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Abstract

Background: Recent temperature increases due to rapid climate change have negatively affected rice yield and
grain quality. Particularly, high temperatures during right after the flowering stage reduce spikelet fertility, while inter-
fering with sugar energy transport, and cause severe damage to grain quality by forming chalkiness grains. The effect
of high-temperature on spikelet fertility and grain quality during grain filling stage was evaluated using a double
haploid line derived from another culture of F, by crossing Cheongcheong and Nagdong cultivars. Quantitative trait
locus (QTL) mapping identifies candidate genes significantly associated with spikelet fertility and grain quality at high
temperatures.

Results: Our analysis screened OsSFg3 that contributes to spikelet fertility and grain quality at high-temperature.
OsSFg3 was fine-mapped in the region RM15749-RM15689 on chromosome 3, wherein four candidate genes related
to the synthesis and decomposition of amylose, a starch component, were predicted. Four major candidate genes,
including OsSFg3, and 10 different genes involved in the synthesis and decomposition of amylose and amylopectin,
which are starch constituents, together with relative expression levels were analyzed. OsSFg3 was highly expressed
during the initial stage of high-temperature treatment. It exhibited high homology with FLOURY ENDOSPERM 6 in
Gramineae plants and is therefore expected to function similarly.

Conclusion: The QTL, major candidate genes, and OsSFq3 identified herein could be effectively used in breeding
rice varieties to improve grain quality, while tolerating high temperatures, to cope with climate changes. Further-
more, linked markers can aid in marker-assisted selection of high-quality and -yield rice varieties tolerant to high
temperatures.
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Background

Temperature affects rice yield and quality differently in
each rice-growing stage [1-3]. High temperatures at early
stage of rice growth have a positive effect. In particular,
high-temperature stimulation at the beginning of growth
promotes the absorption of nutrients to produce a lot of
tiller, and can obtain high yield [4]. However, the high-
temperature of the late growth period has a negative effect.
In particular, the high-temperature of the grain filling stage
increases the respiration volume of cells and reduces the
accumulation of carbohydrates. In addition, by accelerat-
ing aging, the ripening period is shortened and the yield
is reduced due to the decrease in the weight of the seed
[5, 6]. In recent years, temperature increases and the fre-
quency of unusually warm weather due to global warm-
ing are increasing, and these phenomena are known have
a serious negative impact on the yield and quality of rice
[7]. In the past 100years, the average temperature of
the earth has increased by 0.74°C, and the rate of global
warming has been increasing considerably [8]. Accord-
ing to IRRIL, when the minimum temperature during the
growing period of rice increases by 1°C, the total rice yield
decreases by >10% [9]. In particular, during the entire
growing period of rice, the reproductive stage is extremely
sensitive to temperature [10], and the high-temperature
stress during this period most severely affects fertility [11].
The high-temperature stress caused by global warming
has a negative impact on all developmental stages, includ-
ing all growth stages and yields of rice, and causes severe
economic losses to rice farming worldwide [12]. Moreo-
ver, as winters decreased due to global warming and sum-
mers became relatively longer, the risk of exposure to high
temperatures during the ripening of rice has increased.
When rice is exposed to high temperatures during the
right after the flowering stage, it causes widespread dam-
age, such as a decrease in yield and quality deterioration
due to a decrease in the fertility rate; hence, studies on
high-temperature tolerance during the ripening stage of
rice are highly important [13, 14]. Rice is most sensitive to
temperature during flowering stage, and most sensitive to
high temperatures before and immediately after flowering
[15]. In particular, exposure to 38°C for 1h after the flow-
ering period of rice dramatically increases the rate of infer-
tility, and when exposed to 41°C for 4h, the rice suffers
extremely serious damage, resulting in complete sterility
[16, 17]. The optimum ripening temperature of Japonica
rice is 21°C—22°C for 45 days after the flowering stage [18].
If the average temperature is >26°C at this time, the pro-
portion of chalkiness in rice increases and the weight of
grains also decreases. This phenomenon causes a decrease
in yield [19, 20]. Primary cause of the occurrence of chalki-
ness rice is not the temperature in the early stage of rip-
ening but the shortage of supply of assimilation products
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and a decrease in supply capacity after the middle stage of
ripening. Moreover, the high-temperature stress during
the ripening stage of rice is the major cause for the deterio-
ration of the taste of rice by changing the activity of genes
related to starch synthesis [21]. Although sugar is used as
an energy source in plants, it has been shown to function
as an important signaling material [22]. Furthermore, a
large amount of sugar is introduced into the panicle dur-
ing the ripening stage of rice, and the sugar signaling pro-
cess is closely associated with the ripening process of rice
grains [23]. High-temperature stress is one of the major
environmental stresses that hinder grain development and
growth by affecting sugar migration, which directly affects
the quality and yield of seeds [24]. Not only high-temper-
ature but also various abiotic stresses induce a common
physiological response in the sugar/energy signaling sys-
tem, thus indicating that an analysis of the sugar/energy
signaling system and an analysis of the acting genes can
play a vital role in the development of high-temperature-
stress-tolerant rice varieties [25, 26]. Several studies have
been conducted on the reduction of spikelet fertility in
rice under high-temperature stress environment [27-29].
In particular, rice becomes infertile due to the lack of
carbohydrates in the panicles at high temperatures, and
changes in starch and starch biosynthetic enzyme activity
in the ears at high temperatures also contribute to infertil-
ity [30]. At high temperatures, the accumulation of starch
is suppressed through the metabolic processes of several
transcripts in the early stages of rice grain filling, and the
accumulation of amino acids increases, which results in a
change in storage materials by high temperatures [31]. In
particular, Boden et al., (2013) [32] reported that when
high-temperature stress acts in the process of seed devel-
opment in plants, there occurs a change in histone vari-
ant accumulation, and as the gene expression changes, the
yield decreases. Currently, research on high-temperature-
stress-tolerant rice is focused on increasing the survival
rate and maintaining the yield under high-temperature
conditions centered on heat shock proteins. However, as
the process of forming rice grains is highly complex and
several genes are involved, research on grain quality has
been limited. Quantitative trait locus (QTL) has the abil-
ity to identify and manipulate genes associated with com-
plex traits that regulate crop traits [33, 34]. QTL analysis
provides rapid and accurate information on the genetic
background by exploring specific components of the chro-
mosome involved in the trait. Moreover, as differences in
plant phenotypes are regulated by natural variation and
environment, QTL analysis has the advantage of being able
to identify the differences in phenotypes more practically
than mutation analysis [35, 36]. Therefore, in this study,
candidate genes related to spikelet fertility were identified
under high-temperature treatment stress through QTL
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mapping, and among these candidate genes, genes that
affect grain quality were screened. In addition, using the
screened candidate genes, the relative gene expression and
protein homology were identified in high-temperature-tol-
erant and -sensitive rice varieties.

Results

Rice grains ripened under high-temperature displayed

a chalky appearance

When the rice was subjected to high-temperature treat-
ment during the grain filling stage, the grains after
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ripening displayed a chalkiness appearance (Fig. 1). The
middle portion of the grains changed to white due to
high-temperature. However, the control samples had
a perfect grain shape, mostly translucent, whereas the
grains subjected to high-temperature stress exhibited
an opaque appearance. When fully matured grains were
analyzed by scanning electron microscopic, under nor-
mal conditions, amyloplasts were filled with polygonal
shapes and tightly packed. However, in high-temperature
conditioin, the shape was irregular, the amyloplasts were
loose, and there were many gaps. In high-temperature

Normal condition

High temperature condition

o e\ : O

Fig. 1 Appearance of grains exposed to control and high-temperature conditions. A and B Grain chalkiness was formed when grains were
harvested after being exposed to high-temperature in the grain filling stage. The rate of grain chalkiness increases rapidly when exposed to high
temperatures. The chalkiness grain negatively affects the grain quality. C and D When subjected to high-temperature, chalkiness grains are formed
in which the middle portion of the seed turned white. Chalkiness grains have a low amylose content and a change in starch composition. E and F
under a microscope, when subjected to high-temperature in the grain filling stage, a crack occurs in the starch structure
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conditions, the shape and arrangement of amyloplasts
were changed, and thus, chalkiness grains were formed.
This phenomenon was observed in both the high tem-
perature tolerance line and the susceptible line. However,
amyloplasts had more pores and irregular sizes in the
susceptible line than in the high temperature tolerance
line. In particular, CNDH22, CNDH71, and CNDH75
exhibited high-temperature tolerance among the CNDH
120 lines, and CNDH11, CNDH48, and CNDH109 were
sensitive to high-temperature treatment (Fig. 2). For
Cheongcheong, the perfect grain ratios were 95.7% in
2019 and 96.3% in 2020 under normal conditions, but
when treated with high-temperature, the perfect grain
ratios decreased to 38.4 and 40.2% in 2019 and 2020,
respectively (Fig. 3). Nagdong had perfect grain ratios
of 92.9% in 2019 and 93.4% in 2020 under normal con-
ditions, but when treated with high-temperature, the
perfect grain ratios decreased to 52.1 and 55.3% in 2019
and 2020, respectively. The ratio of perfect grain after
high-temperature treatment was analyzed for the three
lines CNDH22, CNDH71, and CNDH?75, which showed
tolerance to high-temperature among the CNDH 120
lines, and CNDH11, CNDH48, and CNDH109, which
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were sensitive to high-temperature. In 2019, the ratios
of perfect grains of CNDH22, CNDH71, and CNDH75
were 94.3, 89.3, and 87.3%, respectively, under normal
conditions, and 58.4, 63.5, and 63.4% under high-tem-
perature conditions, respectively. In the high-tempera-
ture-tolerant CNDH line, the ratios of perfect grains of
CNDH22, CNDH71, and CNDH75 that were reduced
due to high-temperature were 38, 28, and27%, respec-
tively. In 2020, the perfect grain ratios of CNDH22,
CNDHY71, and CNDH75 were 94.8, 88.7, and 87.2%,
respectively, under normal conditions, and 60.1, 64.3,
and 64.5%, respectively, under high-temperature condi-
tions. In the high-temperature-tolerant CNDH line, the
ratios of perfect grain reduced for CNDH22, CNDH71,
and CNDH75 due to high-temperature were 36.6, 27.5,
and 26.0%, respectively. We next analyzed the ratio
of perfect grains under normal and high-temperature
conditions for CNDH 11, CNDH48, and CNDH109,
which were sensitive to high-temperature in the CNDH
120 line. In 2019, the perfect grain ratios of CNDH 11,
CNDH48, and CNDH109 were 93.1, 90.5, and 91.8%,
respectively, under normal conditions, and 21.4, 16.5, and
22.3%, respectively, under high-temperature conditions.

CNDH22

e . T

Control

High-temperature

Control

High-temperature

Cheongcheong, CNDH11, CNDH48, and CNDH109

Fig. 2 Scanning electron microscopy (SEM) analysis of the trnasverse sections of rice seed. Under normal conditions, amyloplasts are very robust
and have a uniform shape. However, in high-temperature conditions, cracks occur between amyloplasts, and the shape changes to a round shape.
This phenomenon occurs in both high-temperature tolerance lines and susceptible lines. However, high-temperature susceptible lines result in
smaller amyloplast fragments. High-temperature-tolerant line; Nagdong, CNDH22, CNDH71, and CNDH75; high-temperature-susceptible line;

CNDH71
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Fig. 3 Comparison of high-temperature-tolerant and -sensitive lines for perfect grain ratio and pollen viability. When treated under
high-temperature, perfect grain ratio and pollen viability decreased in both high-temperature-tolerant and -susceptible lines. However, the
decrease in the ratio in the sensitive line was much higher than that in the high-temperature-tolerant line. High-temperature-tolerant line;
Nagdong, CNDH22, CNDH71, and CNDH75; high-temperature-susceptible line; Cheongcheong, CNDH11, CNDH48, and CNDH109

In the high-temperature-sensitive CNDH line, the ratios
of perfect grain reduction for CNDH11, CNDH48, and
CNDH109 due to high-temperature were 77.0, 81.7, and
75.7%, respectively. In 2020, the ratios of perfect grains
of CNDH11, CNDH48, and CNDH109 were 92.4, 89.3,
and 92.5%, respectively, under normal conditions, and
19.3, 15.2, and 21.4% under high-temperature conditions,
respectively. In the high-temperature-resistant CNDH
line, the ratios of perfect grain reduction for CNDHI11,
CNDH48, and CNDH109 due to high-temperature were
79.1, 82.9, and 76.8%, respectively. Among the CNDH
120 lines, when both the tolerant lines and the sensi-
tive line were treated with high-temperature, the perfect
grain ratios decreased with a significant probability at the
level of 1%.

Changes in protein, amylose, and moisture content related
to grain quality due to high-temperature treatment

in grain filling stage

To analyze the effect of high-temperature during the
filling stage of rice on protein, amylose, and moisture
contents that affect grain quality, high-temperature was
applied during the filling stage, and the contents of pro-
tein, amylose, and moisture were measured in the grains
after harvesting (45days after flowering) (Table 1). In
2019 and 2020, the protein contents of Cheongcheong
were 6.14+0.1% and 6.14+0.1%, respectively, under

normal conditions. However, the respective values
under high-temperature conditions were 6.440.1% and
6.3+0.1%. Compared with the control group, the pro-
tein content of Cheongcheong increased with a signifi-
cant probability at the 1% level under high-temperature
conditions. In 2019 and 2020, the protein contents of
Nagdong were 6.4+0.3% and 6.5+0.1%, respectively,
under normal conditions. However, the respective val-
ues under high-temperature conditions were 6.7 +0.2%
and 6.7 +0.1%. No significant difference was observed in
the protein content of Nagdong compared with the con-
trol under high-temperature treatment during the filling
stage for 2years. Among the CNDH lines, differences in
protein content were confirmed in CNDH22, CNDH71,
and CNDH75, which were tolerant to high-temperature.
All these three CNDH lines did not show any significant
difference in protein content under both high-tempera-
ture treatment and normal conditions in 2019 and 2020.
However, among the CNDH lines, CNDH11, CNDH48,
and CNDH109, which were sensitive to high-tempera-
ture, showed increased protein content with a significant
probability at 1% level in both 2019 and 2020 compared
with the control under high-temperature treatment dur-
ing the grain filling stage. Next, the amount of amylose
that affects grain quality was measured in Cheongcheong,
Nagdong, and CNDH lines. In 2019 and 2020, the amyl-
ose contents of Cheongcheong were 17.44+0.1% and
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17.3 £0.2%, respectively, under normal conditions. How-
ever, the respective values under high-temperature con-
ditions were 15.1£0.2% and 15.0 +0.1%. Compared with
the control group, the amylose content of Cheongcheong
decreased with a significant probability at the 1% level
under high-temperature conditions. In 2019 and 2020,
the amylose contents of Nagdong were 17.94+0.1% and
17.9£0.1%, respectively, under normal conditions. How-
ever, the values were 16.4£0.1% and 16.4£0.3% in 2019
and 2020 under high-temperature conditions, respec-
tively. When Nagdong was subjected to high-tempera-
ture treatment during ripening for 2years, the amylose
content decreased with a significant probability at the 5%
level compared to that in the control. Among the CNDH
lines, differences in amylose content were confirmed in
CNDH22, CNDHY71, and CNDH75, which were highly
resistant to high-temperature. When CNDH22 was sub-
jected to high-temperature treatment during the fill-
ing stage, in 2019, the amylose content decreased with a
significant probability at the 5% level compared to that
in the control, but it decreased with a significant prob-
ability at the 1% level in 2020. Moreover, CNDH71 and
CNDH75 showed a decreased amylose content with a
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significant probability at the 1% level in both 2019 and
2020. In addition, CNDH11, CNDH48, and CNDH109,
which were sensitive to high-temperature among the
CNDH lines, showed decreased amylose content with a
significant probability at 1% level in both 2019 and 2020
compared to that in the control under high-temperature
treatment during the filling stage. Finally, it was analyzed
whether high-temperature treatment affects the moisture
content of grains during the filling stage. Cheongcheong,
Nagdong, CNDH22, CNDH71, and CNDH75, which
have high-temperature tolerance capacity, and CNDH11,
CNDH48, and CNDH109, which were sensitive, were all
treated at high-temperature during the filling stage in
2019 and 2020. We observed no significant difference in
the moisture content compared to that in the control.

Effect of high-temperature in grain filling stage on pollen
viability

Pollen is a key regulator of rice fertility. After high-tem-
perature treatment immediately after flowering, pollen
viability was investigated by I,-KI staining (Fig. 4). The
average pollen viability was reduced in both the high-tem-
perature-tolerant line and the high-temperature-sensitive

Fig. 4 Effect of high-temperature on the pollen viability of rice under high-temperature stress in the flowering stage. When exposed to high
temperatures during the flowering stage, the number of pollens decrease sharply. It also triggered decreases in the rate of spikelet fertility and yield.
Pollen viability decreased in both tolerant line and sensitive line during high-temperature treatment, but decreased more sharply in the sensitive
line. Pollen grains were stained using |,-KI. Nagdong, CNDH22, CNDH71, and CNDH75 were tolerant to high-temperature, and Cheongcheong,
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line under high-temperature treatment immediately after
flowering. In the control samples without high-temper-
ature treatment, >90% of pollen grains survived and
showed a dark black and uniform round shape. However,
under high-temperature treatment, the pollen grains did
not have a uniform shape, and the shape varied. Moreo-
ver, the proportion of pollen grains of transparent color
rather than dark black was high. The number of pollen
grains also decreased. At high-temperature treatment in
2019, the pollen viability of Cheongcheong and Nagdong
decreased by 56.1 and 37.7%, respectively, compared to
that in the control. Under high-temperature treatment,
CNDH22, CNDH71, and CNDH75 showed decreased
pollen viability by 38.8, 38.6, and 33.7%, respectively,
compared to that in the control, and CNDH11, CNDH48,
and CNDH109 also showed decreased pollen viability
by 71.6, 65.6, and 76.0%, respectively. High-temperature
treatment in 2020 produced similar results as in 2019.
Under high-temperature treatment, the pollen viability
of Cheongcheong and Nagdong decreased by 57.4 and
37.7%, respectively, those of CNDH22, CNDH71, and
CNDH?75 decreased by 36.3, 35.7, and 34.9%, respec-
tively, and those of CNDH11, CNDH48, and CNDH109
decreased by 68.8, 66.3, and 74.7%, respectively. When
treated with high-temperature, the pollen viability
decreased on average in both the high-temperature-tol-
erant and -sensitive lines, but the proportion of pollen
viability in the susceptible line was significantly reduced
compared to that in the tolerant line.

Effect of high-temperature in grain filling stage on spikelet
fertility and 1000 grain weight

To examine the effect of high-temperature on the grain
formation process during the grain filling stage of rice,
the spikelet fertility and 1000 grain weight were inves-
tigated in 2019 and 2020 (Table 2). The experiment was
conducted by dividing the Cheongcheong, Nagdong,
and CNDH 120 lines into two groups, normal condi-
tion and high-temperature condition of 42°C. Under
normal conditions, the average spikelet fertility values
of Cheongcheong and Nagdong were 92.3+1.3% and
97.8+1.5% in 2019 and 93.54+1.1% and 96.5+£1.7% in
2020, respectively. However, under high-temperature
treatment, the spikelet fertility values of Cheongcheong
and Nagdong decreased to 23.8 £2.1% and 53.8 2.5% in
2019 and to 24.7 £1.8% and 58.6 +=2.3% in 2020, respec-
tively. All these values decreased with a significant proba-
bility at the 1% level in the experimental group compared
with the control group. Under normal conditions in the
CNDH 120 line, the average spikelet fertility values were
81.4+11.3% in 2019 and 81.5+10.5% in 2020, but under
high-temperature conditions, they were 47.6 +£19.4% in
2019 and 46.6£17.2% in 2020. The CNDH 120 line also
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showed decreased values for 2 consecutive years with a
significant probability at the 1% level under high-tem-
perature conditions. Regarding the effect of high-tem-
perature stress on the 1000 grain weight during the grain
filling stage, under normal conditions, the 1000 grain
weight of Cheongcheong was 19.3+1.4g in 2019 and
19.1+1.2g in 2020, and that of Nagdong was 21.8+1.1g
in 2019 and 21.5+1.2g in 2020. The 1000 grain weight
of the CNDH 120 line was 22.7+4.2g in 2019 and
22.9439g in 2020. However, under high-temperature
conditions, the 1000 grain weight of Cheongcheong was
16.2+0.8¢g in 2019 and 16.5£0.7g in 2020, and that of
Nagdong was 18.2+0.9g in 2019 and 18.5+0.8 g in 2020.
The average of the 1000 grain weight of the CNDH 120
line was 20.8 £4.5g in 2019 and 21.0+4.6g in 2020. The
1000 grain weights of Cheongcheong, Nagdong, and
CNDH 120 lines all decreased under high-temperature
conditions for 2 consecutive years, and these decreases
were significant with a probability at the 1% level. When
the Cheongcheong, Nagdong, and CNDH 120 lines were
subjected to normal and high-temperature treatment
conditions, the frequency distribution of the spikelet fer-
tility and 1000 grain weight showed a continuous varia-
tion almost similar to the normal distribution. Therefore,
the spikelet fertility and 1000 grain weight were related to
more than one gene. This implies that the genes related
to spikelet fertility and 1000 grain weight are a quantita-
tive trait (Fig. 5).

Analysis of QTLs associated with spikelet fertility and 1000
grain weight at high-temperature

Genetic maps of the CNDH line were generated using
788 SSR markers. According to the results of poly-
morphism analysis for Cheongcheong and Nagdong,
423 SSR markers exhibited polymorphism. Among
these 423 SSR markers selected through polymor-
phism analysis, 143 SSR markers, which represent
codominants, and where PCR amplification occurs
in both Cheongcheong and Nagdong, were selected
and used to generate a genetic map of the CNDH line.
The total length of the association map of the CNDH
line was 2121.7 cM, and the average distance between
the markers used to generate the genetic map was
10.6 cM. There were 19-50 markers per chromosome
used in the CNDH line genetic map, and all these
SSR markers were evenly distributed on 12 chromo-
somes in rice. High-temperature treatment was per-
formed on Cheongcheong, Nagdong, and CNDH 120
lines during the grain filling stage, and of QTL map-
ping analysis was conducted using the CIM method of
Windows QTL cartographer 2.5 on the spikelet fertil-
ity, 1000 grain weight, and genotype information that
appeared after high-temperature treatment (Fig. 6). As
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a result of QTL mapping, which is involved in spikelet
fertility and 1000 grain weight when high-temperature
treatment during grain filling stage, qSf3 was detected
on chromosome 3, qSf4 was detected on chromo-
some 4, and qTgw8 was detected on chromosome 8 in
2019. In 2020, qSf3-1 was detected on chromosome 3,
qTgw7 was detected on chromosome 7, and qSf8 and
qTgw8-1 were detected on chromosome 8. Among
these, qSf3, qSf3-1, qSf4, and qSf8 are QTLs related
to the fertility rate under high-temperature treatment
during the grain filling stage, and qTgw7, qTgw8, and
qTgw8-1 are QTLs related to the 1000 grain weight
under high-temperature treatment during the grain
filling stage. In 2019, qSf3 and qSf4 were explored for
QTLs related to the spikelet fertility under high-tem-
perature treatment during the grain filling stage. qSf3
was detected in the RM15749-RM2334 region of chro-
mosome 3, and the LOD score was 3.2. The phenotypic
variation that can be explained was 20%, derived from
the allele of Cheongcheong. qSf4 was detected in the
RM1205-RM3330 region of chromosome 4, and the

LOD score was 2.8. The explainable phenotypic vari-
ation was 40%, derived from the Cheongcheong allele.
In 2020, qSf3-1 and qSf8 were explored for QTLs
related to the spikelet fertility under high-temperature
treatment during the grain filling stage. qSf3—1 was
detected in the RM6266-RM15689 region of chromo-
some 3, and the LOD score was 5.4. The phenotypic
variation that can be explained was 10%, derived from
the Cheongcheong allele. qSf8 was detected in the
RM264-RM23581 region of chromosome 8, and the
LOD score was 3.1. The descriptive phenotypic vari-
ation was 30%, derived from the Cheongcheong allele.
RM15749-RM15689 of chromosome 3 was com-
monly detected in 2019 and 2020 when QTL map-
ping was performed on the spikelet fertility under
high-temperature treatment during the grain filling
stage of rice, all of which had an LOD score of >3.0
and were derived from the Cheongcheong allele. In
2019, qTgw8 was detected for QTL related to the 1000
grain weight under high-temperature treatment dur-
ing the grain filling stage. qTgw8 was detected in the
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Fig. 6 The chromosomal location of QTLs associated with spikelet
fertility and 1000 grain weight. The QTLs mapped in chromosomes
3,4,7,and 8. Spikelet fertility-related QTL was mapped in
RM15749-RM15689 on chromosome 3 for 2 consecutive years. The
QTLs related to 1000 grain weight were detected in the same region
for 2 years in RM149-RM23191 on chromosome 8

RM23178-RM23191 region of chromosome 8, and
the LOD score was 3.1. The phenotypic variation that
can be explained was 20%, derived from the allele of
Nagdong. In 2020, qTgw7 and qTgw8-1 were detected
for QTLs related to the 1000 grain weight under high-
temperature treatment during the grain filling stage.
qTgw?7 was detected in the RM248-RM1134 region
of chromosome 7, and the LOD score was 2.7. The
phenotypic variation that can be explained was 20%,
derived from the allele of Cheongcheong. qTgw8-1
was detected in the RM149-RM23191 region of chro-
mosome 8, and the LOD score was 3.4. The pheno-
typic variation that can be explained was 10%, derived
from the allele of Nagdong. RM149-RM23191 of chro-
mosome 8 was commonly detected in 2019 and 2020
during QTL mapping related to the 1000 grain weight
under high-temperature treatment during the grain
filling stage, and the LOD scores of this region were
3.1 and 3.4, respectively. It was derived from the Nag-
dong allele (see Additional file 1: Table S1 and Fig. 7).
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Search for candidate genes associated with grain quality
and spikelet fertility based on QTL mapping

In 2019 and 2020, the results of QTL mapping related to
spikelet fertility and 1000 grain weight under high-tem-
perature treatment during the grain filling stage of rice
detected two QTLs on chromosome 3, one QTL on chro-
mosome 4, one QTL on chromosome 7, and three QTLs
on chromosome 8. Among them, RM15749-RM15689
of chromosome 3 is a region commonly detected for
2years related to spikelet fertility, and RM149-RM23191
of chromosome 8 is also a region commonly detected
in 2019 and 2020. The marker interval of RM15749-
RM15689 of chromosome 3 was 7.1cM, and the marker
interval of RM149-RM23191 of chromosome 8 was
7.0cM. These SSR markers were analyzed by NCBI, and
a total of 34 high-temperature-related candidate genes
were searched. They were classified according to their
function. RM15749-RM15689 on chromosome 3 and
RM149-RM23191 on chromosome 8 included ORFs
involved in biological processes, ORFs involved in molec-
ular functions, and ORFs involved in cellular components
(see Additional file 1: Table S2). The candidate genes
involved in biological processes consisted of mRNA pro-
cessing, protein transport, and transcription factor activ-
ity DNA-binding proteins (Fig. 8). The candidate genes
involved in molecular functions consisted of zinc ion
binding, zinc sequence-specific binding, glucosyltrans-
ferase, tRNA/rRNA methyltransferase, metal ion DNA-
binding, and sequence-specific DNA-binding proteins.
The candidate genes involved in cellular components
consisted of nuclear, membrane, chloroplast, chromo-
some, and structural constituent of ribosome proteins.
Among them, LOC_Os03g48170, located on chromo-
some 3, is a glycoside hydrolase, family 13, and N-termi-
nal domain-containing protein, and LOC_0s03g49600
and LOC_0s03g49610 are genes with a sequence similar
to that of beta-glucosidase. LOC_0s08¢35110, located
on chromosome 8, is an auxin-responsive SAUR protein
family protein. All these genes are related to the synthe-
sis and decomposition of starch and sugar energy trans-
fer. Therefore, LOC_0Os03g48170, LOC_0s03g49600,
LOC 0s03g49610, and LOC_0Os08g35110 were screened
as candidate genes related to spikelet fertility and grain
quality under high-temperature treatment during the
grain filling stage.

Candidate gene expression levels in grain filling stage
under high-temperature treatment

GBSSI, GBSSII, SSI, SSIIa, SSIIIa, SBEI, SBEIIa, SBEIIb,
AmylA, and Amy3D, which are involved in the synthesis
and decomposition of starch from seeds during the rip-
ening of rice and candidate genes related to the spikelet
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fertility of high-temperature screening through this
research such as LOC_0Os03g48170, LOC_Os03g49600,
LOC_0s03g49610, and LOC_0Os08g35110 compared
relative expression level (Fig. 9). High-temperature
treatment was conducted at the beginning of flower-
ing, and panicles were sampled every 5days. The grains
were harvested 45days after flowering and sampled at
a total of nine times. Under normal conditions without
high-temperature stress, there was no significant differ-
ence in the relative expression levels of genes involved
in starch degradation and synthesis, including LOC_
0s03g48170, LOC_0s03g49600, LOC_0s03g49610, and
LOC_0Os08g35110 in CNDHI11 and CNDH?75. In addi-
tion, all the genes involved in starch synthesis exhib-
ited the highest expression level on the 10th or 15th day
after flowering. However, when the high-temperature
treatment was started during the grain filling stage,
there was a difference in the relative expression levels
of genes involved in starch synthesis and degradation
in CNDH11 and CNDH75. The relative expression lev-
els of the amylose synthesis genes GBSSI and GBSSII,
which are components of starch, were decreased in both
CNDH11 and CNDH75. However, there was a high rate
of decrease in CNDH11, which has a high-temperature
sensitivity, compared with CNDH?75, which has a high-
temperature tolerance, and these decreases were sig-
nificant at the 1% level. SSI, SSIIa, SSIIIa, SBEI, SBEIIa,
and SBEIIb are amylopectin synthesis genes, which are
constituents of starch. SSI, SSIla, SBEIIa, and SBEIIb did

not show a significant difference in the amount of rela-
tive gene expression level compared with control when
subjected to high-temperature treatment. When SSIIIa
was treated with high-temperature, its expression was
increased in both CNDH11 and CNDH75. However, the
rate of increase in CNDH11 was higher, and this differ-
ence was significant at the 1% level on the 10th, 15th,
and 20th days after flowering. SBEI showed increased
relative expression level in both CNDH11 and CNDH75
when treated with high-temperature. However, the rate
of increase in CNDH11 was higher, and these increases
were significant at the 1% level at 10days after flowering
and at the 5% level at 15days after flowering. After the
high-temperature treatment in the grain filling stage, the
relative expression levels of the amylose decomposing
enzymes AmylA and Amy3D were identified. The rela-
tive expression levels of these enzymes were increased
compared to those in the control when subjected to
high-temperature treatment, and the rate of increase
in CNDH11 was higher than that in CNDH75. Moreo-
ver, AmylA expression level increased with a significant
difference at the 1% level after 10days of flowering and
further increased with a significant difference at the 5%
level on the 15th day after flowering. Amy3D expression
level also increased with a significant difference at the 1%
level on the 5th and 10th days after flowering. The rela-
tive expression levels of genes related to spikelet fertility
and grain quality under high-temperature treatment, viz.,
LOC_0s03g48170, LOC_0Os03g49600, LOC_0Os03g49610,
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and LOC_Os08g35110 screened through QTL mapping,
were checked. Under high-temperature treatment in the
grain filling stage, compared with the control, the expres-
sion of LOC_0s03g48170 was increased with a significant
difference at the 1% level after 10 days of flowering. There

was no significant difference in the relative expression
level of LOC_0s03g49600 under high-temperature and
control conditions. When LOC_Os03g49610 was sub-
jected to high-temperature, its relative expression level
was decreased with a significant difference at the 1% level
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Fig. 9 Analysis of relative expression levels of candidate genes and starch synthesis or degrading enzymes in high-temperature-sensitive and
-tolerant lines under high-temperature stress and normal conditions. Analysis of candidate gene expression of rice in the flowering stage exposed
to 42°C in the growth chamber and sampling at various time points of 0, 5, 10, 15, 20, 25, 30, 35, 40, and 45 days after flowering. There was no
significant difference in all genes under normal conditions, but there were significant differences in some genes in the high-temperature-tolerant
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at 10, 15, 20, and 25 days after flowering compared to that
in the control. Compared with the control, the relative
expression level of LOC_0Os08¢g35110 increased with a
significant difference at the 5% level on the 5th day after
flowering, and it further increased with a significant dif-
ference at the 1% level on the 15th day after flowering.

Analysis of phylogenetic tree and homology sequence

The candidate genes LOC_Os03¢48170, LOC_0s03¢g49600,
LOC_0s03g49610, and LOC_Os08¢35110 that affect spikelet
fertility and grain quality were screened under high-temper-
ature treatment during the grain filling stage of rice. In addi-
tion, when the candidate gene relative expression levels were
analyzed, the gene expression patterns of LOC_Os03¢48170
were similar to those of the amylose-degrading enzymes
AmylA and Amy3D. The relative expression level of LOC_
0Os03g48170 increased with a significant difference at the 1%
level at 10days after flowering under high-temperature treat-
ment. The results of BLAST analysis through NCBI showed
that LOC_Os03g48170 has a very similar sequence to that of
FLOURY ENDOSPERM 6 protein (Fig. 8). The genetic similar-
ity between LOC_0Os03g48170 and FLOURY ENDOSPERM
6 present in Panicum hallii, Brachypodium distachyon, Zea
mays, and Setaria viridis belonging to Gramineae family was
confirmed by phylogenetic tree analysis. LOC_Os03g48170
belonged to the same group as the FLOURY ENDOSPERM 6
protein of B. distachyon and exhibited the most similar genetic
similarities (identity 74%, similarity 80%). Moreover, the genetic
similarity to the FLOURY ENDOSPERM 6 protein of Z. mays
showed the greatest difference (identity 57%, similarity 69%). In
addition, as a result of predicting the functional partners using
the domain of LOC_Os03g48170, LOC_Os03g48170 was
found to interact with 10 different proteins (OS08T0529200—
00, Os]_12316, 0OS10T0499400-01, OS05T0533600-01,
DPE1, OS01T0720600-01, P0453H11.4, OS03T0607500-01,
0S01T0180300-01, and OsJ_36662) (Fig. 8).

Discussion

High-temperature stress is one of the major environmental
stresses that can decrease the quality and yield of grains due to
negative effects during the development of rice grains [37]. It
has been reported to efficiently maintain energy homeostasis
to give resistance to various biological and non-biological
stresses through the sugar and energy signaling process [38].
This process has been found to play an important role in
imparting resistance to disease [39]. During the growing stage
of rice, the process of grain development and filling stage is
extremely sensitive to temperature changes, and the quality of
grains is seriously deteriorated and the yield is reduced due to
high-temperature stress [40]. Therefore, in this study, genes
that act in the sugar energy signaling transduction process
were screened, and genes related to spikelet fertility and grain
quality were selected to assess high-temperature stress
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tolerance during the grain filling stage. High-temperature was
administered during the grain filling stage in the CNDH line,
and QTL mapping, candidate gene screening, and gene func-
tion were predicted and identified using the spikelet fertility
and 1000 grain weight that appeared after high-temperature
treatment. The CNDH line has been advancing generations in
the field of Kyungpook National University every year from
2010 till date [41], and currently, due to the progression of sev-
eral generations, specific traits are fixed for each line, and it is a
bridging parent displaying a wide variety of traits. Therefore, as
the expression of the gene is very stable and each line repre-
senting a variety of traits is constructed, the amount of expres-
sion of the gene involved in a specific trait can be stably
confirmed [42]. For QTL mapping of genes involved in spike-
let and grain quality under high-temperature treatment during
the grain filling stage, we analyzed the content of spikelet fertil-
ity and grain quality components (protein, amylose, and mois-
ture) [43-45]. When the phenotype was confirmed after
high-temperature treatment in the grain filling stage, chalki-
ness grains were formed in which the middle portion of the
grains turned white [46], and the proportion of perfect grains
decreased with a significant difference compared with rice
harvested under normal conditions. In the case of grains sub-
jected to high-temperature stress during the grain filling stage,
the protein content increased with a significant difference at
the level of 1%. In addition, the amylose content decreased
with a significant difference at the 1% level, but there was no
significant difference in the moisture content under both nor-
mal and high-temperature stress conditions. Moreover, high-
temperature treatment after flowering also affected the
viability of pollen [47]. Under high-temperature treatment, the
viability of pollen decreased, which had a direct effect on the
spikelet fertility. In particular, the rate of pollen viability
decreased in both the high-temperature-sensitive and -toler-
ant lines, but the rate of decrease in pollen viability was high in
the sensitivity line. Exposure to high-temperature during the
flowering stage inhibits the elongation of the pollen tube,
decreases the number of pollen, and decreases the spikelet fer-
tility by reducing the number of pollen. In addition, even when
grains were filling, the weight of grains decreased, and the con-
tent of amylose, a component of starch, decreased. The QTLs
related to spikelet fertility showed an LOD score of >3.0 for 2
consecutive years in RM15749-RM15689 on chromosome 3
and is a commonly searched region. Also RM149-RM23191
on chromosome 8 showed an LOD score of >3.0 for 2 consec-
utive years related to 1000 grain weight. In the QTL mapping
analysis, the LOD score was >2.5, and it was judged that a
relationship existed between the genotype and environment
[48, 49], but in this research, the region where the LOD score is
3.0 or higher. RM15749-RM15689 on chromosome 3 and
RM149-RM23191 on chromosome 8 contained 43 candidate
genes related to spikelet fertility and 1000 grain weight under
high-temperature treatment, all of which are genes related to
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biological processes, molecular functions, and cellular compo-
nents. Four of these candidate genes (LOC_Os03g48170,
LOC _0s03g49600, LOC Os03g49610, LOC_Os08¢35110)
were involved in functions related to sugar metabolism, and
therefore, they were screened as candidate genes related to
spikelet fertility and grain quality during the grain filling stage
of rice. High-temperature stress during the grain filling stage
causes low spikelet fertility by negatively affecting reactive oxy-
gen species (ROS) responses to anther and sugar homeostasis
[50]. In the control group, LOC_Os03¢g48170, LOC_
0s03¢49600, LOC_0s03g49610, and LOC_0s08¢35110 exhib-
ited no significant difference in their relative expression levels
in CNDHI11 and CNDH?75 at 45days after flowering. How-
ever, there was a significant difference in gene expression levels
in CNDH11 and CNDH?75 when treated at high-temperature.
In particular, LOC_0s03¢48170 showed a difference in expres-
sion levels in CNDH11 and CNDH75 at the 1% level after
10days under high-temperature treatment immediately after
the flowering stage. To confirm the effect of high-temperature
treatment during the filling stage on the candidate genes and
the expression levels of amylose and amylopectin synthase, the
expression levels of these genes were also analyzed. The
expression levels of the amylose synthesis genes GBSSI [51]
and GBSSII were decreased in both CNDH11 and CNDH?75,
but the rate of decrease in gene expression levels was greater in
CNDH11, which was sensitive to high-temperature, than in
CNDH?75, which was tolerant to high-temperature. Genes
responsible for the synthesis of chain elongation of amylopec-
tin SSI [52] and SSIIa did not show a significant difference in
CNDH11 and CNDH?75, whereas SSIIla exhibited a signifi-
cant difference in CNDH11 and CNDH?75, and the gene
expression level was higher in CNDH11, which was sensitive
to high-temperature. Furthermore, when the expression levels
of the genes SBEI, SBE11la, and SBEIIb [53] involved in the
branching synthesis of amylopectin were analyzed, SBEI
exhibited a significant difference at the 1% level after flowering
at 10days under high-temperature treatment and highly
expressed in CNDH11. However, when SBE11a and SBE11b
were treated at high-temperature, their expression levels were
higher than those of control, but there was no significant dif-
ference between CNDH11 and CNDH?75. In addition, when
both the amylose-degrading enzymes AmylA [54] and
Amy3D were subjected to high-temperature treatment, the
gene expression levels in CNDH11 showed a significant differ-
ence and increased compared to those in CNDH75. Both
AmylA and Amy3D showed a significant difference in expres-
sion level at the 1% level in CNDH75 and CNDHI11 at 10days
under high-temperature treatment after flowering stage, and
after 15days, AmylA showed increased expression level in
CNDH11 at the 5% level, but Amy3D was 1 in CNDH11. The
expression level increased to% level. Starch is composed of
amylose and amylopectin, and the absolute amount of starch
does not change, but changes in the ratio of amylose and

Page 15 of 21

amylopectin affect the grain quality [55]. As shown in Table 1,
when subjected to high-temperature, the amylose content
decreased more in the high-temperature-sensitive line than in
the tolerant line. These results indicate that when the expres-
sion levels of the amylopectin synthesis gene, the amylose syn-
thesis gene, and the amylose-degrading enzyme gene were
confirmed, the expression of the amylopectin synthesis gene
decreased, the expression of the amylopectin synthesis gene
increased, and the expression level of the amylose-degrading
enzyme gene was increased. This supports the experimental
results of increased expression. Among the four candidate
genes, we focused on LOC_0s03¢48170, which showed the
greatest rate of increase in the initial reaction under high-tem-
perature treatment and the highest increase in the high-tem-
perature-resistant and -susceptible lines. BLAST analysis of
LOC_0s03¢48170 using NCBI revealed that this gene showed
a nucleotide sequence similar to that of FLOURY
ENDOSPERM 6 protein. LOC_0Os03g48170 showed the high-
est similarity with FLOURY ENDOSPERM 6 of wheat.
FLOURY ENDOSPERM 6 is also involved in seed size,
endosperm storage material accumulation, and starch synthe-
sis [56]. In addition, it has been reported that FLOURY
ENDOSPERM 6 is involved in heat tolerance during the grain
filling stage [57]. When homology is analyzed using their pro-
tein sequences, it is predictable that they will have a similar
function if they show a high degree of similarity. Moreover,
LOC_Os03g48170  interacts  with  the  proteins
0S08T0529200-00, Os]_12316, 0S510T0499400-01,
0OS05T0533600-01, DPE1, OS01T0720600-01, P0453H11.4,
0OS03T0607500-01, OS01T0180300-01, and Os]_36662.
Among  these  proteins, 0S08T0529200-00 and
0S10T0499400-01 are CBS domain-containing proteins.
They act as regulators of thioredoxin, one of the antioxidant
proteins, and play a vital role in the removal of active oxygen
and regulation of developmental processes in plants [58].
Os]_12316 plays an important role in signaling between
cells through plasmodesmata by producing glutamate in
plant cells and changing the production of calcium ions [59].
0S05T0533600-01 and OS01T0720600—01 are proteins
belonging to the glycosyltransferase 1 family. Glycosyltans-
ferase induces glycosylation in plants and plays a role in
storing secondary metabolites and protecting plants from
external stresses [60]. Furthermore, glycosyltransferase is
essential for intine construction and pollen maturation and
plays a vital role in male reproductive development [61].
DPEL is a protein that encodes 4-alpha-glucanotransferase
and does not hydrolyze starch, but it remodels amylose and
amylopectin molecules [62]. P0453H11.4, OS03T0607500—
01, and OS01T0180300—-01 are MAR (matrix attachment
region) binding proteins. These are important factors in reg-
ulating gene expression through the interaction of chroma-
tin and nucleus. Os]_36662 is a protein that acts on seed
maturation [63].
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In this study, QTL mapping of genes that can affect the
grain quality and spikelet fertility of rice when subjected
to high-temperature treatment during the filling stage
of rice and LOC_0s03g48170 was finally screened from
among several candidate genes in RM15749-RM15689
of chromosome 3. The chalkiness appearance of rice due
to high-temperature treatment is associated with amyl-
ose content, gel consistency, and protein storage [64]. In
addition, QTL mapping to reduce the content of chalki-
ness grain rate under high-temperature conditions, and
chalkiness QTL was mapped on chromosome 3 [65].
Also, Ye et al., (2015) [66], QTL related to spikelet fertil-
ity was mapped by high-temperature treatment during
the flowering stage of rice, and mapping on chromosome
3 using the high-temperature-sensitive variety IR64 and
the heat-tolerant variety Gizal78. However, Xiao et al,
(2011) [67] reported that QTL was detected in chromo-
somes 4 and 6 under high-temperature treatment dur-
ing the flowering stage of rice to map the QTL related
to spikelet fertility. The reason why QTL was detected in
different chromosomes in our study is presumed to be
due to genetic factors and environmental differences and
the different groups used in the study [68]. In the repro-
ductive stage of rice, high temperatures induce infer-
tility by inducing ROS and sugar homeostasis [69, 70].
After high-temperature treatment during the grain fill-
ing stage, the QTLs related to spikelet fertility, chalkiness
grain ratio, and sucrose content were analyzed at simi-
lar locations on the same chromosome as in this study.
QTLs related to spikelet fertility and 1000 grain weight
and the major candidate gene OsSFg3 analyzed under
high-temperature treatment during the grain filling stage
identified in this study can be used for breeding new
rice cultivars that can improve grain quality while being
resistant to high temperatures along with the current era
of rapid climate change. Furthermore, the linked mark-
ers used for QTL mapping can be effectively used for the
marker-assisted selection of rice cultivars with high-qual-
ity and high-temperature resistance.

Conclusions

In general, high temperatures cause serious damage
by disrupting the sugar signaling system of rice. Rice
exposed to high temperatures deteriorates grain quality
due to a decrease in amylose content and an increase in
protein content. In addition, high temperatures lead to a
decrease in yield due to a severe decrease in the rate of
spikelet fertility. In this research, four potential candidate
genes were screened that could stably maintain grain
quality and yield even under high temperatures. Among
them, the expression of OsSFq3 increased with a sig-
nificant difference at the level of 1% of the resistant line
compared to the susceptible line from 10days after high
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temperature treatment during the flowering of rice. It is
very important to give resistance to high temperature in
the early stage after rice flowering, and high tempera-
ture at the grain filling stage severely negatively affects
grain quality. It changes the amylose content and protein
content in the grain, and decreases the quality level of
all food products made from these grains. In the future,
intend to breeding new rice cultivars that are resist-
ant to high temperatures and have good grain quality
by development NILs (near-isogenic lines) with OsSFq3
and QTLs detecd in this research. Therefore, OsSFq3 will
be effectively used for breeding rice with good taste by
resisting high temperatures in the grain filling stage in
response to the era of climate change.

Methods

Plant material and field design

In this study, Cheongcheong (1T228761, IT number is a
resource number managed by the National Academy of
Agricultural Sciences of Rural Development Administra-
tion, Korea)/Nagdong (IT006182) double haploid line,
CNDH, bred through crossing between Cheongcheong
(Oryza sative spp. indica cv. Cheongcheong) and Nag-
dong (Oryza sative spp. japonica cv. Nagdong) was used
as an experimental material for QTL mapping of spike-
let fertility and grain quality genes in rice at high tem-
peratures [41]. Cheongcheong, Nagdong and 120 CNDH
lines were obtained from Prof. Kyung-Min Kim at Plant
Molecular Breeding laboratory (Kyungpook National
University in Korea). In the F;, combination formed
through crossing between Cheongcheong and Nagdong,
120 CNDH lines that were derived by another culture
were bred in the fields of Kyungpook National Univer-
sity (36°6'41.54”N, 128°38/26.17"E) and 120 CNDH lines
were cultured in 2019 and 2020. And when conducting
research, 120 CNDH line was used in compliance with
the international guidelines and legislation provided by
RDA (Rural Development Administration) in Korea.
Also rice plants were cultivated following normal local
practices. This research complied with the Convention
on the Trade in Endangered Species of Wild Fauna and
Flora (https://www.cites.org/). Before sowing, the seeds
were sterilized using a seed disinfectant, and the seeds
were soaked by dark treatment at 25°C for 4days. On 23
April, 2018, and 25 April, 2019, they were sown in the
Kyungpook National University field in Gunwi, South
Korea, on May 23, 2019, and May 25, 2020, respectively,
and 30days after sowing, the plants were transplanted.
The planting distance was 30 x 15cm. The amount of
fertilization was N-P,0;-K,0=9-4.5-5.7kg/10a, which
was applied according to the Agricultural Science and
Technology Research Survey Standard of RDA. It was
cultivated in the field of Kyungpook National University
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until the flowering stage, and the average was 28°C dur-
ing the day time and 22°C at night time. At 1day after
flowering, the plants were moved to the growth chamber
(Vision, VS-8407-1300, Daejeon, Korea) and subjected
to high-temperature stress. The high-temperature stress
was applied in the growth chamber that was maintained
at 42°C. The light period was 13/11h (light/dark), the
luminous intensity was maintained at 40,0001x during
daytime, and the relative humidity was 70%. Each lines
in the 120 CNDH lines has a variety of agricultural traits
and a variety of flowering times, so the line where flower-
ing time begins is checked every day and moved to the
growth chamber at different times. For high-temperature
treatments, the temperature change of the growth cham-
ber was thoroughly controlled over time. Gradually has
risen 6:30-7:00 maintained at 27°C, 7:00-7:30 main-
tained at 30°C, 7:30-8:00 maintained at 35°C, 8:00—8:30
maintained at 38°C. And 42 °C was maintained for a total
of 6h from 8:30 to 14:30. And it was maintained at 35°C
from 14:30 to 15:30, 30°C from 15:30 to 16:30, and 27°C
from 16:30 to 17:30. Finally, it was maintained at 25°C
from 17:30 to 6:30. Panicles were sampled immediately
after flowering during the process of grain filling and at 5,
10, 15, 20, 35, 30, 35, 40, and 45 days after seeding. Sam-
ples were rapidly cooled using liquid nitrogen until they
were used in the experiment and then stored at — 80°C.

Analysis of scanning electron microscopy for structure

of amyloplasts

To observe the grain endosperm, 100 polished rice grains
grown under high-temperature and normal conditions
were selected. Selected grains were cut using the blade-
less part, and the cut cross-section surface was coated
with gold in a vacuum using an ion sputtering device
(JEC-1100E, JEOL, Tokyo, Japan). And it was observed
with a scanning electron microscope with 1.0 KV voltage.

Pollen viability rate

All anthers were collected from panicles to assess the via-
bility of pollen after the high-temperature stress. Pollen
viability is described in Gunawardena et al. (2003) [30].
After high-temperature treatment at the flowering stage,
mature pollen were collected from spikelets that have not
yet flowering. Anther was stained with 1% iodine potas-
sium iodide solution. For microscopic observation, the
stained solution was placed on a glass slide, and the pol-
len viability was confirmed through the staining state
and morphology of anther [71]. When observed under
a microscope, the pollen stained in black and round
in shape was judged as viable or living, and the pol-
len stained yellow or light red was judged as inactive or
dead. Three biological replicates were performed for each

Page 17 of 21

sample in nine areas through the microscope, and pollen
viability was evaluated.

Evaluation of spikelet fertility and 1000 grain weight

after high-temperature treatment in grain filling stage

To evaluate the fertility rate of rice after high-tempera-
ture treatment, the fertility rate was calculated on the
45th day after flowering. To determine ovary develop-
ment (filled or not), a fertility test was conducted by
pressing every spikelet one by one. All panicles that
were completely emptied when pressed were classified
as infertile. The spikelet fertility was calculated as the
percentage of filled spikelets among the total spikelets.
Moreover, the weight was measured using 1000 grains
for calculating the grain weight of rice. The number of
grains was checked using an auto grain counter (Multi
auto counter, WAVER, Japan), and the weight of 1000
grains was measured using an electronic scale (OHAUS,
ARD120). To confirm the factors affecting the grain qual-
ity at high-temperature, the levels of amylose, protein,
and moisture content of seeds were measured by near-
infrared spectroscopy (Kett, AN-820, Japan).

Construction of a genetic map and QTL analysis of heat
tolerance inrice

Windows QTL cartographer 2.5 [72] was used for the
QTL mapping. Using Mapmaker version 3.0 [73] a
genetic map with an average distance between markers of
10.6 cM was generated using 222 SSR markers. The com-
posite interval mapping (CIM) method was used in Kosa-
mbi function for the value of the CNDH 120 line, and the
accuracy of QTL mapping was improved using a thresh-
old LOD of >3.0 [74, 75]. For QTL naming, the method
proposed by McCouch, (2008) [76] was used.

Gene information analysis

After QTL mapping, Rapdb (https://rapdb.dna.affrc.go.
jp/) [77] and RiceXpro (https://ricexpro.dna.affrc.go.jp/)
[78] were used to select candidate genes for specific traits
in the QTL region. These programs present all ORFs
(open reading frames) that exist between SSR markers.
All ORFs were classified according to their function, and
genes related to spikelet fertility and 1000 grain weight at
high-temperature were filtered out. The filtered candidate
genes were analyzed using the Simple Modular Architec-
ture Research Tool (SMART, http://smart.embl-heide
lberg.de/) [79] and ExPASy (https://www.expasy.org) [80]
was used to predict the sequence analysis and protein
interaction. It also uses NCBI (http://www.ncbi.nim.nih.
gov) [81] and BioEdit 7.0 (https://bioedit.software.infor
mer.com/7.0/) [82], so homology multiple sequence can
analysis and comparison other homologous genes.
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RNA extraction and PCR protocol

RNA was extracted from Cheongcheong, Nagdong, and
CNDH lines using the RNeasy plant mini kit (QIAGEN,
Germany). Before RNA extraction, all experimental
equipment were cleaned using DEPC, and all experi-
mental procedures were performed at 4°C to increase
the quality and concentration of RNA. Fresh rice pani-
cles were placed in a bowl and ground while freezing the
sample using liquid nitrogen. Next, 100mg of ground
rice panicle powder was used for RNA extraction. To
100mg of powder taken in a 2-ml e-tube, 450l of RLT
buffer was added and then sufficiently mixed using a vor-
tex. The vortexed solution was added to the QIAshred-
der spin column and centrifuged at 13,000 rpm for 2 min.
The solution filtered under the column was transferred
to a new 1.5-ml e-tube, and 0.5ml of 100% ethanol was
added and mixed. The entire mixed solution was placed
in the RNeasy mini column and centrifuged at 13,000 rpm
for 15s. Then, 700l of RW1 buffer was added and cen-
trifuged at 13,000rpm for 15s, followed by addition of
500l of RPE buffer and centrifuged at 13,000 rpm. Then,
to completely wash the column, 500 ul of RPE buffer was
added once again and centrifuged for 2min at 13,000 rpm.
Next, to completely dry the column, it was centrifuged
at 13,000rpm for 2min without adding any reagent.
Finally, 50l of RNase-free water was added and centri-
fuged at 13,000 rpm for 2min to dissolve the RNA in the
column. To assess the quality and concentration of the
extracted RNA, it was quantified using an ultramicro-
spectrophotometer ND-2000 (Nanodrop, USA). cDNA
was synthesized using the qPCRBIO ¢DNA Synthesis
Kit (PCRBIOSYSTEMS, USA) according to the manual
instructions. RNA 80ng, 5x cDNA synthesis mix 4l,
and 20x RTase 1 pl were added, and a final volume of 20 ul
was adjusted using RNase-free water. Then, 80ng of the
synthesized cDNA was used as a template for PCR. The
PCR solution composition was cDNA 80ng, 20 pmol for-
ward and reverse primers, 2.5 mM dNTP mixture, Ex Taq
polymerase (Inclone Biotech Co., IN5001) 1.0U, and 3.0 ul
of 10x Ex buffer (50mM KCI, 20mM Tris-HCI, pH8.0,
2.0mM MgCl,) in nuclease-free water (QIAGEN, Cat.
No. 129114), and it was made a total volume of 30 ul. PCR
(C1000, BioRad, USA) conditions were predenaturation at
94.°C for 5min, denaturation at 94°C for 30s, annealing at
55°C for 30s, extension at 72°C for 30s, and denaturation,
annealing, and extension processes repeated for 35cycles.
After that, a final extension step was performed at 72°C
for 5min, and when the PCR was completed, the products
were stored at 4°C. For sequencing the products amplified
through PCR, the sequence was analyzed by SOLGENT
Co. The sequencing results were used for homology
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analysis using the BLAST program of the NCBI (http://
www.ncbi.nim.nih.gov) database.

Analysis of candidate gene expression levels

During the rice flowering stage, a high-temperature
of 42°C was applied to the Cheongcheong, Nagdong,
120 CNDH lines. Furthermore, the panicle of rice was
sampled at intervals of 5days after flowering to check
the relative gene expression levels of starch synthase
and candidate genes that reacted to high-temperature.
Total RNA was extracted from the panicle of rice using
the RNeasy plant mini kit (QIAGEN, Germany), and
1ug of the extracted total RNA was used as a quantita-
tive real-time PCR template for cDNA synthesis and
gene expression analysis. cDNA was used as a template
for quantitative real-time PCR, which was performed
using the Eco Real-Time PCR System. The reaction solu-
tion used for quantitative real-time PCR consisted of
2x qRCRBIO SyGreen Blue Mix 10pul, cDNA 1ul, for-
ward primer 0.5l (20 pmol/pl), and reverse primer 0.5l
(20 pmol/pl), which was made to a final volume of 20 ul
using ddH,O (see Additional file 1: Table S3). OsActin, a
housekeeping gene, was used as a control, and each reac-
tion was performed three times to calculate the mean
and standard deviation.

Statistical analysis

Five repeated experiments were performed for each sam-
ple in all control and experimental groups. The mean
and standard deviation were calculated using the results
through 5 repeated experiments, and the SPSS program
(IMMSPSS Statistics, version 22, IBMSPSS Statistics,
version 22, Redmond, WC, USA) was used for statistical
analysis.
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