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ABSTRACT: Spikelet filling characteristics in early-season rice in southern China may be distinctive due to its
exposure to high temperatures during the ripening period. However, limited information is currently available
on these characteristics. This study aimed to characterize spikelet filling in early-season rice and identify the key
factors contributing to its improvement. Field experiments were conducted over two years (2021 and 2022) to mainly
investigate the proportions of fully-filled, partially-filled, and empty spikelets, along with the biomass-fertilized
spikelet ratio and harvest index, in 11 early-season rice varieties. The results revealed significant varietal variation
in spikelet filling, with the proportion of fully-filled spikelets ranging from 60.6% to 81.1% in 2021 and from 66.3%
to 79.2% in 2022. Among the 11 varieties, Liangyou 42, Lingliangyou 942, and Liangyou 287 exhibited relatively
superior performance in spikelet filling. Linear regression revealed that, although a significant negative relationship
existed between the proportion of fully-filled spikelets and both partially-filled and empty spikelets, the relationship
with partially-filled spikelets was stronger. Additionally, the proportion of fully-filled spikelets showed a significant
positive relationship with the harvest index but not with the biomass-fertilized spikelet ratio. These findings indicate
that increasing the harvest index and reducing the occurrence of partially-filled grains are essential strategies for
improving spikelet filling in early-season rice.
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1 Introduction

Rice serves as the staple food for approximately 65% of China’s population [1]. To produce sufficient rice
grains to meet domestic food demand, double-season rice cropping systems—where early- and late-season
rice are grown consecutively from March to November within a single year—has become common in
southern China, leveraging the region’s abundant hydrothermal resources [2]. According to the latest
national statistics [3], early- and late-season rice were planted on 4.76 and 5.11 million hectares, yielding
28.12 and 30.72 million tons of grains, respectively, in 2022. These figures represent about 16% and 17%
of China’s total rice planting area (29.45 million hectares) and 13% and 15% of the country’s total rice
production (208.49 million tons).
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In double-season rice cropping systems, early-season rice includes many varieties with high amylose
content, making them ideal for rice noodle production [4]. Rice noodles are a popular food product across
East and Southeast Asia—including China, Thailand, and Vietnam—and have gained global market presence
due to their nutritional value and appealing flavor [5]. In recent years, early-season rice suitable for noodle
production has shown strong market competitiveness, commanding higher prices. Therefore, enhancing
the grain yield of early-season rice is critical not only for ensuring national food security but also for
supporting the growth of the rice industry.

The grain yield of rice is determined by four key components: the number of panicles per unit area,
the number of spikelets per panicle, the spikelet filling percentage, and the weight of the grains [6]. While
increasing any one of these four components can enhance grain yield, previous research has indicated that
a specific component is critical for achieving high grain yield in early-season rice [7-9]. However, different
studies have highlighted various components as being crucial, leading to a lack of consensus on the most
significant factor.

The formation of all yield components in rice is closely related to environmental factors [10].
Early-season rice typically encounters low temperatures during the vegetative period and high temperatures
during the ripening period. The formation of either more panicles or larger panicles in early-season rice is
challenging due to limited vegetative growth, which is partially linked to the low temperatures experienced
during the vegetative growth period [7,11]. The high temperature during the ripening period can enhance
the grain filling rate, ultimately resulting in reduced grain weight for early-season rice [12]. In comparison
to the other three yield components, the spikelet filling percentage has received relatively less attention in
early-season rice research. This characteristic may be distinctive for early-season rice, considering that it is
exposed to high temperatures during the ripening period.

Spikelets on rice panicles can be categorized into three types based on their filling conditions: fully-filled,
partially-filled, and empty spikelets. A study by Meng et al. [13] identified the proportion of partially-filled
spikelets as a critical factor affecting spikelet filling in rice. However, this research concentrated on
large-panicle single-season rice varieties. In contrast, early-season rice generally has smaller panicle sizes
than single-season rice due to shorter vegetative growth duration and lower temperatures during the
vegetative period. It remains unclear whether the finding from large-panicle single-season rice varieties is
applicable to early-season rice with relatively smaller panicles.

The spikelet filling percentage is influenced by source capacity and the translocation of assimilates
into fertilized spikelets [14]. Huang et al. [15] reported a significant positive relationship between the
spikelet filling percentage and the harvest index in rice, suggesting that spikelet filling percentage is driven
by assimilate translocation. However, this finding was derived from single-season rice, and its applicability
to early-season rice remains uncertain. In addition, high temperatures during the ripening period have
contrasting effects on source capacity and assimilate translocation in early-season rice. Specifically, they
can accelerate plant senescence, which may reduce biomass production while enhancing the translocation
of biomass into fertilized spikelets [14]. These underscore the necessity to determine whether source
capacity or assimilate translocation is more closely associated with spikelet filling in early-season rice.

Overall, the current information remains insufficient to draw definitive conclusions about the spikelet
filling characteristics and the key factors influencing them in early-season rice. Therefore, in this study, we
examined the proportions of fully-filled, partially-filled, and empty spikelets, along with source capacity and
harvest index, in 11 early-season rice varieties grown over two years. Our objectives were (i) to characterize
spikelet filling in early-season rice and (ii) to identify the key factors that contribute to improving spikelet
filling in early-season rice.
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2 Materials and Methods
2.1 Field Experiments

Field experiments were carried out in Yongan, a site situated in southern China with a latitude
of 28°09” N and a longitude of 113°37’ E, during the early rice-growing seasons of 2021 and 2022. The
experimental site has a subtropical monsoon humid climate. Before the experiment began in 2021, the soil of
the experimental field contained 112 mg kg ™! of available nitrogen (N), 23.2 mg kg™! of available phosphorus,
and 80.0 mg kg™! of available potassium in the top 20 cm layer. The experiment included 11 early-season rice
varieties: Ezao 18, Jiyou 421, Liangyou 287, Liangyou 42, Lingliangyou 179, Lingliangyou 268, Lingliangyou
674, Lingliangyou 942, Tanliangyou 83, Zhuliangyou 4024, and Zhuliangyou 819. These varieties were
chosen due to their widespread adoption by rice farmers in the study area and neighboring regions. Table 1
provides information about each variety, including type, female and male parents, and year of release. The
experimental design utilized a completely randomized block layout with three replicates and a plot size of
20 m?.

Table 1: Information about varieties used in the study.

Variety Type Female Parent Male Parent Year of Release
Ezao 18 Indica inbred Zhongyouzao 81 Jiazao 935 2003
Jiyou 421 Indica three-line hybrid Jifeng A R421 2019
Liangyou 287 Indica two-line hybrid HD9802S R287 2005
Liangyou 42 Indica two-line hybrid HD9802S R42 2006
Lingliangyou 179 Indica two-line hybrid Xiangling 628S Zhong 09-179 2017
Lingliangyou 268 Indica two-line hybrid Xiangling 628S Hua 268 2008
Lingliangyou 674 Indica two-line hybrid Xiangling 628S Hua 674 2011
Lingliangyou 942 Indica two-line hybrid Xiangling 628S Huai 94-2 2010
Tanliangyou 83 Indica two-line hybrid Tannong S Tanzao 183 2010
Zhuliangyou 4024 Indica two-line hybrid Zhu 1S 4024 2009
Zhuliangyou 819 Indica two-line hybrid Zhu 1S Hua 819 2005

Seeds were sown in rice seedling trays (length x width x depth = 58.0 cm x 22.5 cm x 2.5 cm) on
March 25 at a rate of 80 g per tray. The seedlings were transplanted on April 25 with a hill spacing of
25 cm x 12 cm and about 4-5 seedlings per hill, using a rice transplanter (22ZGQ-7D25, Yanmar Agricultural
Equipment Co., Ltd., Wuxi, China). Basal fertilizers, including 75 kg N ha™?, 75 kg P,O5 ha™!, and 75 kg
K,0 ha™!, were applied one day prior to transplanting. Additional topdressing fertilizers were applied
seven days after transplanting (45 kg N ha™!) and again at the panicle initiation stage (30 kg N ha™!
and 75 kg K,O ha™'). A floodwater level of 5-10 cm was maintained in all plots from transplanting to
seven days before maturity, at which point the plots were drained for harvesting. Diseases, insects, and
weeds were controlled by chemicals according to the recommendations of the local agricultural technology
department. Specifically, rice sheath blight and false smut were controlled by applying 5% validamycin
aqueous solution at 2625 mL ha™'. Striped rice borer, planthopper, and leaf roller were managed using 20%
triazophos emulsion concentrate at 750 mL ha™!, 25% buprofezin wettable powder at 750 g ha™!, and 45%

1

phoxim emulsion concentrate at 900 mL ha™", respectively. Weed control was achieved by applying 25 mg

penoxsulam mL™! suspension concentrate at 900 mL ha™'.

2.2 Data Collection

An automatic weather station (Vantage Pro2, Davis Instruments Corp., Hayward, USA) was set up
adjacent to the experimental field to monitor and log daily maximum, minimum, and mean temperatures
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throughout the ripening period. Three heat-stress indices—accumulated days of heat stress, heat-stress
intensity, and heat degree-days—were calculated following the method of Shi et al. [16], using a daily
maximum temperature of 35°C as the threshold for defining heat stress.

Twelve hills of rice plants were sampled from each plot at maturity. The sampled plants were hand
threshed after counting the number of panicles, and all spikelets were submerged in tap water. Spikelets
that sank were classified as fully filled, while those that floated were sun-dried and then separated into
partially filled and empty categories, first by winnowing and then manually checked. The counts of
fully-filled, partially-filled, and empty spikelets were recorded, and all were then oven-dried at 70°C until
a constant weight was achieved. The straw was also dried in the oven at the same temperature. Total
biomass production was the sum of dry weights of straw and fully-filled, partially-filled, and empty spikelets.
Panicle number per m?, spikelet number per panicle, the proportions of fully-filled, partially-filled, and
empty spikelets, and grain weight were calculated, along with the biomass-fertilized spikelet ratio (total
biomass production/total number of fully-filled and partially filled spikelets) and harvest index (fully-filled
spikelet weight/total biomass production x 100). Grain yield was determined from a 5 m? area in each plot
at maturity and adjusted to a moisture content of 0.135 g H,O g~*.

2.3 Statistical Analysis

Variations in grain yield and yield components (panicle number per m?, spikelet number per panicle,
the proportion of fully-filled pikelets, and grain weight) were evaluated using the coefficient of variance.
Analysis of variance was conducted separately for each year on the proportions of fully-filled, partially-filled,
and empty spikelets, as well as on the biomass-fertilized spikelet ratio and harvest index. Varietal means were
compared using the least significant difference (LSD) test at the 0.05 probability level. Linear regression and
path analysis was employed to assess the relationships among the proportions of fully-filled, partially-filled,
and empty spikelets, as well as the relationships between the proportion of fully-filled spikelets with the
biomass-fertilized spikelet ratio and harvest index, across 11 rice varieties over two years. All statistical
analysis were performed using DPS 18.10 software (Zhejiang University, Hangzhou, China).

3 Results and Discussion

3.1 Temperature Conditions during Ripening of Early-Season Rice

Average daily maximum, minimum, and mean temperatures during the ripening period across
11 early-season rice varieties were 32.9, 26.1, and 29.2°C in 2021, and 33.7, 26.2, and 29.5°C in 2022, showing
with overall averages of 33.3, 26.2, and 29.4°C across the two years, respectively (Table 2). These temperatures
are close to those reported in earlier studies conducted at the same location over several years [17-19].
Notably, the average daily mean temperatures exceeded the upper limit of the optimum temperature range
for rice ripening (20-25°C) [20] by more than 4°C, indicating that early-season rice is typically exposed to
high temperatures during the ripening period.

In addition, the average accumulated days of heat stress, heat-stress intensity, and heat degree-days
during the ripening period across 11 early-season rice varieties were 7.9 d, 36.8°C, and 14.1°C-d in 2021, and
11.9 d, 35.8°C, and 10.2°C-d in 2022, with overall averages of 9.9 d, 36.3°C, and 12.2°C-d across the two years,
respectively (Table 2). These values are comparable to those reported by Shi et al. [16] for early-season rice
in the southern Middle and Lower Reaches of the Yangtze River—one of the regions most affected by heat
stress—which showed average accumulated days of heat stress, heat-stress intensity, and heat degree-days
during the ripening period of 10.4 d, 36.4°C, and 14.5°C-d between 1981 and 2010. This further supports that
early-season rice is routinely exposed to high temperatures during the ripening period.
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Table 2: Average daily temperature and heat stress indices during the ripening period of early-season rice in 2021
and 2022.

Temperature Parameter 2021 2022
Average daily temperature (“C)
Maximum 329+ 04 33.7+ 0.5
Minimum 26.1+0.3 26.2+£0.2
Mean 292403 295+ 04
Heat stress index
Accumulated days of heat stress (d) 7.9+ 1.3 119+ 1.3
Heat-stress intensity (“C) 36.8 + 0.1 35.8 + 0.1
Heat degree-days (‘C-d) 141+ 1.8 10.2 £ 2.4

Data are means + SD of 11 varieties.

3.2 Grain Yield, Yield Components, and Spikelet Filling Characteristics in Early-Season Rice

Among grain yield and yield components in 2021, the highest coefficient of variance was observed for
the proportion of fully-filled spikelets (Fig. 1a—e). In 2022, the variation in coefficients of variance for grain
yield and its components was relatively small. These results indicate that the proportion of fully-filled
spikelets is the most variable yield component in early-season rice.

In 2021, the proportion of fully-filled spikelets across the 11 varieties ranged from 60.6% to 81.1%, with
an average of 68.9%. In 2022, this range varied from 66.3% to 79.2%, yielding a mean of 71.9% (Table 3).
These values are comparable to those from previous studies at the same site [17-19]. In 2021, Lingliangyou
942 exhibited the highest proportion of fully-filled spikelets, which was not significantly different from
Liangyou 42, Liangyou 287, and Lingliangyou 268 but was 15%-34% higher than the other seven varieties. In
2022, Liangyou 42 recorded the highest proportion, similar to Tanliangyou 83, Liangyou 287, Lingliangyou
674, Lingliangyou 268, and Lingliangyou 942, yet 15%-19% higher than the other five varieties.

The proportion of partially filled spikelets among the 11 varieties ranged from 10.7% to 25.9% in 2021
and from 9.0% to 18.4% in 2022, with means of 17.2% and 13.5%, respectively (Table 3). In 2021, Lingliangyou
942 had the lowest proportion of partially filled spikelets, comparable to Liangyou 42, Liangyou 287,
Lingliangyou 268, and Ezao 18, but 38%—59% lower than the other six varieties. In 2022, Liangyou 287
recorded the lowest proportion of partially filled spikelets, similar to Liangyou 42, Lingliangyou 942, and
Tanliangyou 83, yet 34%-51% lower than the remaining seven varieties.

In 2021, the proportion of empty spikelets across the 11 varieties varied from 8.2% to 18.2%, averaging
13.9%. In 2022, this proportion ranged from 10.5% to 19.5%, with a mean of 14.6% (Table 3). In 2021,
Lingliangyou 942 showed the lowest proportion of empty spikelets, comparable to Tanliangyou 83, Liangyou
42, Jiyou 421, and Lingliangyou 287, yet 41%—55% lower than the other six varieties. In 2022, Liangyou 42
had the lowest proportion of empty spikelets, similar to Lingliangyou 674, Tanliangyou 83, Lingliangyou
268, Ezao 18, Jiyou 421, Lingliangyou 942, and Liangyou 287, but 40%-46% lower than the other three
varieties.

Considering results from two years, it was found that Liangyou 42, Lingliangyou 942, and Liangyou 287
consistently performed well in spikelet filling, evidenced by a high proportion of fully-filled spikelets and a
low proportion of partially-filled and empty spikelets (Table 3). In contrast, Zhuliangyou 4024, Lingliangyou
179, and Zhuliangyou 819 exhibited the opposite trend. This suggests that Liangyou 42, Lingliangyou 942,
and Liangyou 287 possess greater tolerance to high temperatures during the ripening period compared
to the latter varieties. The findings highlight the effectiveness of developing heat-tolerant varieties to
enhance spikelet filling in early-season rice under high-temperature conditions. This aligns with recent
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research by Wakatsuki et al. [21], which emphasized the advantages of breeding heat-tolerant rice varieties

in maintaining grain quality amid high temperatures during ripening.
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Figure 1: Variations in grain yield (a) and yield components (b—e) among 11 early-season rice varieties grown in 2021
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Table 3: Proportions of fully-filled, partially-filled, and empty spikelets in 11 early-season rice varieties grown in
2021 and 2022.

Variety Fully-Filled Spikelets (%) Partially-Filled Spikelets (%) Empty Spikelets (%)

2021
Ezao 18 67.7 £ 2.1 16.3 £ 0.5 16.0 £ 1.8
Jiyou 421 62.8 +3.3 259+ 2.0 113+ 14
Liangyou 287 73.8 £5.1 135+ 2.7 12.7 £ 2.8
Liangyou 42 78.2+2.2 111+ 1.1 10.7 £ 1.1
Lingliangyou 179 64.4 + 1.6 174 £ 0.3 18.2 + 1.3
Lingliangyou 268 70.7 £ 6.8 155+ 5.0 13.8£1.9
Lingliangyou 674 64.6 + 2.6 173 £ 1.7 181+ 15
Lingliangyou 942 81.1+1.9 10.7 £ 0.9 8.2+1.0
Tanliangyou 83 704 + 2.1 189+ 0.9 10.7 £ 1.2
Zhuliangyou 4024 60.6 + 2.3 24.0 + 2.1 154 £ 0.7
Zhuliangyou 819 64.1 +4.9 185+ 25 17.4 £ 2.7
Mean 68.9 17.2 13.9
LSD (0.05) 10.6 6.5 5.2

2022
Ezao 18 69.0 £ 4.0 17.8 £ 3.7 13.1+ 0.6
Jiyou 421 67.0 £ 2.2 18.4 + 1.2 14.6 £ 1.0
Liangyou 287 751+ 1.2 9.0 £ 0.5 159 £ 1.6
Liangyou 42 79.2 £ 0.6 10.3 £ 0.2 10.5 + 0.6
Lingliangyou 179 665+ 1.3 14.0+03 19.5+ 1.6
Lingliangyou 268 743 +£ 3.6 140 £ 1.5 11.7 £ 2.6
Lingliangyou 674 747 £ 5.4 14.2 £ 1.7 112 £ 44
Lingliangyou 942 732 +338 11.2+ 0.6 15.6 + 3.2
Tanliangyou 83 76.5 £ 3.4 11.8 £ 0.5 11.7 £ 3.0
Zhuliangyou 4024 66.3 + 2.7 144+ 0.4 192+ 24
Zhuliangyou 819 68.7 +£3.3 13.7 £ 14 17.6 £ 2.9
Mean 71.9 13.5 14.6
LSD (0.05) 7.9 3.8 6.6

Data are the mean + SE of three replicates. The highest and lowest values are marked in bold.

Linear regression analysis revealed a significant negative relationship between the proportion of
fully-filled spikelets and the proportions of both partially-filled and empty spikelets (Fig. 2a,b). Notably, the
relationship between fully-filled and partially-filled spikelets was stronger than that between fully-filled
and empty spikelets. The variation in fully-filled spikelets was explained by 68% from partially-filled and
45% from empty spikelets. Consistently, the path analysis indicated that the proportion of partially filled
spikelets had a stronger association with the proportion of fully filled spikelets than did the proportion of
empty spikelets (Table 4). No significant relationship was found between the proportions of partially-filled
and empty spikelets (Fig. 2c).

Table 4: Path analysis among proportions fully-filled, partially-filled (X;), and empty spikelets (X;) across 11
early-season rice varieties over 2021 and 2022.

Indirect
Variable Direct

Trough X, Trough X,

X1 —0.746 —0.077
X, —0.573 —0.100
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These results indicate the importance of reducing the incidence of partially-filled spikelets to enhance
spikelet filling in early-season rice. This finding aligns with that of Meng et al. [13], who identified the
proportion of partially-filled spikelets as a key factor influencing spikelet filling in rice. However, the study
by Meng et al. [13] focused on large-panicle single-season rice varieties, which had spikelets per panicle
exceeding 350. In contrast, early-season rice typically exhibits smaller panicle sizes than single-season
rice due to shorter vegetative growth periods and lower temperatures during the vegetative period [7,11].
In this study, the 11 early-season rice varieties had spikelets per panicle ranging from 92 to 108 (data not
shown), which is less than one-third the panicle size of the single-season varieties used by Meng et al. [13].
This study offers valuable insights for enhancing spikelet filling in early-season rice with relatively small
panicle sizes.

3.3 The Biomass-Fertilized Spikelet Ratio and Its Relationship with Spikelet Filling in
Early-Season Rice

The biomass-fertilized spikelet ratio of the 11 varieties ranged from 36.0 to 40.9 mg spikelet™!, with a
mean of 38.8 mg spikelet ! in 2021, and from 37.7 to 44.5 mg spikelet ™!, with a mean of 40.2 mg spikelet ! in
2022 (Table 5). In 2021, Lingliangyou 268 exhibited the highest biomass-fertilized spikelet ratio, which was
not significantly different from that of Zhuliangyou 4024, Lingliangyou 179, Lingliangyou 674, Lingliangyou
942, Ezao 18, and Liangyou 287, but was 8%-14% higher than that of the other four varieties. In 2022,
Zhuliangyou 4024 had the highest biomass-fertilized spikelet ratio, which was not significantly different
from that of Lingliangyou 179, but was 8%—18% higher than those of the other nine varieties. Collectively,
both years showed that Zhuliangyou 4024 and Lingliangyou 179 consistently had high biomass-fertilized
spikelet ratio, whereas Liangyou 42, Jiyou 421, Tanliangyou 83, and Zhuliangyou 819 consistently exhibited
low biomass-fertilized spikelet ratio. This varietal performance in the biomass-fertilized spikelet ratio
differed markedly from that observed in the proportion of fully-filled spikelets (Tables 3 and 5). As a
consequence, there was no significant relationship between the proportion of fully-filled spikelets and the
biomass-fertilized spikelet ratio (Fig. 3a).

These results suggest that the biomass-fertilized spikelet ratio is not a limiting factor for improving
spikelet filling in early-season rice. This finding is consistent with Huang et al. [15], who reported no
significant difference in biomass production between two single-season rice varieties with differing spikelet
filling. However, it contradicts the finding of Meng et al. [13], who argued that high source capacity
(e.g., leaf area, leaf photosynthetic capacity, and biomass accumulation) was critical for achieving high
spikelet filling in single-season rice. This discrepancy might be partially attributed to the much smaller
panicle sizes of the 11 early-season rice varieties used in this study compared to the four single-season
varieties examined by Meng et al. [13]. It also highlights the specificity of physiological traits related to
spikelet filling in early-season rice with relatively small panicle sizes.

3.4 Harvest Index and Its Relationship with Spikelet Filling in Early-Season Rice

The harvest index of the 11 varieties ranged from 45.3% to 54.1% in 2021 and from 44.8% to 56.9% in
2022, with means of 49.3% and 52.5%, respectively (Table 5). In 2021, Liangyou 42 recorded the highest
harvest index, which was not significantly different from those of Lingliangyou 942, Tanliangyou 83,
Liangyou 287, Zhuliangyou 4024, and Lingliangyou 674, but was 9%-27% higher than the other five varieties.
In 2022, Tanliangyou 83 achieved the highest harvest index, similar to Liangyou 42, Lingliangyou 674,
Liangyou 287, Zhuliangyou 819, Lingliangyou 268, and Lingliangyou 179, but 13%-19% higher than the other
four varieties. Overall, Liangyou 42, Tanliangyou 83, Liangyou 287, Lingliangyou 674, and Zhuliangyou
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819 consistently exhibited high harvest indices, while Jiyou 421, Ezao 18, and Zhuliangyou 4024 showed
consistently low harvest indices. This performance in harvest index was partially similar to that in the
proportion of fully-filled spikelets (Tables 3 and 5). Consequently, a significant positive relationship was
observed between the proportion of fully-filled spikelets and harvest index, with approximately 60% of the
variation in fully-filled spikelets explained by harvest index (Fig. 3b).

Table 5: The biomass-fertilized spikelet ratio and harvest index in 11 early-season rice varieties in 2021 and 2022.

Variety Biomass-Fertilized Spikelet Ratio (mg spikelet™?)  Harvest Index (%)

2021
Ezao 18 389+1.2 47.1+£0.3
Jiyou 421 36.0 +£ 0.3 477+ 14
Liangyou 287 38.6+1.4 51.6 £ 3.4
Liangyou 42 36.6 + 0.6 54.1+0.3
Lingliangyou 179 404+ 14 461+ 14
Lingliangyou 268 40.9 £ 0.6 464 £33
Lingliangyou 674 39.8 £ 0.6 48.6 + 2.2
Lingliangyou 942 394+ 04 53.8 £ 0.8
Tanliangyou 83 37.0+ 04 523+ 0.8
Zhuliangyou 4024 40.8 £ 1.0 453 £ 1.6
Zhuliangyou 819 379+ 14 49.7 £3.2
Mean 38.8 49.3
LSD (0.05) 2.9 6.2

2022
Ezao 18 41.0+0.2 464 + 2.8
Jiyou 421 388 +£0.7 44.8 £ 0.9
Liangyou 287 385+0.4 54.6 £ 0.6
Liangyou 42 37.7+£ 04 56.6 + 0.9
Lingliangyou 179 419+ 0.5 52.5+0.3
Lingliangyou 268 40.6 £ 0.2 527+ 1.0
Lingliangyou 674 39.8 + 0.6 55.7+ 1.0
Lingliangyou 942 414+ 15 52.2+20
Tanliangyou 83 38.7+0.3 56.9 + 1.0
Zhuliangyou 4024 44.5+2.5 50.9 +£3.4
Zhuliangyou 819 39.2+0.1 542+ 1.2
Mean 40.2 52.5
LSD (0.05) 2.9 4.6

Data are the mean + SE of three replicates. The highest and lowest values are marked in bold.

These results suggest that enhancing harvest index is a viable approach to improving spikelet filling in
early-season rice. This finding is consistent with observations in single-season rice by Huang et al. [15],
who reported a significant positive relationship between spikelet filling percentage (i.e., the proportion
of fully-filled spikelets) and harvest index. They also found that a higher harvest index was associated
with increased biomass production during the ripening period. However, additional research is needed to
confirm whether this relationship accounts for the varietal difference in harvest index in early-season rice,
given the distinct varietal traits and climatic conditions between early- and single-season rice. In particular,
early-season rice generally experiences shorter vegetative growth durations and lower temperatures during
the vegetative period [11], potentially resulting in lower biomass production and reduced non-structural
carbohydrate accumulation in stems and sheaths. The remobilization of these carbohydrates to developing
grains is closely related to spikelet filling [22,23]. Moreover, the translocation of carbohydrates can
be affected by temperatures during the ripening period. Although high temperatures accelerate the
translocation of carbohydrates to the grains, the capacity of grains to accept these carbohydrates may not
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match the increased translocation rate. Consequently, grain ripening efficiency may decline, resulting in
incomplete ripening and leaving carbohydrates in vegetative organs [24]. Furthermore, high temperatures
during ripening can affect sink activity. On one hand, they may reduce the expression of starch-synthase
enzymes in the grain, thereby limiting starch synthesis [25]. On the other hand, they can decrease abscisic
acid (ABA) content by suppressing ABA biosynthesis and enhancing ABA catabolism, while simultaneously
increasing gibberellin (GA) content by promoting GA biosynthesis. These hormonal changes can further
stimulate the expression of «-amylase, leading to the breakdown of synthesized starch into sugars that are
subsequently consumed within the grain [26-30]. These findings emphasize the need for further research
into source-sink relationships to better understand the physiological and molecular mechanisms underlying
the harvest index in early-season rice.

(a)
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Figure 3: Relationships between the proportion of fully-filled spikelets with the biomass-fertilized spikelet ratio
(a) and harvest index (b) across 11 early-season rice varieties over 2021 and 2022. Data are the mean =+ SE of three

replicates. ¥ denotes a non-significant relationship at p < 0.05. ** denotes a significant relationship at p < 0.01.

Along with selecting varieties with high spikelet filling performance, developing optimal agronomic
practices is essential for increasing the harvest index and reducing the proportion of partially-filled spikelets
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in rice. Research has shown that improving water and nitrogen management practices plays a crucial role
in enhancing the harvest index [30]. Additionally, exogenous applications of plant growth regulators—such
as ascorbic acid, alpha-tocopherol, methyl jasmonates, and brassinosteroids—have been found effective in
alleviating high-temperature stress in rice [31]. Moreover, incorporating biochar into soils can improve the
root-zone environment and mitigate the adverse effects of high temperatures on rice plants [32]. These
findings provide valuable insights for developing optimal agronomic practices to improve spikelet filling in
early-season rice.

4 Conclusions

Varietal differences in spikelet filling are evident in early-season rice that experiences high temperatures
during the ripening period. Liangyou 42, Lingliangyou 942, and Liangyou 287 are early-season rice varieties
that demonstrate relatively high performance in spikelet filling, characterized by a high proportion of
fully-filled spikelets and low proportions of partially-filled and empty spikelets. To enhance spikelet
filling in early-season rice, it is crucial to increase the harvest index and to minimize the occurrence of
partially-filled spikelets (Fig. 4). Further research is needed to uncover the physiological and molecular
mechanisms regulating harvest index and spikelet filling, as well as to develop optimal agronomic practices
for improving spikelet filling in early-season rice.

High
temperature

Early-season rice

A
[ \

Biomass-fertilized spikelet ratio

\\

Empty spikelets [y | Fully-filled spikelets | pumeeel Partially-filled spikelets

| J

Figure 4: Schematic diagram illustrating spikelet-filling characteristics in early-season rice exposed to high
temperatures during the ripening period.
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