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Abstract

Salinity is a major abiotic stress limiting rice production worldwide. This study aims to
elucidate the effects of heading date on salt tolerance in rice. Five near-isogenic lines (NILs)
developed from the SL2038/Koshihikari backcross population were grown with or without
salt stress. SL2038 is a salt-tolerant line with delayed heading (~18 days) compared to the
salt-sensitive background Koshihikari. The results showed that late-heading NILs produced
significantly higher plant dry weight, panicle weight, percentage of filled grains, and grain
weight (p < 0.05) under long-term salt stress. In Koshihikari, which exhibited delayed
heading due to long-day treatment, the percentage of white heads was low, and panicle
and grain weights were significantly higher under salt stress. Experiments with different
sowing times indicated that late heading, such as sowing in June, resulted in higher grain
weights. This is the first report to assess the impact of heading date on agronomic and
yield-related traits under salt stress. In conclusion, even with a prolonged salt treatment
period, heading during periods of low temperature and solar radiation results in higher
grain weight under salt stress. This is proposed as one of the strategies for salt escape.
These findings can be used to improve rice yield and implement crop management in
salt-affected regions.
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1. Introduction
Rice is one of the most important cereal crops and serves as a primary dietary source

and staple food for half of the world’s population. Global crop production must double by
2050 to meet the growing food demand [1]. Salinity has become one of the major abiotic
stresses affecting rice production worldwide, particularly in coastal and arid regions where
there is increasing salinization of agricultural soils [2,3]. Recent studies have confirmed
that salinization is an escalating threat to rice yields due to ionic imbalance and oxidative
damage [4,5]. Further, the stable growth of rice production has been a matter of concern
in achieving food security, especially in developing countries [6]. Over the past few
decades, salinization has intensified due to human activities and natural factors, such
as tidal flooding and a decline in freshwater availability. Currently, soil salinity affects
approximately 1 billion hectares of land worldwide [7]. Therefore, there is an urgent need
to develop more salt-tolerant rice varieties and effective crop management practices to
ensure stable rice production in salt-affected regions worldwide.
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Salt tolerance is vital during the seedling and reproductive stages, with the latter
being particularly crucial, as it greatly affects grain yield [8]. Salinity stress can cause
yield losses exceeding 50% at the reproductive stage [9]. This sensitivity is commonly
attributed to reductions in plant dry weight, panicle number, spikelets per panicle, grain-
filling percentage, and grain yield [10]. This vulnerability is exacerbated by combined
high-temperature salt interactions, which disrupt pollen viability and spikelet fertility [11].
Hence, understanding how rice responds to salt stress is crucial for developing rice cultivars
that can withstand such conditions [12]. Changes in climatic conditions, such as daily
average temperature and sunshine hours during the reproductive stages, can significantly
impact both rice yield and grain quality traits [13,14]. This situation highlights the need
for the development of new salt-tolerant rice varieties and the implementation of effective
crop management practices to ensure sustainable rice production [15]. Severe stress should
be avoided during the reproductive growth stages of plants. In this context, the significant
impact of climatic variables on agronomic and yield-related traits under salt stress remains
largely unknown.

The combined effect of high temperature and salt stress is often more damaging than
their individual impacts. Heading date or flowering time is a vital agronomic trait that
plays a critical role in the seasonal and regional adaptation of rice varieties [16,17]. The
heading stage, a critical reproductive phase, is severely affected by this combination, as both
temperature and salt stresses disrupt essential physiological processes [18]. Recent research
indicates that changes in heading date can affect both salt tolerance and rice yield [19].
One study showed that among the tested phenology groups related to crop maturity,
short-duration rice varieties are predicted to exhibit better tolerance due to the escape
period from salinity stress [20]. Another study suggested that adjusting rice transplanting
schedules could help avoid salinity stress, particularly during crucial growth stages, such
as the booting and flowering stages [21]. While several studies have described drought
escape [22], salt escape has rarely been reported in rice. To date, no study has determined
whether early or late heading improves salt tolerance and yield-related traits under salt
stress. We hypothesized that avoiding high temperature and solar radiation during the
heading period can alleviate salt stress by affecting agronomic and yield-related traits in
rice. Therefore, this study aims to investigate the effects of differences in heading dates and
yield-related traits under long-term salt stress by using NILs, long-day treatments, and
different sowing periods. From these results, salt escape is discussed.

2. Materials and Methods
2.1. Plant Materials

SL2038 and Koshihikari seeds were obtained from the Rice Genome Resource Center
in Japan. In Experiment 1, five NILs derived from the SL2038/Koshihikari backcross
progeny and their parents were evaluated under control and salt stress conditions in
2019 to investigate the effects of differences in heading dates on growth and yield under
long-term salt conditions. SL2038 showed salt tolerance and delayed heading by approxi-
mately two weeks compared to the salt-sensitive Koshihikari [23]. SL2038 contains IR64
chromosomal segments on chromosomes 3, 10, and 11 in the Koshihikari background
(Figure 1).

Five NILs were developed with or without the IR64 allele in the 33.01–34.49 Mb region
of chromosome 3. A major heading date gene, Hd16, located on chromosome 3, exhibits
functional differences between the IR64 and Koshihikari alleles [24]. Consequently, these
NILs have the potential for studies focusing on heading date. In Experiment 2, the same
rice variety, Koshihikari, was subjected to one month of long-day treatment to alter the
heading date in 2024 and 2025. In Experiment 3, Koshihikari and two late-heading lines
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in the Koshihikari background (Figure 2) were sown at three different times to examine
growth and yield when the growth period and date were changed. L102 and L74 were
developed from the SL2038/Koshihikari backcross population with or without the IR64
allele in the physical distance between 32.89 and 34.62 Mb on chromosome 3. Both L102
and L74 are late-heading lines attributed to the presence of the heading date gene Hd16 in
this genomic region, making them appropriate for studying heading date in rice.

Figure 1. Graphical illustration of SL2038 and five Koshihikari-NILs with two parents. SL2038 carries
chromosomal regions derived from IR64 on chromosomes 3, 10, and 11 in the genetic background of
Koshihikari (A). Development of NILs from the SL2038/Koshihikari backcross population with or
without the IR64 allele in the genomic regions between 33.01 and 34.49 Mb on chromosome 3 (B). Red
and white bars indicate chromosome segments for homozygous IR64 and Koshihikari, respectively.

Figure 2. Development of L102 and L74 from the SL2038/Koshihikari backcross population with or
without the IR64 allele in the genomic regions between 32.89 and 34.62 Mb on chromosome 3. Red
and white bars indicate chromosome segments for homozygous IR64 and Koshihikari, respectively.

2.2. Growing Conditions

The experiments were conducted in a vinyl house at the Faculty of Agriculture,
Okayama University, Japan (34◦41′05.4′′ N 133◦54′58.1′′ E). Briefly, rice seeds were surface-
sterilized with a mixture of Sumithion (1:200, v/v) and Sportak (1:1000, v/v) for one day.
They were then soaked in tap water for two days. Uniformly germinated rice seeds were
sown in nursery boxes containing 220 holes (Minoru pot 220, Minoru Industrial Co. Ltd.,
Okayama, Japan), one seed in each hole. All holes were filled with nursery soil designated
for rice seedlings (Kumiai Ube Ryu-joh Baido, Ube Industries Ltd., Tokyo, Japan). The
sowing dates were 21 May 2019, 20 May 2024, and 18 May 2025. In 2025, Koshihikari and
two late-heading lines in the Koshihikari background (L102 and L74) were sown on 18
April, 18 May, and 17 June. A single seedling, 20 days old, was transplanted into a 2 L
pot and arranged in a randomized complete block design. Each pot was filled with paddy
soil supplemented with 10 g of NPK (14-14-14) as a basal fertilizer. The experimental pool
was irrigated with fresh water before transplanting. For control conditions, no NaCl was
added, and normal growth conditions were provided. For salt stress, NaCl was applied to
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the pool 7 and 10 days after transplanting, from which the days from salt application to
heading were calculated. The electrical conductivity (EC) was maintained at approximately
5.5 dS m−1 throughout the growing period until maturity, which was regarded as long-term
salt stress. The EC was measured daily using an EC meter (2265FS, Spectrum Technologies,
Inc., Aurora, IL, USA). Water was supplied through two irrigation tubes (Evaflow Type-A,
Mitsui Chemicals, Tokyo, Japan) on both sides.

2.3. Long-Day Treatment

In Experiment 2, 42 Koshihikari plants were grown with or without salt stress fol-
lowing the growing conditions described above in 2024 and 2025. In 2024, plants were
grown in a pool measuring 14.5 m × 1.15 m, arranged with two pots at 30 cm intervals. In
2025, the plants were grown in a larger pool, 14.5 m × 1.70 m, arranged with three pots at
50 cm intervals. Each pool was vertically divided into two sections, one half assigned to
control plants and the other to salt stress treatment. All plants were systematically arranged
according to their distance from the light source, ranging from 0 to 600 cm in 2024 and 50 to
600 cm in 2025 (Table 1). Long-day treatment was induced with an LED light (Mitsubishi
Electric, Model: ELLU47033N, Tokyo, Japan), irradiated for 2 h (8 PM–10 PM) daily for
one month, from 28 June to 28 July in both years, to alter the heading date. Supplementary
Figure S1 shows details of the recorded light intensity.

Table 1. Distance from the light source for long-day treatment for Experiment 2 in 2024 and 2025.

Treatment
Distance from Light (cm)

2024 2025

T1 0–90 50–100
T2 120–180 150–200
T3 210–270 250–300
T4 300–390 350–400
T5 420–480 450–500
T6 510–600 550–600

2.4. Trait Measurements

The heading date was recorded when the first panicle emerged in each plant. The
days to heading were obtained from the difference between the date of sowing and the
date of heading. Plants were harvested 40–45 days after the recorded heading date. Stems
and leaves were oven-dried at 75 ◦C for two days, and the plant dry weight was measured.
All white heads and normal panicles were manually separated and kept in paper bags.
These panicles were dried in the oven at 35 ◦C for two days, after which the panicle number
and weight were measured using normal panicles. The percentage of white heads was
calculated using the following equation:

Percentage of white heads = (Number of white heads/Number of total panicles) × 100

The filled spikelets were separated from unfilled grains by sinking in salt water with
a specific gravity of 1.06. Then, spikelets per panicle, percentage of filled grains, 1000-grain
weight, and grain weight were recorded. In Experiment 2, conducted in 2025, as most of
the panicles turned into white heads, yield components were not examined.

2.5. Climatic Variables During the Heading Period

Daily average temperature of each experimental year measured at Okayama Univer-
sity were obtained from the Japan Meteorological Agency (https://www.jma.go.jp/jma/
index.html, accessed on 6 January 2026) and daily solar radiation were obtained from the
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Agro-Meteorological Grid Square Data System operated by the National Agriculture and
Food Research Organization (https://amu.rd.naro.go.jp/wiki_open/doku.php?id=start,
accessed on 6 January 2026), and analyzed per experimental objectives.

2.6. Statistical Analysis

Statistical analyses were performed using Microsoft Excel 2022, R (version 4.3.0).
Differences among means were determined by one-way analysis of variance (ANOVA), and
statistical significance was defined at p < 0.05. Data are presented as mean ± standard error
(SE), and each observation consists of at least four independent replicates. A correlation
heatmap was produced using the ggcorrplot package in R software (version 4.3.0) [25].

3. Results
3.1. Trend of Temperature and Solar Radiation During the Growing Periods

Figure 3 shows the daily average temperature during the growing period from April
to October in 2019, 2024, and 2025. Over all three years, the daily average temperature
increased steadily from April, exceeding 30 ◦C by June, reaching a maximum in early
August, and gradually declining toward October. Monthly solar radiation was summarized
across three periods: early, mid, and late periods of each month (Figure 4). Briefly, in 2024
and 2025, solar radiation was the highest in late July and then gradually decreased toward
October. In 2019, it was the highest in May and early August. Comparing the years of the
experiment, the average temperature and solar radiation in July and August were higher in
2024 and 2025 than in 2019.

Figure 3. Daily average temperature (◦C) recorded at the experimental site during the growing
periods from April to October in 2019, 2024, and 2025.

Figure 4. Average solar radiation (MJ m−2) recorded at the experimental site during three growing
periods of each month (early, mid, and late) in 2019, 2024, and 2025. Early = 1–10, Mid = 11–20, and
Late = 21–end date; Growing period: April–October.
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3.2. Heading Date Among Newly Developed NILs (Experiment 1)

Clear differences were found in heading dates between Koshihikari and SL2038 under
both control and salt stress conditions. Koshihikari started heading on 3rd August in control
conditions and on 5th August under salt conditions, while SL2038 exhibited delayed
heading of approximately two weeks. Under both conditions, NIL3, NIL4, and NIL5
showed early heading similar to Koshihikari, while NIL1 and NIL2 displayed delayed
heading comparable to SL2038 (Table 2). This heading pattern was consistent across control
and salt stress, allowing classification of NIL1 and NIL2 as late-heading lines and NIL3,
NIL4, and NIL5 as early-heading lines. Further, significant differences in days to heading
and days from salt application to heading were observed between late-heading NILs and
early-heading NILs under both salt and control conditions. These results indicated that
late-heading lines experienced a longer period of salt exposure before heading, whereas
early-heading lines transitioned to heading more rapidly after salt application.

Table 2. Heading dates, days to heading, and days from salt application to heading of two parents
and five Koshihikari-NILs under control and salt stress conditions in 2019.

Variety/Line
Range of Heading Dates Days to Heading Days from Salt Application to Heading

Control Salt Control Salt Control Salt

NIL1 18–20 August 22–24 August 90.0 ± 0.4 b 93.5 ± 0.5 a 63.0 ± 0.4 b 66.5 ± 0.5 a
NIL2 18–20 August 22–23 August 90.2 ± 0.5 b 93.8 ± 0.2 a 63.3 ± 0.5 b 66.7 ± 0.3 a
NIL3 2–6 August 7–8 August 74.5 ± 1.0 cd 78.2 ± 0.2 b 47.5 ± 0.9 cd 51.3 ± 0.3 b
NIL4 1–3 August 6–8 August 72.8 ± 0.5 d 78.0 ± 0.4 b 45.8 ± 0.5 d 51.0 ± 0.4 b
NIL5 3–5 August 6–10 August 74.8 ± 0.5 c 78.5 ± 0.9 b 47.8 ± 0.5 c 51.5 ± 0.9 b
SL2038 20–23 August 23–26 August 92.5 ± 0.6 a 95.0 ± 0.7 a 65.5 ± 0.6 a 68.0 ± 0.7 a
Koshihikari 3–4 August 5–8 August 74.2 ± 0.2 cd 77.8 ± 0.8 b 47.3 ± 0.3 cd 50.8 ± 0.8 b

Different lowercase letters indicate significant differences between varieties/lines under different treatments at
p < 0.05; n = 4.

3.2.1. Agronomic Parameters and Yield-Related Traits of Early-Heading and Late-Heading
NILs (Experiment 1)

The agronomic parameters of five Koshihikari-NILs and two parents showed signifi-
cant differences under our experimental conditions, except for panicle number under salt
stress (Table 3).

Table 3. Agronomic parameters of five Koshihikari-NILs and two parental lines under control and
salt stress conditions in 2019.

Variety/Line
Plant Dry Weight (g) Panicle Number Panicle Weight (g Plant−1)

Control Salt Control Salt † Control Salt

NIL1 99.9 ± 6.8 b 34.8 ± 1.2 bc 24.0 ± 0.4 ab 8.0 ± 1.4 61.3 ± 3.9 ab 7.4 ± 1.0 b
NIL2 115.3 ± 1.6 a 37.6 ± 3.8 ab 25.0 ± 1.7 a 9.8 ± 1.3 62.2 ± 1.9 ab 7.4 ± 1.8 b
NIL3 65.3 ± 6.7 c 28.7 ± 1.9 cd 21.3 ± 1.1 b 10.3 ± 0.8 53.7 ± 4.1 b 3.2 ± 0.2 c
NIL4 68.2 ± 6.0 c 31.2 ± 1.5 bcd 22.3 ± 1.4 ab 8.5 ± 0.7 62.1 ± 3.8 ab 2.7 ± 0.4 c
NIL5 67.9 ± 3.1 c 27.9 ± 2.4 cd 21.3 ± 1.1 b 8.3 ± 2.1 59.6 ± 3.6 ab 2.4 ± 0.5 c
SL2038 112.6 ± 1.4 ab 44.2 ± 2.6 a 22.8 ± 0.9 ab 9.8 ± 0.9 65.5 ± 2.7 a 11.6 ± 1.3 a
Koshihikari 66.67 ± 2.0 c 23.7 ± 2.6 d 23.8 ± 0.5 ab 6.8 ± 1.6 57.0 ± 1.7 ab 1.9 ± 0.4 c

Different lowercase letters indicate significant differences between varieties/lines under different treatments at
p < 0.05; †: not significant; n = 4.

The salt-tolerant line SL2038 showed significantly higher plant dry weight and panicle
weight than the salt-sensitive Koshihikari under long-term salt stress. Among NILs, the
late-heading NILs (NIL1 and NIL2) showed significantly higher plant dry weight than
the early-heading NILs (NIL3, NIL4, and NIL5) under control conditions. Similarly, late-
heading NILs exhibited significantly higher plant dry weight than early-heading NILs
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under salt stress. In terms of panicle number, NIL2 showed significantly higher panicle
numbers than NIL3 and NIL5 under control conditions. However, there were no significant
differences in the panicle number under salt stress. Regarding panicle weight, there were
no significant differences among the NILs under control conditions. In contrast, the panicle
weight of the late-heading NILs was significantly higher than that of the early-heading
NILs under salt stress. Taken together, these findings demonstrated that late-heading NILs
exhibited salt tolerance with significant improvements in plant dry weight and panicle
weight under salt stress conditions. The yield-related traits of five Koshihikari-NILs and
two parental lines exhibited significant differences in all phenotypic traits except for the
percentage of filled grains and grain weight under control conditions (Table 4).

Table 4. Yield components of five Koshihikari-NILs and two parental lines under control and salt
stress conditions in 2019.

Variety/Line
Spikelets per Panicle 1000-Grain Weight (g) Percentage of Filled Grain Grain Weight (g Plant−1)

Control Salt Control Salt Control † Salt Control † Salt

NIL1 125.5 ± 7.0 ab 77.2 ± 3.7 b 20.8 ± 0.2 c 15.7 ± 0.1 c 81.0 ± 1.5 45.7 ± 0.6 ab 50.7 ±3.1 4.3 ± 0.6 b
NIL2 122.5 ± 3.3 ab 66.0 ± 5.6 bc 21.1 ± 0.7 bc 15.0 ± 0.2 c 78.5 ± 4.5 35.9 ± 7.0 b 50.4 ± 2.8 3.9 ± 1.4 b
NIL3 104.9 ± 4.9 cd 60.1 ± 3.4 c 25.4 ± 0.4 a 18.9 ± 1.0 a 81.1 ± 2.6 7.4 ± 1.7 c 45.7 ± 2.8 0.8 ± 0.2 c
NIL4 115.6 ± 0.8 bc 57.4 ± 4.1 c 24.9 ± 0.3 a 18.2 ± 0.7 ab 83.7 ± 2.5 8.8 ± 2.8 c 53.6 ± 3.9 0.7 ± 0.2 c
NIL5 115.4 ± 3.2 bc 60.1 ± 5.1 c 25.0 ± 0.4 a 19.6 ± 1.3 a 82.6 ± 3.9 6.3 ± 2.6 c 50.3 ± 2.4 0.5 ± 0.2 c
SL2038 133.1 ± 3.3 a 93.0 ± 4.8 a 22.2 ± 0.3 b 16.5 ±0.1 bc 81.7 ± 2.0 48.6 ± 3.5 a 54.9 ± 2.8 7.4 ± 1.2 a
Koshihikari 97.8 ± 3.8 d 58.6 ± 3.9 c 25.2 ± 0.3 a 18.2 ± 0.7 ab 84.8 ± 1.1 6.0 ± 1.4 c 49.6 ± 1.7 0.4 ± 0.1 c

Different lowercase letters indicate significant differences between varieties/lines under different treatments at
p < 0.05; †: not significant; n = 4.

The salt-tolerant line SL2038 showed significantly higher spikelets per panicle, percent-
age of filled grains, and grain weight than the salt-sensitive Koshihikari under long-term
salt stress. Regarding spikelets per panicle, the late-heading NILs (NIL1 and NIL2) showed
significantly higher spikelets per panicle compared to NIL3 under control conditions. How-
ever, NIL1 showed significantly higher spikelets per panicle than early-heading NILs under
salt stress. Concerning 1000-grain weight, the early-heading NILs (NIL3, NIL4, and NIL5)
showed significantly higher 1000-grain weight than late-heading NILs. For the percentage
of filled grains and grain weight, significant differences were observed only under salt
stress. The late-heading NILs exhibited significantly higher percentages of filled grains
than early-heading NILs. Similarly, late-heading NILs produced significantly higher grain
weight than early-heading NILs under salt stress. Overall, these results demonstrated that
late-heading NILs had significant improvements in yield-related traits under salt stress,
especially for the percentage of filled grains and grain weight.

3.2.2. Relationship Between Heading Date and Plant Dry Weight, Grain Weight,
and Percentage of White Head (Experiment 1)

We examined the relationship between heading date and plant dry weight, grain
weight, and percentage of white heads among five Koshihikari-NILs and their parents
(Figure 5). In Experiment 1, the parental line SL2038 and late-heading NILs consistently
exhibited higher plant dry weight than Koshihikari and early-heading NILs under both
control and salt stress. Grain weight did not differ markedly between early-heading
and late-heading NILs under control conditions. However, SL2038 and late-heading
NILs tended to maintain higher grain weight compared to Koshihikari and early-heading
NILs under salt stress. In contrast, Koshihikari and early-heading NILs showed a higher
percentage of white heads than late-heading NILs and SL2038. Overall, these findings
revealed a positive association between delayed heading and improved grain weight under
saline conditions, suggesting that delayed heading in August contributed to enhanced
salt tolerance.
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Figure 5. Relationship between heading date and plant dry weight, grain weight, and percentage of
white heads of five Koshihikari-NILs and two parents in 2019. The upper panels represent control
conditions (A,B) and the lower ones salt stress conditions (C–E). Data points indicate mean ± SE
(n = 4).

3.2.3. Correlation Between Agronomic Parameters and Yield-Related Traits (Experiment 1)

In Experiment 1, the correlation analyses revealed distinct trait relationships under
control and salt stress conditions (Figure 6). Under control conditions, plant dry weight was
strongly correlated with days to heading and spikelets per panicle (p < 0.001). However,
1000-grain weight showed a negative correlation with plant dry weight. Panicle weight was
positively correlated with grain weight (p < 0.001) but showed no significant association
with plant dry weight, days to heading, and percentage of filled grains (p > 0.05). Under
salt stress, plant dry weight and panicle weight exhibited strong positive correlations
with days to heading, spikelets per panicle, percentage of filled grains, and grain weight
(p < 0.001). Grain weight was positively correlated with plant dry weight, panicle weight,
days to heading, spikelets per panicle, and percentage of filled grains (p < 0.001) but not
associated with panicle number (p > 0.05). Overall, these results indicate that differences
in heading date are closely associated with improved plant dry weight and grain weight
under salt stress.

Figure 6. Correlation heatmap of agronomic parameters and yield-related traits of five Koshihikari-
NILs and two parents under control (A) and salt (B) in 2019. *, **, and *** indicate significant
differences at the 5%, 1%, and 0.1% levels, respectively.
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3.3. Heading Dates and Plant Dry Weight in the Rice Variety Koshihikari After Long-Day
Treatment (Experiment 2)

Salt-sensitive Koshihikari plants were subjected to one month of long-day treatment
to examine its effect on heading dates under control and salt stress conditions in 2024 and
2025. Six treatment groups were established based on plant distance from the light source.
In both years, plant dry weight measured immediately after long-day treatment did not
differ between plants under light and those 6 m from the light source, indicating no effect
of long-day treatment on plant dry weight (Figure 7A,B).

Figure 7. Effects of one month of long-day treatment in salt-sensitive Koshihikari plants in 2024 and
2025. Comparison of plant dry weight between plants under light and those 6 m from light after
one-month long-day treatment (A,B). ns = not significant.

In contrast, heading dates were markedly influenced by the long-day treatment. Plants
positioned closer to the light consistently exhibited delayed heading, with days to heading
and days from salt application to heading significantly higher under both control and
salt stress conditions (Tables 5 and 6). Overall, these two-year results demonstrated that
one month of long-day treatment influenced the heading dates in Koshihikari plants based
on their distance from the light source.

Table 5. Heading dates, days to heading, and days from salt application to heading of salt-sensitive
Koshihikari plants corresponding to six long-day treatment groups under control and salt stress
conditions in 2024.

Treatment
Range of Heading Dates Days to Heading Days from Salt Application to Heading

Control Salt Control Salt Control Salt

T1 26 August 28 August–1 September 101.0 ± 0.0 a 104.5 ± 1.0 a 65.0 ± 0.0 a 68.5 ± 1.0 a
T2 24–25 August 28–31 August 99.3 ± 0.2 a 104.6 ± 0.4 a 63.3 ± 0.2 a 68.6 ± 0.4 a
T3 18–22 August 26–30 August 95.5 ± 0.7 b 103.2 ± 0.7 a 59.5 ± 0.7 b 67.2 ± 0.7 a
T4 9–16 August 18–25 August 87.7 ± 0.8 c 97.7 ± 1.0 b 51.7 ± 0.8 c 61.7 ± 1.0 b
T5 7–10 August 15–20 August 83.8 ± 0.4 d 93.6 ± 0.9 c 47.8 ± 0.4 d 57.6 ± 0.9 c
T6 5–7 August 11–15 August 81.0 ± 0.4 e 88.2 ± 0.8 d 45.0 ± 0.4 e 52.2 ± 0.8 d

Different lowercase letters indicate significant differences under different treatments at p < 0.05; n = 4.
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Table 6. Heading dates, days to heading, and days from salt application to heading of salt-sensitive
Koshihikari plants corresponding to six long-day treatment groups under control and salt stress
conditions in 2025.

Treatment
Range of Heading Dates Days to Heading Days from Salt Application to Heading

Control Salt Control Salt Control Salt

T1 25 August 29 August 99.0 ± 0.0 a 103.0 ± 0.0 a 60.0 ± 0.0 a 64.0 ± 0.0 a
T2 23–25 August 28–29 August 98.2 ± 0.3 a 102.3 ± 0.2 ab 59.2 ± 0.3 a 63.3 ± 0.2 ab
T3 20–23 August 28–31 August 95.5 ± 0.4 b 103.0 ± 0.4 a 56.5 ± 0.4 b 64.0 ± 0.4 a
T4 21–26 August 23–29 August 92.8 ± 0.7 c 100.5 ± 1.1 b 53.8 ± 0.7 c 61.5 ± 1.1 b
T5 9–15 August 17–25 August 86.0 ± 0.9 d 96.0 ± 1.1 c 47.0 ± 0.9 d 57.0 ± 1.1 c
T6 6–9 August 15–21 August 81.5 ± 0.6 e 92.2 ± 1.0 d 42.5 ± 0.6 e 53.2 ± 1.0 d

Different lowercase letters indicate significant differences under different treatments at p < 0.05; n = 6.

3.3.1. Agronomic Parameters and Yield-Related Traits of Six Long-Day Treatment Groups
(Experiment 2)

In 2024, significant differences were observed in plant dry weight and panicle weight
among the six long-day treatment groups under both control and salt stress (Table 7). Under
salt stress, plants positioned closer to the light (T1 and T2) exhibited significantly higher
panicle weight than those in distant treatments (T4, T5, and T6).

Table 7. Agronomic parameters of salt-sensitive Koshihikari plants corresponding to six long-day
treatment groups under control and salt stress conditions in 2024.

Treatment
Plant Dry Weight (g) Panicle Weight (g Plant−1)

Control Salt Control Salt

T1 101.5 ± 6.2 a 23.4 ± 3.5 ab 45.5 ± 2.5 a 3.5 ± 0.7 a
T2 91.7 ± 3.2 ab 28.3 ± 3.3 a 29.7 ± 0.7 bc 4.2 ± 0.9 a
T3 96.4 ± 2.8 ab 22.3 ± 3.9 ab 33.3 ± 2.7 b 2.6 ± 0.7 ab
T4 89.7 ± 5.0 ab 19.8 ± 1.9 ab 36.1 ± 2.7 b 1.3 ± 0.2 bc
T5 93.4 ± 1.6 ab 15.0 ± 2.3 b 21.8 ± 1.3 d 0.6 ± 0.1 c
T6 86.3 ± 2.9 b 23.8 ± 1.2 ab 25.0 ± 3.5 cd 0.3 ± 0.1 c

Different lowercase letters indicate significant differences under different treatments at p < 0.05; n = 4.

Yield-related traits also differed significantly among treatments (Table 8). Under
control conditions, spikelets per panicle varied mainly in the most distant group (T6). Under
salt stress, plants closer to the light (T1 and T2) showed significantly higher percentages
of filled grains and grain weight than distant groups (T4, T5, and T6). Taken together,
one month of long-day treatment influenced heading date in Koshihikari positioned closer
to light by significantly improving the percentage of filled grains and grain weight.

Table 8. Yield-related traits of salt-sensitive Koshihikari plants corresponding to six long-day treat-
ment groups under control and salt stress conditions in 2024.

Treatment
Spikelets per Panicle Percentage of Filled Grain (%) Grain Weight (g Plant−1)

Control Salt † Control Salt Control Salt

T1 92.8 ± 1.8 a 65.5 ± 3.4 74.1 ± 3.8 a 34.5 ± 8.9 a 33.9 ± 2.2 a 1.8 ± 0.5 a
T2 90.9 ± 3.4 a 63.4 ± 3.9 69.1 ± 2.3 a 36.5 ± 9.3 a 21.7 ± 0.7 b 2.5 ± 0.7 a
T3 93.5 ± 2.1 a 66.1 ± 5.1 71.1 ± 1.6 a 24.7 ± 5.7 ab 23.6 ± 2.3 b 1.3 ± 0.5 ab
T4 91.0 ± 1.8 a 53.6 ± 8.3 63.7 ± 5.4 a 14.2 ± 4.7 bc 23.4 ± 2.5 b 0.41 ± 0.2 b
T5 91.9 ± 2.4 a 58.7 ± 2.4 35.2 ± 5.1 b 0.5 ± 0.3 c 14.2 ± 3.1 b 0.01 ± 0.0 b
T6 79.5 ± 5.0 b 48.3 ± 7.1 28.8 ± 2.1 b 4.6 ± 1.1 c 11.4 ± 1.0 c 0.06 ± 0.0 b

Different lowercase letters indicate significant differences under different treatments at p < 0.05; †: not significant;
n = 4.
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3.3.2. Relationship Between Heading Date and Plant Dry Weight, Grain Weight,
and Percentage of White Heads in Koshihikari (Experiment 2)

In 2024, after evaluating agronomic parameters and yield-related traits among six long-
day treatment groups in salt-sensitive Koshihikari plants, we investigated the relationship
between heading date and plant dry weight, panicle weight, and percentage of white heads.
Our findings indicated a tendency for plant dry weight and grain weight to increase as
heading date became later under control conditions (Figure 8). However, there was no
difference in plant dry weight under salt stress. The late-heading group, including T1, T2,
and T3, demonstrated higher grain weight than the early-heading group (T4, T5, and T6).
Additionally, the early-heading group exhibited a higher percentage of white heads than
the late-heading groups. Overall, these results indicate that late-heading plants tended to
increase both plant dry weight and grain weight under salt stress, primarily due to their
delayed heading toward the end of the month.

Figure 8. Relationship between heading date and plant dry weight, grain weight, and percent-
age of white heads of salt-sensitive Koshihikari plants corresponding to six long-day treatment
groups in 2024. The upper panels represent control conditions (A,B) and the lower ones salt stress
conditions (C–E). Data points indicate mean ± SE (n = 6).

In 2025, we investigated the relationship between late heading and salt tolerance in
Koshihikari plants by examining the relationship between heading date and plant dry
weight, grain weight, and percentage of white heads across six long-day treatment groups.
In Experiment 2, no association was observed between heading date and plant dry weight
among the six long-day treatment groups under control conditions (Figure 9). There was
a tendency for grain weight to increase when heading started later in the month under
control conditions. In contrast, there was a tendency for plant dry weight to increase
when heading dates were later under salt stress. Similarly, grain weight increased due
to later heading dates. Further, the percentage of white heads tended to decrease when
the heading dates were late. Overall, these results demonstrated that heading later in the
month contributed to higher plant dry weight and grain weight in Koshihikari plants under
salt stress.
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Figure 9. Relationship between heading date and plant dry weight, grain weight, and percent-
age of white heads of salt-sensitive Koshihikari plants corresponding to six long-day treatment
groups in 2025. The upper panels represent control conditions (A,B) and the lower ones salt stress
conditions (C–E). Data points indicate mean ± SE (n = 6).

3.4. Heading Dates Across Different Sowing Periods (Experiment 3)

Koshihikari and two late-heading lines in the Koshihikari background (L102 and L74)
were evaluated under long-term salt stress conditions (Table 9). All genotypes showed
marked differences in heading date depending on sowing time under both control and
salt stress conditions. Koshihikari consistently initiated heading earlier than L102 and L74
across all sowing periods, whereas the late-heading lines predominantly started heading in
late August, particularly when sown in May and June. Similar heading patterns were ob-
served under salt stress, with slight delays in June-sown plants. Significant differences were
observed in days to heading and days from salt application to heading across three sowing
periods. This period was the longest in April-sown plants, the shortest in June-sown plants,
and intermediate in May-sown plants across all lines.

Table 9. Heading dates, days to heading, and days from salt application to heading of Koshihikari,
L102, and L74 across different sowing periods, including April, May, and June in 2025.

Variety/Line Sowing Time
Range of Heading Dates Days to Heading Days from Salt Application

to Heading

Control Salt Control Salt Control Salt

Koshihikari April 21–22 July 28 July–3 August 94.3 ± 0.2 c 105.0 ± 1.1 c 48.3 ± 0.2 e 59.0 ± 1.1 c
Koshihikari May 30 July–1 August 4–13 August 73.8 ± 0.3 e 81.3 ± 1.3 e 34.8 ± 0.3 g 42.3 ± 1.3 d
Koshihikari June 17–19 August 23–25 August 61.5 ± 0.3 h 68.6 ± 0.4 g 27.5 ± 0.3 h 34.6 ± 0.4 e

L102 April 5–8 August 15 August 110.7 ± 0.5 b 119.0 ± 0.0 b 64.7 ± 0.5 b 73.0 ± 0.0 b
L102 May 18–19 August 20–30 August 92.8 ± 0.2 d 97.5 ± 1.5 d 53.8 ± 0.2 d 58.5 ± 1.5 c
L102 June 25–27 August 28 August–1 September 69.7 ± 0.3 g 73.5 ± 0.6 f 35.7 ± 0.3 g 39.5 ± 0.6 d

L74 April 10–15 August 17–25 August 116.0 ± 0.7 a 124.2 ± 1.4 a 70.0 ± 0.7 a 78.2 ± 1.4 a
L74 May 21 August 23–29 August 95.0 ± 0.0 c 98.3 ± 1.0 d 56.0 ± 0.0 c 59.3 ± 1.0 c
L74 June 27–29 August 29 August–1 September 72.2 ± 0.3 f 74.8 ± 0.4 f 38.2 ± 0.3 f 40.8 ± 0.4 d

Different lowercase letters indicate a significant difference between varieties/lines under different treatments at
p < 0.05; n = 6.

Relationship Between Heading Date and Plant Dry Weight, Grain Weight, and Percentage
of White Head in Three Different Sowing Times (Experiment 3)

In Experiment 3, we compared the relationship between heading dates and plant dry
weight, grain weight, and percentage of white heads across three different sowing times
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(Figure 10). Under control conditions, late-heading lines (L102 and L74) demonstrated
higher plant dry weights than Koshihikari when sown in April. There was a tendency for
plant dry weights to increase in the late-heading lines (L102 and L74) when sown in May.
However, the differences in plant dry weight among Koshihikari, L102, and L74 decreased
when their heading dates were altered to mid to late August for sowing in June. Under
control conditions, there were no differences in grain weight, except for Koshihikari sown
in May. Conversely, Koshihikari, L102, and L74 tended to maintain higher plant dry weight
under salt stress due to later heading for those sown in May and June. Overall, these
results demonstrated that later heading dates were consistently associated with higher
grain weight under salt stress, regardless of the line or sowing time.

Figure 10. Relationship between heading date with plant dry weight, grain weight, and percentage
of white heads of Koshihikari, L102, and L74 in 2025. The 4M, 5M, and 6M denote sowing in April,
May, and June, respectively. The upper panels represent control conditions (A,B) and the lower ones
salt stress conditions (C–E). Data points indicate mean ± SE (n = 6).

4. Discussion
Salinity is one of the widespread abiotic stresses limiting grain productivity in rice.

Salt tolerance at the reproductive stage is crucial, as grain yield is determined during this
stage. Understanding how plants respond to salt stress at heading stages, alongside climatic
variables such as air temperature and solar radiation, is essential to ensure sustainable rice
production across salt-affected areas. We used five Koshihikari-NILs to investigate whether
different heading dates under salt stress affect agronomic parameters and yield-related
traits in rice. Our results demonstrated that late-heading NILs were more salt tolerant,
with significant improvements in agronomic and yield-related traits. In another study,
we also examined whether different heading dates induced by one month of long-day
treatment affect salt tolerance in Koshihikari plants. We found that even if the salt treatment
period is longer, lower temperatures and reduced solar radiation during the heading period
resulted in higher plant dry weight and grain weight in late-heading plants. Further,
experiments with different sowing times demonstrated that late-heading and shorter salt
treatment periods, such as sowing in June, resulted in higher grain weight. To date, this
is the first report to assess the relationship between heading dates for salt tolerance and
improvement in agronomic and yield-related traits in rice in late-heading plants. Such
strategies complement cultivar-specific priming and reactive oxygen species management
for enhanced tolerance [26].
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Understanding the pleiotropic effects of heading date genes on major agronomic
traits is crucial for developing rice varieties with optimal maturity and productivity for
target environments. Several key genes controlling heading date in rice significantly
influence yield-related traits [27,28]. Hd16 encodes a casein kinase-I protein. A non-
synonymous substitution in Hd16 changes the photoperiod sensitivity in rice. Hd16 is
reportedly involved in the photoperiodic flowering pathway through its phosphorylation
of Ghd7 [29]. The late-heading NILs (NIL1 and NIL2) maintained significantly higher
plant dry weight and panicle weight under salt stress than early-heading NILs (Table 3).
The yield-related traits, including 1000-grain weight, percentage of filled grains, and
grain weight, were significantly higher in the late-heading NILs under salt stress (Table 4).
Previous studies have shown that delayed heading might provide an advantage by enabling
plants to sustain vegetative growth and accumulate greater biomass before the onset of
reproductive development [30]. In contrast, DTH8 (days to heading) transgenic lines
exhibited early flowering, increased yield, and higher salinity tolerance [19]. In Experiments
1 and 3, differences in heading date did not affect grain weight under control conditions
(Figures 5 and 10). However, under salt stress conditions, the later the heading date, the
higher the grain weight. Therefore, the high grain weight at later heading dates under salt
stress conditions was attributed to factors other than heading date-related genes.

Temperature and sunshine hours are two important climatic variables for rice growth
and cultivation under changing climatic conditions [31]. Elevated temperatures may drasti-
cally affect both rice yield and grain quality [32]. Similarly, increased sunshine hours, along
with elevated temperatures, can affect plant growth, shorten the grain-filling period, and re-
duce assimilate accumulation, thereby compromising yield potential [33,34]. In the present
study, rice plants tended to maintain higher grain weight when heading was initiated in
late August, when the temperature and solar radiation started to decrease (Figures 3 and 4).
Under saline conditions, grain weight exhibited strong positive correlations with panicle
number, panicle weight, total weight, days to heading, and percentage of filled grains,
whereas no significant correlation was observed with panicle number (Figure 6B). The
present study suggested that lower average temperatures and reduced solar radiation
during the heading stage might be involved in alleviating salt stress in rice, supporting
previous findings that dry matter per unit area before the heading stage is important for
mitigating rice yield loss [35].

In the experiments conducted in 2024 and 2025, the percentage of white heads was
higher than in the experiment conducted in 2019, and the increase in yield due to the later
heading date was related to the lower percentage of white heads. White heads are induced
by hot, dry conditions and strong winds [36–38], drought conditions [39,40], and salt stress
conditions [41]. Excessive water loss from spikelets, resulting from low silicon deposition,
could induce white heads under salt stress [41]. In 2024 and 2025, the average temperature
in July–August was over 2.1 ◦C higher, and solar radiation was over 3.3 MJ m−2, both
of which were higher than those in 2019. Particularly, solar radiation in July increased
by approximately 4.2 MJ m−2 in 2024 and 8.1 MJ m−2 in 2025, relative to that in 2019.
Leaf Na+ accumulation is affected by light [42], and in 2024 and 2025, high solar radiation
may have increased Na+ accumulation, which could have contributed to the increased
percentage of white heads. In 2019, higher grain weight at later heading was more closely
associated with the percentage of filled grains than with the percentage of white heads. As
increased leaf sodium is associated with decreased photosynthesis [43], high solar radiation
during the heading stage may decrease starch accumulation through increased leaf sodium
accumulation, thereby reducing the percentage of filled grains. There is also a correlation
between flag leaf Na+ content and pollen Na+ content, and between pollen Na+ content
and pollen germination [44,45], suggesting that sodium accumulation may be directly
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associated with reduced fertility. Collectively, our findings demonstrate that heading date
is an important trait that may improve salinity tolerance at the reproductive stage in rice.

In another study, we examined the effects of one month of long-day treatment in
Koshihikari plants over two consecutive years. Plant dry weight measured immediately
after long-day treatment did not differ among light positions under either control or salt
stress conditions, indicating no direct effect of light and heat from the light source on plant
dry weight. Previous studies have demonstrated that Koshihikari exhibits high sensitivity
to photoperiod and temperature during the reproductive transition period [46]. In this
study, late-heading Koshihikari plants exhibited greater salt tolerance at the reproductive
stage, as reflected by higher percentages of filled grains and grain weight (Table 8). Grain
weight increased with delayed heading, with higher grain weight observed in plants
heading in late August. In experiments with different sowing times, plants sown in June,
which initiated heading in late August, maintained higher grain weight despite shorter salt
exposure (Figure 10). Therefore, delayed heading might be associated with improved grain
weight under salt stress, possibly by avoiding unfavorable higher temperature and high
solar radiation periods.

Despite different experimental settings in three independent experiments, rice plants
that started heading in late August showed improved salt tolerance. However, our experi-
ments with Koshihikari-NILs and Koshihikari plants under long-day treatment revealed
that they might share a common mechanism for affecting salt tolerance at the reproductive
stage due to lower temperature and solar radiation during the heading period. Rice is a fac-
ultative short-day plant, which flowers early in short-day and late in long-day conditions.
Heading date is a crucial agronomic trait that not only determines the regional adaptation
of elite rice cultivars but also serves as a key determinant for yield [16]. Therefore, altering
heading dates might greatly benefit the development of salt-tolerant rice varieties under
changing climatic conditions. Our findings on salt tolerance at the reproductive stage have
strong implications for developing rice production technology and management practices
suitable for salt-affected areas. In some areas of South Asian countries like Bangladesh,
farmers must take measures to alter transplanting times to ensure secure rice production
in salt-affected soils [21]. A recent study concluded that high tolerance to heat-induced
spikelet sterility and high yield potential under elevated CO2 are two important charac-
teristics required for rice genotypes to adapt to a global warming environment [47]. To
the best of our knowledge, this is the first evidence of alleviating salt stress in rice due to
lower temperature and solar radiation during the heading period. These findings might
be further deployed in rice breeding programs to develop salt-tolerant varieties for future
climatic conditions.

5. Conclusions
Using Koshihikari-NILs with varying heading dates, we confirmed that late-heading

NILs significantly produced higher plant dry weight and grain weight under long-term salt
stress conditions. In another experiment, the heading dates of the same variety, Koshihikari,
were altered through long-day treatment, revealing a tendency for increased grain weight
as heading dates were delayed under long-term salt stress. Additionally, experiments with
different sowing times indicated that later heading dates were associated with higher grain
weight under salt stress, regardless of line or sowing time. This finding informs breeding
and sowing strategies that consider heading dates in affected areas. In conclusion, our
results demonstrate that heading during periods of low temperature and solar radiation
contributes to higher grain weight under long-term salt stress, even if the salt treatment
period is long. This phenomenon is proposed as one of the strategies for salt escape.
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These findings provide valuable insights for using heading dates in the development of
salt-tolerant rice varieties, thereby ensuring stable rice production in salt-affected regions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/crops6020028/s1, Figure S1: Light intensity recorded at various distances
from the light source during the long-day treatment in Experiment 2 conducted in 2024 and 2025.
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