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Abstract: High temperatures significantly affect rice grain yield and quality. However, little information
is known about the response of indica cultivars, especially Vietnamese cultivars, to high temperature.
In this study, field experiments were conducted in 2015 and 2016 to evaluate the response of Viethamese
cultivars under high temperatures during the grain filling period. The high temperature was applied
after the first cultivar started anthesis, by opening two sides of a plastic chamber that housed the
cultivar when the temperature reached above 36 °C under field conditions. The difference in the
maximum temperature between the control and the high temperature treatment was about 1.3 °C to
10.1 °Cin 2015, and 0.73 °C to 10.2 °C in 2016. Decreases in crop growth rate (CGR) and yield were
correlated with increased temperature conditions during the grain filling period. The grain yield of
14 Vietnamese cultivars fell to 81.5 and 79.4% of the control in 2015 and 2016, respectively. The variable
with the greatest impact on grain yield was spikelet sterility induced by high temperature. Under high
temperature conditions during the grain filling period, the percentage of grain chalkiness in the high
temperature-treatment group increased compared to the control. Our study showed that Vietnamese
rice yield and quality were significantly affected by high temperature.

Keywords: crop growth rate; dry matter production; chalkiness; high temperature; spikelet sterility;
Vietnamese cultivar; yield

1. Introduction

Rice is one of the most important crops in the world, especially in Asia, where approximately
90% of the global rice production is consumed [1]. Climate change is predicted to have negative
impacts on food production, food quality, and food security [2]. High temperatures caused by climate
change has exposed most of the world’s crops to heat stress during some stage of their life cycle.
Global air temperature increased about 0.5 °C in the 20th century [3] and is predicted to increase by
2.0 to 4.5 °C during the 21st century [4]. Vietnam is considered as one of the counties expected to be
severely affected by climate change, where rice cultivation accounts for more than three-quarters of
the country’s total annual harvested agricultural area [3,5].

The optimum temperature range for the normal development of rice fluctuates between 27 and
32 °C [6]. Although the productivity of crops first increases with rising temperature, it declines due to
heat stress when the temperature exceeds the optimal range [7]. Brief episodes of high temperature
(>35 °C) can affect the growth and yield of rice. However, the temperature sensitivity differs between
the vegetative and reproductive phases of its growth cycle [8]. A previous study of Oh-e et al. (2007) [6]
revealed that the number of panicles decreased with rising temperature. In addition, the spikelet
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fertility of both IR64 (indica) and Azucena (japonica) cultivars has shown that less than one hour of
exposure to temperatures at or above 33.7 °C during anthesis can cause sterility [9]. Sterility induced
by high temperature was observed in dry season crops in Cambodia, Thailand, India, Pakistan, Iran,
Iraq, Saudi Arabia, Egypt, Mauritania, Senegar, Niger, Sudan, and the United Stated [10].

Most previous studies of the effects of high temperature on crop plants are limited to controlling
the elevated temperature in a small plant population and with little or no replications. The others
have analyzed correlation and regression with historical data sets from yield records and long-term
field experiments. These approaches are limited because they either do not necessarily reproduce
field conditions or introduce possible confounding effects due to factors other than temperature.
In addition, little information is known about the response of indica cultivars, especially Vietnamese
cultivars, to high temperature during the grain filling period. The present study aimed to investigate
the responses of 14 Vietnamese rice (Oryza sativa L.) cultivars to high temperature during the grain
filling period under field conditions. It also aimed to screen breeding materials which are more tolerant
to high temperatures, which may provide an efficient way to develop new cultivars for future climatic
conditions in Vietnam.

2. Results

2.1. Air Temperature

The temperature before the first cultivar’s anthesis in the control and high temperature treatment
seemed to be the same in both years (Figure 1). After the first cultivars’s anthesis, the maximum
temperature in the high temperature treatment group (HT) was higher than that in the control
temperature group (CT) by 1.3-10.1 °C in 2015 and 0.73-10.2 °C in 2016. The temperature in HT reached
peaks of 36.6 and 38.8 °C in 2015 and 2016, respectively. On cloudy and rainy days, the temperature
inside HT was unable to reach 36 °C. The maximum daily temperature in HT averaged 30.0-36.6 °C
in 2015 and 34.7-38.8 °C in 2016. The minimum daily temperature in HT was higher than that in CT
about 0-1.0 °C in 2015 and 0-1.3 °C in 2016.
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Figure 1. Changes in maximum and minimum temperature under control and high temperature
treatments in 2015 and 2016. Arrows indicate the heading time.

2.2. Dry Weight and Crop Growth Rate

To identify the factors affecting the difference in dry matter production, we compared the crop
growth rate (CGR) between the two treatments (Figure 2). A difference between CT and HT was
observed in most of the cultivars in both years. Under the high temperature treatment, the CGR
of most cultivars strongly decreased. The largest differences between CT and HT were observed
in OM9584 with 8.1 g m~2 day ! in 2015 and in OM5451 with 9.3 g m~2 day ! in 2016. In both
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years, the late-heading cultivars tended to present greater differences in the CGR between CT and HT,
compared with the early-heading cultivars.
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Figure 2. Effect of high temperature on the crop growth rate (CGR) during the ripening period in 2015
and 2016. Vertical bars indicate SD of means (n = 4).

High temperature had a strong impact on the dry mass in the shoot (panicle plus straw) of almost
all cultivars in both years (Figure 3). Under the high temperature conditions, the dry weight of shoots
in both years decreased drastically in most cultivars, especially the late-heading ones. Among the
14 cultivars tested, the shoot dry mass of OM4900 in 2015 and OM5451 in 2016 considerably decreased
under the high temperature treatment. The overall difference in dry mass between CT and HT was
about 0.08-0.58 and 0.07-0.49 kg m~2 in 2015 and 2016, respectively. The dry mass of panicle reduced
dramatically in most cultivars under the high temperature treatment. The dry mass of panicle in
OM4900 was particularly affected, with differences between CT and HT of 0.35 and 0.33 g m~2 in 2015
and 2016, respectively.
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Figure 3. Dry mass production at the ripening stage under control and high temperature treatments of
14 Vietnamese cultivars in 2015 and 2016. Vertical bars indicate SD of means (1 = 4).

2.3. Yield and Yield Components

High temperatures increased the percentage of sterile spikelets in almost all cultivars (Figure 4).
Corresponding to different temperature conditions, the rate of increase varied by year and cultivar.
The difference in the percentage of spikelet sterility between CT and HT was highest in OM6161 (22.3%)
in 2015 and OM4900 (25.7%) in 2016. The percentage of spikelet sterility of OM1490, OM598, AS996,
and OM6162 also increased drastically under high temperatures. In both years, OM8923 was the least
affected cultivar, with differences of 2.9% in 2015 and 1.1% in 2016.

A positive correlation was observed between the percentage of sterile spikelets and the maximum
temperature during the flowering period (Figure 5). The rate of correlation was higher in 2016 (R? = 0.244)
than 2015 (R? = 0.185).
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Figure 4. Effect of high temperature on the percentage of sterile spikelets in 2015 and 2016. Vertical bars
indicate SD of means (n = 3).
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Figure 5. The correlation between the percentage of sterile spikelets and the maximum temperature
at the flowering period. The maximum temperature at the flowering period was recorded between
two days before and after heading in 2015 and 2016.

A significant difference in grain yield between CT and HT was observed in both years (Table 1).
Cultivar and treatment difference in grain yield was significant (Tables 2 and 3). The average grain
yields in CT were 568 and 636 g m~2 in 2015 and 2016, respectively; in HT, these averages were 463
and 505 g m~2. This amounts to average decreases of 105 g m~2 in 2015 and 131 g m~2 in 2016. Thus,
high temperatures had a significant effect on spikelet sterility. Spikelets per panicle was also strongly
affected by high temperatures, with average reductions of 4.1 and 4.5% in 2015 and 2016, respectively.
In both years, the yield of Jasmine85 in HT was lowest. The grain yield of OM6161, OM6162, Jasmine85,
and OM4900 decreased more than 30% from CT to HT in both years.

Table 1. Mean yields and yield components of Vietnamese cultivars under control and high temperature
treatments in 2015 and 2016.

Cultivar Treatment No. of Spikelets % of 1000 Grains  Grain Yield
Panicles m 2 Panicle™! Ripened Grain  Weight (g) (gm™2?)

CT 275 124 67.5 25.1 568
Mean 2015 HT 250 119 618 247 463
CT 209 155 73.9 249 636
Mean 2016 HT 207 148 613 247 505
Cultivar *% *% *% *% *%
Treatment * ** ** NS **

* and **, significance at the 0.05 and 0.001 level based on analysis of variance, respectively. NS, non-significance
based on analysis of variance.
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Table 2. Yields and yield components of 14 Vietnamese cultivars under control and high temperature
treatments in 2015.

Cultivar Treatment No. of Spikelets % of 1000 Grains  Grain Yield
v Panicles m—2 Panicle™! Ripened Grain = Weight (g) (gm™2)
CT 288 108 75.9 25.2 596.1
OM2517 HT 285 110 68.2 253 539.1
OM149 CT 341 111 69.4 232 609.6
HT 306 127 60.5 24 534.0
CT 307 113 65.0 239 535.1
OM9854 HT 271 113 59.1 239 4342
OM2395 cT 300 120 64.0 27.1 628.1
HT 240 121 56.5 274 450.7
45996 CT 245 129 66.4 26.8 561.9
HT 278 124 54.0 26.8 499.9
CT 327 105 72.7 25.6 637.9
OM5981 HT 294 107 56.1 25.2 4437
OM6161 CT 299 108 70.5 25.2 571.3
HT 257 103 476 255 318.9
CT 286 101 80.8 247 5743
OM5451 HT 271 98 713 24.7 465.6
oM6162 cT 209 147 60.2 245 4529
HT 28 135 59.4 17.4 317.2
OMe600 CT 219 152 585 245 4784
HT 207 144 62.3 25.0 463.0
oM cT 216 138 613 255 465
HT 233 147 515 25.2 4427
OM8923 CT 318 118 70.3 255 670.0
HT 269 105 72.0 25.1 5115
Jasminess CT 237 128 39.4 25.7 307.0
HT 192 112 38.2 26.2 2155
OM4900 CT 250 146 543 25.1 497.1
HT 191 131 53.2 253 337.0
Cultivar *% % % *% *%
Treatment i NS * NS i

* and **, significance at the 0.05 and 0.01 level based on analysis of variance, respectively. NS, non-significance
based on analysis of variance.

Table 3. Yields and yield components of 14 Vietnamese cultivars under control and high temperature
treatments in 2016.

Cultivar Treatment No. of Spikelets % of 1000 Grains  Grain Yield
Panicles m—?2 Panicle™!  Ripened Grain = Weight (g) (gm™2)
CT 28 119 87.1 26.6 692
OM2517 HT 220 120 75.0 26.2 572
OM1490 CT 211 139 87.3 241 677
HT 236 142 66.1 239 583
CT 209 129 817 247 598
OM9854 HT 220 137 70.5 239 559
T 19 14 9.9 26. 474
OM2395 C 3 0 5 6.6

HT 207 141 529 27.3 464
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Table 3. Cont.

Cultivar Treatment No. of Spikelets % of 1000 Grains  Grain Yield
Panicles m 2 Panicle™! Ripened Grain = Weight (g) (gm™2)

5996 cT 227 133 65.4 25.7 558
HT 226 127 54.6 26.9 463
CT 219 135 76.2 24.7 611
OM5951 HT 237 134 65.0 25.6 579
OMs161 cT 260 141 76.5 25.2 778
HT 216 136 64.4 25.1 521
CT 233 127 814 247 652
OM5451 HT 23 137 71.8 238 574
cT 174 210 724 23.7 691
OM6162 HT 162 182 55.4 235 422
OME600 CT 192 202 70.5 238 715
HT 199 188 57.3 27 529
CT 163 202 68.8 247 613
OM?7347 HT 164 182 54.9 24.4 440
OM8923 cT 251 138 81.6 252 783
HT 259 131 79.2 24.4 723
Jasminess CT 151 168 55.8 245 380
HT 140 149 44.6 24.4 249
OMA900 cT 191 185 70.4 246 673
HT 199 168 453 24.4 404
Cultivar X% 3% X% X% X%
Treatment NS * hid NS x*

* and **, significance at the 0.05 and 0.01 level based on analysis of variance, respectively. NS, non-significance
based on analysis of variance.

2.4. Grain Appearance Quality

The percentage of grain chalkiness in most cultivars increased drastically in both years under the
high temperature treatment (Figure 6). The difference in the percentage of grain chalkiness between
CT and HT varied widely among the 14 cultivars. The percentage of grain chalkiness in HT ranged
between 0.72 and 10.1% higher than CT in 2015. In 2016, the difference in grain chalkiness between
HT and CT was higher, with a range between 0.1% and 10.8%. As shown in Figure 6, the largest
increases in percentage of grain chalkiness under high temperatures were for OM8923 (10.1%) and
OM5981 (10.8%) in 2015 and 2016, respectively. The percentage of grain chalkiness in OM2517, AS996,
and OM6161 also increased markedly.

%
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Figure 6. Effect of high temperature on the percentage of chalky grains in Vietnamese cultivars.
Vertical bars indicate SD of means (n = 3).
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3. Discussion

The dry matter of rice grain mainly originates from the photosynthesis outcome of leaves after
the heading stage [11]. The CGR index reflects the increment of dry weight per unit land. Thus,
it shows the real growth rate of a canopy under a given condition. A report by Xie et al. (2011) [10]
showed that the grain filling phase was shortened by high temperatures, leading to a reduction in
dry matter accumulation. In this study, we observed a decrease in the CGR under high temperatures
in the grain filling period, which suggests that the amount of dry matter accumulated per unit land
area was diminished by heat stress. There are strong positive relationships between CGR and grain
yield, attributable to the greater partitioning of dry matter to grain in cultivars with higher CGR [12].
The grain yield of different genotypes was closely related to the CGR during grain filling periods.
Cultivars with higher CGR during the grain filling period produce a greater number of spikelets per
unit land area [13]. In this study, the spikelets per panicle was higher in CT than in HT (Table 1).
Decline in CGR is a major factor leading to lower grain yield in Vietnamese cultivars.

In Japan, the annual temperature has been increasing at rate of 1.1 °C per century since 1898.
As the temperature rises, the number of days with a maximum temperature at or above 34 °C is
increasing [14]. In this study, after the first cultivar heading, the maximum temperature in HT was
higher than that in CT by about 1.3-10.1 °C and 0.7-10.2 °C in 2015 and 2016 (Figure 1). In the anthesis
stage, poor anther dehiscence and sterility occur if the ambient temperature is above 33.7 °C [9].
Research by Duc et al. (2014), Jagadish et al. (2007) and Das et al. (2014) [9,15,16] showed that the
pattern of flowering could vary among different genotypes. In general, rice anthesis begins at around
0900, peaks around 1000 to 1100, and ends around 1500. In our study, the peak daily temperature
in HT depended on daily conditions such as rain or cloudiness, but was generally around 36 °C
from 0830 to 1340. It was also the same time for these cultivars during the flowering period. Thus,
fertility was affected by high temperatures in HT (Figure 4). Under high temperatures, the floret
sterility occurs through the poor pollination, a decrease in the number of pollen grains on the stigma.
Such temperatures also affect the process after pollen germination, and inhibit fertilization [17].
The loss of pollen viability depends on the genotype [16,17]. In addition, individual panicles were
headed on different dates. Thus, the different cultivars experienced different temperatures during
the flowering period. The adoption of high temperature-tolerant cultivars is one of the most effective
countermeasures to maintain high productivity and stability of rice under the anticipated changes
in climate. In this study, the difference in the percentage of sterile spikelets was entirely different in
among the 14 cultivars. Among all of the cultivars, the fertility of OM6161, OM4900, OM1490, OM5981,
AS996, and OM6162 was sensitive to high temperature.

The high temperatures strongly affected the grain yields of all cultivars in both years. Grain yield
decreased in most cultivars under high temperature treatment in both years (Tables 2 and 3).
Although OM1490, OM5981, AS996, and OM6162 were strongly affected by high temperatures, the grain
yield in OM6161, OM6162, Jasmine85 and OM4900 decreased the most dramatically in this study.
The grain yield of rice is the product of many different yield components; e.g., the number of panicles
per unit area, the number of grains per panicle, percentages of filled grains, and 1000 grains weight.
In previous studies of Yoshida and Hara (1977) [18], rice grain weight declined strongly when an indica
cultivar was grown at or above day temperatures of 34 °C and night temperatures of 25 °C during the
grain filling period. Under high temperatures, grain weight is decreased by accelerating the panicle
senescence and shortening the grain filling stage [19]. In this study, the percentages of filled grains,
1000 grains weight, and spikelets per panicle decreased under high temperatures, leading to a decrease
in grain yield under high temperatures (Table 1). This is similar to the findings of Oh-e et al. (2007) [6],
in which the brown rice yield of japonica cultivars declined when the air temperature increased.

The primary cause for chalky grain is an imbalance between the sink and source abilities of
carbohydrate metabolism, as a result of high temperatures at the ripening stage [20]. The report of
Copper et al. (2008) [2] showed that high ambient temperature from anthesis (R4) to the single grain
maturity stage (R8) in reproductive development induced increases in chalky kernels. In this study,
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the mean daily temperature from R4 to R8 in HT was higher than that in CT with increases from
about 0.3-2.9 °C in 2015 and 0.3-3.3 °C in 2016. Thus, the percentage of chalky grains observed the
same trend as the previous report (Figure 6); the percentage of chalky grains increased under high
temperature. In late-heading cultivars, the highest ambient temperature was usually less than 30 °C in
the grain filling stage (Figure 1), after two sides of the HT chamber opened to allow the temperature to
cool down more quickly. Thus, the chalky grain in long duration cultivars was less prominent than
in early-heading cultivars, and the difference in chalkiness between CT and HT was not significant
(Figure 6).

4. Materials and Methods

4.1. Rice Cultivation

Fourteen rice cultivars, belonging to the indica germplasm group, which are popularly grown in
Mekong Delta, Vietnam, were used in this experiment (Table 4). Cultivars were provided by Cuu Long
Delta Rice Research Institute, Can Tho, Vietham.

Table 4. Details on the pedigree and heading date of Vietnamese cultivars in 2015 and 2016 at
Okayama, Japan.

Cultivar Pedigree Ye'ar of Release Year Heading Date
in Vietnam

OM2517 OM1235/0MCS94 2004 ;8}2 ZS{f;lgglftt
OM1490 OM606/IR44592-62 1999 " %:ﬁgﬁz
OM9854 OM6976/OM5451 - ;812 igzﬁﬁgﬁ:
OM2395 IR63356/ TN1 2004 58}2 ﬁ:ﬁ‘:g‘:zt
AS996 IR64/ Oryza rufipugon 2002 58}2 ﬁ:iﬁgﬁ:
OM5981 TR28/ AS996 2010 ;8}2 ﬁ:ﬁﬂgﬁ:
OM6161 C51/Jasmine85 2009 ;g}g 11%%?;2?
OM5451 Jasmine85/OM2940 2010 e 7325;2?
OM6162 C50/Jasmine85 2009 58}2 9;??5;2?
OM6600 C43/Jamines5/ /C43 2011 o 9;;%3;‘1}’5?
OM7347  Khaodawkmali/BL/BL 2010 o 9?;?5;};?
OMs923 OMB3536/AS996 2011 e %f_ﬁtjglbsfr
jominss [T e Bl e
OM4900 C53/Jasmine85/ /Japonica 2008 2015 9-September

2016 25-August




Agronomy 2017, 7, 57 9of 11

Pre-germinated seeds were sown in seedling trays to produce uniform seedlings on 4 June 2015
and 12 May 2016. Maturing seedling from all 14 cultivars were transplanted to an side-opened
plastic chamber with hill spacing of 15 cm and row spacing of 30 cm (22 hill m~2) on 29 June 2015
and 16 June 2016 in the paddy field of Field Science Center, Okayama University, Okayama Japan
(34°40" N, 133°55' E). Basal fertilizer was applied at the rate of 8 g N per m? with slow release fertilizers
(LP100D-80, N-P,05-K,0=14-14-14).

4.2. Temperature Treatment

The side-opened plastic chamber (30 m in length, 2.1 m in width, and 2.1 m in height) was covered
with transparent plastic film (Sky-leader80E, Tokyo, Japan), with radiation transmissivity of 93%.
It was divided into two units in the center by the transparent plastic film. One half (15 m in length,
31.5 m?) was used for the control plot (CT) because the air temperature was almost same as that outside.
The other half was used for the high temperature plot (HT) and equipped automatic film rolling motors
on both sides. These sides gradually opened and closed the windows when the air temperature inside
reached 36 °C and 25 °C, respectively. In the former case, when the temperature reached 36 °C, the two
side windows opened about 25 cm to maintain the heat inside. The high temperature treatment was
applied after the first cultivar showed the onset of anthesis. A temperature of 36 °C was chosen as
the upper bound based on the well-documented physiological effects of high temperature on sterility
and grain yield when the temperature exceeded 35 °C [6,15], and on the fact that this temperature was
higher than the temperature in the field where these cultivars were cultivated.

4.3. Measurement of Air Temperature

The air temperature in the transparent chamber was measured with Ondotori thermo-recorders
(TR-55i-Pt, T AND D, Matsumoto, Japan). The temperature sensors were installed in a force-ventilated
radiation shield [21] and placed every 5 m along the chamber at a height of 1.5 m above the ground.
The diurnal air temperature was recorded every 10 min from transplanting to maturity.

4.4. Growth and Dry Weight

For the monitoring of dry weight, four standard plants were sampled at the heading and maturity
stages. Plants were divided into four parts, i.e., culm plus leaf sheath, leaf blade, dead leaf, and panicle.
All samples were oven-dried at 80 °C for 48 h, and then their dry weights were measured. From these
dry weights, the CGR was calculated as follows:

CGR (g m~2d 1) = W2 =Wy
th — 1

Wi: The dry weight at the corresponding date t;.

Wo: The dry weight at the corresponding date t,.

4.5. Yield and Yield Components

At physiological maturity, 20 hills were sampled diagonally from each treatment to determine
grain yield (g m~2) and yield components; i.e., the number of panicles per m~2, number of spikelets
per panicle~!, percentage of filled grains (%), and 1000-grains weight (g). The grain yield was adjusted
to standard moisture (14%).

Three replications (20-30 g) of spikelets were obtained from 20 hills and used for sterility analysis.
The percentage of sterile spikelets was determined as follows; panicles were threshed and the filled
and sterile spikelets were separated by submerging in a specific gravity solution. The spikelets which
sank with specific gravity >1.06 g cm ™3, >1.0 g cm~3, and <1.0 g cm 3 were defined as filled grains,
partially filled grains, and sterile spikelets, respectively [22].
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4.6. Grain Appearance Quality

Three replications (20-30 g) of brown grains of each treatment were used for the determination of
chalky grains. The appearance quality of brown grains was measured by a grain scanner (RSQI 10B;
Satake Corp., Hiroshima, Japan) and expressed as the percentage of chalky grains per total brown
grains. Grains with white parts covering more than 20% their total surface area, for example, a white
belly, white center, or white back, were recorded as chalky grains.

4.7. Statistical Analysis

Data of dry matter production, yield, and yield components were analyzed via a two-way,
completely randomized design. Tukey’s HSD at a probability level of 0.5% and 1.0% was used to
compare the difference between treatment and genotype.

5. Conclusions

A significant difference in grain yield between CT and HT was observed in our study. The number
of panicles per m~?2, the number of spikelets per panicle, and the percentage of sterility in both 2015
and 2016 decreased significantly under high temperature conditions. Increasing spikelet sterility was
the most important factor in the decreasing yield. The most sterile-sensitive cultivars under high
temperatures were OM1490, OM4900, OM5981, AS996, OM6162, and OM6161. The most sterile-tolerant
cultivars under high temperatures were OM8923 and OM2517. Under high temperatures, the grain yield
decreased corresponding to the CGR decrease. The percentage of grain chalkiness in OM8923, OM5981,
OM2517, AS996, and OM6161 increased significantly under high temperature conditions. In Vietnam,
an average annual temperature rise of approximately 2.3 °C is expected by 2100 [23]. A report by Asian
Development Bank (2013) [24] predicted that by the end of the 21 century, in many parts of Vietnam,
there will be 10-20 more days each year with temperatures above 35 °C. These results provide a basic
background on breeding materials with greater tolerances to high temperatures, and therefore provide
an efficient way to develop new cultivars for future circumstances.
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