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ABSTRACT
Soil salinity is a major abiotic stress affecting rice production globally. Previously, one promising salinity-tolerant line 
(SL535) was identified through screening of Nona Bokra-CSSLs with a Koshihikari background. In 2016, 102 F2 individuals 
derived from SL535/Koshihikari were evaluated under long-term salt stress, with salt treatment imposed from the active 
tillering stage to maturity to investigate salt tolerance at the reproductive stage. Three QTLs for plant dry weight, panicle 
number, and panicle weight were detected on chromosome 6. This genomic region was further validated in 2019 and 2020 
for plant dry weight, tiller number, and Na+ and Cl− contents using homozygous lines with or without the Nona Bokra allele 
in a Koshihikari background. As expected, significantly higher tiller number and lower Na+ and Cl− contents were main-
tained in plants carrying the Nona Bokra allele (NIL) at the full-heading stage. In 2023, seven newly developed NILs were 
evaluated for agronomic traits under control and salt stress conditions. Based on their performance, the QTL for plant dry 
weight, qPDW6.1, was narrowed down to a 390 kb region ranging from 4.78 to 5.17 Mb on chromosome 6. Within this region, 
several stress-related candidate genes were predicted based on annotation information and variant effect prediction anal-
ysis. Among them, two genes, Os06g0196700 (Auxin response factor 1) and Os06g0199100 (P-type pentatricopeptide repeat 
protein), were considered the most likely candidate genes associated with salt tolerance. These findings provide a foundation 
for future gene cloning and functional validation studies, which may help elucidate the genetic and molecular mechanisms 
underlying salt tolerance at the reproductive stage.

1   |   Introduction

Rice (Oryza sativa L.) is a major cereal crop feeding more than 
half of the world's population, and is cultivated in more than 
100 countries (Fukagawa and Ziska 2019). Soil salinization has 
become a constant threat to crop production that limits crop 
growth and development, leading to physiological damage and 
ultimately threatening global food security (Balasubramaniam 

et al. 2023; Kumar et al. 2022). Furthermore, extreme climatic 
events may trigger salinization in agricultural land, thus reduc-
ing productivity (Lesk et al. 2016; Pareek et al. 2020). Soil salin-
ity reduces plant growth and yield from or above 4 dSm−1 EC 
(Munns and Tester 2008; Khatun et al. 1995). In rice, it is evi-
dent that salinity affects the flowering time, tiller number, num-
ber of fertile grains, and grain yield (Fan et al. 2021). Existing 
irrigation practices and continuous sea water intrusion in some 
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rice-growing areas are predicted to worsen soil salinization 
issues. As a result, rice production and land utilization are ex-
pected to decline sharply (Gonzalez-Perez and Neuerburg 2019; 
Maggio et  al.  2011). Considering the above factors, develop-
ing salt-tolerant rice varieties at reproductive stage or during 
the whole growth period is required to boost rice yield across 
salt-affected areas. Therefore, understanding the genetic mech-
anisms of salt tolerance and the subsequent development of 
more salinity-tolerant rice varieties have become crucial for 
meeting the increasing food demand (Neang et al. 2020; Chen 
et al. 2020).

In rice, there exist significant varietal differences as well as 
various tolerance levels across growth stages under short-term 
or long-term salt stress (Makihara et al. 1999; Xu et al. 2024; 
Singh et  al.  2018). Saline soils usually contain high concen-
trations of NaCl, which is the salt that predominantly af-
fects plant growth by inducing both osmotic and ionic stress 
(Munns et  al.  2020; Shabala et  al.  2020). NaCl also reduces 
the water potential of the rhizosphere zones, causing early 
water balance problems in the plants, leading to water short-
ages and reduced turgor that affects the growth of cells and 
plant organs (Munns  2002). Furthermore, soil salinity se-
verely affects plant growth and crop productivity by caus-
ing Na+ toxicity, osmotic stress, and ionic imbalances due to 
the higher accumulation of Na+ ions in different plant parts 
and tissues (Basu et al. 2021). High concentrations of Cl− are 
also toxic to plants and decrease rice grain yield (Kumar and 
Khare 2016), whereas Na+ is the primary cause of ion-specific 
damage in many plants such as rice (Lin and Kao 2001; Tester 
and Davenport 2003). In addition to Na+ accumulation under 
saline conditions, the increased uptake and accumulation of 
Cl− can significantly reduce the total shoot nitrogen uptake 
(Munns and Termaat  1986). Under ionic stresses in saline 

conditions, maintaining yield components has been attributed 
to low Na+ concentration and low Na+/K+ ratio in flag leaves 
(Hossain et al. 2015), floral parts (Abdullah et al. 2001) and 
panicles (Asch et  al.  1999). So far, large amount of research 
has focused on genes involved in ion accumulation, but the 
breeding of salt-tolerant varieties has lagged behind.

Chromosome Segment Substitution Lines (CSSLs) are power-
ful genetic stock by which to identify stable QTLs and further 
elucidate the complex genetic basis for stress tolerance in rice. 
In addition, they can facilitate the production of a secondary 
mapping population within a short period of time and enable 
the performance of progeny testing by reducing the background 
noise. To date, a number of studies have been completed using 
CSSL populations to screen out salt-tolerant CSSLs and to per-
form QTL mapping studies in rice (Thuy et al. 2018; Mitsuya 
et  al.  2019; Pruthi et  al.  2023; Mai et  al.  2021). Recently, a 
promising CSSL identified from Nipponbare and a wild rice 
CSSL population showed comprehensive salt tolerance and a 
higher yield, with improved transcript levels of reactive oxygen 
species scavenging genes (Xing et  al.  2024). In rice, the QTL 
mapping approach has been extensively used to elucidate the 
molecular mechanism associated with salinity tolerance at the 
seedling and reproductive stages (Thomson et al. 2010; Hossain 
et  al.  2015; Puram et  al.  2017; Chattopadhyay et  al.  2021; 
Pruthi et  al.  2023; Xing et  al.  2024; Mai et  al.  2021; Pundir 
et al. 2021). However, rice varieties that are salt-tolerant at the 
seedling stage do not show salinity tolerance at the reproduc-
tive stage (Zeng and Shannon 2000; Hossain et al. 2015; Haque 
et al. 2022). Furthermore, the understanding of increased yield 
under salt stress during the whole growth period and respec-
tive ion content mechanisms at the reproductive stage of rice 
is still limited, especially regarding QTLs/genes for increasing 
plant dry weight (PDW), tiller number, and low Na+ content. 
Among salt tolerant donors, Pokkali, Nona Bokra, and FL478 
are some of the most widely used rice cultivars that belong to 
the indica subspecies (Qin et al. 2020). Previously, screening of 
CSSLs showed that some CSSLs carrying Nona Bokra segments 
exhibited increased plant growth under long-term salinity 
stress. Therefore, it is important to identify QTLs and further 
narrow down the QTL region for salinity tolerance at the vege-
tative and reproductive stages. A CSSL population derived from 
the cross between Koshihikari and Nona Bokra was developed 
and reported previously (Takai et  al.  2007). This population 
contains Nona Bokra segments in the genetic background of 
salt-sensitive Koshihikari. Previously, 44 Nona Bokra-derived 
CSSLs with the genetic background of Koshihikari were 
screened for salinity tolerance under long-term salt stress. 
Among them, SL535, carrying Nona Bokra introgressions on 
chromosomes 6 and 10, showed significantly higher PDW and 
grain yield compared with the salt-sensitive recurrent parent 
Koshihikari (Thuy et al. 2018). Given the complex genetic basis 
of salt tolerance at the reproductive stage, further QTL iden-
tification and characterization are required to facilitate gene 
discovery and the development of salt-tolerant rice varieties. 
Therefore, the aims of this study were as follows: (1) to identify 
and narrow down QTLs associated with salt tolerance at the 
reproductive stage by using an SL535/Koshihikari progenies; 
(2) to validate the detected QTLs by comparing NILs for both 
physiological and agronomic traits; (3) to discuss the candidate 
genes in the detected QTLs.

Key Points

•	 The present study used SL535 carrying Nona Bokra 
segments on chromosomes 6 and 10 in the genetic 
background of Koshihikari to elucidate the genetic 
basis of salt tolerance at the reproductive stage.

•	 Three quantitative trait loci for plant dry weight, 
panicle number, and panicle weight were detected on 
chromosome 6 using 102 F2 individuals derived from 
SL535/Koshihikari.

•	 The genetic effect of the homozygous Nona Bokra al-
lele was validated for three important physiological 
traits, including plant dry weight, tiller number, and 
Na+ and Cl− contents in plants over two consecutive 
years.

•	 By comparing seven near-isogenic lines, one stable 
quantitative trait locus for plant dry weight, qPDW6.1, 
was narrowed down to a 390 kb region on chromo-
some 6.

•	 Two genes, Os06g0196700 (Auxin response factor 1) 
and Os06g0199100 (P-type pentatricopeptide repeat 
protein), were predicted as potential candidate genes 
based on functional SNP effects estimated using the 
variant effect predictor.

 1439037x, 2026, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jac.70252 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [04/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 14Journal of Agronomy and Crop Science, 2026

2   |   Materials and Methods

2.1   |   Plant Materials

SL535 and Koshihikari seeds were obtained from the Rice 
Genome Resource Center in Japan. The substitutional line 
SL535 contains chromosomal segments of Nona Bokra on 
chromosomes 6 and 10 in the Koshihikari genetic back-
ground (Takai et al. 2007; Figure 1A). SL535 was crossed with 
Koshihikari to produce an F2 population, among which 102 
individuals were used for QTL analysis in 2016 (Figure  1B). 
In 2017, an individual plant was selected from the SL535/
Koshihikari F2 population in which the chromosomal region 
from Nona Bokra on chromosome 6 of SL535 was heterozy-
gous and the other regions were fixed to Koshihikari. Then, 
96 plants in which recombination had occurred in the het-
erozygous region were screened out from 440 plants through 
marker-assisted selection (MAS) and were used to further 
define the QTL region. In 2018, an SL535/Koshihikari F3 
line was used to produce recombinants; 87 plants in which 
recombination had occurred in the heterozygous region were 
screened from 430 plants through MAS, and the QTL region 
was confirmed via progeny testing. In 2019, two contrasting 
NILs containing homozygous alleles for either Nona Bokra or 
Koshihikari through self-pollination were produced and se-
lected for physiological studies, including tiller number and 
ion content, with or without salinity stress. In 2020, two newly 

developed NILs were selected from the screening of recombi-
nants from the SL535/Koshihikari F5 population using addi-
tional Indel markers. In 2023, seven recombinants between 
markers RM19472 and DE06-6.300 were identified from a 
SL535/Koshihikari F6:7 population derived from one hetero-
zygous genotype with target QTL segment. They were grown 
under both salt and control conditions to validate and narrow 
down the QTL regions for PDW and yield components.

2.2   |   Growth Conditions

The experiments were carried out in a vinyl house at the Faculty 
of Agriculture, Okayama University, Japan (34°41′05.4″N 
133°54′58.1″ E). In brief, seeds were surface sterilized with 0.1% 
Benlate fungicide and then soaked in tap water for 2 days be-
fore sowing. Uniformly germinated seeds were sown in nursery 
boxes (Minoru pot 220, Minoru Industrial Co. Ltd., Japan) with 
220 holes. One seed was sown in each hole. All the holes were 
filled with nursery soil designated for rice seedlings (Kumiai 
Ube Ryu-joh Baido, Ube Industries Ltd., Japan). The sowing 
dates of each experiment were 24 May 2016, 11 June 2019, 1 
June 2020, and 23 May 2023. A single seedling of 20-day-old was 
transferred into each 2 L pot containing paddy soil, well mixed 
with 8 g slow-release fertilizer (NPK 14-14-14). Pots were ar-
ranged in a randomized complete block design with a spacing of 
25 cm between them and kept flooded with tap water in a water 

FIGURE 1    |    Graphical genotype of substitution line SL535 shows chromosomal regions from Nona Bokra on chromosome 6 and chromosome 10 
in the genetic background of Koshihikari (A). Black and white bars indicate chromosome segments for homozygous Nona Bokra and Koshihikari, 
respectively. Flowchart showing development of mapping population from the cross between salt tolerant SL535 and salt sensitive Koshihikari (B). 
MAS, marker-assisted selection.
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pool (20 m × 1.1 m × 0.18 m). The pool was prepared on earthen 
ground, surrounded by wooden frames. Three layers of plastic 
sheets were placed on the earthen ground to prevent water leak-
age from the wooden pool. Before transplanting, fresh water 
was used to irrigate the pool. For salt stress treatment, NaCl was 
applied to the pool 7 days and 10 days after transplanting to in-
duce salt stress after the successful establishment of rice seed-
lings. In the control condition, no NaCl was added, and normal 
growth conditions were ensured. In the salt treated pool, the 
electrical conductivity (EC) was kept at approximately 6.0–6.5 
dS/m throughout the growing period starting from the active 
tillering and ending at the maturity stage, which was termed as 
long-term salt stress conditions. To ensure uniform irrigation 
in the pool, water was supplied through two irrigation tubes 
(Evaflow Type-A, Mitsui Chemicals, Tokyo, Japan) on both 
sides. The electrical conductivity in the pool water was recorded 
daily using an EC meter (2265FS, Spectrum Technologies Inc., 
Aurora, IL, US).

2.3   |   Harvesting, Processing and Phenotypic 
Measurements

Plants were harvested after 40–45 days of the recorded heading 
date of each plant. For harvesting, each plant was cut at the stem 
base. Stems and leaves were packed in paper bags and oven-dried 
at a constant temperature of 75°C for 2 days, following which the 
PDW was measured. All ripened panicles were separated and 
packed in paper bags; these were oven-dried at 35°C for 2 days, and 
panicle number (PN) and panicle weight (PW) per plant were re-
corded. The grains were separated into unfilled and filled grains 
using a NaCl solution with a specific gravity of 1.06. Then, grain 
weight (GW) and grain filling percentage (GF) were recorded.

2.4   |   Physiological Studies

To investigate physiological traits, tiller number and ion con-
tent were measured using plants grown under both salt and 
control stress. The tiller number of two selected NILs and two 
parents was counted every 2 weeks from the transplanting 
of seedlings to the maturity stage in 2019 and 2020. Ion con-
tents in two selected NILs and their parents were measured in 
2019. Samples were collected at three different growth stages: 
2 weeks after salt treatment, full-heading stage (3 days after 
heading), and maturity stage. Four replicates of each line were 
harvested. Samples were dried at 80°C for 72 h before prepa-
ration of samples for ion measurement. Briefly, a 0.5 g sample 
was chopped for each replicate and extracted with 25 mL of 
1% nitric acid at 80°C for 24 h. The Na+ and K+ contents in 
shoots were measured using a flame photometer (BWB-XP, 
BWB Technologies, Berkshire, UK), and the Cl− content in 
shoots was measured using a pH/ion meter (D-53, Horiba Ltd., 
Tokyo, Japan).

2.5   |   DNA Extraction and PCR Analysis

DNA extraction, polymerase chain reaction amplification, and 
agarose gel electrophoresis were performed as previously de-
scribed (Mai et al. 2021).

2.6   |   QTL Analysis

QTL analysis was performed using QTL Cartographer 2.5 soft-
ware followed by composite interval mapping with 1000 permu-
tation tests at a 5% level of significance.

2.7   |   Statistical Analysis

Each experiment consisted of at least four independent rep-
licates. Data obtained for all measurements were expressed 
as mean value ± standard error (SE). The analysis of variance 
(ANOVA) was performed using Microsoft Excel 2022. Dunnett 
test was performed for phenotypic comparison using the 
DescTools package in R (Signorell  2024); each NIL was com-
pared with the background parent Koshihikari.

2.8   |   Prediction of Candidate Genes in the QTL 
Interval

To predict candidate genes, the physical locations of SSR/InDel 
markers flanking the major effect QTLs were compared against 
the Rice Annotation Project Database (accessed 14 May 2025; 
https://​rapdb.​dna.​affrc.​go.​jp/​). From TASUKE+ (https://​agrig​
enome.​dna.​affrc.​go.​jp/​tasuke/​riceg​enomes/​), the candidate 
genes were further filtered to obtain those containing non-
synonymous SNPs (missense variants) with moderate or high 
effects between Koshihikari and Nona Bokra. Then, the SNP 
effects were determined using a variant effect predictor (VEP; 
https://​www.​plants.​ensem​bl.​org/​Oryza​sativa/​Tools/​​VEP; ac-
cessed on 14 May 2025).

3   |   Results

3.1   |   Frequency Distribution of F2 Population 
Derived From SL535 and Koshihikari

In 2016, 102 F2 plants derived from the cross between SL535 and 
Koshihikari were evaluated under long-term salt stress condi-
tions. All of the studied phenotypic traits showed approximately 
normal distribution in the above population, indicating that 
PDW and panicle related traits are governed by polygenes or 
multiple QTLs (Figure  2; Table  1). Koshihikari showed lower 
PDW, panicle number, and panicle weight compared to SL535 
by 32%, 53%, and 26%, respectively. The PDW in F2 plants var-
ied from 16.3 g to 76.7 g with a mean value of 43.3 g. The panicle 
number also showed a wide variation, ranging from 0 to 23 with 
a mean value of 10.2. The panicle weight varied from 0 to 7.9 g, 
with a mean value of 3.2 g.

3.2   |   Detection of QTLs for Plant Dry Weight 
and Panicle Number Under Salinity Stress

In 2016, 102 F2 plants were evaluated under long-term salt stress 
conditions and genotyped using 11 SSR markers, among which 2 
markers covered target regions on chromosome 6 and 9 markers 
covered target regions on chromosome 10. During QTL analysis, 
three QTLs were detected on chromosome 6 for PDW, panicle 
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number, and panicle weight (Table  2). The PVE values of these 
QTLs ranged from 15.6% to 23.9% with LOD values from 3.00 to 
5.31. All of these QTLs were detected on chromosome 6, and the 
nearest SSR marker was RM19472. However, no QTLs were found 
on chromosome 10 for any phenotypic traits. The source allele for 
increasing PDW, panicle number, and panicle weight was Nona 
Bokra. For fine mapping studies, additional InDel markers were 
developed to identify recombinants and to confirm the QTL re-
gion. In 2017, 440 SL535/Koshihikari F2:3 individuals were geno-
typed to screen for 96 recombinants by using markers RM19364 
and DE06-6.4409 in the genomic region between 2.29 and 6.44 Mb 
(Figure 3A). Similarly, a total of 430 SL535/Koshihikari F3:4 lines 
were genotyped, and 87 recombinants were selected using markers 
RM204 and DE06-6.4409 in the genomic region between 3.17 and 
6.44 Mb (Figure 3B). Additionally, 11 InDel markers were devel-
oped to genotype the recombinant individuals (Figure 3C). For the 
progeny test, these 87 recombinants were evaluated under long-
term salt stress conditions. The genotype group homozygous Nona 
Bokra (BB) and L4 exhibited significantly higher PDW compared 
with homozygous Koshihikari (AA) (Figure 3D). In contrast, no 

significant difference was observed between the AA and L1 geno-
type groups. The QTL for PDW was confirmed on chromosome 6 
by studying the performance of recombinants, narrowing it down 
to a 2.4 Mb area between the markers RM19472 and DE06-6.4409.

3.3   |   Validation of QTLs for Tiller Number and Ion 
Contents Using Two Contrasting NILs in 2019

Tiller number and ion content were also investigated under long-
term salt stress conditions (Figures 4–6). To confirm the genetic 
effect, two NILs containing Koshihikari and Nona Bokra alleles 
in the genomic regions shown in Figure  4A were developed 
using recombinants from heterozygous plants. Between the 
two NILs, Line 220 contained a Nona Bokra allele while Line 
211 contained a Koshihikari allele. Under control conditions, 
no differences were observed in tiller number among the two 
NILs, SL535, and the background parent Koshihikari through-
out the growing period (Figure 4B). In contrast, a higher tiller 
number was found in Line 220 and SL535 from 28 days after 

FIGURE 2    |    Frequency distribution of plant dry weight (A), panicle number (B), and panicle weight (C) of F2 population (n = 102) developed from 
SL535 and Koshihikari under long-term salt stress in 2016. Black and white arrows indicate mean values for traits in SL535 and Koshihikari, respec-
tively. Green arrow indicates corresponding phenotypic class of each phenotypic mean.

TABLE 1    |    Descriptive statistics of phenotypic traits observed in the two parents and F2 population (n = 102) evaluated under long-term salt stress 
condition.

Trait name Mean of SL535 Mean of Koshihikari

F2 population

Range Mean Skewness Kurtosis

Plant dry weight (g) 59.6 40.5 16.3–76.7 43.3 −0.1 3.2

Panicle number 12.7 6.0 0–23 10.2 0.1 2.7

Panicle weight (g) 3.1 2.3 0–7.9 3.2 0.3 2.7

TABLE 2    |    Quantitative trait loci (QTLs) for plant dry weight and yield-related traits identified in the F2 population (n = 102) via composite 
interval mapping on chromosome 6.

QTL Trait name Nearest marker Position(Mb) LOD AEa PVE (%)

qPDW6.1 Plant dry weight RM19472 4.07 5.11 10.64 22.7

qPN6.1 Panicle number RM19472 4.07 4.25 7.49 18.1

qPW6.1 Panicle weight RM19472 4.07 3.00 2.11 15.6
aAdditive effect of the Nona Bokra allele.
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transplanting onward, and this trend remained consistent for 
the rest of the period, whereas the tiller number of Line 211 and 
Koshihikari began to decrease from 28 days after transplant-
ing under saline conditions. Thus, based on the comparison of 
the two NILs, the average tiller number of Line 220 and SL535 
was higher than that of Line 211 and the background parent 
Koshihikari under saline conditions (Figure 4C).

The PDW at 2 weeks after treatment, full heading stage and matu-
rity stage were evaluated for comparison of ion contents and PDW. 
Additionally, the number of panicles at maturity stage was mea-
sured (Figure 5). The PDW of SL535 was significantly higher com-
pared to the background parent Koshihikari at full heading stage 
under saline conditions. At maturity stage, Line 220 and SL535 
showed significantly higher PDW and panicle numbers. Under 
control conditions, higher PDW was observed in SL535 compared 
with Koshihikari at full heading stage. In respect of ion content, 
a significantly lower Na+ content was found in Line 220 at full-
heading stage (Figure 6). In respect of Cl− contents, a significantly 
lower Cl− content was observed in Line 220 at both full-heading 
and maturity stages. Taken together, the presence of the Nona 
Bokra allele in Line 220 was associated with a higher tiller num-
ber and reduced Na+ and Cl− accumulation under long-term salt 
stress. Furthermore, the PDW, panicle number, and grain weight 
were used to estimate the correlation between ion contents at full-
heading stage and the above agronomic traits (Figure 7). All of the 
phenotypic traits showed negative correlations with both Na+ and 
Cl− contents. In terms of Na+ content, PDW, panicle number, and 

grain weight showed a strong correlation, indicated by R2 = 0.794, 
0.927, and 0.935, respectively. In terms of Cl− content, PDW, pan-
icle number, and grain weight also showed a strong correlation, 
indicated by R2 = 0.940, 0.998, and 0.841, respectively. Overall, 
panicle number showed the highest correlation with ion content at 
full-heading stage under saline conditions.

3.4   |   Agronomic Performances of NILs Under 
Control and Salt Stress in 2020

QTLs for PDW and PN were detected and confirmed on 
the long arm of chromosome 6 between 4.06 and 6.30 Mb. 
Validation of the genetic effects via further progeny testing 
of the above chromosomal regions was noteworthy. To nar-
row down the region, two NILs were developed containing 
Nona Bokra or Koshihikari alleles between 4.65 and 6.30 Mb 
(Figure 8C). Between the two NILs, Line 45 had a Nona Bokra 
allele while Line 1 had a Koshihikari allele. Under control con-
ditions, no differences in tiller number were observed between 
the two NILs and Koshihikari throughout the growing period 
(Figure 8A). In contrast, Line 45 started to show a higher tiller 
number from 28 days after transplanting and this continued for 
the rest of the period, whereas the tiller number of Line 1 and 
Koshihikari sharply decreased from 28 days after transplant-
ing under salt stress conditions. Based on the comparison of 
the two NILs, the average tiller number of Line 45 was higher 
than that of Line 1 and the background parent Koshihikari 

FIGURE 3    |    Screening of recombinants and confirmation of QTL for plant dry weight on chromosome 6. Marker positions of the mapping markers 
are shown within the mapping interval used for SL535/Koshihikari F2:3 population in 2017 (A) and F3:4 population in 2018 (B). Graphical genotypes 
of the selected recombinant groups screened from 430 SL535/Koshihikari F3:4 population (C). Progeny test of recombinants for plant dry weight un-
der long-term salt stress. Values are mean ± standard error (D). *, **, and *** indicates a significant difference in plant dry weight relative to homozy-
gous Koshihikari (AA) at 5%, 1%, and 0.1% level respectively via t-test. ns indicates no significant difference. White, black, and grey blocks indicate 
homozygous Koshihikari, Nona Bokra and heterozygous, respectively.
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under saline conditions (Figure 8B). Among phenotypic traits, 
Line 45 and SL535 showed significantly higher PDW than that 
of Koshihikari under saline conditions (Figure 8D). The pan-
icle number and panicle weight were comparatively higher 
in Line 45 than that of the background parent Koshihikari. 
In respect of PDW, Line 45 showed significantly higher PDW 
compared to the background parent Koshihikari. Thus, the 
QTL for PDW was narrowed down to the ~2.2 Mb region in the 
marker interval between DE06-4.6402 and DE06-6.4409. As 
the Line 45 carrying the Nona Bokra allele in this region also 
showed a higher panicle number and panicle weight, the QTLs 
for panicle number and panicle weight were also confirmed in 
the above region on chromosome 6.

3.5   |   Fine Mapping of QTL for Plant Dry Weight at 
Reproductive Stage in 2023

Based on the validation results in 2019 and 2020, a large chro-
mosomal region ranging from 3.70 to 6.44 Mb was targeted 
for fine mapping studies. New Indel markers were designed 
based on the sequence variation of two parents, Nona Bokra 
and Koshihikari (Figure  9A). For fine mapping of the QTL 
for PDW, the SL535/Koshihikari F6:7 population consisting 
of about 1000 individuals was developed, and seven recom-
binants between markers RM19443 and DE06-6.4409 were 
identified. All recombinants and homozygous lines were 
evaluated under both control and salt stress conditions in 

2023. Under salinity stress, NIL1 and NIL4 showed signifi-
cant differences in PDW compared to the background parent 
Koshihikari, while other recombinant lines did not show sig-
nificant differences (Figure  9B). These results suggest that 
NIL1 and NIL4 may possess favourable alleles contributing 
to improved performance under salt stress and the QTL for 
PDW should be located in a 390 kb region between mark-
ers RM19524 and DE06-5.1715. Regarding panicle number, 
significant differences were observed between NIL1 and 
Koshihikari. However, other recombinants showed compar-
atively higher panicle numbers except for NIL2, which con-
tains the Koshihikari allele. These results suggested that the 
QTL for panicle number might be located in the correspond-
ing QTL interval ranging from 4.73 to 6.44 Mb. For panicle 
weight and grain weight per plant, NIL4 showed significant 
differences compared to Koshihikari, while no significant dif-
ferences were observed in other recombinant lines. Under salt 
stress, none of the recombinants exhibited appreciable varia-
tions in grain filling percentage. However, all recombinants 
showed similar growth and agronomic characteristics under 
control conditions.

4   |   Discussion

The identification of QTLs for reproductive stage salt tolerance 
is crucial for salinity breeding programs targeted at develop-
ing more tolerant rice cultivars for salt-affected areas. Larger 

FIGURE 4    |    Graphical genotypes of NILs and respective parents. Black and white blocks indicate homozygous Nona Bokra and homozygous 
Koshihikari, respectively (A). Line graph indicates tiller number of selected lines and their respective parents under control (B) and salt (C) condi-
tions in 2019. DAT, days after transplanting. Values are mean ± standard error (n = 4).
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8 of 14 Journal of Agronomy and Crop Science, 2026

FIGURE 5    |    Plant dry weight at 2 weeks after treatment (A), full heading stage (B), maturity stage (C); panicle number at maturity stage (D). 
Values indicate mean ± standard error (n = 4). Significant differences for each variety from Koshihikari were evaluated using Dunnett's test. * and ** 
indicates significant differences at 5% and 1% level using Dunnett's test, respectively.

FIGURE 6    |    Na+ and Cl− contents in whole plants: 2 weeks after treatment (A, D), full-heading stage (B, E), maturity stage (C, F). Values are 
mean ± standard error (n = 4). Significant differences for each variety from Koshihikari were evaluated using Dunnett's test. * and ** indicate signif-
icant difference at the 5% and 1% levels using Dunnett's test, respectively.
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mapping populations greatly enhance statistical power, im-
prove localization, and detect small-effect QTLs (Xu et al. 2017). 
Salinity tolerance during the reproductive stage is complex and 
is often controlled by numerous small- to moderate-effect loci. 
In most cases, the size of the mapping population varied from 
138 to 232 individuals/lines (Mohammadi et al. 2013; Bimpong 
et  al.  2014; Hossain et  al.  2015; Chattopadhyay et  al.  2021; 
Pundir et al. 2021; Pruthi et al. 2022; Mondal et al. 2022, 2025; 
Sugasi et al. 2024). However, some QTL mapping studies have 
used mapping populations at a minimal level, ranging from 70 
to 112 individuals/lines and have reported promising QTLs for 
salt tolerance at the reproductive stage (Chai et al. 2014; Mondal 
et al.  2019; Mai et al.  2021; Pruthi et al.  2022). In the present 

study, 102 F2 individuals were used for initial QTL mapping, and 
the identified QTL was subsequently validated and narrowed 
using NILs. The mapping population used for QTL analysis was 
smaller than that used in many contemporary QTL mapping 
studies. Therefore, some minor-effect QTLs may have remained 
undetected, and the estimated QTL positions may be less precise 
than those obtained from larger populations. Nevertheless, the 
detected QTLs explained a substantial proportion of the phe-
notypic variation, indicating that they likely represent major 
genomic regions controlling salt tolerance at the reproductive 
stage. For fine mapping, additional SSR and InDel markers 
were used for genotyping, and two stable QTLs for PDW and 
tiller number were validated in the same chromosomal region. 

FIGURE 7    |    Correlation between ion contents at full heading stage and plant dry weight (A), panicle number (B), and grain weight (C). Plants 
samples were taken from Line220, Line211, SL535 and Koshihikari under saline conditions. Values indicate means of four replicates.

FIGURE 8    |    Number of tillers in each 14 days interval under control (A) and salt (B) conditions in 2020. Graphical genotypes of NILs (C) and their 
agronomic traits (D) under salt stress condition in 2020. Black and white blocks indicate homozygous Nona Bokra and homozygous Koshihikari, 
respectively. Values are mean ± standard error (n = 5). * indicates a significant difference between Koshihikari and NILs at the 5% level via Dunnett's 
test. DAT, Days after transplanting; PDW, Plant dry weight (g); PN, Panicle number; PW, Panicle weight (g).
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Finally, the QTL for PDW, qPDW6.1, was delimited to a 390 kb 
region on chromosome 6 in the physical distance between 4.78 
and 5.17 Mb.

Several QTLs related to salt tolerance at the reproductive stage 
were identified on chromosome 6; most cases used a biparen-
tal mapping population. Previously, QTLs for panicle number, 
fertile spikelets, grain yield, and thousand grain weight were 
identified on chromosome 6 in a SADRI/FL478 F2 population 
(Mohammadi et al. 2013), as well as QTLs for whole plant dry 
weight, Na+/K+ ratio in leaves, and grain yield in PS5/CSR10 F2 
lines (Pundir et al. 2021). However, these QTLs did not co-locate 
with the identified region in this study. Aside from that region, 
two QTLs for grain yield and thousand grain weight were lo-
cated on the short arm of chromosome 6, overlapping with the 
detected genomic region (Chai et al. 2014; Bimpong et al. 2014). 
One QTL was located in the marker interval between RM586 
and RM253, which was in the range of 3.1 to 5.4 Mb, and that 
part of the QTL region was consistent with the detected QTL 
region. As these three QTLs (qPDW6.1, qPN6.1, qPDW6.1) are 
not co-localized with other reported QTLs, these are novel salt-
tolerant QTLs at reproductive stage in rice. Additionally, the 
identified QTL in our study maintained a low accumulation of 
Na+ and Cl− ions under long-term salt stress, which suppressed 
the drying of leaves and stems, and as a result, maintained a 
higher panicle number and grain weight.

Another important finding of this study is that the QTL for 
tiller number showed stable genetic effects in two consecu-
tive years (Figures  4 and 8). In rice, QTLs for tiller number 
under salt stress have been detected across chromosomes 2, 
3, 6, 7, and 8 (Takehisa et al. 2004; Zang et al. 2008; Hossain 
et  al.  2015; Mondal et  al.  2022). Regarding chromosome 6, 
one QTL was detected in an IR64/Binam population using 99 
BC2F8 lines (Zang et al. 2008), located in the marker interval 
between RM528 and RM30 near around ~26.56 Mb region, 
which is different from the current study. Moreover, based on 
the performance of two contrasting NILs for tiller number and 
ion contents during three different growth stages, the physical 
region between 4.06 and 6.30 Mb was confirmed for maintain-
ing tiller number and a low Na+ content (Figures  4 and 6). 
Furthermore, the region was narrowed to ~2.2 Mb in respect 
of the physical distance between 4.64 Mb and 6.44 Mb. In the 
phenotypic correlation analysis, PDW, panicle number, and 
grain weight showed negative correlations with ion contents 
(Na+ and Cl−). In previous studies, two co-localized QTLs for 
Na+ content (qNa6.5) and Na+/K+ ratio (qNaK6.5) were identi-
fied in Bengal/Pokkali F6 RILs, where alleles of the two QTLs 
came from salt-sensitive Bengal and had increasing effects in 
the concentration of Na+ ions (De Leon et al. 2016). In respect 
of reproductive stage salt tolerance, QTLs for tiller number 
and grain yield were found in the same genetic region of chro-
mosome 3 (Mondal et al. 2022). However, no QTLs controlling 

FIGURE 9    |    Fine mapping of QTLs. Graphical genotypes of representative NILs (A) and their agronomic and yield-related traits under salt stress 
in 2023 (B). Black and white blocks represent homozygous Nona Bokra and homozygous Koshihikari, respectively. Values are mean ± standard error 
(n = 5). * and ** indicates a significant difference between Koshihikari and other NILs at the 5% and 1% level via Dunnett's test, respectively. PDW, 
Plant dry weight (g); PN, Panicle number; PW, Panicle weight (g); GW, Grain weight per plant (g); GF, Grain filling percentage.
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both tiller number and ion contents on chromosome 6 have 
been reported yet. Thus, the identified genomic region of chro-
mosome 6 is of great importance in terms of tiller number and 
ion content in rice. Therefore, the above genomic region would 
also be valuable for identifying major candidate genes for both 
tiller number and ion contents in rice.

In this study, we identified and narrowed down the QTL re-
gion of chromosome 6 associated with PDW, tiller number, 
and ion contents under long-term salinity stress in rice. Then, 
we explored the QTL intervals of chromosome 6 using the Rice 
Annotation Project Database (https://​rapdb.​dna.​affrc.​go.​jp/​,  
accessed 15 May 2025) for reported genes in the QTL intervals 
ranging from 4.78 to 5.17 Mb. A total of 63 nonsynonymous 
SNPs were identified within the 48 genes located in the above 
QTL interval on chromosome 6. Of these, 9 SNPs were pre-
dicted to be deleterious (SIFT < 0.05), indicating a potential 
impact on protein function through functional SNP effects 
(Table 3). Notably, deleterious variants were found in key can-
didate genes such as Os06g0196700 and Os06g0199100. These 
genes are involved in stress responsive transcriptional regula-
tion and chloroplast development in rice, suggesting their po-
tential role for maintaining high PDW along with better plant 
growth under long-term salt stress. The gene Os06g0196700, 
known as OsARF16, is related to cytokinin response and Pi 
signalling in rice (Shen et  al.  2014). Although this gene has 
not been reported as relating to salt tolerance, a few transcrip-
tion factors from the ARF (Auxin Responsive Factor) gene 
family are associated with salt tolerance in rice. In respect 
of ARF, one transcription factor, OsIAA18 showed a higher 
survival rate than that of wild-type seedlings under both salt 
and drought stresses (Wang et al. 2021). The candidate gene 
Os06g0199100, known as OsPPR11, regulates chlorophyll 
development in rice (Zhang et  al.  2023). More importantly, 
one major salt tolerance gene (namely, high salt tolerant 1, 
hst1(OsRR22)) exists outside of our identified QTL region on 
chromosome 6 (Takagi et al. 2015). In previous studies, hst1 
showed a higher survival rate, increased plant biomass, low 
Na+ accumulation, and improved grain yield in rice (Rana 
et al. 2019). Therefore, Os06g0196700 and Os06g0199100 were 
preliminarily identified as the major candidate genes for 
qPDW6.1. Further gene expression analyses and functional 
validation studies will help clarify the roles of these candidate 
genes in conferring salt tolerance at the reproductive stage.

5   |   Conclusions

Using a backcross mapping population from Nona Bokra substi-
tution line SL535 and Koshihikari, three QTLs associated with 
PDW, panicle number, and panicle weight were identified on 
chromosome 6. Although the initial F2 mapping population was 
relatively small, which may have limited the mapping resolution, 
the beneficial effects of the Nona Bokra allele were consistently 
validated. The Nona Bokra allele contributed to increased tiller 
number and reduced Na+ and Cl− accumulation in rice. Based 
on the performance of NILs, the QTL for PDW was fine-mapped 
to a 390 kb interval between 4.78 and 5.17 Mb on chromosome 6. 
Among the several candidate genes located within this region, 
two genes, namely Os06g0196700 (Auxin response factor 1)  
and Os06g0199100 (P-type pentatricopeptide repeat protein), T
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were suggested as potential candidate genes based on annotated 
gene functions and predicted SNP effects. In the future, gene ex-
pression studies and relevant bioinformatics analysis would be 
helpful to identify major candidate genes and characterize their 
potential roles in salt tolerance and grain productivity in rice.

Author Contributions

M M Emam Ahmed: methodology, software, validation, formal 
analysis, investigation, data curation, writing – original draft, writ-
ing – review and editing, visualization. Koki Maeoka: methodology, 
validation, formal analysis, investigation, data curation, visualization. 
Yuki Sakata: investigation, data curation. Asami Tomita: methodol-
ogy, validation, writing – review and editing. Yoshihiko Hirai: con-
ceptualization, methodology, validation, formal analysis, resources, 
data curation, writing – review and editing, supervision, project admin-
istration, funding acquisition, investigation.

Acknowledgements

The authors also would like to express their appreciation to all students 
and staff for their contributions to the execution of this research.

Funding

This work was supported by the JSPS KAKENHI (grant numbers: 
JP16K07573, JP20H02969, and JP25K01997).

Ethics Statement

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Dataset available on request from the corresponding author.

References

Abdullah, Z., M. A. Khan, and T. J. Flowers. 2001. “Causes of Sterility in 
Seed Set of Rice Under Salinity Stress.” Journal of Agronomy and Crop 
Science 187, no. 1: 25–32. https://​doi.​org/​10.​1046/j.​1439-​037X.​2001.​
00500.​x.

Asch, F., M. Dingkuhn, C. Wittstock, and K. Doerffling. 1999. “Sodium 
and Potassium Uptake of Rice Panicles as Affected by Salinity and 
Season in Relation to Yield and Yield Components.” Plant and Soil 207, 
no. 2: 133–145. https://​doi.​org/​10.​1023/A:​10264​07913216.

Balasubramaniam, T., G. Shen, N. Esmaeili, and H. Zhang. 2023. 
“Plants' Response Mechanisms to Salinity Stress.” Plants 12, no. 12: 
2253. https://​doi.​org/​10.​3390/​plant​s1212​2253.

Basu, S., A. Kumar, I. Benazir, and G. Kumar. 2021. “Reassessing the 
Role of Ion Homeostasis for Improving Salinity Tolerance in Crop 
Plants.” Physiologia Plantarum 171, no. 4: 502–519. https://​doi.​org/​10.​
1111/​ppl.​13112​.

Bimpong, I. K., B. Manneh, R. El-Namaky, et al. 2014. “Mapping QTLs 
Related to Salt Tolerance in Rice at the Young Seedling Stage Using 384-
Plex Single Nucleotide Polymorphism (SNP) Marker Sets.” Molecular 
Plant Breeding 5: 47–63. https://​doi.​org/​10.​5376/​mpb.​2014.​05.​009.

Chai, L., J. Zhang, X. B. Pan, et  al. 2014. “Advanced Backcross QTL 
Analysis for the Whole Plant Growth Duration Salt Tolerance in Rice 
(Oryza sativa L.).” Journal of Integrative Agriculture 13, no. 8: 1609–
1620. https://​doi.​org/​10.​1016/​S2095​-​3119(13)​60575​-​4.

Chattopadhyay, K., S. K. Mohanty, J. Vijayan, et  al. 2021. “Genetic 
Dissection of Component Traits for Salinity Tolerance at Reproductive 
Stage in Rice.” Plant Molecular Biology Reporter 39, no. 2: 386–402. 
https://​doi.​org/​10.​1007/​s1110​5-​020-​01257​-​4.

Chen, T., Y. Zhu, K. Chen, et al. 2020. “Identification of New QTL for 
Salt Tolerance From Rice Variety Pokkali.” Journal of Agronomy and 
Crop Science 206, no. 2: 202–213. https://​doi.​org/​10.​1111/​jac.​12387​.

De Leon, T. B., S. Linscombe, and P. K. Subudhi. 2016. “Molecular 
Dissection of Seedling Salinity Tolerance in Rice (Oryza sativa L.) Using 
a High-Density GBS-Based SNP Linkage Map.” Rice 9, no. 1: 52. https://​
doi.​org/​10.​1186/​s1228​4-​016-​0125-​2.

Fan, X., H. Jiang, L. Meng, and J. Chen. 2021. “Gene Mapping, Cloning 
and Association Analysis for Salt Tolerance in Rice.” International 
Journal of Molecular Sciences 22, no. 21: 11674. https://​doi.​org/​10.​3390/​
ijms2​22111674.

Fukagawa, N. K., and L. H. Ziska. 2019. “Rice: Importance for Global 
Nutrition.” Journal of Nutritional Science and Vitaminology 65: S2–S3. 
https://​doi.​org/​10.​3177/​jnsv.​65.​S2.

Gonzalez-Perez, M., and K. M. Neuerburg. 2019. “Climate Change as 
Critical Security Threat.” International Journal of Climate Change: 
Impacts and Responses 11, no. 1: 1–14. https://​doi.​org/​10.​18848/​​1835-​
7156/​cgp/​v11i01/​1-​14.

Haque, T., S. M. Elias, S. Razzaque, et al. 2022. “Salt Tolerance QTLs 
of an Endemic Rice Landrace, Horkuch, at Seedling and Reproductive 
Stages.” Scientific Reports 12, no. 1: 17306. https://​doi.​org/​10.​1038/​s4159​
8-​022-​21737​-​9.

Hossain, H., M. A. Rahman, M. S. Alam, and R. K. Singh. 2015. 
“Mapping of Quantitative Trait Loci Associated With Reproductive-
Stage Salt Tolerance in Rice.” Journal of Agronomy and Crop Science 
201, no. 1: 17–31. https://​doi.​org/​10.​1111/​jac.​12086​.

Khatun, S., C. A. Rizzo, and T. J. Flowers. 1995. “Genotypic Variation 
in the Effect of Salinity on Fertility in Rice.” Plant and Soil 173, no. 2: 
239–250. https://​doi.​org/​10.​1007/​bf000​11461​.

Kumar, G., S. Basu, S. L. Singla-Pareek, and A. Pareek. 2022. 
“Unraveling the Contribution of OsSOS2 in Conferring Salinity and 
Drought Tolerance in a High-Yielding Rice.” Physiologia Plantarum 174, 
no. 1: e13638. https://​doi.​org/​10.​1111/​ppl.​13638​.

Kumar, V., and T. Khare. 2016. “Differential Growth and Yield 
Responses of Salt-Tolerant and Susceptible Rice Cultivars to Individual 
(Na+ and cl−) and Additive Stress Effects of NaCl.” Acta Physiologiae 
Plantarum 38, no. 7: 170. https://​doi.​org/​10.​1007/​s1173​8-​016-​2191-​x.

Lesk, C., P. Rowhani, and N. Ramankutty. 2016. “Influence of Extreme 
Weather Disasters on Global Crop Production.” Nature 529, no. 7584: 
84–87. https://​doi.​org/​10.​1038/​natur​e16467.

Lin, C. C., and C. H. Kao. 2001. “Relative Importance of Na+, cl−, and 
Abscisic Acid in NaCl-Induced Inhibition of Root Growth of Rice 
Seedlings.” Plant and Soil 237, no. 1: 165–171. https://​doi.​org/​10.​1023/A:​
10133​21813454.

Maggio, A., S. de Pascale, M. Fagnano, and G. Barbieri. 2011. “Saline 
Agriculture in Mediterranean Environments.” Italian Journal of 
Agronomy 6, no. 1: e7. https://​doi.​org/​10.​4081/​ija.​2011.​e7.

Mai, N. S., D. D. Hanh, M. Nakashima, et al. 2021. “Identification and 
Validation of QTLs for Yield and Yield Components Under Long-Term 
Salt Stress Using IR64 CSSLs in the Genetic Background of Koshihikari 
and Their Backcross Progenies.” Agriculture 11, no. 8: 777. https://​doi.​
org/​10.​3390/​agric​ultur​e1108​0777.

Makihara, D., M. Tsuda, M. Morita, Y. Hirai, and T. Kuroda. 1999. 
“Effect of Salinity on the Growth and Development of Rice (Oryza sa-
tiva L.) Varieties.” JapaneseJournal of Tropical Agriculture 43, no. 4: 
285–294. https://​doi.​org/​10.​11248/​​jsta1​957.​43.​285.

Mitsuya, S., N. Murakami, T. Sato, et al. 2019. “Evaluation of Rice Grain 
Yield and Yield Components of Nona Bokra Chromosome Segment 

 1439037x, 2026, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jac.70252 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [04/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1046/j.1439-037X.2001.00500.x
https://doi.org/10.1046/j.1439-037X.2001.00500.x
https://doi.org/10.1023/A:1026407913216
https://doi.org/10.3390/plants12122253
https://doi.org/10.1111/ppl.13112
https://doi.org/10.1111/ppl.13112
https://doi.org/10.5376/mpb.2014.05.009
https://doi.org/10.1016/S2095-3119(13)60575-4
https://doi.org/10.1007/s11105-020-01257-4
https://doi.org/10.1111/jac.12387
https://doi.org/10.1186/s12284-016-0125-2
https://doi.org/10.1186/s12284-016-0125-2
https://doi.org/10.3390/ijms222111674
https://doi.org/10.3390/ijms222111674
https://doi.org/10.3177/jnsv.65.S2
https://doi.org/10.18848/1835-7156/cgp/v11i01/1-14
https://doi.org/10.18848/1835-7156/cgp/v11i01/1-14
https://doi.org/10.1038/s41598-022-21737-9
https://doi.org/10.1038/s41598-022-21737-9
https://doi.org/10.1111/jac.12086
https://doi.org/10.1007/bf00011461
https://doi.org/10.1111/ppl.13638
https://doi.org/10.1007/s11738-016-2191-x
https://doi.org/10.1038/nature16467
https://doi.org/10.1023/A:1013321813454
https://doi.org/10.1023/A:1013321813454
https://doi.org/10.4081/ija.2011.e7
https://doi.org/10.3390/agriculture11080777
https://doi.org/10.3390/agriculture11080777
https://doi.org/10.11248/jsta1957.43.285


13 of 14Journal of Agronomy and Crop Science, 2026

Substitution Lines With the Genetic Background of Koshihikari, in a 
Saline Paddy Field.” AoB Plants 11, no. 5: plz040. https://​doi.​org/​10.​
1093/​aobpla/​plz040.

Mohammadi, R., M. S. Mendioro, G. Q. Diaz, G. B. Gregorio, and R. K. 
Singh. 2013. “Mapping Quantitative Trait Loci Associated With Yield 
and Yield Components Under Reproductive Stage Salinity Stress in Rice 
(Oryza sativa L.).” Journal of Genetics 92, no. 3: 433–443. https://​doi.​org/​
10.​1007/​s1204​1-​013-​0285-​4.

Mondal, S., T. H. Borromeo, M. G. Q. Diaz, et al. 2019. “Dissecting QTLs 
for Reproductive Stage Salinity Tolerance in Rice From BRRI Dhan 47.” 
Plant Breeding and Biotechnology 7, no. 4: 302–312. https://​doi.​org/​10.​
9787/​pbb.​2019.7.​4.​302.

Mondal, S., E. M. Septiningsih, R. K. Singh, and M. J. Thomson. 2022. 
“Mapping QTLs for Reproductive Stage Salinity Tolerance in Rice 
Using a Cross Between Hasawi and BRRI Dhan28.” International 
Journal of Molecular Sciences 23, no. 19: 11376. https://​doi.​org/​10.​3390/​
ijms2​31911376.

Mondal, S., R. Vaughn, E. M. Septiningsih, R. K. Singh, and M. J. 
Thomson. 2025. “Identification of QTLs for Reproductive Stage 
Salinity Tolerance in Rice Using a Cross Between CSR28 and BRRI 
Dhan28.” Crop Science 65, no. 1: e70014. https://​doi.​org/​10.​1002/​csc2.​
70014​.

Munns, R. 2002. “Comparative Physiology of Salt and Water Stress.” 
Plant, Cell & Environment 25, no. 2: 239–250. https://​doi.​org/​10.​1046/j.​
0016-​8025.​2001.​00808.​x.

Munns, R., D. A. Day, W. Fricke, et  al. 2020. “Energy Costs of Salt 
Tolerance in Crop Plants.” New Phytologist 225, no. 3: 1072–1090. 
https://​doi.​org/​10.​1111/​nph.​15864​.

Munns, R., and A. Termaat. 1986. “Whole-Plant Responses to Salinity.” 
Australian Journal of Plant Physiology 13, no. 1: 143–160. https://​doi.​
org/​10.​1071/​pp986​0143.

Munns, R., and M. Tester. 2008. “Mechanisms of Salinity Tolerance.” 
Annual Review of Plant Biology 59: 651–681. https://​doi.​org/​10.​1146/​
annur​ev.​arpla​nt.​59.​032607.​092911.

Neang, S., M. De Ocampo, J. A. Egdane, et al. 2020. “A GWAS Approach 
to Find SNPs Associated With Salt Removal in Rice Leaf Sheath.” 
Annals of Botany 126, no. 7: 1193–1202. https://​doi.​org/​10.​1093/​aob/​
mcaa139.

Pareek, A., O. P. Dhankher, and C. H. Foyer. 2020. “Mitigating the 
Impact of Climate Change on Plant Productivity and Ecosystem 
Sustainability.” Journal of Experimental Botany 71, no. 2: 451–456. 
https://​doi.​org/​10.​1093/​jxb/​erz518.

Pruthi, R., S. Chapagain, S. Coronejo, L. Singh, and P. K. Subudhi. 
2023. “Quantitative Trait Loci, Candidate Genes, and Breeding Lines 
to Improve Salt Tolerance at the Flowering and Seedling Stages in 
Rice.” Food and Energy Security 12, no. 6: e433. https://​doi.​org/​10.​1002/​
fes3.​433.

Pruthi, R., V. R. R. Puram, J. Ontoy, and P. K. Subudhi. 2022. “Genetics 
of Yield Component Traits Under Salt Stress at Flowering Stage and 
Selection of Salt Tolerant Pre-Breeding Lines for Rice Improvement.” 
Genetica 150, no. 5: 273–288. https://​doi.​org/​10.​1007/​s1070​9-​022-​
00160​-​y.

Pundir, P., A. Devi, S. L. Krishnamurthy, P. C. Sharma, and N. M. 
Vinaykumar. 2021. “QTLs in Salt Rice Variety CSR10 Reveals Salinity 
Tolerance at Reproductive Stage.” Acta Physiologiae Plantarum 43, no. 
2: 35. https://​doi.​org/​10.​1007/​s1173​8-​020-​03183​-​0.

Puram, V. R. R., J. Ontoy, S. Linscombe, and P. K. Subudhi. 2017. 
“Genetic Dissection of Seedling Stage Salinity Tolerance in Rice 
Using Introgression Lines of a Salt Tolerant Landrace Nona Bokra.” 
Journal of Heredity 108, no. 6: 658–670. https://​doi.​org/​10.​1093/​
jhered/​esx067.

Qin, H., Y. Li, and R. Huang. 2020. “Advances and Challenges in the 
Breeding of Salt-Tolerant Rice.” International Journal of Molecular 
Sciences 21, no. 21: 8385. https://​doi.​org/​10.​3390/​ijms2​1218385.

Rana, M. M., T. Takamatsu, M. Baslam, et al. 2019. “Salt Tolerance 
Improvement in Rice Through Efficient SNP Marker-Assisted 
Selection Coupled With Speed-Breeding.” International Journal of 
Molecular Sciences 20, no. 10: 2585. https://​doi.​org/​10.​3390/​ijms2​
0102585.

Shabala, S., G. Chen, Z. H. Chen, and I. Pottosin. 2020. “The Energy 
Cost of the Tonoplast Futile Sodium Leak.” New Phytologist 225, no. 3: 
1105–1110. https://​doi.​org/​10.​1111/​nph.​15758​.

Shen, C., R. Yue, Y. Yang, et al. 2014. “OsARF16 Is Involved in Cytokinin-
Mediated Inhibition of Phosphate Transport and Phosphate Signaling 
in Rice (Oryza sativa L).” PLoS One 9, no. 11: e112906. https://​doi.​org/​
10.​1371/​journ​al.​pone.​0112906.

Signorell, A. 2024. “DescTools: Tools for Descriptive Statistics.” 
R package version 0.99.59. https://​CRAN.​R-​proje​ct.​org/​packa​ge=​
DescT​ools.

Singh, V., A. P. Singh, J. Bhadoria, et al. 2018. “Differential Expression 
of Salt-Responsive Genes to Salinity Stress in Salt-Tolerant and Salt-
Sensitive Rice (Oryza sativa L.) at Seedling Stage.” Protoplasma 255, no. 
6: 1667–1681. https://​doi.​org/​10.​1007/​s0070​9-​018-​1257-​6.

Sugasi, Y. D., A. Srivastava, J. Badri, et al. 2024. “Mapping Quantitative 
Trait Loci (QTLs) for Reproductive Stage Salinity Tolerance in Rice.” 
Crops 4, no. 4: 684–700. https://​doi.​org/​10.​3390/​crops​4040047.

Takagi, H., M. Tamiru, A. Abe, et  al. 2015. “MutMap Accelerates 
Breeding of a Salt-Tolerant Rice Cultivar.” Nature Biotechnology 33, no. 
5: 445–449. https://​doi.​org/​10.​1038/​nbt.​3188.

Takai, T., Y. Nonoue, S. I. Yamamoto, et  al. 2007. “Development of 
Chromosome Segment Substitution Lines Derived From Backcross 
Between Indica Donor Rice Cultivar ‘Nona Bokra’ and Japonica 
Recipient Cultivar Koshihikari.” Breeding Science 57, no. 3: 257–261. 
https://​doi.​org/​10.​1270/​jsbbs.​57.​257.

Takehisa, H., T. Shimodate, Y. Fukuta, et  al. 2004. “Identification of 
Quantitative Trait Loci for Plant Growth of Rice in Paddy Field Flooded 
With Salt Water.” Field Crops Research 89, no. 1: 85–95. https://​doi.​org/​
10.​1016/j.​fcr.​2004.​01.​026.

Tester, M., and R. Davenport. 2003. “Na+ Tolerance and Na+ Transport 
in Higher Plants.” Annals of Botany 91, no. 5: 503–527. https://​doi.​org/​
10.​1093/​aob/​mcg058.

Thomson, M. J., M. de Ocampo, J. Egdane, et al. 2010. “Characterizing 
the Saltol Quantitative Trait Locus for Salinity Tolerance in Rice.” Rice 
3, no. 3: 148–160. https://​doi.​org/​10.​1007/​s1228​4-​010-​9053-​8.

Thuy, N. T. T., M. Tokuyasu, N. S. Mai, and Y. Hirai. 2018. “Identification 
and Characterization of Chromosome Regions Associated With Salinity 
Tolerance in Rice.” Journal of Agricultural Science 10, no. 11: 57. https://​
doi.​org/​10.​5539/​jas.​v10n1​1p57.

Wang, F., H. Niu, D. Xin, et  al. 2021. “OsIAA18, an Aux/IAA 
Transcription Factor Gene, Is Involved in Salt and Drought Tolerance 
in Rice.” Frontiers in Plant Science 12: 738660. https://​doi.​org/​10.​3389/​
fpls.​2021.​738660.

Xing, M., Y. Nie, J. Huang, et al. 2024. “A Wild Rice CSSL Population 
Facilitated Identification of Salt Tolerance Genes and Rice Germplasm 
Innovation.” Physiologia Plantarum 176, no. 2: e14301. https://​doi.​org/​
10.​1111/​ppl.​14301​.

Xu, Y., W. Bu, Y. Xu, et al. 2024. “Effects of Salt Stress on Physiological and 
Agronomic Traits of Rice Genotypes With Contrasting Salt Tolerance.” 
Plants 13, no. 8: 1157. https://​doi.​org/​10.​3390/​plant​s1308​1157.

Xu, Y., P. Li, Z. Yang, and C. Xu. 2017. “Genetic Mapping of Quantitative 
Trait Loci in Crops.” Crop Journal 5, no. 2: 175–184. https://​doi.​org/​10.​
1016/j.​cj.​2016.​06.​003.

 1439037x, 2026, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jac.70252 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [04/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/aobpla/plz040
https://doi.org/10.1093/aobpla/plz040
https://doi.org/10.1007/s12041-013-0285-4
https://doi.org/10.1007/s12041-013-0285-4
https://doi.org/10.9787/pbb.2019.7.4.302
https://doi.org/10.9787/pbb.2019.7.4.302
https://doi.org/10.3390/ijms231911376
https://doi.org/10.3390/ijms231911376
https://doi.org/10.1002/csc2.70014
https://doi.org/10.1002/csc2.70014
https://doi.org/10.1046/j.0016-8025.2001.00808.x
https://doi.org/10.1046/j.0016-8025.2001.00808.x
https://doi.org/10.1111/nph.15864
https://doi.org/10.1071/pp9860143
https://doi.org/10.1071/pp9860143
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1093/aob/mcaa139
https://doi.org/10.1093/aob/mcaa139
https://doi.org/10.1093/jxb/erz518
https://doi.org/10.1002/fes3.433
https://doi.org/10.1002/fes3.433
https://doi.org/10.1007/s10709-022-00160-y
https://doi.org/10.1007/s10709-022-00160-y
https://doi.org/10.1007/s11738-020-03183-0
https://doi.org/10.1093/jhered/esx067
https://doi.org/10.1093/jhered/esx067
https://doi.org/10.3390/ijms21218385
https://doi.org/10.3390/ijms20102585
https://doi.org/10.3390/ijms20102585
https://doi.org/10.1111/nph.15758
https://doi.org/10.1371/journal.pone.0112906
https://doi.org/10.1371/journal.pone.0112906
https://cran.r-project.org/package=DescTools
https://cran.r-project.org/package=DescTools
https://doi.org/10.1007/s00709-018-1257-6
https://doi.org/10.3390/crops4040047
https://doi.org/10.1038/nbt.3188
https://doi.org/10.1270/jsbbs.57.257
https://doi.org/10.1016/j.fcr.2004.01.026
https://doi.org/10.1016/j.fcr.2004.01.026
https://doi.org/10.1093/aob/mcg058
https://doi.org/10.1093/aob/mcg058
https://doi.org/10.1007/s12284-010-9053-8
https://doi.org/10.5539/jas.v10n11p57
https://doi.org/10.5539/jas.v10n11p57
https://doi.org/10.3389/fpls.2021.738660
https://doi.org/10.3389/fpls.2021.738660
https://doi.org/10.1111/ppl.14301
https://doi.org/10.1111/ppl.14301
https://doi.org/10.3390/plants13081157
https://doi.org/10.1016/j.cj.2016.06.003
https://doi.org/10.1016/j.cj.2016.06.003


14 of 14 Journal of Agronomy and Crop Science, 2026

Zang, J. P., Y. Sun, Y. Wang, et al. 2008. “Dissection of Genetic Overlap 
of Salt Tolerance QTLs at the Seedling and Tillering Stages Using 
Backcross Introgression Lines in Rice.” Science China Life Sciences 51, 
no. 7: 583–591. https://​doi.​org/​10.​1007/​s1142​7-​008-​0081-​1.

Zeng, L., and M. C. Shannon. 2000. “Salinity Effects on Seedling 
Growth and Yield Components of Rice.” Crop Science 40, no. 4: 996–
1003. https://​doi.​org/​10.​2135/​crops​ci2000.​404996x.

Zhang, Q., C. Chen, Y. Wang, et al. 2023. “OsPPR11 Encoding P-Type 
PPR Protein That Affects Group II Intron Splicing and Chloroplast 
Development.” Plant Cell Reports 42, no. 2: 421–431. https://​doi.​org/​10.​
1007/​s0029​9-​022-​02968​-​6.

 1439037x, 2026, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jac.70252 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [04/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s11427-008-0081-1
https://doi.org/10.2135/cropsci2000.404996x
https://doi.org/10.1007/s00299-022-02968-6
https://doi.org/10.1007/s00299-022-02968-6

	Validation and Fine Mapping of Quantitative Trait Loci Associated With Salinity Tolerance at Reproductive Stage on Chromosome 6 in the Rice Variety Nona Bokra
	ABSTRACT
	Key Points
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Plant Materials
	2.2   |   Growth Conditions
	2.3   |   Harvesting, Processing and Phenotypic Measurements
	2.4   |   Physiological Studies
	2.5   |   DNA Extraction and PCR Analysis
	2.6   |   QTL Analysis
	2.7   |   Statistical Analysis
	2.8   |   Prediction of Candidate Genes in the QTL Interval

	3   |   Results
	3.1   |   Frequency Distribution of F2 Population Derived From SL535 and Koshihikari
	3.2   |   Detection of QTLs for Plant Dry Weight and Panicle Number Under Salinity Stress
	3.3   |   Validation of QTLs for Tiller Number and Ion Contents Using Two Contrasting NILs in 2019
	3.4   |   Agronomic Performances of NILs Under Control and Salt Stress in 2020
	3.5   |   Fine Mapping of QTL for Plant Dry Weight at Reproductive Stage in 2023

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Funding
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


