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QTL Mapping for Heat Tolerance at Heading Stage Based on
High Density Genetic Maps in Rice (Oryza sativa L.)
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Abstract: Global warming poses a serious threat to rice production and food security through increasing
high-temperature stress. Identification of heat-tolerant genes and development of new heat-resistant varieties are
crucial to mitigate the harm of high temperature. A set of RIL population, derived from the cross between the
heat-sensitive variety Junambyeo (JNB) and the heat-tolerant variety Ganzaoxian58 (GZX58) , were developed
to identify heat tolerance traits at the heading stage under natural extreme high-temperature stress conditions in
2022 year using a high-density genetic map. Natural high-temperature stress significantly reduced seed setting
rate, with the RIL population showing continuous, approximately normal distribution, exhibiting highly

significant correlations with control seed-setting rates and heat tolerance coefficients. Genetic mapping revealed
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six QTLs for spikelet number per panicle, filled grain number per panicle and spikelet fertility under control
environment, and five heat tolerance QTLs (gHTSFI4, gHTSFII4, gHTC2, gHTC4 and gHTC6) under natural
high temperature environment. These QTLs (¢HTSFI4, gHTSFII4 and gHTC4) formed a major cluster gHTH4
on chromosome 4. High-density map analysis of extreme lines confirmed that ¢gHTC2, ¢gHTH4 and gHTC6

function in regulating heat tolerance with additive effects. The RIL lines stacking more than two major QTL had

significantly enhanced heat resistance. Bioinformatics analysis identified 14 candidate genes within the target

region, providing the foundation for the genetic improvement of heat tolerance and molecular characterization of

underlying mechanisms in rice.

Key words: rice; high-density genetic map;heat tolerance ; QTL mapping; candidate gene
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Fig. 1 Statistical analysis of the temperature at heading-flowering in 2022 year
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Table 1 The temperature of heading date at the field station in 2022 and 2023
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8 H 23.0~31.0 28.2 31.0~39.0 37.4 29
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Fig. 2 The high-density Bin markers on the chromosomes
of the RIL population
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Fig. 3 The spikelet fertility of 171 lines from RIL population at different temperature environments
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Table 2 Phenotype of heat tolerance from the parents and RIL populations at heading stage

JE7R Parents RIL {4 RIL population
785 PRIk — o - e
Environments Traits S mRE HEISS MR A g 6355 lEs
INB GZX58 Mean+SD Range Skewness  Kurtosis
X HE IR HTEFALE GNP 135.70£16.40 230.50+24.00%* 211.66+81.21 68.58~633.33 1.88 1.61
Control FRESTRE FGNP 128.00£12.00 174.25+15.50%* 137.28+56.91 36.50~400.00  1.79 1.45
45503 (%) SF 9430£4.20  75.60£9.50**  66.32+11.24 33.55~94.67 0.10 -0.28
ER/N N RS SI R (%) HTSF1  52.88+5.50  54.33+5.30% 31.01£16.09  0.34~79.55 0.02 0.48
Natural high temperature e yirs- 2 1(,) HTSF T 55.5744.50  59.70£6.50%  29.73£1640 0.88~73.58 047 0.32
it Z B HTC 0.620.06 0.75+£0.05%* 0.46£0.20  0.03~1.03 -0.32 0.30

IJNB: Junambyeo; GZX58:
under high temperature I; HTSFII: Spikelet fertility under high temperature I1; HTC: Heat tolerance coefficient; The same as below

Ganzaoxian58; GNP: Grain number per panicle; FGNP: Filled grain number per panicle; HTSFI: Spikelet fertility
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Fig. 4 Phenotype distribution of the relative heat tolerance traits at heading stage for RIL populations
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Table 3 Putative QTLs for heat tolerance were detected at heading stage

LoDl g MR R s

787 PR [ivA Frid LoD (%) (%) e (kb)
Environments Traits Locus Marker value PVE Additive Gene Plllysical
effect source distance
Xf HE PRI TERIIER GNP gGNP6  Block10298~Block10302 2.86 6.42 2081  GXZ58 55.47
Control gGNP10  Block15171~Block15223 2.84 9.07 2473 GXZ58  445.90
FHHITRET FGNP gFGNP2 Block4300~Block4307 2.67 5.29 1324  GXZ58 17742
gFGNP6  Block10295~Block10298  3.12 6.93 1515 GXZ58 48.77
4554 SF qSF2 Block4211~Block4226 2.98 4.80 249  GXZ58  304.64
qSF3 Block4760~Block4764 3.20 7.60 -3.14 JNB 53.29
AR e R AE S T HTSF 1 qHTSFI4 Block7164~Block7181 3.46 5.86 4.01 GXZ58 2725
Natural high R ZE IR T HTSF 1T gHTSFII4  Block7164~Block7181 3.12 8.99 488  GXZ58 2725
temperature il Z B HTC gHTC2 Block3417~Block3418 4.42 8.86 2049  GXZ58 69.2
gHTC4 Block7164~Block7181 2.38 2.85 11.62  GXZ58 2725
gHTC6  Block10246~Block10249  3.74 6.70 17.82  GXZ58 1514

PVE': Percentage of explained phenotypic variation
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Blue color QTL indicates the pleiotropic QTL for regulates grain number per panicle under control environment, while the red color indicates the

QTL associated with SF under natural high temperature conditions, which form the major QTL cluster gHTH4, respectively
5 KFETEEAMI A QTL A BES

Fig.5 Chromosome location of putative QTL for heat tolerance at heading stage
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Fig. 6 Analysis of aggregation effect and verification of the major QTLs for heat tolerance at heading stage in rice
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Table 4 Analysis of important candidate genes within the major QTL cluster
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Fig. 7 Functional classification analysis of annotated genes for the major QTL ¢HTH4 mapping regions
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