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Abstract

Rice, the major crop sustaining approximately half the world population, has been extensively reported to be
sensitive to saline conditions. However, the genetic and physiological understanding related to long-term salinity
stress remains unclear so far. The aim of this study was to evaluate the mechanisms of salinity tolerance in a
salinity-tolerant variety of rice, Nona Bokra, and to detect the chromosomal regions responsible for it. We
utilized chromosome segment substitution lines (CSSLs) carrying segments from Nona Bokra in the genetic
background of a salt-sensitive variety Koshihikari by investigating the plant growth, grain productivity, and ion
contents in plants subjected to long-term salinity stress. Comparison of plant growth and grain yield of CSSLs
grown under long-term saline conditions suggests that the salinity tolerance of Nona Bokra involves the
improvement of plant dry matter, panicle number, and percentage of ripened grains. Nona Bokra has the
chromosomal regions for the improvement of the panicle number on chromosome 2 and the percentage of
ripened grains on chromosome 6 or 10 under salinity conditions. It was suggested that these chromosomal
regions were related to Na" and CI exclusion. Low Na" and CI contents in whole plant at full heading stage
would be vital for improving the yield under long-term saline conditions.
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1. Introduction

Rice is one of the principal crops in the world, and it is the single most important source of employment and
income in rural Asia (Hoang et al., 2016; Khan et al., 2016). The world population is projected to reach 9.1
billion by 2050, and this necessitates an increase in food production by about 70% in order to sustain this large
population (Food and Agriculture Organization, 2009; Godfray et al., 2010). Therefore, it is important to increase
rice productivity to meet the demand. It is reported that over 800 million ha (mha) of farmland is affected by
salinity globally (Hoang et al., 2016), and each year an area of approximately 10 mha of irrigated land is
abandoned due to salinity (Pessarakli & Szabolcs, 1999). Rice is one of the most salt-sensitive crops (Munns &
Tester, 2008). The threshold ECe for rice is 3dS m™ with 12% reduction in yield per unit rise of ECe beyond this
threshold (Maas & Hoffman, 1977). Loss of rice yield due to salinity stress is estimated to be between 10% to
80%, and when this is coupled with erratic rainfall, it can reach up to 100% (Vinod et al., 2013). Hence, it is
essential to enhance the salinity tolerance of rice in order to enable adequate food production for the
rice-consuming populations.

Salinity tolerance of rice can be classified into three main mechanisms: ion exclusion, osmotic tolerance, and
tissue tolerance (Munns & Tester, 2008). The mechanism of Na' exclusion is the ability to avoid toxic
concentration within leaves for the long term, and osmotic tolerance and tissue tolerance are the abilities to
maintain growth for a given accumulation of Na” in the leaf tissue. Varietal difference in salinity tolerance in rice
is closely related to differences of Na™ accumulation in the shoot, owing to a negative correlation between
sodium content in plant and salinity tolerance traits such as survival (Flowers & Yeo, 1981; Yeo & Flowers,
1983), chlorophyll content (Yeo & Flowers, 1983), photosynthesis (Maegawa et al., 1987; Yeo et al., 1985), and
plant growth (Akita & Cabuslay, 1990). Thus, most research on salinity tolerance in rice focuses on the toxicity
of Na". Furthermore, the salinity tolerance in rice is known to differ during the growing stage (Heenan et al.,
1988; Makihara et al., 1999a; Makihara et al., 1999b), and its tolerance at different stages seems to be controlled
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by independent genes (Singh et al., 2010). However, it is unclear at which growth stage Na“ exclusion
mechanism is essential to enhance salinity tolerance relating grain productivity.

Salinity tolerance is generally considered as a complex quantitative trait controlled by multiple genes involved in
several physiological mechanisms (Flowers, 2004). This makes the attempts at breeding to improve the salinity
tolerance more difficult. It is necessary to know which mechanism is important to improve the grain productivity
under salinity stress and to know its chromosomal region. Chromosome segment substitution lines (CSSLs) are
useful plant materials to simplify the genetic background (Ebitani et al., 2005; Yano, 2001), since they usually
carry one distinct chromosome segment from a donor parent in the chromosome background of a recurrent
parent. CSSLs are useful for the detection of quantitative trait loci (QTL) and for narrowing the QTL region to
identify the responsible gene (Ebitani et al., 2005; Yano, 2001). However, there have not been many reports on
QTL mapping for salinity tolerance using rice CSSLs. Nona Bokra is one of the most salt-tolerant varieties of
rice (Yeo et al., 1990). Using Nona Bokra, several QTLs related to salt tolerance at a vegetative stage, such as
SKC1, gSNC-7, and other minor QTLs have been reported (Lin et al., 2004; Puram et al., 2017; Ren et al., 2005).
The QTLs accountable for salinity tolerance at the seedling and reproductive stages are different (Hossain et al.,
2014), however, there have not been reported on QTL mapping for salinity tolerance-related grain productivity
using Nona Bokra.

In this work, to evaluate the tolerance mechanisms relating grain productivity in a salinity resistance variety,
Nona Bokra, and to detect the chromosomal regions responsible for it, we screened for CSSLs carrying segments
from Nona Bokra in the genetic background of a salt-sensitive variety Koshihikari by investigating the plant
growth, grain productivity, and the shoot ion contents under long-term salinity stress conditions of the selected
lines at different growth stage under long-term salinity conditions.

2. Materials and Methods
2.1 Plant Materials and Growth Conditions
2.1.1 Experiment 1: Comparison of Salinity Tolerance in CSSLs

A set of 44 CSSLs, developed from salt-sensitive japonica variety Koshihikari (the recipient) and salt-tolerant
indica variety Nona Bokra (the donor) (Takai et al., 2007), and parent variety Koshihikari were used in this study.
Seeds were obtained from the Rice Genome Resource Center in Japan.

The experiments were carried out in a vinyl house in the experimental field of Okayama University.
Pre-germinated seeds were seeded on May 23, 2014, in nursery boxes (Minoru pot 448, Minoru Industrial Co.
Ltd., Japan) with 448 holes (16 mm diameter, 25 mm depth). One seed was seeded in each hole. All the holes
were filled with nursery soil for rice seedlings (Kumiai Ube Ryu-joh Baido, Ube Industries Ltd., Japan). The
nursery boxes were placed in the field mixed with compound fertilizer (NPK 16-16-16) at a dosage of 180 g m?,
on May 27, 2014. Three seedlings in each line were individually transplanted into 2 L pots filled with paddy soil
on June 13. Slow-release compound (NPK 14-14-14) fertilizer was mixed with soil (7 g per pot). The pots were
kept flooded in a large tank (20 m x 1.1 m x 0.18 m) inside the vinyl house. Water was supplied through an
irrigation tube (Evaflow, Mitsui Chemicals Inc.). NaCl was applied to the tank on day 7 and day 10 after
transplantation to induce salinity stress, and the electrical conductivity (EC) in the solutions was maintained at
approximately 7.5 dS m™ (aproximately 65 mM NaCl) during the growth duration. The plants planted in the tank
without NaCl were used as controls.

Pots were arranged in a randomized complete block design, with three replications for each line. Short-day
treatment (day/night: 10 h/14 h) by using a shading sheet was conducted for several CSSLs, including SL508,
SL509, SL510, SL519, SL520, SL521, SL523, SL526, and SL537 from July 10 to July 24. The heading date of
each plant was recorded. At maturity stage, three plants in each line were uprooted and subsequently separated
into leaf plus stem and panicle. Leaf plus stem were oven-dried at 80 °C for three days, following which the dry
weight was measured. The ripened spikelet was separated by sinking in salt water with a specific gravity of 1.06.
The grain weight was then measured after oven-drying at 80 °C for three days.

2.1.2 Experiment 2: Charactarization of Chromosomal Regions Related to Salinity Tolerance

The procedure for this experiment was similar to that of Experiment 1. Four CSSLs (SL506, SL516, SL535, and
SL540) selected based on high grain yield, two CSSLs (SL502 and SL528) selected based on high grain yield
(not significant) with high plant dry weight in experiment 1, and Koshihikari were used. Pre-germinated seeds
were seeded on May 19, 2015 in nursery boxes. Thirteen seedlings in each line were individually transplanted
into 2 L pots on June 9. NaCl was applied to the tank at day 7 and day 13 after transplantation, and the EC of the
tank was maintained at approximately 7.5 dS m™ during the growth duration. Four plants in each line were
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uprooted at day 29 after the salt treatment (29DAT) and at full heading stage, and five plants were uprooted at
maturity stage for the determination of plant dry weight, yield, yield components and ion content. The following
yield components were investigated: panicle number per plant, spikelet number per panicle, percentage of
ripened grains, and 1000-grain weight. The percentage of ripened grains was determined as the percentage of
ripened spikelet relative to the total number of spikelets per panicle.

2.2 Ion Content

The ion content of the plants was measured at 29 DAT, full heading, and maturity stages using four replications
in each line. Approximately 0.5 g shoot sample was chopped and placed in a tube before being vigorously mixed
with 25 mL of 1% nitric acid. This mixture was stored in an oven at 80 °C for 24 hours to extract the ions. Na"
and K' contents of the extracted solution were determined by a Flame photometer (BWB-XP, BWB
Technologies, UK), and CI” content was determined by a pH/ion meter (D-53, Horiba Ltd., Japan).

2.3 Statistical Analysis

Significant differences in dry weight, yield components, and ion contents between Koshihikari and each CSSLs
were determined by Dunnett’s test (JMP software version 9.0). The correlations between character pairs were
computed at P < 0.05 and P <0.01 in Microsoft Excel using trait averages.

3. Results
3.1 Identification of CSSLs Exhibiting Salinity Tolerance Traits at Maturity Stage

Plant dry weight at maturity stage of the CSSLs and their parent Koshihikari was determined after cultivation
under either saline or control conditions (Figure 1). Under control conditions, only two CSSLs (SL516 and
SL518) showed significantly higher plant dry weight compared to that of Koshihikari (Figure 1a). Under saline
conditions, the plant dry weight of all lines was greatly reduced compared to the control conditions. However,
ten CSSLs (SL502, SL508, SL511, SL516, SL520, SL527, SL528, SL529, SL535, and SL540) exhibited higher
plant dry weight in comparison to that of Koshihikari (Figure 1b).

The grain yields of the CSSLs and Koshihikari under saline and control conditions are shown in Figure 2. Under
control conditions, the grain yield in SL516 and SL518 is higher than that in Koshihikari (Figure 2a). However,
when grown under saline conditions, the grain yield in SL516 remained higher compared to Koshihikari while
that in SL518 did not (Figure 2b). The grain yield in SL528 was significantly lower than in Koshihikari under
control conditions, as opposed to being substantially higher under saline conditions. The grain yield in SL506,
SL535, and SL540 did not significantly differ from that of Koshihikari under control conditions, but it was
higher than the yield of Koshihikari under saline conditions.
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Figure 1. Plant dry weight of the CSSLs and Koshihikari under control (a) and saline (b) conditions. Bars show

3) plant dry weight of CSSLs compared with that of Koshihikari by Dunnet’s

multiple t-test. The *, **, and *** indicate significance at p < 0.05, p <0.01, and p < 0.001 respectively
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Figure 2. Grain yield of CSSLs population and Koshihikari under control (a) and saline (b) conditions. Bars

3) grain yield of CSSLs compared with that of Koshihikari by Dunnet’s

multiple t-test. *, ** and *** indicate significance at p < 0.05, p <0.01, p < 0.001, respectively
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3.2 Differences in Plant Dry Weight of the Selected CSSLs Among Different Growth Stages

Figure 3 shows the plant dry weight of the selected CSSLs and Koshihikari during different growth stages under
saline and control conditions. At 29 DAT, under saline conditions, plant dry weight in the two CSSLs (SL528
and SL535) exhibited significantly higher than that of Koshihikari, but the plant dry weights in all the CSSLs did
not statistically differ from that of Koshihikari under control conditions (Figure 3a). At full heading stage, five
CSSLs (SL502, SL506, SL528, SL535, and SL540) exhibited significantly higher than that of Koshihikari under
saline conditions (Figure 3b). SL528 additionally showed higher plant dry weight compared to Koshihikari when
grown under control conditions. Three CSSLs (SL506, SL528, and SL535) showed significantly higher plant dry
weights at maturity stage as compared to that of Koshihikari under saline conditions. However, under control
conditions, plant dry weights in the six CSSLs did not significantly differ from Koshihikari (Figure 3c). Overall,
the selected CSSLs exhibited different responses in salt tolerance related to plant dry weight among growth
stages. SL528 and SL535 consistently exhibited salinity tolerance traits throughout the growth stages.
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Figure 3. Plant dry weight of selected CSSLs and Koshihikari at: (a) 29 DAT, (b) full heading stage, and (¢) maturity
stage. Bars show the average value + SE (n =4 at 29DAT and full heading stage; n =5 at maturity stage) plant dry
weight of CSSLs compared with that of Koshihikari by Dunnet’s multiple t-test. *, ** and *** indicate significance at
p<0.05,p<0.01, and p <0.001, respectively
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Figure 4. Grain yield of selected CSSLs and Koshihikari. Bars show the average value + SE (n = 5) plant dry weight of
CSSLs compared with that of Koshihikari by Dunnet’s multiple t-test. *, **, and *** indicate significance at p <0.05,
p <0.01, and p <0.001, respectively
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3.3 Grain Yields and Yield Components of the Selected CSSLs Under Salinity Stress

As depicted in Figure 4, the grain yields of all the CSSLs, except for SL528, under control conditionvs were not
significantly different fom that of Koshihikari. However, under saline conditions, SL506, SL528, and SL535
showed higher grain yields as compared to Koshihikari. There was no difference in the number of panicles
between all the CSSLs and Koshihikari under control conditions, while SL506 and SL528 showed significantly
high number of panicles under saline conditions (Figure 5a). As for the number of grains per panicle, SL516 and
SL528 showed significantly high numbers under control conditions, whereas no significant differences were
observed under saline conditions (Figure 5b). No significant differences were found in 1000-grain weight among
the CSSLs and Koshihikari under saline conditions (Figure 5c). The percentage of ripened grains of the CSSLs
was not significantly higher than that of Koshihikari under control conditions. Nevertheless, SL535 showed a
higher percentage under saline conditions as compared to Koshihikari (Figure 5d).
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Figure 5. Yield components of selected CSSLs and Koshihikari: (a) Panicle number per plant; (b) Grain number per
panicle; (c) Weight of 1000 grains, and (d) Percentage of ripened grain. Bars show the average value + SE (n = 5) each
yield component of CSSLs compared with that of Koshihikari by Dunnet’s multiple t-test. *, ** and *** indicate
significance at p < 0.05, p <0.01, and p < 0.001, respectively

3.4 Ion Content of CSSLs Grown Under Saline Conditions

Na" contents of the whole plant in CSSLs and Koshihikari under saline conditions were higher than those under
control conditions at three different growth stages (Figure 6). Na' contents of the whole plant in SL535 and SL540 at
29 DAT, in SL528 at full heading stage, and in SL506 at maturity stage were lower than those in Koshihikari under
saline conditions. There was no difference in the CI™ content of the whole plant at 29DAT, however, in SL528 at full
heading stage, and in SL506 at maturity stage, it was lower than that in Koshihikari under saline conditions.
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Figure. 6. The ion content in the whole plant at 29 DAT: (a) Na®, (b) CI"; At heading stage: (c) Na', (d) CI’; At
maturity stage: (¢) Na', (g) Cl". Values indicate means + SE (n =4 at 29DAT and full heading stage; n=5 at
maturity stage). Significant differences of each variety from Koshihikari were evaluated by Dunnet’s multiple
t-test. *, ** and *** indicate significance at p < 0.05, p <0.01, and p < 0.001, respectively

3.5. Correlation Between lon Content at Different Growth Stages and Plant Growth Traits in CSSL Under
Salinity Stress

Table 1 showed the correlations between the ion content of the whole plant and plant dry weight at different
growth stages, as well as grain yield and yield components for the selected CSSLs under saline conditions. The
CI" content of the whole plant at full heading stage strongly correlated with plant dry weight at maturity stage,
grain yield, and the number of panicles as R* = 0.961, 0.936, and 0.859 respectively (Figure 7). Equally, the Na*
content of the whole plant at full heading stage strongly correlated with plant dry weight at maturity stage, grain
yield, and panicle number, indicated by R? = 0.841, 0.821, and 0.923, respectively. Overall, ion content of the
whole plant at full heading stage was shown to have the highest corelation with plant dry weight at maturity stage,
panicle number, and grain yield.
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Table 1. Correlation coefficient (r) between ion contents and plant dry weight, yield, and yield components under
saline conditions

Ion content 519)]\;] ;}; ggzv at i/IDSW at Grain yield Panicle no ;()};jlécle é}o\(x)jo % of RG
Na' at 20DAT -0.777* -0.702* -0.634* -0.644 -0.640 0.239 -0.5563  -0.506
Cl at 29DAT -0.658 -0.641 -0.500 -0.470 -0.488 0.195 -0.709*  -0.291
Na' at FHS -0.574 -0.781* -0.917*%%  -0.906** -0.961%* -0.224 -0.154 -0.393
Cl at FHS -0.610 -0.837**  -0.980**  -0.967** -0.927%* -0.198 -0.131 -0.537
Na" at MS -0.465 -0.541 -0.664 -0.689* -0.895%* -0.126 -0.090 -0.190
Cl at MS -0.442 -0.567 -0.695%* -0.684* -0.868%* -0.385 0.077 -0.117

Note. DAT = Day after treatment; FHS = Full heading stage; MS = Maturity stage; PDW = Plant dry weight; RG
= Ripen grain; GW = Gain weight; GN = Grain number.

Data was analyzed using JMP software (version 9.0.0), and the correlations between character pairs were computed at
p < 0.05 and p < 0.01. NS. The * and ** indicate non-significance or significance at p < 0.05 and p < 0.01,
respectively.

4. Discussion

Nona Bokra is a well-known salinity-tolerant donor in conventional rice breeding. In this study, we characterized the
responses of 44 CSSLs carrying segments from Nona Bokra in the genetic background of Koshihikari under
long-term salinity conditions. The results showed: (i) several CSSLs performed salinity tolerance for higher plant dry
weight (Figure 3), grain yield (Figure 4), and yield components (Figuare 5) than those of Koshihikari; (ii) the timing of
low Na® or CI” contents in whole plant under saline conditions was different among the CSSLs (Figure 6); and, (iii)
Na" and CI” contents of plants at full heading stage were highly correlated with grain yield and panicle number

(Figure7).
4.1. Nona Bokra Segments Improved Plant Dry Weight and Grain Yield in CSSLs Under Long-Term Salt Stress

The salinity tolerance for the growth and grain yield of six CSSLs selected from the results in 2014 was compared with
that of Koshihikari at different growth stages under saline conditions in 2015, then, five CSSLs, exept for SL516,
showed salinity tolerance, showed higher plant dry weight at least in one of the growth stages or in higher grain yield
compared to Koshihikari under saline conditions (Figures 3 and 4). Since these lines differ in chromosome substitution
regions derived from Nona Bokra (Takai et al., 2007), the results suggest that Nona Bokra contains multiple
chromosomal regions related to salinity tolerance. The salinity tolerance in rice is known to differ according to the
growth stage (Aslam, Qureshi, & Ahmad, 1993; Heenan et al., 1988; Lutts, Kinet, & Bouharmont, 1995; Makihara et
al., 1999a; Makihara et al., 1999b). In this study, SL502 and SL540 exhibited higher salinity tolerance in plant dry
weight than Koshihikari only at full heading stage (Figure 3b), while SL528 and SL535 showed higher salinity
tolerance than Koshihikari from 29 DAT to maturity stage (Figure 3). The difference in timing expressed by salinity
tolerance in these CSSLs is considered to involve different genes of salinity tolerance of Nona Bokra.

Salinity stress reduces grain yield and yield components such as the number of panicles, the number of grains per
panicle, the percentage of ripened grains, and 1000-grain weight (Heenan et al., 1988; Khatun, Rizzo, & Flowers, 1995;
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Makihara et al., 1999a; Makihara et al., 1999b; Zeng & Shannon, 2000). In this study, the grain yield and yield
components of the selected CSSLs, in addition to Koshihikari, were greatly reduced under saline conditions (Figure 4).
Three CSSLs (SL506, SL528, and SL535) depicted a significantly higher yield under saline conditions in comparision
to Koshihikari. However, in SL528, semi-sterility was exhibited under control conditions (Figure 4). In our results, the
variation among the three CSSLs in terms of the yield components under salinity stress was observed. SL506 with
Nona Bokra chromosomal segment on chromosome 2 had higher panicle number under salinity stress compared to
Koshihikari (Figure 5a), which suggested that Nona Bokra has the region for improvement of panicle number under
salinity stress on chromosome 2. Moreover, SL528 had higher panicle number under salinity stress than Koshihikari,
while lower spikelet fertility was accompanied (Figures 5a and 5d). Most of the Nona Bokra chromosome segments in
SL.528 are derived from chromosome 8, but a few segments were derived from chromosomes 1, 2, 5, and 6 as well
(Takai et al., 2007). Since SL528 and SL506 contain the same chromosomal region on chromosome 2, and they
exhibited similar salinity tolerance, the higher panicle number in both CSSLs under saline conditions may be related to
the same chromosomal region on chromosome 2. SL535 with Nona Bokra chromosomal segment on chromosome 6
and 10 had higher percentage of ripened grains than Koshihikari (Figure 5d), suggesting that Nona Bokra has the
region for improvement of percentage of ripened grains under salinity conditions on chromosome 6 or 10.

While SL502 and SL540 showed salinity tolerance with respect to high plant dry weight at full heading stage (Figure
3b), their plant dry weights at maturity stage and the grain yield as well as yield components under saline conditions
were not significantly different from Koshihikari (Figures 3c, 4, and 5). This indicates that the Nona Bokra segments
contained in SL502 and SL540 are responsible for the saline tolerance until the full heading stage. SL502 harbor the
chromosome segment containing Nona Bokra SKC1 on chromosome 1. SKC1 encodes HKT1;5, a selective
transporter for Na’, regulating K'/Na" homeostasis and conferring salinity tolerance (Ren et al., 2005). The salinity
tolerance of SKC1 gene was evaluated at the seedling stage (Lin et al., 2004; Ren et al., 2005). These evidences
suggest that SKC1 gene under saline conditions relates to salinity tolerance until full heading stage.

4.2 lon Exclusion Affects Grain Yield and Yield Components

Ion exclusion is unquestionably one of the most studied salinity tolerance mechanism, owing to the simplicity in its
phenotyping (Pires, Negrdo, Oliveira, & Purugganan, 2015; Roy, Negrdo, & Tester, 2014). In this study, a negative
correlation between sodium content in plants and plant dry weight at 29DAT or at full heading stage was observed
(Table 1), in addition, a negative correlation between chloride content in plants and plant dry weight at full heading
stage or maturity stage. Additionally, the timing of low Na" or CI” contents in whole plant under saline conditions was
different among the CSSLs (SL506, SL 528, SL535, and SL540) (Figure 6). The results suggest that Nona Bokra has
multiple chromosomal regions related to ion exclusion. The sensitivity to salinity stress differs depending on the
growth stage, with the early seedling and reproductive stages considered the most sensitive (Makihara et al., 1999a;
Singh et al., 2010). The results in the correlations between ion content of plant in different growth stages and grain
yield under salinity stress show that Na" and CI™ contents of plants at full heading stage were highly correlated with
grain yield and panicle number (Figure 7 and Table 1). It suggests that low Na" and CI” contents in whole plant at
full heading stage is more important for salinity tolerance relating grain productivity than that at vegetative stage.
There have been several reports on QTLs for shoot Na' content (Gautam, Singh, & Qadar, 2009; Negrao et al., 2011)
and for grain yield (Bimpong et al., 2014; Hossain et al., 2015; Mohammadi, Mendioro, Diaz, Gregorio & Singh,
2013), however it has not been reported that these QTLs are in the same chromosomal region. In this study, it was
suggested that Na" and CI" contents in whole plant were related to several chromosomal regions, and chromosomal
regions controlling Na” and CI" contents at full heading stage was important for improving the grain productivity
under saline conditions. Analysis of the QTL controlling Na" and CI” contents in plant at full heading stage will be the
subject of further study.

5. Conclusion

The comparison of plant growth and grain yield of CSSLs grown under long-term saline conditions suggests that the
salinity tolerance of Nona Bokra involves the improvement of plant dry matter, panicle number, and percentage of
ripened grains. Nona Bokra has the chromosomal regions for the improvement of the panicle number on
chromosome 2 and the percentage of ripened grains on chromosome 6 or 10 under salinity conditions. It was
suggested that these chromosomal regions were related to Na" and CI exclusion. Low Na* and CI contents in
whole plant at full heading stage would be vital for improving the yield under long-term saline conditions.
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