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Abstract
High temperature is a major stress in rice production. Although considerable progresses have been made
on investigating heat tolerance (HT) in rice, the genetic basis of HT at heading stage remains largely
unknown. In this study, a novel set of chromosome segment substitution lines (CSSLs) consisting of 113
lines derived from a heat-resistant indica variety N22 and a heat-sensitive indica variety 9311 was
developed and used for the analysis of genetic basis of HT. The heat sensitivity index (HSI) calculated
based on seed-setting rates under natural and high temperature environments was used to evaluate the
in�uence of HT at rice heading stage. Totally, �ve QTLs associated with HT were detected based on seed-
setting rate (SSR) evaluation; these were named qSSR6-1, qSSR7-1, qSSR8-1, qSSR9-1 and qSSR11-1
located on chromosomes 6, 7, 8, 9 and 11, respectively. Heat-tolerant alleles of the QTLs were all derived
from N22. Among them, qSSR9-1 overlapped with QTLs identi�ed previously, while the remaining QTLs
were found novel. Especially, qSSR7-1 explained a high phenotypic variation of 26.35% with a LOD score
of 10.75, thus deserved to be further validated. These �ndings will increase our understanding of the
genetic mechanism underlying HT and facilitate the breeding of heat-tolerant rice varieties.

Introduction
Rice (Oryza sativa L.) is a staple food crop for over half of the world’s population. However, the high
frequency of high temperature stress has brought a huge challenge facing rice production in recent years
(Zhang 2007). It has been reported that the optimal temperature of rice at seedling stage is 28–32°C, and
that of rice at heading stage is 25–35°C (Qiu et al. 2018). When the temperature is below 20°C or higher
than 40°C, rice fertilization will be seriously harmed (Hakata et al. 2017). Moreover, high temperature has
been found to cause heat stress for rice growth, which led to the reduction of rice yields (Huang et al.
2017). Therefore, it is becoming urgent to breed heat-tolerant rice varieties or identify them from pre-
existing germplasms.

Many studies have primarily focused on heat tolerance (HT) in rice at �owering stage or booting stage.
For instance, Matsui et al. (2002) found that high temperature induced sterility in rice at �owering. It was
also reported that high temperature (> 33.7°C) affected spikelet fertility of rice (Jagadish et al. 2007).
Following the increased temperature and the prolonged duration, the seed-setting rate (SSR) gradually
decreased (Chen et al. 2017). Additionally, many HT-related quantitative trait loci (QTLs) have been
detected on all 12 chromosomes in rice, such as qHTSF1.2, qHTSF2.1, qHTSF3.1, qHTSF4.1, qHTSF6.1
and qHTSF11.2 (Kobayashi et al. 2013; Ye et al. 2015a; Lafarge et al. 2017; Shanmugavadivel et al.
2017). Especially, one major QTL (qHTSF4.1) has been observed in several studies across different
genetic backgrounds, and it was validated to increase spikelet fertility under heat stress at �owering (Ye,
et al. 2015a and 2015b), indicating that this QTL is a valuable target for enhancing HT in rice at �owering
stage. In addition, Zhu et al. (2017) identi�ed 12 QTLs for HT at the booting stage in rice. Among them,
one of the major effect QTLs, qHTB3-3, was detected on chromosome 3 and �nally mapped between the
markers RM3525 and 3-M95, approximately 2.8 Mb.
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Several rice populations have been used in QTL analysis, such as backcross inbred lines (BILs)
(Matsumoto et al. 2017), recombinant inbred lines (RILs) (Gichuhi et al. 2016) and chromosome segment
substitution lines (CSSLs) (Qi et al. 2017). Of which, CSSLs are generated by crossing a donor parent with
a recipient, then followed by several backcrosses to the recurrent parent. The CSSLs contain the entire
genome of the donor parent based on marker assisted selection (MAS). Each line of CSSLs carries only
one or a few homozygous fragments of the donor genotype in the genetic background of the recurrent
parent, thereby eliminating genetic background noise and allowing the detection of QTL with additive
minor effects (Yamamoto et al. 2009; Li et al. 2015). Currently, this strategy has been widely applied in
rice as a powerful tool to precisely detect QTLs of important agronomical traits without concerning
complex interactions among QTLs (Ando et al. 2008; Zhao et al. 2016; Surapaneni et al. 2017).

In this study, a novel set of CSSLs population was developed by using MAS with the heat-tolerant cultivar
N22 as the donor and the heat-sensitive cultivar 9311 (an elite variety with good agronomic traits and
available genome sequences) as the receptor parent. Subsequently, this set of population was applied to
identify QTLs associated with HT assessed by SSR at heading stage. The results will provide a useful
clue to understand the genetic basis of HT in rice and contribute to breeding heat-tolerant rice varieties in
the future.

Materials And Methods

Plant materials
In this study, two indica rice varieties, N22 and 9311, were used to develop CSSLs. The donor parent N22
is internationally recognized as a variety with speci�c heat resistance but poor agronomic traits, thus it is
very di�cult to be directly applied in production. The receptor parent 9311 is an elite variety which
belongs to the rice genome sequencing project, and has good comprehensive agronomic traits and wide
compatibility; however, it is very sensitive to high temperature.

Construction of CSSLs
The F1 plants derived from a cross between 9311 and N22 were backcrossed to the recurrent parent 9311
to produce 98 BC1F1 plants. Then BC1F1 generation was preliminary detected to produce BC2F1, using
143 simple-sequence-repeat markers distributed across the 12 rice chromosomes. BC2F1 plants were then
backcrossed twice to 9311, to produce a BC4F1 generation. According to the genotype determination, the
BC4F1 generation was selfed consecutively to generate BC4F2, BC4F3, and BC4F4, and �nally a set of
CSSLs consisted of 113 lines was developed to nearly cover the entire N22 genome.

DNA isolation and PCR
The DNA was extracted from freshly frozen leaves of individuals by using improved CTAB method
(Oliveira et al. 2015). Extracted DNA was stored in ultra-pure water at − 20°C in a refrigerator. Simple-
sequence-repeat marker primers were selected from genetic marker maps and public databases, and
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synthesized by Sangon Biotech Company (Shanghai, China). DNA ampli�cation was performed using
PCR with the following conditions: 94°C for 4 min; 33 cycles of 94°C for 15 s, 55°C for 15 s, and 72°C for
30 s; and a �nal cycle of 72°C for 5 min. PCR products were separated in 4% polyacrylamide denaturing
gels (PAGE), and bands were visualized using the silver-staining protocol (Panaud et al. 1996).

Measurement of heat tolerance traits
A total of 113 CSSLs and parents were used to evaluate heat resistance in 2014 and 2015 at the
experimental farm of Anhui Agricultural University (Hefei, China). Seed-setting rate was taken as the
indicator of HT and used for QTL analysis.

For the SSR and heat sensitivity index (HIS) measurement, CSSLs and the two parents were planted
under two different conditions when they were grown to four-leaf stage. The plants grown under natural
environment condition of the �eld were considered as the control, while those planted in pots and moved
into a greenhouse for high temperature treatment were the treatment. The temperature was set to 38°C ± 
2°C and the humidity was 75% ± 5% from 8:00 to 16:00 in the greenhouse, while during the rest periods of
a day, the greenhouse �lms were opened to make sure the growth condition of the greenhouse was the
same as that of the natural environment. High temperature treatment was continuously performed until
the end of the heading stage, then these plants were moved back to the natural environment until
maturity. Finally, �ve panicles of each line were randomly harvested to calculate the SSR. The mean SSR
of the �ve panicles selected in each pot was investigated as the HSI and used to evaluate HT of the
CSSLs and analyze genetic effects of the substitution fragments. SSR and HSI were calculated according
to the following formulas:

SSR(\%) =
Thenumberoffullyfilledseeds

(Thenumberoffullyfilledseeds + Thenumberofemptyseeds)x100\%

HSI(\%) = (Seedsettingrateofcontrol– Seedsettingrateofheatstress)

Statistical analysis and QTL mapping
Statistical analyses were conducted using SPSS20.0 software (SPSS, Chicago, IL, USA). QTL analysis
were performed using QTLIciMapping 4.2 (http://qtl-icimapping.software.informer.com/), and
recombination values were converted to cent-Morgans (cM) using the Kosambi mapping function. A total
of 143 simple-sequence-repeat markers were used in construction of linkage map. IciMapping 4.2 was
also used to calculate the phenotypic variance explained (PVE, %) by a QTL and the additive effect.
Primer 5.0 software was used to develop simple-sequence-repeat markers for �ne mapping. The genomic
sequence was obtained from the National Center for Biotechnology Information (NCBI)
http://www.ncbi.nlm.nih.gov/. RAP-DB (http://rapdb.dna.affrc.go.jp/) was used to carry out gene
annotation within speci�c genomic regions according to the Nipponbare genome sequence. The GGT 2.0
software (http://www.plantbreeding.wur.nl) (Van Berloo 2008) was used to calculate pair-wise r2 values
between 143 markers distributed throughout the genome and analyse genotype of each sample and
distribution of introgressed segments. The QTLs were named as follows: the abbreviation of theLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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corresponding trait (e.g., HT for heat tolerance and SSR for seed-setting rate) followed by 1–12 (the rice
chromosome on which the corresponding QTL was detected), and a �nal number indicating the marker
interval on one chromosome. For example, qSSR6-1 indicates that the 1st interval for seed-setting rate
that was detected on chromosome 6.

Results

Polymorphic simple-sequence-repeat markers identi�cation
In total, 356 simple-sequence-repeat markers distributed throughout the 12 rice chromosomes were
applied to analyze polymorphisms between 9311 and N22, among which 143 (40.17 %) were
polymorphic between these two parents (Table 1, Fig. 1). The average distance between two adjacent
markers on the rice linkage map was 11.3 cM. The number of polymorphic marker in each chromosome
ranged from 9 to 18. The polymorphism ratio of chromosome 3 was as high as 52.94% and that of
chromosome 12 was as low as 32.14%. Additionally, the polymorphism ratio of other chromosomes
ranged from 33.33–48.39%. Subsequently, these polymorphic simple-sequence-repeat markers were used
to develop CSSLs.
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Table 1
Distribution of polymorphic markers on the 12 chromosomes

Chromosome Number of

polymorphic marker

Number of

total marker

Polymorphic

rate

Chr.1 11 33 33.33%

Chr.2 15 31 48.39%

Chr.3 18 34 52.94%

Chr.4 12 31 38.71%

Chr.5 11 28 39.29%

Chr.6 14 33 42.42%

Chr.7 12 31 38.71%

Chr.8 11 29 37.93%

Chr.9 10 23 43.48%

Chr.10 9 25 36.00%

Chr.11 11 30 36.67%

Chr.12 9 28 32.14%

Average 11.9 29.7 40.17%

Total 143 356  

CSSLs development and marker-assisted selection (MAS)
CSSLs were schematically developed according to the procedure of Fig. 2. Following the initial cross
between 9311 and N22, 9311 was selected as the recurrent parent to backcross with the hybrid. A total of
98, 110, and 121 individuals from BC1F1, BC2F1, and BC3F1 populations were genotyped, respectively,
using the 143 polymorphic simple-sequence-repeat markers. From each backcross generation, the
optimal individuals that have minimal number of donor segments were selected, to make sure that all the
selected lines can nearly cover the whole genome of the donor parent. In winter 2011, a total of 129
BC4F1 individuals were obtained and planted for self-fertilization to produce BC4F2. After screening of
2,580 BC4F2, 179 individuals were selected and then planted for self-fertilization to produce BC4F3.
Similarly, 127 out of 3,580 BC4F3 individuals were selected and self-fertilized to produce BC4F4. Finally, a
set of CSSLs including a total of 113 lines (BC4F4) was developed to nearly cover the entire N22 genome.

Distribution of substituted segments on chromosomes in
CSSLs
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There were 166 homozygous chromosome segments and 9 heterozygous segments introgressed in the
113 CSSLs, on average, each CSSL contained 1.6 introgressed chromosome segments (Table 2, Fig. 3).
Moreover, the distribution of introgressed chromosome segments was uneven among the 12
chromosomes. Chromosome 3 had the most introgressed segments (20), while chromosome 1, 11 and
12 had the fewest segments (11). Among the 113 CSSLs, the length of the 175 introgressed chromosome
segments ranged from 0.5 cM to 59 cM, with an average of 15.3 cM (Table 2, Fig. S1). Speci�cally, 36.6%
of the substituted segments were smaller than 10 cM, 34.3% were from 10 to 20 cM, 20% ranged from 20
to 30 cM, and 12.1% were over 30 cM (Fig. S1).

Table 2
Substitution of N22 segments in CSSLs

Chromosome Number

of lines

Number

of
segments

Total segment length
(cM)

Average segment length
(cM)

Chr.1 9 11 167.7 15.2

Chr.2 14 19 370.0 19.5

Chr.3 14 20 238.5 11.9

Chr.4 11 14 233.6 16.7

Chr.5 7 17 226.4 13.3

Chr.6 10 14 187.5 13.4

Chr.7 9 17 276.9 16.3

Chr.8 11 16 269.7 16.9

Chr.9 8 12 187.8 15.7

Chr.10 6 13 178.2 13.7

Chr.11 7 11 181.8 16.5

Chr.12 7 11 164.8 15.0

Total 113 175 2682.9 15.3a

Note: a Average length of all introgression segments

Phenotypic performance of SSR under natural and high
temperature at heading stage
Seed-setting rates under natural and high temperature at heading stage were used to calculate the HSI to
assess HT. If HSI was low, HT would be good and vice versa. As shown in Table 3, the SSRs of 9311 in
natural environment (E1, 78.84% and 93.88%) were signi�cantly higher than that in high temperature
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environment (E2, 3.14% and 11.03%), and the HSI values of the parental varieties 9311 were 75.70% and
82.85%, respectively. Similarly, the SSRs of N22 in natural environment (E1, 97.48% and 97.52%) were
also higher than that in high temperature environment (E2, 50.21% and 61.89%), and the HSI values of the
parental varieties 9311 were 47.27% and 35.63%, respectively. The results showed that the HT of N22
was better than that of 9311, indicating that cultivar N22 was more tolerant to heat stress than cultivar
9311. In natural environment, the SSRs of CSSLs ranged from 35.37 to 85.21% with a mean of 71.38% in
2014, and from 68.76 to 94.69% with a mean of 89.6% in 2015, respectively. In high temperature
environment, however, the SSRs of CSSLs ranged from 1.03 to 36.52% with a mean of 8.56% in 2014, and
ranged from 2.1 to 52.39% with a mean of 18.19% in 2015, respectively. Thus, the mean HSI of the CSSLs
was 62.82% in 2014 and 71.41% in 2015. The CSSL population segregation for the SSR of rice was
distributed continuously in the two environments (Fig. S2). These results strongly indicated that high
temperature at heading stage signi�cantly hindered rice production.

Table 3
Phenotype data of seed-setting rate of rice under natural and high temperature for CSSLs and parents

(9311 and N22) across two environments
Year Materials Environ-

ment a

SSR (%) HSI (%) P-value b

Mean Max Min Mean Max Min

2014 9311 E1 78.84 - - 75.70 - - 0.0001**

E2 3.14 - -

N22 E1 97.48 -   47.27 - - 0.0054**

E2 50.21 - -

CSSLs E1 71.38 85.21 35.37 62.82 48.69 34.34 -

E2 8.56 36.52 1.03

2015 9311 E1 93.88 - - 82.85 - - 0.0001**

E2 11.03 - -

N22 E1 97.52 - - 35.63 - - 0.0076**

E2 61.89 - -

CSSLs E1 89.60 94.69 68.76 71.41 42.30 66.66 -

E2 18.19 52.39 2.10

Note: a E1 indicates natural environment, while E2 indicates high temperature environment; b **
means the signi�cance levels of 0.01 between 9311 and N22.

QTL mapping for the SSR under high temperature at
heading stage
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In total, �ve QTLs (qSSR6-1, qSSR7-1, qSSR8-1, qSSR9-1, and qSSR11-1), referred to the HSI under high
temperature at heading stage were detected and mapped on chromosomes 6, 7, 8, 9 and 11, respectively
(Table 4, Fig. 4). The LOD values ranged from 2.81 to 10.75, and the PVE ranged from 5.83 to 26.35%.
Among them, qSSR7-1 (RM248) had a high PVE of 26.35% with a LOD score of 10.75, therefore was
considered as a major QTL for HSI under high temperature. qSSR11-1 (RM224) had a medium PVE of
14.21%, while the remaining three had low PVEs which ranged from 5.83–7.66%. The additive effects of
these QTLs ranged from − 8.17 to -17.37, indicating that these QTLs contributed by N22 had synergistic
effect on the HSI of rice.

Table 4
QTLs for seed-setting rate of rice under high temperature detected in CSSLs

population
QTLs Chromosome Marker LOD value PVE (%) Additive effect

qSSR6-1 6 RM528 2.81 5.83 -8.17

qSSR7-1 7 RM248 10.75 26.35 -17.37

qSSR8-1 8 RM284 2.95 6.11 -9.12

qSSR9-1 9 RM242 3.63 7.66 -11.36

qSSR11-1 11 RM224 6.37 14.21 -13.90

Discussion
High temperature is one of the major environmental factors in�uencing rice growth and productivity.
Song et al. (2011) showed that 45°C high temperature resulted in suppressed root and stem growth. In
addition, high temperature caused low SSR and reduced yield especially during �owering period. One of
the main reasons is that heat stress can cause bad anther dehiscence, which resulted in low pollen
germination of stigma and reduced pollen production and spikelet fertility (Prasad et al. 2006; Rang et al.
2011). Therefore, spikelet fertility and SSR were commonly used as indicators of HT in rice (Yeet al.
2015a; Zhao et al. 2016; Zhu et al. 2017). In this study, SSR was selected for HT evaluation and QTL
mapping at rice heading stage.

We identi�ed �ve detected QTLs (qSSR6-1, qSSR7-1, qSSR8-1, qSSR9-1 and qSSR11-1) associated with HT
(Fig. 1, Table 4). Among them, qSSR9-1 was identi�ed on chromosome 9 and accounted for 7.66% of the
phenotypic variations. Similarly, Shanmugavadivel et al. (2017) also identi�ed a QTL (qSTIPSS9.1) for HT
of rice on chromosome 9 through using a 5K SNP array. It is worthy to note that two HT QTLs, qHt9a
(RM108-RM242) and qHt9a (RM242-RM566), which shared the same location of qSSR9-1, were
previously reported using a set of RILs (Chen et al. 2008), indicating that qSSR9-1 is a major QTL for the
HT of rice. qSSR8-1 located on chromosome 8 and accounted for 6.11% of the phenotypic variations.
Two QTLs, qDFT8 and qHT-8, were also previously identi�ed for HT in rice and located on chromosome 8,
which explained 31.10% and 51.67% of the phenotypic variation, respectively (Zhao et al. 2016; Liu et al.
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2017); however, they were distinctly different from qSSR8-1 according to their mapping results,
suggesting that qSSR8-1 might be a novel QTL for HT. qSSR7-1 was found to be a major QTL located on
chromosome 7, which explained up to 26.35% of the phenotypic variance. According to Zhao et al.
(2016), qPSLht7, which was associated with spikelet fertility under high temperature in
“Sasanishiki”/“Habataki” CSSLs population across three environments, located adjacent to qSSR7-1 on
chromosome 7 and explained 79.0% of the phenotypic variation. Therefore, qSSR7-1 might also be a new
QTL. qSSR6-1 and qSSR11-1 explained 5.83% and 14.21% of the phenotypic variation, respectively. On the
basis of data obtained from the QTL Annotation Rice Online Database [Q-TARO,
http://qtaro.abr.affrc.go.jp/] and comparison with previously reported QTLs, the two minor QTLs (qSSR6-
1, qSSR11-1) detected in this study might be new.

Since extremely high temperatures caused signi�cant loss in rice production, breeding heat-tolerant rice
varieties or identifying heat-tolerant rice varieties from pre-existing germplasm has become a big concern
to rice breeders. Ishimaru et al. (2010) utilized the Early-Morning Flowering (EMF) trait from O. glaberrima
and screened heat-tolerant rice from improved and traditional rice varieties. Compared with EMF trait
screen, the progeny selection of heat resistant plants in a traditional crossing program requires high labor
and economic costs. Therefore, the MAS breeding has become more and more essential for breeders to
breed heat-tolerant rice varieties (Zhao et al. 2016). In recent years, many putative QTLs for HT have been
identi�ed in rice; however, the QTLs of stable effect still remain rare. Hence, we designed this research to
explore and further con�rm useful QTLs associated with HT of rice in heading stages. Of the �ve QTLs
identi�ed in this study, qSSR9-1 is consistently identi�ed with previous studies (Chen et al. 2008; Ye et al.
2015a) and can be used for rice HT improvement by MAS, while the others are novel and need to be
further con�rmed. These �ndings would contribute to better understanding of the genetic basis of HT in
rice and accelerating the process of breeding heat-tolerant rice varieties.

Abbreviations
BILs, backcross inbred lines; Chr, chromosome; cM, centiMorgan; CSSLs, chromosome segment
substitution lines; GGT, graphical genotypes; HT, heat tolerance; HSI, heat sensitivity index; LOD, logarithm
of odds; MAS, marker-assisted selection; NCBI, National Center for Biotechnology Information; PCR,
polymerase chain reaction; PVE, phenotypic variance explained; QTL, quantitative trait locus; QTLs,
quantitative trait loci; RAP-DB, Rice Annotation Project Database; RILs, recombinant inbred lines; SSR,
seed-setting rate.

Declarations
Acknowledgements

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 11/18

We gratefully acknowledge support from Anhui Agricultural University, Anhui Provincial Department of
Science and Technology and Ministry of Agriculture, P. R. China.

Ethics Approval and Consent to Participate

Not applicable

Consent for Publication

Not applicable

Availability of data and materials

All data supporting the conclusions of this article are provided within the article and its additional �les.

Competing interests

The authors declare that they have no competing interests.

Funding

This research was funded by the National Natural Science Foundation of P. R. China (No: 31171527) and
Anhui Provincial Science and Technology Major Projects of P. R. China (No: 17030701063).

Authors' contributions

NTL and CQQ conceived and designed the experiments. NTL and SSJ, performed the experiments and
analyzed the data. CMY were responsible for material plant and �eld management. NTL wrote the
manuscript. CQQ revised the manuscript. All authors read and approved the manuscript.

References
1. Ando T, Yamamoto T, Shimizu T, Ma X, Shomura A, Takeuchi Y, Lin S, Yano M (2008) Genetic

dissection and pyramiding of quantitative traits for panicle architecture by using chromosomal
segment substitution lines in rice. Theor Appl Genet 116:881–890

2. Chen J, Tang L, Shi P, Yang B, Sun T, Cao W, Zhu Y (2017) Effects of short-term high temperature on
grain quality and starch granules of rice (Oryza sativa L.) at post-anthesis stage. Protoplasma
254:935–943

3. Chen Q, Yu S, Li C (2008) Identi�cation of QTLs for heat tolerance at �owering stage in rice. Sci Agric
Sin 41:315–321

4. Gichuhi E, Himi E, Takahashi H, Zhu S, Doi K, Tsugane K, Maekawa M (2016) Identi�cation of QTLs
for yield-related traits in RILs derived from the cross between pLIA-1 carrying Oryza longistaminata
chromosome segments and Norin 18 in rice. Breed Sci 66:720–733

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 12/18

5. Hakata M, Wada H, Masumotokubo C, Tanaka R, Sato H, Morita S (2017) Development of a new heat
tolerance assay system for rice spikelet sterility. Plant Methods 13:34

�. Huang J, Zhang F, Xue Y, Lin J (2017) Recent changes of rice heat stress in Jiangxi province,
southeast China. Int J Biometeorol 61:1–11

7. Ishimaru T, Hirabayashi H, Ida M, Takai T, Sanoh YA, Yoshinaga S, Ando I, Ogawa T, Kondo M (2010)
A genetic resource for early-morning �owering trait of wild rice Oryza o�cinalis to mitigate high
temperature-induced spikelet sterility at anthesis. Ann Bot 79:515–520

�. Jagadish SV, Craufurd PQ, Wheeler TR (2007) High temperature stress and spikelet fertility in rice
(Oryza sativa L.). J Exp Bot 58:1627–1635

9. Kobayashi A, Sonoda J, Sugimoto K, Kondo M, Iwasawa N, Hayashi T, Tomita K, Yano M, Shimizu T
(2013) Detection and veri�cation of QTLs associated with heat-induced quality decline of rice (Oryza
sativa L.) using recombinant inbred lines and near-isogenic lines. Breed Sci 63:339–346

10. Lafarge T, Bueno C, Frouin J, Jacquin L, Courtois B, Ahmadi N (2017) Genome-wide association
analysis for heat tolerance at �owering detected a large set of genes involved in adaptation to
thermal and other stresses. PLoS ONE 12:e0171254

11. Li X, Wang W, Wang Z, Li K, Lim YP, Piao Z (2015) Construction of chromosome segment substitution
lines enables QTL mapping for �owering and morphological traits in Brassica rapa. Front Plant Sci
6:432

12. Liu Q, Yang T, Yu T, Zhang S, Mao X, Zhao J, Wang X, Dong J, Liu B (2017) Integrating Small RNA
Sequencing with QTL Mapping for Identi�cation of miRNAs and Their Target Genes Associated with
Heat Tolerance at the Flowering Stage in Rice. Front Plant Sci 8:43

13. Matsui T, Omasa K (2002) Rice (Oryza sativa L.) Cultivars Tolerant to High Temperature at Flowering:
Anther Characteristics. Ann Bot 89:683–687

14. Matsumoto K, Ota Y, Seta S, Nakayama Y, Ohno T, Mizobuchi R, Sato H (2017) Identi�cation of QTLs
for rice brown spot resistance in backcross inbred lines derived from a cross between Koshihikari
and CH45. Breed Sci 67:540–543

15. Oliveira RR, Viana AJ, Reátegui AC, Vincentz MG (2015) Short Communication An e�cient method
for simultaneous extraction of high-quality RNA and DNA from various plant tissues. Gen Mol Res
14:18828

1�. Panaud O, Chen X, Mccouch S (1996) Development of microsatellite markers and characterization of
simple sequence length polymorphism in rice (Oryza sativa L.). Mol Gen Genet 252:597–607

17. Prasad PVV, Boote KJ, Jr LHA, Sheehy JE, Thomas JMG (2006) Species, ecotype and cultivar
differences in spikelet fertility and harvest index of rice in response to high temperature stress. Field
Crops Res 95:398–411

1�. Qi L, Sun Y, Li J, Su L, Zheng X, Wang X, Li K, Yang Q, Qiao W (2017) Identify QTLs for grain size and
weight in common wild rice using chromosome segment substitution lines across six environments.
Breed Sci 67:472–482

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 13/18

19. Qiu Z, Kang S, He L, Zhao J, Zhang S, Hu J, Zeng D, Zhang G, Dong G, Gao Z (2018) The newly
identi�ed heat-stress sensitive albino 1 gene affects chloroplast development in rice. Plant Sci. 267

20. Rang ZW, Jagadish SVK, Zhou QM, Craufurd PQ, Heuer S (2011) Effect of high temperature and
water stress on pollen germination and spikelet fertility in rice. Environ Exp Bot 70:58–65

21. Shanmugavadivel PS, Amitha Mithra SV, Prakash C, Ramkumar MK, Tiwari R, Mohapatra T, Singh NK
(2017) High Resolution Mapping of QTLs for Heat Tolerance in Rice Using a 5K SNP Array. Rice
10:28

22. Song LL, Zhao HQ, Zhang Q, Dong GX (2011) Study on Acquired Thermotolerance in Rice Seedlings.
Journal of Anhui Agri Sci 39:12661–12663

23. Surapaneni M, Balakrishnan D, Mesapogu S, Addanki KR, Yadavalli VR, Vgn TV, Neelamraju S (2017)
Identi�cation of Major Effect QTLs for Agronomic Traits and CSSLs in Rice from Swarna/Oryza
nivaraDerived Backcross Inbred Lines. Front Plant Sci 8:1027

24. Van BR (2008) GGT 2.0: versatile software for visualization and analysis of genetic data. J Hered
99:232–236

25. Xiang D, Zhang G, Yang L (2014) Effect of Heat Shock on Relative Conductivity and Electrical
Impedance Spectroscopy Parameters of Lily Leaves under High Temperature Stress. Acta
Agriculturae Boreali-Occidentalis Sinica 23:189–195

2�. Yamamoto T, Yonemaru J, Yano M (2009) Towards the Understanding of Complex Traits in Rice:
Substantially or Super�cially? DNA Res 16:141

27. Ye C, Tenorio F, Redona E, Morales-Cortezano P, Cabrega GA, Jagadish K, Gregorio G (2015a) Fine-
mapping and validating qHTSF4.1 to increase spikelet fertility under heat stress at �owering in rice.
Theor Appl Genet 128:1507–1517

2�. Ye C, Tenorio FA, Argayoso MA, Laza MA, Koh HJ, Redoña ED, Jagadish KS, Gregorio GB (2015b)
Identifying and con�rming quantitative trait loci associated with heat tolerance at �owering stage in
different rice populations. BMC Genet 16:41

29. Zhang Q (2007) Strategies for Developing Green Super Rice. Proc. Natl. Acad. Sci. U. S. A. 104:
16402–16409

30. Zhao L, Lei J, Huang Y, Zhu S, Chen H, Huang R, Peng Z, Tu Q, Shen X, Yan S (2016) Mapping
quantitative trait loci for heat tolerance at anthesis in rice using chromosomal segment substitution
lines. Breed Sci 66:358–366

31. Zhou S, Yi M, Mu D (2005) The Preliminary Research on the Morphological and Physiological
Response to Heat Stress of Lilium longi�orum Seedlings. Acta Horticulturae Sinica 32:145–147

32. Zhu S, Huang R, Wai HP, Xiong H, Shen X, He H, Yan S (2017) Mapping quantitative trait loci for heat
tolerance at the booting stage using chromosomal segment substitution lines in rice. Physiol Mol
Biol Plants 23:1–9

Figures
Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 14/18

Figure 1

Genetic location of 143 polymorphic simple-sequence-repeat markers and distribution of QTLs for HT
traits using simple-sequence-repeat. Molecular markers are shown to the right of chromosomes, and
genetic locations (cM) of each marker shown to the left of chromosomes. Red rectangles indicate the
QTLs for for HT.
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Figure 2

Schematic of the development of CSSLs carrying N22 chromosome segments in 9311 genetic
background.
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Figure 3

Graphic of genotypes of the 113 CSSLs. Black regions indicated homozygous segments, while gray
regions indicate heterozygous segments. Regions with a white background represent 9311 background.
The horizontal axis indicates marker segments on chromosome 1 to 12, and the vertical axis indicates
CSSLs.
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Figure 4

Substitution mapping of qSSR6-1(A), qSSR7-1(B), qSSR8-1(C), qSSR9-1(D) and qSSR11-1 (E) for SSR on
rice chromosomes.
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