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Dissertation summary 

Rice is a self-pollinated crop and its flowering and pollination normally occur for 

about one hour around 10:00 to 12:00. Rice anthers are located just above the stigma at the 

start of flowering and the anther dehisces and pollination is completed when the pollens fall 

due to gravity. For this reason, rice pollination has been considered to be stable unless it is 

under extreme environmental conditions. However, on the other hand, it is known that a 

slight difference in floral character affects the pollination stability of rice and the stress 

tolerance of pollination. In this study, it was clarified that a slight inclination of the panicle 

greatly affects the stability of rice pollination, and showed the importance of rice panicle 

being upright at the time of flowering.  

In the first study, we investigated the effect of the difference in panicle angle on 

pollination under isolated conditions using pot-grown rice plants. Twenty uniform rice (IR72) 

seedlings at around the 5-leaf stage were transplanted in to 4-L pots in a circular pattern, and 

grown to heading stage in a flooded state. The pots of rice at the flowering stage were tilted 

one of four inclinations (0 ° =control, 15 °, 30 ° and 45 °). The florets were sampled after 

flowering, and total and germinated pollen grains deposited on the stigma were investigated. 

At 30 ° inclined treatment, the percentage of flowers with less than 20 total pollen grains on 

the stigma (TP20) and the percentage of flowers with less than 10 germinated pollen grains 

on the stigma (GP10) were significantly affected. The average value increased by 14% in 

TP20 and 24% in GP10. For fertilization of rice, more than 10 germinated pollens are 

required, and an increase in GP10 of 24% corresponds to a decrease in seed set of 24%. In 

addition, a strong positive correlation was observed between TP20 and GP10, indicating that 

the increase in GP10 was mainly due to the increase in TP20. From these results, it is 

considered that the inclination of 30 ° or more of rice florets could induce floret sterility and 

affect yield through unstable pollination. Based on the morphological aspect and the 

mechanism of pollination, the inclination of the floret is a factor that impairs the stability of 
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pollination. We proposed the three possible factors that impair the stability of pollination: 1) 

decrease in gravity force to move the pollen grain in the inclined theca and generation of 

frictional force between the pollen grain and the theca wall, 2) increase in horizontal distance 

between anther pores and center of sigma, and decrease in elevation angle, and 3) generation 

of the rotational moment on the stamen, and the increase of moment due to delaying pollen 

release concerning factor 1.  

In the second study, we investigated the effects of panicle position relative to canopy 

and of panicle angle on pollination, and seed set, using pot-grown rice plants at heading stage 

in the paddy field. Twenty uniform rice (IR72) seedlings at around the 5-leaf stage were 

transplanted in 4-L pots in a circular pattern and grown to heading stage in a flooded state. 

Pots of rice at heading stage were inserted in the canopy and set on the wooden stands to 

position their panicles either upright (0°) or incline (30°), either at 25 cm above the canopy 

surface or at the canopy height in Experiment 1, and either beneath or at the canopy height in 

Experiment 2. Due to the 30 ° panicle inclination, TP20, GP10 and floret sterility were 

increased by 21%, 21% and 10% in Experiment 1, and 27%, 30% and 26% in Experiment 2, 

respectively. On the other hand, the effect of the panicle position in the canopy on the floret 

sterility was not significant. Floret sterility was positively correlated well with GP10 by 

covariate analysis with trial as independent variable. GP10 was well correlated with TP20. 

From these results, it was shown that even in the canopy condition, the panicle inclination of 

about 30 ° has a substantial adverse effect on rice seed set through unstable pollination.  

From the above results, it was experimentally shown that a slight inclination of rice 

florets affects seed set through unstable pollination. There are varietal differences in the angle 

of culm that is directly linked to the inclination of rice florets. In recent years, high yielding 

by super large panicle has been promoted in China. The panicles incline even when the 

community structure deteriorates due to heavy fertilizer application. For these reasons, the 

uprightness of panicles is important as breeding objective and in rice production.  
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CHAPTER I 

General introduction  

1.1 Morphology of floral organs and autogamous capacity 

Most plants are hermaphroditic, but possess traits that promote outcrossing such as 

self-incompatibility, and spatial and temporal separation of male and female function within 

flower (2). Spatial separation of anther and stigma promote out crossing and reduced 

autogamy among the population of harkogamy (3, 48, 49). The relationship between stability 

of self-pollination and morphology of floret organs has been studied mianly in entomophilous 

flowers. The distance between anther and stigma influenced the efficiency of autonomous 

polliantion in raddish ( Raphanus sativus L.) (24), in Centaurium (4) and Arabis alpine (59). 

Moreover, orientation of anther dehiscent side relative to stigma has been associated with 

autonomous capacity in the genus Leavenworthia in the Brassicaceae (30, 50). Therefore, the 

distance between stigma and anther pores, and their relative orientation are relevant to a 

plant’s autogamous capacity. 

1.2 Rice floral morphology and its pollination  

Rice has self-pollinated flower. The flower is enclosed in the lemma and palea. It 

consists of the pistil, stamens, and lodicules. The components of the pistil are the stigmas, 

styles, and ovary. The stigma is plumose, on to which pollen grains are shed. There are six 

well-developed stamens, composed of anther and filament. Two small, oval, thick, and fleshy 

bodies, called the lodicules, are situated at the base of the ovary. The lodicules become 

distended with water and assist in separating the lemma and palea at flowering. 

Fowering and pollination normally occur for one hour around 10:00 to 12:00. At the 

beginning of flowering, tip portions of the lemma and palea start to open, filaments elongate, 

and anthers begin to exert from the lemma and palea. The filaments elongate further to bring 

the anthers out of the lemma and palea. The spikelet then closes leaving the anthers outside.  
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During anthesis, anther dehiscence occurs at basal and apical parts just before or when 

lemma and palea open (64). At that time, basal pores of erect anther were just above the 

stigma (43) and drop the pollen grains on to the stigma. Therefore, rice pollination has been 

thought sure under suitable conditions. However, even a small change in floral character can 

affect stability of pollination (33). Anther with small basal pore retained more residual 

pollens at the peak of anthesis and released them when anther drooped over the glume outside 

the floret (33). The size of basal dehiscence has been associated with stability of pollination 

(25, 34, 35, 58). Moreover, incorrectly positioned anther and stigma at dehiscing time 

seriously affected the pollination (29, 53). Therefore, very minute change in floral character 

and relative position between stigma and pollen release point may affect the stability of rice 

pollination. To ascertain the success of pollination and fertilization in rice, it is important to 

get the sufficient number of pollens onto the stigma (41, 53). Therefore, relative position 

between stigma and dehisce anther rice is critical to get the sufficient number of pollens onto 

the stigma. 

Panicle angle should be relevant. Inclination of panicle may cause the floret 

inclination. It can change the relative position between stigma and anther pore and may affect 

gravity drop of the pollen grains onto the stigma. In recent years, high yield by rice varieties 

with extra heavy panicle type have been promoted. The heavy weight of panicle increased the 

bending movement of the culm (28, 32) and will increase the panicle angle. Panicle angle is a 

common in agriculture scene, which is amplified in long weak culms and large heavy 

panicles under the influence of rain or wind. Panicle inclination may, therefore, affect the 

stability of rice pollination and floret fertility by changing the relative position between the 

stigma and pollen release point.   
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1.3 Canopy microclimate on rice pollination 

Rice pollination is anemophilous. It is very susceptible to meteorological factors such 

as temperature and wind speed. High temperature above 35°C and low temperature below 

20°C result in poor pollination and loss of yield (16, 17). Poor anther dehiscence, decrease in 

number of pollen grains on the stigma, and poor germinated pollen grains on the stigma are 

principal cause of heat induced spikelet sterility under higher temperature (38, 41, 53). Wind 

helps rice pollination by physical vibration effect on floret (37). Windy conditions can 

mitigate the effect of high temperature with high vapour pressure deficit (VPD) condition on 

floret sterility by transpirational cooling effect on spikelets (36, 58). However, strong wind 

speed could blow away pollen grains to some extent from the stigma and cause unstable 

pollination under high temperatures with very high VPD condition (20, 36). 

The microclimate conditions change dramatically with height particularly around the 

canopy surface (42, 65). Wind velocity of 1.57 m s–1 at 1.2 m above the canopy decreased to 

about 1.25 m s–1 at 30 cm above the canopy, to about 1.00 m s–1 at the surface of the canopy, 

and to about 0.45 m s–1 at 20 cm below the canopy surface (19). Drastic change in the wind 

velocity profile around the canopy surface affected the stability of rice pollination and 

following fertilization depending on the panicle position with respect to the canopy surface 

(37). Therefore, Panicle position may also influence the effect of panicle inclination on 

pollination stability and seed set under canopy condition. 

1.4 Importance of pollination in rice production 

Pollination is indispensable process for seed set in rice. Although rice is autogamous 

plant, its pollination is very susceptible to abiotic stresses. Nowadays, world rice production 

has been threatened by increasing frequency of extreme weather events related to climate 

change. Loss in rice production caused by these stresses has been reported in word rice 

producing regions (8, 5, 14, 21, 27). The primary cause of rice yield reduction by heat (25, 
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38, 40, 45, 62), cold (66) and drought (29) at flowering and even in normal condition related 

to panicle position (37) is mainly through poor pollination. As pollination is directly linked to 

floret fertility, its stability should be paid more attention for stable rice production under 

future global climate change.  

1.5 Objectives 

This research was conducted to clarify the effect of panicle angle on the stability of 

rice pollination by using isolated pot-grown rice experiment and to clarify the effect of 

panicle angle and panicle position related to canopy surface by conducting two model 

experiments under paddy field condition. 
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CHAPTER II 

Panicle inclination influences pollination stability of rice (Oryza sativa L.) 

2.1 Introduction 

Pollination is indispensable for seed set of flowering plants. Self-pollination is an 

adaptation to conditions where mates or pollinators are limited (6, 22, 46) and promotes 

reproduction in colonizing populations (1). The relationship between stability of self-

pollination and morphology of floret organs has been studied mainly in entomophilous 

flowers. The distance between stigma and anther pores and their relative orientation are 

relevant to a plant’s ability to self-fertilize (7, 44, 61), and the capacity for autonomous self-

pollination is associated with differences in the anther–stigma distance in several species (4, 

24, 31, 59). Relative distance, orientation, and angle between stigma and pollen release points 

all affect the capacity for self-pollination. 

Rice, the staple food for more than half of the world’s population (11), is an 

autogamous plant. Its pollination is autonomous. The falling of pollen grains from the anther 

onto the stigma by gravity is thought to be sure under suitable conditions (18). Stability of 

rice pollination depends on the size of the basal pore of the anther (33). In rice with a small 

basal pore, more pollen grains remain in the anthers at the peak of anthesis and are released 

from the apical pore after the stamen bends down. This observation suggests that the position 

of the stigma relative to the pollen release point (i.e., distance and angle above) and the 

presence of obstacles (lemma and palea) can affect pollination stability, even under 

autonomous pollination. Panicle inclination may be relevant. Tiller angle (2.5° to 34.4° at 

heading stage; (9)) should affect panicle inclination, which is amplified in long weak culms 

and large heavy panicles under the influence of rain or wind. Panicle inclination may 

therefore affect the stability of pollination and floret fertility by changing the relative position 

between the stigma and pollen release points. 
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The objective of this study was to clarify the effect of panicle angle on the stability of 

rice pollination in an experiment with isolated pot-grown rice plants tilted at different 

inclinations during flowering. 

2.2 Materials and methods 

2.2.1 Experimental site and test materials 

The experiment was conducted in a research field at Gifu University, Gifu Prefecture, 

Japan (35°27′N, 136°44′E, 13 m a.s.l.), in 2015. Seeds of IR72 were sown in a nursery bed 

three times at seven-day intervals from 25 March. Seedlings at around the five-leaf stage 

were transplanted into 4-L pots in a circular pattern at 20 seedlings per pot. Each pot 

contained the equivalent of 3.2 kg of air-dried sandy loam (pH 7.64). Each was supplied with 

a slow-release compound fertilizer containing 0.5 g N, P2O5-equivalent, and K2O-equivalent 

as a basal dressing. The soil was puddled with water the day before transplanting. The plants 

were grown outdoors with the soil surface submerged until treatment. Tillers were removed 

as they appeared during the vegetative stage to get uniform panicles on the main culms (52). 

With this method, we got uniform and straight panicles. In our observation, panicles did not 

spread during the treatment. 

2.2.2 Experimental procedures 

The experiment was set up in the evening just before the first sampling day. Pots of 

plants at the 30% heading stage were tilted at one of four inclinations (0° = control, 15°, 30°, 

or 45°) using wooden bases as shown in Figure 2.1. Decreases in panicle height caused by 

inclination treatments were estimated from 0.71 cm to 16.6 cm from the control. Each pot on 

its base was set in a 30-L bucket to keep the soil submerged avoiding the effect of differences 

in soil water condition in each pot as well as between pots during treatment. The direction of 

the inclination was leeward of the forecast wind direction. Three pots were used for each 

treatment, laid out in a randomized complete block design with three blocks on shaved open 
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grass land. Every evening during treatment period, inclined pots were rotated to avoid 

gravitropic recovery and to be stable the subjected degree of inclination. Three trials (Trial 1, 

2 and 3) were performed for total of nine days. After treatment, pots were collected and the 

plants were grown as before the treatment. 

2.2.3 Meteorological observations 

The microclimate was measured at the centre of the site using multiple sensors 

(WXT520, Vaisala Inc., Helsinki, Finland), 240 cm above the soil surface. Measurements of 

air temperature, relative humidity (RH), wind velocity, and sun radiation were taken every 10 

s, and 1-min averages were recorded on a data logger (CR10X, Campbell Scientific Inc., 

Logan, UT, USA). To measure wind conditions around the panicles, we used hot-wire 

anemometers (Model 6541-21 probe, and model 6501-00 data logger, Kanomax Japan Inc., 

Suita, Japan), setting the probe at panicle height of one pot per treatment during sampling 

days. 

2.2.4 Pollination and anther character observations 

Samples were collected on six days from 10 to 18 September (avoiding rainy days on 

12, 14, and 17 September) (Figure 2.2). Growth stages of pot-grown rice plants were nearly 

the same and all panicles flowered during the treatment period. Plants which had finished 

flowering and had not started flowering at treatments were left as they were. During the 

treatment period, 10 spikelets were randomly sampled from each pot promptly after floret 

closure and three averages of 10 spikelets from three pots were used as three replicates. To 

assess pollination, we detached stigmata from the florets and stained them with cotton blue 

solution. The solution was prepared by dissolving 100 mg of cotton blue in 100 ml of 1% 

acetic acid solution, and then, being diluted with 100 ml of glycerol and 100 ml of distilled 

water. We counted total and germinated pollen grains on the stigma at 100× magnification 

under an optical microscope (Model BX51, Olympus Corporation, Tokyo, Japan). In rice, 
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>10 germinated pollen grains are required for fertilization and for >10 germinated pollen 

grains, >20 total pollen grains are necessary (41, 53). Therefore, we calculated TP20 

(percentage of florets having <20 total pollen grains on the stigma after anthesis) and GP10 

(percentage of florets having <10 germinated pollen grains on the stigma) as indices of 

pollination stability. We collected all anthers from the 10 spikelets which we used for stigma 

sampling in each pot every day. And then, sixteen anthers were randomly selected and 

examined under a digital microscope (KH-7700, Hirox Co., Ltd., Tokyo, Japan) at 80× 

magnification, and measured the anther length and the width and length of dehiscence of the 

basal and apical pores (Figure 2.3). 

2.2.5 Statistical analysis 

We used a split-plot design for data analysis, using sampling date as the main plot 

factor, treatment as the subplot factor, with three blocks. We calculated the mean values of 

anther characters, numbers of germinated and total (germinated and ungerminated) pollen 

grains on the stigma after anthesis per floret, percentage of pollen germination, GP10, and 

TP20. ANOVA was conducted in Statistix v. 8.0 software (Analytical Software, Tallahassee, 

FL, USA). Treatment means were compared by Tukey’s honestly significant difference 

(HSD) test at the 5% probability level. Analysis of covariance (ANCOVA) was performed to 

verify the effect of wind velocity around the flowering time which was based on our 

observation, on pollination, and Dunnett’s test was used to compare the differences between 

treatment means and the control at 5%. As the percentage of pollen germination, TP20, and 

GP10 contained 0s, we used empirical logit transformation. 

2.3 Results 

2.3.1 Microclimate conditions during treatment 

The daily maximum air temperature during the observation period (10 to 18 

September) ranged from 20.3 to 29.9 °C (Figure 2.2a). That on sampling days ranged from 
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25.5 to 29.4 °C. RH at the time of maximum temperature on sampling days ranged from 40% 

to 55% (Figure 2.2b). The average wind velocity around flowering time on sampling days 

ranged from 0.83 to 1.69 m s−1 (Figure 2.2c). 

2.3.2 Effects of panicle inclination treatments on pollination and anther characters 

The effects of treatment (panicle inclination) and date on numbers of total and 

germinated pollen grains, percentage pollen germination, TP20, and GP10 were significant 

(Table 2.1), but their interactions were not. Numbers of total pollen grains ranged from 24.9 

to 38.8 among treatments, and numbers of germinated pollen grains ranged from 11.7 to 19.2 

among treatments. Numbers of total and germinated pollen grains at 0° (control) and 15° 

were significantly higher than those at 30° and 45°. The rate of pollen germination ranged 

from 49.0% to 58.6% among treatments. It was significantly lower at 45° than at 0° and 15°. 

TP20 ranged from 36.6% to 59.9% among treatments. It was significantly higher at 45° than 

at 0° and 15°. GP10 ranged from 26.6% to 58.9% among treatments. It was significantly 

higher at 45° and 30° than at 0° and 15°. 

The effect of treatment on anther characters was not significant, but apical dehiscence 

length and width were significantly greater on 18 September than on 10 September (Table 

2.2). 

2.3.3 Effects of wind velocity on pollination  

In the ANCOVA with wind velocity as a covariate and treatment as an independent 

variable, average wind velocity during flowering was positively correlated with the number 

of total pollen grains (R2 = 0.5637, p < 0.01; Figure 2.4a) and negatively correlated with 

TP20 (R2 = 0.6573, p < 0.001; Figure 2.4b) and GP10 (R2 = 0.73, p < 0.0001; Figure 2.4c). 

2.3.4 ANCOVA between the two pollination indices 

ANCOVA of GP10 with TP20 as a covariate and treatment as an independent 

variable showed that the effects of TP20 (p < 0.0001, F (1, 19)) and treatment (p < 0.05, F (3, 
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19)) on GP10 were significant. GP10 was significantly higher at 30° and 45° than at 0° at a 

given TP20 by Dunnett’s test and increased with TP20 (R2 = 0.9510, p < 0.0001; Figure 2.5).  

2.4 Discussion 

Inclination of pots significantly affected pollination stability (Table 2.1). As 

inclination increased, TP20 increased from 36.6% to 59.9% and GP10 from 26.6% to 58.9%. 

Since rice pollination requires >20 total or >10 germinated pollen grains on the stigma (41, 

53), a panicle inclination of ≥30° would give damage to rice production through unstable 

pollination. 

Panicle inclination causes floret inclination. The direction of each floret was not 

exactly parallel to the panicle axis. However, it could be considered to be almost parallel to 

the axis in average. Although we cannot exclude the effects of physiological damage and 

change in meteorological condition by the inclination on pollination, we would like to 

propose three possible factors (Figure 2.6) for the unstable pollination from morphological 

aspect. The first factor is decrease in force to move the pollen grain in inclined theca (Factor 

1). Gravity force for pollen grain (mg, where m is mass of pollen grain and g is acceleration 

by gravity) is divided into two components: parallel (mg cos ө, where ө is angle of inclination 

with respect to vertical) and perpendicular (mg sin ө) components to the theca wall. Thus 

force to move the pollen grains decrease to mg cos ө. Moreover, the perpendicular force 

generates the friction on the theca wall against the parallel force. The basal dehiscence length 

of IR72 was around 250 µm shorter than those of other cultivars as previously reported (34). 

Self-pollination of cultivars with a small basal pore is unstable because of the delayed and 

decreased pollen release from the basal pore (33). Thus self-pollination of IR72 is originally 

unstable in comparison with other cultivars with long basal dehiscence (34). Anther 

inclination may impede the pollen movement in the theca tube and thus aggravate the delay 

of pollen release to generate trouble in pollination. The second factor is the change in relative 
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position between the anther pore and the stigma (Factor 2). In inclined florets, inclination 

extends the horizontal distance and decrease the vertical distance between anther pore and 

centre of stigma (Figure 2.6). The change in relative position may reduce pollination by 

gravity. The third factor is rotational moment generated on the stamens (Factor 3). Inclination 

of stamens increases the rotational moment on the filaments. It may encourage the bending 

down of anthers and accelerating their inclination. The delay of pollen release increases the 

anther weight and thus the rotational moment. These hypotheses suppose simple elongation 

of stamen and pistil, depending on our observation. In some entomophilous flower, however, 

stamen and pistil shows gravi- and photo- tropic responses (56). If rice pistil and/or stamen 

have such response, situation may be much more complex. 

The significantly lower germination percentage of pollen grains with greater 

inclination (Table 2.1) suggests that germination was also hampered by inclination. The 

decreased germination percentage seemed, in turn, to increase GP10 at any given TP20. Rice 

pollen germination decreases from 85% to 42.5% within 6 min after anther dehiscence (57). 

The decrease in pollen germination percentage may be explained by the delay of pollen 

release shown in the above hypothesis concerning factor 1. 

Figure 2.7 explains the direct primary cause of the increase in GP10 in the inclined 

treatment. At 0°, the ratio of GP10/TP20 is 0.73. If this is the same germination percentage in 

inclined florets, GP10 of other inclination should be plotted on Line 1 at any given TP20. 

From Line 1, we can predict that an increase in TP20 would explain 11% of the 24% increase 

in GP10 at 30° and 18% of the 32% increase at 45°. The remaining 13% at 30° and 14% at 

45° may therefore be due to loss of the germination ability of pollen grains on the stigma 

probably through the delay of pollen release. Thus, both an increase in TP20 and a decrease 

in germination ability are important causes of the increase in GP10. 

Wind (0.80–1.43 m s−1) helped pollination (Figure 2.4). Wind velocity was, therefore, 
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one of the factors in the significant effect of date on pollination parameters. This result is 

consistent with our recent report that high wind velocity assisted the pollination of rice in an 

open field through its physical vibration effect on pollen shedding (37). Shaking of flowers 

by wind facilitates autogamy in homogamous hermaphrodite flowers (10). 

The effects of temperature on pollination and anther morphology were not significant. 

Very high temperatures at flowering (25, 38, 40, 45, 62) and low temperatures at booting (55) 

induce floret sterility through poor anther dehiscence and defective pollination. The 

maximum temperatures on the sampling dates ranged from 25.7 to 29.4 °C (Figure 2.2a) and 

the daily minimum temperature during the booting stage ranged from 16.2 to 23.7 °C (data 

not shown). As day/night temperatures above 26/16 °C at booting have minimal effect on 

sterility (54), our experiment may have coincided with normal temperatures. 

The effect of date on apical dehiscence was significant, and RH during the maximum 

temperature was negatively correlated with apical dehiscence length (R2 = 0.29, p < 0.01; 

data not shown). Widening of anther dehiscence is a desiccatory process (39). Thus, high 

vapor deficit may help the widening of apical dehiscence. 

Since a panicle inclination of only 30 ° significantly reduced pollination stability, 

erect panicles should be a breeding objective. As the primary cause of sterility induced by 

heat at flowering and by cool weather at booting (as described above) is poor pollination, 

erect panicles may also improve tolerance to sterility caused by these extreme temperatures.  
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Table 2.1 Mean values of pollination parameters as affected by levels of panicle inclination. 

 Total pollen 

grains (no.) 

Germinated 

pollen grains 

(no.) 

Pollen 

germination 

(%) 

TP20 

(%) 

GP10 

(%) 

Treatment      

0° (control) 38.8 a 19.2 a 58.3 a 36.6 b 26.6 b 

15° 37.3 a 18.6 a 58.6 a 37.2 b 28.7 b 

30° 24.9 b 12.2 b 51.9 ab 51.0 ab 51.1 a 

45° 26.4 b 11.7 b 49.0 b 59.9 a 58.9 a 

Date      

10 September 25.2 b 13.0 b 60.1 a 56.0 a 46.8 ab 

11 September. 49.1 a 21.5 a 52.8 ab 27.7 b 21.8 c 

13 September 25.1 b 12.6 b 52.3 ab 49.0 ab 43.4 b 

15 September 30.2 b 14.4 b 50.1 b 38.7 ab 38.2 b 

16 September 30.6 b 15.0 b 56.5 ab 59.2 a 56.7 a 

18 September 31.1 b 16.0 ab 54.9 ab 46.5 ab 41.1 b 

ANOVA  

Date (D) ** ** * ** *** 

Treatment (T) ** *** ** ** *** 

D × T n.s. n.s. n.s. n.s. n.s. 

TP20: percentage of florets with <20 total pollen grains on the stigma; GP10: percentage of 

florets with <10 germinated pollen grains on the stigma. Means followed by the same letter 

within a column are not significantly different by Tukey’s HSD test (p < 0.05). Percentage of 

pollen germination, TP20, and GP10 were analysed after empirical logit transformation. ***: 

p < 0.001; **: p < 0.01; *: p = 0.05; n.s.: not significant.  
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Table 2.2 Mean values of anther characters as affected by levels of panicle inclination. 

 Anther length 

(µm) 

Apical 

dehiscence 

length (µm) 

Apical 

dehiscence 

width (µm) 

Basal 

dehiscence 

length (µm) 

Basal 

dehiscence 

width (µm) 

Treatment      

0° (control) 1756.9 524.3 180.8 251.3 60.7 

15° 1748.1 527.3 179.3 255.3 61.9 

30° 1766.0 535.2 178.1 248.5 61.2 

45° 1743.5 531.0 177.2 250.8 61.1 

Date      

10 September  510.4 b 176.9 abc   

11 September  524.2 ab 167.5 c   

13 September  532.4 ab 188.1 ab   

15 September  536.8 ab 172.1 bc   

16 September  526.5 ab 175.9 abc   

18 September  546.4 a 192.6 a   

ANOVA  

Date (D) n.s. * * n.s. n.s. 

Treatment (T) n.s. n.s. n.s. n.s. n.s. 

D × T n.s. n.s. n.s. n.s. n.s. 

Means followed by the same letter within a column are not significantly different by Tukey’s 

HSD test (p < 0.05). *: p < 0.05; n.s.: not significant. 
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Figure 2.2 Weather conditions at the experimental site during the treatment periods: (a) daily 

maximum and minimum temperatures during observation period, (b) RH (%) at the time of 

maximum temperature, and (c) average wind velocity (m s−1) around flowering time (10:00 

h–12:00 h) during the observation period. ○ indicates sampling days and × indicates non-

sampling days due to rain.  
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Figure 2.3 Exterior of dehisced anther. Anther characters were measured under a digital 

microscope. ADL: apical dehiscence length; ADW: apical dehiscence width; ANL: anther 

length; BDL: basal dehiscence length; BDW: basal dehiscence width. 
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Figure 2.4 Relationships between average wind velocity during flowering time and (a) 
number of total pollen grains on the stigma, (b) logit-transformed percentage of florets with 
<20 total pollen grains on the stigma (TP20), and (c) logit-transformed percentage of florets 
with <10 germinated pollen grains on the stigma (GP10). Means are compared with the 
control (0°) by Dunnett’s test. *, ** and *** on lines indicate significant differences from the 
control and those on equations indicate significances of correlation at 5%, 1% and 0.1% 
levels, respectively.  
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Figure 2.5 Relationship between logit-transformed percentages of florets with <20 total 

pollen grains on the stigma (TP20) and florets with <10 germinated pollen grains on the 

stigma (GP10). Means are compared with the control (0°) by Dunnett’s test. *** on lines 

indicates significant difference from the control and that on equation indicates significance of 

correlation at 0.1% level.  
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Figure 2.7 Factors that caused the increase in percentage of florets with <10 germinated 

pollen grains (GP10) on the stigma. TP20: percentage of florets with <20 total pollen grains 

on the stigma. At 0°, the ratio of GP10/TP20 is 0.73. If this is the germination percentage in 

inclined florets, GP10 should lie on Line 1 at any given TP20. From Line 1, we can predict 

that an increase in TP20 would explain 11% of the 24% increase in GP10 at 30° and 18% of 

the 32% increase at 45°. The remaining 13% at 30° and 14% at 45° may therefore be due to 

loss of the germination ability of pollen grains on the stigma.   
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CHAPTER III 

How panicle angle and panicle position in the canopy determine pollination 

and seed set in rice (Oryza sativa L.) 

3.1 Introduction 

Rice is the primary staple food for more than half of the world’s population (FAO, 

2014). Its pollination is indispensable for seed set. Anthesis of rice occurs in late morning in 

many cultivars under normal condition. Each flower opens once for around one hour. At the 

start of the floret opening, anther dehisces right above the stigma and pollen grains drop from 

the anther dehiscence to the stigma (18). There is seemingly little risk of disruption of rice 

pollination by direct external factors. 

However, we found that small panicle inclination reduced pollination stability in 

isolated pot-grown rice probably by changing the relative position between anther and 

stigma, and delaying pollen release (63). Panicle inclination of 30° increased percentage of 

florets having less than 10 germinated pollen grains on the stigma after flowering by 24%. 

Since rice fertilization requires 10 or more germinated pollen grains (53), increase in such 

insufficiently pollinated flowers may induce floret sterility. Panicle inclination can be 

observed in agricultural scene. Inclined tillers, long weak culms and huge panicles can cause 

the inclination of panicle at flowering. However, the effect of inclination of panicle on the 

seed set has not yet examined.  

In rice production, the flowering occurs with canopy. The meteorological conditions 

such as wind speed and solar radiation change dramatically with height, particularly around 

the canopy surface (42, 65). It has been shown that shown that pollination stability and floret 

sterility of rice depend on the height of florets at flowering. Poorly pollinated florets and 

floret sterility was minimum around the surface of canopy and increased as increase in the 

distance from the surface to the floret height (37). The canopy may affect the relationship 
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between the inclination of panicle and pollination stability in practical rice production.  

The purpose of this study is to clarify if the small inclination of panicle really induces 

the floret sterility in rice, and if the canopy affects the relationship between inclination of 

panicle at flowering and pollination stability. We conducted model experiments using pot-

grown rice plants set in the rice canopy at different heights and inclinations and examined 

pollination stability, pollen germination and seed set. 

3.2 Materials and Methods 

3.2.1 General concept 

We conducted two experiments with pot grown-rice plants at the heading stage set in 

canopy with four treatments in each experiments: two steps of panicle height × two 

inclinations (upright and 30°). In Experiment 1, we set the panicle at 25 cm above the canopy 

surface and at the height of the canopy surface to detect the effect of canopy on the 

relationship between panicle angle, pollination and floret sterility. In Experiment 2, we set the 

panicle around 40 cm below the canopy surface and at the height of the canopy to know the 

effect of depth of the panicle in the canopy on that relationship.  

3.2.2 Preparation of background canopy 

The experiments were conducted in a research field at Gifu University, Gifu 

Prefecture, Japan (35°27′N, 136°44′E, 13 m a.s.l.). We used ‘Khao Nok’ to create a 

background canopy. It is a tall and late cultivar, and rather tolerant to lodging. Moreover, its 

leaves are kept nearly upright at narrow angle until the heading stage. Therefore, we chose 

‘Khao Nok’ as background cultivar. The seeds were sown in nursery beds on 30 May 2017 

and on 25 April 2018. Seedlings at around the five-leaf stage were transplanted at a spacing 

of 30 cm (east–west) × 15 cm (north–south) in the field. The field had already received a 

basal dressing of compound fertilizer at 80 kg/ha N, P2O5-equivalent and K2O-equivalent. 

The field soil was kept submerged until the ripening stage. The locations of the plots 
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followed a randomized complete block design. The field had three bays as blocks, each 15 m 

(north–south) × 2.5 m (east–west). Each block was divided into four plots. 

3.2.3 Pot preparation 

We used rice variety ‘IR72’ as a tested variety. Its plant height is shorter than that of 

‘Khao Nok’. With the combination of tall ‘Khao Nok’ and short ‘IR72’, we can easily adjust 

the different panicle heights from beneath to above the background canopy surface. Seeds 

were sown in nursery beds on 14, 21 and 28 April 2017, and on 6, 16 and 26 April 2018 for 

three trials in each experiment. Seedlings at around the five-leaf stage were transplanted into 

4-L pots (15 cm diameter, 20 cm height) in a circular pattern at 20 seedlings per pot. The pot 

contained 2.5 kg equivalent of air-dried sandy loam (pH 7.64). Each pot received a basal 

dressing of slow-release compound fertilizer at 0.5 g N, P2O5-equivalent and K2O-

equivalent and was puddled in water the day before transplanting. The plants were grown 

outdoors with the soil surface submerged until treatment. Tillers were removed as they 

appeared during the vegetative stage to achieve uniform (52), straight panicles on the main 

culms. 

3.2.4 Canopy treatment in Experiment 1, 2017 

Pots were set on wooden stands to position the panicles at or above the canopy 

surface in one of two inclinations: at the canopy height (Canopy) or at 25 cm above the 

canopy (Above); either upright (Upright) or inclined 30° from the vertical (Inclined). Panicle 

heights were set and background canopy heights were measured at the start of each trial. Leaf 

area index (LAI) was measured with an LAI 2000 plant canopy analyser positioned at the 

bottom of the canopy on the middle day of each trial. The background canopy height ranged 

from 0.95 to 1.20 m across the trials. LAI ranged from 3.2 to 4.0 across the trials. 
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3.2.5 Panicle depth treatment in Experiment 2, 2018 

Pots were set to position the panicles at or under the canopy surface in one of the two 

inclinations as above: at the canopy height or under the canopy (Under); either upright or 

inclined 30°. The pots were placed either on wooden stands or on the soil surface. 

The panicle height of the pot-grown plants and the background canopy height were 

measured at the start of each trial (Table 3.1). From each pot that was set in the canopy, we 

randomly selected four panicles at anthesis and measured their heights (from the ground to 

the tips of the panicles). From the hills surrounding each pot, we selected one hill randomly 

and measured the height of the highest tips of the leaves. LAI was measured at the bottom of 

the canopy and at flowering height (Table 3.2). The measurements were conducted on the 

middle day of each trial. 

3.2.6 Common procedures and data collection in Experiments 1 and 2 

 Five pots were used in each plot. In the evening of the day before the start of data 

collection in each trial, pots with 40% to 50% of plants at heading were inserted into each 

plot on a north–south line at the centre of the bay, about 0.6 to 0.7 m apart, on wooden bases 

set to adjust the inclination and panicle height. Each pot was set in a bucket (32 cm deep, 22 

cm wide) to keep the soil submerged in water. Every evening during the treatment period, 

inclined pots were rotated to avoid gravitropic recovery and to maintain the inclination. Three 

trials of 5 to 7 days were performed, totalling 16 days in Experiment 1 and 20 days in 

Experiment 2. After the treatment periods, pots were collected from the field and grown as 

before. 

The site’s microclimate was measured at its centre with multiple sensors (WXT520, 

Vaisala Inc., Helsinki, Finland) set at 230 cm above the soil surface. Air temperature, relative 

humidity (RH), and wind speed were measured every 10 s, and 1-min averages were recorded 

on a data logger (CR10X, Campbell Scientific Inc., Logan, UT, USA). Plants flowered earlier 
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in Experiment 2 (09:00 h to 12:00 h) than in Experiment 1 (10:00 h to 12:00 h), probably 

because of the higher temperature in Experiment 2 (Fig. 1a). 

One of the five pots in each plot was used to collect floret samples for observation of 

anther characters and the other four were used for examination of pollination and fertility. To 

examine the fertilization of the florets, we randomly selected and tagged three panicles on 

which florets started anthesis on the day before the start of data collection in each trial, in 

each of the latter four pots. Their fertilities were examined at maturity by manual inspection 

of ovarian development. 

To observe pollination, we randomly sampled ten florets from the four pots in each 

plot every day during the treatment period, except on rainy days. We sampled the florets from 

the dispersed panicles 1 h after anthesis without regard to the location of the florets on the 

panicles. We did not get samples from the tagged panicles and off-type plants. Stigmata were 

detached from the florets and stained with cotton blue solution. The numbers of total and 

germinated pollen grains on each stigma were counted at 100× magnification under an optical 

microscope (Model BX51, Olympus Corporation, Tokyo, Japan). Fertilization in rice requires 

at least 10 germinated pollen grains or at least a total of 20 pollen grains on the stigma after 

anthesis (53, 41). We calculated “TP20” (percentage of florets having <20 total [germinated 

and ungerminated] pollen grains on the stigma after anthesis) and “GP10” (percentage of 

florets having <10 germinated pollen grains on the stigma after anthesis) as indices of 

pollination stability. 

To observe the anther dehiscence characters, we sampled seven florets from the 

designated pot in each plot at anthesis and used three randomly selected florets. From each 

floret, we randomly selected four anthers to observe at 80× magnification under a digital 

microscope (KH-7700, Hirox Co., Ltd., Tokyo, Japan). We measured the lengths of 

dehiscence formed at basal and apical parts of anther (63). 
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3.2.7 Statistical analysis 

We used a split plot design (combined with the randomized block design) with two 

sub-factors without replication in data analysis, in which trial and (randomized) block were 

the main effects, and panicle position and inclination were the sub-plot effects for all 

parameters. We calculated the mean values of anther characters, numbers of total and 

germinated pollen grains, GP10, TP20 and percentage of floret sterility. Analysis of variance 

(ANOVA) was conducted to test the statistical differences among the treatment effects. 

Treatment means were compared using Tukey’s honestly significant difference (HSD) test at 

the 5% probability level. Analysis of covariance (ANCOVA) was performed in TIBCO 

Statistica v. 13.3 software (TIBCO Software Inc., Palo Alto, CA, USA) to verify the effect of 

GP10 on floret sterility. Floret sterility, TP20 and GP10 were analysed after logit 

transformation. Since TP20 and GP10 included 0 values, we used empirical logit 

transformation. 

3.3 Results 

3.3.1 Experiment 1 

3.3.1.1 Microclimate conditions during treatment 

 In Experiment 1, the daily maximum temperature varied from 24.9°C to 35.5°C 

during the treatment period (Figure 3.1a) and from 27.1°C to 33.5°C on the sampling days. 

The RH at the time of maximum temperature on the sampling days varied from 45.1% to 

76.3% (Figure 3.1b). Wind speed around flowering time (10:00–12:00 h) on the sampling 

days varied from 0.54 to 1.56 m s−1 (Figure 3.1c). 

3.3.1.2 Effect of treatment on sterility and pollination 

The effects of trial and inclination on floret sterility were significant but that of 

position was not (Table 3.3). Sterility was significantly higher in the inclined treatment 

(69.5%) than in the upright treatment (59.8%). It was significantly higher in Trial 1 than in 
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Trial 3. The position × inclination interaction was significant. The difference in increment of 

sterility by the inclined treatment between panicle positions was small (8.8% above the 

canopy, 10.5% at the canopy surface). The other interactions were not significant. 

The effects of trial and position on pollination parameters (numbers of total and 

germinated pollen grains, TP20 and GP10) were not significant (Table 3.3). The effect of 

inclination on all pollination parameters was significant: numbers of total and germinated 

pollen grains were significantly higher and TP20 and GP10 were significantly lower in the 

upright treatment than in the inclined treatment. The effect of the position × inclination 

interaction on all pollination parameters was significant: the differences in TP20 and GP10 

between inclined and upright treatments were larger above the canopy than at the canopy 

surface. The other interactions were not significant. 

3.3.1.3 Effect of treatment on anther dehiscence 

The effects of panicle position and inclination treatments on anther dehiscence were 

not significant (Table 3.4). 

3.3.1.4 Relationship between sterility and pollination 

 In the ANCOVA of percentage of sterility with GP10 as a covariate (P < 0.001, F (1, 

8)) and trial as an independent variable (P < 0.0001, F (2, 8)), sterility increased with GP10 

(R2 = 0.940, P < 0.0001; Figure 3.2). GP10 was, in turn, strongly correlated with TP20 (R2 = 

0.786, P < 0.001; Figure 3.3). 

3.3.2 Experiment 2 

3.3.2.1 Microclimate conditions during treatment 

 In Experiment 2, the daily maximum temperature varied from 28.5°C to 38.3°C 

during the treatment period (Fig. 1a) and from 29.5°C to 38.3°C on the sampling days. The 

RH at the time of maximum temperature on the sampling days varied from 30.8% to 46.4% 

(Fig. 1b). Wind speed around flowering time (09:00–12:00 h) on the sampling days varied 
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from 0.98 to 1.97 m s−1 (Fig. 1c). 

3.3.2.2 Effect of treatment on sterility and pollination 

 The effects of trial and inclination on floret sterility were significant but that of 

position was not (Table 3.5). Sterility was the highest (significantly) in Trial 3. It was 

significantly higher in the inclined treatment (65.5%) than in the upright treatment (39.5%). 

The position × inclination and trial × inclination interactions were significant. The difference 

in sterility between inclined and upright treatments was larger at the canopy surface (29.9%) 

than under the surface (22.0%). The other two interactions were not significant. 

The effect of trial on number of germinated pollen grains was significant (Table 3.5); the 

number was highest in Trial 1. The effects of position and inclination on all pollination 

parameters were significant. Numbers of total and germinated pollen grains were 

significantly higher and TP20 and GP10 were significantly lower in the at-canopy and 

upright treatments than in the under-canopy and inclined treatments. The effects of position × 

inclination and trial × inclination interactions on numbers of total and germinated pollen 

grains, TP20 and GP10 were significant. The differences in TP20 and GP10 between inclined 

and upright treatments were larger at the canopy surface than under the surface. The other 

two interactions were not significant. 

3.3.2.3 Effect of treatment on anther dehiscence 

 The effects of panicle position and inclination treatments on anther dehiscence were 

not significant (Table 3.6). 

3.3.2.4 Relationship between sterility and pollination 

In the ANCOVA of percentage of sterility with GP10 as a covariate (P < 0.01, F (1, 

8)) and trial as an independent variable (P = 0.162, F (2, 8)), sterility increased with GP10 

(R2 = 0.772, P < 0.01; Figure 3.4). GP10 was, in turn, strongly correlated with TP20 (R2 = 

0.827, P < 0.001; Figure 3.5). 
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3.4 Discussion 

The temperature was hotter and the wind speed was stronger during Experiment 2 

than during Experiment 1 (Figure 3.1). The maximum temperature reached 38.3 °C in 

Experiment 2 and 35.5 °C in Experiment 1. The average value during the treatment period of 

average wind speed around flowering time was low, 0.99 m s-1 and 1.18 m s−1 in Experiment 

1 and 2, respectively. A building 20 m high on the northern side of our field might block 

southerly winds. The low wind speed might be one of the causes of the low stability of 

pollination and seed set (Tables 3.3, 3.5), especially in Experiment 2 under high temperature 

(58).  

Under these conditions, our results confirmed that panicle inclination significantly 

increased floret sterility and poor pollination even under the canopy. Inclination increased 

floret sterility by 10% in Experiment 1 (Table 3.3) and by 26% in Experiment 2 (Table 3.5). 

Panicle inclination, therefore, reduces paddy rice production. GP10 and TP20 were also 

significantly higher in inclined plants than in upright plants (Tables 3.3, 3.5), and floret 

sterility was well correlated with GP10 (Figures 3.2, 3.4), which was in turn well correlated 

with TP20 (Figures 3.3, 3.5). These results suggest that the differences in floret sterility 

between inclination treatments were caused mainly by the differences in pollination stability. 

The effect of position on pollination stability parameters (i.e. TP20 and GP10) was 

significant in Experiment 2 (Table 3.5) but not in Experiment 1 (Table 3.3). It has been 

shown that the optimal position for pollination and floret fertility was around the canopy 

surface, and that pollination stability and seed set became worse as the distance of the floret 

from the optimal position increased (37). The distance from the canopy surface was 

somewhat greater in Experiment 2, so the significance might reflect the distance. In contrast, 

the effect of position on floret sterility was not significant in Experiment 2 (Table 3.5). It has 

been shown that floret fertility was greater at deeper position within the canopy than 
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shallower position at the same GP10, and suggested that the shallower position reduced floret 

fertility through processes after pollen germination (37). Our data agree with this hypothesis. 

Anther dehiscence characters are important that determine the stability of rice 

pollination (33). In the present study, we did not detect the effect of treatment on anther 

dehiscence characters (Tables 3.4 and 3.6). Therefore, anther dehiscence characters did not 

affect the stability of rice pollination.  

Present study demonstrated that panicle inclination of 30° significantly increased 

floret sterility under the canopy condition. We sometimes observe inclination of panicle at the 

flowering stage in agricultural scenes. Huge panicle in high yielding variety recently 

developed in China causes panicle inclination at flowering because of long rachis of the 

panicle and of long flowering period. Excessive application of fertilizer for tall race such as 

hybrid rice sometimes induces panicle incline. Tall cultivar shows inclination of panicle 

under windy condition. The results show the importance of an erect panicle in rice breeding 

and growing. Since the primary cause of sterility induced by heat (25, 38, 40, 45, 62) and 

drought (29) at flowering and by cold at booting (55) and flowering (66) is poor pollination, 

erect panicles may improve the tolerance to floret sterility caused by these stresses through 

improving stable pollination. We could not collect the data under high wind conditions, 

which affect the stability of pollination (37) and thus might affect the interaction between 

panicle inclination and panicle height in canopy on the pollination stability and the floret 

sterility. Further studies are needed for understanding the interactions between panicle 

inclination and panicle depth under strong wind conditions.  
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Table 3.1 Background canopy height and panicle height of pot-grown rice in Experiment 2. 

Treatment  Trial 1  Trial 2  Trial 3 

Position Inclination Canopy 

height (m) 

Panicle 

height (m) 

Canopy 

height (m) 

Panicle 

height (m) 

Canopy 

height (m) 

Panicle 

height (m) 

Canopy Inclined 1.20 1.06 1.26 1.14 1.32 1.20 

Canopy Upright 1.19 1.08 1.27 1.18 1.33 1.21 

Under Inclined 1.16 0.81 1.23 0.85 1.29 0.85 

Under Upright 1.19 0.82 1.22 0.82 1.29 0.85 

Canopy: Panicles in pots were set at the height of canopy surface. Under: Panicles in pots 

were set beneath the height of the canopy surface. Inclined: Pots were inclined at 30° from 

the vertical. Upright: Pots were set upright. Measurements were taken at the start of each 

trial.  



 

33 
 

Table 3.2 Leaf area index (LAI) and cumulative LAI from the surface of the canopy to the 
height of the florets at the flowering stage in Experiment 2. 

Treatment  Trial 1  Trial 2  Trial 3 

Position Inclination LAI Cumulative 

LAI 

LAI Cumulative 

LAI 

LAI Cumulative 

LAI 

Canopy Inclined 4.0 0.7 3.6 0.7 4.4 0.7 

Canopy Upright 4.1 0.4 3. 8 0.8 4.4 0.6 

Under Inclined 3.5 1.3 3.4 1.5 4.4 1.8 

Under Upright 3.5 1.4 3.5 1.6 4.0 2.2 

Canopy: Panicles in pots were set at the height of canopy surface. Under: Panicles in pots 

were set beneath the height of the canopy surface. Inclined: Pots were inclined at 30° from 

the vertical. Upright: Pots were set upright. LAI was measured at the base of the canopy. 

Cumulative LAI was measured at the height of the flowering florets. Measurements were 

taken on the middle day of each trial by using LAI 2000 crop canopy analyser.  
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Table 3.3 Summary of analysis of variance (ANOVA) and Tukey’s HSD test for mean values 
of floret sterility, numbers of total and germinated pollen grains, TP20 and GP10 as affected 
by panicle position and inclination in Experiment 1. 

 Sterility (%) Pollen (no.) Germinated 

pollen (no.) 

TP20 (%) GP10 (%) 

Trial (T)      

1 75.0 a 23.7 a 8.6 a 57.7 a 69.1 a 

2 66.4 ab 20.2 a 8.6 a 67.3 a 70.6 a 

3 52.6 b 22.9 a 10.0 a 64.5 a 66.2 a 

Position (P)      

Above 64.0 a 21.1 a 8.9 a 64.1 a 68.5 a  

Canopy 65.3 a 23.5 a 9.2 a 62.3 a 68.7 a 

Inclination (I)      

Inclined 69.5 a 17.7 b 6.8 b 73.7 a 79.1 a 

Upright 59.8 b 26.9 a 11.3 a 52.6 b 58.1 b 

P×I      

Above Inclined 68.4 ab 15.0 b 6.1 b 76.3 a 81.5 a 

Above Upright 59.6 b 27.1 a 11.7 a 51.8 b 55.6 b 

Canopy Inclined 70.5 a 20.3 ab 7.4 b 71.1 a 76.8 a 

Canopy Upright 60.1 b 26.6 a 11.0 a 53.5 b 60.7 b 

ANOVA      

Trial (T) * n.s. n.s. n.s. n.s. 

Position (P) n.s. n.s. n.s. n.s. n.s. 

Inclination (I) ** *** *** *** *** 

P×I ** *** *** *** *** 

T×P n.s. n.s. n.s. n.s. n.s. 

T×I n.s. n.s. n.s. n.s. n.s. 

T×P×I n.s. n.s. n.s. n.s. n.s. 

TP20: Percentage of florets with <20 total pollen grains on the stigma after anthesis. GP10: 
Percentage of florets with <10 germinated pollen grains on the stigma after anthesis. Above: 
Panicles in pots were set 25 cm above the canopy surface. Canopy: Panicles in pots were set 
at the height of canopy surface. Inclined: Pots were inclined at 30° from the vertical. Upright: 
Pots were set upright. Means followed by the same letter in each column are not significantly 
different by Tukey’s HSD test (P < 0.05). Percentage of sterility, TP20 and GP10 were logit-
transformed for analysis. ***P < 0.001; **P < 0.01; *P < 0.05; n.s: not significant.  
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Table 3.4 Summary of analysis of variance (ANOVA) and Tukey’s HSD test for mean values 

of anther dehiscence characters as affected by panicle position and inclination in experiment 

1. 

 

Apical 
Dehiscence 
Length (µm) 

Basal 
Dehiscence 
Length (µm) 

Trial (T)   
1 561.3 a 294.8 a 
2 548.6 ab 285.0 a 
3 540.6 b 293.5 a 

Position (P)   
Above 549.2 a 290.4 a 
Canopy 551.1 a 291.8 a 

Inclination (I)   
Inclined 543.7 a 292.5 a 
Upright 556.6 a 289.7 a 

P×I   
Above Inclined 544.7 a 294.2 a 
Above Upright 553.7 a 286.6 a 
Canopy Inclined 542.7 a 290.8 a 
Canopy Upright 559.6 a 292.8 a 

ANOVA   
Trial (T) * n.s 
Position (P) n.s n.s 
Inclination (I) n.s n.s 
P×I n.s n.s 
T×P n.s n.s 
T×I n.s n.s 
T×P×I n.s ** 

Above: Panicles in pots were set 25 cm above the canopy surface. Canopy: Panicles in pots 

were set at the height of canopy surface. Inclined: Pots were inclined at 30° from the vertical. 

Upright: Pots were set upright. Means followed by the same letter in each column are not 

significantly different in Tukey’s HSD tests (P < 0.05). **: p < 0.01; *: p < 0.05; n.s.: not 

significant. 
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Table 3.5 Summary of analysis of variance (ANOVA) and Tukey’s HSD test for mean values 
of floret sterility, numbers of total and germinated pollen grains, TP20 and GP10 as affected 
by panicle position and inclination in Experiment 2. 

 Sterility 

(%) 

Total pollen 

(no.) 

Germinated 

pollen (no.) 

TP20 (%) GP10 (%) 

Trial (T)      

1 46.5 b 26.2 a 10.3 a 58.1 a 65.6 a 

2 49.7 b 28.9 a 7.6 b 55.1 a 72.9 a 

3 61.4 a 21.3 a 7.2 b 65.8 a 76.1 a 

Position (P)      

Canopy 50.8 a 27.6 a 9.6 a 55.2 b 67.1 b 

Under 54.3 a 23.3 b 7.1 b 64.1 a 76.1 a 

Inclination (I)      

Inclined 65.5 a 17.7 b 5.3 b 73.3 a 86.5 a 

Upright 39.5 b 33.2 a 11.4 a 46.0 b 56.7 b 

P×I      

Canopy Inclined 65.7 a 18.6 c 5.6 c 70.3 a 83.3 a 

Canopy Upright 35.8 b 36.7 a 13.4 a 40.1 b 50.8 b 

Under Inclined 65.3 a 16.9 c 4.8 c 76.3 a 89.6 a 

Under Upright 43.3 b 29.8 b 9.5 b 51.8 b 62.5 b 

ANOVA      

Trial (T) ** n.s. * n.s. n.s. 

Position (P) n.s. * ** ** ** 

Inclination (I) *** *** *** *** *** 

P×I *** *** *** *** *** 

T×P n.s. n.s. n.s. n.s. n.s. 

T×I ** * * * * 

T×P×I n.s. n.s. n.s. n.s. n.s. 

TP20: Percentage of florets with <20 total pollen grains on the stigma after anthesis. GP10: 
Percentage of florets with <10 germinated pollen grains on the stigma after anthesis. Canopy: 
Panicles in pots were set at the height of canopy surface. Under: Panicles in pots were set 
beneath the height of panicles in the canopy. Inclined: Pots were inclined at 30° from the 
vertical. Upright: Pots were set upright. Means followed by the same letter in each column 
are not significantly different by Tukey’s HSD test (P < 0.05). Percentage of sterility, TP20 
and GP10 were logit-transformed for analysis. ***P < 0.001; **P < 0.01; *P < 0.05; n.s: not 
significant.  
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Table 3.6 Summary of analysis of variance (ANOVA) and Tukey’s HSD test for mean values 

of anther dehiscence characters as affected by panicle position and inclination in experiment 

2 

 

Apical 
Dehiscence 
Length (µm) 

Basal 
Dehiscence 

Length 
(µm) 

Trial (T)   

1 494.2 248.2 

2 505.6 248.5 

3 517.8 221.7 
Position (P)   

Canopy 511.2 235.4 
Under 500.5 243.6 

Inclination (I)   
Inclined 509.2 237.9 
Upright 502.6 241.1 

P×I   
Canopy Inclined 518.3 232.1 
Canopy Upright 504.2 238.6 
Under Inclined 500.0 243.6 
Under Upright 501.0 243.5 

ANOVA   
Trial (T) n.s n.s 
Position (P) n.s n.s 
Inclination (I) n.s n.s 
P×I * n.s 
T×P n.s n.s 
T×I n.s n.s 
T×P×I n.s n.s 

Canopy: Panicles in pots were set at the height of canopy surface. Under: Panicles in pots 

were set beneath the height of panicles in the canopy. Inclined: Pots were inclined at 30° 

from the vertical. Upright: Pots were set upright. *: p < 0.05; n.s.: not significant.  
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Figure 3.1 Weather conditions at the experimental paddy field during the treatment periods of 

Experiments 1 (2017) and 2 (2018): (a) daily maximum temperature, (b) relative humidity at 

the time of maximum temperature, and (c) average wind speed above the canopy (230 cm 

above the ground) around flowering time (10:00–12:00 h in Experiment 1, 09:00–12:00 h in 

Experiment 2). Bold, double and triple lines indicate sampling days in first, second, and third 

trial, respectively.  
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Figure 3.2 Relationship between logit-transformed percentage of florets with <10 germinated 

pollen grains (GP10) on the stigma and logit-transformed percentage of floret sterility in 

Experiment 1. In ANCOVA with GP10 as a covariate and trial as an independent variable, the 

effects of both GP10 and trial on sterility were significant at the 0.1% level (***). 
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Figure 3.3 Relationship between logit-transformed percentage of florets with <20 total pollen 

grains on the stigma (TP20) and logit-transformed percentage of florets with <10 germinated 

pollen grains on the stigma (GP10) in Experiment 1. ***Significant at the 0.1% level.  
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Figure 3.4 Relationship between logit-transformed percentage of florets with <10 germinated 

pollen grains on the stigma (GP10) and logit-transformed percentage of floret sterility in 

Experiment 2. In ANCOVA with GP10 as a covariate and trial as an independent variable, 

the effect of GP10 on sterility was significant at the 1% level (**), but the effect of trial was 

not.  
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Figure 3.5 Relationship between logit-transformed percentage of florets with <20 total pollen 

grains on the stigma (TP20) and logit-transformed percentage of florets with <10 germinated 

pollen grains on the stigma (GP10) in Experiment 2. ***Significant at the 0.1% level.  
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CHAPTER IV 

General Discussions  

Global food demand is expected to grow significantly in upcoming decades and it will 

increase by 59–98% between 2005 and 2050 (60). Scientists have been tried to maximize 

crop yield to fulfill the increasing demand of world’s food supply by various ways and 

means. Ideotype approach have been used to improve the rice plant type for high yield. China 

super hybrid rice have been achieved with high yield by emphasizing the top three leaves and 

lowering panicle height within the canopy to exploit the radiation use efficiency during the 

grain filling period (47). On the other hand, rice production has been threatened by various 

abiotic stress generated by global climate change. Rice production has decreased by various 

abiotic stresses at flowering mainly through the poor pollination. Pollination stability is, 

therefore, important for sustainable rice production under future global climate change. The 

present study examined the effect of panicle inclination on pollination stability and floret 

sterility in rice. 

In the first study, we examined the effect of panicle angle on pollination stability in 

rice with isolated pot-grown rice. We confirmed that panicle inclination seriously affected the 

stability of pollination probably through the change in relative position between anther and 

stigma and delay of pollen release. Panicle inclination is common in agricultural scenes. It 

ranges from 0° -40° at heading stage in Myanmar rice varieties as our field observation 

(unpublish data). Moreover, floret inclination could be affected by panicle type. Even in erect 

panicle type, if its structure is loose, the secondary branched will bent outwards and may 

cause the floret inclination. Huge panicle in high yield rice variety causes panicle inclination 

at flowering because of long rachis of the panicle and of long flowering period. Excessive 

application of fertilizer for tall races in both hybrid and landraces sometimes induces panicle 

incline. Tall cultivar shows inclination of panicle under windy condition. Therefore, our 
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study stresses that panicle architecture is one of the important factors in the stability of rice 

pollination. In order to maximize the pollination, dehiscent anther should be erect and located 

directly above the stigma. Panicle inclination changed this optimal condition for gravity 

pollination. The decrease in stability of rice pollination through change in relative position 

between dehisced anther and stigma has been reported elsewhere (29, 33, 53). Thus, right 

time and right place of anther dehiscence is very important in the success of pollination.  

We also observed that panicle inclination also hampered pollen germination probably 

through delay of pollen release. Delaying pollination might cause in pollen dehydration and 

loss of pollen viability. Very thin pollen wall rich in exinous microchannels (13) causes rapid 

loss of water from rice pollen and subsequent leads to a sharp drop in viability within a short 

time after anther dehiscence (23; 57). Even under typical environment, rice pollen grains are 

short-lived and lose their viability within 5 minutes (26). Thus, rapid germination and tube 

growth are necessary for success of fertilization in rice (15). 

In the second study, we examined the effect of canopy on relationship between 

panicle angle, pollination and floret sterility with two model experiments. Our results showed 

that floret sterility was seriously affected by inclination through poor pollination. Therefore, 

panicle inclination will give damage to rice production. 

Nowadays, abiotic stresses are bottlenecks of world rice production. Heat stress 

induced yield losses occurred in many rice producing regions: China (27), Japan (14) and in 

other parts of tropical and subtropical regions (21). On the other hand, low temperatures 

comprise a major climatic problem for rice growing in 25 countries, including Korea and 

Japan (5). Similarly drought is a major threat to rianfed rice production, with over 25 million 

ha affected in Asia alone (8). All these stresses at flowering seriously affected seed set mainly 

through poor pollination. Therefore, our study provides valuable information that erectness of 
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panicle could improve tolerance to against these abiotic stresses though stable pollination and 

seed set. 

We also detected negative effect of depth of canopy on stability of pollination. 

Although lower panicle height relative to canopy is an important character for high yield in 

rice (51), we need to consider the panicle position in the context of pollination stability.  

In conclusion, our study confirmed that panicle inclination seriously affected seed set 

through unstable pollination even under canopy condition. It will be better to extend our 

observation to naturally variation in panicle angle at heading stage among rice varieties to 

examine their effect on pollination stability and seed set under normal and stress conditions. 

 

 

  



 

46 
 

Academic papers relating the dissertation 

1. Win, A., Tanaka, T. S. T., and Matsui, T. (2020). Panicle inclination influences 

pollination stability of rice (Oryza sativa L.). Plant production Science, 23, 60-68. 

2. Win, A., Tanaka, T. S. T., and Matsui, T. (2020). How panicle angle and panicle position 

in the canopy determine pollination and seed set in rice (Oryza sativa L.). Plant 

production Science, DOI:10.1080/1343943X.2020.1730702. 

  



 

47 
 

Acknowledgement 

 First of all, I would like to acknowledge and express my sincere gratitude to Prof. Dr. 

Tsutomu Matsui (Laboratory of Crop Production Science, Faculty of Applied Biological 

Science, Gifu University), the supervisor, for conceding this study, for his invaluable 

comments, suggestions, kind encouragement, constructive reviewing in all phases and 

supports throughout the study.  

Special thanks go to Assist. Prof. Dr. Teruaki Shimazu (Laboratory of Plant 

Biosystems Engineering, Faculty of Applied Biological Science, Gifu University) as a chair 

of examination committee and for his valuable suggestions, comments and recommendations.  

I would like to express my heartfelt gratitude to Prof. Dr. Masayuki Yamashita 

(Faculty of Agriculture, Shizouka University), the co-supervisor, for his kind guidance and 

constructive comments on my study.  

I would like to convey my special thanks to Dr. Tanaka Shi Tanaka (Assist. Prof.), 

the co-supervisor, for his kind guidance and constructive comments on my study, and help 

not only in study and but also in daily life during my stay in Gifu University.  

I would like to thank Keisuke Kashiwagi and all members of Crop Production 

Sciences Laboratory for their kind helps in my research.  

Also, I would like to express my deepest thanks to all staffs of Renno office for their 

kind supports during my study in Gifu University. 

The great gratitude goes to Japan International Cooperation Agency (JICA) and 

Technical Cooperation Project of Yezin Agricultural University and the Japan International 

Cooperation Agency (YAU-JICA TCP) for the support of my Ph. D. study in Gifu 

University.   

 My deepest thanks go to Dr. Nang Hseng Hom (Rector), Dr. Kyaw Kyaw Win (Pro-

rector, Admin.) and Dr. Soe Soe Thein (Pro-rector, Academic) of Yezin Agricultural 



 

48 
 

University (YAU) and the Ministry of Agriculture, Livestock and Irrigation (MOALI) for 

allowing me to study at Gifu University, Japan. 

 I wish sincerely to thank Dr. Mie Mie Aung (Prof.-retired), Dr. Soe Win (Prof.), all 

senior and junior teachers and office staffs of Department of Plant Breeding, Physiology and 

Ecology, YAU for their constant encouragement in my life and for sharing the time and 

efforts in duties of teaching in YAU while I was away from my mother university. 

The special thanks also go to my beloved wife, Ms. Wai Mar Lynn for helping in 

research activities, giving continuous encouragement, kindness, strength and energy when 

facing any difficulties during my Ph.D. study abroad. 

 Lastly but not least, I am proudly grateful to my parents, U Han Sein and Daw Po, and 

my brothers and sisters for their never-ending prayers, unconditional love and untiring 

support. I would like to dedicate this thesis to my parents. 

  



 

49 
 

References 

（1） Baker, H. G. (1955). Self-compatibility and establishment after “long-distance” 

dispersal. Evolution, 9, 347–349. 

（2） Barrett, S. C. (2002). Evolution of sex: the evolution of plant sexual diversity. Nat. 

Rev. Genet., 3, 274. 

（3） Belaoussoff, S. and Shore, J.S. (1995). Floral correlates and fitness consequences of 

mating system variation in Turnera ulmifolia. Evolution 49, 545–556. 

（4） Brys, R., and Jacquemyn, H. (2011). Variation in the functioning of autonomous self-

pollination, pollinator services and floral traits in three Centaurium species. Ann. 

Bot., 107, 917–925. 

（5） Cruz, R. P. D., Sperotto, R. A., Cargnelutti, D., Adamski, J. M., de FreitasTerra, T., 

and Fett, J. P. (2013). Avoiding damage and achieving cold tolerance in rice plants. 

Food Energy Secur., 2, 96-119. 

（6） Darwin, C. (1876). The effects of cross and self-fertilization in the vegetable kingdom 

(pp. 356-414). London: Murray. 

（7） Darwin, C. (1877). The different forms of flowers on plants of the same species (pp. 

137-187). New York: D. Appleton & Co. 

（8） Dey M. M., and Upadhyaya H. K., (1996) Yield loss due to drought, cold and 

submergence in Asia. In: Evenson RE, Herdt RW, Hossain M (eds) Rice research in 

Asia: progress and priorities. CAB International, Wallingford, pp 291–303 

（9） Dong, H., Zhao, H., Xie, W., Han, Z., Li, G., Yao, W., Bai, X., Hu, Y., Guo, Z., Lu, 

K. and Yang, L. (2016). A novel tiller angle gene, TAC3, together with TAC1 and D2 

largely determine the natural variation of tiller angle in rice cultivars. PLoS Genetics, 

12, e1006412. 

（10） Fægri, K., and Van der Pijl, L. (1979). The principle of pollination ecology (3rd 



 

50 
 

revised ed.) (pp. 40). Oxford: Pergamon Press. 

（11） FAO. (2013). Statistical Yearbook. Food and Agricultural Organization (pp. 634). 

Rome. 

（12） FAO. (2014). Statistical Yearbook. Food and Agricultural Organization (pp. 634). 

Rome. 

（13） Fu, J. H., Lei, L. G., Chen, L. B., and Qiu, G. Z. (2001). Wall ultrastructure and 

cytochemistry and the longevity of pollen of three grass species. Aust. J. Bot., 49, 

771-776. 

（14） Hasegawa, T., Kuwagata, T., Nishimori, M., Ishigooka, Y., Murakami, M., 

Yoshimoto, M., Kondo, M., Ishimaru, T., Sawano, S., Masaki, Y., and Matsuzaki, H. 

(2009, October). Recent warming trends and rice growth and yield in Japan. In : 

MARCO Symposium on Crop Production under Heat Stress: Monitoring, Impact 

Assessment and Adaptation. National Institute for Agro-Environmental Studies, 

Tsukuba, Japan. 

（15） Heslop‐Harrison, J. (1979). An interpretation of the hydrodynamics of pollen. Am. J. 

Bot., 66, 737-743. 

（16） Horie, T., Matsui, T., Nakagawa, H., and Omasa, K. (1996). Effects of elevated CO2 

and global climate change on rice yield in Japan. In: Climate change and plants in 

East Asia (pp. 39-56). Springer, Tokyo. 

（17） Horie, T., Yajima, M., and Nakagawa, H. (1992). Yield forecasting. Agric. Syst., 40, 

211-236. 

（18） Hoshikawa, K. (1993). Anthesis, fertilization and development of caryopsis. In: 

Matsuo T. Hoshikawa K. eds. Science of the Rice Plant: Vol. 1. morphology (pp. 339-

376). Tokyo: Food and Agriculture policy research center.  



 

51 
 

（19） Inoue K, Uchijima K, Horie T., and Iwakiri S. (1975). Study of energy and gas 

exchange within crop canopies (10), structure of turbulence in rice crop. J. Agric. 

Meteorol., 31, 71-82.  

（20） Ishimaru, T., Hirabayashi, H., Kuwagata, T., Ogawa , T., and Kondo, M. (2012). The 

early-morning flowering trait of rice reduces spikelet sterility under windy and 

elevated temperature conditions at anthesis. Plant Prod. Sci., 15, 19–22 

（21） Ishimaru, T., Xaiyalath, S., Nallathambi, J., Sathishraj, R., Yoshimoto, M., 

Phoudalay, L., Samson, B., Hasegawa, T., Hayashi, K., Arumugam, G. and 

Muthurajan, R., (2016). Quantifying rice spikelet sterility in potential heat-vulnerable 

regions: field surveys in Laos and southern India. Field Crops Res., 190, 3-9. 

（22） Kalisz, S., Vogler, D. W., and Hanley, K. M. (2004). Context-dependent autonomous 

self-fertilization yields reproductive assurance and mixed mating. Nature, 430, 884-

887. 

（23） Khatun, S., and Flowers, T.J. (1995). The estimation of pollen viability in rice. J. Exp. 

Bot., 46, 151–154. 

（24） Kobayashi, K., Horisaki, A., Niikura, S., and Ohsawa, R. (2009). Floral morphology 

affects seed productivity through pollination efficiency in radish (Raphanus sativus 

L.). Euphytica, 168, 263-274. 

（25） Kobayashi, K., Matsui, T., Murata, Y., and Yamamoto, M. (2011). Percentage of 

dehisced thecae and length of dehiscence control pollination stability of rice cultivars 

at higher temperatures. Plant Prod. Sci., 14, 89–95 

（26） Koga, Y., Akihama, T., Fujimaki, H., and Yokoo, M. (1971). Studies on the 

Longevity of Pollen Grains of Rice, Oriza sativa L. Cytologia, 36, 104-110. 



 

52 
 

（27） Li, C.Y., Peng, C.H., Zhao, Q.B., Xie, P., and Chen, W. (2004). Characteristic 

analysis of the abnormal high temperature in 2003’s midsummer in Wuhan City. J. 

Central China Normal Univ. (Natur. Sci. Edition) 38, 379–381.  

（28） Li, H., Zhang, X., Li, W., Xu, Z., & Xu, H. (2009). Lodging resistance in japonica 

rice varieties with different panicle types. Chin. J. Rice Sci., 23, 191-196 

（29） Liu, J.X., Liao, D.Q., Oane, R., Estenor, L., Yang, X.E., Li, Z.C., and Bennett, J., 

(2006). Genetic variation in the sensitivity of anther dehiscence to drought stress in 

rice. Field Crops Res., 97, 87-100. 

（30） Lloyd, D. G. (1965). Evolution of self-compatibility and racial differentiation in 

Leavenworthia (Cruciferae). Contributions from the Gray Herbarium of Harvard 

University, 195, 3-134. 

（31） Luo, Y., and Widmer, A. (2013). Herkogamy and its effects on mating patterns in 

Arabidopsis thaliana. PLoS One, 8, e57902.  

（32） Ma, J., Ma, W., Tian, Y., Yang, J., Zhou, K., & Zhu, Q. (2004). The culm lodging 

resistance of heavy panicle type of rice. Zuo wu xue bao, 30(2), 143-148. 

（33） Matsui, T., and Kagata, H. (2003). Characteristics of floral organs related to reliable 

self-pollination in rice (Oryza sativa L.). Ann. Bot., 91, 473–477. 

（34） Matsui, T., Kobayasi, K., Kagata, H., and Horie, T. (2005). Correlation between 

viability of pollination and length of basal dehiscence of the theca in rice under a hot-

and-humid condition. Plant Prod. Sci., 8, 109–114. 

（35） Matsui, T., Kobayasi, K., Nakagawa, H., Yoshimoto, M., Hasegawa, T., Reinke, R., 

and Angus, J. (2014). Lower-than-expected floret sterility of rice under extremely 

hot conditions in a flood-irrigated field in New South Wales, Plant Prod. Sci. 17, 

245―252 

（36） Matsui T, Kobayasi K, Yoshimoto M., and Hasegawa T. (2007). Stability of rice 



 

53 
 

pollination in the field under hot and dry conditions in the Riverina region of New 

South Wales, Australia. Plant Prod. Sci., 10, 57–63 

（37） Matsui T., Kobayasi, K., Yoshimoto, M., Hasegawa, T., and Tian, X. (in press). 

Dependence of pollination and fertilization in rice (Oryza sativa L.) on floret height 

within the canopy. Field Crops Res., 249. 

（38） Matsui, T., Omasa, K., and Horie, T. (1997). High temperature induced floret sterility 

of japonica rice at flowering in relation to air temperature, humidity and wind velocity 

conditions. Jpn. J. Crop Sci., 66, 449–455. 

（39） Matsui, T., Omasa, K., and Horie, T. (1999). Mechanism of anther dehiscence in rice 

(Oryza sativa L.). Ann. of Bot., 84, 501–506. 

（40） Matsui, T., Omasa, K., and Horie, T. (2000). High temperature at flowering inhibit 

swelling of the pollen grains, a driving force for thecae dehiscence in rice (Oryza 

sativa L.). Plant Prod. Sci., 3, 430–434 

（41） Matsui, T., Omasa, K., and Horie, T. (2001). The difference in sterility due to high 

temperatures during the flowering period among Japonica-rice varieties. Plant Prod. 

Sci., 4, 90–93. 

（42） Monteith J. L., and Unsworth M. H. (2008). Micrometeorology (i), Turbulent transfer, 

Profiles, and Fluxes. In: Principles of Environmental physics. Third edition. 

Burlington, MA, USA, Academic Press, 300-334. 

（43） Morinaga, T., and Kuriyama, H. (1944). On the anthers of Oryza species. The 

Botanical Magazine, 58, 90-92. In Japanese 

（44） Muller, H. (1883). The fertilisation of flowers (pp. 12-13). London, UK: Macmillan. 

（45） Nishiyama, I., and Satake, T. (1981). High temperature damage in the rice plant. Jpn. 

J. Trop. Agr., 26, 19–25. 

（46） Opedal, ØH., Albertsen, E., Armbruster, WS., Pérez-Barrales, R., Falahati-Anbaran, 



 

54 
 

M., and Pélabon, C. (2016). Evolutionary consequences of ecological factors: 

pollinator reliability predicts mating-system traits of a perennial plant. Ecol. Lett., 19, 

1486–1495. 

（47） Peng, S., Khush, G. S., Virk, P., Tang, Q., and Zou, Y. (2008). Progress in ideotype 

breeding to increase rice yield potential. Field Crops Res., 108, 32-38. 

（48） Rick, C.M., Fobes, J.F. and Holle, M. (1977). Genetic variation in Lycopersicon 

pimpinellifolium: evidence of evolutionary change in mating systems. Plant Syst. 

Evol., 127, 139–170.  

（49） Rick, C.M., Holle, M. and Thorp, R.W. (1978) Rates of crosspollination in 

Lycopersicon pimpinellifolium: impact of genetic variation in floral characters. Plant 

Syst. Evol., 129, 31–44.  

（50） Rollins, R. C. (1963). The evolution and systematics of Leavenworthia (Cruciferae). 

Contributions from the Gray Herbarium of Harvard University, (192), 3-98. 

（51） Saitoh, K., Yonetani, K., Murota, T., and Kuroda, T. (2002). Effects of flag leaves and 

panicles on light interception and canopy photosynthesis in high-yielding rice 

cultivars. Plant Prod. Sci., 5, 275-280. 

（52） Satake, T. (1972). Circular dense-culture of rice plants in pots: the purpose of 

obtaining many uniform panicles of main stems. Jpn. J. Crop Sci., 41, 361–362. In 

Japanese 

（53） Satake, T., and Yoshida, S. (1978). High temperature-induced sterility in indica rice at 

flowering. Jpn. J. Crop Sci., 47, 6–17. 

（54） Shibata, M., Sasaki, K., and Shimazaki, Y. (1970). Effects of air-temperature and 

water-temperature at each stage of the growth of lowland rice: I. Effect of air-

temperature and water-temperature on the percentage of sterile grains. Jpn. J.Crop 

Sci., 39, 401–408. In Japanese with English summary 



 

55 
 

（55） Shimazaki, Y., Satake, T., Ito, N., Doi, Y., and Watanabe, K. (1964). Sterile spikelets 

in rice plants induced by low temperature during the booting stage. Research Bull. 

Hokkaido National Agricultural Experiment Station, 83, 1–9. In Japanese with 

English summary 

（56） Shimizu, M., Tomita-Yokotani, K., Nakamura, T., and Yamashita, M. (2005). 

Tropism in azalea and lily flowers. Adv. Space Res., 36, 1298-1302. 

（57） Song, Z. P., Lu, B. R., and Chen, J. K. (2001). A study of pollen viability and 

longevity in Oryza rufipogon, O. sativa, and their hybrids. Int. Rice Res. Notes 

(Philippines), 26, 31-32. 

（58） Tian, X., Matsui, T., Li, S., Yoshimoto, M., Kobayasi, K., and Hasegawa, T. (2010). 

Heat-induced floret sterility of hybrid rice (Oryza sativa L.) cultivars under humid 

and low wind conditions in the field of Jianghan Basin, China. Plant Prod. Sci., 13, 

243-251. 

（59） Toräng, P., Vikström, L., Wunder, J., Wötzel, S., Coupland, G., and Agren, J. (2017). 

Evolution of the selfing syndrome: Anther orientation and herkogamy together 

determine reproductive assurance in a self-compatible plant. Evolution, 71, 2206–

2218. 

（60） Valin, H., Sands, R.D., Van der Mensbrugghe, D., Nelson, G.C., Ahammad, H., 

Blanc, E., Bodirsky, B., Fujimori, S., Hasegawa, T., Havlik, P. and Heyhoe, E. 

(2014). The future of food demand: understanding differences in global economic 

models. Agric. Econ., 45, 51-67. 

（61） Webb, C. J., and Lloyd, D.G. (1986). The avoidance of interference between the 

presentation of pollen and stigmas in angiosperms. II. Herkogamy. N. Z. J. Bot., 24, 

163–178. 

（62） Weerakoon, W. M. W., Maruyama, A., and Ohba, K. (2008). Impact of humidity on 



 

56 
 

temperature-induced grain sterility in rice (Oryza sativa L). J. Agron. Crop Sci., 194, 

135–140. 

（63） Win, A., Tanaka, T. S. T., and Matsui, T. (2020). Panicle inclination influences 

pollination stability of rice (Oryza sativa L.). . Plant Prod. Sci., 23, 60-68. 

（64） Yoshida, S. (1981). Fundamentals of rice crop science. Int. Rice Res. Inst. 

（65） Yoshimoto, M., Oue, H., and Kobayashi, K. (2005). Energy balance and water use 

efficiency of rice canopies under free-air CO2 enrichment. Agr. Forest Meteorol., 133, 

226-246.  

（66） Zeng, Y., Zhang, Y., Xiang, J., Uphoff, N. T., Pan, X., and Zhu, D. (2017). Effects of 

Low Temperature Stress on Spikelet-Related Parameters during Anthesis in Indica– 

Japonica Hybrid Rice. Front. Plant Sci., 8, 1350. 

 


