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GENERAL INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4)
showed that the 100-year (1906-2005) linear trend of a 0.74°C temperature increase is the largest
such increase in the last 1000 years (IPCC 2007). In Japan, the temperature has been anomaly
rising at a rate of about 1.11°C per century since instrumental temperature records which began
in 1898 (Japan Meteorological Agency 2009). The global warming causes reduction in grain
yield and quality of rice that is the big problem of rice cultivation in Japan, especially in Kyusyu
Region (Funaba et al., 2006b; Tanaka et al., 2009; Morita and Nakano, 2011). In Fukuoka
Prefecture, the first inspection grade of rice has been greatly less than 50% since 2002 (Hamachi
2010).

It has been reported that white immature kernels of japonica rice arose when the average
air temperature for the first 20 days after heading (DAH) was 27°C and over and that the
percentage of white immature kernels changed with cultivars, for example, Oryza sativa L.
‘Hinohikari’, which is cultivated more than 40% per rice planted area in Fukuoka Prefecture,
was sensitive to high temperature (Morita et al., 2005a; Wakamatsu et al., 2007). In addition, it
has been reported that occurrence of the white immature kernel was caused not only by high
temperature but also by an other factors such as low solar radiation and proper management for rice
grown under a high temperature condition (Terashima et al., 2001). Kondo et al. (2007) reported
that it is important to hold optimum number of spikelet and to maintain the nitrogen nutrient
condition of rice to improve the rice grain quality. Therefore, the first objective of this study is to
investigate the relationship between the number of spikelet, grain quality and yield of
‘Hinohikari’ to clarify the optimum number of spikelet for improving grain quality grown under
high temperature. In addition, I studied a nitrogen application method for controlling the number
of spikelet and improvement of nitrogen nutrient condition of rice cultivar ‘Hinohikari’ (Chapter
D).

Grain maturation of rice is associated with biochemical and physiological changes in tissues
along with dehydration. The dynamic states of water compartments in grain tissues correlate with
the organic properties of macromolecular structures related to rice development (Iwaya-Inoue et
al.,, 2001). Nuclear magnetic resonance (NMR) is a useful technique for analyzing water
conditions. Spin-lattice relaxation time (77) and spin-spin relaxation time (72) has been used as
indicators of dynamic states of water in biological tissues as they reflect the motion of water
molecules (Farrar et al., 1971, Lenk et al., 1991, Iwaya-Inoue et al., 2004a, Funaba et al. 2006a).
Water status of rice (cv. Hinohikari) grains exposed to thermal stress during ripening period was

evaluated by NMR relaxation times. This study revealed that the change in T; of developing rice



grains closely related with the quantity of water until mid-mature stage, while 7> was more
sensitive diagnostic indicator for accumulation of dry matter and quantity of kernel during grain
maturity (Funaba et al., 2006b). However, it is not clear about the influence of high temperature
treatments for rice plants before heading stage on water status of ripening grains and the quality of
rice grains. Therefore, I performed a molecular biologic approach about water transport systems as
one of the most important factors of physical properties of water. Membrane permeability for water
depends on both the state of the lipid bilayer and the water channels of plant cells (Maurel et al.,
1995).

It has been reported that rice has 33 aquaporin genes (Sakurai et al., 2005). Particularly in
grains, aquaporins, the proteins forming membrane water channels, comprise 5 to 10% of the total
membrane proteins (Maurel et al., 1997). However, detailed expression profiles of the aquaporin
genes in rice grains under thermal stress before and after the heading stages is unknown. Therefore,
the second objective of this study is to evaluate changes in NMR relaxation times (77 and 72),
aquaporin gene expression and quality of grains that was enhanced in response to thermal stress
before and after the heading stage of rice plants, especially, focusing on thermal stress before
heading at vegetative stage (Chapter 2).

Recently, a number of cultivars showing tolerance against heat stress at ripening stage have
been developed in Japan. For example, ‘Genkitsukushi’ (former named ‘Chikushi 64’) developed
from a cross between ‘Tsukushiroman’ as a pollen parent and ‘Tsukushiwase’ as a seed parent
at Fukuoka Agricultural Research Center in 2008 (Tanaka et al., 2009; Wada et al., 2010) is one
of the heat tolerant cultivars. High air temperatures in summer of 2010 severely damaged an
apparent quality of rice kernels in a large area of Japan. Nevertheless, the percentage of the first
inspection grade of ‘Genkitsukushi’ was more than 90% even when the average of air
temperature during the 20 DAH was over 28°C, while the average of the first inspection grade of
‘Tsukushiroman’ and ‘Hinohikari’ were less than 20 % (Ministry of Agriculture, Forestry and
Fisheries, 2011).

When rice plants were exposed to high temperature during the ripening period, the
sink-source balance of carbohydrates was disrupted, and white immature kernels were produced
(Morita, 2008). In fact, the reduction of carbohydrate supply increased the percentage of white
immature kernels (Morita et al., 2005a; Nakagawa et al., 2006; Tsukaguchi et al., 2011).
Recently, it was suggested that the level of high-temperature tolerance of rice was related to the
nonstructural carbohydrates (NSC) content in the stem at the full-heading stage (Morita and
Nakano, 2011). The supply of the carbohydrate grain for the ripening consists of two
components: NSC in the stem at full heading and the newly assimilated carbohydrate after

heading of rice (Matsushima 1957; Weng et al., 1982). In addition, a sucrose transporter gene of



rice, SUTI, was highly expressed in leaf sheaths, stems, grains after heading, and also in
germinating seedlings, but very low levels in roots (Aoki et al., 2003; Scofield et al., 2007).
These findings suggest that SUT1 plays an important role in maintaining the supply of
photoassimilates to the filling grains (Scofield et al., 2002). Recently, our group reported that
high-temperature repressed the expression of SUTI in ‘Hinohikari’ and starch-synthesis-related
genes in sink and source organs at the milky ripening stage caused chalky grains (Phan et al.,
2013).

As reported in Phan et al (2013), the grain quality in ‘Genkitsukushi’ was remarkably
superior to that of ‘Tsukushiroman’ in especially hot summer of 2010, although ‘Tsukushiroman' is
a pollen parent of ‘Genkitsukushi’. Therefore, the final objective of this study is to gain insights
into heat tolerance through the analyses of physiological differences between heat-tolerant
cultivar ‘Genkitsukushi’ and heat-sensitive cultivar ‘Tsukushiroman’. Accordingly I especially
focused on assimilate translocation and gene expression of SUT/ during the ripening period
under heat stress and to reveal the mechanism of heat tolerance in ‘Genkitsukushi’ as a leading
heat-tolerant rice cultivar for the purpose of extending a cultivation area and acceleration of
breeding for new rice cultivars producing high grain quality and yield even under high temperature

conditions (Chapter 3, 4).



Chapter 1

A cultivation method for improving grain quality of rice cultivar ‘Hinohikari’
grown under high temperature conditions

1.1 Introduction

High temperature causes severe reduction of grain yield and quality of rice cultivated in
Japan. In particular, the occurrence of white immature kernels causes a reduction of the grain
quality of rice (Morita 2008). Especially, high air temperature during summer of 2010 damaged the
grain quality in a large area of Japan (Hamachi et al., 2012).

It has been reported that the occurrence of white immature kernel increased when average
temperature during 20 days after heading (DAH) was 27°C and over. Especially, Oryza sativa L.
‘Hinohikari’, which is cultivated more than 40% per rice planted area in Fukuoka Prefecture, was
sensitive to high temperature (Wakamatsu et al., 2007), thus the first inspection grade of rice was
less than 50% in Fukuoka Prefecture since 2002 (Hamachi 2010).

A cultivation method for improving grain quality grown under high temperature conditions
can be classified two types; 1) avoidance against heat temperature and 2) tolerance against heat
temperature (Morita 2008). The former type has been reported to be applied effectively by
changing transplanting time later than conventional planting time (Yamaguchi et al., 2004,
Takahashi, 2006, Miyazaki et al., 2008). The later strategy is important to improve or maintain
ability for the assimilates supply in source organ, such as leaf blade, culm and leaf shelf, because
white immature kernels were caused by a deficiency of assimilation during the initial half period of
grain filling stage (Tsukaguchi and lida, 2008).

In addition, it has been reported that occurrence of white immature rice kernels caused not
only by simple high temperature but also by an other complicate factors such as low solar radiation
and nitrogen application level (Terashima et al., 2001). Occurrence of milky white kernels and
white based kernels was observed at lower levelof sunshine (Yoshida et al., 1991, Sato et al., 2002)
and abundance of the number of spikelet (Kobata et al., 2004), white based kernels and white-back
kernels was decreased by applying nitrogen top-dressing (Nakagawa et al., 2006, Miyazaki et al.,
2013). Therefore, it is important to hold optimum number of spikelet and to maintain the nitrogen
nutrient condition of rice to improve the rice grain quality (Kobata et al., 2004, Kondo et al., 2007).

In this study, Oryza sativa L. ‘Hinohikari’ cultivated in 2009-2011 was used. I
investigated the relationship among the number of spikelet, grain quality and yield for the
purpose to clarify the optimum number of spikelet and to improve grain quality grown under

high temperature (Experiment 1). In addition, I examined the relationship among the number of



spikelet, the amount of nitrogen up-take of aboveground part, plant height, number of tillers and
leaf color value at panicle formation stage to establish the rapid method for predicting the
spikelet number by using growth diagnosis (Experiment 2). Furthermore, I studied a nitrogen
application method for controlling the number of spikelet and improvement nitrogen nutrient

condition (Experiment 3).

1.2 Materials and methods
Experiment 1

An experiment was performed at a field of Fukuoka Agricultural Research Center in
Chikushino City of Fukuoka Prefecture, in 2009 and 2010. The experiment was performed at
varietal soil texture and fertility conditions to investigate the relationship between the number of
spikelet, grain quality and their yield (Table 1). Rice seedlings (Oryza sativa L. ‘Hinohikari’,
medium maturing cultivar) were transplanted at 18-24th June in 2009 and at 18-25th June in 2010,
respectively. The young seedlings with 3.0-3.5 leaf stage were transplanted with planting density of
19-22 hills/m?.  Varietal amounts of nutrient fertilizers were applied at each stage, as basal at
pudding, as top-dressing at panicle formation stage and booting stage (Table 1).

The rice plants were harvested at maturity stage. Then threshing and husking treatments were
carried out after air drying adjusted at 15% water content, and preparation was sieved at 1.85mm.
Inspection grade was evaluated as 10 degrees, 1st grade (1, 2, 3), 2nd grade (4, 5, 6), 3rd grade (7,
8, 9) and below standard (10) according to Fukuoka Region center of Kyusyu Regional
Agricultural Administration Office.

Table 1 The amount of nitrogen fertilizer application to rice plants grown at
Fukuoka Agricultural Research Center Chikushino station: Experiment 1.

Transplanting Number of the

Field - F nitrog Tizer feationd)
Year No.D Time experimental Amount of nmo(g\efxlli fe;t(;l;)zex application
(Mon. Day) plot e T
2009 L2 6.18-6.24 20 5-12.5:3,5.7,94 02,3+ 0,1.5
2010 1.2.3 6.18-6.25 28 0-10.5:0,3.5,7+0.2+0.1.5

1) Fields No. 1 and 2; Sand loam. Field No.3; Clayey soil.

2) Available nitrogen content in rice-cultivated soil in 2011. Field No. 1; 11.1mg/100g), Field
No. 2: 6.9mg/100g, Field No. 3; 5.7mg/100g.

3) Amount of nitrogen fertilizer application: Total: Basal stage +panicle formation stage+
booting stage.



Kernel quality such as a perfect kernel and white immature kernel was measured with grain
quality analyzer RGQI20A (Satake Co. Ltd., Japan), White immature kernel is a total value of
milky white kernel including white core kernel, white based kernel and white-back kernel
including white belly kernel (Tsubone et al., 2008). The spikelet architecture in terms of panicles
and grain quality was counted from 10 hills per experimental plot in 2010. Thirty panicles without
damage were randomly selected among 10 hills, and were classified in every ten panicles by length
(long, middle and short panicle), and four panicles were selected from each ten panicles. Then,
selected total 12 panicles were classified into the primary and secondary branches, and threshing
and husking treatments were carried out, and were measured 1000-grain weight and grain quality

with grain quality analyzer described above.

Experiment 2

An experiment 2 was performed at a field of Fukuoka Agricultural Research
Center in Chikushino City, Fukuoka, and Fukuoka Agricultural Research Center
Chikugo Branch in Ooki Town, Fukuoka, in 2009 and 2010 (Table 2). Rice seedlings
(Oryza sativa L. ‘Hinohikari’) were transplanted at 10-25th June in Chikushino, and 19th June-
10th July in Chikugo, respectively.

Varietal amounts of nutrient fertilizers were applied at each stage, as basal dressing at
puddling, as top-dressing at panicle formation stage and booting stage (Table 2). At the panicle
formation stage, which is 18-20 days before heading (DBH), ten plants were measured by plant
height, the number of tillers and leaf color value. Leaf color value was measured at the second leaf
from top of an unfolded leaf by using chlorophyll meter SPAD-502 (Konica Minolta Co. Ltd.,
Japan). In addition, 3-4 hills per experimental plot were sampled at both the panicle formation
stage and the full heading stage, and then the dry weight of above-ground part was measured. The
dried samples were milled, and then the nitrogen content was measured by using Kjeldahl method;
the amount of nitrogen uptake was evaluated by dry weight x nitrogen content. At the maturity

stage, ten plants were harvested, and were measured by the number of spikelet.

Experiment 3

An experiment 3 was performed at a field of Fukuoka Agricultural Research Center in
Chikushino City, Fukuoka, in 2010 and 2011. Rice seedlings (Oryza sativa L. ‘Hinohikari’) were
transplanted at 18th June in 2010 and at 23th June in 2011, respectively. The young seedlings with
3.0-3.5 leaf stage were transplanted with planting density of 19-22 hills/m?.

Varietal amounts of nutrient fertilizers were applied with the 5 levels as top-dressing at

panicle formation stage and booting stage to examine a nitrogen application method for controlling



the number of spikelet and for improving nitrogen nutrient condition and rice grain quality (Table
3).The rice plants were harvested at maturity stage, and grain yield and quality were measured with
the same method described above. Protein content of brown rice was measured with Infratec 1241

(Foss Co. Ltd., Japan) .

Table 2 The amount of nitrogen fertilizer application to rice plants grown at
Fukuoka Agricultural Research Center, Chikushino station and Chikugo station:

Experiment 2.
Number of the ) Ayailable Experimental Transplanting Amountof nitrogen
Place experimental Soil puro%en plot Time fertilizer application?
texture 1 so1 i
fields (mg/100g) (Mon. Day) (Nkg/ 10a)
2009 0-12.5:
ikusi Sand w2 6.10-6.25
Chikusino 4 loam 3-1 2010 S 03.5.7.8.59+02.3+0,1.5
n=19
2009
Clayey n=24 ~ 0-8.5:
Chikugo 4 <oil 12-16 6.19-7.10
2010 0.3.56+02+0.15
n=18

1) Amount of nitrogen fertilizer application: Total: Basal stage+panicle formation stage+booting
stage.

Table 3 The amount of nitrogen fertilizer application to rice plants grown at
Fukuoka Agricultural Research Center Chikushino station: Experiment 3.

Soil Transplanting Amount of nitrogen fertilizer application®
Year \
Texture! Time (N kg/10a)
2 ] _ .
010 Sand une 13 5+2 (18 (standard), -7 and -1DBH?),
5+2 2N+1 5 2N S0~
2011 loam Tun 23 5+2(18DBH*)+1.5(11DBH"), 5+0+0

1) Available nitrogen content in rice-cultivated soil in 2011, 11.1mg/100g.

2) Number in parentheses shows topdressing date of before heading stage(DBH).

3) Amount of nitrogen fertilizer application: Total: Basal stage +panicle formation
stage +booting stage.

1.3 Results

1.3.1 Relationship between the number of spikelet, grain quality and yield
Transition of average temperature during 20 DAH in 2009 and 2010 is shown Fig. 1. These

data were recorded by a weather station located close to the experimental field. Heading stage of

‘Hinohikari’ in 2009 and 2010 was August 26-31 and 27-29, respectively. Therefore, the average

temperature during 20 DAH of ‘Hinohikari’ in 2009 and 2010 were 24.3-25.3°C and 27.3-27.9°C,

respectively, and that in 2010 was around 2-3 °C higher than in 2009.
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Fig. 1 Transition of average air temperature during 20 days after
heading (DAH) cultivated in 2009 and 2010, respectively (Dazaifu
AMeDAS 1999-2010).

1) Dazaifu is located close to Chikusino Station.
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Fig. 2 Relation between inspection grade and occurrence of white

immature kernel and perfect kernel.

1) Average air temperature 20 days after heading (DAH), 27.3-27.9-C in 2010,
24.3-25.3-C in 2009.

2) Inspection grade of kernels ranged in 10 degrees: 1st grade (1-3), 2nd grade
(4-6), 3rd grade (7- 9) and below standard (10).

3) ** are significant at 1% level.



Fig. 2 shows relationship among inspection grade, white immature kernel and perfect kernel.
In 2010, when was a particular hot summery, the inspection grade was highly correlated with white
immature kernel at 1% levels, and it was estimated that less than 12.5% of white immature kernel
rates is threshold to maintain the first inspection grade. However, kernels harvested in 2009,
inspection grade was not correlated with the occurrence of white immature kernels. In contrast, the
occurrence of perfect kernels was highly correlated with the inspection grade of grains harvested in
both of the two years, and it was estimated that more than 75% of perfect kernel rates is threshold
to the first inspection grade.

Fig. 3 shows relationship between the number of spikelet and rate of perfect kernel. The
number of spikelet per square meter ranged from 21,800 to 35,200; the rate of perfect kernel
decreased due to increase of the number of spikelet, indicating the significance of the correlation
coefficient at 1% significance level. 30,500 of the number of spikelet per square meter is threshold
to maintain more than 75% of perfect kernel rates. In addition, Fig. 4 shows relationship between
the number of spikelet and grain yield. The grain yield increased due to increase of the number of
spikelet, indicating a significant correlation at 1% level. When the number of spikelet per square
meter was 28,000, the grain yield was 543kg/10a for the two years, whereas 531kg/10a in 2010

when was a particular hot summer.
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-
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o
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Fig.3 Relation between the number of spikelet and occurrence
of perfect kernel rating.
1) ** are significant at 1% level.



The 1000-grain weight, rates of perfect kernels and white immature kernels in the primary
and the secondary branches of each panicle were examined (Table 4). In the secondary branch of
panicle, 1000-grain weight was 4.3g lighter, percentage of occurrence of the perfect kernel was
30.6 points lower and that of white immature kernel was 5.8 points higher than those of the
primary branch of panicle, respectively. Fig. 5 shows relationship between the number of spikelet
and rate of the secondary branches. The number of spikelet was positively correlated with rate of
the secondary branches at 1% significance levels. These results indicate that the perfect kernel
increased due to decrease of the number of spikelet because of decrease the rate of the secondary

branches.

Table 4 1000-grain weight, perfect kernel and white immature kernel in the primary
and the secondary branches of each panicle.

primary secondary
Category branches branches D—-2
1000-grain weight (g) 241 19.8 43 =%
Perfect kernel (%0) 77.1 465 30.6 **
White immature
22 .
kernel (%) 12.2 17.9 -5.8 %
1) ** are significant at 1% level (n=21).
2009,2010
700 Y =-0.007X?+4.961X-289.53
RZ = 0.49**
650 -
S 600
2 543
550 &
°
)
= 5310 2
o 500 L 2010
o O ° Y=-0.0099X2+6.9534X
o 450 - - 639.62
® R2=0.63**
400 -
® 2010
350 O 2009
280
300 1 1 Il |
200 250 300 350 400

Number of spikelet per m? (x100 )

Fig. 4 Relation between the number of spikelet and grain yield.
1) ** are significant at 1% level.
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Fig. 5 Relation between the number of spikelet and rate of the
secondary branches.
1) ** are significant at 1%level.

1.3.2 Relationship between the number of spikelet, amount of nitrogen up-take, plant

height, the number of stems and leaf color value at panicle formation stage

The number of spikelet was a significant positive correlation with the amount of nitrogen
up-take until each growth stages, from emergence of seedling to panicle formation stage and from
panicle formation to full heading stage, respectively (Table 5). Therefore, I examined a multiple
regression analysis using the number of spikelet as response variable, and the amount of nitrogen
up-take until each growth stages, 1) from emergence of seedling to panicle formation stage and 2)
from panicle formation to full heading stage as predictor variable. As a result, amount of nitrogen
up-take of rice plants from emergence of seedling to panicle formation stage greatly contributed to
the number of spikelet (Table 6).

Table 5 Single correlation coefficient with the number of spikelet and amount
of nitrogen up-take until different growth stages.

Amount of nitrogen uptake

Category from emergence of from emergence of from panicle
seedling to full seedling to panicle formation stage
heading stage formation stag to full heading stage
Number of spikelet 0.847 " 0.790 0.322

1) ** are significant at 1%]levels . ns:not significant at 5% level.

_11_



Table 6 Correlation with the amount of nitrogen uptake and the number

of spikelet.
Category Predictor variable
Multiple correlation o
P 0856
coefficient R
Amount of nitrogen uptake from emergence L H
. . = . = 0.793
Standard partial of seedling to panicle formation stage
regression . .
coefficient Amount of nitrogen uptake from panicle o e
formation stage to full heading stage 0.329

1)  Multiple regression analysis was calculated by using the number of spikelet as response
variable, and the amount of nitrogen up-take until each growth stage as a predictor
variable.

2)  FFF¥ are significant at 0.1% level.

I investigated the relationship among the number of spikelet, plant height, the number of
tillers and leaf color value measured with chlorophyll meter, at panicle formation stage (Table 7).
The number of spikelet was positively correlated with the number of tillers and leaf color value at
the panicle formation stage at 1% level. Therefore, multiple correlation analysis was applied using
the number of spikelet as response variable and the number of tillers and leaf color value on the
panicle formation stage as predictor variable, and the regression equation for predicting the number

of spikelet is accepted at 0.1% level (Fig 6).

Table 7 Single correlation coefficient with the number of spikelet, plant
height, the number of tillers and leaf color value.

Category Plant height Number of tillers Leaf color value

Number of spikelet 0.057108 0.601 ** 0.598 ~

1)  Plant height. number of tillers and leaf color value were measured at panicle
formation stage.
2)  **indicates significance at 1% levels.

_12_
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Fig. 6 Relation with estimated number and measured number of spikelet.
1) Estimating equation: y = 0.34™"x, + 9.64""x, — 231.53™"

v ‘The number of spikelet per square meter ( X 100) .

x,: Stem number per square meter at panicle formation stage.

x,:Leaf color value at panicle formation stage.

1.3.3 Effects of different application for top-dressing nitrogen on yield and grain
quality
Table 8 and Fig. 7 indicate effects of different applications for top dressing nitrogen on yield
and grain quality. When date of application for top dressing nitrogen was changed from 18 days
before heading (DBH) to 1 DBH, the number of spikelet per area and occurrence of white
immature kernel decreased in comparison with those at 18 DBH, which is standard application
method for top-dressing adopted in Fukuoka Prefecture. When application for top-dressing by
nitrogen was applied at 7 DAH, the yield and protein content of brown rice were not significantly
different compared with that cultivated by standard application method, whereas the yield
decreased by 5.5% compared with that cultivated by standard application method when they were
applied by nitrogen 1 DAH. When top-dressing was applied twice, protein content of brown rice
increased by 0.1 points, and white immature kernel increased, whereas the yield was not
significantly different compared with that cultivated by standard application method.
When top dressing was omitted, the yield decreased by 4.6% and occurrence of
white immature kernel tended to increase in produced under high temperature year 2010 compared

with that of standard application method.

_13_



Table 8
Effects of different application for top-dressing nitrogen on yield and protein
content of brown rice (2010-2011year) .

Amountof Timingoftop  Culm  Panicle Spikelets Ripened 1009- Grain .

nitrogen dressing® length  length per m? Grains C.’r?m vield Protein
= Weight -

Nkg/10a cm cm X 100% % g kg/a %

18(Standard) 82 18.5 307 85 235 56.1 6.7

5+2+0 7 80 18.2 291 85 23.6 55.7 6.7

1 79 18.0 273 85 23.5 53.0 6.8

5+2+1.5 18.11 81 18.5 318 82 23.8 574 6.8

5+0-0 - 80 18.1 280 85 234 535 6.4

(9]

White immature kernel %

1) Average temperature 20 days after heading (DAH) : 27.9-C (2010) and 26.8:C (2011).
Amount of nitrogen fertilizer application: Basal stage +panicle formation stage +booting
stage.

) Timing of top dressing: 18. 7 and 1 indicate top-dressing date of before heading stage.

-
-

-
o

o]

~

12 1 2010 571 2011
(High temperature year)
4 o
3 -
| I
1 N \ .
e | | I
Date of before headmg Date of before heading

5+2+0 3) 5+2+1,5 5+0+0 5+2+0 5+2+1.5 5+0+0

Fig. 7 Effects of different nitrogen application method on occurrence of white

immature kernel of rice cultivar ‘Hinohikari’.

1)  Occurrence of white immature kernel was measured by using grain quality analyzer
RGQI20A (Satake Co. Ltd., Japan).

2) 18,7 and 1 indicate top-dressing date of before heading stage.

3)  Amount of nitrogen fertilizer application (N kg/10a): Basal stage +panicle formation
stage+booting stage.
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1.4 Discussion
1.4.1 Optimum number of spikelet for improving grain quality of ‘Hinohikari’
grown under high temperature

According to the data published by Fukuoka Region center of Kyusyu Regional Agricultural
Administration Office, there are two main causative factors ranking grain quality below the second
inspection grade (Fukuoka Region center of Kyusyu Regional Agricultural Administration Office
2009-2010). The first factor is an occurrence of immature thin kernel, which reduces yield and
lowers milling quality due to deep creases on the surface, which hinder removal of the bran grain
(Yonemaru and Morita 2012), and the second factor is an occurrence of white immature kernels
such as milky white kernel and white based kernel. But, the rate of those occurrences depends on
weather conditions in each year. In 2009, when it was recorded as normal air temperature in the
summer, main causative factor ranking kernel quality below the second inspection grade was
occurrence of immature thin kernel. On the contrary in 2010 when it was recorded as an extremely
hot summer, an occurrence of white immature kernel increased as a main causative factor. In
addition, although it has been reported that occurrence of white immature kernel grown under high
temperature, there are few reports about relations with inspection grade (Tsubone et al., 2008).
Therefore, it is necessary to establish an useful diagnostic indicator for evaluation of the grain
quality.

In this study, the occurrence of white immature kernel was not correlated with inspection
grade in 2009. On the contrary, it was closely correlated with inspection grade at 1% level in 2010
due to high air temperature during ripening period (Figs. 1-2). In contrast, the occurrence of perfect
kernel was correlated with inspection grade at 1% level in both two years, and it was estimated that
more than 75% of perfect kernel rate was threshold to the first inspection grade (Fig 2). Therefore,
it was considered that 75% of perfect kernel rate was an useful indicator for evaluating the grain
quality as the first or second inspection grade in this examination.

It has been reported that abundance of the number of spikelet and high temperature condition
during ripening period enhanced a reduction of grain quality (Terashima et al., 2001, Sato et al.,
2002). Kobata et al. (2004) reported that a lack of assimilate supply to grains increased the
proportion of milky white immature kernels, because high temperatures during the grain filling
period could increase the grain growth rate without profoundly affecting assimilate production. In
this study, the number of spikelet per unit area was significantly and negatively correlated with an
occurrence of perfect kernel at 1% level. When the number of spikelet per square meter was less
than 30,500, the occurrence of perfect kernel was estimated more than 75 % (Fig. 3). It has been
reported that the optimum number of spikelet per square meter of ‘Hinohikari’ ranged from 30,000

to 32,000 per square meter in Fukuoka Prefecture (Manabe et al., 1990). However, these results
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suggested that it is necessary to suppress the number of spikelet against occurrence of white
immature kernels grown under high temperature.

In consideration of the average yields (499kg/10a) in Fukuoka Prefecture (Ministry of
Agriculture, Forestry and Fisheries, 2012), it was appropriated that target of yield was around 530
kg/10a. In this study, the number of spikelet per square meter was significantly and positively
correlated with grain yield at 1% level, thus when the number of spikelet per square meter is more
than over 28,000, the grain yields are estimated over more than 530kg/10a (Fig. 3). Therefore, to
obtain a yields more than 530 kg/10a, and perfect kernel rate more than 75%, the number of
spikelet per square meter was estimated to be 28,000-30,000 suggesting that it is the optimum

number of spikelet per square meter of ‘Hinohikari’ against high temperature condition.

1.4.2 Prediction number of spikelet by growth diagnosis on panicle formation
stage and a nitrogen application method improving rice grain quality.

It is important to control the amount of top dressing at panicle formation stage to maintain the
optimum number of spikelet (Kanada et al., 1986). In this study, the number of spikelet per unit
area was significantly and positively correlated with amount of nitrogen up-take at 1% level (Table
5). In addition, amount of nitrogen up-take during the growth period, from emergence of seedling
to panicle formation stage contributed the number of spikelet at 0.1% level (Table 6).

It has been reported that the amount of nitrogen up-take of rice plants during emergence of
seedling and panicle formation stage was closely related with the growth development at the
panicle formation stage (Suenobu et al., 1994, Araki et al., 2005). Therefore, these results indicated
that it is possible to predict the number of spikelet as a growth diagnosis on panicle formation
stage. In fact, the number of spikelet was positively correlated with the number of stems and leaf
color values at the panicle formation stage of rice (Table 7), and the regression equation for
predicting the number of spikelet significantly indicated at 0.1% level (Fig. 6).

Table 9 shows the calculation chart to predict the number of spikelet based on the equation of
regression. When the number of spikelet is predicted less than the optimum number according to
this chart, it is necessary to increase an amount or times of top dressing at a panicle formation
stage. On the contrary, when the number of spikelet is predicted over the optimum number, it is
necessary to decrease an amount of topdressing at the panicle formation stage. However, it has
been reported that deterioration of yield and grain quality of rice resulted from lack of nitrogen
nutrient condition when the amount of nitrogen decreased at top-dressing (Tanaka et al 2010).
Therefore, further research was necessary for the nitrogen application method improving rice grain
quality. In this study, when application timing of top dressing nitrogen was delayed from 18

DBH, which is standard application method in Fukuoka Prefecture, to 7 DBH, the number of
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spikelet and occurrence of white immature kernel per unit area decreased (Table 8, Fig. 7).

Table 9
Calculation chart for predicting the number of spikelet.

Leaf Number of tillers per m” on panicle

color formation stage

value

300 400 500 600 700

30 160 194 228 262 296
32 179 213 247 281 315
34 198 232 266 300 334
36 218 252 286 320 354
38 237 271 305 339 373
40 256 290 324 358 392
42 275 309 343 377 411
44 295 329 363 397 431

1) Number of spikelet: X 100 per square meter.

Although the yield and protein content of brown rice were not significantly different between
the two application times describe above (Table 8). These result indicated that this method is
effective to suppress the spikelet number and improving rice grain quality.

It has been reported that an occurrence of white immature kernel increased in a field
cultivated soybean in the previous summer due to increase of the number of spikelet recorded over
35,000 per square meter in the field (Yoshino et al. 2011). In these cases, it is difficult to reduce
the number of spikelet within a range of 28,000 to 30,000 per square meter, which was optimum
number of spikelet against high temperature condition, by delaying time of top-dressing. It has
been reported that the number of rice spikelet was suppressed by reduction of the amount of basal
application of nitrogen (Tanaka et al 2010, Miyazaki et al 2011). For the purpose of maintaining
kernel quality, it is necessary to reduce the amount of basal application of nitrogen as well as to
delay time of top-dressing nitrogen application in highly soil fertility fields where the number of

spikelet become abundant.
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1.5 Summary

I studied the relationship among the number of spikelet, grain quality and yield of
‘Hinohikari’ to clarify the optimum number of spikelet for improving grain quality grown under
high temperature. Occurrence of perfect kernel of ‘Hinohikari’ was correlated with inspection
grade, and it was estimated that more than 75% of perfect kernel rates was threshold to the
first inspection grade. In addition, the number of spikelet per unit area was negatively
correlated with an occurrence of the perfect kernel, and it was estimated that less than 30,500
of the number of spikelet per square was threshold to 75 % of the perfect kernel rates.
Furthermore, the number of spikelet per unit area was positively correlated with grain yield,
and it was estimated that more than 28,000 of the number of spikelet per square to 530kg/10a.
Therefore, to obtain the perfect kernel rate more than 75% and a yield more than 530 kg/10a,
the number of spikelet per square meter was estimated to be 28,000-30,000 suggesting that it
was the optimum number of spikelet per square meter of ‘Hinohikari’ against high temperature
condition.

I showed the calculation chart to predict the number of spikelet based on the equation of
regression, which was estimated by using the number of stems and leaf color values at the
panicle formation stage. According to this chart, it is able to control amount of top-dressing to
maintain the optimum number of spikelet. Especially, when application timing of top-dressing
nitrogen was delayed from 18 days before heading (DBH) to 7 DBH, the earlier which is a
standard application timing method in Fukuoka Prefecture, the number of spikelet per square
meter and occurrence of white immature kernel decreased. Nevertheless, the yield and protein
content of brown rice were not significantly different. These results indicated that this method

is effective to suppress the spikelet number and improving rice grain quality.
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Chapter 2

Changes in NMR relaxation times, gene expression and quality of grains:
Response to different temperature treatments before and after the heading stages

of rice plants

2.1 Introduction

Thermal stress during the grain ripening stages usually causes deleterious effects on the yield
and quality of crop products (Chowdhury and Wardlaw, 1978). Low temperature produces
defective and small endosperm of rice (Hong., et al., 1995), and that was more sensitive at the early
ripening stage of rice plants (Funaba et al., 2006a). On the other hand, high temperature influences
an occurrence of white immature kernels (Tashiro et al., 1991).

Grain ripening is associated with biochemical and physiological changes in tissues along
with dehydration. The dynamic states of water compartments in grain tissues correlate with the
organic properties of macromolecular structures related to grain development (Iwaya-Inoue et al.,
2001). Nuclear magnetic resonance (NMR) is a useful technique for analyzing water conditions.
Spin—lattice relaxation time (77) and spin—spin relaxation time (7>) are used as indicators of
dynamic states of water in biological tissues as they reflect the motion of water molecules (Farrar
etal., 1971; Lenk et al., 1991; Iwaya-Inoue et al., 2004a). Funaba et al. (2006b) revealed that the
change in 71 of developing rice grains (Oryza sativa L. cv. Hinohikari) closely related with the
quantity of water until the mid-mature stage, while 7> was more sensitive diagnostic indicator for
accumulation of dry matter and quantity of kernel during grain maturity.

It has been reported that several starch synthesis-related genes in rice seeds are down
regulated by high temperature (Yamakawa et al., 2007). High temperature stress also influences the
period of grain maturation by changing the process of photosynthetic rate and dehydration of rice
plants (Hirotsu et al., 2005). Furthermore, it has been reported that white immature kernels
occurred when an average air temperature for 20 days after heading (DAH) was above 27°C and
over (Wakamatsu et al., 2007). However, the influence of temperature treatments on the quality of
rice grains before the heading stage and its relationship with the water status remain unknown.

Membrane permeability for water depends on both the state of the lipid bilayer and the water
channels of plant cells (Maurel et al., 1995). It has been reported that rice has 33 aquaporin genes
(Sakurai et al., 2005). Particularly in grains, aquaporins, the proteins forming membrane water
channels, comprise 5% to 10% of the total membrane proteins (Maurel 1997). However, effects of
thermal stress on the expression of the aquaporin genes in rice before or after the heading stages

has not been reported yet.
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Therefore, the purpose of this study was to evaluate, in relation to the quality of the grain,
changes in NMR relaxation times (77 and 7») of grains and aquaporin genes expression of grains
that was enhanced in response to different temperature treatments before and after the heading

stage of rice plants.

2.2 Materials and methods
2.2.1 Plant materials

Rice cultivar (Oryza sativa L. japonica type) ‘Hinohikari’, medium maturing cultivar and
‘Koshihikari’, early maturing cultivar were used in this study in 2011 and 2012, respectively. In
2011, ‘Hinohikari’ were transplanted to 1/5000 Wagner pots on June 16 at a rate of three plants per
pot. In 2012, ‘Koshihikari’ were transplanted by same method described below on April 23.
Irrigation and pesticides were applied to ensure optimal plant growth. Compound fertilizer
(N-P205-K>0:4-4-4%) at 0.3 g N was added to each pot as a basal dressing. Additionally, 0.84 g N
ammonium sulfate (N: 21%) was top-dressed during the panicle formation and booting stages.

Plants were allowed to grow at an experimental field of Kyushu University until 4 weeks
(2011) or 2 weeks (2012) before the heading stage. Thereafter, all pots were transferred to growth
chambers, and the plants were subjected to two temperature treatments, at 25°C and at 30°C. On
the heading stage, half of the pots grown at 25°C and 30°C were transferred to different growth
chambers at 30°C and 25°C, respectively, for a total of four temperature treatments: 25°C/25°C
(before/after the heading stage, treatment temperatures), 25°C/30°C, 30°C/25°C and 30°C/30°C,
whereas 30°C/30°C treatments was carried out only in 2011 (Fig. 8). Plants were grown under

the same conditions until maturity.
Sowing Temperature treatment Heading Harvest

4 weeks (2011
ﬂ ﬂ" 2 weeks 22012; _’ﬂ ﬂ

25/25°C | Field conditions

A A A A A A

25/30°C| |
A A A A A A

30/25°C | |
A A A A A A

30/30°C |
A A A A A A
0 7 14 21 28 47

Days after heading

Fig. 8 Temperature treatment and cultivation method for rice plants.
1)  Rice cultivar (Oryza sativa L. japonica type) ‘Hinohikari’ and ‘Koshihikari’ were
used in this study in 2011 and 2012, respectively.
2) 0O, field conditions ;[ , 25°C; [l , 30°C; A, sampling time.
3)  30/30°C treatment was carried out only in 2011.

_20_



After heading, five pots were randomly selected for four individual treatments every 7 days
from 0 to 28 days after heading (DAH) for evaluating the parameters described below. Grains on
the primary branches and on the first and second rachis branches were used for the studies. Each
experiment was performed with five replications. The grain quality of the rice cultivar
‘Koshihikari” harvested after maturity in 2012 was analyzed with a grain quality analyzer

(RGQI20A; Satake Co. Ltd., Japan).

2.2.2. "H-NMR relaxation times, its analysis, and water content of rice grains
Spin-lattice relaxation times (71) and spin-spin relaxation time (72) of the samples were
measured using a '"H-NMR spectrometer with a magnet operating at 25MHz for 'H (Mu25A, JEOL
Ltd. Tokyo, Japan). T1and 7> of the samples were measured based on the procedure described by
Funaba et al.(2006). Twenty to twenty-four grains (rough rice) were prepared for the measurements
of NMR relaxation times. The sample was placed in an NMR tube (10 mm in diameter) set in the
NMR spectrometer. The probe temperature was controlled at 30°C with a thermostat connected to
the sample chamber of the spectrometer. For 77 measurement, the saturation recovery method
(90°—1—90° pulse sequence) was used. 7> was measured using the Carry—Purcell-Meiboom-Gill
(CPMG) method and the solid echo method. The decay curve of the echo signal was analyzed
using a non-linear least-squares method on semi-log plots of signal intensity. There were five
replications of each treatment. It was measured that the fresh weight of the rice grains used in
NMR determinations and then dried them for 24 h at 90°C. Water content was expressed as a

percentage of fresh weight.

2.2.3. Gene expression profiling of rice grains using DNA microarray analysis

This experiment was performed in 2012. Total RNA was extracted from developing grains
harvested from 25°C/25°C, 25°C/30°C and 30°C/25°C treated plants 14 DAH of the rice cultivar
‘Koshihikari’. The cRNA was amplified, labeled, and hybridized to a 44K Agilent 60-mer oligo
microarray according to the manufacturer's instructions. All hybridized microarray slides were
scanned using an Agilent scanner. Relative hybridization intensities and background hybridization
values were calculated using Agilent Feature Extraction Software (9.5.1.1). Raw signal intensities
and flags for each probe were calculated from hybridization intensities and spot information,
according to the procedures recommended by Agilent. The raw signal intensities of two samples
were log>-transformed and normalized by a quantile algorithm with the “preprocessCore” library

package (Bolstad et al., 2003) of Bioconductor software (Gentleman 2001).
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2.3 Results
2.3.1. Dry weight and water content of ripening grains under different
temperatures applied before and after the heading stage

The dry weight and water content of rice cultivar ‘Hinohikari’ were measured for four
temperature treatments, 25°C/25°C, 25°C/30°C, 30°C/25°C and 30°C/30°C before and after the
heading stage (Fig. 9). The dry weights of rice grains grown under the four treatments did not
change significantly until 7 DAH. While, they under 25°C/30°C, 30°C/25°C and 30°C/30°C
increased linearly compared with those under 25°C/25°C treatment at 7 to 21 DAH stages (Fig.
9A). The water content of rice grains for all the treatments increased at 7 DAH and thereafter
decreased linearly until 28 DAH. However, at 14 DAH, the water contents of rice grains grown at
25°C/30°C, 30°C/25°C and 30°C/25°C were lower than those of seeds grown at 25°C/25°C (Fig.
9B).

The dry weight and water content of rice cultivar ‘Koshihikari’ were measured for three
temperature treatments, 25°C/25°C, 25°C/30°C, and 30°C/25°C before and after the heading stage
(Fig. 10). The dry weights of rice grain grown under the three treatments did not change
significantly until 14 DAH. However, the dry weights of grains grown under 25°C/30°C and
30°C/25°C increased linearly compared with those grains grown under 25°C/25°C treatment at 14
to 21 DAH stages and decreased after 21 DAH (Fig 10A). The water content of rice grains for all
the treatments increased at 14 DAH and thereafter decreased linearly until 28 DAH. However, at
21 DAH, the water contents of rice grains grown at 25°C/30°C and 30°C/25°C were lower than
those of grains grown at 25°C/25°C (Fig. 10B).

2.3.2. NMR relaxation time (71,72) in ripening grains under different temperature
treatments before and after the heading stage

NMR relaxation times (77 and 7>), which correspond to the water status, were measured in rice
grains during the period of ripening under different temperatures before and after the heading stage.
The T of rice grains of ‘Hinohikari’ for all the treatments were prolonged at 7 DAH and thereafter
shortened in a linear manner until 28 DAH (Fig. 11A). However, at 14 DAH, T1 of rice grains grown
at 25°C/30°C, 25°C/30°C and 30°C/30°C were lower than those at 25°C/25°C. This tendency was
similar to the changes in water content observed in the early ripening stage (Fig. 9B). 7> was a more
sensitive diagnostic indicator for accumulation of dry matter and the quantity of grain during

grain ripening (Funaba et al., 2006b).
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Fig. 9 Dry weight (A) and water content (B) of rice grains during
grain ripening stage under the different temperature treatments before
and after the heading stage of “Hinohikar1™.

1) Values are mean=SE (n=5).
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Fig. 11 NMR spin-lattice relaxation time, 7} (A) and spin-spin
relaxation time, 7, (B) of water protons in rice grains during the
ripening stage under different temperatures before and after the
heading stage of ‘Hinohikari’
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In this study, 7> of rice grains grown under the four temperature treatments did not
significantly change until 14 DAH. However, abrupt decreases in the 7> values were observed in the
rice grains grown at 30°C/25°C and 30°C/30°C treatments at 21 DAH (Fig. 11B) , whereas 7> of the
grains grown at 25°C/25°C and 25/30°C treatments were still over 20 ms at the stage.

The Ti of rice grains of ‘Koshihikari’ for all the treatments were prolonged at 7 DAH and
thereafter shortened in a linear manner until 28 DAH (Fig. 12A). However, at 21 DAH, T\ of rice
grains grown at 25°C/30°C and 25°C/30°C were lower than those at 25°C/25°C. This tendency was
similar to the changes in water content observed in the early ripening stage (Fig. 10B). 7> of rice
grains grown under the three temperature treatments did not significantly change until 21 DAH.
However, abrupt decreases in the 7> values were observed in the rice grains grown at 25°C/30°C and
30°C/25°C treatments at 28 DAH (Fig. 12B), whereas 7> of the grains grown at 25°C/25°C treatment

was still over 40 ms at this stage.

2.3.3. The expression of aquaporin genes in rice grains at 14 DAH and quality of
the rice grain under different temperatures before and after the heading
stage of ‘Koshihikari’

Aquaporins are channel proteins with six transmembrane domains, and most of them can
facilitate water passage through bio membrane water systems (Preston et al., 1992). Therefore, to
investigate aquaporin genes responding to different temperatures before and after the heading stage,
genes whose transcript levels were induced by high temperature stress were identified. The gene
expression analysis was carried out with the developing grains harvested at 14 DAH using the
Agilent rice 44-K oligo DNA microarrays.

Compared to levels under 25°C/25°C, among 32,000 rice genes on the microarray, 513 and 1,182

genes were upregulated more than two folds under 25°C/30°C and 30°C/25°C, respectively.

Seventy-seven genes were commonly upregulated in both 25°C/30°C and 30°C/25°C treatments

(Fig. 13). In addition, 320 genes were commonly downregulated by less than half a fold in both

treatments (data not shown). In the 77 commonly upregulated genes, I was focused on the PIPI; 1

aquaporin gene. PIPI;] was induced by thermal stress, with the 25°C/30°C and 30°C/25°C

treatments increasing its expression by 3.09 and 3.42 fold, respectively (Table 10).
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Fig. 12 NMR spin-lattice relaxation time, 7, (A) and spin-spin relaxation time,
T, (B) of water protons in rice grains during the ripening stage under different
temperatures before and after the heading stage of ‘Koshihikari’.

_2’7_



30/25C
25/30°C

-

Fig. 13 Venn diagrams of gene expression of rice grains
induced by high temperature stresses before and after the
heading stage of ‘Koshihikari’.

Tabel 10 Expression level of PIPI;1 by high temperature stress
before and after the heading stage of ‘Koshihikari’.

Microarray Foldchange
25C) 25C) 30°C/ 25C/ 307C/
25C 30C 25C 30C 257C

PIPI;1 4271 13,222 14619 3.09 342

Rice grains quality under different temperature before and after the heading stage of
‘Koshihikari’ is shown in Fig. 14. Percentages of perfect kernels of rice grains grown at 25°C/30°C
and 30°C/25°C treatments were 77.5 and 77.1%, respectively, owing to the occurrence of milky
white kernel, white-back kernel, white belly kernel and immature kernel. In contrast, the

percentage of perfect kernels under the 25°C/25°C treatment was 84.3%.
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Fig. 14 Rice grains quality under different temperature before and after
the heading stage of ‘Koshihikari’.

2.4. Discussion
2.4.1. Effect of temperature treatments on dry weight, water content and NMR
relaxation time (71, 72) in rice grains during maturation.

High temperature accelerated the rice grains development during the early ripening stages,
but reduced the duration of grain growth and ultimately resulted in a decrease in final grain weight
(Wilhelim et al., 1999; Morita et al., 2005a). Funaba et al (2006b) determined an influence of
low/high temperature during the ripening stages on water status in ripening grains of rice cv.
Hinohikari, and they revealed that 20°C treatment suppressed a grain growth rate by delaying
dehydration process of the grains.

In this study, it was showed that high temperature treatments both before and after the
heading stage accelerated an increase in dry weight and dehydration of rice grains between 7 and

21 DAH stages (Figs. 9, 10). These results indicate that the changes in rice grains exposed to 30°C
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before or after heading stage showed a different response to 25°C treatment through the stages, and
that high temperature stress, either before or after the heading stage accelerated increase in dry
weight and dehydration of rice grains during ripening stage.

The NMR relaxation times (77 and 7>) of water protons in biological systems provide
important clinical information that the relaxation mechanism depends on the intrinsic state of water in
cells and tissues(Kdckenberger, 2001). Therefore, it was focused on 7 and 7> values of the ripening
grains grown under different temperatures before and after heading stage.

The T values exposed to 30°C before or after the heading stage were lower than those of
25°C treatment at 14 or 21 DAH stage (Figs. 11A, 12A), and the changes in 7 values at 30°C
before or after the heading stage were similar to the changes in the degree of dehydration (Figs. 9B,
10B). Thus, this fact suggested that 7; values closely related with the quantity of water in rice grains
(Funaba et al., 2006b).

T1 and 7> values between 100 ms and 3 s show the existence of free water, and 77 and T»
values between 100 ps and 100 ms show the presence of loosely bound water (Hills and
Remigereau, 1997; Iwaya-Inoue and Nonami, 2003; Iwaya-Inoue et al., 2004a, b). As mentioned
above, the 71 values were significantly differences at 14 or 21 DAH stage between different
temperature treatments, however those values were over 100 ms (Figs. 11, 12). In contrast, 7> values
in rice seeds were less than 100 ms, while that tendency of changes in 71 and 7> values showed
similarity at each stage (Figs. 11B, 12B). These results indicated that the changes in 71 and 7> values
of developing rice grains reflected dynamic states of water such as free water and bound water,
suggesting that they can be used as a diagnostic indicator for characteristics of water status in
ripening grains treated by different temperature treatments. Especially, abrupt decrease in the 7>
values was observed in the rice grains grown at 30/30°C and 30/25°C treatments at 21 DAH, while
that of under 25/25°C and 25/30°C treatment was still over 20 ms (Fig. 11B). In addition, abrupt
decrease in the 7> values was observed in the rice grains grown at 25/30°C and 30/25°C treatments at
28 DAH, while that of under 25°C/25°C treatment was still over 10 ms (Fig. 12B). It has been
reported that relaxation times detected using NMR and MRI of the cereals’ embryo and endosperm
are specific parameters associated with the metabolic and physiological information such as
germinative energy, o-amylase activity, and starch synthesis (Gruwel et al., 2002; Ishimaru et al.,
2009; Rolletsheck et al., 2011). Therefore, these results indicate that 7> values were more sensitive
diagnostic indicators of dry matter accumulation in response to temperature treatments before and

after the heading stage.
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2.4.2. Effect of temperature treatments on the expression of aquaporin genes in
rice seeds at 14 DAH and quality of the rice seed in ‘Koshihikari’

Aquaporins are channel-like transporter proteins with six transmembrane domains, and most
of them can facilitate water passage through biomembrane systems (Preston et al., 1992). In this
study, a high level of expression of aquaporin gene PIPI;I in grains at 25°C/30°C and
30°C/25°C was detected using DNA microarray analysis at 14 DAH (Fig. 13, Table 10).
Aquaporin PIPI;1 , one of the most abundant aquaporins in leaves and roots of rice plants,
functions as an active water channel and plays important physiological roles. In addition, the
germination rate and o-amylase activity of PIP1;1 overexpressed grain were significant higher
than the control (Liu et al., 2013). It has been reported that the expression of a-amylase genes is up
regulated by thermal stress during ripening (Yamakawa et al., 2007) and that the ectopic
overexpression of o-amylase genes results in grains with white immature kernels even under
ripening at ambient temperature (Asatsuma et al., 2005). These reports suggest that these
alterations in gene expression might contribute to the low quality of grains by formation of white
immature kernels.

It has been reported that the sink-source balance of carbohydrates is disrupted, and white
immature kernels are produced when rice plants are exposed to high temperature stress during the
ripening period (Morita et al., 2008). These reports also state that and that white immature kernels
appear when the average air temperature for the first 20 DAH is above 27°C and that the cultivars
differ in the percentage of such kernels under high temperature stress (Wakamatsu et al., 2007;
Tanaka et al., 2009).

In this study, grain quality grown under 25°C/30°C and 30°C/25°C treatments was inferior to
that of grains under 25°C/25°C treatment because of the occurrence of white immature kernels.
These results suggested that high temperature stress either before or after the heading stage led to a
reduction in the quality of rice grains as well as changes in NMR relaxation times (77 and 72) along

with an expression of aquaporin gene, PIPI;1 .

2.5. Summary

I performed a biophysical approach by using 'H-nuclear magnetic resonance (NMR)
relaxation times (77 and 7>) to investigate the effects of different temperature treatments before and
after the heading stage of rice cultivars ‘Hinohikari’ and ‘Koshihikari’, which has the most largest
cultivation area in Japan. Dehydration of rice grains was accelerated by heat stress at 30°C before
and after the heading stage, and the changes in 77 values of grains exposed to 30°C before and after
the heading stage showed parallel relationship to the changes in the degree of dehydration. In

addition, the 7 values of grains exposed to 30°C before and after the heading stage were lower
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than those of 25°C treatments at 14 or 21 DAH stage. Furthermore, the 7> values of grains exposed
to 30°C before and after the heading stage treatments (except for 30°C after the heading stage
treatment of ‘Hinohikari’) were abruptly shortened at 21 or 28 DAH, while those at 25°C
treatments were hardly shortened. These results indicated that 71 and 7> are useful diagnostic
indicators for the water status during grain ripening of rice plants. Furthermore, I focused on the
water channels called aquaporins, which control the dynamic state of water, especially, aquaporin
genes expression of grains that was enhanced in response to different temperature treatments
before and after the heading stage of rice cultivar ‘Koshihikari’. A high level of expression of
aquaporin gene P/PI;] in grains at 30°C before and after the heading stage was detected using
DNA microarray analysis at 14 DAH. Furthermore, grain quality exposed to 30°C before and after
the heading stage was inferior to that of grains under 25°C/25°C treatment because of the
occurrence of white immature kernels. These results suggested that high temperature stress either
before or after the heading stages led to a reduction in the quality of rice grains as well as changes

in NMR relaxation times and expression of aquaporin genes.
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Chapter 3

Effects of high air temperature in the summer of 2010 on the grain quality of

heat-tolerant rice cultivar ‘Genkitsukushi’

3.1 Introduction

High temperature reduces grain quality and yields of rice according to global warming
(IPCC 2007) in Japan (Morita, 2008). In particular, it was reported that the occurrence of white
immature kernels is one of the most important factors for reduction of the grain quality of rice
cultivar ‘Hinohikari’ as a leading cultivar in the Kyushu district region (Sakai et al., 2007). The
first inspection grade of rice was greatly less than 50% in Fukuoka Prefecture since 2002
(Hamachi 2010). It is predicted that these harmful effects will cause greater problem in the near
future.

Recently, heat tolerant rice cultivar ‘Genkitsukushi’ was developed at the Fukuoka
Agricultural Research Center (Wada et al., 2010) using evaluation facility for high - temperature
tolerance, which evaluates treated by warm water at 35°C during grain ripening period (Tsubone et
al., 2008). The objective of this breeding program was to develop a rice cultivar with high
palatability and excellent grain appearance even under the high temperature conditions.

High air temperatures in the summer of 2010 caused a lower level of quality of rice
kernels in a large area of Japan. Nevertheless, the first inspection grade of rice kernels of
‘Genkitsukushi’ cultivated in Fukuoka Prefecture was more than 90% even when an average of
the first inspection grade of kernels of rice cultivars in Japan was 63% (Ministry of Agriculture,
Forestry and Fisheries, 2011). Therefore, it is expected that ‘Genkitsukushi’ will spread out as a
leading heat-tolerant cultivar in the cultivation area.

It has been reported that grain filling status and quality are varied depending on the
spikelet positions in the panicle. Milky white kernels occurred at inferior spikelets, such as lower
part and secondary branch in panicles (Kido and Yanatori, 1968; Takahashi, 2006), white based
kernels occurred at upper branches in panicle (Kido and Yanatori, 1968), and white-back
kernels occurred at inferior spikelets under high temperature conditions during ripening periods
(Nagato and Ebata, 1965).

Therefore, it is important to investigated a relationship between spikelet architecture and
extent of white immature kernel from both of heat-tolerant and heat-sensitive rice cultivar to
evaluate heat-tolerance.

In this study, the rice grain quality was analyzed using ‘Genkitsukushi’, ‘Tsukushiroman’

and ‘Hinohikari’ cultivated under the extreme high temperature hot summer in 2010 to clarify
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relationship between spikelet architecture and occurrence of white immature kernels.

3.2 Materials and methods
3.2.1 Plant materials

Experiments for three rice cultivars were performed at a field of Fukuoka Agricultural
Research Center in Chikushino City, Fukuoka, in 2010. The experimental soil condition was
composed of coarse grained gray lowland soil and low-medium soil fertility, which was cultivated
only paddy rice every year. For the experiments, three kinds of variety of Oryza sativa L.
‘Genkitsukushi’ and ‘Tsukushiroman’, early maturing cultivars, and ‘Hinohikari’, a medium
maturing cultivar were used. The grain appearance of ‘Genkitsukushi’was superior to that of
‘Tsukushiroman’ and ‘Hinohikari’, and its grain quality was classified to be of the first grade, even
the former grew under a high temperature conditions (Wada et al., 2010).

Seedlings with 3.0 leaf stages of ‘Genkitsukushi’ and ‘Tsukushiroman’ were transplanted at
13th May, while those of ‘Hinohikari’ were transplanted at 17th May, respectively. They were
transplanted with planting density of 21.2 hills/ m?. 5.0kg N/10a was applied as basal, additionally
2.0kg N/10a as topdressing at about days 18 before heading, and 2.0 or 1.5kg N/10a at about 8-11
days before heading. Each area of experimental field was 5.7 m?. Two replicated experiments were
carried out.

Furthermore, to compare to the grain quality with different field conditions, the experiments
were performed at fields of Fukuoka Agricultural Research Center Chikugo Branch in Ooki Town,
Fukuoka, in 2010. Experimental soil condition was composed of fine grained gray lowland soil and
highly soil fertility. Experimental fields were two preceding crops, wheat cropping (Chikugo 1),
wheat cropping and soybean product for alternation (Chikugo 2). The rice varieties of
‘Genkitsukushi’, ‘Tsukushiroman’ and ‘Hinohikari’ (Oryza sativa L.) were transplanted at 4th
June. The young seedlings with about 2.0 leaf stages were transplanted with planting density of
21.8 hills/ m? 3.0kg N/10a was applied as basal, additionally topdressing at same stage with
Chikushino City. Each area of experimental field was 10.5 m?. Two replicated experiments were

carried out.

3.2.2. Analyses

The rice plants, 60 and 100 hills per experimental plot both in Chikusino City and Chikugo
City were harvested at maturity stage, respectively. Then threshing and husking treatments were
carried out after air drying adjusted at 15% water content, and preparation was sieved at 1.85mm.
Inspection grade was evaluated as 10 degrees, 1st grade (1, 2, 3), 2nd grade (4, 5, 6), 3rd grade (7,
8, 9) and below standard (10) according to Fukuoka Region center of Kyusyu Regional
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Agricultural Administration Office. Contents of perfect kernels and white immature kernels were
measured with grain quality analyzer RGQI20A (Satake Co. Ltd., Japan), White immature kernel is
a total value of milky white kernel (including white core kernel), White based kernel and
white-back kernel (including white belly kernel) (Tsubone et al., 2008). The spikelet architecture in
terms of panicles and grain quality were measured on two cultivars ‘Genkitsukushi’ and
‘Tsukushiroman’, 5 and 10 hills per experimental plot both in Chikusino City and Chikugo City
were harvested at full ripened stage, respectively. Each rachis-branch was separated into the three
positions (upper positions, central positions and lower positions), and classified into the primary
and secondary spikelet, respectively (Fig. 15). Then threshing and husking treatments were carried
out. Perfect kernels and white immature kernels were also measured with grain quality analyzer
RGQI20A. Air temperature was measured at the position of panicles with thermograph (TR-71U, T
and D Co. Japan).

@Primary spikelet
OSecondary spikelet

= Upper positions

Central positions — o

— Lower positions

Fig. 15 Spikelet architecture in a rice panicle

1) Each rachis-branch was separated into the three positions (upper position, central
position and lower position), and was classified into the primary and secondary spikelet,
respectively.
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3.3 Results
3.3.1. Crop situation index and grain quality in 2010.

Transition of mean air temperature and duration of sunshine during growth period of rice in

2010 are shown in Fig. 16. These data were recorded by a weather station closed to the

experimental field. The mean air temperature and duration of sunshine during the transplanting

stage and the middle of July were about 1°C higher and about 20% shorter than an average year,

respectively. After the rainy season (around July 17), the mean air temperature was 2-3 °C higher

than average year until the fourth pentad of August. Thereafter, the mean air temperature

maintained at 1-3 °C higher than average year.

Air temperature (°C)

30

25

20

15

15 26 &6 15 26 & 15 25 5 15 25 &

Jun. Jul. Aug. Sep. Oct.

N Day length (2010) —@— Air temperature (2010)
1 Day length (Averageyear) —— Air temperature (Average year)

Fig.16 Transition of mean air temperature and duration of sunshine in
2010(Dazaifu AMeDAS).

1) Dazaifu is located close to Chikusino station.

2) Average: Air temperature was shown as an average of those recorded from 1979 to
2000. Duration of sunshine is shown as an average of those recorded from 1986 to
2008.
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In this year, the crop situation index in Fukuoka Prefecture 2010 indicated 97, which was
categorized as ‘slightly low yield’, because, both the panicle and spikelet numbers decreased
compared with those of the average year, because of short duration of sunshine during the
vegetative stage. Furthermore, the 1000-grain weight decreased because of high temperature during
the ripening stage. Therefore, However, the grain quality of rice kernel in Fukuoka Prefecture
remarkably decreased, and the first inspection grade was 16.6%, while that in 2009 was 36.0 %

(Ministry of Agriculture, Forestry and Fisheries, 2011).

3.3.2. Influence of high temperature on the grain quality of ‘Genkitsukushi’,
‘T'sukushiroman’ and ‘Hinohikari’.

Heading stage of ‘Genkitsukushi’ grown at Chikusino station was seven days earlier than
that grown at Chikugo station. Therefore, the average temperature during 20 DAH(days after
heading) of ‘Genkitsukushi’ grown both at Chikusino station and Chikugo station were 28.6°C and
28.3°C, respectively. In addition, heading stage of ‘Genkitsukushi’ was one day earlier than that of
‘Tsukushiroman’, and six to nine days earlier than that of ‘Hinohikari’. Therefore, the average
temperature 20 DAH for ‘Tsukushiroman’ was about the same as that of ‘Genkitsukushi’, and that

for ‘Hinohikari” was about 1°C lower than that for ‘Genkitsukushi’ (Table11).

Table 11 Heading stage, maturity stage and average
temperature during 20 days after heading (DAH) of rice

cultivars.
Heading Maturity ~ 20days after
Expgrimental Cultivar stage stage heading
Station Ave. Temp.
Mon. Day  Mon. Day C
Genkitsukushi 8.15 9.16 28.6
Chikushino o1 ychiroman 8.16 9.17 28.6
Hinohikari 8.24 9.28 27.7
Genkitsukushi 8.22 9.29 28.3
Chikugo 1 Tsukushiroman 823 930 282
Hinohikari 8.28 10. 8 272
Genkitsukushi ~ 8.22 9.29 28.3
Chikugo 2 Tsukushiroman 8.23 9.30 28.2
Hinohikari 8.28 10. 8 272

1) Chikugo 2: soybean was cultivated at this area in the previous
summer. At the other experimental fields soybeans were not
cultivated in the previous summer.
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Table 12. Effects of high temperature on physicochemical properties of
grains and the proportion of various types of white immature kernel of rice

cultivars.
Experimental . Panicle Spikelets 1000 Grain rice  Inspection Perfect "\gilky “'_'liilli’t‘;“la“\l\’_;ij_‘f‘e‘
places Cultivar ;‘;?:‘e; perm® weia;;t vield screenings grade kernel  hite  based | back Total
kernel  kernel  kernel
(g) (kg'a) (%) (%) (%) (%) (%) (%)
Genkitsukushi 271 267 230 546 2.0 2.0a 79.2 1.6a 31 04 5.1
Chikushi  Tsukushiroman 305 283 225 528 2.1 50b 549 8.1b 11.1 35 227
Hinohikari 332 203 232 562 45 5.5b 64.2 9.2b 10.0 1.6 208
Genkitsukushi 443 296 216 512 4.9 3na 746 4.9 1.7 1.3 78
Chikugo1  Tsukushiroman 491 254 222 50.8 3.6 5.5b 58.9 9.2b 13.3 3.3 257
Hinohikari 416 308 221 542 54 60b 675 6.4ab 7.5 1.1 149
Genkitsukushi 437 302 220 505 -7.0' . 3.0a . "4:7 ' 5.53 . 23 ].5 9.6
chikugo2  Tsukushiroman 469 303 221 490 7.2 7.0b 52.8 11.6b 11.1 3.1 258
Hinohikari EES] 347 221 537 74 40a 629 6.5a 5.9 1.1 135
Genkitsukushi 384 288a 222 52.1ab 4.6a 2.7 76.2¢ 4.1 24a 1.1a 7.5a
Average  Tsukushiroman 422 293a 223 50%a 4.3a 5.8 55.5a 9.6 11.8¢ 3.3b 24.7¢c
Hinohikari 396 316b 225 54.7b 5.8b 52 64.9b 7.4 7.8b 1.3a 16.4b
Chikushi 303a 281a 2296 545 29a 4.2 66.1 6.3a 8.1 1.8 16.2
Chikugo 1 450b 299b 220a 521 4.6b 4.8 67.0 6.8a 1.5 1.9 16.1
Chikugo?2 4450 317¢ 22.1a 511 7.2¢ 4.7 63.5 8.0b 6.4 19 16.3
) : ‘Cﬁl‘ii\-ar(,‘\\ e S i
Place (B) *»e e e ns " ns ns ¥ ns ns ns
A<B ns ns ns ns ns * ns * ns ns ns

1) Inspection grade of kernels in 10 degrees: 1st grade (1-3), 2nd grade (4-6), 3rd grade (7-9) and below
standard (10).

2) **and * are significant at 1% and 5% levels, respectively. ns: not significant at 5% level. Values
followed by the same letter within a column are not significantly different at 5% level, based on
Tukey’s test.

3) Perfect kernel and white immature kernels were measured with grain quality analyzer RGQI20A
(Satake Co. Ltd., Japan).

In Chikushino station the number of spikelet of the three cultivars was less than
that grown at Chikugo station. Therefore, the 1000-grain weight was higher and rice
screenings rate was lower than that grown at Chikugo station. In Chikugo station, the number of
spikelet grown at Chikugo 2, where soybean plants were cultivated in the previous summer,
increased than that grown at Chikugo 1. However, the grain yields did not significantly between
two fields, because of increase in rice screening rate in Chikugo 2 (Table 12).

Percentage of perfect kernels, white immature kernels and inspection grade were not
significantly different among the experimental fields, whereas ratio of milky white kernels grown
at Chikugo 2 significantly increased than that grown at the other area. Occurrence of white-back
kernels was low in comparison with those of milky white kernels and white based kernels. The
grain quality of ‘Genkitsukushi’ is maintained at the first inspection grade, 2.0-3.0 (Table 12). In

contrast, the grain quality of ‘Tsukushiroman’ and ‘Hinohikari’ ranged from the second to third
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inspection grade, 5.0-7.0 and 4.0-6.0, respectively, due to remarkable occurrences of milky white
kernel, white based kernels and white-back kernels (Table 12).

It has been reported that occurrence in 10% of white immature kernels is the border line of
the first inspection grade (Tsubone et al., 2008). In this study, the occurrence of white immature
kernel of ‘Genkitsukushi’ was less than 10%, those grown at Chikushino, Chikugo1 and Chikugo2
were 5.1%, 7.8% and 9.6%, respectively (Table 12).

3.3.3. Occurrence of white immature kernels among the different spikelet position
in the panicle.

Parameters of grain yield and quality were analyzed to examine the relationship between
spikelet architecture and the occurrence of white immature kernels using two cultivars
‘Genkitsukushi’ and ‘Tsukushiroman’ (Fig. 17). In each spikelet position of the panicle, the
number of spikelet, grain yields and 1000-grain weight were not significantly different between the
two cultivars. Both of the two cultivars, 1000-grain weight of the primary branch of panicles were
superior to that of the secondary branch of panicles. 1000-grain weight of upper position of the
panicles grown at Chikushi station, was superior to that of low position in each cultivar, while that
grown at Chikugo station was not significantly different between two positions. In addition, the
proportion of milky white kernel was higher at the secondary branch of panicle than that the
primary branch grown at Chikugo 2, and proportion of white-back kernel was higher at the
secondary branch of panicle than that the primary branch grown at each experimental field. Both of
the two cultivars, white based kernel of the primary branch of panicle occurred at upper position
compared to those at the middle and lower positions, while that of the secondary branch of the
panicle was not significantly different between three positions.

Both of the primary and secondary branches, proportions of milky white kernel, white based
kernel and white-back kernel of ‘Genkitsukushi’ were lower than those of ‘Tsukushiroman’, except
for proportion of milky white kernel grown at Chikugo 1, which was not significantly different
between two cultivars. In ‘Genkitsukushi’, the proportion of milky white kernel was the highest at

the secondary branch of the panicle grown at Chikugo 2.
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Fig. 17 Number of spikelet in a panicle, grain yields, 1000-grain weight and the
proportion of various types of white immature kernels among different positions in the

panicles of rice cultivar *Genkitsukushi’ and ‘Tsukushiroman’.

1) White bars indicate ‘Genkitsukushi’ and black ones indicate ‘Tsukushiroman’. A vertical axis, 1
and 2: the primary branch of a panicle and the secondary branch of a panicle, respectively. Up..

Cent., and Low. : Upper, Central and lower positions in a panicle respectively.

2) Values followed by the same letter are not significantly different at 5% level. based on Tukey’s

test.



3.4. Discussion

Global warming is one of the most important factors for deterioration of grain quality and
yield of rice in Japan, especially Kyusyu District (Morita, 2008). Recently, heat tolerant rice
cultivar ‘Genkitsukushi’ was developed at the Fukuoka Agricultural Research Center (Wada et al.,
2010).

Therefore, it is necessary to spread out a heat tolerant rice cultivar as a way to deal with the
problem against low quality of rice kernels caused by high temperature.

It has been reported that white-back kernel and white based kernel remarkably occurred
when the average temperature for the first 20 DAH was more than 27°C (Wakamatsu et al., 2007),
and the first inspection grade of rice decreased (Terashima et al., 2001). During the extreme hot
summer of 2010, the mean air temperature of late in August and early in September, when the
periods were equivalent during 20 DAH of ‘Genkitsukushi’ was 29.9°C (26.2°C of an average
year) and 28.2°C (24.7°C of an average year), respectively (Dazaifu AMeDAS 2010).
Nevertheless, the percentage of the first grade kernels of ‘Genkitsukushi’ cultivated in Fukuoka
Prefecture was 91.8%, whereas those of ‘Tsukushiroman’ and ‘Hinohikari’ were 12.2% and 11.1%,
respectively (Ministry of Agriculture, Forestry and Fisheries, 2011).

It has been reported that grain quality was influenced by soil fertility in the fields because
nitrogen nutrient condition of rice from panicle formation stage to full heading stage was affected
by them (Tanaka et al., 2010). Yoshino et al. (2011) reported that occurrence of white immature
kernel increased in the field cultivated soybean in the previous summer, according to increase of
the number of spikelet in the field. Therefore, a field experiment was carried out to examin the
influence of high temperature on the quality of grains at maturity of ‘Genkitsukushi’,
‘Tsukushiroman’ and ‘Hinohikari’ at the experimental fields with different soil fertility and
different crops were cultivated in the previous summer. The average temperature during 20 DAH
of ‘Genkitsukushi’ and‘Tsukushiroman’ was over 28°C, which was 1°C higher than that of
‘Hinohikari’ (Table 11). Under the high temperature condition, the number of spikelet was
significantly different between experimental stations. On the other hand, the grain quality of
‘Genkitsukushi’ maintained at the first inspection grade in all experimental fields, while those of
‘Tsukushiroman’ and ‘Hinohikari’ ranged from the second to the third inspection grade because of
remarkable occurrence of white immature kernel (Table 12). These results indicated that the
occurrence of white immature kernels of ‘Genkitsukushi’ was significantly lower and that the rice
kernel of ‘Genkitsukushi’ was superior in quality to those of other cultivars such as
‘Tsukushiroman’ and ‘Hinohikari’ under both the high temperature and the various soil fertility
conditions contributing the ripening stability of ‘Genkitsukushi’.

Previously, it has been reported that milky white kernels occurred at inferior positions in
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panicle, such as the secondary branch of panicle (Kido and Yanatori, 1968; Takahashi 2006), and
the occurrence of milky white kernel was promoted due to increase the number of spikelet because
of a lack of assimilate supply to grains (Kobata et al., 2004; Takahashi 2006), whereas white based
kernel and white-back kernel were little influenced by an increase in the number of spikelet
(Wakamatsu et al., 2008). In this study, the number of spikelet and occurrence in milky white
kernels of ‘Genkitsukushi’ were the highest grown at the Chikugo 2. In addition, proportion of
milky white kernels was higher at the secondary branch in panicle than that at the primary branch
(Fig. 17). Therefore, it is necessary to hold optimum number of spikelet of ‘Genkitsukushi’,
especially in high soil fertility conditions, for maintaining the highly grain quality (Miyazaki et al.,
2011).

Occurrence of white immature kernels was greatly influenced by the spikelet position of the
panicle (Nagato and Ebata, 1965; Kido and Yanatori, 1968; Takahashi 2006). Therefore,
parameters of grain yield and quality were analyzed to examine the relationship between spikelet
architecture and occurrence of the white immature kernels among the spikelet positions of the
panicle using two cultivars ‘Genkitsukushi’ and ‘Tsukushiroman’ (Fig. 16). The proportion of
white immature kernel of ‘Genkitsukushi’ at any position of the panicle was lower than that of the
heat-sensitive cultivar ‘Tsukushiroman’, nevertheless the number of spikelet and 1000-grain
weight were not significantly different in each spikelet position of panicle between two cultivars.
It has been reported that heat tolerant rice cultivar ‘Nikomaru’ was the high amount of the
nonstructural carbohydrates (NSC) in the stem at full heading stage, which contributes to the
ripening stability under high temperature condition (Morita and Nakano 2011). Tanaka et al.
(2009) revealed that high temperature stress did not interrupt development of rice grains, especially
of a nucellar epidermis as a morphological property for sugar transport, in heat-tolerant cultivar
‘Chikushi 64’ (later named ‘Genkitsukushi’) and ‘Nikomaru’ at 14 DAH while heat-sensitive
cultivar ‘Hinohikari’ indicated a cessation of the function of the nucellar epidermis. These results
suggest that the heat tolerance of ‘Genkitsukushi’ after heading stage was not related to panicle
architecture. It has been reported that tolerance to the high temperature stress after heading stage
was genetically controlled and they were relative cultivars of ‘Koshihikari’ (Nishimura et al.,
2000). Yamakawa et al. (2007) reported that the gene expression for the syntheses of starch and
storage proteins was decreased by high temperature, while that for starch consumption and heat
stress response increased. Therefore, further studies are needed to elucidate the physiological,

molecular and genetic mechanism for heat tolerant to accelerate rice breeding.
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3.5. Summary

High air temperatures in summer of 2010 severely damaged an apparent quality of rice
kernels in a large area of Japan. Nevertheless, the percentage of the first inspection grade of
heat-tolerant rice cultivar ‘Genkitsukushi’ was more than 90% even when the average of air
temperature during the 20 DAH was over 28°C, while the average of the first inspection grade of
‘Tsukushiroman’ and ‘Hinohikari’ were less than 20 %. In fact, in the different field conditions,
such as different soil fertility and different crops cultivated in the previous summer, the occurrence
of white immature kernel was significantly lower and the rice kernel of ‘Genkitsukushi’ was
superior in quality to other cultivars such as ‘Tsukushiroman’ and ‘Hinohikari’. In addition, the
proportion of white immature kernel of ‘Genkitsukushi’ at any position within the panicle was
lower than those of ‘Tsukushiroman’. Furthermore, the number of spikelet and 1000-grain weight
were not significantly different in each spikelet position within the panicle between two cultivars.
These results indicated that the tolerance of ‘Genkitsukushi’ to high air temperatures was stably
excellent independent of panicle architecture, suggesting that it was not related to a panicle

architecture, but others contributing heat tolerance.
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Chapter 4

Growth characteristics during the ripening period of assimilate translocation and
gene expression of sucrose transporter, SUTI under heat stress in the

heat-tolerant rice cultivar ‘Genkitsukushi’

4.1 Introduction

High temperature is one of the major environmental stresses that limit the agricultural
productivity of plants. Recently, the reduction in grain yield and quality of rice cultivated under
heat stress condition is the problem of rice cultivation in Japan (Funaba et al., 2006b; Tanaka et
al., 2009; Morita and Nakano, 2011). In particular, the occurrence of white immature kernels
under high-temperature conditions reduces the grain quality of rice. When day/night temperature
from 7 days after heading (DAH) to harvest maturity stage was 27/22°C, only a few white-core
kernels occurred; when the temperatures were above 30/25°C, kernel damage (i.e, an increased
percentage of milky white kernels and white-back kernels) increased (Tashiro and Wardlaw,
1991). In addition, it has been reported that white immature kernels occurred when the average
air temperature for the first 20 DAH was higher than 27°C and that cultivars differed in the
percentage of white immature kernels, for example, the japonica varieties such as ’Hinohikari’,
’Mineasahi’ and ’Hatsuboshi’ were sensitive to high temperature (Morita et al., 2005a;
Wakamatsu et al., 2007).

High temperature accelerated rice kernel development during the early ripening period,
while it interferes with the kernel development during the late ripening period, thereby
decreasing grain weight somewhat (Yamakawa et al., 2007; Ishimaru et al., 2009; Tanaka et al.,
2009). It has been reported that high temperature accelerated the rate of grain dry weight (Morita
et al., 2005b; Chen et al., 2006). It is conceivable that grain filling under high temperature
requires more nutrition during the early development stages, which might then trigger the rapid
remobilization of stored carbon. The carbohydrate supplied for rice ripening consists of two
components: the nonstructural carbohydrates (NSC) in the stem at full heading and the newly
assimilated carbohydrate after heading (Matsushima 1957; Weng et al., 1982). It has been
reported that, in terms of carbohydrate supply, insufficient solar radiation during ripening period
affects grain growth (Tsukaguchi and lida, 2008). When rice plants were exposed to high
temperature during the ripening period, the sink-source balance of carbohydrates was disrupted,
and white immature kernels were produced (Morita, 2008).In fact, alteration of the carbohydrate
supply affects the percentage of white immature kernels (Morita et al., 2005a; Nakagawa et al.,

2006; Tsukaguchi et al., 2011). Recently, it was suggested that the level of high-temperature
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tolerance of rice was related to the NSC content in the stem at the full-heading stage (Morita and
Nakano, 2011).

In rice plants, the sucrose transporter gene SUT! is highly expressed in leaf sheaths, stems,
grains after heading, and also in germinating seedlings, but very low levels in roots (Aoki et al.,
2003; Scofield et al., 2007). These findings suggest that SUT1 plays an important role in
maintaining the supply of photoassimilates to the filling grains (Scofield et al., 2002).
Furthermore, the cumulative expression level of SUTI in grain between 8 and 30 days after
flowering was reduced under high-temperature conditions, suggesting that this alteration in gene
expression is involved in grain weight reduction and/or occurrence of grain chalkiness
(Yamakawa et al., 2007). Recently, our group reported that high-temperature-induced repression
of the expression of SUTI and starch-synthesis-related genes in sink and source organs at the
milky ripening stage is involved in occurrence of chalky grains (Phan et al., 2013).

High air temperatures in summer of 2010 severely damaged an apparent quality of rice
kernels in a large area of Japan (Ministry of Agriculture, Forestry and Fisheries, 2011).
Nevertheless, the percentage of the first inspection grade of ‘Genkitsukushi’ bred and cultivated
in Fukuoka Prefecture was more than 90% even when the average of air temperature during the
20 DAH was over 28°C, while the average of first inspection grade of ‘Hinohikari’ was only
11.1% (Hamachi et al., 2012). Furthermore, ’Genkitsukushi’ was highly evaluated at palatability
ranking of the rice production as special A indicating the highest award among 129 candidates
(Japan Grain Inspection Association 2011). Therefore, it is very important to reveal growth
characteristics and the mechanism of heat tolerance in ‘Genkitsukushi’ as a leading heat-tolerant
cultivar for the purpose of extending a cultivation area in the world.

Based on these findings, the objective of this study is to gain insights into heat tolerance
through the physiological differences between heat-tolerant cultivar ‘Genkitsukushi’ and
heat-sensitive cultivar ‘Tsukushiroman’. In this chapter, dynamics of carbohydrate translocation
during the ripening period in both cultivars with different levels of heat tolerance was
investigated by analyzing the dry weight of stem and grain, NSC content in stem and SUT/
expression in stem and grain during the ripening period in both cultivars with different levels of

heat tolerance.

4.2 Materials and methods
4.2.1 Plant materials, heat stress and leaf clipping treatments

Heat-tolerant rice (Oryza sativa L., japonica type) cultivar ‘Genkitsukushi’ and
heat-sensitive rice cultivar ‘Tsukushiroman’ indicating the same heading date were used in this

study (Miyazaki et al., 2011). ‘Genkitsukushi’ (former named ‘Chikushi 64’) was developed from a

_45_



cross between ‘Tsukushiroman’ (former named ‘Chikushi 46°) and ‘Tsukushiwase’ at Fukuoka
Agricultural Research Center in 2008 (Wada et al., 2010).

Growth chamber experiment was performed at Fukuoka Agricultural Research Center in
2010. Plants were transplanted into 1/5000 Wagner pots on 10 June in 2010 at the rate of three
plants per pots. Irrigation and pesticide were applied to ensure optimal plant growth. Compound
fertilizer (N-P205-K,0:4-4-4%) at 0.2 N g was supplied to each pot, as basal dressing.
Additionally, 0.1Ng ammonium sulfate (N:21%) was topdressed at the panicle formation and
booting stages. Plants were allowed to grow to the heading stage in an experimental field. At
heading, which occurred for both of the cultivars on 16 August, the pots were transferred to
glasshouses and the plants were grown under individual two temperature treatments, control
(26/21°C day/night) or high-temperature stress (31/26°C day/night), until harvest. The 24-hour
average temperatures in the control and high temperature treatments were 23.5°C, and 27.3°C,
respectively.

A field experiment was performed at the experimental field of Fukuoka Agricultural
Research Center in Chikushino City, Fukuoka, Japan in 2009. Plants were transplanted in paddy
field on 25 May 2009. The young seedlings with 3.0-3.5 leaf stage were transplanted with planting
density of plant/ (30 x 15 cm?). Fertilizer of 5.0kg N/10a was supplied as a basal nutrient. At the
heading stage on 10 August sink-source manipulation by cutting every flag leaf blade was imposed
on the five plants each cultivar. the average temperature during 20 days after heading was 27.5 °C.

The rice plants were harvested at the maturity stage. Then threshing and husking treatments
were carried out after air drying adjusted at 15% water content in brown rice, and preparation was
sieved at 1.8mm. Inspection grade was evaluated as 10 degrees, 1st grade (1, 2, 3), 2nd grade (4, 5,
6), 3rd grade (7, 8, 9) and below standard (10) according to Japan Grain Inspection Association,
and perfect kernels were measured with grain discriminate RGQI20A (Satake Co. Ltd., Japan). 100
kernels of the husked grains of each temperature treatment were used for their quality and they

were visually evaluated and scored according to Hoshikawa (1993).

4.2.2. Analyses of dry-matter production and nonstructural carbohydrate (NSC)
Plants were sampled at 5-30days every 5 day interval after heading (DAH). The heading
stage is the date when about a half of the panicles in an area emerged. In phytotron, three pots in
each treatment were sampled as a pot-experiment in 2010, and as a field experiment, five plants
were sampled at each stage of the two cultivars. Plants were separated into panicles, leaf blades,
and culms plus leaf sheaths (stems), oven dried an 80°C for 48 hours and dry weight was measured.
Dried samples of stems were ground and used for measurement of NSC. The NSC concentration in

the stem was estimated according to the method of Ohnishi and Horie (1999). Distilled water (20
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mL) was added to a 100 mL Erlenmeyer flask containing about 0.5g samples. The flask were
boiled on a hot plate for 30 min at 100°C and then for 20 min at 180°C. After cooling, 20mL of
sodium phosphate-phosphoric acid buffer containing 1.5mg of «-amylase, 0.5mg of
amyloglucosidase, and 0.5mg of sodium azide was added. Each sample was incubated with
continuous shaking for 24h at 40°C and then filtered through filter paper (No.5A; Advantec,
Tokyo, Japan). The residues were dried at 1350C for 4 h to determine their DW. The NSC
concentration (%) was estimated as;

NSC concentration = (dried stem weight — residual weight) / dried stem weight x100,

4.2.3. RNA extraction and real-time PCR analysis

For RNA extraction, stems and grains were harvested from plants grown in three pots of
each temperature treatment and cultivar at 4, 9, 14, and 21 DAH. Immediately after harvest, the
stem and grain samples were frozen in liquid nitrogen and then stored at — 80°C. Total RNA was
isolated from the frozen materials by an SDS/phenol/LiCl method (Chirgwin et al., 1979). cDNA
was synthesized from the extracted RNA by using the ReverTra Ace reverse transcriptase kit
(TOYOBO, Osaka, Japan). To synthesize single-stranded cDNA, a total 20uL.  of reverse
transcriptase reaction mixture containing 1pug of total RNA, 2.5 M oligo-dT17, 0.5 mM of each
dNTP, and 100 U of ReverTra Ace in the manufacturer's standard buffer conditions was annealed
at 65°C for 5 min and then incubated at 42°C for 1 h.

Real-time PCR was performed using the MiniOpticon Real-Time PCR System (Bio-Rad
Lab., Hercules, CA, USA), with SYBR Green (TOYOBO, Osaka, Japan) as the fluorescent dye,
according to the manufacturer’s instructions. The primer sequence of SUT/ was according to Phan
et al. (2013). PCR was performed in a 20-pL reaction mixture containing 1 uL. of cDNA, 500 nM
each of the 5'- and 3'-primers, 10 uL of SYBR Green buffer, and 2 pL of Plus solution containing
Taq DNA polymerase under the following thermal cycling conditions: initial denaturation at 94°C
for 2 min; followed by 40 cycles of denaturation at 94°C for 20 s, annealing at a primer-specific
temperature for 30 s, and extension at 72°C for 20 s; followed by melting and plate reading. The
results obtained for the different cDNAs were normalized using the expression level of a rice actin
gene (Phan et al., 2013). The specificity of the individual PCR amplifications was confirmed by

using a heat-dissociation curve protocol following the final cycle of the PCR.

4.3 Results
4.3.1. Characteristics of yield and quality in heat tolerant/sensitive cultivars
The proportion of ripened grains, 1000-grain weight, physiochemical characteristics, and

grain quality are shown in Table 14 and Fig. 18. High-temperature stress did not significantly
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affect the grain yield per pot, spikelet per pot, proportion of ripened grains, or 1000-grain weight of
either cultivar (Table 13). The grain quality of ‘Genkitsukushi’ grown under high-temperature
conditions during the ripening period was not significantly different from the control (Fig. 18). In
contrast, the grain quality of heat-stressed ‘Tsukushiroman’ significantly decreased. The milky
white kernels and white-back kernels in ‘Genkitsukushi’ were 3.2% and 2.7%, respectively for the
control, while 5.8% and 12.4%, respectively for the high-temperature treatment.

Table 13

Effect of high temperature treatment on rice grain ripening, kernel quality and
protein and amylose contents of 'Genkitsukushi' and "Tsukushiroman'.

Temp. Grains  Spikelets Ripened 100.0- Inspection perfect . Amylos
Cultivar grain Protein -
day/night  perpot perpot grains weight grade kernel
(©) (€3] (%) (€ (%) (%0) (%)
Genkitsuk ~ 26/21 18.1b 884 94.8 213 2.0a 87.0bc 6.3ab 17.6d
ushi 31/26 17.0ab 852 95.9 21.1 2.6a 828bc 6.6c 15.6b
Tsukushir ~ 26/21 16.1a 798 934 214 20a 89.5¢ 6.4bc 16.2¢
oman 31/26 16.0a 812 94.5 209  9.6b 67.5a 6.la 144a

1) Inspection grade of kernels in 10 degrees: 1st grade (1-3). 2nd grade (4-6). 3rd grade (7-9) and below
standard (10). Different letters indicate significant differences at the 5% level (Tukey's test).
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Fig. 18

Effect of high temperature treatment on the quality of grains of
‘Genkitsukushi (A)” and ‘Tsukushiroman (B)’.
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In contrast for ‘Tsukushiroman’ the occurrence of milky white kernels and white-back
kernels of the control were 10.5% and 1.6%, respectively, while 21.3% and 25.3%, respectively for
the high-temperature treatment.

The high-temperature treatment caused a significant decrease in the grain amylose content of
both cultivars (Table 13). There was no significant difference in grain protein content between the
two cultivars grown under the control conditions. The protein content of the grains of
‘Genkitsukushi’ grown under high temperature during the ripening period increased compared to
the control, whereas that of ‘Tsukushiroman’ decreased.

In addition, effects of decreased photoassimilate on grain quality were examined byclipping
treatment of flag leaf blade of rice plants at an experimental field where average air temperature
was 27.5°C during 20 days after heading. Table 14 and Fig. 19 show effects of sink-source
manipulation by the clipping treatment on yield and grain quality of the two cultivars. There were
no significant difference of total numbers of spikelets, 1000-grain weight and ripened grain yield of
the two cultivars between control and the clipping treatment. Ratios of the ripened grains and grain
quality of ‘Genkitsukushi’ without the clipping treatment as a control indicated superiority to that
of ‘“Tsukushiroman’. The ratios of the ripened grains and perfect kernels of ‘Genkitsukushi’ of the
control was 93.2 and 93.4%, respectively while that of ‘Tsukushiroman’ was 90.8 and 76.3%,
respectively (Table 14). Furthermore, percentages of milky white kernels and white backed kernels
of ‘Genkitsukushi’ of the control were 0.5 and 8.8%, respectively while those of ‘Tsukushiroman’
were 7.7 and 12.0%, respectively (Fig. 19). Therefore, it was shown that sink-source manipulation
by the clipping treatments of the flag leaf blade resulted in decrease in number of ripened grains,
1000-grain weight, ripened grain yield and perfect kernels of both two cultivars. However,
decrease in number of ripened grains, 1000-grain weight, ripened grain yield, while in increase in
milky white kernel caused by the sink-source manipulation treatment were more severely enhanced
in ‘Tsukushiroman’ than those in ‘Genkitsukushi’.

Table 14 Effect of clipping treatments of flag leaf blade on the proportion of
ripened rice grains, perfect kernel of ‘Genkitsukushi’ and ‘Tsukushiroman’
grown in the field.

Clipping Ripened  Total Total Ripened 1000-grain Inspection Perfect
Cultivar

treatments grain yield panicles spikelets grains weight grade kernel

(@n) () (x100/m) (%) © (%)

Genkitsu  Control 459Db 336 217 932b  226b 20a 93.4b
kushi treatment 427ab 334 212 903b 22.4b 2.6a 91.8b
Tsukushi  Control 434ab 333 211 90.8b 22.7b 43b 76.3a
roman treatment 388a 348 212 81.9a 220a 4.4b 73.5a

1) Atthe heading stage on 10 August, every flag leaf blade was clipped on each five plant of the two
cultivars as a sink-source manipulation. Inspection grade of kernel was evaluated of 10
degrees. :1st grade (1, 2, 3), 2nd grade (4, 5, 6), 3rd grade (7. 8, 9) and below standard (10). The
different letters indicate significant differences in the means at 5% level (Tukey’s test).
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Fig. 19 Effect of clipping treatments of flag leaf blade on the quality of grain
kernel of ‘Genkitsukushi (A)’ and ‘Tsukushiroman (B)’.

4.3.2 Analysis of dry-matter production and NSC of heat tolerant/sensitive
cultivars

Dry-matter production of ‘Genkitsukushi’ and ‘Tsukushiroman’ grown in different
temperature chambers from 5 to 30 DAH was determined. There was no significant influence of
high temperature on the kernel dry weight in ‘Genkitsukushi’ while that of ‘Tsukushiroman’ was
significantly enhanced at 10 DAH by the high temperature stress (Fig. 20A B). The dry weights of
whole plant per panicle both at 5 and 30 DAH of ‘Genkitsukushi’ in the control were 2.2 and 2.9g,
respectively while that of ‘Tsukushiroman’ was 1.8 and 2.8g, respectively (Fig. 20C D). The
increasing amount of dry-matter content in whole plant per panicle of ‘Genkitsukushi’ in the
control from 5 to 30 DAH was lower than that of “Tsukushiroman’. On the contrary, the decreasing
amount of dry-matter both of the stem and leaf blade of ‘Genkitsukushi’ in the control from 5 to 30
DAH was 0.4g higher than that of ‘Tsukushiroman’, and the tendency was remarkably enhanced by
high temperature stress. In the same way, the increase in dry weight of aboveground part of
‘Genkitsukushi’ from 5 to 30 DAH in the field experiment carried out in 2009 was 0.7g lower than
that of ‘Tsukushiroman’, and the decreasing amount of dry-matter content in the stem and leaf
blade of ‘Genkitsukushi’ from 5 to 30 DAH was 0.6g higher than that of ‘Tsukushiroman’ (Fig.
20E F).

_50_



Genkitsukushi Tsukushiroman
25T

N
(&)

B

£s) A -
Eot 20 f
©
c
S 15 15 |
B -
107 10
g & Control
- © Control - ontro
; ° ® Heat > A Heat
@) -
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
357 r
- C 3.5 D
5330 3.0
225 25
©
220 20T
g = _
=15 'g% 1518 %\97—9
C (U o
~§1o S 2 10 [3&
~05 [ O® aboveground part 0.5 [ £ A aboveground part
O [0 @ Stem and leaf blade 00 V ¥ Stem and leaf blade
0.0 .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
401 E 40f F
@ 3.5F 3.5¢
o
L 3.0 3.0
C
@©
= 2.5) 25}
[}
Q ‘/i\'/i
E’ 2.0r 2.0f
[
2 15F @ aboveground part 1.5F A aboveground part
5‘ X B Stemand leafblade XA V¥ Stem and leaf blade

0.0 bttt () () bt
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Days after heading Days after heading
Fig. 20 Dry weight of kernels, stems, leaf brades and aboveground part in
‘ Genkitsukushi’ (A.C.E) and °Tsukushiroman’ (B.D.F) grown under high
temperature. A, B, C, D, Growth chamber experiments tested in 2010; E F, Field
experiments tested in 2009. Values are means = SE (n=3). * indicates significance at
the 5% level (Tukey’s test).



NSC content in the stem was also shown in Fig. 21. Especially, NSC content of the control
of ‘Genkitsukushi’ at 5 DAH was 102mg (+26%) higher than that of ‘Tsukushiroman’. NSC
concentration of stem and the content per panicle of ‘Genkitsukushi’ remarkably decreased under
high temperature stress than those of ‘Tsukushiroman’ from 5 to 22 DAH. Those of
‘Genkitsukushi’ from 5 to 22 DAH was 92mg (+50%) higher than that of “Tsukushiroman’.

These results suggest that the dry matter translocated from stem to panicle in ‘Genkitsukushi’ was
greater han that of Tsukushiroman’, and the tendency was significantly enhanced by high

temperature stress during ripening period.
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Fig. 21 Nonstructural carbohydrate (NSC) content in stems of ‘Genkitsukushi’ (A)
and ‘Tsukushiroman’ (B) grown under high temperature. * indicates significance at
the 5% level (Tukey’s test).

4.3.3 RNA extraction and sucrose transporter gene (SUTI) analysis of heat
tolerant/sensitive cultivars

SUTI plays an important role in maintaining the supply of photoassimilates to the filling
grains (Scofield et al., 2002). Therefore, real time PCR analysis was carried out to assess the
changes in SUT! transcript levels in the stems and grains of cultivars ‘Genkitsukushi’ and
‘Tsukushiroman’ under high temperature (Fig. 22). In stems of ’Genkitsukushi’, there was no
significant difference in the expression of SUTI between the two temperature treatments from 4 to
9 DAH, but the expression level in that treated by the high temperature markedly increased from 9
to 21 DAH (Fig. 22A). In contrast, in stems of ‘Tsukushiroman’, the expression of SUTI under the
high temperature increased at 9 DAH compared with the control, then it decreased by 14 DAH to a

level significantly below the control (Fig. 22B). The patterns and levels of SUT! expression in
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the grains were noticeably different between the two cultivars. Under the control temperature, the
expression of SUT! in the grains of ‘Genkitsukushi’ decreased from 4 to 14 DAH, but it increased
between 14 and 21 DAH’ while the gene expression of the cultivar exposed to heat stress
maintained higher level compared to that in the control (Fig. 22C). In contrast, the expression of
SUT1I in grains of ‘Tsukushiroman’ decreased from 9 to 21 DAH in both temperature treatments,
but it was significantly higher at 9 DAH under high-temperature stress than in the control (Fig.
22D). In addition, the expression level of SUT! during grain filling stage was markedly higher in

’Genkitsukushi’ grains than in that of ‘Tsukushiroman’ grains, regardless of temperature.
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Fig. 22 Gene Expression profiles of SUT/ in stems (A,B) and grains (C,D) of
‘Genkitsukushi’and ‘Tsukushiroman’grown under control (open symbols) and
high-temperature (closed symbols) treatments.

1) The expression levels were determined by quantitative real-time PCR analysis and normalized
to the expression of Osdctin. Values are means += SE (n=3). ** indicates significance at the 1%
level (Tukey’s test).
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4.4. Discussion
4.4.1 Grain filling in ‘Genkitsukushi’ during the ripening period under high
temperature stress

High-temperature stress did not significantly affect grain yield, spikelets per pot, percent
ripened grains and 1000-grain weight (Table 13). However, the grain quality in ‘Genkitsukushi’
was remarkably superior to that of ‘Tsukushiroman’ (Fig. 18), even though the heading date of
these cultivars was the same and the genetic background of the two cultivars are closely related
because ‘Tsukushiroman' is a mother plant of ‘Genkitsukushi’. The grain of ‘Genkitsukushi’ grown
under high temperature throughout the ripening period was maintained at the first inspection grade
because only a few white immature kernels was produced (Table 13). In the recent study, Hamachi
et al. (2012) reported that the proportion of white immature kernels of ‘Genkitsukushi’ at any
position within the panicle was lower than those of the heat-sensitive cultivar ‘Tsukushiroman’
grown under the high air temperature of 2010 summer, which has a similar panicle architecture,
suggesting that the difference of heat tolerance between the two cultivars is due to other factors
rather than the panicle architecture. Microscopic observation by Zakaria et al. (2002) revealed that
the chalky part of the rice endosperm contains immature starch granules, suggesting that the
accumulation of starch is impaired at high temperature. Under high temperature, a lack of
assimilate supply to grains caused a reduction in grain weight and increase in the proportion of
milky white kernels, possibly because high temperature during the grain-filling period enhances
grain growth rate without profoundly affecting assimilate production (Morita et al., 2005a). At 10
DAH, which is the most heat-sensitive phase, rapid growth led to the production of milky white
kernels (Tashiro and Wardlaw, 1991). The kernel dry weight in ‘Genkitsukushi’ grown under high
temperature was not significantly different compared with that of the control (Fig 20A). In
contrast, heat stress had a significant effect on the kernel dry weight at 10 DAH in
‘Tsukushiroman’ (Fig. 20B). In the present study, these results indicate that the unaltered dry
weight of grain at 10 DAH in ‘Genkitsukushi’ under the heat stress condition might contribute to

maintain its higher level of grain quality.

4.4.2 Change in sink-source balance of the stem in ‘Genkitsukushi’ during the
ripening period under high temperature stress
It has been previously reported that a reduced carbohydrate supply to the panicle increased
the percentage of milky white kernels (Morita et al., 2005a; Nakagawa et al., 2006; Tsukaguchi et
al., 2011). Dry weights per panicle of the stem and leaf blade in ‘Genkitsukushi’ significantly
decreased compared to those of ‘Tsukushiroman’ during the ripening period both in the growth

chamber and the field experiments (Fig. 20C-F), and the decrease in dry weight of the stem and
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leaf blade in ‘Genkitsukushi’ was enhanced by high temperature (Fig. 20C, D). Most notably,
per-panicle NSC content in the stem of ‘Genkitsukushi’ grown under high temperature was higher
than that in ‘Tsukushiroman’ at 5 DAH and it decreased markedly by 24 DAH (Fig. 21). These
results indicate that assimilate transport in ‘Genkitsukushi’ functioned more effectively than that in
‘Tsukushiroman’ under the high temperature condition. It has been reported that clipping treatment
reduced the amount of carbohydrates supplied through photosynthesis (Nakagawa et al., 2006;
Tsukaguchi et al., 2011). In the present study, I examined whether sink-source manipulation by leaf
clipping influenced on the number of ripened grains, 1000-grain weight, grain yield and the
percentage of milky white kernels in both cultivars (Table 14, Fig. 19). The decrease in the number
of ripened grains, 1000-grain weight and ripened grain yield was statistically significant that in
‘Tsukushiroman’, whereas no effect of high temperature on that of ‘Genkitsukushi’ was
significantly observed. Moreover, white immature kernels increased in ‘Tsukushiroman’ but not in
‘Genkitsukushi’ treated by leaf clipping. These results also indicated that content or translocation
of assimilates in the stem of ‘Genkitsukushi’ was superior to ‘Tsukushiroman’, and these data were
consistent with the results of the heat-stress treatments.

These data showed the occurrence of white-back kernel of ‘Genkitsukushi’ grown under high
temperature was only 9.7%, while that of ‘Tsukushiroman’ was 23.7% (Fig.18). In addition, high
temperature enhanced protein content of grains in ‘Genkitsukushi’ by 0.3% compare to the control
while it suppressed that of ‘Tsukushiroman’ by 0.3% (Table 13). Wakamatsu et al.(2008) reported
that white-backed kernels occurred frequently in cultivars such as ‘Hatusuboshi’ and ‘Hinohikari’
whose ripening were sensitive to high temperatures, and negative correlation was found between
the protein content of grain and the occurrence of white-back kernels. In addition, Nakagawa et al.
(2006) reported that white-back kernels decreased by applying nitrogen top-dressing, indicating to
strengthen the transportation system of assimilates increased by applying an increment of nitrogen
application.

Based on these findings and their reports, it was suggested that ‘Genkitsukushi’ promoted
nitrogen accelerated under high temperature, resulting in high ratio of perfect grains and low ratio
of white-back by higher transportation system of assimilates. Yamakawa et al. (2007) reported that
13-kD prolamin, one of the major storage proteins of rice grains, specifically decreased in response
to high temperature, therefore, further studies are needed to clarify the function of the expression

such as the 13-kD prolamin on heat tolerant/ sensitive cultivars.
4.4.3 Noticeable characteristics of sucrose transporter gene (SU7TI) of

‘Genkitsukushi’ in the stem and grains as a heat tolerant cultivar

In developing rice caryopses, SUTI mRNA and protein were found at high levels both in the
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aleurone and maternal cell layers (Furbank et al., 2001; Scofield et al., 2002). The high level of
SUTI expression indicates its primary role in post-phloem active transport of sucrose into the
endosperm. Scofield et al. (2002) reported that antisense-mediated suppression of SUTI led to
impaired grain filling, which confirms the crucial role of SUT1 in grain filling. In the present study,
the expression of SUTI in the stem of ‘Genkitsukushi’ did not differ significantly between the
control and heat-treated plants from 4 to 9 DAH; thereafter, the expression of SUT! in the stem of
‘Genkitsukushi’ exposed to high temperature linearly increased until 21 DAH, whereas that in the
control slightly changed (Fig. 22A). In contrast, the expression of SUT/ in the stem of
‘Tsukushiroman’ grown under heat stress increased enhanced from 4 to 9 DAH and then it
decreased, reaching a level significantly below that in the control by 14 DAH (Fig. 22B). Recently,
our group has reported that expression of SUT! in the grain of ‘Hinohikari’, a heat-sensitive
cultivar, was decreased by heat stress (Phan et al., 2013). In the present study, SUT! expression in
the grains of ’Genkitsukushi’ was noticeably higher (2 to 30 times) than that of ‘Tsukushiroman’,
and it increased under the high-temperature condition (Fig. 22CD). In addition, the expression of
SUT! in the grains of ’Genkitsukushi’ was significantly higher than that of ‘Tsukushiroman’
during the ripening period, regardless of temperature. These results indicated that sugar transport
from the stem to grains functions more effectively in ‘Genkitsukushi’ than that in ‘Tsukushiroman’
under high-temperature condition during ripening period.

Kobata et al. (2011) reported that rice cultivars with a higher percentage of milky white
kernels showed a higher rate of grain dry-matter increase under elevated temperatures, resulting in
a lack of assimilate supply to the grains. In addition, antisense suppression of SUT! results in poor
grain-filling accompanied by a decreased rate of sucrose uptake into seed tissues (Scofield et al.,
2002). In the present study, it was shown that the heat tolerant cultivar 'Genkitsukushi' has a high
NSC content in the stems at heading stage and displays a high expression of SUT! in stems and
grains which would contribute to maintain its higher level of quality even under high temperature

condition.

4.5. Summary

I carried out a physiological and molecular biological approaches such as assimilate
translocation and gene expression of SUT! during the ripening period under heat stress for the
purpose of revealing the mechanism of heat tolerance in ‘Genkitsukushi’. When day/night
temperatures were 31/26°C from heading until maturity, the grain quality of ‘Genkitsukushi’
was rated the first inspection grade (highest quality). In contrast, that of 'Tsukushiroman'
showed a remarkable increase in the percentage of white immature kernels (lower quality).

Non-structural carbohydrate content in the stem of ‘Genkitsukushi’ at the early maturation was
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significantly higher than that of ‘Tsukushiroman’ and it greatly decreased under high
temperature. From 14 to 21 DAH, the expression of the sucrose transporter gene, SUTI, was
higher in the stem of ’Genkitsukushi’ grown under high temperature than that of
‘Tsukushiroman’. In addition, the gene expression of SUT! in the grains of ’Genkitsukushi’
was significantly higher than that in ‘Tsukushiroman’ during the ripening period. These results
indicated that sugar transport functions more effectively in ‘Genkitsukushi’ than in
‘Tsukushiroman’, and that the effectiveness of sugar transport contributes to maintain high
grain quality in ‘Genkitsukushi’ even under high-temperature conditions.

‘Genkitsukushi’ was named to be expected that ‘Genki’ means energetic. I could
revealed the noticeable characteristics on the view point of sink-source balance as a promising
highest palatable rice cultivar even under high temperature through the ripening period. My
study findings should be valuable for controlling assimilate supply by using molecular genetic
approaches, and for breeding of heat-tolerant rice cultivar that produce good quality under

high temperature condition.
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ABSTRACT

Global warming reduces grain quality of rice in Japan. In particular, the occurrence of white
immature kernel has become a serious problem. White immature kernel occurs when average
temperature during 20 days after heading (DAH) was 27°C and over and cultivars varied great deal
in the percentage of white immature kernels. Extremely hot summer 2010, it caused severely
deterioration grain quality of rice all over Japan. Nevertheless, the rate of the first inspection
grade of Oryza sativa L. ‘Genkitsukushi’ was more than 90%, while that of ‘Hinohikari’ and
‘Koshihikari’ that are major cultivars in Japan, and ‘Tsukushiroman’ was less than 20%,
respectively. ‘Genkitsukushi’ was bred and cultivated in Fukuoka Prefecture is tolerant to high
temperature, and ‘Tsukushiroman’ is a pollen parent of ‘Genkitsukushi’. Therefore, I studied on
heat-tolerant mechanism of ‘Genkitsukushi’ as well as improvement method for yield and quality
of heat sensitive cultivars under high temperature conditions.

The number of spikelet per square meter of ‘Hinohikari’ was necessary to be suppressed
28,000-30,000 to obtain the perfect kernel rate more than 75% and a yield more than 530
kg/10a under high temperature conditions. Especially, it was effective method to be delayed
application timing of top-dressing nitrogen from 18 days before heading (DBH) to 7 DBH to
suppress the number of spikelet per unit area and occurrence of white immature kernel. Grain
quality exposed to 30°C before and after the heading stage was inferior to those of 25°C treatments
due to the occurrence of white immature kernels of ‘Koshihikari’.

At first, a biophysical approach was carried out to investigate the effects of high temperature
stress on dynamic states of water in rice grains before and after the heading stage of ‘Hinohikari’
and ‘Koshihikari’ by monitoring '"H-nuclear magnetic resonance (NMR) relaxation times (771, 7).
The T of grains showed parallel relationship to the changes in the degree of dehydration, and that
exposed to 30°C before and after the heading stage was lower than those of 25°C treatments at 14
or 21 DAH. The T> of grains exposed to 30°C before and after the heading stage treatments were
also abruptly shortened at 21 or 28 DAH. Furthermore, the next approach was focused on the water
channels called aquaporins regulating the dynamic state of water molecules. The expression of
aquaporin gene, PIP1;1 , was higher in the grains of ‘Koshihikari’ exposed to 30°C before and
after the heading stage at 14 DAH. These results suggested that the changes on dynamic states of
water such as NMR relaxation times and expression of aquaporin genes in rice grain exposed to
high temperature before or after the heading stage would reflect a reduction in the quality of rice.

During the extremely hot summer 2010, especially late August and early September that is
an early ripening period of the cultivars used in this study, the average air temperature was over

29°C. Therefore, it was carried out physiological and molecular approaches such as sugar

_58_



translocation and expression of sucrose transporter gene, SUT/, during the ripening period under
high temperature stress after the heading stage. Non-structural carbohydrate content in the stem
of heat tolerant ‘Genkitsukushi’ at the early maturation was significantly higher than that of
heat sensitive ‘Tsukushiroman’ and it greatly decreased under high temperature. From 14 to 21
DAH, the expression of SUT! was markedly higher in the stem of ’Genkitsukushi’ grown
under high temperature than that of ‘Tsukushiroman’. In addition, the gene expression of SUT!
in the grains of *Genkitsukushi’ was significantly higher than that in ‘Tsukushiroman’ during
the ripening period. In conclusion, it was revealed that sugar transport functions more
effectively in ‘Genkitsukushi’ than in ‘Tsukushiroman’, and that the effectiveness of sugar
transport contributes to maintain high grain quality in ‘Genkitsukushi’ even under

high-temperature conditions.
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Al IS, ZOFMITEEZ > TWD. AFETIE, A2 < L) O EiRmHEEE
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HEFF T 272013 nd 472 0 B8 & 30,500 KILA FICHIZ 2 HLERNH D, nf 472 0 E A
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PR (SRR R DO REHFEILE & of 2472 0 BT @S WA RO b, $hil
M E TCOERBUERDIUTHEEZ TR TE 5220, DB E TOERR
BT, FLE ML ER (SPAD fE) & DL OMBENEWI &, nf Y72 0T,
¥ LM (SPAD ) ICEWMHBEINH 5 Z E0nh, BT O 720 o EEF K & VERK
L. Zhzb L ICHBTRIRERRZER L. Zhicky, A (SPAD fH) &%
ARETIE, RRERICIVEERICONEE TRICE, BEZERRREE o7, &5
(2, B 2 AREKL 2RI 5 7= 012 iE, FEIERE 20tk (HFERT 18 H) XLV S
, AT 7 FEICER T2 ENADTHL Z ERHLNE R ST,

28 HBAROEELEICLILIBZBADPOA REFICTEITHIKIEBE, BEEGRFH
BEFUVLKRMEDEE

e /eA V] BLO Taves V] 2L T, HEEATROSELBE N SR P O A
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RFEFOKRFENRE, BEFREBB L OZKRREICRIETERIC OV TR ZITo 72,
BT ORI EAFR L NMR A B RN (T) (ZFEERHERZ R L, T
% 30 °C AP (Heat JLEH) Tl 25°C ZLBE (Control ZLBE) & HA_THAEZ 14 B L<
21 HHOKGDGEARBIO TIOMEEIAREIIETL, HEE%Z 21 BHLIX28 HAT
X NMR R B2 -2 BRI (Th) OF LWE T80 b, HHEKDOEIM 2L
BlEshic, DLEoZ &b, NMR EAKRH T3 L O T 3B O A 1 FE DKo
ZRTHNRBETHL EEZ DL,

TOTRY L, AERBEICFEEL, FEIKEZBIRWICEET 55 v x0T, M@
S £ CHEMICFEELTEY, A 2 TREBHEEOT 7 7R VEGFIAHRESNT
W5, 22T, HERZORELHEIZE DA RFETHOT 7 7R ViBETORBUIE
HLTEREITo72. ZoOfEE, Taveh V) OHFERIE 30 °C LB TIE, HFE% 14
AHICENT, 777 RY) vZa— KT 58I5FD 1 DThHD OsPIPI 1 BinFDOHBL&E
NEAL, 61T, BRBROHENMZ X AMELEE MK T LT,

UEDORERERNG, @A LA, HEERT#ICED S TR R oK BB
OsPIPI;]1 B FRBLEITEL, ABINEIZRT T2 208N E ol

FEI3E WI0FEOEHEEFHTICETI2EEMEKTERE TTR2< L] OXXREE
2010 FE O ZIFEEIZHEE T, KiGOBAMMIZH T 2 KRS a2 IR E 2D,
£ DI TEZKRMENRE LK T L. UL, ZOBRRE (HAEDI% 20 0¥
BIKAR) 28 28CHA D mIRFIZE VTS, @R o> < L) iE 1 EREERN
90%LL ETH Y, Lt HEORKESCHIFEOEM T AR 5 MGV T AR
DFREN DI, ZKRMEREN TV, 2, TR o< L) iE, @RIk SENME
TLRTW [ LAFA] LT, BRIREMFIER LT, 1 BN OBRAEEN
LPliE-> TV H b b T, WTFROFRNEIZS O TH HRBBLOFRAE NV 7o\ ME
M -7z,

UL EDORER G, T2 L BNET 2 EEMEILLZE L TENLTEY, 202 &1
IR D ERAEE LN DA ZERZEE L TWD EER b,

FA4E ZEMHUERE ITKRO2< L) OFABBIOBTEEEHTICH TS RKIEMELS
BEE VAR T URR—42— (SUN) BEFHREOHNE
EHRMATESRE T2 L) & O LAFA] otz Xy, Lvbir, HfEE
DEIRAFN R AR RE L > alif b T AR —%— (LLF, SUT1) @I FREIROF
EICRIETREL BEMEREZMRFLEZ. TTR25< L] Tk, $RTOAEKIZEW
T, BMAESRIT 1 SITRMAENTZDICHL, TS LAEA] OBRMAE : 31/26 °C ALERIX
(Heat [X) TIE, 26/21°C ALEEX (Control X) & THAERBROZRIZIL Y, HhE|

13
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B 20%FREIRT L, MASRIE 3 F~BUEAMNTHRMA S, W, ThERSIONE
IFE X LD L0 RZEEIRBO LN oT-. TR >< L) TiE, HfE% 5-10 3
OFE - M IEOUMEORPBERENKEL, IR FEEOHKICFEL TSI L
DIRE X 41, Heat X CIXZ OMH\IN & HIZHEE CThH o 72. Control KIZBWTH, [k
SO L), O LAFA] LHATHEE S B HOR - O NSC & &0 26%1H
<, HFETR 5-22 RO - ZEHT O NSC i 13 50%5 <, Heat XTI S 512 NSC
VENEL oz, Heat KOFE « FEHH O SUTI E5 1T ORBLEX, S LAZAY
THfl SN0l L ek->< L) TS L. 2612, FERO SUT &
FORBET, WTFHOLHKXEL [TK2< L] OFB S LAFA] EHRTEH
BlZEmmoTz.

PLEDORERD S, [eR2< L Tk, FERIE IR - EHPICER SN2 NSC A
PHEEMCHIA &, ®IBRMETTE, L0ERICHHSATWAS B2 b, £,
ZOERD—>L LT SUTI BInFORBFEORELEZ LN, ZhbDEFTRMNR,
RAFAMBLEE OMEFFICEBRL TV D b D LB b7z,

s
Jii;ﬁs
» 1] 4 S\
' N BOHE | ey
NSCA 81 | macey R B swmesummm
g B suTt
vs. < LAEA NSCHIHZIE ‘ - _. ?%EP FH

pr— / P

‘;%ii; | I <:)

NBlooE
R

B

WA WSS mMS208 0 EBM

SUTL: R DR IiE THE R Z v AR —% —) LIEEh S8 THAES L, #Tb, vakl
b T U AR—Z —BIEF (SUTD ITKROBFRITIERS EHE L TW D, ITEDOZICEY, Te 2 e bV )
TIHBAE P ORIEIC LY SUTI BETORBENED L, ZhNERMCREKTICO7RA 5 H
HDO—>THDZENMBME /> TUWD (Phan et al. 2013, Ishibashi et al.2014). >F Y, SUTI
BARFORBENE VT EFF~OREORERES /20, #ERINTKOBA, IE OB I4F
WRBEHEZDLEEZLND.
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