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ABSTRACT

Transplanting rice varieties grown in different seasons can lead to different yields due to different dry matter
production. Early-season rice varieties transplanted in the late season can obtain high yields with short-growth
duration and higher yields driven by higher dry matter production. To make clear the variations in dry matter
production across seasons, four early-season rice varieties were chosen for late-season transplantation. The grain
yield, dry matter accumulation, leaf photosynthetic, and leaf stomatal properties were studied. It was observed
that the average yields of these four varieties in the late season were 33% greater, despite a reduced growth period
of 13 days in comparison with the early season. Furthermore, there was a notable increase in both total and post-
heading dry matter production during the late season. The leaf net photosynthetic rate, stomatal area, stomatal
width, and stomatal length were higher in the late season. Despite no significant difference in stomatal density
between seasons, strong positive linear relationships were observed between net photosynthetic rate and stomatal
conductance, and between stomatal conductance and area. These relationships demonstrate that the increase of
the stomatal width and length of the leaves in the late season leads to an increase in the stomatal area, thereby
increasing the stomatal conductance and enhancing the photosynthesis of the leaves. Consequently, this leads to
greater dry matter production and a higher yield compared to the early season. Therefore, when breeding new
high-yielding and short-growing varieties, the large stomatal area can be used as a reference index.

KEYWORDS

Photosynthesis; rice; stomatal properties; season; yield

1 Introduction

The reduction of arable land requires increasing the yield per unit of rice crops, which has become an
effective way to meet demand. Rice yield development is closely associated with dry matter production and
the harvest index. At present, the rice harvest index is close to the theoretical upper limit. Enhancing yield to
meet or potentially exceed this theoretical limit involves augmenting leaf light energy conversion efficiency
to boost plant biomass accumulation. Leaf light energy conversion efficiency largely hinges on the
photosynthetic capacity of leaves and more venation to transport the manufactured sugars from source to
sink [1]. Enhancing leaf photosynthesis rate was one important aspect vital for future high-yield and
efficient breeding and cultivation.
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Numerous studies indicate a significant positive correlation between net photosynthetic rate and
stomatal conductance [2—3]. The air-cell interface, where stomata facilitate CO, uptake, is a major
bottleneck for net photosynthesis [4—7]. Increases in guard cell turgor pressure lead to a greater stomatal
dimension (such as size), which enhances the stomatal conductance [8]. Meanwhile, stomatal
conductance is also affected by stomatal frequency (such as density) [9].

Transplanting early-season rice varieties in the late season has been shown to achieve high yields over a
shorter growth duration. The development of short-growth duration rice has augmented the cropping
intensity and food supply for the country, particularly in major rice-producing nations like China [10].
Enhancing cropping intensity is a key strategy for future food security [11]. Research suggests that short-
growth duration rice yield was closely positively related to dry matter production [12—15]. Understanding
the variations in dry matter production between early and late-season plantings of early-season varieties is
crucial. Determining leaf stomatal properties in these short-growth duration rice populations is pivotal for
selecting the new, high-yielding, short-growth duration varieties. Stomatal can work as a quick proxy to
determine leaf performance and overall plant productivity.

2 Materials and Methods

2.1 Plant Materials and Experimental Design

In 2021, field trials were carried out in Yongan Town, Hunan Province, China (28°09' N, 113°37" E,
43 m asl), during both the early and late seasons of rice cultivation. Four early-season rice varieties, Jiyou
421 (JY421), Lingliangyou 179 (LLY179), Lingliangyou 268 (LLY268), and Zhuliangyou 4024
(ZLY4024), were used as materials in the early season and late season. The selection of these varieties
was influenced by their extensive use among local rice farmers and their shorter growth period of under
115 days in the early season.

Soil properties of the experimental field were characterized as follows: pH of 5.88, 22.8 g kg ' of
organic matter, 112 mg kg~ of available nitrogen, 23.2 mg kg~ of available phosphorus, and 80 mg kg™
of available potassium. These soil characteristics were determined from samples collected from the top
20 cm layer of soil before the field experiment started.

The arrangement of rice varieties followed a randomized block design, incorporating three replications,
each occupying an area of 30 m?. Plots were consistent with varieties across both seasons.

On 25 March for the early season and 30 June for the late season, 80 grams of pre-germinated rice seeds
were sown in each seedling tray. Seedlings were transplanted on 25 April during the early season and 20 July
in the late season. The transplanting process was carried out with a spacing of 25 cm by 12 c¢m, placing 4 to
5 seedlings in each hill, utilizing a high-speed rice transplanter (PZ80-25; Dongfeng Iseki Agricultural
Machinery Co., Ltd., Xiangyang, China). In both seasons, each plot was treated with 150 kg of nitrogen,
75 kg of phosphorus pentoxide, and 150 kg of potassium oxide per hectare. Nitrogen fertilizer application
was divided into three stages: 50% as base fertilizer one day before transplanting, 30% during the early
tillering stage seven days post-transplantation, and the remaining 20% at the start of panicle formation.
Water management was consistent with local high-yield cultivation. Chemical controls were used to
inhibit weed, insect, and pathogen populations.

2.2 Plant Sampling and Measurements

At the heading stage, three representative flag leaves per plot were chosen randomly between 09:00 and
11:00 AM to assess the photosynthetic rate, stomatal conductance, intercellular CO, concentration, and
transpiration rate, utilizing a portable, non-destructive photosynthesis analyzer (LI-6400XT; Li-Cor, Lincoln,
NE, USA). Measurements were performed in regulated environmental settings, including a light intensity of
1200 pmol m 2 s !, a reference CO, concentration of 390 pumol mol ™!, air temperature set at 32.5°C, and



Phyton, 2024, vol.93, no.4 809

65% relative humidity. After P,, measurement, the stomatal density and area were obtained by scanning electron
microscope (HITACHI, SU8100). Scanning electron microscope sample preparation method:

(1) Take the middle part (1 mm % 1 mm) of fresh leaves and gently rinse the surface of the sample with
phosphate buffer solution (PBS).

(2) Submerge directly into the fixative solution for electron microscopy and keep for 2 h at ambient
temperature.

(3) Store the samples at 4°C following fixation.

(4) Wash the fixed samples three times with 0.1 M phosphate buffer (pH 7.4), 15 min for each rinse
(0.1 M phosphate buffer PB (pH 7.4) prepared with 1% osmic acid was fixed at room temperature for 1—
2 h in the dark).

(5) Progressively immerse the samples in a series of alcohol solutions with increasing concentrations
from 30% up to 100%, each for a duration of 15 min, followed by a 15-min immersion in isoamyl acetate.

(6) Dry the sample in a critical point dryer.

(7) Affix the sample onto conductive carbon film double-sided tape and place it in the ion sputtering
instrument for a 30-s gold coating.

(8) The images are subsequently observed under a scanning electron microscope to count the number of
stomatal units in the same unit area, assessed with a 200 um ruler as the standard with Image-Pro Plus 6.0,
and the five-point method was used for each graph.

(9) Measure the stomatal length, width, and area using Image-Pro Plus 6.0.

2.2.1 Leaf Area Index (LAI) and Pre-Heading Dry Matter Production

During the heading stage, ten representative rice plant hills were taken from each plot. Green leaves were
then detached, and their area was quantified using a portable leaf area meter (Li-3100C). Following this, the
plant’s aboveground biomass was dried at 105°C for 30 min and later desiccated at 70°C until a consistent
weight was attained for dry matter evaluation.

2.2.2 Yield, Yield Components, and Total Dry Matter Production

At maturity, the grain yield and biomass were assessed from a central area of 0.36 m” in each plot. Plant
samples were hand-separated into straw (comprising rachises) and spikelets. To distinguish between filled and
unfilled spikelets, they were submerged in tap water. Three 30 g samples of filled grains along with all unfilled
spikelets were enumerated by hand. The straw and both filled and unfilled spikelets were weighed post-oven-
drying at 70°C until reaching a stable weight. The harvest index was computed using the formula: weight of
filled spikelets divided by the total weight, which includes straw, filled, and unfilled spikelets. Grain yield was
then standardized to a moisture content of 13.5% of H,O. The daily rice grain yield was calculated by dividing
the total grain yield by the growth period from the sowing date to maturity.

2.3 Statistical Analysis

All data were analyzed using analysis of variance (Statistics 8.0, Analytical Software, Tallahassee, FL,
USA). Means of seasons were compared by the least significant difference (LSD) test at the 0.05 probability
level. An ANOVA model included the main effects of season, cultivar, and their two-way interaction effects.

3 Results

3.1 Climatic Conditions
The average temperatures of the early season were 25.58°C and late seasons 28.28°C, respectively
(Fig. 1). The average temperatures of pre-heading during the early and late seasons were 23.79°C and
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28.92°C, respectively (Fig. 1). The average temperatures of post-heading during the early and late seasons
were 29.23°C and 27.26°C, respectively (Fig. 1).
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Figure 1: Daily mean temperature during the early and late seasons. Thick and thin lines represent the
average daily mean temperature across four varieties in the early- and late rice-growing seasons, respectively

3.2 Analysis of Variance

The season had significant effects on nearly all tested parameters, except for the pre-heading dry matter
production, stomatal density, and stomatal length (Table 1). Variety only had significant effects on P, and C;.
The two-way interactive effects of season and variety were not significant or consistent when comparing all
parameters. In light of these interactions, only means of the early season and late season were presented and
compared in the following tables (Tables 2-5), in line with the objective of this study.

Table 1: Analysis of variance for the effects of season, variety, and their two-way interactions on grain yield,
daily grain yield, dry matter production, harvest index, leaf area index (LAI), net photosynthetic rate (P,),
stomatal conductance (g;), intercellular CO, concentration (C;), transpiration rate (7;), stomatal density,
stomatal length, stomatal width, stomatal area in rice

Parameter Source of variance
Season Variety Season x Variety

Grain yield woH ns ns

Daily grain yield ok ns ns

Pre-heading dry matter production ns ns ok

Post-heading dry matter production * ns *

Total dry matter production ok ns ns

Harvest index ok ns ns

LAI rok ns ns

P, *k * ns

(Continued)



Phyton, 2024, vol.93, no.4

811

Table 1 (continued)

Parameter Source of variance
Season Variety Season x Variety

s ok ns ns
C, *ok * ns
T. ** ns ns
Stomatal density ns ns ns
Stomatal length ns ns ns
Stomatal width ok ns ns
Stomatal area *ok ns ns

Note: ns indicates a lack of statistical significance at the 0.05 probability level.
*indicates statistical significance at the 0.05 probability level.
**indicates statistical significance at the 0.01 probability level.

Table 2: Grain yield, daily grain yield, and growth duration of four early-season rice varieties grown in

different seasons

Variety Grain Daily grain yield Total growth Days of sowing Days of heading to
yield (kghm?d")  duration (d) to heading (d)  maturity (d)
(t hm™)

Early season

Jiyou 421 6.99 63.0 111 86 25

Lingliangyou 179  7.10 63.4 112 86 26

Lingliangyou 261  6.96 62.1 112 86 26

Zhuliangyou 4024  6.88 62.5 110 83 27

Mean 698 Db 62.8b 111 85 26

Late season

Jiyou 421 8.97 95.4 94 66 28

Lingliangyou 179  10.69 111.4 96 68 28

Lingliangyou 261  8.33 81.7 102 69 33

Zhuliangyou 4024  9.02 89.3 101 69 32

Mean 925a 94.4 a 98 68 30

Note: This means sharing the same letters indicates no significant differences based on LSDg o5 (n = 12, four varieties and three

replications per variety).

3.3 Yield, Daily Grain Yield, and Growth Duration

Early-season varieties planted during the late season exhibited an average yield that was 33% higher
than those planted in the early season. Additionally, the mean daily grain yield of the late season was
50% higher compared to the early season (Table 2). The mean whole growth period in the late season
was 13 days shorter than in the early season. The diversities in the whole growth period between the two
seasons were primarily due to the pre-heading period.
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Table 3: Dry matter, harvest index, and leaf area index (LAI) of four early-season rice varieties grown in
different seasons

Variety Dry matter (g m %) Harvest index LAI

Pre-heading Post-heading Total

Early season

Jiyou 421 720 550 1270 0.48 4.41
Lingliangyou 179 851 478 1330 0.46 4.54
Lingliangyou 261 746 543 1289 0.46 4.87
Zhuliangyou 4024 687 626 1314 0.45 4.32
Mean 751 a 549 b 1301 b 0.46 b 4.54 b
Late season

Jiyou 421 641 687 1327 0.58 5.10
Lingliangyou 179 662 1021 1682 0.55 5.71
Lingliangyou 261 918 494 1412 0.51 6.31
Zhuliangyou 4024 786 688 1474 0.53 5.22
Mean 751 a 722 a 1474 a 0.54 a 5.58 a

Note: This means sharing the same letters indicates no significant differences based on LSDq o5 (n = 12, four varieties and three
replications per variety).

Table 4: Leaf photosynthetic characters of four early-season rice varieties grown in different seasons

Variety P’ (umol CO, m?Zs') g, (mol H,O m?s") G (ul L") 7, (mol H,O m?s™")
Early season

Jiyou 421 19.6 0.63 303 11.4
Lingliangyou 179 20.8 0.61 294 11.7
Lingliangyou 261 20.8 0.63 296 11.7
Zhuliangyou 4024 19.4 0.62 301 11.8
Mean 20.1b 0.62b 299 b 11.6 a
Late season

Jiyou 421 22.8 0.74 317 9.6
Lingliangyou 179 24.0 0.75 315 10.0
Lingliangyou 261 24.3 0.71 306 9.6
Zhuliangyou 4024 21.3 0.70 316 9.8
Mean 23.1 a 0.72 a 314 a 9.7b

Note: This means sharing the same letters indicates no significant differences based on LSDg o5 (n = 12, four varieties and three
replications per variety).
*P,, net photosynthetic rate; g, stomatal conductance; C;, intercellular CO, concentration; 7, transpiration rate.

3.4 Dry Matter Production, Harvest Index, and LAI
The mean total dry matter accumulation was significantly different between seasons, and the late season
was 13% higher. Except for LLY268, the difference in dry matter accumulation between the two seasons
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mainly came from the post-heading (Table 3). The result showed that the mean harvest index in the late
season was significantly higher than in the early season. Accordingly, the mean LAI was 19% lower in
the early season.

Table 5: Stomatal density, length, width, and area of flag leaf of four early-season rice varieties grown in
different seasons

Variety Stomatal density Stomatal length Stomatal width Stomatal area
per mm? leaf area (um) (um) (pm?)
Early season
Jiyou 421 702 18.7 9.5 134
Lingliangyou 179 788 21.4 10.2 165
Lingliangyou 261 601 20.0 10.6 158
Zhuliangyou 4024 623 19.0 11.0 149
Mean 679 a 19.8 a 103 b 152 b
Late season
Jiyou 421 589 20.8 12.0 180
Lingliangyou 179 657 21.6 13.2 203
Lingliangyou 261 682 20.2 11.0 169
Zhuliangyou 4024 689 22.6 10.6 196
Mean 654 a 213 a 11.7 a 187 a

Note: This means sharing the same letters indicates no significant differences based on LSD s (n = 12, four varieties and three
replications per variety).

3.5 Leaf Photosynthetic Rate

Late-season-planted varieties outperformed early-season individuals. The mean P,, g, and C; of the late
season were 15%, 16%, and 5% higher than early season, respectively (Table 4). A robust positive linear
correlation was observed between P, and g, as illustrated in Fig. 2.
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Figure 2: Relationships between net photosynthetic rate (P,) and stomatal conductance (g;) of four early-
season rice cultivars in the early and late seasons. **means p < 0.01. R? is a goodness-of-fit measure for the
linear regression model
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3.6 Stomatal Density, Length, Width, and Area

Changes in leaf stomatal characteristics were observed when early-season rice varieties were cultivated
in different seasons, as indicated in Table 5 and Fig. 3. The average stomatal width of the four varieties
exhibited an increase during the late season compared to the early seasons. As a result, there were
significant differences in stomatal area between seasons, with the late season displaying a 23% increase in
area compared to the early season. A robust positive linear correlation was observed between g, and
stomatal area, as depicted in Fig. 4. In general, stomatal density in various varieties during the late season
showed lower performance compared to the early season, except for LLY268, which exhibited an
opposite trend.

: it

Figure 3: Leaf stomatal scan picture of four early-season rice varieties grown in different seasons. The
position pointed by the arrow is the stomata
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Figure 4: Relationships of stomatal area and stomatal conductance (g;), stomatal area and yield of four
early-season rice cultivars in the early and late seasons. **means p < 0.01. R? is a goodness-of-fit
measure for the linear regression model

4 Discussion

Previous research has indicated that transplanting early-season rice varieties into the late season results
in a shortened growth duration while maintaining stable yields [12,13,15]. Our study aligns with these earlier
findings. In our study, the four early-season varieties transplanted late had an average of 33% higher yield
than those transplanted early. This enhanced grain yield was primarily attributed to total dry matter
production and harvest index. Discrepancies in dry matter production and harvest index between the early
and late seasons of early rice varieties primarily originate from the post-heading stage, as indicated in
Table 3. Previous studies have underscored the significance of post-heading dry matter production in
influencing yield [16,17]. It is noteworthy that the post-heading mean temperature during the early season
was 1.97°C lower than that in the late season, as illustrated in Fig. 1. This observation indicates that the
elevated post-heading dry matter production in early-season rice varieties transplanted late was
attributable not only to temperature alone but also to the inherent photosynthetic characteristics and/or
LALI of the rice leaves.

Dry matter is a direct product of photosynthesis. In our study, the P,, of early-season rice varieties during
the late season significantly exceeded that of the early season. This increased dry matter production in late-
season individuals was attributed to this specific characteristic. P, and g exhibited a strong linear correlation
(Fig. 2), while g, was mainly affected by stomatal area [ 18]. Stomatal properties were determined genetically
[2,19,20] but also be affected by the external environment, such as CO, concentration [21], temperature [22],
and moisture [23,24]. Additionally, the external environment perceived by mature leaves can trigger systemic
responses that influence stomatal development on the epidermis of new leaves, leading to alterations in
stomatal properties [25-28]. Transplanting early-season rice varieties into the late season resulted in a
notable increase of 5.13°C in the average temperature before heading. This temperature increase may
elucidate the observed rise in the stomatal area of flag leaves during the late season, particularly driven
by the enlargement of stomatal width and length. The overall stomatal area of the leaf is influenced by
both the individual stomatal size and the stomatal density of the leaf. Despite the lower average stomatal
density observed in the late season comparison with the early season in this study, the individual stomatal
size during the late season was larger, resulting in a greater overall stomatal area in the late season than
early season. The increase in the stomatal area improves stomatal conductance, which thereby increases
photosynthesis produces more dry matter, and finally improves the yield (Fig. 4).
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5 Conclusions

Early-season rice varieties demonstrated increased dry matter production and higher yields during the
late season, primarily attributed to leaf net photosynthetic rates. Leaf net photosynthetic was significantly
affected by stomatal conductance. The stomatal area determines the stomatal conductance. The increased
temperature during pre-heading duration increased the length of the stomata, thereby increasing the
stomatal area. The results of this paper can provide a reference for breeders to select new high-yield and
short-growth varieties and high-yield cultivation of short-growth varieties.
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