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ABSTRACT At the reproductive development stage of rice (Oryza sativa L.), temperature stress can decrease spikelet fertility,
ultimately resulting in a yield loss. In this study, a total of 98 rice varieties were used in genome-wide association study (GWAS) to
understand spikelet fertility under a high temperature (SFHT). GWAS results revealed that two lead SNPs were significantly associated
with SFHT. Candidate genes located within ± 250 kb of the corresponding SNP position were discovered, resulting in a total of 21
candidate genes on chromosome 10 and 18 candidate genes on chromosome 11. Based on previously reported function and haplotype
analysis, Os10g0177200 (EF-HAND 2domain containing protein) as one candidate gene showed significant differences among groups
of haplotypes. This candidate gene will be further evaluated for its function to determine whether it is useful for improving molecular
breeding studies and developing new high temperature tolerant rice varieties.
Keywords Genome-wide association study, Oryza sativa L., Spikelet fertility, High temperature

INTRODUCTION
Increased temperature caused by global warming has
become a significant problem for the growth and production of crops. A high temperature has a direct or an
indirect effect on crops, leading to a significant yield loss
(Raza et al. 2019). It has been predicted that the average
temperature will continue to rise over the next 30-50 years
by 2-3℃ (Hatfield and Prueger 2015). Thus, many researchers are making an effort to develop suitable breeding
techniques for climate change and improve crop adaptation
to heat stress. Rice (Oryza sativa L.), a main crop in Asia,
is also affected by an increasing temperature. The optimum
mean temperature for rice growth is 28℃ during the day
time and 22℃ during the night time, although rice can
sustain a temperature up to 32℃ (Krishnan et al. 2011).
However, when the temperature exceeds the optimal range

and hold over a few days, it has negative effects on rice
growth and development (Aghamolki et al. 2014). The
damage of a high temperature stress to rice depends on its
developmental stage (Wahid et al. 2007). The temperature
limit for rice seed germination is usually about 45℃, above
which rice seed cannot germinate (Sánchez et al. 2014).
Especially, the heading stage and flowering stage are the
most sensitive to a high temperature stress, causing several
damage to pollen formation and spikelet fertility (Jagadish
2013). The generation and viability of pollen of male
reproductive organs are reduced when the temperature
rises to over 25℃. Complete sterility will occur when male
reproductive organs are exposed to a temperature of about
35℃ (Kaushal et al. 2016). A high temperature at the
flowering stage can inhibit anther dehiscence, pollen
germination, and pollen tube growth, resulting incomplete
fertilization (Satake and Yoshida 1978).
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Like other important agronomic traits of rice, the
tolerance to a high temperature stress is controlled by
quantitative genes or loci. It is also influenced by interactions between the genotype and the environment (Lu
et al. 1996). With remarkable development in molecular
breeding techniques, genetic dissection of complex traits to
identify quantitative trait loci (QTLs) has been conducted
in recent years (Descalsota et al. 2018). Detecting QTLs or
genes about rice spikelet fertility under a high temperature
has also been studied. Four quantitative trait loci (QTLs)
(qHTSF1.2, qHTSF2.1, qHTSF3.1, and qHTSF4.1)
associated with spikelet fertility in response to heat stress at
flowering stage in the IR64/Giza178 population have been
identified (Ye et al. 2015). Two other QTLs (qHTSF6.1
and qHTSF11.2) have been mapped in the Milyang23/
Giza178 population (Ye et al. 2015). More recently, three
QTLs (qSF1, qSF2, and qSF3) on chromosomes 1, 2, and 3
from F2 population of M9962 (heat tolerant) and Sinlek
(heat sensitive) have been reported (Nubankoh et al. 2019).
Conventional QTL mapping can be difficult to investigate large amounts of genes that cover the whole
genome. Genome-wide association study (GWAS) is a
high-throughput platform for detecting various abiotic
stress responses, including drought responses (Pantaliao
et al. 2016; Guo et al. 2018), cold tolerance (Schläppi et al.
2017; Xiao et al. 2018), and salt tolerance (Meyer et al.
2016) has begun. A previous study has revealed two QTL
regions associated with high temperature tolerance of rice
at the seedling stage and eight candidate genes based on
linkage analysis (Wei et al. 2020).
The objective of this study was to understand effects of
high temperature on rice during the heading stage at the
genetic level. We applied GWAS to obtain high-quality
SNP data for various rice accessions and identified
candidate genes associated with heat tolerance of rice at
heading stage.

MATERIALS AND METHODS
Plant materials and genomic database
In this study, 98 rice accessions, including 14 Tropical
japonica, 42 Temperate japonica, 36 Indica, 3 Aus, and 3

Admixture subgroups, were used (Supplementary Table
S1). Rice plants were cultivated in a paddy field at the
experimental farm of Konkuk University at Yeoju City,
Korea. The general rice cultivation method in Korea was
applied. Each rice seedling was transplanted at a density of
15 cm × 30 cm. After two months of cultivation, each plant
was transplanted into a single pot and then cultivated in the
natural condition before treating it with a high temperature
stress. Genomic genotypes of 98 accessions were acquired
using an Illumina HiSeq 2500 Sequencing Platform.
(Illumina Inc., San Diego, CA, USA). The average genome
coverage was 8X. Filtered reads were aligned to the rice
reference genome (IRGSP 1.0). Filtering parameters for
genotypes were as follows: minor allele frequency (MAF)
＞ 5%, missing data ＜ 1%, and heterozygosis ratio ＜ 5%.
Filtering was implemented using Plink software v1.90
(Purcell et al. 2007). Finally, approximately ~2 million
SNPs were selected from 6.5 million raw data SNPs.

High temperature stress treatment
Measuring the distance between the auricles of flag leaf
and penultimate leaf (immediate lower leaf) is common
method to predict the development stage of rice without
damaging panicles (Virmani et al. 1993). At the booting
stage, the inter auricle distance reaches 6-12 cm. It is a
previous step toward early heading stage when the head of
the grain shows up (Nurhasanah et al. 2015). Therefore, to
synchronize the developmental stage the treated panicle,
rice plants having three or more tillers showing 3-6 cm of
distance between auricles of flag leaf and penultimate leaf
were moved into a greenhouse for high temperature
treatment. During the high temperature treatment in the
heading stage, the temperature in the greenhouse was
recorded every hour to obtain the maximum temperature,
the minimum temperature, and the average temperature
(Supplementary Fig. S1). Average treatment temperature is
shown in Supplementary Table S1. When panicle neck
nodes of treated panicles were exposed entirely from the
flag leaf, they were moved out of the greenhouse and
cultivated in the natural condition until harvest. After fully
matured, fertilities of spikelets were evaluated. Partially or
fully filled spikelets were sorted as fertile spikelets while
empty or whitened spikelets were sorted as sterile spikelets
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(Thuy et al. 2020). Spikelet fertility under high temperature
(SFHT) was calculated as the ratio of the number of fully
ripened spikelets to the total number of spikelets. Average
SFHT of three selected panicles in each pot was then
computed to compare SFHT values among rice accessions.

Principal component analysis (PCA) and population
structure analysis
For population structure analysis, filtered genotype data
were analyzed with an Admixture 1.3.0 software (Alexander
and Lange 2011). The tested K range of populations was 1
to 5. Each cross-validation error was calculated. K results
that showed a low cross-validation error compared to
other K values were selected for analysis. Visualization of
the population structure was performed using Pophelper
structure Web App v1.0.10 (http://pophelper.com) based
on optimal K value. PCA of genotypes was conducted
based on SNPs using Trait Analysis by Association,
Evolution and Linkage (TASSEL) 5.0 and plink software
(Bradbury et al. 2007; Purcell et al. 2007). All SNPs were
filtered by eliminating the one with a minor allele frequency (MAF) ＜ 0.05 in TASSEL. The scatter plot of PCA
result was made in R 4.0 package (Horton and Kleinman
2015). Neighbor-joining trees (NJ-Tree) were generated
with MEGA X (Kumar et al. 2018). The result was
visualized with Tree of Life (iTOL) v4 (https://itol.embl.de)
(Letunic and Bork 2019). PopLDdecay software (Zhang et
al. 2019) was used for calculating Linkage disequilibrium
(LD). Pairwise LD was calculated for all SNPs and
averaged across the whole genome. LD decay was
measured as the chromosomal distance at which the
2
average pairwise correlation coefficient (r ) decreased to
half of its maximum value.

frequency (MAF) ＞ 0.05 were used in genotype dataset.
GWAS results were visualized with Q-Q plot and
Manhattan plot. The P-value threshold was set at ‒log10(P)
≥ 4.0. Potential candidate genes predicted to be closely
related to phenotype were then identified within ± 250 Kb
of LD of lead SNPs position (Supplementary Fig. S2).
RAP-DB (http://rapdb.dna.aafrc.go.jp/) and Gramene
(http://www.gramene.org/) databases were used to check
physical positions of SNPs and to identify gene annotation
information (Sakai et al. 2013; Gupta et al. 2016).
Haplotype analysis was performed for candidate genes
based on SNPs localized within coding regions. A total of
98 rice accessions with the same haplotype were grouped to
see if the average SFHT differed from each other.

Statistical analysis
To statistically compare the difference between SFHTs
of haplotypes, analysis of variance (ANOVA) was conducted
using PROC GLM in SAS 9.4 software (SAS Institute lnc.,
Cary, NC, USA). If there was a statistically significant
difference, comparison with least significant difference
(LSD) method was followed.

RESULTS
High temperature stress at heading stage
In this experiment, a high temperature was applied to the
heading stage, not including the grain filling stage. The
distribution of SFHTs for 98 rice accessions is shown

Genome-wide association mapping and haplotype
analysis
Genome Association and Prediction Integrated Tool
(GAPIT) was used for performing GWAS in R package
(Lipka et al. 2012). Among GAPIT models, Efficient
Mixed Model Association (EMMA) algorithm and Mixed
Linear Model (MLM) that could simultaneously handle the
population structure (Yu et al. 2006) were applied. Only
SNPs showing no missing values and minor allele

Fig. 1. Distribution of spikelet fertility.
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in Fig. 1. We measured the average SFHT for 98 rice
accessions (Supplementary Table S1). The majority of
these rice accessions showed SFHT of less than 10%. Rice
accessions showing SFHT more than 50% included 1 aus,
2 tropical japonica, 10 temperate japonica, and 3 indica.
The accession of ‘Bori’ showed the highest SFHT at
83.97%. A total of 27 accessions showed complete sterility
(0% of spikelet fertility), including 1 Aus, 2 Tropical
japonica, 7 Temperate japonica, 14 Indica, and 3 Admixture.

Population structure analysis based on rice genome
PCA was conducted with a total of 5 PCs based on
genotype data. The first two PCs were selected for PCA
visualization. According to PCA results, three subgroups
(Temperate Japonica, Tropical japonica and Indica) were
clearly distinguished (Fig. 2a). PC1 and PC2 explained
39.84% and 20.1% of the total variance, respectively. The
group of indica was obviously separated from japonica.
However, aus and admixture were not clearly separated

from other groups mainly due to the small size of the
population. NJ-tree also indicated a distribution similar
to PCA analysis (Fig. 2b). The cross-validation error
suggested an optimal K value of 5 for the population based
on the lowest cross-validation error at K = 5 (Fig. 2c). The
population structure also showed a clear distribution at K =
5 and that accessions were distributed according to their
subspecies (Fig. 2d).

GWAS for SFHT and identification of candidate genes
GWAS was performed using GAPIT to explore associated
SNPs in the genome with the trait of SFHT (Fig. 3). Several
chromosomes contained SNPs with a high ‒log10(P) value.
They aligned almost vertically like skyscrapers, suggesting
that SNPs had significant associations with the trait of
SFHT (Barnett et al. 2014). The threshold was set to be
‒log10(P) = 4.0 for identification of association loci.
Among lead SNPs showing ‒log10(P) value higher that 4,
only two lead SNPs on chromosomes 9 and 10 were

Fig. 2. Population structure analysis. (a) Plot for principal component analysis (PCA). Red, brown, green, blue, pink
indicated Admixture, Aus, Indica, Temperate-japonica, Tropical-japonica rice, respectively. (b) Plot for NJ-tree
analysis. The color indicated the same as that used in PCA analysis. (c) Cross-validation (CV) error value in each
K value. (d) Population structure result at K = 5.
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Fig. 3. (a) Manhattan plot of GWAS results. The yellow line means threshold (-log10 (P)≥ 4.0). (b) Q-Q plots for
expected and observed ‒log10(P) value.

Table 1. Genome-wide association loci detected in GWAS result.
QTL

Lead SNP

CHRz)

LODy)

Phenotypic variation (%)

qHTS10
qHTS11

chr10_5471850
chr11_24604007

10
11

4.28
4.63

18.53
20.40

z)

CHR: Chromosome.
LOD: ‒log10(P).

y)

Fig. 4. Haplotype analysis of Os10g0177200. (a) Gene structure of Os10g0177200. White box means non-coding region,
black box means coding region and red line means relative position of SNP substitution. (b) Haplotype analysis
result and phenotypic variation among haplotypes. *P-value ＜ 0.05 (c) Frequency of haplotype group and
subspecies.
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declared as SNP associated with the trait of SFHT because
other lead SNPs were not aligned with near SNPs. Two
association loci were detected (Table 1). One associated
QTL was detected on chromosome 10. It was designated as
qHTS10, showing 4.28 ‒log10(P) value and explaining
18.53% of total phenotypic variation. The other associated
QTL was detected on chromosome 11. It was designated as
qHTS11, showing 4.63 ‒log10(P) value and explaining
20.4% of total phenotypic variation. The LD of 250 kb
around of the lead SNPs was regarded as candidate
genomic regions for genes associated with SFHT.
Information of genes in candidate regions and SNPs inside
the exon for those genes were obtained from RAP-DB
database (Sakai et al. 2013). For the segment of qHTS10,
35 genes were located. Among them, non-protein-coding
transcripts or hypothetical genes were filtered and 21 genes
were remained. By applying this approach to qHTS11, we
reduced the number of candidate genes to be 18.

Haplotype analysis of candidate genes
A total of 39 filtered and annotated genes located in the
two QTLs were detected in the single-locus GWAS. They
were then subjected to a haplotype analysis. In the phenotype
comparison among haplotypes, only haplotypes with at
least 4 rice accessions assigned to were used. Finally, a total
of 3 candidate genes showing statistically significant
difference among haplotypes were detected (Supplementary
Fig. S3-S5). Based on the difference and the known
function, we focused on one candidate gene (Os10g0177200:
EF-HAND 2 domain containing protein). Results of
haplotype analysis for these candidate genes are shown in
Fig. 4. Heterozygote SNPs and those with missing data
were not analyzed. SNPs from exon regions were used for
haplotypes and haplotype variation analysis. Os10g0177200
contained seven SNPs on exons 3, 4, and 6 with amino acid
changes: (C/T) with Aspartic acid to Asparagine, (T/C) with
Isoleucine to Valine, (G/A) with Threonine to Methionine,
(G/C) with Leucine to Valine, (G/T) with Phenylalanine to
Leucine, (C/A) with Lysine to Asparagine, and (T/G) with
Isoleucine to Leucine change. A total of 88 rice accessions
were assigned to the group of Hap 1. The Hap 2 group
showed the lowest SFHT. The Hap 3 group only had four
rice accessions showing significantly higher SFHT of

45.94% than other groups of haplotypes.

DISCUSSION
In this study, the SFHT was evaluated as a marker for
tolerance to high temperature. Although high temperature
treatment was not identical under a greenhouse condition,
we checked temperatures every hour and confirmed that
the minimum average temperature was not less than 22℃
during the high temperature treatment. Since we replaced
the rice in a natural condition after the panicle was fully
excluded, the high temperature treatment was not used
during the grain filling stage. Thus, the damage mainly
occurred from the defect of pollen and failure of fertilization.
The overall distribution of heat tolerant score was skewed to
the left (low score). More than half of accessions showed
SFHT less than 10%, indicating that the high temperature
treatment was highly effective. Based on previously
reported functions and haplotype analysis results, one
candidate gene (Os10g0177200) encoding EF-HAND 2
domain containing protein was identified. EF-HAND 2
2+
domain containing protein is known as one of Ca binding
proteins (CBP) with a helix-loop-helix structure that could
2+
allow rapid movement of Ca ions into cells (Chang et al.
2019) This signaling feature is known to play an important
2+
role in plant growth and development because Ca acts as
a second intracellular messenger involved in plant environmental stress resistance (Zeng et al. 2017). The
2+
majority of Ca sensors possess the EF-hand motif, a
helix-loop-helix structure that can form a turn-loop
2+
structure. It has been previously reported that Ca
signaling plays a crucial role in conferring cold tolerance to
plants (Yuan et al. 2018). Recent studies have revealed that
2+
the perception of cold signals can regulate Ca channels
2+
and induce Ca transients (Yuan et al. 2018). Based on the
2+
known role of Ca sensors, the EF-hand motif might play
an important role in plant development and environmental
stress response. For the gene of Os10g0177200, we used
TENOR web search (Transcriptome ENcyclopedia Of
Rice, http://tenor.dna.affrc.go.jp/) to detect its mRNA level
expression pattern under various conditions (Kawahara et
al. 2016). According to the gene expression database,
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drought stress can highly increase mRNA of Os10g0177200
in rice shoot and treatment with ABA can highly increase
mRNA levels of Os10g0177200 in rice roots, suggesting
that Os10g0177200 plays a role of in stress response
(Supplementary Fig. S6).

(GWAS) providing evidence of an association between
common genetic variants and late radiotherapy toxicity.
Radio. Oncol. 111: 178-185.
Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM, Ramdoss
Y, Buckler ES, et al. 2007. TASSEL: software for association mapping of complex traits in diverse samples.
Bioinformatics 23: 2633-2635.

CONCLUSION
In this study, the trait of SFHT in rice was assessed in a
panel of 98 diverse rice accessions. Two loci associated
with high temperature tolerance were identified by GWAS.
With haplotype analysis for comparing phenotype variations, one candidate gene associated with heat tolerance at
heading stage was found. Future evaluations of these
candidate genes in the future might provide strategies for
developing high temperature tolerant elite rice varieties.
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