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Abstract
DNA methylation is an important epigenetic mechanism involved in gene regulation under environmental stresses in plants. 
However, little information is available regarding its responses to high temperature (HT) and association with HT tolerance 
in rice. In this study, fourteen rice genotypes were classified into the susceptible, moderate, and tolerant groups by the high 
temperature susceptibility index (HTSI) after HT treatment. The changes of DNA methylation in rice anthesis under normal 
and HT30 conditions were investigated using methylation-sensitive amplified polymorphism31 (MSAP). The MSAP results 
showed that the DNA methylation level significantly increased in the susceptible rice group and decreased in the tolerant rice 
group under HT treatment, while no significant difference was observed in the moderate rice group. More hypomethylation 
events were detected in the tolerant rice group, while more hypermethylation was detected in the susceptible rice group. 
Forty-four differentially methylated epiloci (DME) were generated under both control and HT conditions, which can clearly 
distinguish the susceptible, moderate, and tolerant genotypes via PCoA analysis. Approximately 43.18% of DMEs were 
determined to be tolerance-associated epiloci (TAEs). 63.15% TAEs were sequenced and annotated into 12 genes. Quantita-
tive RT-PCR analysis showed that 12 TAE genes were mainly upregulated in 14 rice genotypes, and their expression levels 
were related to the HT tolerance of rice. Here, DEGs, generated from a number of genotypes, indicate higher probabilities 
for association with stress tolerance. Overall, these results suggest that DNA methylation regulation might play a key role 
in adaptation to HT stress in rice.
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Introduction

DNA methylation mainly occurs in CG, CHG, and CHH 
(H = A, C, or T) at the 5 positions of cytosine, yield-
ing 5-methylcytosine, which is a conserved epigenetic 
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mechanism for the regulation of gene expression (Zhang 
et al. 2018). Natural DNA methylation variation can regulate 
plant development and improve environmental adaptation 
(Alonso-Blanco et al. 2016; Alakärppä et al. 2018). DNA 
methylation has been reported to play important roles in 
plant adaptive responses to environmental stresses (Wang 
et al. 2016; Abid et al. 2017; Xia et al. 2017).

Stress-induced DNA methylation changes have been 
widely investigated under various abiotic stresses in many 
plants (Abid et al. 2017; Kaur et al. 2018; Duan et al. 2020). 
Studies based on a few contrasting tolerance genotypes have 
reported the complex relationship between DNA methyla-
tion and stress tolerance. A previous study reported that the 
DNA methylation level in a drought-tolerant wheat genotype 
was lower than that in a drought-susceptible wheat genotype 
under drought conditions (Kaur et al. 2018). A higher DNA 
methylation  level was also detected in the drought-tolerant 
wheat genotype than in the drought-susceptible wheat geno-
type (Duan et al. 2020). In rice, the differentially methylated 
regions (DMRs) among different cultivars were reported to 
be associated with the variability of drought tolerance (Garg 
et al. 2015). However, another study reported that large pro-
portions of DMRs detected between two cultivars were also 
reported as not stress-relevant (Wang et al. 2016). These 
studies highlight the need for more studies to uncover the 
relationship between DNA methylation and environmental 
stress tolerance.

High temperature (HT) is regarded as one of the most 
detrimental stresses among constantly changing environ-
mental factors (Fahad et al. 2016, 2019; Chang-Fung-Martel 
et al. 2017; Harrison et al. 2017; Kan and Lin 2021). Rice 
(Oryza sativa L.) is an internationally vital cereal as well 
as a heat-sensitive plant (Liu et al. 2019; Wu et al. 2020). 
The anthesis stage of rice is the most sensitive to HT stress, 
which can induce spikelet sterility and directly reduce rice 
yield (Mu et al. 2017; Yan et al. 2017; Fahad et al. 2018). 
To date, increasing evidence has indicated that epigenetic 
modification plays important roles in plants in the response 
to elevated temperature (Gao et al. 2014; Liu et al. 2018; 
Qian et al. 2019; Zhao et al. 2020). DNA methylation is 
involved in the regulation of genes implicated in the plant 
response to HT stress (Qian et al. 2019). In Brassica napus, 
HT stress induced the methylation variation to increase more 
in a heat-sensitive genotype than in a heat-tolerant genotype 
(Gao et al. 2014). However, few studies have investigated the 
relationship between DNA methylation responses and HT 
stress tolerance during the rice anthesis stage.

The methylation-sensitive amplification polymorphism 
(MSAP) approach is a powerful and economic method to 
explore genome-wide DNA methylation. MSAP is based on 
the differential sensitivity to site-specific cytosine methyla-
tion of two restriction enzymes (HpaII and MspI), which 
has been widely used for the detection of DNA cytosine 

methylation levels in plants (Wang et al. 2015; Xia et al. 
2017; Duan et al. 2020; Pan et al. 2020).

In this study, we applied MSAP to investigate the DNA 
methylation responses in rice spikelets at the anthesis stage 
under control (CK) and high temperature (HT) conditions. 
Furthermore, a number of HT-tolerant and HT-susceptible 
rice accessions were involved in this study to explore the 
relationships between DNA methylation and HT tolerance 
ability in rice. The present findings provide useful epigenetic 
information for further understanding the molecular mecha-
nism of HT stress tolerance in rice.

Materials and Methods

Plant Materials and Cultivation

Fourteen rice accessions were used in this study (Table 1). 
Seeds were surface-sterilized and germinated at room tem-
perature in the dark. The germinated seeds were then trans-
ferred to a seedling nursery at Yangtze University, Jingzhou 
City, Hubei, China. Seedlings were transplanted at 20 days 
old into plastic pots (30 cm height and 30 cm diameter) filled 
with 12.5 kg of soil and 8 g of compound fertilizer (with a 
ratio of N, P, and K of 26:10:15) (Yan et al. 2017). For each 
pot, twenty seedlings were planted.

High Temperature Treatment and Sampling

The control and high temperature treatments were performed 
with six pots as one biological replicate. All treatments  were 
performed in three biological replicates. A split plot in a 
completely randomized design was used in this study. For 
each genotype, the plants were grown to the heading stage 
and then transferred before anthesis to a growth chamber 
(AGC-MR, Zhejiang Qiushi Environment Co., Ltd, China). 
The HT treatment was started after flowering (50% of the 
main stem flowering) and tagged individuals that flowered 
on the same day. The average daily temperature was set to 
26 ℃ and 33 ℃ in the CK and HT treatments, respectively 
(Table S1). The air temperature was dynamically controlled 
in accordance with the diurnal variation in air temperature 
simulating local typical heat weather conditions with rela-
tive humidities of 70% and 80% for day and night. After 
48 h of treatment, the tagged spikelets of each genotype 
were collected (randomly mixed more than five spikelets), 
frozen in liquid nitrogen, and stored at − 80 ℃ for further 
use. Furthermore, the rest of the plants moved to the control 
condition and were cultivated until maturity. The seed-set 
percentage was investigated by counting twenty panicles of 
each genotype.
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Rice High Temperature Tolerance Assessment

The high temperature susceptibility index (HTSI) was 
used to assess the variability in high temperature stress 
among rice genotypes with the following equation: 
HTSI = (CS%−HS%)/CS%, where CS% and HS% were the 
average seed-set percentage of each accession under the CK 
and HT treatments, respectively. IR64 and N22 were used as 
high temperature susceptible and tolerant references, respec-
tively (Mu et al. 2017). The significant differences in seed-
set percentage and HTSI were analyzed by SPSS 19.0 using 
the one-way analysis of variance (ANOVA) method (SNK 
method) at the 0.05 level. Additionally, the fourteen rice 
genotypes were further classified into three groups (tolerant, 
moderate, and susceptible groups) based on the significant 
differences in HTSI.

DNA Methylation Analysis by MSAP Approach

Total DNA was isolated using the CTAB procedure, and the 
procedure of MSAP analysis was described in the previous 
research (Li et al. 2020). The MSAP technique was per-
formed using a pair of isoschizomers, HpaII/MspI (Thermo 
Fisher Scientific, USA), which possess  differential sensi-
tivity to cytosine methylation at the 5′-CCGG-3′ site and 
combined with EcoRI. The adaptors, preselective primers, 
and 20 paired selective primers are listed in Table S2. The 
PCR products were separated by a Fragment Analyzer Auto-
mated CE System (AATI, USA) using the DNF-900 dsDNA 
Reagent Kit 35–500 bp (AATI, USA). The MSAP data were 

exported by PROSize version 2.0 software (AATI, USA) 
and transformed into a binary character matrix using “1” or 
“0” to indicate the presence or absence of bands. Only the 
consistent epiloci among the three biologicals were used for 
future analysis.

DNA Methylation Changes and Correlations 
with HTSI

The MSAP bands were divided into four epigenotypes. 
Type I represented non-methylation, in which MSAP bands 
appeared in both EcoRI/HpaII and EcoRI/MspI combina-
tions (11). Type II represented hemimethylation, in which 
bands appeared only in EcoRI/HpaII but not in EcoRI/MspI 
(10). Type III generated bands only in EcoRI/MspI but not 
in EcoRI/HpaII and indicated inner methylation of double-
stranded DNA (full methylation) (01). Type IV represented 
the absence of a band in both EcoRI/HpaII and EcoRI/MspI 
combinations (00), which were determined to be full 
methylation.

The similarity in DNA methylation between two rice 
genotypes or groups was calculated according to Xia et al. 
(2017), which was defined as the proportion of an epilo-
cus possessing the same epigenotype to the total epiloci. 
The total methylation level of each group was calculated 
as follows: Total methylated bands (%) = [(II + III + IV)/
(I + II + III + IV)] × 100. The hemimethylation level was 
calculated as follows: hemimethylated bands (%) = [(II)/
(I + II + III + IV)] × 100. The full methylation level of each 

Table 1   The changes in seed-set 
percentage in 14 rice genotypes 
under HT condition

The asterisk * indicates significant difference in seed-set percentage between CK and HT at the level of 
0.05, according to ANOVA
Different letters indicate significant difference in HSTI among the 14 rice genotypes at the level of 0.05, 
according to ANOVA

Sample 
Number

Varieties Seed-set percentage (%) HTSI HT tolerance degree

CK HT

S1 Dianrui 409B 88.03 ± 3.07* 37.07 ± 2.75 0.58 ± 0.03a Susceptible
S2 Wenxiangnuo 83.97 ± 4.51* 41.10 ± 2.65 0.51 ± 0.03a Susceptible
S3 IR64 89.47 ± 6.16* 43.97 ± 3.80 0.51 ± 0.04a Susceptible
S4 Mianhui 101 81.33 ± 2.05* 40.53 ± 6.51 0.50 ± 0.08a Susceptible
M1 Zhongnong 4 87.67 ± 3.71* 62.53 ± 4.92 0.29 ± 0.06b Moderate
M2 Gu 154B 89.33 ± 3.89* 64.87 ± 4.10 0.27 ± 0.05b Moderate
M3 Zhengdao5 92.00 ± 2.42* 70.37 ± 3.01 0.24 ± 0.03b Moderate
M4 Xiaomazhan 91.30 ± 2.91* 63.10 ± 7.70 0.31 ± 0.08b Moderate
M5 Ximaxian 91.47 ± 3.66* 65.53 ± 3.56 0.28 ± 0.04b Moderate
M6 Chengnongshuijing 88.30 ± 2.43* 60.93 ± 5.58 0.31 ± 0.06b Moderate
T1 Zhankenuo 90.90 ± 3.27 84.07 ± 2.83 0.08 ± 0.03c Tolerant
T2 Huangsiguizhan 91.23 ± 2.10* 84.07 ± 3.67 0.08 ± 0.04c Tolerant
T3 N22 90.63 ± 2.99 87.18 ± 3.14 0.04 ± 0.03c Tolerant
T4 Esiniu 90.90 ± 2.36 86.33 ± 4.40 0.05 ± 0.05c Tolerant
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sample was calculated as follows: full methylated bands 
(%) = [(III + IV)/(I + II + III + IV)] × 100.

A total of sixteen DNA methylation pattern alterations 
from CK to HT permutations were classified into hypo-
methylation, hypermethylation, and unchanged (Table 3). 
The significant differences of DNA methylation levels and 
the proportion of hypomethylation, hypermethylation, and 
unchanged between or within each group were analyzed via 
independent t-test or one-way ANOVA (SNK method) using 
SPSS 19.0.

To test the associations of DNA methylation with HT 
tolerance, correlation analysis was conducted between the 
averaged HTSI and the averaged change ratio of DNA meth-
ylation levels of each rice group, as well as the averaged 
proportion of hypomethylation and hypermethylation via 
Pearson’s coefficient (Xia et al. 2017).

The Identification of Tolerance‑Associated Epiloci 
Under HT Stress

Hierarchical analysis of molecular variance (AMOVA) was 
conducted to investigate the epigenetic variations (ΦCT) 
among the tolerant, moderate, and susceptible groups using 
GenAlex 6.5 (Peakall and Smouse 2006). Thus, ΦCT could 
represent the level of epigenetic differences between differ-
ent tolerant materials. The top 5% epigenetic difference (top 
5% highest ΦCT) epiloci between groups were determined 
to be differentially methylated epiloci (DME) (Xia et al. 
2017). Principal coordinates analysis (PCoA) was conducted 
to test whether the DMEs could be separated based on the tri 
distance matrix calculated from the data of DMEs or total 
epiloci via GenAlex 6.5.

Furthermore, if a DME was associated with HTSI, the 
different epigenotypes on this DME should impact the HTSI. 
The average HTSI from the same epigenotype rice accession 
was used to represent the HTSI of each different epigenotype 
on this DME. The independent t test or one-way ANOVA 
(SNK method) was used to explore the tolerance-associated 
epilocus (TAE) from all the DMEs if a significant difference 
in average HTSI was detected among different epigenotypes 
at a DME.

Sequencing and Characterization of TAEs and Their 
Expression Analysis

The PCR products from 7 pairs of selective primers 
were re-separated in a 6% denaturing polyacrylamide gel 
(Table S2). Eighteen polymorphic fragments, including 12 
TAEs and 6 non-TAEs, were selected and recycled from 
the gel and crushed in 20 μL of TE buffer. The recovered 
fragments were reamplified with the same primer set. The 
purified PCR products were cloned with T-vector (Takara, 
China) for sequencing. Homologous analysis and gene 

annotation of PCR sequences were conducted using the 
MSU Rice Genome Annotation Project Database (http://​
rice.​plant​biolo​gy.​msu.​edu/​index.​shtml).

To detect the relative expression levels of selected 
genes among the susceptible, moderate, and tolerant 
groups, the total RNA of each rice genotype was isolated 
from the spikelets using TRIzol (Invitrogen, USA) and 
dissolved in DEPC-treated ddH2O. cDNA synthesis for 
quantitative RT-PCR (qRT-PCR) analysis was performed 
using UEIris RT mix with a DNase kit (All-in-One, US 
Everbright, China). qRT-PCR was run on a QuantStudio™ 
6 Flex real-time PCR system (Applied Biosystems, USA) 
using 2 × SYBR Green qPCR Master mix (S2014, US 
Everbright, China). The gene-specific primers for qRT-
PCR are listed in Table S2. All qRT-PCR analyses were 
performed with three biological replicates and 3 technical 
duplications. The housekeeping gene Actin was used as 
an internal control to calculate the relative gene expres-
sion levels in each group (2–ΔΔCt method). Heatmaps of 
the gene expression were illustrated using TBtools (Chen 
et al. 2020a).

Statistical Analysis

Data were statistically analyzed by one-way ANOVA (inde-
pendent t-test or SNK methods) with a significance level of 
P < 0.05 using SPSS 18.0 statistical software.

Results

High Temperature Tolerance Variations Among 14 
Rice Genotypes

The average seed-set percentages of all rice genotypes 
ranged from 81.33% to 92.00% under CK conditions 
(Table  1). After HT treatment, except for Zhankenuo, 
N22, and Esiniu, the seed-set percentages decreased by 
23.51–57.89% when compared with the corresponding con-
trol (P < 0.05) (Table 1). The HTSI of the 14 rice genotypes 
ranged from 0.04 to 0.58 (Table 1). Significant differences 
in HTSI were detected among the 14 rice genotypes, which 
divided the rice accessions into tolerant, moderate, and sus-
ceptible groups (Table 1). The accessions of Zhankenuo, 
Huangsiguizhan, N22, and Esiniu were classified into the 
tolerant group (T1–T4), as there was no significant differ-
ence in HTSI among these 4 genotypes. The accessions 
of Mianhui 101, IR64, Dianrui 409B, and Wenxiangnuo 
were classified into the susceptible group (S1–S4), and 
the remaining accessions were classified into the moderate 
group (M1–M6) (Table 1).

http://rice.plantbiology.msu.edu/index.shtml
http://rice.plantbiology.msu.edu/index.shtml
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Epigenetic Background Differences Among 
the Fourteen Rice Genotypes

A total of 443 informative epiloci were detected by twenty 
pair primers under CK and HT conditions (Fig. 1). The 
average similarity of DNA methylation between each two 
genotypes was 37.72%. In the CK condition, the average 
similarity of DNA methylation within susceptible, moder-
ate, and tolerant groups was 37.96%, 38.52%, and 33.56%, 
respectively. No significant difference was detected within 
each group or among the three groups in CK (Fig. 2). Simi-
larly, no significant differences were detected within each 
group and among the three groups in HT treatment, with 
40.58%, 37.37%, and 43.7% in the susceptible group, mod-
erate group, and tolerant group, respectively (Fig. 2). These 
results showed that the fourteen rice genotypes had no epi-
genetic background differences.

DNA Methylation Level Changes Under HT 
Treatments

In the susceptible group, HT treatment increased the meth-
ylation level. The average full (36.23%) and total meth-
ylation (46.50%) increased significantly (P < 0.05), rang-
ing from 36.12% to 40.41% and 41.99–51.69% after HT 
treatment, while no significant difference was observed in 
average hemimethylation (10.27%), ranging from 7.22% 

to 12.87% (Table 2). In the moderate group, HT treatment 
induced changes in the hemi-, full, and total methylation 
levels that varied among the genotypes (Table 2). However, 
no significant difference in the average methylation level was 
detected between the CK and HT treatments. In the tolerant 
group, HT stress-induced full and total methylation levels 
decreased significantly. The full methylation levels ranged 
from 24.83% to 26.19% with an average of 25.85%, and the 
total methylation levels ranged from 31.83% to 37.02% with 
an average of 35.16% (Table 2).

DNA Methylation Patterns Alterations Under HT 
Stress

A total of 16 DNA methylation alternative patterns were 
scored in three groups from CK to HT, which could be cat-
egorized into hypomethylation, hypermethylation, and meth-
ylation unchanged (Table 3). In the susceptible group, the 
proportion of hypermethylation (29.91%) was significantly 
higher than the proportion of hypomethylation (22.86%), 
ranging from 25.06% to 32.51% and 21.90% to 24.38%, 
respectively. The moderate group had similar alteration 
patterns of hypomethylation (25.43%) and hypermethyla-
tion (27.50%) under HT stress, which ranged from 18.74% 
to 32.51% and 23.25 to 33.86%, respectively (Table 3). In 
contrast, a significantly higher proportion of hypomethyla-
tion events (27.31%) was observed in the tolerant group than 

Fig. 1   A representative MSAP result of 14 rice genotypes under CK and HT conditions using the primer combination EcoRI + TGC with 
HpaII/MspI + CAG. H represents digestion with EcoRI/HpaII, M represents digestion with EcoRI/MspI
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hypermethylation (20.20%) under HT stress, which ranged 
from 24.15% to 28.67% and 13.77% to 24.60%, respectively 
(Table 3).

Correlations Between DNA Methylation Response 
Changes and Rice HTSI

In general, HT stress-induced DNA methylation levels 
increased in the susceptible group, remained unchanged in 
the moderate group, and decreased in the tolerant group. To 
further investigate the correlation of DNA methylation levels 
and pattern alterations with HT tolerance, Pearson correla-
tion analysis was conducted between the averaged change 
ratios of DNA methylation levels or pattern alterations with 
HTSI in the three rice groups (Table 4). The results showed 
that the parameter “the proportion of hypomethylation” cor-
related negatively with HTSI (P < 0.05), indicating a positive 
correlation between hypomethylation level and HT tolerance 
in rice. A positive correlation was observed between HTSI 
and “the change ratio of full methylation level from CK to 
HT,” indicating that the increase in full methylation under 
HT treatment was negatively correlated with HT tolerance 
(Table 4). No significant correlations were observed between 
HTSI and the change ratio of hemimethylation or total meth-
ylation from CK to HT. These results were consistent with 
the DNA methylation pattern changes in which the tolerant 
genotypes had a high proportion of hypomethylation.

Impact of Differentially Methylated Epiloci on Rice 
HTSI

A total of 44 differentially methylated epiloci (DMEs) were 
determined among susceptible, moderate, and tolerant 
groups under CK (22 DMEs) and HT (22 DMEs) conditions 
via AMOVA analysis (Table S3). The rice accessions were 
separated into susceptible, moderate, and tolerant groups by 
PCoA in both the CK and HT treatments by the 44 DMEs 
(Fig. 3a and b). However, no apparent tolerance-associated 
groups were clustered among the rice accessions when total 
epiloci were used by PCoA under both the CK and HT con-
ditions (Fig. 3c and d).

Additionally, 9 of 22 DMEs in CK (40.91%) and 10 of 22 
DMEs in HT (45.46%) were detected as tolerance-associated 
epiloci (TAEs). On these DMEs, there were significant dif-
ferences in HTSI between rice accessions with different epi-
genotypes (Table 5).

Sequencing and Expression Analysis of Polymorphic 
Fragments

Eighteen polymorphic MSAP fragments from 7 MSAP 
primer combinations were sequenced, 12 of which were 
detected as TAEs (2 from the CK condition and 10 from the 
HT condition), and 6 of them were non-TAEs (Table S4). 
The size of the sequenced bands ranged from 70 to 444 bp 

Fig. 2   Averaged similarity of 
DNA methylation between 
two rice genotypes within each 
group or between each two 
groups in the CK and HT condi-
tions. Bars indicate standard 
deviation (Color figure online)
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(Table S4). BLASTN results indicated that the 18 epiloci 
were annotated into 18 genes, which are involved in sev-
eral biological processes, such as stress response, epige-
netic regulation, metabolic process, and signal transduction 
(Table S4).

The qRT-PCR results showed that most of the 12 TAE 
genes were upregulated after HT treatment in the 14 rice 
genotypes (relative expression value > 1) (Fig. 4a). Fourteen 
rice genotypes were clustered into three groups according to 
the gene expression levels. The clustering result was similar 
to the HT tolerance classification of the 14 rice genotypes 
(Table 1), although the accessions of M5 (Ximaxian) and 
M6 (Chengnongshuijing) were clustered into the HT-sus-
ceptible group (Fig. 4a). Moreover, 6 non-TAE genes were 
mainly downregulated or expressed at low levels under HT 
conditions (relative expression value < 1), and there was no 

obvious HT tolerance classification in the 14 rice genotypes 
(Fig. 4b).

Discussion

High Temperature‑Induced Dramatic DNA 
Methylation Alterations

Epigenetics, such as histone modification and DNA methyla-
tion patterns, are altered to enhance DNA accessibility by 
chromatin relaxation under heat stress (Lamelas et al. 2020). 
In this study, 14 rice genotypes were used, which were clas-
sified into HT-susceptible, HT-moderate, and HT-tolerant 
groups. The methylation level of rice spikelets was signifi-
cantly decreased in the tolerant group (from an average of 

Table 4   Correlation analysis 
between DNA Methylation 
parameters and the high 
temperature susceptibility index

The asterisks * indicate a significant correlation at the level of 0.05

DNA methylation parameters HTSI

Coefficient P value

The change ratio of full methylation level from CK to HT 1.000* 0.019
The change ratio of hemimethylation level from CK to HT 0.853 0.350
The change ratio of total methylation level from CK to HT 0.996 0.055
The proportion of hypermethylation 0.953 0.197
The proportion of hypomethylation  − 0.998* 0.041

Fig. 3   Separations of susceptible, moderate, and tolerant genotypes by principal coordinate analysis under CK (a and c) and HT stress (b and d) 
conditions using differentially methylated epiloci (a and b) and total epiloci (c and d) (Color figure online)
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41.25 to 36.57%) and increased in the susceptible group 
(from an average of 40.24 to 46.50%) under HT stress, while 
no significant difference was detected in the moderate group 
(from an average of 41.69 to 42.44%). Our results are con-
sistent with a previous report showing that drought tends to 
cause a decrease in DNA methylation in tolerant genotypes 
and an increase in DNA methylation in sensitive genotypes 
(Abid et al. 2017). The present results suggest that changes 
in DNA methylation may be one of the important molecular 
mechanisms under HT stress.

Moreover, significant alterations in DNA methylation 
patterns were also detected after HT treatment. A signifi-
cantly higher proportion of hypomethylation (27.31%) was 
observed in the tolerant group than in the hypermethylation 
group (20.20%). In contrast, the proportion of hypermeth-
ylation in the susceptible group (29.91%) was significantly 
higher than that in the demethylation group (22.86%). How-
ever, no significant difference was observed in this study 
between hypomethylation and hypermethylation levels in the 
moderate group. Similar results were also reported in rice 
(Xia et al. 2017), wheat (Kaur et al. 2018), and rapeseed 
(Gao et al. 2014) under osmotic, drought, and HT stresses, 
respectively. These authors reported that hypomethylation 
was more abundant in tolerant genotypes, whereas hyper-
methylation was more abundant in sensitive genotypes.

Tolerant‑Associated Epiloci Generated 
from Numerous Genotypes with Different 
Tolerances Have a High Probability to be Associated 
with High Temperature Tolerance

Previous studies have reported that environmental stresses 
can cause great variations in DNA methylation between 
two genotypes of contrasting tolerances (Gao et al. 2014; 
Wang et al. 2016; Xia et al. 2017). However, it is difficult 
to determine whether these differences in DNA methylation 
between two genotypes are associated with their contrast-
ing tolerances or merely with a different genetic background 
(Garg et al. 2015; Wang et al. 2016). In this study, the aver-
age similarity of the DNA methylation patterns between the 
two genotypes was 37.72%. Theoretically, we could gen-
erate ~ 275 DMEs between two rice genotypes. However, 
only 19 epiloci were identified as TAEs, accounting for 
6.91% (19/275). In contrast, among the 14 rice genotypes, 
44 DMEs were identified, and 19 of them were detected 
as TAEs, accounting for 43.18%. Similarly, a high propor-
tion of TAEs was also detected in 64 rice genotypes under 
osmotic stress (35.7%) (Xia et al. 2017), suggesting that the 
DMEs generated from numerous genotypes would have a 
high probability of being associated with HT tolerance.

Among the 19 TAEs, 12 TAEs and 6 non-TAEs were 
cloned and sequenced and annotated into 18 genes 

Table 5   Epigenotypes on tolerance-associated epiloci have signifi-
cantly different HTSI in CK and HT conditions

Different letters indicate significant differences at the level of 0.05
The four types of MSAP bands 11 represents non-methylation, 10 
represents hemimethylation, 01 represents inner methylation of dou-
ble-stranded DNA (full methylation), and 00 represents full methyla-
tion

Condition TAEs Main epig-
enotypes

Frequency HTSI

CK Epiloci31 11 4/14 0.12 ± 0.11b

00 6/14 0.28 ± 0.15ab

01 3/14 0.47 ± 0.14a

Epiloci102 11 8/14 0.31 ± 0.14b

00 2/14 0.55 ± 0.05a

01 4/14 0.11 ± 0.11c

Epiloci267 11 9/14 0.22 ± 0.18b

10 4/14 0.46 ± 0.10a

Epiloci317 11 6/14 0.40 ± 0.21a

01 8/14 0.21 ± 0.12b

Epiloci328 11 11/14 0.35 ± 0.15a

10 3/14 0.06 ± 0.02b

Epiloci329 11 10/14 0.35 ± 0.17a

10 4/14 0.13 ± 0.12b

Epiloci346 11 5/14 0.20 ± 0.13b

00 5/14 0.19 ± 0.12b

01 3/14 0.51 ± 0.01a

Epiloci360 11 7/14 0.26 ± 0.16ab

00 3/14 0.13 ± 0.12b

10 2/14 0.38 ± 0.19ab

01 2/14 0.54 ± 0.06a

Epiloci384 11 7/14 0.19 ± 0.13b

10 3/14 0.53 ± 0.04a

01 3/14 0.34 ± 0.15ab

HT Epiloci16 11 6/14 0.26 ± 0.19ab

00 6/14 0.40 ± 0.12a

01 2/14 0.06 ± 0.03b

Epiloci44 11 10/14 0.36 ± 0.16a

01 3/14 0.06 ± 0.02b

Epiloci185 00 2/14 0.55 ± 0.05a

01 12/14 0.25 ± 0.16b

Epiloci198 00 4/14 0.47 ± 0.13a

01 9/14 0.21 ± 0.15b

Epiloci226 11 12/14 0.33 ± 0.16a

10 2/14 0.05 ± 0.01b

Epiloci233 11 6/14 0.14 ± 0.12b

00 2/14 0.28 ± 0.01ab

01 6/14 0.48 ± 0.10a

Epiloci238 11 7/14 0.16 ± 0.13b

00 2/14 0.26 ± 0.02b

01 5/14 0.48 ± 0.11a

Epiloci244 11 8/14 0.34 ± 0.11a

10 5/14 0.15 ± 0.20b

Epiloci259 11 8/14 0.35 ± 0.17b

00 2/14 0.40 ± 0.15ab

10 3/14 0.06 ± 0.02a

Epiloci362 11 9/14 0.18 ± 0.12b

10 3/14 0.53 ± 0.04a
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(Table  S4). The GO annotation analysis indicated that 
these genes were involved in several biological processes 
(Table S4). LOC_Os04g01740 (epiloci 31) encodes a puta-
tive heat shock protein that has been reported to be associ-
ated with responses against HT stress in rice (Moon et al. 
2014). LOC_Os04g27340 encodes a putative terpene syn-
thase that plays an important role in producing terpene 
volatiles in response to abiotic stresses (Lee et al. 2015). 
qRT-PCR analysis showed that most of the 12 TAE genes 
were mainly upregulated in the 14 rice genotypes after HT 
treatment (Fig. 4a). Moreover, the 14 rice genotypes were 
clearly clustered into three groups according to the gene 
expression levels, which is similar to the HT tolerance clas-
sification. However, the 6 selected non-TAE genes were 
mainly downregulated or expressed at low levels after HT 
treatment, and the 14 rice accessions with the same HT tol-
erance were not clustered together (Fig. 4b). These results 
suggested that these non-TAE genes are not associated with 
HT tolerance. In short, these results may suggest that TAE 

genes may contribute to improving HT tolerance in rice, 
although this requires further evidence.

Significance of Epigenetic Markers of DNA 
Methylation in the Breeding of Rice HT Tolerance

HT is one of most serious environmental factors that limits 
crop growth and yield and can cause irreversible and unde-
sirable changes that affect crop yield and quality, especially 
at the reproductive stage (Fahad et al. 2019; Fahad et al. 
2021; Liu et al. 2020a; Xu et al. 2020; Kan and Lin 2021; 
Yan et al. 2021). High temperature could decrease rice yield 
by 40% by the end of the twenty-first century (Fahad et al. 
2018). Therefore, conducting research on rice HT stress 
and cultivating high-temperature-resistant varieties is of 
great significance to increase rice yield and ensure global 
food security (Fahad et al. 2017; Fahad et al. 2020; Atif 
et al. 2021). To date, a number of genes (such as SLG1 and 
OsNTL3) or QTLs (such as qHTT8 and qHTB1‑1) associ-
ated with HT tolerance have been identified to improve rice 

Fig. 4   The relative expression 
of 12 TAE genes (a) and 6 non-
TAE genes (b) (Color figure 
online)
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HT tolerance (Cao et al. 2020; Chen et al. 2020b; Liu et al. 
2020b; Xu et al. 2020). However, HT tolerance is a complex 
trait that is regulated by multiple factors.

The loss of DNA methylation in a long interspersed 
nuclear element retrotransposon KARMA can reduce oil 
yield in oil palm (Ong-Abdullah et al. 2015), and the epi-
genetic diversity increases the productivity and stability 
of plant populations (Latzel et al. 2013). In this study, 19 
TAEs with a significant impact on HTSI were identified, 
which could be used as good epigenetic markers for rice HT 
tolerance breeding. Epigenetic mechanisms play important 

roles in the process of plants adapting to various stresses 
(Alakärppä et al. 2018). Comparative analyses of histone 
modifications between salt-tolerant and salt-sensitive rice 
genotypes showed that significant differences occurred in 
genomic variations across H3K4me3 and H3K27me3, which 
were linked to the differential expression of the salt-respon-
sive gene OsBZ8 (Paul et al. 2017). Demethylation in the 
promoter region of HvAACT1 increased the expression level 
of HvAACT1 and improved resistance to aluminum stress in 
barley (Kashino-Fujii et al. 2018). All these results suggest 
that epigenetics should not be ignored in plant resistance 
breeding in addition to resistance genes.

Fig. 5   Proposed model of 
DNA methylation involved in 
the response to HT stress in 
the different HT-tolerant rice 
genotypes. The red and green 
colors indicate a high and low 
level of DNA methylation pat-
terns, respectively (Color figure 
online)
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Conclusions

In this study, we found that HT-induced DNA methylation 
changes were associated with HT tolerance in rice at the 
anthesis stage. More DNA hypomethylation events occurred 
in the HT-tolerant group, while more hypermethylation 
occurred in the HT-susceptible group (Fig. 5). The HT-
moderate group had similar proportions of hypomethyla-
tion and hypermethylation (Fig. 5). A brief model was pro-
posed to summarize the DNA methylation responses in rice 
spikelets at the anthesis stage under HT condition (Fig. 5). 
Furthermore, a total of 19 TAEs were identified, and 12 of 
them were cloned and sequenced. qRT-PCR analysis indi-
cated that the 12 TAE genes were mainly upregulated under 
HT stress and were highly associated with HT tolerance. 
These TAEs could be used as good epigenetic markers in HT 
tolerance breeding. Overall, this study may provide a basis 
for further studies into the role of epigenetic regulation in 
improving plant tolerance to environmental stress.
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