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Abstract: Unraveling the complex genetic bases and mechanisms underlying salt tolerance is of great
importance for developing salt-tolerant varieties. In this study, we evaluated 42 chromosome segment
substitution lines (CSSLs) carrying chromosome segments from IR64 on the genetic background of
Koshihikari under salt stress. Two CSSLs, SL2007 and SL2038, produced higher plant dry weight and
grain yield than did Koshihikari under the stress condition. These CSSLs also showed lower Na+ and
Cl− accumulation in the leaf and whole plant at the full heading stage, which might be related to the
higher grain yield and yield components. To understand the genetic control of its grain yield and
yield components, a SL2007/Koshihikari F2 population was generated for quantitative trait locus
(QTL) analysis. Six QTLs for grain yield and yield-related traits were detected on chromosome 2.
Using near-isogenic lines (NILs) from a SL2007/Koshihikari F5 population, qSTGY2.2 was delimited
to a 2.5 Mb region and novel qSTPN2 was delimited to a 0.6 Mb region. We also detected a novel
QTL, qSTGF2, for grain filling, which was considered an important contributor to grain yield under
salt stress in this CSSL. Our results provide insights into mechanisms conferring grain yield under
salinity stress and new genetic resources for cloning and breeding.

Keywords: QTL; salt tolerance; grain yield; yield components; reproductive stage

1. Introduction

Rice is a staple crop feeding the largest number of people on Earth, and it provides
approximately one-quarter of global energy consumption per capita [1]. The human
population is projected to increase to 9.6 billion in 2050; therefore, rice production, together
with other agricultural production, must double to meet the population’s demand [2,3].
However, salt stress, one of the major hindrances to rice production, already affects nearly
10% of the total land surface of the Earth [4], eliminating 3 ha of arable land in each passing
minute [5]. The situation is becoming more urgent as millions of hectares of suitable land
areas used especially for rice production in South and Southeast Asia, responsible for 90%
of rice production worldwide, have been left uncultivated [6–8]. This calls for breeding
salt-tolerant varieties with high yields to ensure food security and reutilize the land made
unproductive by salt accumulation.

The rice response to salt stress differs greatly according to its growth stage: it is tolerant at
the germination, tillering, and maturity stages but sensitive at the seedling and reproductive
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stages [9–11]. Salt tolerance at the seedling stage does not always correlate with salt tolerance
at the reproductive stage [12] and it was reported that different genes might regulate salt
tolerance at these stages [13]. Salt stress imposed on panicle initiation significantly inhibits
panicle development by delaying panicle emergence and reducing the number of fertile tillers,
and it adversely affects fertilization, reducing pollen viability and stigmatic receptivity [14].
Similarly, salinity exposure throughout the reproductive stage also delays flowering time,
decreases the number of fertile tillers and spikelets per panicle, alters flower structures, and
strongly decreases yield [15]. Recently, it was reported that salt stress produces deleterious
effects on grain yield and yield parameters such as grain number, length, width, thickness,
and grain filling percentage [16]. As grain yield and yield contributors are severely depressed,
tolerance at the reproductive stage deserves special attention.

Overcoming ionic stress caused by Na+ and Cl− is a fundamental challenge of rice
plants under salt stress because it results in severe ion imbalance and causes physiological
disorders [17–20]. Possible mechanisms by which rice plants cope with ionic stress involve:
minimizing toxic ion entry through their roots, restricting excessive ion transportation to
shoots [8], allocating higher ion concentrations in their older leaves [12], maintaining low
ion concentrations within the cytoplasm, and sequestering Na+ and Cl− in vacuoles [11].
Flowers and Yeo [21] reported that there is a negative correlation between Na+ and Cl−

concentrations in shoots and survival under salt stress conditions of varieties. Many
studies have witnessed a strong association between excluding sodium from shoots and
salt tolerance in rice varieties [22–25]. A closer correlation was found between grain
yield and Na+ and Cl− contents at full heading than at the panicle initiation and mature
stages [26]. However, our understanding of the relationship between the ion contents at
growth stages and grain yield under salt stress conditions is still limited.

Since salt tolerance is governed by quantitative trait loci (QTLs), to gain knowledge
on salt tolerance mechanisms and for breeding purposes, intense efforts have been made
regarding QTL mapping. Numerous QTLs were detected for salt tolerance at the seedling
stage in rice [27–36]. Among them, a famous QTL, Saltol, with large effects was identified, and
it has been used for developing salt-tolerant cultivars across many countries [37–39]. Another
major QTL, qSKC-1 [27], was fine-mapped and cloned [40,41]. By contrast, fewer studies have
focused on salt tolerance at the reproductive stage [42–47]. Moreover, none of the detected
QTLs for salt tolerance at the reproductive stage have been fine-mapped or cloned.

Drilling for genetic factors controlling these salt-tolerant traits in different varieties [48]
is useful for breeding programs via the pyramiding approach. IR64, ‘a high-quality and
high-yielding mega variety’, was reported to be moderately tolerant to salinity stress at the
seedling stage with a visual salt injury score (following IRRI’s assessment) of 5.8, while those
of salt-tolerant landraces Pokkali and Nona Bokra are 4.2 and 4.1, respectively [49,50]. As
salt tolerance traits are expressed unequally in rice genotypes, moderately tolerant varieties
might possess characteristics independent from those of tolerant varieties. Furthermore, very
little is known about salinity tolerance at the reproductive stage of these varieties. This study
aimed: (1) to screen the salt tolerance of 42 IR64 chromosome segment substitution lines
(CSSLs) under salt stress conditions; (2) to examine physiological characteristics associated
with the salt tolerance of selected CSSLs showing superior tolerance to Koshihikari; (3) to
map QTLs for grain yield and yield components under salt stress conditions by using an
SL2007/Koshihikari F2 population; and (4) to validate and fine-map the detected QTLs on
the long arm of chromosome 2 by comparing NILs. Furthermore, we compared these results
with our group’s previous results on the screened salt tolerance of 44 CSSLs derived from
Nona Bokra and Koshihikari in a relatively parallel manner [26] to see the differences in salt
tolerance between IR64 and the salt-tolerant benchmark Nona Bokra.

2. Materials and Methods
2.1. Plant Materials

A set of 42 IR64-CSSLs on the Koshihikari genetic background (SL2001–SL2042) and
their recipient parent, Koshihikari, were received from the Rice Genome Resource Center
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in Japan. Seeds of IR64 were received from IRRI. The graphical genotypes of IR64-CSSLs
were published previously [51]. Our experimental plan was illustrated in Figure 1. The
CSSLs and their parents were firstly evaluated under non-stress and salt stress conditions
in 2014. Since four CSSLs (SL2007, SL2008, SL2027, and SL2038) produced higher panicle
weight under the salt stress condition, they were used for detailed physiological analysis
in 2015. The CSSL SL2007 carries IR64 segments on chromosomes 2 and 10 on the genetic
background of Koshihikari. As it has shown consistently higher performance than Koshi-
hikari under salt stress conditions in the 2014 and 2015 experiments, we considered this
CSSL to possess potential genetic factors for salt tolerance. Consequently, to carry out QTL
analysis, the CSSL was crossed with the recipient parent, Koshihikari, to produce an F2
population for QTL analysis in 2016. Finally, to validate and narrow down the detected
QTL intervals on the long arm of chromosome 2, four NILs containing different QTLs were
selected from the SL2007/Koshihikari F5 population using 12 SSR and Indel markers, and
they were evaluated in 2018.
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Figure 1. Schematic representation of the experimental design.

2.2. Growing Conditions and Salt Treatment

The experiments were conducted at the experimental field of the Faculty of Agriculture,
Okayama University, Japan (34,041′ N, 133,055′ N) in 2014–2018. Seeds were surface-sterilized
with 0.1% Benlate fungicide and then soaked in tap water for two days before seeding.
Uniform germinated seeds were sowed in nursery boxes (Minoru pot 448, Minoru Industrial
Co. Ltd., Okayama, Japan) with 448 holes (16 mm diameter, 25 mm depth) filled with nursery
soil (Kumiai Ube Ryu-Joh Baido, Ube Industries Ltd., Tokyo, Japan). The seeding days of each
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experiment were 23 May 2014, 15 May 2015, 23 May 2016, and 8 June 2018. Twenty-day-old
seedlings were transferred into 2L pots (No. 5.5, Kaneya co. LTD, Aichi, Japan) containing
paddy soil, well mixed with 8 g LPS 140E-80 slow-release fertilizer (NPK 14-14-14). Those pots
were arranged with a spacing of 25 cm between them and kept flooded with tap water in a
pool (20 m× 1.1 m× 0.18 m) under a two-sided opened vinyl house. For salt stress treatment,
NaCl was applied at 7 days and 10 days after transplanting to induce saline conditions with
an electrical conductivity (EC) of approximately 7 dSm−1. For control, NaCl was not added.
Water was supplied through an irrigation tube (Evaflow Type-A, Mitsui Chemicals, Tokyo,
Japan), and the electrical conductivity in the pond water was measured using an EC meter
(2265FS, Spectrum Technologies, Inc., Aurora, IL, US). The EC of the ponded water was kept
stable until the maturity stage.

2.3. Phenotypic Evaluation

To screen for salt tolerance, plants were harvested 45 days from the recorded heading
date under control and stress conditions. The leaf and stem were oven-dried at 80 ◦C
for three days, following which the dry weight was measured. The panicle weight was
measured after drying at 35 ◦C for 72 h, and grains were then separated into unfilled and
filled grains using a 1.06 specific gravity NaCl solution. In 2014, we firstly screened IR64
CSSLs by using two morphological traits: plant dry weight (DW) and panicle weight (PW).
In 2015 and 2018, we measured a total of seven morphological traits: DW, PW, panicle
number (PN), grain yield (GY), spikelet number per panicle (SN), 1000-grain weight (TGW),
and grain filling (GF). Four phenotypic traits—DW, PW, PN, and GY—were recorded in
70 F2 plants for QTL analysis in 2016.

2.4. Ion Measurement of Selected Chromosome Segment Substitution Lines (CSSLs)

Ion contents in selected lines and their parents in 2015 were measured at the full
heading stage (3 days after heading). Four replicates of each line were harvested, and then
the leaf blade (LB) and leaf sheath (LS) were separated. Samples were dried at 80 ◦C for
72 h before ion measurement. The Na+ content was measured using a flame photometer
(BWB-XP, BWB Technologies, Berkshire, UK), and the Cl− content was measured using a
pH/ion meter (D-53, Horiba Ltd., Tokyo, Japan) [26]. Briefly, 0.5 g samples were chopped
and extracted with 25 mL of 1% nitric acid at 80 ◦C for 24 h. The ion content of the whole
plant (WP) was calculated based on all parts’ ion contents and plant dry weight.

2.5. DNA Extraction and Polymerase Chain Reaction (PCR) Analysis

DNA extraction and amplification through polymerase chain reaction (PCR) followed
a method described by [52] with slight modification. DNA was extracted from leaf samples
of the F2 population and two parents using SDS/NaCl extraction buffer and then genotyped
using 19 polymorphic SSR and indel markers. PCR amplification was carried out in 10 µL
reactions containing 1.5 µL DNA template, 3 µL Milli-Q water, 5 µL Taq DNA polymerase,
and 0.25 µL each of 10 µM forward and reverse primers. PCR was performed using thermal
cycler (TP600, Takara Bio Inc., Shiga, Japan) by initial denaturation at 95 ◦C for 2 min;
then 35 cycles of denaturation at 95 ◦C for 20 s, annealing at 50 ◦C for 20 s, and extension
at 72 ◦C for 30 s; and a final extension at 72 ◦C for 2 min and storage at 15 ◦C The PCR
products were stained with Midori green direct stain (Nippon Genetics Co. Ltd., Tokyo,
Japan), and DNA fragments were separated on 3% agarose gel for manual allele scoring.

2.6. Quantitative Trait Locus (QTL) Mapping

Based on the genotypic data of the F2 plants, a linkage map was constructed using
MAPMAKER/EXP 3.0b software. The chromosomal positions and effects of putative
QTLs were determined by composite interval mapping in QTL Cartographer 2.5 software.
The threshold of QTL detection was based on 1000 permutation tests at a 5% level of
significance. The additive and dominant effects and phenotypic variance explained by
each QTL (R2) were estimated from the peak LOD score.
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2.7. Statistical Analysis

Dunnett’s multiple comparison test at probability levels of 5%, 1%, and 0.1% was used
to detect any significant differences between CSSLs or NILs and Koshihikari. Correlations
between the studied traits were determined using Pearson’s correlation in JMP software
version 9.0.

3. Results
3.1. Salt Tolerance Evaluation of CSSLs

In 2014, IR64-CSSLs were grown under non-stress and salt stress conditions to identify
CSSLs showing higher tolerance to salt stress as compared with the sensitive recipient,
Koshihikari. Under non-stressed conditions, only SL2038 showed significantly higher DW
than the recipient (Figure 2A). The four lines SL2002, SL2006, SL2010, and SL2011 showed
PW values lower than that of Koshihikari (Figure 3A).

Exposure to NaCl stress with an EC of around 7 dSm−1 for an extended period
from the vegetative stage to the maturity stage caused a reduction in both DW and PW
in all lines; however, the reduction varied considerably among the parents and CSSLs
(Figures 2B and 3B). DW significantly decreased by 72% in Koshihikari but only 16% in
IR64. The reduction in DW of the CSSLs varied in the range of 33–84%. Among the CSSLs,
SL2012 and 2038 produced significantly higher DW as compared with Koshihikari. In
terms of PW, salt stress also caused a more considerable reduction in Koshihikari than
in IR64, with decreases of 84% and 70%, respectively. The decline in the PW of CSSLs
varied in the range of 43–91%. Together with IR64, three lines (SL2007, SL2008, and SL2038)
showed significantly higher PW than Koshihikari.
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Figure 2. Plant dry weight values of 42 chromosome segment substitution lines (CSSLs) and parents under (A) non-stress
and (B) salt stress conditions in 2014. Values are mean ± standard error (n = 3). * indicates a significant difference between
Koshihikari and CSSL at the 5% level by Dunnett’s test.
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Figure 3. Panicle weight values of 42 CSSLs and parents under (A) non-stress and (B) salt stress conditions in 2014. Values
are mean ± standard error (n = 3). * indicates a significant difference between Koshihikari and CSSL at the 5% level by
Dunnett’s test.

3.2. Physio-Morphological Analysis of Salt-Tolerant CSSLs
3.2.1. Yield and Yield Components

Four CSSLs (SL2007, SL2008, SL2027, and SL2038) exhibiting higher salt tolerance than
the recipient parent, Koshihikari, were selected to study their physiological mechanisms
in tolerating salt stress in detail. A similar trend was observed as salt stress markedly
decreased DW, GY, and yield components in all genotypes. Under salt stress conditions,
IR64 showed significant differences from Koshihikari in DW, PN, PW, GY, GF, and TGW
(Figure 4). Among the selected CSSLs, SL2007, carrying IR64 chromosomal segments on
chromosomes 2 and 10, produced significantly higher DW, PW, PN, and GY as compared
with Koshihikari. Another CSSL, SL2038, which possesses IR64 segments on chromosomes
3 and 11, showed higher DW, PW, PN, GF, and TGW than Koshihikari.

3.2.2. Ion Contents

We measured the Na+ and Cl− contents in the leaf sheath, leaf blade, and whole plant
at full heading to examine how ion accumulations relate to yield and yield components.
Relevant to both ion contents, IR64 showed lower accumulation in the leaf blade, leaf sheath,
and whole plant than did Koshihikari (Table 1). Akin to IR64, SL2007 showed significantly
lower Na+ and Cl− contents in all the measured organs than did Koshihikari. The CSSL
SL2038 showed significantly lower values in both ion contents in the leaf sheath and the
whole plant in comparison with the recipient. SL2008 showed significantly lower Na+

content in all measured organs and Cl− content in the leaf blade than Koshihikari. SL2027
only showed a significant difference to Koshihikari in the Cl− content in the leaf blade.
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Table 1. Na+ and Cl− contents in the leaf blade, leaf sheath, and whole plant at the full heading stage of Koshihikari, IR64,
and selected CSSLs under salt stress conditions in 2015. Values are mean ± standard error (n = 4). *, **, and *** indicate a
significant differences from Koshihikari at the 5%, 1%, and 0.1% levels by Dunnett’s test, respectively.

Na+ Content (mmol/g) Cl− Content (mmol/g)

LB LS WP LB LS WP

Koshihikari 1.19 ± 0.11 1.41 ± 0.17 1.26 ± 0.16 1.70 ± 0.12 1.43 ± 0.12 1.25 ± 0.16
IR64 0.70 ± 0.14 * 0.77 ± 0.15 *** 0.70 ± 0.10 *** 1.04 ± 0.17 *** 1.01 ± 0.09 ** 0.90 ± 0.06 *

SL2007 0.72 ± 0.07 * 0.92 ± 0.09 ** 0.77 ± 0.06 ** 1.20 ± 0.10 ** 1.04 ± 0.05 ** 0.81 ± 0.04 **
SL2008 0.76 ± 0.05 * 1.06 ± 0.04 * 0.89 ± 0.07 * 1.18 ± 0.01 ** 1.19 ± 0.05 1.17 ± 0.08
SL2027 0.81 ± 0.10 1.39 ± 0.10 1.15 ± 0.14 1.26 ± 0.12 * 1.43 ± 0.07 1.44 ± 0.10
SL2038 0.83 ± 0.10 0.97 ± 0.14 * 0.85 ± 0.15 * 1.34 ± 0.11 * 1.14 ± 0.10 * 0.97 ± 0.11

(LB, leaf blade; LS, leaf sheath; WP, whole plant).



Agriculture 2021, 11, 777 9 of 15

3.2.3. Correlation between Traits

The DW, GY, and yield parameters were used in this study to estimate the combined
effects of salt stress after a long period. It is interesting to examine whether yield and
yield-related traits correlate with ion contents. Strong correlations between ion contents
at the full heading stage and GY and ancillary traits were observed (Table 2). The Na+

content in the leaf blade, leaf sheath, and whole plant exhibited significant and negative
correlations with DW, PW, PN, GY, TGW, and GF. In agreement with the Na+ content,
the Cl− content in all organs also significantly and negatively correlated with these traits.
Interestingly, both Na+ and Cl− contents showed virtually no correlation with SN.

Table 2. Pearson correlation coefficients between ion contents and grain yield and yield-related traits of Koshihikari and
selected CSSLs under salinity in 2015. Values are mean ± standard error (n = 4). * and ** indicate significant differences at
the 5% and 1% levels, respectively.

DW PW PN GY SN TGW GF

Na+

content

LB −0.510 * −0.352 −0.475 * −0.358 0.215 −0.257 −0.634 **
LS −0.615 ** −0.540 * −0.640 ** −0.535 * 0.009 −0.596 ** −0.589 **
WP −0.643 ** −0.536 * −0.671 ** −0.535 * 0.049 −0.557 * −0.602 **

Cl− content
LB −0.439 −0.275 −0.397 −0.263 0.298 −0.196 −0.543 *
LS −0.621 ** −0.548 * −0.659 ** −0.549 * −0.029 −0.558 * −0.585 **
WP −0.602 ** −0.579 ** −0.634 ** −0.582 ** −0.301 −0.669 ** −0.536 *

(DW, plant dry weight; PW, panicle weight; PN, panicle number; GY, grain yield; SN, spikelet number; TGW, 1000-grain weight; GF, grain filling).

3.3. Detection of QTLs for Salt Tolerance

In 2016, 70 SL2007/Koshihikari F2 plants were evaluated under salt stress conditions
and genotyped using 19 SSR markers, among which 17 markers cover target regions on
chromosome 2 and 2 markers flank a target region on chromosome 10. All the studied
phenotypic traits, including DW, PN, PW, and GY of the F2 population, showed continuous
distributions (data not shown). A linkage map was constructed using 70 F2 plants and
19 SSR markers. Composite interval mapping detected six QTLs on chromosome 2 for all
measured phenotypic traits (Table 3). The QTLs detected in this study explain 9.91–31.84%
of the phenotypic variance with LOD values ranging from 2.71 to 4.70. A QTL was detected
for DW, qSTDW2, in the interval between RM13648 and RM13755 on the long arm of
chromosome 2, the additive effects of which are derived from IR64 alleles. Two QTLs
were detected for GY, qSTGY2.1 and qSTGY2.2, at LOD values of 3.72 and 3.85. The
qSTGY2.1, explaining 23.64% of the phenotypic variation, was mapped on the short arm of
chromosome 2 between markers RM12674 and RM12857, and Koshihikari alleles increased
GY in this position. Another QTL, qSTGY2.2, explaining 31.84% of the phenotypic variation,
was detected in the interval between RM13796 and RM5607 on the long arm of chromosome
2. Alleles from IR64 contributed to the additive effect on this QTL region. One QTL for PN,
qSTPN2, explaining the highest phenotypic variance of 33.09%, was mapped to the region
between RM13648 and RM13893. IR64 alleles also provided an increased effect on PN in
this region. Two QTLs were mapped for PW, qSTPW2.1 and qSTPW2.2, with 10.39% and
24.51% of the phenotypic variation. Whereas qSTPW2.1 was co-localized with qSTGY2.1,
qSTPW2.2 was mapped to the same QTL region as qSTGY2.2. Alleles from both parents
provided increased effects on PW. The region of two co-localized QTLs, qSTGY2.1 and
qSTPW2.1, is similar to that of previously detected QTLs for GY [42,44,46,53].

3.4. Validation and Fine Mapping of Detected QTLs

Since QTLs for DW, PN, PW, and GY detected on the long arm of chromosome 2
explained high phenotypic variations, narrowing down further and validating their regions
was noteworthy. Using 12 polymorphic SSR and Indel markers, we screened recombinants
from the SL2007/Koshihikari F5 population. As IR64 alleles provided positive effects on
these QTLs, we selected four NILs carrying IR64 alleles in these QTL regions (Figure 5).
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NILs were evaluated for GY and ancillary traits under long-term salt stress conditions
along with Koshihikari. Since only NIL1 showed significantly higher DW than Koshihikari,
the qSTDW2 was narrowed down to a 2.9 Mb region between RM13593 and Indel 26.93.
NIL1 and NIL2 produced around 1.6 times higher PN than Koshihikari and were confirmed
to harbor the QTL for PN. This indicated that qSTPN2 was delimited to a physical region
of 0.6 Mb, flanked by RM13717 and Indel 27.25. NIL3 produced 2.2 and 3 times higher
GY and PW than Koshihikari, respectively, which indicated that NIL3 contains QTLs for
these traits. Thus, qSTGY2.2 and qSTPW2.2 were confirmed to a 2.5 Mb region, flanked
by RM13781 and RM13928. Furthermore, NIL3 and NIL4 yielded significantly higher GF
than Koshihikari, which suggested the presence of a QTL for GF. This QTL, designated
qSTGF2, was confined to a 2.3 Mb region between RM13928 and Indel 31.98. The region
of qSTGY2.2 coincides with a QTL region for GY, which was detected recently under salt
stress conditions [54]. However, when it comes to qSTPN2 and qSTGF2, QTLs detected
previously are in regions distinct from those of our QTLs [55]. Thus, qSTPN2 and qSTGF2
are novel QTLs for PN and GF under salt stress conditions.

Table 3. Quantitative trait loci (QTL) for grain yield and yield-related traits identified in the F2 population by composite
interval mapping on chromosome 2.

Trait QTL Marker Interval (Mb) LOD Additive R2 Parental Source a

Plant dry weight qSTDW2 RM13648-RM13755
(25.47–27.45) 2.89 −6.44 9.91 I

Panicle number qSTPN2 RM13648-RM13893
(25.47–29.71) 4.70 −3.67 33.09 I

Panicle weight qSTPW2.1 RM12674-RM12857
(5.69–8.63) 2.71 1.07 10.39 K

qSTPW2.2 RM13755-RM13893
(27.45–29.71) 2.83 −1.06 24.51 I

Grain yield qSTGY2.1 RM12674-RM12857
(5.69–8.63) 3.85 0.50 23.64 K

qSTGY2.2 RM13796-RM5607
(28.27–33.27) 3.72 −0.47 31.84 I

a Parental sources of additive alleles: K (Koshihikari) and I (IR64).
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mean ± standard error (n = 4). * indicates a significant difference between Koshihikari and NILs at a 5% level by Dunnett’s test.
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4. Discussion

In the present study, we evaluated the tolerance of 42 IR64-CSSLs in the genetic back-
ground of Koshihikari grown under salt stress conditions in 2014, covering vegetative and
reproductive stages. During the salt treatment period, plants continued growing vegeta-
tively and produced yield, so we observed adverse effects of salt stress on the DW and
PW of all examined genotypes. Under saline conditions, there were two IR64-CSSLs with
higher DW and three IR64-CSSLs with higher PW than Koshihikari (Figures 2B and 3B).
Thuy et al. [26] evaluated the salt tolerance of 44 CSSLs carrying different Nona Bokra
segments in the genetic background of Koshihikari under the same experimental conditions
in 2014. Since 10 Nona Bokra-CSSLs were recorded with significantly higher DW than
Koshihikari, introgressed Nona Bokra segments of these CSSLs distributing in almost every
chromosome were considered putative contributors to this landrace’s salt tolerance. Thus,
compared with the salt-tolerant benchmark Nona Bokra, relatively tolerant IR64 possesses
fewer chromosome segments that maintain high DW under salt stress. In other words,
this suggests that the quantity of chromosomal regions involved in salt tolerance is closely
related to the different extents of salt tolerance among cultivars. Notwithstanding this,
comparing the positions of these salt-tolerant Nona Bokra and IR64 chromosome segments
indicated some incompatible segments [51,56]. Substantial progress made in studies on
rice revealed several key salt tolerance mechanisms that are not equally expressed in va-
rieties [57]. Thus, we assumed that such particular segments might build up specific salt
tolerance mechanisms in IR64. SL2038 consistently produced higher DW than Koshihikari
under salt stress conditions in 2014 and 2015 (Figures 2B and 4A). Therefore, IR64 segments
of chromosomes 3, 10, and 11 in SL2038 might be responsible for maintaining DW under
salinity. Regarding PW, two CSSLs, SL2007 and SL2038, consistently showed higher perfor-
mance than Koshihikari (Figures 3B and 4B). Consequently, IR64 chromosome segments
of chromosomes 2, 3, 10, and 11 harbored in these CSSLs might be responsible for stably
maintaining PW under salt stress conditions. Investigating physiological traits and yield
components in SL2007 and SL2038 will give more insight into the mechanisms relating to
salt tolerance at the reproductive stage in IR64.

Maintaining a low ion concentration in the shoot was reported to be an effective
strategy of tolerant glycophytes [58]. Here, we observed a close relation between Na+ and
Cl− accumulations at the full heading stage and grain yield and ancillary traits (Table 2).
Two salt-tolerant CSSLs, SL2007 and SL2038, produced higher DW, PW, PN, GY, GF, and
TGW than Koshihikari and also accumulated significantly lower Na+ and Cl− contents in
the leaf blade, leaf sheath, and whole plant at the full heading stage than Koshihikari. A
negative correlation was observed between Na+ and Cl− accumulations in shoots at the
maturity stage and grain yield [16]. Under salt stress conditions, Na+ and Cl− contents at
the full heading stage were found to correlate more strongly with grain yield than those at
the panicle initiation and mature stages [26]. In agreement with the above findings, our
result suggests that the maintained grain yield and yield components in the salt-tolerant
CSSLs could be attributed to low Na+ and Cl− accumulations in the leaf and whole plant at
the full heading stage. By minimizing the entry of Na+ through roots, Na+ is sequestered in
roots, and reabsorption occurs from the plant xylem stream that could maintain a low Na+

concentration in shoots [8,44]. Large yield biomass was proposed to form an advantage in
diluting the accumulated Na+ and providing storage capacity for its sequestration [23,48].
As the IR64 chromosome segments on these tolerant CSSLs are still large, QTL analysis
using an F2 population and the development of NILs provide a productive approach for
validating and narrowing down the QTL regions.

Finding QTLs controlling yield and yield components under salt stress conditions
with stable effects would be valuable for developing salt-tolerant varieties through marker
assistance. Salt stress reduces grain yield and yield components such as panicle number,
grain number per panicle, the percentage of ripened grains, and 1000-grain weight, and
the contribution of each component to grain yield varies among different varieties and
growing environments [9,10,14,59]. Using NILs, we detected qSTGF2, closely associated
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with the significant increase in GF of NIL3 and NIL4 (Figure 5). Besides this, several
studies have suggested that QTLs controlling grain yield and yield components are often
mapped as a cluster in the genome, which points toward the effects of either tightly
linked genes or one gene controlling these traits [42,44,60]. Here, qSTGF2 and qSTGY2.2
were mapped closely. We also found a highly positive correlation between GY and GF
(R2 = 0.859, Table 4), which suggests that GF is an important contributor to maintaining
GY in this variety. Further research on genes relating to grain filling maintenance under
salinity, which is not yet understood, is needed to reveal the major controlling genes and
their regulatory mechanisms.

Table 4. Pearson correlation coefficients between grain yield and ancillary traits of Koshihikari and
NILs under salt stress conditions in 2018. Values are mean ± standard error (n = 4). *, **, and
*** indicate significant differences at the 5%, 1%, and 0.1% levels, respectively.

DW PN PW GY GF TGW SN

DW 1
PN 0.675 * 1
PW 0.433 0.368 1
GY 0.275 0.173 0.950 *** 1
GF −0.061 −0.289 0.698 *** 0.859 *** 1

TGW 0.072 0.163 −0.312 −0.323 −0.438 1
SN 0.250 −0.204 0.582 ** 0.548 * 0.542 * −0.431 1

The QTL for another major yield component, qSTPN2, was fine-mapped to a 0.6 Mb
region flanked by RM13717 and Indel 27.25 (Figure 5). It is well known that shoot branching
determining the panicle number is under the control of complex interactions between
phytohormones and is affected by environmental factors, developmental status, and genetic
factors [61]. To withstand salt stress, plants must address the major problems of ionic,
osmotic, and oxidative stresses. According to the rice genome annotation database, there are
103 genes in the qSTPN2 region. Among them, we found some candidate genes engaging
in alleviating osmotic and oxidative damage, which could help maintain better growth
and result in shoot branching. For example, a gene involved in osmoprotection, OsTPP1,
was reported to be induced by salt stress, and its overexpression resulted in enhanced
salt tolerance [62]. A gene encoding for aquaporin regulating water balance, OsPIP1;1,
whose moderate expression increased salt tolerance, also exists in the QTL region [63].
Kumars et al. [64] suggested that OsDhn1 is an important gene for salt tolerance in rice as it
might relate to ROS scavenging and alleviate oxidative damage. The OsTPP1 and OsDhn1
were reported to be upregulated in shoot and root in response to salt stress [65]. All these
suggested that OsTPP1 and OsDhn1 might be the most likely candidate genes of qSTPN2.
Examining the key genetic effects and cloning of qSTPN2 will facilitate molecular breeding
for higher panicle numbers under salt stress in rice.

5. Conclusions

Taken together, the results indicate that IR64 possesses potential genetic factors con-
ferring salt tolerance at the vegetative and reproductive stages. Two promising IR64 CSSLs,
SL2007 and SL2038, maintained better DW, GY, and yield components than Koshihikari
under salinity conditions, which could be mainly attributed to low Na+ and Cl− contents
in the leaf and whole plant at the full heading stage. From the SL2007/Koshihikari F2
population, QTL analysis detected six QTLs for GY and ancillary traits crowding around
two genome regions of chromosome 2. The major QTL for GY, qSTGY2.2, was delimited to
a 2.5 Mb region, and two novel QTLs for yield components, qSTPN2 and qSTGF2, were
delimited to a 0.6 Mb region and a 2.3 Mb region, respectively. Besides this, in SL2007,
among its yield components, maintained GF might be primarily responsible for the better
GY under salt stress conditions. Our results not only help us to interpret the genetics
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and mechanisms underlying salt tolerance in rice but also provide valuable materials for
breeding programs.
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