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Abstract: In this paper, a japonica rice (Oryza sativa L.) variety Nipponbare, an indica variety 9311
and a set of chromosome segment substitution lines (CSSLs) which were generated using Nipponbare
as the recipient parent and 9311 as the donor parent were used as the experimental materials. The
CSSLs were grown in 2012 (normal temperature condition) and 2013 (high temperature condition) in
Yangzhou, Jiangsu, and were used to map the quantitative trait loci (QTLs) for heat tolerance, based on
the heat tolerance index [(The seed setting rate under normal temperature condition - The seed setting
rate under high temperature condition) / The seed setting rate under normal temperature condition]. As
a result, three QTLs for heat tolerance in rice were mapped on chromosomes 2, 4 and 12, respectively.
They had LOD (logarithm of odds) scores of 2.56, 4.02 and 2.79, and contribution rates of 4. 95%,
7.99% and 5.44%. Among them, qHT12.1 showed positive effect, while qHT2.1 and qHT4.1 showed
negative effect on heat tolerance. The results lay a foundation for the fine mapping and cloning of the
QTLs and genes related to heat tolerance, and for the breeding of heat-tolerant rice varieties.
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0 Introduction
The extreme high temperature events have occurred frequently in recent years due to global
warming[1], which have seriously affect the yield and quality of crops, especially rice[2-3]. Studies
have shown that rice yield will reduce by 10% when the air temperature increased by 1℃ above
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the optimum growth temperature of rice[4]. In addition, high temperature may lead to simultaneous
occurrence of drought, which aggravates the damage caused by high temperature or drought on
rice yield and quality. High temperature influences pollen development and fertilization of rice,
and thus the seed setting rate is significantly reduced, leading to the decline in rice yield. It was
reported that rice pollens will lost their viability when the husks were exposed to a temperature
above 35 ℃ for 1 h[5]. Therefore, identifying and screening heat-tolerant rice varieties, mapping
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and cloning heat tolerance related genes or QTLs (Quantitative Trait Loci), and exploring the
genetic mechanism of rice heat tolerance are realistic strategy to relieve the damage caused by
high temperature and to deal with global warming[6].
In recent years, many studies have focused on the rice heat tolerance, which was proven to be
a quantitative trait controlled by multiple genes, with a complicated genetic basis. Two heat
tolerance related genes in rice have been cloned to date. It has been reported that proteasome α2
subunit which is encoded by the heat tolerance related gene OgTT1, can protect cells from heat
damage[7]. Moreover, Wang et al. have showed that TOGR1 could maintain pre-rRNA
homeostasis under high temperature and is essential in coordinating primary metabolisms to
support thermo tolerant growth in rice[8]. However, the genes related to rice heat tolerance at
heading and flowering stage have not yet been cloned, but a number of important QTLs related to
heat tolerance at heading and flowering stage have been identified. Although the QTLs can be
used to increase the heat tolerance of rice theoretically, it is difficult to be achieved in practice due
to the minor heritability and can be easily affected by environment. Chromosome segment
substitution lines (CSSLs) are a set of lines carrying introduced chromosome fragments,
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developed by multiple backcrossing and selfing, combined with molecular marker assisted
selection. CSSLs have prominent advantages in fine mapping and cloning of QTLs, due to their
clean genetic background. Therefore, in the present study, a japonica rice (Oryza sativa L.) variety
Nipponbare, an indica variety 9311 and a set of CSSLs which were generated using Nipponbare as
the recipient parent and 9311 as the donor parent were used as the experimental materials and
sown in 2012 (normal temperature condition) and 2013 (high temperature condition) in Yangzhou,
Jiangsu, to map the quantitative trait loci (QTLs) for heat tolerance in rice, based on the heat
tolerance index [(The seed setting rate under normal temperature condition - The seed setting rate
under high temperature condition) / The seed setting rate under normal temperature condition].
The results will provide a theoretical basis for the fine mapping and cloning of QTLs related to
heat tolerance and for the breeding of new heat-tolerant rice.

1 Materials and Methods
1.1 Rice varieties and planting environment
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A japonica rice variety Nipponbare (Nip), an indica rice variety 9311, and a population consisting
of 138 CSSLs which were generated using Nip as the recipient parent and 9311 as the donor
parent were used as the experimental materials in this study. The 138 CSSLs with clean genetic
background were genotyped by high-throughput resequencing strategy. Among them, the
substituted fragments covered 95.58 % of the rice genome. All the rice varieties or lines were
sown in the same field in the experimental farm of Yangzhou University in 2012 and 2013,
respectively. A randomized block design with three repetitions and 40 seedlings in each replicate
for each variety or line was adopted in the experiment. 9311 was sown in two batches, and the
data of the first batch (which bloomed in middle August) was used in later analysis.
The climate from heading to flowering stage of the above rice varieties/lines in 2012 was more
normal than in 2013. As shown in Fig. 1A, the daily maximum temperature in August in 2013 was
significantly higher than in 2012, and mostly exceeded 30 ℃. Most of the rice varieties/lines
flowering during this period (Fig. 1B). Therefore, the response of the CSSLs population to high
temperature was compared and analyzed based on the differences in the field temperature between
the two years.

1.2 Investigation of the agronomic traits
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Five agronomic traits of the CSSLs and their parents were monitored. In detail, the heading stage
of five plants of each rice variety/line was observed. The number of grains of six randomly
selected main spikes of each variety/line was counted and averaged to calculate the number of
total grains per spike; meanwhile, the number of filled grains of the selected spike was also
counted and averaged to calculate the number of filled grains per spike. The seed setting rate was
calculated by dividing the number of filled grains per spike by the number of total grains per
spike.

1.3 The definition of heat tolerance index
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The heat tolerance index was defined as the difference between the seed setting rate in 2012
(normal temperature) and the seed setting rate in 2013 (high temperature) divided by the seed
setting rate in 2012. A smaller heat tolerance index indicated higher heat tolerance, while a larger
heat tolerance index indicated poorer heat tolerance of the variety/line.
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1.4 Construction of Bin-map
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On the basis of whole genome re-sequencing data, and the differences and contigs of the
substituted fragments among the CSSLs, the donor fragments were artificially divided into
separate breakpoints (Bin) according to Paran et al. [10]. As a result, a Bin-map of the 138 CSSLs
was constructed. In this map, 367 Bin markers ranging from 0.01 to 8.92 Mb in size were
identified.

1.5 Data processing and QTL mapping
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The data of agronomic traits were processed by Excel, and statistical analysis was performed using
SPSS 16.0. The genetic effects of the CSSLs were evaluated by via a likelihood-ratio test based on
stepwise regression using Windows QTL IciMapping V3.3. Each bin was counted as one
molecular marker for software analysis. The whole genome was scanned for detecting QTLs using
QTL IciMapping software with a LOD threshold of 2.5, and Permutation test was carried out
using 1 000 permutations at P <0.05. When LOD value> Permutation test value, there was a QTL
locus in the Bin, and the corresponding LOD value, contribution rate and effect value were also
obtained. The QTLs were named according to McCouch et al.[11].

Fig.1 The daily maximum temperature in Yangzhou in August, 2012 and 2013 (A), and the heading stage of
the CSSLs in the two years (B).
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2 Results and Analysis
2.1 Heat tolerance of the CSSLs and their parents
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The heat tolerance index of Nip and 9311 was 0.350±0.030 and 0.048±0.006, respectively,
indicating that under high temperature conditions, the seed setting rate of Nip was reduced by
35.0%, and that of 9311 was reduced by 4.8%, compared with those under normal temperature
conditions. The results also showed that there was significant difference in heat tolerance index
between the two parents of the CSSLs, and that Nip was susceptible to high temperature, which
led to great change in its seed setting rate. The larger heat tolerance index suggested poorer heat
tolerance. On the contrary, 9311 was less susceptible to high temperatures and was more adaptable,
indicating that the genome of 9311 might carry heat-tolerant QTLs or genes. Then we analyzed
the heat tolerance index of the CSSLs, and found that the heat tolerance varied greatly within the
population, with the coefficient of variation of 0.550. The heat tolerance index of the 138 CSSLs
ranged from 0.026 to 0.750, with an average of 0.224. The frequency distribution of the heat
tolerance index of the CSSLs revealed that the index was continuously distributed (Fig. 2), and
that of the parents was distributed on the both sides of the main peak, indicating that heat tolerance
index is a quantitative trait controlled by multiple genes, and there is significant difference in the
index among the CSSLs.

Fig. 2 Frequency distribution of heat tolerance index of the CSSLs

2.2 QTL mapping for heat tolerance
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Based on the whole genome re-sequencing data, the Bin-map of CSSLs population was
constructed and each bin was counted as one molecular marker. The QTLs for heat tolerance were
analyzed using QTL Icimapping V3.3. As shown in Table 1, three QTLs related to heat tolerance
were detected on chromosomes 2, 4 and 12, respectively. Among them, qHT2.1 was located in a
segment of 1.88 Mb between the physical positions of 4.70 and 6.58 Mb on chromosome 2, which
had negative effect on heat tolerance, but this QTL had a low LOD value. And qHT4.1 was
located in a 0.57 Mb segment on chromosome 4, the segment was shorter but had the greater
additive effect, which was negative, indicating that it was related to poor heat tolerance. In
addition, qHT12.1 was located in a 1.47 Mb segment on chromosome 12, and had positive effect
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for heat tolerance. It had an LOD value of 2.79 and a contribution rate of 5.44%.
135

Table 1 QTLs mapping for heat tolerance in the CSSLs
Location Chromosome Physical position (Mb)
QTL

LOD

Contribution (%)

Additive effect

Bin25
Bin101
Bing347

2.56
4.02
2.79

4.95
7.99
5.44

0.07
0.11
-0.05

2
4
12

4.70-6.58
3.56-4.13
0.00-1.47

qHT2.1
qHT4.1
qHT12.1

2.3 Stability of the QTLs related to heat tolerance
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High air temperature occurred in most of the days during the heading period of CSSLs, but the
daily maximum temperature at the heading period of several CSSLs was not that high. The
heading stage and heat tolerance index of the CSSLs carrying above Bin markers were analyzed,
and the results showed that the daily maximum temperature at the heading stage of these CSSLs
was high, and they had high heat tolerance index. As shown in figure 3, the contig map showed
that four CSSLs carried qHT2.1, and they had extremely significant difference in heat tolerance
index from Nip. Two CSSLs carried qHT4.1, and they also had extremely significant difference in
heat tolerance index from N92 and Nip, both of which did not carry qHT4.1. As for qHT12.1,
which had higher positive effect on heat tolerance, was found in three CSSLs, all of which had
extremely significant difference in heat tolerance index from Nip. All the results suggested that the
three QTLs detected are reliable and can be detected repeatedly in different lines.

150
Fig. 3 Contig mapping of the substituted segments in the CSSLs with different heat tolerance QTLs.
﹡﹡ Indicate extremely significant difference (p<0.01).

3 Discussion and Conclusions
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In this paper, the heat tolerance of a population consisting of 138 CSSLs which were obtained by
whole genome resequencing strategy was analyzed based on the heat tolerance index which was
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calculated from their seed setting rates in 2012 and 2013, and the air temperature at the heading
and flowering stages of these CSSLs was different between the two years. The results showed that
the heat tolerance index of these CSSLs showed a continuous distribution, indicating that it was a
typical quantitative trait. The CSSLs population used in this study was constructed on the basis of
molecular marker detection and genotyped by genome-wide sequencing. Due to their clean genetic
background, the length and location of donor chromosomes of every line were accurately known,
and the accuracy of QTL mapping was greatly improved [9]. Three QTLs were identified by using
the CSSLs population, of which only qHT12.1 was responsible for high heat tolerance. Molecular
markers can be developed in this segment for the breeding of new varieties with high tolerance to
heat. The other two QTLs, although derived from the heat-tolerant indica rice 9311, showed
negative effects on heat tolerance. Therefore, the QTLs from Nip at the same positions can be
used as heat-tolerant QTLs in breeding.
In recent years, QTL mapping for heat tolerance in rice has been extensively studied, mostly
using the recombinant inbred lines developed from the crosses between indica and japonica
varieties, and a few using the recombinant inbred lines developed from the crosses between indica
varieties. And the identification of heat resistance was usually performed in artificial climate
chambers, where the temperature and humidity could be effectively controlled, but the influence
of other factors in field was not considered. In this study, the extreme hot weather during the
heading and flowering stages of rice in 2013 was considered as the high temperature treatment,
and the normal temperature in 2012 was considered the control, to locate the QTLs related to heat
tolerance of rice. The QTLs identification under the natural field conditions could exactly reflect
the heat resistance of these loci. However, fewer QTLs were identified under such conditions due
to the complexity of the field environment. According to previous studies, three QTLs were
identified by a low-generation backcross population by Zhao et al.[12]; only one stable QTL was
detected using the recombinant inbred lines generated from the cross between indica verities by
Chen et al.[13]; two QTLs were identified using recombinant inbred lines by Pan et al.[14]; 12 QTLs
were mapped using the BC2F3 population generated from the crosses between indica varieties by
Liu et al.[15], among which, the qHSI12.1 locus on chromosome 12 was very close to the qHT12.1
locus we identified, and their effects were similar, indicating they may be the same locus. In the
study of Ye et al.[16], three QTLs were repeatedly detected in multiple populations, and one of
them, qHTSF4.1 was fine mapped using isogenic lines. This locus was located to chromosome 4,
but was not overlapped with the qHT4.1 locus we identified. Two of the QTLs we identified were
not the same as any previously reported ones, so they might be found for the first time in our study.
In summary, although the QTLs related to heat tolerance have been found on almost every
chromosome, the genetic effects of most of the QTLs are small and vary greatly among different
varieties, suggesting that genetic mechanism of heat tolerance at heading stage of rice is very
complicated, which brings a lot of difficulties for the fine mapping and cloning of heat tolerance
related QTLs and genes.
At present, the identification and utilization of heat-tolerant rice varieties and the QTLs
related to heat tolerance have become a hot issue in the genetic improvement of rice [6]. Although
many QTLs have been identified, the position and stability of most of the QTLs need to be further
verified, and only a few QTLs such as qHTSF4.1 may be valuable. Some of the cloned
heat-tolerance genes such as OgTT1 and TOGR1 are important genetic resources in rice breeding.
The three QTLs we identified had clear genetic background and effect, especially that the position
of qHT4.1 was narrowed down to a small chromosome segment, which laid a good foundation for
fine mapping and cloning in future work. In addition, the locus qHT12.1 conferring heat tolerance
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can be used as an important resource for genetic improvement of heat-tolerant japonica rice.
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水稻抽穗期耐热 QTL 的定位研究
张昌泉，陈飞，洪燃，李钱峰，刘巧泉
（扬州大学农学院， 扬州 225009）
摘要：为鉴定和定位水稻抽穗灌浆期对高温的耐受性，本研究利用以粳稻日本晴为受体，籼
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稻 9311 为供体的经全基因组重测序的染色体片段代换系为材料，以水稻耐热指数[（常温结
实率-高温结实率）/常温结实率]为评价指标，通过比较江苏扬州 2013 年大田极端高温和 2014
年常温条件下水稻耐热性的差异来定位水稻耐热性 QTL (数量性状基因座位)。通过分析，
共检测到 3 个耐热性 QTL，分别位于第 2、4 和 12 染色体上，与之对应的 LOD 值分别为 2.56、
4.02 和 2.79，与之对应的贡献率分别为 4.95%、7.99%和 5.44%。其中 qHT12.1 表现为正向
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效应，而 qHT2.1 和 qHT4.1 表现为负效应。相关研究为后续耐热 QTL 的精细定位、克隆和
高温钝感型优异品种的培育提供了依据。
关键词：水稻；CSSLs; QTL; 耐热性
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