The
salinity stress reduced seed weight (Figure 5b). However, the panicle length
should not be a factor in the reduction of seed weight because there was no
difference in panicle between stressed and non-stressed plants (P>0.05) (Figure
5¢). This means that the florets per panicle of both conditions should be the
same. Pokkali, FL530 and M1145 showed the highest seed weight/panicle
under salt stress at 0.71, 0.78 and 0.66 g, respectively. On the other hand, JHN
and IR29 had a seed weight/panicle of 0.26 and 0.25 g, respectively.
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The other trait that was affected by salinity stress was flag leaf damage. This is
also related to seed setting and seed weight/panicle. Pokkali, FL496 and M1145
showed low levels of flag leaf damage, at 38.5, 37.7 and 40.0%, respectively,
while IR29 showed the highest rate of damage to the flag leaf at 89.2% (Figure
5d). However, JHN wild type (44.5% damage) was not significantly different
from M1145. It might be suggested that flag leaf damage is not a clear
parameter for screening in the reproductive stage.
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Figure 5. The repeated screening of 17 M5 mutant lines showed (a) seed
setting, (b) seed weight/panicle, (c) panicle length and (d) percentage of flag
leaf damage

Validation screening

The seeds (Mg) from four plants of M1145 (Ms) were treated with 150
mM NaCl at R2-R9 and compared with the JHN wild type, 1IR29, Pokkali and
FL530 to confirm their potential for seed setting and any variations under salt
stress at the reproductive stage. The results showed that M1145-1, -2, and -3
under salinity stress gave a seed set of 41.7, 41.7, and 48.3% (P>0.05),
respectively, but M1145-4 showed a significant reduction in seed setting at 39.0%
(P<0.05). While Pokkali, FL530, JHN and IR29 had 40.2, 31.9, 25.0, and 21.0%
seed settings, respectively (Table 1). This suggests that M1145 still has some
variation but should be confirmed to be a salt tolerance line similar to Pokkali
(seed was not significantly different from M1145-1, -2 and -3) and M1145 gave
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Table 1. Agronomic traits of four progeny lines (Mg) of M1145 compared with JHN, IR29, FL530 and Pokkali

Plant Height Panicle Length Seed Setting Pollen Viability Seed 20-Seed Weight
Lines/Cultiv (cm) (cm) (%) (%) Weight/Panicle (9)
ar (9)
0mM 150 0mM 150 0mM 150 0mM 150 0mM 150 0mM 150
mM mM mM mM mM mM
M1145-1 102.5a 97.0aA 24.6aA 22.1bA 77.8bA 41.7cd 79.0bc 41.2dB 1.81bA 1.08eB 0.30bc  0.30bc
A B A A B
M1145-2 102.0a 99.3aA 24.8aA 22.4bA 80.5ab 41.7cd 89.2ab 33.1eB 2.09ab 1.15eB 0.37bA  0.31bc
A A B A A B
M1145-3 100.0a 97.3aA 23.8ab 23.6ab 82.3aA 52.3cB 88.9ab 38.1de 1.67cA 1.19eB 0.36bA 0.31bc
A A A A B B
M1145-4 101.3a 98.5aA 23.7ab 23.5ab 77.2bA 39.2dB 88.6ab 35.4de 1.75bc 1.10eB 0.34bc  0.30bc
A A A A B A A B
JHN 100.4a 97.1aA 23.9ab 23.8ab 85.0aA 25.0ef 89.4ab 58.6bc 1.80bA 1.30dB 0.36bA  0.32bc
A A A B A B B
IR29 81.0bA 83.3bA 21.6cA 22.7bA 89.9aA 21.0fg 92.0aA 34.8de 1.86bA 0.79ef 0.33bc 0.25dB
B B B A
FL530 106.0a 99.1aA 25.7aA 23.7ab 729cA 31.9eB 98.0ab 64.7bc 2.85aA 1.32dB 0.43aA 0.41aB
A A A B
Pokkali 105.5a 100.2a 225bA 219bc 87.5aA 46.8cB 90.1ab 60.6bc 2.10ab 1.31dB 0.40aA 0.37bB
A A A A B A
CcVv 18.56 15.79 20.27 36.8 12.65 9.83

F-test (0.05)

Line x
condition
(0.05)

*

ns

*

ns

*

*
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seed set higher than FL530. However, the pollen viability of JHN (58.6%),
Pokkali (60.6%) and FL530 (64.7%) was higher than M1145-1, -2 and -3
(41.2%, 33.1% and 38.1%), but the seed setting of JHN was low (25.0%)
(Table 1). JHN showed the same result as some genotypes such as IR66946-
3R-178-1-1 and IR65858-4B-11-1-2 that have been categorized as sensitive at
the flowering stage due to reduced grain yield, although high pollen viability
occurred (Reddy et al., 2014).

Moreover, this result was consistent with previous results showing that
there was no correlation between pollen viability and seed setting in KDML105.
This finding suggests that salt stress in the reproductive stage could affect
pollen viability and anther non-dehiscence. Therefore, the fertilization process
fails and cannot produce seeds on the panicle. However, susceptible check IR29
had affected to salinity stress both on pollen viability and seed set.

Discussion

The present study was conducted in two phases. First, it set the criteria for
the salinity concentration and duration of treatment at the reproductive stage
that are suitable, easy, cost-saving and accurate. Second, screening salt tolerant
from a large mutant population by using phenotyping assessments under salt
stress.

The suitable and stable screening method for a large population at the
reproductive stage

This study grew rice plants in pots that rice plants were easily maintained
from the seedling to the booting stage before treatment with NaCl. Then, the
rice plants were placed in irrigated water with different NaCl levels. However,
the NaCl from solution spread to the soil in the pot, and the final NaCl absorbed
by the rice plants was 6.0 dS m™* for 150 mM NaCl when soil was measured
EC by waterproof EC tester (EC Testrll) (data not shown). Similar methods
were disclosed to others research, which used levels of salinity from 2 dS m™
to 6 dS m* to assure salt tolerance selection through screening mutant lines
(Saleem et al., 2005; Singh, 2009; Stephen et al., 2002). Moreover, salinity
stress at ECe 6.0 dS m™* in the reproductive stage clearly affected spikelet
fertility (Sen et al., 2017; Rad et al. 2012) than flag leaf damage or pollen
viability. Thus, salinity with 150 mM and seed setting were used to screen the
mutant population.

The damage to the flag leaf and panicle from salt stress was depended on
the concentration of NaCl and the duration of stress. Rice plants control the
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transport of salts initially via selective uptake by root cells, and the ions enter
the root along with water through symplastic and apoplastic routes (Das et al.,
2015). This means that NaCl can be translocated from the root to the top of rice
plants and cause leaf damage (Zhang et al., 2015). However, Na" accumulation
was comparatively less in saline-tolerant genotypes like Pokkali (Mondal et al.,
2013). In addition, many studies have suggested that the top three leaves are
mainly associated with contributions to grain yield (Yoshida, 1981). This
means that the flag leaf is the closest source of panicles that significantly
reduces the translocation of soluble sugars to spikelets and inhibits starch
synthetase activity during grain development, which are the main reasons
behind lower rice grain yield under salt stress (Abdullah et al., 2018). In this
study, the assessment of NaCl content in leaf and panicle was not observed but
the panicles of Pokkali, FL496, FL530 and KDML105 appeared normally while,
the percentage of panicles damage in IR29 and JHN were increased
dramatically in 27 days after treated with NaCl. This suggests that the tolerant
cultivars have an osmotic mechanism to prevent NaCl transportation up to the
panicle. In addition, the panicle length is not affected to salinity stress after
treated with NaCl in R2 stage in all screening steps because the development of
panicle already finished (Counce et al., 2000). However, salinity stress affected
panicle development at panicle initiation (PI) and R1 stages. Then salinity in
these stages could be affected panicle development and finally caused to reduce
the panicle length. This research showed the same result as screening of heat
stress at reproductive stage by using the same mutant population (Cheabu et al.,
2019).

The final yield of grain is dependent on spikelet fertility and is severely
affected by salinity, thus, seed setting decreased in the panicle due to salinity
stress (Hasamuzzaman et al., 2009; Cui et al., 1995; Khan et al., 1997). The
results of this study showed that the R2 stage is the most critical phase for
salinity stress. The seed setting decreased dramatically due to pollen viability. It
means that the few days before the pollen development process (gametophytic
stage) are the most appropriate time to impose salt stress (Ahmadizadeh et al.,
2017).

Thus, the salinity at early R2 (75 DAG) showed the lowest seed setting,
while before early R2 (Pl and R1) and late R2 to R3, the seed setting decreased
slightly under salinity stress. On the other hand, salinity stress was not reduced
in the seed setting after R4 stage (pollination). The mature pollen grains were
not affected by prolonged periods of salinity stress, which proves the effect of
salinity on the pollen grains depending on the developmental stage of the
anthers (Sadeghirad et al., 2017). Thus, salinity stress after late R2 (complete
pollen development) may not be severely spikelet fertility in rice.
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Screening for salinity tolerant from large mutant population

In rice, a tremendous number of genotypes have been screened for salt
tolerance. Some seedling evaluation methods have been used for mass
screenings of seedlings at the International Rice Research Institute (Gregorio et
al., 1997), while the lack of an effective evaluation method for salt tolerance in
the screening process at the reproductive stage is one of the reasons for the
limited success of conventional breeding. Therefore, the percentage of flag leaf
damage, percentage of panicle damage, seed setting, pollen viability and seed
weight were studied in relation with salt stress in the reproductive stage. The
results showed that seed setting was easily observed in rice and can be used to
identify salt tolerance in the reproductive stage. Furthermore, wide genotypic
differences in relative salt tolerance can be used with spikelet fertility to
identify the salt tolerant genotypes in the reproductive stage (Zeng et al., 2002).
However, the use of visual damage as an evaluation for salt tolerance is not
always applicable because symptoms such as chlorosis and leaf rolling are not
always easily observed in rice at low or moderate salinity (Yeo et al., 1990).

The production of mutants to identify abiotic stress-tolerant mutants has
been successful in some crop plants, including rice (Ahloowalia et al., 2004;
Lee et al., 2003; Cheabu et al., 2019), and induced mutations and in vitro
techniques have been employed to induce salt tolerance in Basmati rice (Oryza
sativa L.) (Reddy et al., 2014). For the salt tolerance screening in this research,
9,000 M4 lines were used in an initial screening under 150 mM NacCl from R2
to R9. Based on the seed setting, we selected 20 tolerant Ms lines to confirm
their potential for seed setting. The repeated screening showed different seed
settings when compared with the first screening. It was clear from the first
screening of germplasm for salinity tolerance at the reproductive stage in large
populations of different crops did not account for factors such as interactions
between cropping and genetic variation with in genotype (M,) and lacked
replication. Therefore, screening of salinity tolerance in breeding programs has
been suggested in two steps: (1) screening salinity tolerance for large
segregating populations under controlled conditions; and (2) testing salinity
tolerance of promising lines from the first round screening. In this study, when
M1145 was compared with the JHN wild type under salt stress, the seed setting
of M1145 was higher than wild type, despite of the pollen viability of M1145
was less than JHN. When considering the anthers, it was found that the anthers
of KDML were not opened, while the color of the anthers was still yellow (data
not shown). It means that anther growth is not normal under saline conditions
and some anthers are wrinkled and small under these conditions. The early
destruction of the anther wall, a reduction in size of the pollen grains, and the
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formation of pollen with abnormal shapes and properties prove that salinity
stress reduces the yield by affecting the development of the male gametophyte
of plants (Sadeghirad et al., 2017). In addition, M1145 showed the highest of
seed set both in the repeated and validation screening and it showed a stable
tolerance under salt stress at the reproductive stage in validation screening,
similar to Pokkali in terms of seed setting and seed weight/panicle. The Pokkali
has been found to be comparatively tolerant at the flowering stage due to better
viability of pollen, moderate of seed set and grain yield (up to 40%) under
salinity stress (Ren et al., 2005; Yousaf et al., 2004). It was confirmed that
M1145 has been recognized for providing more salt tolerance when compared
with Pokkali that has been frequently used as a donor of salt tolerance genotype
in breeding programs.

Thus, M1145 is another choice of Thai salinity tolerant germplasm that
can be used as a highly potential salt tolerant donor to improve the salt
tolerance at the reproductive stage of future Thai rice varieties. However,
M1145 should be investigated more details of genetic, physiology,
biochemistry and morphology to further our understanding of the mechanism of
salt tolerance.

Conclusion

The salinity condition used for screening the JHN mutant population was
150 mM NaCl (6.0 dS m™?) from the early booting stage (R2) to physiological
maturity (R9). The seed setting was the major parameter used to screen salinity
tolerant lines at the reproductive stage. This parameter is easier to use in large
screenings. However, flag leaf damage and pollen viability can also be used as
minor parameters. The salinity tolerant line found in this study was M1145.
This line produced a seed setting under salt stress similar to Pokkali and FL530.
Therefore, M1145 will be investigated in more detail to determine the
physiological mechanisms of salinity stress and identify genes or markers that
are related to salinity tolerance. In addition, it can be used for breeding
programs. Moreover, M1145 must also be tested in the field to confirm its
potential for salt tolerance.

Acknowledgement
The authors would like to acknowledge NSTDA Chair Professor 2012 Grant from National

Science and Technology Development Agency, Thailand for financing the study and the provision of
this research.

461



References

Abdullah, Z., Khan, M. A. and Flowers, T. J. (2001). Causes of sterility in seed set of rice under
salinity stress. Journal of Agronomy and Crop Science, 187:25-32.

Ahloowalia, B. S., Maluszynski, M. and Nichterlein, K. (2004). Global impact of mutation-derived
varieties. Euphytica, 135:87-204.

Ahmadizadeh, M., Vispo, N. A., Calapit-Palao, C. D. O., Pangaan, I. D., Vifg, C. D. and Singh, R.
K. (2017). Reproductive stage salinity tolerance in rice: a complex trait to phenotype. Indian
Journal of Plant Physiology, 21:528-536.

Akbar, M. and Yabuno, Y. (1974). Breeding for Saline-Resistant Varieties of Rice: Part II,
Comparative Performance of Some Rice Varieties to Salinity during Early Developing
Stages. Japan Breeding Journal, 25:176-81.

Arunin, S. and Pongwichian, P. (2015). Salt-affected soils and management in Thailand. Bulletin of
the Society of Sea Water Science, 69:319-325.

Ashraf, M. (2009). Biotechnological approach of improving plant salt tolerance using antioxidants as
markers. Biotechnology Advance, 27:84-93.

Calapit-Palao, C. D., Vifa, C. B., Gregorio, G. B. and Singh, R. K. (2013). A new phenotyping
technique for salinity tolerance at the reproductive stage in rice. ORYZA, 50:199-207.
Cheabu, S., Panichawong, N., Rattanametta, P., Wasuri, B., Kasemsap, P., Arikit, S., Vanavichit, A.
and Malumpong, C. (2019). Screening for spikelet fertility and validation of heat tolerance in

a large rice (Oryza sativa L.) mutant population. Rice Science (in press).

Counce, P. A, Keisling, T. C. and Mitchell, A. J. (2000). A uniform, objective and adaptive system
for expressing rice development. Crop Science, 40:436-443.

Cui, H., Takeoka, Y. and Wada, T. (1995). Effect of sodium chloride on the panicle and spikelet
morphogenesis in rice. Japanese Journal of Crop Science, 64:593-600.

Das, P., Nutan, K. K., Singla-Pareek, S. L. and Pareek, A. (2015). Oxidative environment and redox
homeostasis in plants: Dissecting out significant contribution of major cellular organelles.
Frontiers in Environmental Science, 2:70.

Dobermann, A. and Fairhurst, T. (2000). Rice: Nutrient Disorders and Nutrient Management. Los
Bafs, Laguna: International Rice Research Institute (IRRI), 140-141.

Endo, M., Tsuchiya, T., Hamada, K., Kawamura, S., Yano, K., Ohshima, M., Higashitani, A.,
Watanabe, M. and Kawagishi-Kobayashi, M. (2009). High temperatures cause male sterility
in rice plants with transcriptional alterations during pollen development. Plant and Cell
Physiology, 50:1911-1922.

Eynard, A., Lal, R. and Wiebe, K. (2005). Crop response in salt-affected soils. Journal of Sustainable
Agriculture, 27:5-50.

Gregorio, G. B., Senadhira, D. and Mendoza, R. D. (1997). Screening Rice for Salinity Tolerance.
IRRI Discussion Paper Series N0.22. The International Rice Research Institute, Manila, the
Philippines.

Gupta, B. and Huang, B. (2014). Mechanism of salinity tolerance in plants: Physiological,
biochemical, and molecular characterization. International Journal of Genomics, 1: 701596.

Hakim, M. A., Juraimi, A. S., Begum, M., Hanafi, M. M., Ismail, M. R. and Selamat, A. (2010).
Effect of salt stress on germination and early seedling growth of rice (Oryza sativa L.).
African Journal Biotechnology, 9:1911-1918.

Hasamuzzaman, M., Masayuki, F., Islamm, M. N., Ahamed, K. U. and Kamrin, N. (2009).
Performance of four irrigated rice varieties under different levels of salinity stress.
International Journal of Integrative Biology, 6:85-89.

Hossain, H., Rahman, M. A., Alam, M. S. and Singh, R. K. (2015). Mapping of quantitative trait loci
associated with reproductive-stage salt tolerance in rice. Journal of Agronomy and Crop
Science, 201:17-31.

462



International Journal of Agricultural Technology 2019 Vol. 15(3): 445-464

Im-Erb, R., Neawsuparb, K. and Sombatpanit, S. (2013). Soil salinization assessment and
monitoring at Boe Klue District, Nan Province, northern Thailand. In Shahid S, Abdelfattah
M, Taha F (eds.) Developments in soil salinity assessment and reclamation. Springer,
Dordrecht, Pp. 75-86.

IRRI (1996). Standard Evaluation System for Rice. Fourth edn., The International Rice Research
Institute, Manila, Philippines.

Jagadish, S., Craufurd, P. and Wheeler, T. (2008). Phenotyping parents of mapping populations of
rice for heat tolerance during anthesis. Crop Science, 48:1140-1146.

Khan, M. S. A., Hamid, A. and Karim, M. A. (1997). Effect of sodium chloride on germination and
seedling characters of different types of rice (Oryza sativa L.). Journal of Agronomy and
Crop Science, 179:163-169.

Khatun, S. and Flowers, T. J. (1995). Effects of salinity on seed set in rice. Plant Cell Environment,
18:61-67.

Lauchli, A. and Grattan, S. R. (2007). Plant Growth and Development under Salinity Stress. In:
Advances in Molecular Breeding toward Drought and Salt Tolerance Crops. Netherlands:
Springer, 1-32.

Lee, I. S., Kim, D. S., Lee, S. J,, Song, H. S., Lim, Y. P. and Lee, Y. (2003). Selection and
characterizations of radiation-induced salinity-tolerant lines in rice. Breeding Science.
53:313-318.

Mondal, M., Puteh, A., Malek, M. and Rafi, M. (2013). Salinity induced morphophysiological
characters and vyield attributes in rice genotypes. Journal of Food, Agriculture and
Environment, 11:610-614.

Moradi, F. and Ismail, A. M. (2007). Responses of photosynthesis, chlorophyll fluorescence and
ROS scavenging systems to salt stress during seedling and reproductive stages in rice. Annals
of Botany, pp 99.

Munns, R. and Tester, M. (2008). Mechanisms of salinity tolerance. Annual Review of Plant
Biology, 59: 651-681.

Ota, K. and Yasue, T. (1962). Studies on the Salt Injury to Crops: Part XV, the Effect of NaCl
Solution upon Photosynthesis of Paddy Seed. Research Bulletin Faculty of Agriculture, Gifu
University, 16: I-16.

Prasad, P.V.V., Boote, K. J., Allen, L. H., Sheehy, J. E. and Thomas, J. M. G. (2006). Species,
ecotype and cultivar differences in spikelet fertility and harvest index of rice in response to
high temperature stress. Field Crops Research, 95:398-411.

Rad, H. E., Aref, F. and Rezaei, M. (2012). Response of rice to different salinity levels during
different growth stages. Research Journal of Applied Science Engineering and Technology,
4:3040-3047.

Reddy, A. M., Francies, R. M., Rasool, S. N. and Reddy, V. R. P. (2014). Breeding for tolerance
stress triggered by salinity in rice. International Journal Apply Biology Pharmaceutical
Technology, 5:167-176.

Reddy, I. N. B. L., Kim, B. K, Yoon, I. S., Kim, K. H. and Kwon, T. R. (2017). Salt Tolerance in
Rice: Focus on Mechanisms and Approaches. Rice Science, 24:123-144.

Ren, Z., Gao, J., Li, L., Cai, X., Huang, W., Chao, D., Zhu, M., Wang, Z., Luan, S. and Lin, H.
(2005). A rice quantitative trail locus for salt tolerance encodes a sodium transporter. Nature
Genetics, 37:1141-1146.

Ruengphayak, S., Ruanjaichon, V., Saensuk, C., Phromphan, S., Tragoonrung, S., Kongkachuichai,
R. and Vanavichit, A. (2015). Forward screening for seedling tolerance to Fe toxicity reveals
a polymorphic mutation in ferric chelate reductase in rice. Rice, 8: 3.

Sadeghirad, E., Majd, A., Iranbakhsh, A. and Javanshah, A. (2017). The Effect of NaCl on Anther
Development in Pistacia vera L. Journal of Molecular Biology Research, 17:132-142.

463



Saleem, M. Y., Mukhtar, Z., Cheema, A. A. and Atta, B. M. (2005). Induced mutation and in vitro
techniques as a method to induce salt tolerance in Basmati rice (Oryza sativa L.).
International Journal of Environmental Science & Technology, 2:141-145.

Sen, T. T. S., Nhi, P. T. P. and Sen, T. T. (2017). Salinity Effect at Seedling and Flowering Stages of
Some Rice Lines and Varieties (Oryza sativa L.). Journal of Agricultural Science and
Technology, 7:31-39.

Singh, R. and Flowers, T. (2010). Physiology and molecular biology of the effects of salinity on rice.
pp. 899-939. doi: 10.1201/b10329-44.

Singh, R. K. (2009). Breeding for salt tolerance in rice [Online] www.knowledgebank.irri.org.

Singh, R. K., Gregorio, G. and Ismail, A. (2008). Breeding Rice Varieties with Tolerance to Salt
Stress. Journal of the Indian Society Coastal Agriculture Research, 26:16-21.

Singh, R. K., Mishra, B. and Singh, K. N. (2004). Salt tolerant rice varieties and their role in
reclamation programme in Uttar Pradesh. Indian Farming, 6-10.

Stephen, R. G., Zeng, L., Shanon, M. C. and Robert, S. R. (2002). Rice is more sensitive to salinity
than previously thought. California Agriculture, 56:189-198.

USDA (2013). Bibliography on salt tolerance. Fibres, grains and special crops. Riverside, CA:
Brown GE, Jr. Salinity Lab. US Department Agriculture, Agriculture Research Service.

Wang, H., Zhang, M., Guo, R., Shi, D., Liu, B., Lin, X. and Yang, C. (2012). Effects of salt stress on
ion balance and nitrogen metabolism of old and young leaves in rice (Oryza sativa L.). BMC
Plant Biology, 12:194.

Yeo, A. R, Yeo, M. E., Flowers, S. A. and Flowers, T. J. (1990). Screening of rice (Oryza sativa L.)
genotypes for physiological characters contributing to salinity resistance, and their
relationship to overall performance. Theoretical and Applied Genetics, 79:377-38.

Yoshida, S. (1981). Fundamentals of Rice Crop Science. Los Banos, Laguna: IRRI.

Yousaf, A., Aslam, Z., Awan, A. R., Hussain, F. and Cheema, A. A. (2004). Screening rice (Oryza
sativa L.) lines/cultivars against salinity in relation to morphological and physiological traits
and yield Components. International Journal of Agriculture & Biology. 6.

Zeng, L. and Shannon, M. C. (2000). Effects of salinity on grain yield and yield components of rice
at different seeding densities. Agronomy Journal, 92:418-423.

Zeng, L., Shannon, M. C. and Grieve, C. M. (2002). Evaluation of salt tolerance in rice genotypes by
multiple agronomic parameters. Euphytica, 127:235-245.

Zhang, J., Lin, Y. J., Zhu, L. F, Yu, S. M., Sanjoy, K. K. and Jin, Q. Y. (2015). Effects of 1-
methylcyclopropene on function of flag leaf and development of superior and inferior
spikelets in rice cultivars differing in panicle types. Field Crops Research, 177:64-74.

(Received: 14 February 2019, accepted: 15 April 2019)

464



