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Abstract

To determine useful parameters for salt tolerance in rice and selection of
salt-tolerant varieties, their macronutrient contents in roots, sheaths, and
leaves were evaluated under salt stress condition. A hydroponic experiment
was conducted to evaluate 29 rice varieties for salt tolerance. The salt stress
treatment included an artificial seawater solution (electrical conductivity of 12
dS-m™). After a 2-week period of salt stress, standard evaluation scores (SES)
of visual injuries for salt stress were assessed. In addition, we measured the
contents of N, P, K, Na, Mg, and Ca in roots, sheaths, and leaves. The results
showed that differences in macronutrients in the different plant tissues corre-
lated with rice tolerance to the salt stress condition. Under the control treat-
ment, salt-tolerant varieties exhibited low K content in root. Under the salt
stress treatment, the salt-tolerant varieties exhibited low SES, high N content
in leaves and sheaths, low Na content in leaves and sheaths, low Mg content in
leaves and sheaths, and low Ca content in sheaths. The salt-tolerant varieties
also exhibited high salt stress treatment/control treatment (ST/CT) ratios for
dry matter in sheaths, N content in leaves and sheaths, and K content in
sheaths, and low Na/K ratios in leaves and sheaths. Therefore, these parame-
ters might be useful to understand salt tolerance in rice.
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1. Introduction

Globally, many high-output rice cultivation areas are located in coastal areas,
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where soil salinization has become a large problem causing many negative ef-
fects on rice growth. Soil salinization occurs frequently in arid and semiarid re-
gions; however, it is also widespread in humid regions such as South and South-
east Asia [1], where rice is a staple food crop [2]. The salinity threshold for rice
plants is 3dS-m™ EC (electrical conductivity). Above this threshold, a 12% re-
duction in rice yield occurs if there is a 1 dS-m™'EC increase in salinity [3]. Rice
seedlings die at a salt level corresponding to 10 dS-m™ [4], and yield loss can be
as high as 90% if the level reaches 3.5 dS-m™ during the reproductive stage [5].
Moreover, the global population is predicted to reach 9 billion people by 2050.
This global population increase is expected to increase the need for agricultural
production in marginal saline lands [6]. Global food production will need to in-
crease by approximately 50% by 2050 to accommodate population growth [7]
[8].

Scientists around the world have been attempted to develop new salt-tolerant
rice cultivars by genetic methods. Evaluation of variation of genetic sources for
salt tolerance in rice is the first step; then, identification of molecular markers
associated with salt stress tolerance genes or QTL conferred tolerance to salt
stress conditions for their use in marker-assisted breeding programs; finally,
discovery of genes regulating salt tolerance and development of cultivars har-
boring that salt-tolerance genes [9] [10]. To implement these steps of developing
salt-tolerant varieties, it is necessary to establish an effective screening method
for salt tolerance that allows accurate identification of salt tolerance parameters
useful for analysis at the molecular level.

Sodium chloride (NaCl) salt has widely been added to hydroponic systems for
use as a screening method for salt tolerance in rice. However, all soils contain a
mixture of soluble salts. The most common cations associated with soil salinity
are Ca’*, Mg”", and Na* [11]. Salt accumulation in arable soils is derived mainly
from irrigation water that contains some amount of NaCl from seawater [12]
[13]. In addition to irrigation, seawater incursion into rivers and aquifers in
coastal areas can be a serious source of salinization [14]. Few studies have inves-
tigated salt stress following exposure to ionic components similar to those in
seawater. In previous research, many salt-tolerant traits in rice have been eva-
luated by examining shoots and roots, such as by determining Na and K con-
tents and the Na/K ratio. However, the mineral contents in leaf blade, leaf
sheath, and root of rice seedlings differed greatly among varieties with different
salt tolerances [15]. In this study, rice seedlings were exposed to artificial seawa-
ter (ASW) to evaluate the effects of salt stress on different plant tissues including
leaf blade, sheath, and root based on the parameters of growth and macronu-

trient contents.

2. Materials and methods

2.1. Plant Materials

A set of 29 rice varieties (24 from the Kyushu University Cultivated Rice Collec-
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tion (KCR), four Japanese varieties, and one Vietnamese variety) were screened
for salt tolerance from April 14 to May 16, 2016, at a greenhouse at Kyushu
University, Hakozaki, Fukuoka, Japan (33°37'N, 130°25'E). Average temperature
at Fukuoka in April and May in 2016 were 16.8°C and 20.8°C, respectively [16].

2.2. Plant Growth Conditions and Screening Procedure

One germinated seed was planted in commercial seedbed soil (Kokuryu Baido,
Seisin Sangyo Co., Kitakyushu, Japan) in a seedbed shell and kept in a tray with
tap water. The seedbed shell has 16 rows with 8 holes each. One row could be
used for one variety test entry. Sizes of seedbed shell are 59 cm length and 30 cm
width. Dimensions of tray are 60 cm length, 37 cm width and 7 cm height. After
1" week, shells with seedling were transferred to larger box with Yoshida solu-
tion. Dimensions of box are 57 cm length, 32 cm width and 18 cm height. This
box was then used until the end of experiment. The culture solution needed per
box is about 25 L.

Seedlings grew uniformly for 1 week in tap water and for 1 week in Yoshida
(Y) solution [17]. The concentration of macronutrients of N, P, K, Ca, Mg are
40, 10, 40, 40, 40 ppm, respectively. The concentration of micronutrients of Mn,
Mo, Zn, B, Cu, Fe were 0.50, 0.05, 0.01, 0.20, 0.01, 2.00 ppm, respectively. Y so-
lution was used for rice cultivation in the control and as the basic solution in the
salt stress treatment. In the control treatment, Y solution was used continuously
throughout the experiment. In the salt treatment, seedlings were grown for a
subsequent 2 weeks in a 12 dS-'m™ EC solution ASW-Y solution. The ASW-Y
solution was made by adding some chemicals to Yoshida solution to produce
solution that is the same as artificial sea water condition. Concentration of NaCl,
Na,S0,, MgCl,, and CaCl, in 12 dS-m™" electrical contivity ASW-Y solution were
87.5, 5.8, 11.2, and 2.2 mM, respectively.

The solution was changed twice each week. The pH of the hydroponic solu-
tion was measured by pH meter (pH meter HM-10P, DKK-TOA Corporation,
Tokyo, Japan) and adjusted to 5.5 - 6.0. The EC of the solution was monitored
using a handheld EC meter (Model CM-31P, DKK-TOA Corporation, Tokyo,

Japan) to ensure that EC was maintained at 12 dS-m™.

2.3. Evaluating Salt Tolerance and Determining Mineral Contents

A standard evaluation score (SES) of visual injury under a 2-week period of the
salt stress condition of 12 dS‘m™ EC were assessed by the method described by
[18]. The score 1 to 3 were given when the rice seedlings showed nearly normal
growth compared to the non-treatment. The score 3 to 5 were given when the
leaf tips or a few leaves of rice were whitish and rolled. The score 7 to 9 were
given when the seedlings showed complete cessation of growth, their leaves were
dried and some of them died. Seedling samples were cut into roots and shoots.
After oven drying at 70°C for 24 h, the shoots were divided into sheaths and
leaves. Then, dry matter amounts were determined for the roots, sheaths, and
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leaves. Dry samples were milled into powder using a sample mill (TI-100, Heiko
Seisakusho, Ltd., Tokyo, Japan). The macronutrient contents of roots, sheaths,
and leaves were analyzed using an H,SO,-H,0, digestion method [19], which
was followed by analysis of total nitrogen (N) by the indophenol method [20],
total phosphorus (P) by the ascorbic acid method [21], and potassium (K), so-
dium (Na), magnesium (Mg), and calcium (Ca) by atomic absorption spectro-

photometry (Z5300 spectrophotometer, Hitachi, Tokyo, Japan).

2.4. Statistical Analysis

Analysis of variance was used to test for statistical significance of differences,
followed by Tukey’s HSD test; both were conducted using STATISTIX 8 (Ana-
lytical Software, Tallahassee, FL, USA). The correlations among parameters were
investigated using correlation and regression analysis in Excel (Office Profes-
sional Plus 2016, Microsoft, Redmond, WA, USA).

3. Results

3.1. Variation in Salt Tolerance in Rice

The 29 genotypes of rice vary in the response to salt stress condition. The SES
under the salt stress treatment is shown in Table 1. These scores ranged from
3.75 to 8.75. The SES score of KCR 136, Khao Kap Xang, was lowest (3.75), while
the SES score of Khang Dangl8 was highest (8.75). The 29 genotypes were di-
vided into three groups: salt-tolerant group (STG), moderately salt-tolerant

Table 1.Standard evaluation score (SES) of the 29 rice varieties under the salt stress condition of 12 dS-m™ EC.

CODE Cultivar Name SES Group CODE Cultivar Name SES Group
KCR136 Khao kap xang 3.75 STG KCR119 Kitrana 508 7.25 SSG
KCR67 Eh-ia-chiu 4.00 STG Sensho 7.38 SSG
KCR219 De abril 4.90 STG KCR157 IR29 7.50 SSG
KCR198 Nep hoa vang 5.38 MSTG KCR19 Ta-poo-choz 7.63 SSG
KCR208 Trembese 5.50 MSTG KCR53 Malagkit pirurutong 7.63 SSG
KCR20 Short grain 5.88 MSTG KCR79 Dhola aman (Lowland aman) 7.63 SSG
KCR48 Kalukantha 6.00 MSTG KCR193 1IR42 7.63 SSG
KCR12 Carolina gold 6.13 MSTG KCR60 Som cau 70 A 7.75 SSG
KCR91 TD 2 6.13 MSTG Genkitsukushi 7.75 SSG
KCR31 Makalioka34 6.38 MSTG KCR233 IR54 8.00 SSG
KCR104 Vary vato462 6.50 MSTG Koshihikari 8.38 SSG
KCR108 Avo 742 6.50 MSTG KCR246 Tumo-tumo 8.50 SSG
KCR149 Kaw luyoeng 6.75 MSTG Nipponbare 8.63 SSG
KCR124 Lac 23 6.88 MSTG Khang dan 18 (KD18) 8.75 SSG
KCR225 Basmati 217 6.88 MSTG

EC, electrical conductivity; STG, salt-tolerant group; MSTG, moderately salt-tolerant group; SSG, salt-susceptible group.
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group (MSTG), and salt-susceptible group (SSG). The salt-tolerant group in-
cluded salt-tolerant varieties with SES from 3 to lower than 5. The moderately
salt-tolerant group included moderately salt-tolerant varieties with SES from 5 to
lower than 7. The salt-susceptible group included salt-susceptible varieties with
SES from 7 to lower than 9. There was no highly salt-tolerant variety among 29
varieties. Only three cultivars, KCR 136, KCR 67 (Eh-Ia-Chiu) and KCR 219 (De
Abril) were classified to STG, 12 for MSTG, and the remaining 14 for SSG.

3.2. Effect of Salt Stress on N and P Contents of Roots, Sheaths, and
Leaves

We measured the N and P contents in roots, sheaths, and leaves for all 29 varie-
ties (Table 2). The means calculated for each salt tolerance group are shown in
Figure 1. The STG had the lowest N content in sheaths and leaves under the
control condition, but, it had the highest N content under the salt stress condi-

tion. The correlation between SES scores and N content was high. The Pearson

6
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N content (%)
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P content (%)
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CT, control treatment; ST, salt treatment; STG, salt-tolerant group; MSTG, moderately salt-tolerant
group; SSG, salt-susceptible group; the histograms in the same parameter with the same letter are not
significantly different by Tukey HSD test (P < 0.05).

Figure 1. N and P contents of roots, sheaths, and leaves in the three salt tolerance groups.
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correlation index (PCI) values between SES scores and N content under the salt
stress condition in roots, sheaths, and leaves were —0.61, —0.43, —0.67, respec-
tively (Table S1). P content was not clearly different among the three groups.
The ST/CT ratios for N and P content in roots, sheaths, and leaves among the
three salt tolerance groups were shown in Figure 2. The STG showed the highest
ST/CT ratios for the N content of roots, sheaths, and leaves, followed by the
MSTG and SSG. The STG also displayed the highest ST/CT ratio for the P con-

tent of sheaths, but not for roots or leaves.

3.3. Single Regression Analysis between SES and ST /CT Ratios of
N Content, Na/K Ratios and Na Contents in Roots, Sheaths,
and Leaves in THE Salt-Stress Treatment (Figure 3, Table 2)

For roots, sheaths, and leaves, the ST/CT values for N content were highly cor-
related with SES scores (R* 0.5061, 0.5321, and 0.6692, respectively). The ST/CT
values for Na content were highly correlated with SES scores in sheaths and
leaves (R* 0.6961 and 0.7087, respectively), and the Na/K ratios were also highly
correlated in sheaths and leaves (R* 0.5003 and 0.5878, respectively). The results
of the single regression analysis revealed that KCR 136 and KCR 67 could be dis-

tinguished from the other varieties by N content in leaves, Na content in sheaths
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STG, salt-tolerant group; MSTG, moderately salt-tolerant group; SSG, salt-susceptible group; the
histograms in the same parameter with the same letter are not significantly different by the Tukey
HSD test (P< 0.05).

Figure 2. Salt stress treatment/control treatment (ST/CT) ratios ofN and P contents in
roots, sheaths, and leaves in the three salt tolerance groups.
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Figure 3. Single regression analysis between SES and ST/CT ratios of N content, Na/K ratios and Na contents in roots, sheaths,

and leaves in the salt-stress treatment.

and leaves, and the Na/K ratio in sheaths and leaves under the salt stress condition.

3.4. Effects of Salt Stress on Mineral Contents in Roots, Sheaths,
and Leaves

We measured Na, K, Mg, and Ca contents in roots, sheaths, and leaves for all 29
varieties (Table 2), and means were calculated for each salt tolerance group. The
results are shown in Figure 4 and Figure 5. In the control treatment, differences
in mineral contents among the three groups in all parts were not clear, except for
root K content. The STG had the lowest K content in roots under the control
condition. Interestingly, in the salt stress treatment, clear differences in mineral
contents among the three groups were not seen in roots. The significant differ-
ences were in Na and Mg contents of leaves and Na, Mg, and Ca contents of
sheaths.

Na content

The differences in Na content in sheaths and leaves among the three salt to-
lerance groups under the salt stress treatment were significant. Na content
ranged from 17.26 (KCR246) to 29.64 mg g' DW (KCR91) in roots, 21.99
(KCR67) to 66.28 mg-g~' DW (KCR233) in sheaths, and 7.71 (KCR67) to 40.03
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Figure 4. Differences in mineral contents (mg g DW) in roots, sheaths, and leaves among the three salt tolerance groups in the

control and salt stress treatments.

0.8
5.0 #STG #SMTG OSSG
4.0 @ 2 0.6
g
Q 151
= 3.0
g 204
M 5]
3 ~
g 2.0 a g
n 0.2
1.0 c b
s
o
0.0 z - i 0.0
Root Sheath Leaf Sheath Leaf

STG, salt-tolerant group; MSTG, moderately salt-tolerant group; SSG, salt-susceptible group; the histograms in the same parameter with the same
letter are not significantly different by the Tukey HSD test (P < 0.05).

Figure 5. Na/K ratio and ST/CT ratio for K content in roots, sheaths, and leaves in the three salt tolerance groups.

mg-g” DW (Genkitsukushi) in leaves. The STG had the lowest Na contents
among the three groups in sheaths and leaves (28.66 and 12.79 mg-g™' DW, re-
spectively). There were no differences in root Na content among the three salt
tolerance groups. These results revealed that salt-tolerant varieties maintained

good growth under salt stress condition by accumulating low amounts of Na*
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ion in sheaths and leaves.

K content

The differences in K content in roots, sheaths, and leaves among the three salt
tolerance groups are shown in Figure 4. In the control treatment, there were
significant differences in roots, but there were no clear differences in sheaths and
leaves. The STG showed the lowest K content in roots. In the salt stress treat-
ment, the STG had the highest K contents among the groups in all the three tis-
sues. However, there were no significant differences in K content in leaves
among the salt tolerance groups in either the control or the salt stress treatment
condition. K content in roots ranged from 24.55 (KCR219) to 42.24 mg-g”' DW
(KCR119) in the control treatment and from 6.37 (KCR233) to 17.40 mg-g”' DW
(KCR20) in the salt stress treatment. The K content in sheaths ranged from 30.95
(KCR233) to 63.99 mg-g—' DW (KCR91) in the control treatment and from 6.51
(KD18) to 26.53 mg-g~' DW (KCR91) in the salt stress treatment. The K content
in leaves ranged from 32.39 (KCR136) to 47.31 mg-g"" DW (KCR233) in the
control treatment and from 17.53 (KCR193) to 28.34 mg-g™' DW (KCR91) in the
salt stress treatment.

The ST/CT ratios for K content were calculated to discern how the K contents
decreased when rice was cultivated under the salt stress condition (Figure 5). A
significant difference was observed in the sheath ST/CT ratio for K content. The
STG showed the highest ST/CT values for K content in all of the three parts, roots,
sheaths, and leaves. This result indicated that the salt-tolerant varieties maintained
K in the sheath under the salt stress condition, but that the salt-susceptible varie-
ties exhibited K ion loss.

Na/K ratio

The ratios of Na/K and K/Na have been used in many studies of salt tolerance.
If a plant can maintain low Na/K, or high K/Na, it may be tolerant to salt stress.
Figure 5 shows that significant differences among the three groups were ob-
served in sheaths and leaves. The Na/K ratios in roots, sheaths, and leaves of the
STG were lower than those of the other groups.

Mg and Ca contents

Under the control condition, clear differences in Mg and Ca contents were not
seen among the three groups in roots, sheaths, or leaves. Under the salt stress
condition, significant differences in Mg content were not observed in roots, but
significant differences were observed in sheaths and leaves. The STG showed
significantly lower Mg content in sheaths and leaves than the other groups. The
result of the Pearson correlation analysis (Table S1) showed that SES had high
correlation with Mg content in sheaths and leaves (PCI: 0.81 and 0.67, respec-
tively). A significant difference in Ca content was not observed in roots or
leaves, but a significant difference was observed in sheaths. The STG showed
significantly lower Ca content in sheaths than the other groups. The result of the
Pearson correlation analysis showed that SES scores were highly correlated with
Ca content in sheaths (PCI: 0.79).
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3.5. Multiple Regression Analysis of Na against K, Mg, and Ca
under Salt Stress Treatment

The results of the multiple regression analysis are presented in Table 3. The data
show that the contents of K, Mg, and Ca were highly and significantly related to
Na content in sheaths and leaves, but not in roots. The R* values of the regres-
sion in sheaths, leaves, and roots were 0.90, 0.64, and 0.26, respectively. Sheath
Mg content and leaf Mg content had significant positive relations with sheath Na
content and leaf Na content, respectively. Leaf K content had a significant nega-

tive relationship with leaf Na content.

3.6. Effect of Stress Condition on Plant Dry Weight

The reduction in dry weight (DW) of each variety is shown in Figure S1. The
percent root DW reduction ranged from 42.11% (KCR208) to 75.93% (KCR 19),
the percent sheath DW reduction ranged from 12.86% (KCR67) to 70.54% (KCR
19), and the percent leaf DW reduction ranged from 35.71% (KCR104) to
68.54% (KCR 19). Plant growth was significantly affected under the salt stress
condition, but the STG had the smallest decrease in DW. Significant differences
in the salt stress treatment/control treatment (ST/CT) ratios of root, sheath, and
leaf dry weight (DW) were observed among the three groups with different le-
vels of salt tolerance (Figure 6). The ST/CT ratios of root, sheath, and leat DW

Table 3. Multiple regression analysis of Na content against K, Mg, and Ca contents (mg-g™' DW) under the salt stress treatment.

K Mg Ca Intercept Regression
e Coefficients (C’)  P-value  Coefficients (C”)  P-value  Coefficients (C”)  P-value Intercept P-value R*  Pvalue
Root 0.507 <0.05 0.866 ns 3.436 ns 9.812 ns 0.266  <0.05
Sheath -0.051 4.071 <0.001 3.921 ns 7.957 ns 0.903 <0.001
Leaf -0.954 <0.01 7.847 <0.001 -1.762 ns 5.440 ns 0.641 <0.001

DW, dry weight; Na (mg-g"' DW) = Cx K + C’x Mg + C”’x Ca + Intercept.
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histograms in the same parameter with the same letter are not significantly different by Tukey HSD
test (P < 0.05).

Figure 6. Salt stress treatment/control treatment (ST/CT) ratios of root, sheath, and leaf
dry weight among the three salt tolerance groups.
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were highest in the STG, followed by the SMTG and SSG, respectively. The
ST/CT ratio of the sheath DW of the STG was significantly higher than those of
the MSTG and SSG. The STG had the highest root, sheath, and leaf DW's of 0.26
g, 0.39 g, and 0.55 g, and the SSG had the lowest DWs of 0.12 g, 0.17 g, and 0.29
g, respectively. The ST/CT ratios of the DW of root, sheath, and leaf of the STG
were 0.48, 0.71, and 0.57, respectively, the highest values among the groups.

4. Discussion

4.1. Better Growth of Salt-Tolerant Varieties under Salt Stress

Rice plants are very susceptible to salinity during the seedling stage [22] [23]. In
this study, the results of the Pearson correlation analysis showed high correla-
tions between dry matter and SES in roots, sheaths, and leaves. The PCI values
were —0.70, —0.72, and —0.61, respectively (Table S1). In addition, we calculated
the reduction in DW and the ST/CT ratios for DW to evaluate how salt stress
affected rice growth. The results showed that decrease in DW was lowest in
sheaths. The STG had the highest ST/CT ratio for DW. These results indicate
that the salt-tolerant varieties could maintain their growth and minimize the in-
fluences of the salt stress treatment. In particular, the limited decreases in dry

matter of leaves and sheaths can be recognized in salt-tolerant varieties.

4.2. Salt Tolerance and N Content in Roots, Sheaths, and Leaves

N is the most important nutrient for rice [17]. A shortage of N leads to a de-
crease in leaf area [24], chlorophyll content, leaf photosynthesis, and biomass
production [25], as well as reductions in yield and quality [26]. In this study,
under the salt stress condition, the STG had the highest values for N content in
roots, sheaths, and leaves. In addition, the STG had the highest ST/CT ratios for
N content, indicating that the N content of STG varieties was less affected by salt
stress. The ST/CT ratios for N content in the STG in sheaths and leaves were
1.07 and 1.01, respectively. Therefore, these varieties maintained better plant
growth. Moreover, the high correlations between N content and SES (PCI of
roots, sheaths, and leaves: -0.61, —0.43, and —0.67, respectively) and between
ST/CT ratios for N content and SES scores revealed that N content is useful for

identifying a rice variety that is tolerant to salt stress.

4.3. Mineral Contents in Different Parts of Seedlings
and Salt Tolerance in Rice

The analysis of the macronutrient contents of roots, sheaths, and leaves provided
detailed insight into the allocation of macronutrients in rice favorable for salt
stress tolerance. For example, the salt-tolerant varieties had low Na contents in
sheaths and leaves, whereas the sensitive cultivars had high Na contents in
sheaths and leaves [15]. In this study, as in previous studies, the Na contents ob-
served in response to the salt stress treatment indicate that salt-tolerant varieties

can be distinguished from other varieties by low Na content in sheaths and
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leaves. The absence of a significant difference in Na content in roots among the
three salt tolerance groups suggests that salt stress toxicity may be due to Na ac-
cumulation in sheaths and leaves. [27] Lin et al. (2004) discussed the possibility
that shoot Na accumulation causes salt stress toxicity in rice. [28] Munns and
Tester (2008) reported that the most significant plant adaptation to salinity is the
ability to restrict the transportation of Na to leaves and its accumulation in
leaves. Our results are also in agreement with the suggestion of El-Hendawy et
al. (2009) [29] from a study of wheat that low Na content in leaves is a good in-
dicator for use in salt tolerance screening. The high correlations between SES
scores and Na content in leaves and sheaths indicate that these Na contents can
be recommended as a useful trait, with the advantage of easy sampling, for fur-
ther studies of salt tolerance.

The role of K in osmotic regulation and its competitive effect with Na are very
important factors for overcoming the salt stress condition [11]. Na ion is known
to be the most harmful element to plants, and K ion is essential for reducing the
uptake of Na [30]. Thus, K and Na contents and the balance of these ions play
important roles in salt tolerance in rice. The maintenance of a low Na/K ratio
has been observed in salt-tolerant varieties, such as Pokkali, FL478, and IR 651.
Shabala & Cuin (2008) [31] reported that the intracellular K/Na ratio is the key
determinant of salt tolerance. In this study, significant differences in the Na/K
ratio among the three salt tolerance groups were observed in sheaths and leaves.
Moreover, SES was highly correlated with the Na/K ratios of sheaths and leaves,
but not of roots, suggesting that the Na/K ratio should also be used for identify-
ing salt-tolerant varieties.

Thu et al (2017) [15] reported that the K contents among the four salt toler-
ance groups of rice differed in sheaths but not in roots and leaves under both
control and salt stress conditions. However, in this study, K content of root dif-
fered among the salt tolerance groups under the control condition. In addition,
both experiments showed the same result that K content of leaf did not differ
among salt-tolerant groups under both control and salt stress treatments. These
results indicate that the difference in K content of root under the control condi-
tion and in K content of sheath under salt stress condition might have been de-
termined by the mineral content in the basal stem and the age of the seedling.

The rate of Mg®* uptake can be strongly depressed by other cations, such as
K*, NHj, Ca*, Mn*, and H* [32]. The results of this study indicating that the
differences in Mg content among salt tolerance groups were significant in sheaths
are in agreement with the results of Thu et al (2017) [15]. The salt-tolerant va-
rieties exhibited the lowest Mg content when the rice was grown under the salt
stress condition. This result contrasts with the result of Hussain (2003) [33] that
Mg concentration in rice shoots was not significantly affected by salinity. In
combination with the results of high correlation with SES, these results suggest
that the Mg contents of sheaths and leaves might be used as an indicator of salt

tolerance.
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Mg and Ca are necessary for plant growth. However, under the salt stress
condition, the results showed that the STG had high K content and low Mg and
Ca contents in sheaths and leaves; whereas the SSG had low K content in roots,
sheaths, and leaves and high Mg and Ca contents in sheaths and leaves. This re-
sult indicates that salt-tolerant varieties prioritize selection of K ion to overcome
the salt stress condition by depression of Mg and Ca ion uptake. Niazi et al
(1992) [34] reported that selective uptake of K seemed to be among the processes
involved in tolerance of cultivars to salt stress.

In summary, under the salt stress condition, prominent features of the
salt-tolerant group of rice were high ST/CT ratio for dry matter in sheath, high
N content in sheaths and leaves, low Na content in sheaths and leaves, low Mg
content in sheaths and leaves, low Ca content in sheaths, high ST/CT ratio for N
content in sheaths and leaves, high ST/CT ratio for K content in sheaths, and
low Na/K ratio in sheaths and leaves. Interestingly, clear differences among the
three salt tolerance groups were not seen in the mineral contents in roots, which

was an indicator in several previous studies of salt tolerance [27] [35] [36].

5. Conclusion

The results showed that the allocation of macronutrient contents in different
parts of the rice plant is important for tolerance to salt stress. The salt-tolerant
varieties exhibited low K content in root (in the control condition), low SES
scores, high N content in leaves and sheaths, low Na content in leaves and
sheaths, low Mg content in leaves and sheaths, and low Ca content in sheaths (in
the salt stress condition). The salt-tolerant varieties also showed high ST/CT ra-
tios for dry matter in sheaths and leaves, high ST/CT ratios for N content in
sheaths and leaves, high ST/CT ratios for K content in sheaths, and low Na/K ra-
tios in sheaths and leaves. Therefore, these parameters might be useful for fur-
ther studies of salt tolerance in rice. The salt-tolerant cultivars, KCR136 and
KCR67, were chosen for further study because they had low SES scores (3.8 and
4.0, respectively), low Na content in sheaths (31.52 and 21.99 mg-g”' DW, re-
spectively) and in leaves (13.14 and 7.71 mg-g~' DW, respectively), low Mg con-
tent in sheaths (5.64 and 4.62 mg-g~' DW, respectively) and in leaves (4.53 and
4.04 mg-g”' DW, respectively), low Ca content in sheaths (0.84 and 0.65 mg-g™'
DW, respectively), and low Na/K ratios in sheaths (1.74 and 0.84, respectively)

and in leaves (0.73 and 0.33, respectively) under the salt stress condition.
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Figure S1. Reduction in dry matter of roots, sheaths, and leaves of 29 rice varieties under
1069

SES, Standard Evaluation Score; SheW_R, sheath dry weight reduction; LW_R, leaf dry weight re-

duction; RW_R, root dry weight reduction.

the salt stress condition.
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