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Abstract: The ionic balance of Na’, K', and Ca®>" affects
salinity tolerance in rice. This study examined the content of
Na*, K, and Ca?" in seedling dry matter in 121 traditional rice
accessions and four improved rice genatypes under salinity
stress and control conditions. The experiment was conducted
as a randomized complete block design with four replicates.
Seedlings were raised for three days in Yoshida solution with
an electrical conductivity (EC) of 6 dS/m and then exposed to a
EC 12 dS/m salinity level for fourteen days. Salinity tolerance
was assessed using a standard visual scoring system. Na*, K",
and Ca’" contents were measured using a flame photometer.
Salinity tolerance levels were inversely correlated with Na*,
Ca?", and Na:K ratio, and positively correlated with K*. Inverse
relationships were observed between K* and both Na* and Ca?',
suggesting antagonism, while a positive correlation existed
between Na® and Ca?". Analyzing shoot dry matter, Na*, K*,
and Ca®" contents in rice help to identify and select salinity-
tolerant rice genotypes by prioritizing those with higher K* and
lower Na" and Ca*" levels. The order of Na*, K*, and Ca?’ in the
dry matter of tolerant and moderately tolerant rice genotypes
highlights that the ion balance is genotype dependent and
not the sole determinant of salinity tolerance in rice. Further
research is needed to determine the susceptibility of accessions
to salinity stress, focusing on demonstrating decreased Na* and
Ca®" contents, and increased K* content across various stress
scenarios and growth phases to understand their potential for
salinity tolerance.

Keywords: Na*, K*, Ca®* content, salinity tolerance, seedling
stage, traditional rice accessions.

INTRODUCTION

Rice as the staple food for half of the world’s population,
ensures food security, livelihoods, and cultural heritage.
It also offers potential solutions to global challenges
such as hunger and climate change. Developing salinity
tolerance in rice is essential for safeguarding global food
security by enabling rice cultivation in saline-affected
coastal areas and mitigating the impact of rising sea
levels. Salinity stress has been shown to significantly
reduce grain yield by 64.52%, primarily affecting seed
set, panicle number, and grain quality, with a more
pronounced impact in the reproductive stage (Zeng et al.,
2023).

It is estimated that one billion hectares of land
worldwide are salt affected accounting for 5% of the
global land area. Furthermore, the increase in sea level
by 12-22 c¢m in the 20" century and continuing rise by
0.34 cm annually affects rice production in Thailand,
Vietnam, China, and Korea (Walthall et al., 2013;
Hopmans et al., 2021). Introducing salinity-tolerant
genotypes to these affected lands is a sustainable solution
to fulfill the demand for rice production. However, the
number of genetic variations associated with enhancing
salt tolerance in the primary rice crop is limited, and our
understanding of the underlying molecular mechanisms
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remains incomplete (Chen et al., 2021; Alfatih et al.,
2023).

Sri Lanka has conserved several thousands of
traditional rice accessions that are evolutionarily diverse
and possess various beneficial traits (Shyamalee and
Ranawake, 2024a & b). Selecting for salinity tolerant
accessions directly broadens the gene pool for salinity
tolerance in rice. Further, research endeavors should
prioritize not only exploration of the wide array of
genetic resources at our disposal, but also on identifying
genetic traits related to salinity tolerance that may have
been inadvertently overlooked during the domestication
process. This initiative aims to reintroduce these valuable
salinity tolerance attributes, especially those found in
traditional accessions, into cultivated rice varieties. This
knowledge can also be applied to other crops and help
scientists to develop strategies for enhancing theresilience
of various agricultural species to environmental stresses
(Chen et al., 2021).

Exceeding the critical threshold for soil salinity (3.0
dS/m) has adverse effects on various panicle and grain
related characteristics in rice (Mumtaz et al., 2018). A
soil electrical conductivity (EC) of 6.0 dS/m led to a 50%
reduction in rice grain yield, with most rice lands in the
region falling into the moderately saline (EC 4-8 dS/m)
and highly saline (EC 8-16 dS/m) categories, posing a
threat to crop health (Mondal et al., 2001; Djaman ef al.,
2020). The high concentrations of solutes damage internal
membranes, causing failure in osmotic adjustment
in the cytoplasm with Na® and Cl” accumulation and
storing reactive oxygen species (Kumar et al., 2013).
Failure in osmotic adjustment in plants reduces root
growth, accelerates leaf drying, and decreases dry matter
production, including yield (Fischer, 1996). Different
plant parts tolerate osmotic potential differently (Farooq
et al., 2021). Furthermore, Na* concentration is different
within the same plant (Rivelli et al., 2002; de Lacerda
et al., 2003).

Salinity creates a series of complex interactions
in plant metabolism, defense mechanism and nutrient
requirements (Grattan & Grieve, 1999). Na' is
considered a toxic element for most plants, including
rice, when present in excess concentrations in the soil
(Gepstein et al., 2005). Additionally, elevated salinity
caused by Na“, reduces transpiration and photosynthesis
by closing the stomata (Khan et al., 2023). Stomatal
closure increases the leaf temperature, which affects
shoot elongation (Rajendran et al, 2009). The toxic
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concentration of Na' is reached before the CI™ toxicity
concentration (Khan ef al., 2023). Hence, examining Na*
levels in plants under salinity stress is justifiable when
salinity stress is induced using NaCl.

The defense against Na" damage in the cell is achieved
by minimizing Na* entry into the root through the Na*
transport pathway, maximizing efflux, minimizing xylem
loading, accelerating phloem transportation, partitioning
Na' into different parts of the plants, and ultimately
expelling Na* out of the leaves (Tester & Davenport,
2003). Accumulation of compatible solutes including
proteins is commonly reported in salt-tolerant plants
(Tester & Davenport, 2003; Gao et al., 2023). Some rice
varieties have developed mechanisms to tolerate high
levels of accumulated Na'. These mechanisms involve
the selective uptake and compartmentalization of Na*
in vacuoles thereby reducing its toxic effects in the
cytoplasm (Porcel et al., 2016).

A sufficient supply of K* can reduce the uptake and
accumulation of Na' in plant tissues (Gregorio, 1997).
Absorption of K" while excluding Na* to maintain a low
Na: K ratio is a strategy for salinity tolerance (Koyama
et al., 2001). A high level of K* can help counteract the
toxic effects of Na: K (Shahzad ef al., 2022). Adequate
levels of K" in plants maintain the correct ion balance
and osmotic potential, essential for maintaining cell
turgor and overall plant health, especially under saline
conditions. Therefore, K" content in salinity-sensitive
rice genotypes is lower than in salt-tolerant varieties
(Asch et al., 2000).

Calcium ions (Ca?") increases the Ca: Na ratio,
ameliorating salinity (Aslam et al, 2003). Plant
membrane bound Ca?* is important for cell wall structure,
ion transportation and ion exchange (Rengel, 1992;
Marschner, 1995). Ca?* competes with Na* for binding
sites on cell membranes, reducing the influx of Na* into
plant cells (Rengel, 1992). The opening and closing of
stomata in rice plants, which affect water loss and gas
exchange, are regulated by Ca?* (Wang et al., 2014).
Supplementing Ca?* to salt-stressed plants increases
chlorophyll content, reduces H,O, accumulation, and
protects against oxidative damage, while also helping
to maintain water balance and reduce membrane injury
through enhanced antioxidant enzyme activity. Ca*
supplementation is an effective remediation technique for
saline affected rice fields (Tahjib-Ul-Arif ef al., 2018).
Na* content and Na-Ca selectivity are useful criteria for
evaluating salinity tolerance in rice (Zeng et al., 2003).
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Impact of salinity stress on Na*, K*, and Ca** in rice

Role of Na*, K*, and Ca?'in salinity stress

Na*, K*, and Ca?* are involved in complex physiological
and biochemical processes under salinity stress (Luan
et al, 2009; Machado & Serralheiro, 2017). The
exclusion of Na® and absorption of K* to maintain
low Na' levels in the solute reduces Ca*" availability
and transport to growing parts of the plant (Grattan &
Grieve, 1999). Conversely, low-K* or high-Na* levels
induce Ca?" activity that accelerates signaling pathways
for salinity tolerance (Luan et al., 2009). Reduced Ca*
absorption is essential for salinity tolerance (Lauchli,
1999; Zhu, 2002) and maintaining low cytoplasmic Ca*"
activity is also a strategy for salinity tolerance (Lauchli,
1999). Ca*" induces K" uptake more effectively than Na*
(Hasegawa et al, 2000). Salinity-tolerant genotypes
should be able to withstand high Na* content in the soil
and uptake a higher amount of K* than Na* (Khan et al.,
2023). Different genotypes within a species may exhibit
distinct regulatory mechanisms for maintaining Na*, K*,
and Ca*" ion balance when subjected to salinity-induced
stress conditions. Therefore, a systematic assessment
of germplasm to uncover these regulatory pathways is
crucial in the context of breeding programs.

Parameters to assess salinity tolerance in rice

A series of studies used different parameters to evaluate
salinity tolerance (Zeng et al., 2002). Parameters such
as shoot and root length, shoot and root fresh weight or
dry weight (Lang et al, 2000; Mahmood et al.,2009;
Ranawake & Nakamura, 2012; Shyamalee & Ranawake,
2024b), physiological characteristics (Blumwald et al.,
2000; Chunthaburee et al., 2015) reproductive stage traits
(Counce & Wells, 1990), seedling survival rate (Zeng et
al.,, 2002; Lang et al., 2000), and plant vigour (Yeo et
al., 1990) have been used to assess and compare salinity
tolerance in rice.

The visible impact of salinity stress on plant growth
and health is evaluated by using the visual scoring
system (Gregorio et al., 1997). Further, Na*, K*, and
Ca’" content have already been confirmed as criteria for
salinity tolerance in rice (Gregorio & Senadhira,1993;
Ahmad et al., 2007; Khan & Panda, 2008; Luan et al.,
2009; Machado & Serralheiro, 2017). This study aims
to uncover genotype-specific responses to salinity and
the underlying mechanisms governing Na*, K*, and Ca*
under NaCl-induced salinity stress. The objectives were
to analyze Na*, K*, and Ca?* accumulation in the seedling
dry matter of rice genotypes under salinity stress and to
determine their correlation with salinity tolerance levels.
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The study included 121 traditional rice accessions with
different levels of salinity-tolerance and four improved
rice genotypes at the seedling stage (unpublished data).
The protocol established by Gregorio et al. (1997) was
used to assess the level of salinity tolerance in rice
genotypes. Analyzing Na®, K*, and Ca’" contents in
various rice genotypes under salinity stress are a valuable
approach for understanding genotype specific tolerance
mechanisms, and guiding breeding efforts to develop
more resilient and productive rice varieties for saline
environments.

MATERIALS AND METHODS

One hundred and twenty one (121) traditional rice
accessions and four improved rice genotypes were
collected from the Plant Genetic Resources Center,
Gannoruwa, Peradeniya, Sri Lanka (PGRC, 1999)
(Supplementary Table 1). The study followed a
randomized complete block design, with four replicates,
with 10 seedlings in each. Rice seeds were germinated
in distilled water for 3 ds and then transferred to Yoshida
solution (Gregorio et al., 1997) with an electrical
conductivity (EC) of 6 dS/m. The EC of the Yoshida
solution was adjusted using a calibration curve
constructed by dissolving known amounts of NaCl in
distilled water. Germinated rice seeds were placed in
slits made in styrofoam sheets, which were floated on the
Yoshida solution in plastic cups. After initial 3-day period
in Yoshida solution of EC 6 dS/m, the salinity level
increased to 12 dS/m and the solution replaced in every
2 ds. The seedlings were then grown in this solution for
14 consecutive days. Preliminary studies were conducted
to optimize the experimental conditions using several
salinity-susceptible and tolerant rice genotypes.

Visual scoring of salinity tolerance

Plants were evaluated according to visual symptoms
described in the following standard evaluation system
for salinity tolerance (Gregorio et al.,1997):

Score 1: Normal growth, no leaf symptoms (Highly
tolerant), Score 3: Nearly normal growth, but leaf tips
or few leaves whitish and rolled (Tolerant), Score 5:
Growth severely retarded, most leaves rolled, only a few
are elongating (Moderately tolerant), Score 7: Complete
cessation of growth, most leaves dry, some plants dying
(Susceptible), Score 9: Almost all plants are dead or
dying (Highly susceptible).

Journal of the National Science Foundation of Sri Lanka 53(2)
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Evaluation of Na*, K* and Ca?*" content

The seedlings collected after exposing to salinity stress
were used to assess the Na*, K* and Ca*" content. The
seedlings were quickly rinsed in distilled water to
remove external materials and then dried in an oven at
65 °C for 5 ds. Hundred milligrams (100 mg) of dried
leaf tissues were measured in three replicates for each
rice accession. Leaf samples were digested according to
the method described by O’Halloran et al., (1997). The
samples were tightly covered with lids, and all vials
were packed tightly in a box to keep them on the shaker.
The vials were thoroughly shaken on a shaker to suspend
all plant materials in the dilute acid for 2 ds at room
temperature while agitating occasionally. After 2 days,
the samples were filtered to remove all solid materials.
Standard solutions were prepared using KCl, NaCl, and
CaCl, as references. A calibration curve was constructed
by plotting the absorbance against the concentration of
the certified reference solutions. The Na*, K* and Ca?"
content in the samples were subsequently determined
using this calibration curve, with three replicates, using a
flame photometer (Sherwood, 360).

Data analysis

The content of Na*, K*, Ca*, and the Na':K" ratio of
traditional rice accessions under salinity stress and

Table 1:
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control conditions were analyzed using ANOVA and
mean separation was performed using Duncan’s multiple
range test. Correlation analysis was conducted using
SPSS (SPSS, Inc, 2011). Rice accessions were ranked
based on their Na*, K*, and Ca?* content in the dry matter
to compare their ion levels.

RESULTS AND DISCUSSION

Among the 125 rice genotypes visually scored,
Randhunipagal2866was foundtobesalinity tolerantwhile
Suduheenati3397, Bathkiriel3550, Madathawalu3718,
Matholuwa3214, Moddaikaruppan3388, Polayal3639,
Lumbini3613, Madaelgalle3508, Mudaliwi3672, and
Sinnakaruppan3391 were moderately salinity tolerant at
the seedling stage. All other rice accessions were either
susceptible or highly susceptible (unpublished data).

Na* reduction and salinity tolerance

Na* accumulation was more significant in stressed plants
than in plants under controlled cenditions for each rice
genotype (Table 1). Since a high concentration of Na*
can damage shoots and leaves under salinity stress (Lin
et al., 2004), reducing Na* within the plant is important
to develop salinity tolerance. Out of the 125 rice
genotypes, 51 (40.15%) rice accessions, with the highest
Na* accumulation, were found to be salinity susceptible

Na*, K*, and Ca** contents (ppm) in shoot dry matter of tolerant and moderately tolerant rice genotypes

TA/MTA Accession Na* Na* Rank K K* Rank Ca* Ca® Rank Na”/K® Na’/K*
© (T) © (T) © @D © (T
T Randhunipagal2866 17.2 52.15¢ 12 68.2 45be 110 5 8.754 125 025 1.16%4
MT Suduheenati3397 26 47.6¢ 6 201.6  44.5™ 109 5 8.75¢ 124 027 0.61¢
MT Bathkiriel3550 25 50.75¢ 9 145 68.9° 121 5 11 119  0.17 0.74<
MT Madathawalu3718 17.6 51.1¢ 11 130 49 8¢ 116 75  7.5¢ 126 0.14 1.030d
MT Matholuwa3214 22 52.2¢ 13 112 37.2 104 5 1500 99 0.2 1.4
MT Moddaikaruppan3388  12.8 55.3% 18 108 46.25% 114 75 11« 120 0.12 .20
MT Polayal3639 16 56.15% 22 99 59.4%® 119 5 11 117 0.26 1.05bd
MT Lumbini3613 16 76.3® 38 112 49.95% 117 10 17.5%® 75 0.14 1.53%
MT Madaelgalle3508 15 79.95%® 48 126 38.1 106 7.5 13ee 1o 0.12 2.1*
MT Mudaliwi3672 16.8 82.8® 51 1152 38.2« 107 25 13 108  0.15 217
MT Sinnakaruppan3391 252 97 75 129 36.7¢ 101 10 21 4 02 2.64°

TA: Tolerant accessions, MTA: Moderately tolerant accessions, (C): Control seedling, (T): Seedlings under salinity stress, Rank: Rank of the rice

cultivar among 125 rice genotypes when arranged according to the increasing order of Na*, K, Ca’* contents.

The same letters in the same column were not significantly different in the DMRT test at 5% probability level
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or highly susceptible. Madaelgalle3508, Mudaliwi3672,
and Sinnakaruppan3391 were among the rice genotypes
that accumulated a relatively higher amount of Na" in
the shoot dry matter while still being moderately salinity
tolerant (Table 1). Further, among the eleven salinity
tolerant and moderately salinity tolerant rice accessions,
seven rice accessions (Suduheenati3397, Bathkiriel3550,
Madathawalu3214, Randhunipagal2866, Matholuwa3
214, Moddaikaruppan3388, and Polayal3639) were
included among the lowest twenty-two rice accessions
with Na® accumulation. Furthermore, when the rice
cultivars were arranged according to increasing order
of Na" accumulation under salinity stress, 85.8% of the
studied rice accessions with high values were consistently
found to be highly susceptible or susceptible to salinity
stress.

113

Among the tolerant and moderately tolerant rice
accessions, (referred to as TMT) Madaelgalle3508,
Mudaliwi3672 and Sinnakaruppan3391 were moderately
tolerant with high Na" content in the shoot dry matter
(Figure 1). In these accessions, salinity tolerance likely
developed in the plant cells by tolerating a higher Na*
level at the initial stages of growth (Cheeseman, 1988;
Yeo et al., 1990). Additionally, these three rice accessions
may have adopted other salt tolerant mechanisms such as
maintaining low CI- or Zn', proline accumulation, or high
activity of antioxidant enzymes (Dionisio-Sese & Tobita,
1998; Léauchli, 1999; Zhu, 2002) rather than maintaining
a low Na' content. Pokkali is a salinity tolerant rice
accession (Gregorio & Senadhira,1993; Waziri et al.,
2016), but the four accessions used in the present study
recorded Na" content of 91.85-160 ppm and were not
salinity tolerant (data not shown).
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Figure 1:

Differential Na* content in seedling dry matter of salinity tolerant (Randhunipagal2866) and moderately

tolerant (all other accessions) rice genotypes under control and salinity-stressed conditions.

K* accumulation and salinity tolerance

K" content of stressed seedlings was lower than those
of control seedlings in all the studied rice accessions
except for Godawee3919. Among the eleven salinity-
TMT rice accessions all were among the top twenty-six
rice accessions with the highest K* content (Table 1).
Previous studies (Gregorio & Senadhira,1993; Chaum
et al., 2009; Ahmad et al., 2007; Khan & Panda, 2008;
Lokeshkumar et al., 2023) have reported lower K* content
under salinity stress in salinity-tolerant rice accessions.
However, Randhunipagal2866 and Sinnakruppan3391

showed insignificant differences in K* content between
the control and salinity-stressed plants (Figure 2). Some
highly susceptible rice accessions (26) also had the highest
K" content. While Godawee3919, Godaheenati3724, and
Massamba2349 (Supplementary Table 1) ranked among
the top ten rice accessions with the highest K* content,
they were not among the salinity TMT accessions. Further,
these three accessions were not found among the twenty
rice genotypes with the lowest Ca?* content. This suggests
that relying solely on a genotype-specific pattern of K*
accumulation in rice seedling dry matter under salinity
stress is insufficient to confer salinity tolerance.
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Figure 2: Differential K* content in seedling dry matter of salinity tolerant (Randhunipagal2866) and moderately
tolerant (all other accessions) rice genotypes under control and salinity-stressed conditions.

Na*/K* ratio and salinity tolerance

The Na*/K* ratio was higher in all rice genotypes under
salinity stress than in control seedlings (Table 1). Among
the 125 rice accessions, 88% of salinity susceptible and
highly susceptible rice accessions had the highest Na/
K* ratios. All eleven salinity-TMT rice accessions were
among the thirty-seven rice accessions with the lowest
Na'/K* ratios. A reduced Na'/K* ratio confers salinity
tolerance in rice and other crops (Chaum et al., 2009;
Lokeshkumar et al., 2023). Maintaining a low Na"/K*
ratio in plants is a mechanism for salinity tolerance
(Gregorio, 1997; Asch et al., 2000; Munns, 2005).
This has been experimentally proven by demonstrating
reduced K" absorption with the addition of Na* into the
medium (Ahmad et al., 2007). A study reported a negative
association between Na"/K" ratio and salinity tolerance,

and a positive association between K+ and Ca?" contents
and salinity tolerance, using a plant stimulant to enhance
salinity tolerance (Lokeshkumar et al., 2023).

Assalam et al. (2003) reported similar results using
1.0 mM Ca? and higher concentrations of Ca’" in a
tissue culture medium. Similar results have also been
reported by Goudarzi and Pakniyat (2008). The rice
cultivars Nona Bokra, Pokkali, SR26B and Lunishree,
with reduced Na'/K* ratios, have performed better
under salinity stress than the known salinity susceptible
rice genotypes, IR28, IR29, M1-48, and Begunbuchi
(Gregorio & Senadhira,1993; Ahmad ef al., 2007; Khan
& Panda, 2008). Salt tolerance in seedlings increased
after application of a plant stimulant to reduce the Na"/K*
balance (Mekawy et al., 2024).
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Figure 3: Differential Ca*" content in seedling dry matter of salinity tolerant (Randhunipagal2866) and moderately
tolerant (all other accessions) rice genotypes under control and salinity-stressed conditions.
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Ca?" uptake and salinity tolerance

The Ca*" content increased in all rice genotypes with
salinity stress compared to their respective control
seedlings (Figure 3). Some rice varieties have developed
selective ion transport mechanisms that allow them to
preferentially take up Ca®* over Na*, even under saline
conditions. These varieties are better equipped to maintain
a healthier sodium-calcium balance and are more salt-
tolerant (Song et al, 2006). A similar effect has been
reported by Cao et al. (2024) and Mahmood et al. (2024).
Additionally, Orcan and Orcan (2024) demonstrated
that the application of CaCl, resulted in reduced proline
content, indicating decreased salinity stress.

Although the lowest Na*/Ca** containing rice
accessions were not salinity TMT (Supplementary
Table 1) in the present study, eight salinity TMT
accessions, namely Mudaliwi3672, Madaelgalle3508,
Polaya3639l, Bathkiriel3550, Moddaikaruppan3388,
Suduheenati3397, Randhunipagal2866, and
Madathawalu3718, were among the eighteen rice
accessions that recorded the lowest Ca?* accumulation
with salinity stress (Table 1).

Na*, K*, and Ca*

Twenty rice genotypes that recorded the lowest Na*, Na'/
K*, and Ca’* contents as well as the highest K* content
in the 125 rice genotypes studied were closely monitored
for salinity tolerance. Interestingly, the group included
the salinity-tolerant Randhunipagal2866, as well as
moderately tolerant accessions Madathawalu3718,
suduheenati339, and Bathkiriel3550 (Table 1). The Na*,
K*, and Ca*>* contents in the dry matter of these salinity
TMT rice accessions were plotted in 2-D and 3-D graphs
to clearly display the relative positions of among the
recorded maximum and minimum Na*, K*, and Ca?"
contents in the studied accessions. (Supplementary
Figures 1A and 1B). Maintaining a low Ca’" activity
in the cytoplasm is one of the strategies for salinity
tolerance (L&duchli, 1999). Spraying water under NaCl-
induced salinity stress has been shown to increase the
uptake of Ca?* by rice plants, thereby enhancing their
salinity tolerance (Song et al. 2006). Under NaHCO,
stress, rapeseed plants experienced a reduction in Ca**
absorption in their stems and leaves, leading to an
imbalance of K* and Na* across different tissues (Cao
etal.,2024).

Three other moderately tolerant accessions,
Polayal3639, Moddaikaruppan3388, and Mudaliwi3672,
were not among the twenty genotypes with the lowest
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Na'*, but they were among the twenty lowest Ca®*, and the
highest K" containing accessions. The other moderately
tolerantMadaelgalle3508 accession wasamong the lowest
Ca?* containing twenty rice accessions, but not included
in any other groups. This suggests that the salinity-
mitigating impact of Ca?* is sufficient to confer moderate
salinity tolerance in the Madaelgalle3508 accession,
diminishing the harmful effects of NaCl. Moderately
tolerant Sinnakaruppan3391 recorded the highest Ca*
accumulation under salinity stress (Table 1), and was
not included in the group of twenty rice accessions with
the lowest Na" or the highest K" content. It is unlikely
that the prominent strategy for enhancing the salinity
tolerance of Sinnakaruppan3391 involves the regulation
of Na*, K*, Na*"/K*, and Ca*" balance when compared to
other potential strategies. Only Madaelgalle3508 and
Moddaikaruppan3388 were included in the group of
twenty rice accessions that recorded the lowest Na'/K*
ratio. None of the TMT rice accessions were included
in the lowest Na'/K" containing twenty rice accessions
though it has been reported that the reduction of Na'/K*
or Na'/Ca?" ratio within the saline solution resulted in a
decrease in the concentrations of Na*and CI- in the shoot
(Muhammed et al., 1987).

Not all favorable modes of action of Na*, K*, and Ca?"
exist in each salinity TMT rice genotype. The interaction
between Na" and Ca?" uptake is influenced by the genetic
makeup of the genotype and specific environmental
conditions. Certain rice genotypes may have different
strategies for coping with salinity stress, which can
impact the balance between Na* and Ca*" uptake.

Validation of salinity tolerance in rice accessions at
the seedling stage according to correlations of shoot
Na*, K*, and Ca?" content

Salinity tolerance was positively correlated with K*
content and negatively correlated with Na®, Na'/K',
and Ca*" content. Among Na*, K*, and Ca*, a positive
correlation was recorded only between Na* and Ca*
(Table 2). Wright et al. (1995) reported that Ca** in
the plant increases Na' uptake. Madaelgalle3508,
Mudaliwi3672, and Sinnakaruppan3391 were moderately
tolerant, with the highest recorded Na* content among
TMT rice genotypes. Interestingly, the same rice
accessions recorded the highest Ca?* content (Table 1).
This could be because of Na* entering nonselective cation
channels in plants is strongly influenced by Ca*
(Amtmann & Sanders, 1998). Contrarily, Grattan and
Grieve (1999) reported that salinity stress reduces Ca*"
availability and mobility when the stress is due to Na™.
However, according to Gupta and Shaw (2021), Ca*

Journal of the National Science Foundation of Sri Lanka 53(2)

June 2025



116

reduces Na' intake when the K/Na'ratio is higher in
salt-tolerant rice compared to salt sensitive varieties.
Wu and Wang (2012) concluded that Ca** regulates K*/
Na' in rice influencing selectivity for K* over Na" and

NGJ Pradeepika & AL Ranawake

reducing the Na* transportation in plants at low salinity.
The multifaceted nature of salinity tolerance in plants at
the physiological level could exhibit diverse relationship
between tolerant traits (Liu ef al., 2022).

Table 2: Correlation of Na*, K* and Ca?*content with other parameters

Traits r P

Correlation between seedling shoot Ca** content and strength of tolerant level” -0.331 0.000
Correlation between seedling Na* content and strength tolerant level -0.267 0.003
Correlation between seedling shoot K* content and strength tolerant level 0.480 0.000
Correlation between seedling Na*/K* and strength tolerant level -0.430 0.000
Correlation between seedling Na* and K* -0.283 0.001
Correlation between seedling Na® and Ca** 0.624 0.000
Correlation between seedling K* and Ca** -0.438 0.000

r = Pearson’s correlation coefficient, p = Probability level, * Tolerant levels were indicated by an arbitrary scale.

The Na'/K* ratio has an inverse correlation with salt
tolerance in rice (Zhu et al., 2001; Gao et al., 2007),
with higher ratios observed in salinity-susceptible rice
accessions (Goudarzi & Pakniyat, 2008; Zhu et al., 2001;
Gao et al., 2007). Salinity-tolerant plants heavily absorb
K" to maintain a lower Na: K ratio under salinity stress
(Ahmad et al., 2007). This is supported by data showing
that rice genotypes classified as TMT consistently have
low Na* content and high K* content (Table 1). Ca* and K*
show an inverse relationship in absorption (Table 2); Ca**
uptake reduces K uptake, and high K* absorption reduces
Ca’ uptake (Rengel, 1992). In natural conditions, Ca*"
levels in salinized water increase with daily evaporation
due to selective precipitation of Ca’" over Na*(Grattan &
Grieve, 1999). These relationships of Ca** further extend
with N and P (Grattan & Grieve, 1999). When studying
germplasm with diverse genetic bases, such as traditional
rice accessions, a single parameter may not be effective
as different mechanisms of salinity tolerance may prevail.
Plant responses to salt stress occur at the organismic,
cellular, and molecular levels and are complex including
maintaining ionic balance, adjusting osmotic conditions,
scavenging reactive oxygen species (ROS), and ensuring
nutritional equilibrium (Liu et al., 2022). However,
some studies recommend isolated parameters for salinity
screening: Mahmood et al. (2009) have recommended
shoot dry weight as a more reliable parameter than Na*
content. Reduction of osmotic potential has been found
to be the most sensitive parameter to distinguish tolerant
plants from susceptible plants (Zhu et al., 2001; Ahmad
et al., 2007).

CONCLUSION

Significant relationships were observed among Na*, K-,
and Ca?* and their impact on salinity tolerance in rice
seedlings. Inverse correlations were found between the
levels of Na*, Ca®, and the Na"/K" ratio with salinity
tolerance. Conversely, a positive correlation was found
between K content and salinity tolerance in rice at
the seedling stage. Na* and Ca* contents were higher,
whereas K* content was lower in the stressed seedlings
compared to the control group. It was evident that rice
seedlings tend to accumulate K* and exclude Na* as a
response to salinity stress. Na’, K*, and the Na:K ratio
were potential parameters in a methodology for screening
salinity tolerance in rice seedlings. However, Na" and K*
content alone did not provide a comprehensive assessment
of salinity tolerance. This conclusion is supported by
the weak inverse correlations between Na" content and
salinity tolerance (r=-0.267) and Na* and K* level (r=-
0.283). Moreover, Ca** content was high in stressed
seedlings and there was a strong positive correlation
between Na™ and Ca** contents (1=0.624) in seedlings
grown under salinity stress. This suggests that both Ca*
and Na* were taken up through physiological processes
in response to salinity stress. A negative correlation was
observed between Ca* and K* content, highlighting the
influence of K* on the availability and mobilization of
Ca?. The relationship between any two ions of Na,
K*, and Ca?* in dry matter varied among salinity TMT
genotypes suggesting genotype-specific ion balancing
for salinity tolerance. This study reveals that while Na’,
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K*, Ca*', and the Na'/K" ratio are valuable parameters for
evaluating salinity tolerance in rice seedlings, a holistic
approach considering multiple factors is necessary to
accurately assess the tolerance levels of different rice
genotypes, as many other metabolic and physiological
reactions influence salinity tolerance beyond ion
balancing.

Acknowledgement

Authors would like to acknowledge TURIS/Ruhuna
University, NRC-12-027, ICGEC/CRP/SRI1/13-01, and
the Indo-Sri Lanka PoC (MTD/TDR/Agr/03/01/06) for
financial assistance, and the Plant Genetic Resources
Center, Gannoruwa, Sri Lanka, for providing planting
materials.

REFERENCES

Adams, J.F., & Doerge, T.A. (1987). Soil salinity and soil
acidity as factors in plant nutrition. In: Boersma, L.L.
(Ed.), Future Developments in Soil Science Research. Soil
Science Society of America Journal, Madison, WI, 193-
203. https://doi.org/10.2136/1987

Ahmad, M.S.A., Javed, F., & Ashraf M. (2007). Iso-osmotic
effect of NaCl and PEG on growth, cations and free proline
accumulation in callus tissue of two indica rice (Oryza
sativa L.) genotypes. Journal of Plant Growth Regulation,
53, 53-63. https://doi.org/10.1007/s10725-007-9204-0

Akbar, M., Yabuno, Y., & Nakao S. (1972). Breeding for saline
resistant varieties of rice. I. Variability for salt-tolerance
among some rice varieties. Japanese Journal of Breeding,
22,277-284. https://doi.org/10.1270/jsbbs1951.22.277

Alfatih, A., Zhang, J., Song, Y., Jan, S.U., Zhang, Z.S., Xia,
J.Q., Zhang, Z.Y., Nazish, T., Wu, J., Zhao, P.X., & Xiang,
C.B. (2023). Nitrate-responsive OsMADS27 promotes salt
tolerance in rice. Plant Communications, 4(2). https://doi.
org/10.1016/j.xplc.2022.100458

Amtmann, A. & Sanders, D. (1998). Mechanisms of Na* uptake
by plant cells. In Advances in Botanical Research, 29,
75-112. Academic Press. https://doi.org/10.1016/S0065-
2296(08)60310-9

Asch, F., Dingkuln, M., Dérffling, K., & Miezan K. (2000). Leaf
K/Na ratio predicts salinity induced yield loss in irrigated
rice. Euphytica, 113, 109-118. https://doi.org/10.1016/
S0065-2296(08)60310-9

Aslam, M., Muhammad, N., Qureshi, R.H., Ahmad, Z., Nawaz,
S., & Akhtar, J. (2003). Calcium and salt-tolerance of rice.
Communications in Soil Science and Plant Analysis, 34(19-
20), 3013-3031. https://doi.org/10.52045/jca.v2i1.184

Blumwald, E. (2000). Sodium transport and salt tolerance in
plants. Current Opinion in Cell Biology, 12, 431-434.
https://doi.org/10.1016/S0955-0674(00)00112-5

Bonilla, P., Dvorak, J., Mackill, D., Deal, K., & Gregorio, G.
(2002). RLFP and SSLP mapping of salinity tolerance

117

genes in chromosome 1 of rice (Oryza sativa L.) using
recombinant inbred lines. Philippine Agricultural Scientist,
85, 68-76.

Cao, X., Sun, L., Wang, W., & Zhang, F. (2024). Exogenous
calcium application mediates K+ and Na+ homeostasis of
different salt-tolerant rapeseed varieties under NaHCO,
stress. Plant Growth Regulation, 102(2), 367-378. https://
doi.org/10.1007/s10725-023-01066-1

Chandran, A.E., Finkler, A., Hait, T.A., Kiere, Y., David, S.,
Pasmanik-Chor, M., & Shkolnik, D. (2024). Calcium
regulation of the Arabidopsis Na+/K+ transporter HKT1;
I improves seed germination under salt stress. Plant
Physiology, 194(3), 1834-1852. https://doi.org/10.1093/
plphys/kiad651

Cha-um, S., Trakulyingcharoen, T., Smitamana, P., &
Kirdmanee, C. (2009). Salt tolerance in two rice cultivars
differing salt tolerant abilities in responses to iso-osmotic
stress. Australian Journal of Crop Science, 3(4), 221-230.

Cheeseman, J.M. (1988). Mechanisms of Salinity Tolerance in
Plants, Journal of Plant Physiology , 87,547-550. https://
doi.org/10.1104/pp.87.3.547

Chen, T., Shabala, S., Niu, Y., Chen, Z.H., Shabala, L., Meinke,
H., Venkataraman, G., Pareek, A., Xu, J., & Zhou, M.
(2021). Molecular mechanisms of salinity tolerance in rice.
The Crop Journal, 9(3), 506—520. https://doi.org/10.1016/
j-¢j.2021.03.005

Chunthaburee, S., Dongsansuk, A., Sanitchon, J., Pattanagul,
W., & Theerakulpisut, P. (2015). Physiological and
biochemical parameters for evaluation and clustering of
rice cultivars differing in salt tolerance at seedling stage,
Saudi Journal of Biological Sciences, 23(4), 467-477.
https://doi.org/10.1016/j.sjbs.2015.05.013

Counce, PA., & Wells, B. R. (1990). Rice plant population
density effect on early-season nitrogen requirement.
Journal of Production Agriculture, 3, 390-393. https://doi.
org/10.2134/jpa1990.0390

De Lacerda, C.F., Cambraia, J., Oliva, M.A., Ruiz, HA., &
Prisco, J.T. (2003). Solute accumulation and distribution
during shoot and leaf development in two sorghum
genotypesundersaltstress. Environmental and Experimental
Botany, 49(2), 107-120. https://doi.org/10.1016/S0098-
8472(02)00064-3

Dionisio-Sese, M.L., & Tobita, S. (1998). Antioxidant responses
of rice seedlings to salinity stress. Plant Science, 135, 1-9.
https://doi.org/10.1016/S0168-9452(98)00025-9

Farooq, M. Park, J.R., Jang, Y.H., Kim, E.G., & Kim, K.M.
(2021). Rice cultivars under salt stress Show differential
expression of genes related to the regulation of Na+/K+
balance. Frontiers in Plant Science, 12, 680131. https://
doi.org/10.3389/pls.2021.680131

Fischer, K.S. (1996). Improving cereals for the variable rainfed
system: from understanding to manipulation. In: Singh,
V.P,, Singh, R.K., Singh, B.B., Zeigler, R.S. eds. Physiology
of stress tolerance in rice (pp.1-9). IRRI, Manila, the
Philippines p1-9.

Flowers, T.J., & Yeo, A.R. (1986). Ion relations of plants
under drought and salinity. Australian Journal of Plant
Physiology, 13, 75-91. https://doi.org/10.1071/PP9860075

Journal of the National Science Foundation of Sri Lanka 53(2)

June 2025



118

Gao, J.P., Chao, D.Y., & Lin, H.X. (2007). Understanding
abiotic stress tolerance mechanism: recent studies on stress
response in rice. Journal of Integrative Plant Biology, 49,
742-750. https://doi.org/10.1111/.1744-7909.2007.00495 .x

Gao, Q., Yin, X., Wang, F., Hu, S., Liu, W., Chen, L., Dai, X.,
& Liang, M. (2023). OsJRL40, a Jacalin-Related Lectin
Gene, Promotes Salt Stress Tolerance in Rice. International
Journal of Molecular Sciences, 248, 7441. https://doi.
org/10.3390/ijms24087441

Gepstein, S., Grover, A. and Blumwald, E., (2005). Producing
biopharmaceuticals in the desert: building an abiotic
stress tolerance in plants for salt, heat, and drought.
Modern Biopharmaceuticals: Design, Development and
Optimization. 967-994. https://doi.org/10.1071/PP01154

Goudarzi, M., & Pakniyat, H. (2008). Evaluation of wheat
cultivars under salinity stress based on some agronomic
and physiological traits. Journal of Agricultural Science 4,
81-84.

Grattana, S.R., & Grieve, C.M. (1999). Salinity mineral nutrient
relations in horticultural crops, Scientia Horticulturae, 78,
127-157. https://doi.org/10.1016/S0304-4238(98)00192-7

Gregorio, G.B. (1997). Tagging salinity tolerance genes in rice
using amplified fragment length polymorphism (AFLP).
[PhD. thesis, University of the Philippines,] Los Bafios
118.

Gregorio, G.B., & Senadhira, D. (1993). Genetic analysis of
salinity tolerance in rice (Oryza sativa L.). Theoretical and
Applied Genetics, 86, 333-338. https://doi.org/10.1007/
BF00222098

Gupta, A. & Shaw, B.P. (2021). Augmenting salt tolerance in
rice by regulating uptake and tissue specific accumulation
of Na+-through Ca2-+-induced alteration of biochemical
events. Plant Biology, 23,122-130. https://doi.org/10.1111/
plb.13258

Hasegawa, P.M., Bressan, R.A., Zhu, J.K., & Bohnert, H.J.
(2000). Plant cellular and molecular responses to high
salinity. Annual Review of Plant Biology, 51(1), 463—499.
https://doi.org/10.1146/annurev.arplant.51.1.463

Hopmans, J.W., Qureshi, A.S., Kisekka, I., Munns, R.,
Grattan, S.R., Rengasamy, P., Ben-Gal, A., Assouline, S.,
Javaux, M., Minhas, P.S. & Raats, P.A.C. (2021). Critical
knowledge gaps and research priorities in global soil
salinity. Advances in Agronomy, 169, 1-191. https://doi.
org/10.1016/bs.agron.2021.03.001

Khan, A., Khan, A.A., Samreen, S. & Irfan, M. (2023).
Assessment of Sodium Chloride (NaCl) Induced Salinity
on the Growth and Yield Parameters of Cichorium intybus
L. Nature Environment and Pollution Technology, 22(2).
https://doi.org/10.46488/NEPT.2023.v22i02.026

Khan, M.H., & Panda, S.K. (2008). Alterations in root lipid
peroxidation and antioxidative responses in two rice
cultivars under NaCl-salinity stress. Acta Physiologiae
Plantarum, 30, 81-89. https://doi.org/10.1007/s11738-
007-0093-7

Koyama, M., Levesley, A., Koebner, R., Flowers, T., & Yeo, A.
(2001). Quantitative trait loci for component physiological
traits determining salt tolerance in rice. Plant Physiology,
125,406-422. https://doi.org/10.1104/pp.125.1.406

NGJ Pradeepika & AL Ranawake

Kumar, K., Kumar, M., Kim, S.R., Ryu, H. & Cho, Y.G. (2013).
Insights into genomics of salt stress response in rice. Rice,
6(1), 1-15. https://doi.org/10.1186/1939-8433-6-27

Lacerda, C.F., Cambraia, J., Oliva, M.A., Ruiz, H.A., Prisco,
J.T. (2003). Quantitative trait loci for salt tolerance in rice
via molecular markers. OMon Rice, 8, 37-48.

Lang, N.T., Yanagihara, S., & Buu, B.C. (2000). Quantitative
trait loci for salt tolerance in rice via molecular markers.
Omon Rice, 8, 37-48.

Lauchli, A. (1999). Salinity-potassium interactions in crop
plants. Frontiers in Potassium Nutrition: New Perspectives
on the Effects of Potassium on Physiology of Plants. D.M.
Oosterhuis and G.A. Berkovitz (Eds.). Potash & Phosphate
Institute, Norcross, GA, 71-76.

Liu, C., Mao, B., Yuan, D., Chu, C. & Duan, M. (2022). Salt
tolerance in rice: Physiological responses and molecular
mechanisms. The Crop Journal, 10(1), 13-25. https://doi.
org/10.1016/j.¢j.2021.02.010

Lokeshkumar, B.M., Krishnamurthy, S.L., Rathor, S., Warriach,
A.S., Vinaykumar, N.M., Dushyanthakumar, B.M., &
Sharma, P.C. (2023). Morphophysiological diversity and
haplotype analysis of saltol QTL region in diverse rice
landraces for salinity tolerance. Rice Science, 30(4), 306-
320. https://doi.org/10.1016/j.rsci.2023.02.001

Luan, S., Lan, W. & Lee, S.C. (2009). Potassium nutrition,
sodium toxicity, and calcium signaling: connections
through the CBL-CIPK network. Current Opinion in
Plant Biology, 12(3), 339-346. https://doi.org/10.1016/
j-pbi.2009.05.003

Machado, R.M.A., & Serralheiro, R.P. (2017). Soil salinity:
effect on vegetable crop growth. Management practices to
prevent and mitigate soil salinization. Horticulturae, 3(2),
30. https://doi.org/10.3390/horticulturae3020030

Mahmood, A., Latif, T., & Khan, M.A. (2009). Effect of
salinity on growth, yield and yield components in basmati
rice germplasm. Pakistan Journal of Botany, 41(6), 3035—
3045.

Mahmood, M.Z., Odeibat, H.A., Ahmad, R., Gatasheh, M.K.,
Shahzad, M., & Abbasi, A.M. (2024). Low apoplastic Na+
and intracellular ionic homeostasis confer salinity tolerance
upon Ca2SiO4 chemigation in Zea mays L. under salt
stress. Frontiers in Plant Science, 14, 1268750. https://doi.
org/10.3389/{pl1s.2023.1268750

Mekawy, A.M.M., Assaha, D.V,, Li, J. & Ueda, A. (2024).
Astaxanthin application enhances salinity tolerance in rice
seedlings by abating oxidative stress effects and enhancing
Na+/K+ homeostatic balance. Plant Growth Regulation, 1-
15. https://doi.org/10.1007/s10725-024-01132-2

Muhammed, S., Akbar, M., & Neu, H.U. (1987). Effect of Na/
Ca and Na/K ratios in saline culture solution on the growth
and mineral nutrition of rice (Oryza sativa L.). Plant Soil,
104, 57-62. https://doi.org/10.1007/BF02370625

Munns, R. (2005). Genes and salt tolerance: bringing them
together. New Phytologist, 167, 645-663. https://doi.
org/10.1111/j.1469-8137.2005.01487.x

O’Halloran, J. Walsh, A.R., & Fitzpatrick, P.J. (1997).
The determination of trace elements in biological
and environmental samples using atomic absorption

June 2025

Journal of the National Science Foundation of Sri Lanka 53(2)



Impact of salinity stress on Na*, K*, and Ca** in rice

spectroscopy. In Bioremediation Protocols;
Berlin/Heidelberg, Germany, 2, 201-211.
org/10.1385/0-89603-437-2:201

Orcan, M.Y. & Orcan, P. (2024). Effect of Na, Mg, Ca chloride
salts on mineral element, proline and total protein contents
in rice (Oryza sativa L.) grown in vitro. International
Journal of Secondary Metabolite, 11(1), 144-156. https://
doi.org/10.21448/ijsm.1335099

Porcel, R., Aroca, R., Azcon, R., & Ruiz-Lozano, J.M. (2016).
Regulation of cation transporter genes by the arbuscular
mycorrhizal symbiosis in rice plants subjected to salinity
suggests improved salt tolerance due to reduced Na* root-
to-shoot distribution. Mycorrhiza, 26, 673—684. https://doi.
org/10.1007/s00572-016-0704-5

Rajendran, K., Tester, M., & Roy, S.J. (2009). Quantifying
the three main components of salinity tolerance in cereals.
Plant, Cell and Environment, 32(3), 237-249. https://doi.
org/10.1111/5.1365-3040.2008.01916.x

Ranawake, A.L., & Nakamura, C. (2012). Assessment of
salinity tolerance in an inbred population of rice (Oryza
sativa L.) derived from a japonica x indica cross, Tropical
Agricultural Research & Extension, 15(3). https:/doi.
org/10.4038/tare.v15i3.5250

Reddy, [.N.B.L., Kim, B.K., Yoon, L.S., Kim, K.H. & Kwon,
T.R. (2017). Salt tolerance in rice: focus on mechanisms
and approaches. Rice Science, 24(3), 123—144. https://doi.
org/10.1111/5.1365-3040.1992.tb01004.x

Rengel, Z. (1992). The role of calcium in salt toxicity. Plant,
Cell and Environment, 15,625-632. https://doi.org/10.1111/
j-1365-3040.1992.tb01004.x

Rivelli, A.R., James, R.A., Munns, R., & Condon, A.G. (2002).
Effect of salinity on water relations and growth of wheat
genotypes with contrasting sodium uptake, Functional
Plant Biology, 29, 1065-1074. https://doi.org/10.1071/
PPO1154

Shahzad, B., Yun, P., Rasouli, F., Shabala, L., Zhou, M.,
Venkataraman, G., Chen, Z.H. & Shabala, S. (2022).
Root K+ homeostasis and signalling as a determinant
of salinity stress tolerance in cultivated and wild rice
species. Environmental and Experimental Botany, 201,
104944, https://doi.org/10.1016/j.envexpbot.2022.104944

SPSS Inc. (2011). IBM SPSS Software for Windows, Version
20.0.

Song, J.Q., Mei, X.R., & Fujiyama, H. (2006). Adequate
internal water status of NaCl-salinized rice shoots
enhanced selective calcium and potassium absorption. Soi/
Science and Plant Nutrition, 52(3), 300-304. https://doi.
org/10.1111/5.1747-0765.2006.00038.x

Shyamalee, H.A.P.A., & Ranawake, A.L. (2024a). Genetic
diversity analysis of traditional and improved rice genotypes
in Sri Lanka using SSR markers. Journal of the National
Science Foundation of Sri Lanka, 52(2), 215 —227. http://
dx.doi.org/10.4038/jnsfsr.v52i2.11656.

Shyamalee, H.A.P.A., & Ranawake, A.L. (2024b). Screening
eighty traditional and improved rice genotypes in Sri
Lanka for salinity tolerance at the seedling stage in Yoshida
solution. Journal of the National Science Foundation of Sri

Springer:
https://doi.

119

Lanka, 51(4), 597 — 614. http://dx.doi.org/10.4038/jnsfsr.
v51i4.11500

Tahjib-Ul-Arif, M., Roy, P.R., Al Mamun Sohag, A., Aftrin, S.,
Rady, M.M., & Hossain, M.A. (2018). Exogenous calcium
supplementation improves salinity tolerance in BRRI
dhan28; a salt-susceptible high-yielding Oryza sativa
cultivar. Journal of Crop Science and Biotechnology, 21,
383-394. https://doi.org/10.1007/s12892-018-0098-0

Tester, M., & Davenport, R. (2003). Na" tolerance and Na+
transport in higher plants. Annals of Botany, 91, 503-527.
https://doi.org/10.1093/a0b/mcg058

Walthall, C. L., Hatfield, J., Backlund, P., Lengnick, L., Marshall,
E., & Walsh, M. (2012). Climate Change and Agriculture
in the United States: Effects and Adaptation. Washington,
DC: United States Department of Agriculture.

Wang, W.H., Chen, J., Liu, T.W., Chen, J., Han, A.D., Simon,
M., Dong, X.J., He, J.X., & Zheng, H.L. (2014). Regulation
of the calcium-sensing receptor in both stomatal movement
and photosynthetic electron transport is crucial for water use
efficiency and drought tolerance in Arabidopsis. Journal
of Experimental Botany, 65(1), 223-234. https://doi.
org/10.1093/jxb/ert362

Waziri, A., Kumar, P., & Purty, R.S. (2016). Saltol QTL and
their role in salinity tolerance in rice. Austin Journal of
Biotechnology and Bioengineering, 3(3), 1067.

Wright, G.C., Patten, K.D., & Drew, M.C. (1995). Labeled
sodium (**Na) uptake and translocation in rabbit eye
blueberry exposed to sodium chloride and supplemental
calcium. Journal of the American Society for Horticultural
Science, 120,177-182. https://doi.org/10.21273/
JASHS.120.2.177

Wu, G.Q., & Wang, S.M. (2012). Calcium regulates K+/
Na+ homeostasis in rice (Oryza sativa L.) under saline
conditions. Plant, Soil and Environment, 58(3), 121-127.
https://doi.org/10.17221/374/2011-PSE

Yeo, A.R., & Flowers, T.J. (1986). Salinity resistance in
rice (Oryza sativa L.) and a pyramiding approach to
breeding varieties for saline soils. Australian Journal of
Plant Physiology, 13, 161-173. https://doi.org/10.1071/
PP9860161

Yeo, A.R., Yeo, M.E., Flowers, S.A. & 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, 79,377-384. https://doi.org/10.1007/
BF01186082

Yu, J., Zhu, C., Xuan, W., An, H., Tian, Y., Wang, B., Chi, W.,
Chen, G., Ge, Y., Li, J. & Dai, Z. (2023). Genome-wide
association studies identify OsWRKY53 as a key regulator
of salt tolerance in rice. Nature Communications, 14(1),
1-13. https://doi.org/10.1038/s41467-023-39167-0

Zeng, L., Poss, J.A., & Wilson, C. (2003). Evaluation of salt
tolerance in rice genotypes by physiological characters.
Euphytica, 129, 281-292.  https://doi.org/10.1023/
A:1022248522536

Zheng, C., Liu, C., Liu, L., Tan, Y., Sheng, X., Yu, D., Sun,
Z., Sun, X., Chen, J., Yuan, D., & Duan, M. 2023. Effect
of salinity stress on rice yield and grain quality: A meta-

Journal of the National Science Foundation of Sri Lanka 53(2)

June 2025



120

analysis. European Journal of Agronomy, 144, 126765.
https://doi.org/10