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Table 1 The mapping population and genetic basis for quantitative trait loci (QTLs) of heterosis in rice

FENLHAR F R L Al S5 3R RFAAR
3884 ~RILBCF, SR [4] 1995
2501 Fa3 AR A:3 [5] 1997
3371F, B [6] 2000
349 RILBCF,, 379/ MRILTCF, A B S [7] 2001
1714°F, B [8] 2001
3601 IMF, e R A [9] 2003
631~CSSLTCF, B, Bk [10] 2005
281/ RILBCF, A AR S B I R [11] 2009
2814-RILBCF, pijifia [12] 2010
2654NLBCF, B [13] 2011
1754~ IMF, TR [14] 2011
2654 LBCF, TR [15] 2012
156MLBCF, AR [16] 2012
2944RILTCF, IREFIE| IO [17] 2012
661~CSSLBCF, mi [18] 2012
2784~ IMF, k. R e [19] 2012
2861 "RILBCF, Ak [20] 2012
661~CSSLBCF, W 21] 2013
286"RILBCF, B A [22] 2013
2194-RILBCF, Sk, W [23] 2014
832/ RILBCF, Wk BB [24] 2015
14954°F, B, BB [25] 2015
2194 ~RILBCF, B, B [26] 2016
2284MLTCF, TR [27] 2016
204RILTCF, Tk, WPk, 8 e [28] 2016
174°F,, 100741°F, I, H oA, A [29] 2016
105/~ IMF, ik, A, bk [30] 2016
79MLTCF, Ho vk, Bk, Bk [31] 2017
851 BILBCF, Sk, [32] 2020
5514F, SR [33] 2020
382 RILTCF, AR A<3 [34] 2021
122//~CSSLBCF;, 2441~CSSLTCF, A, A [35] 2021
146/1~CSSLBCF;, 1461~CSSLTCF, B [36] 2021
1061RILBCF, B, bk [37] 2022
382/ RILTCF, SE4 [38] 2022
3001 F,3 ik, Pk [39] 2022
334~CSSLBCF, LAk [40] 2023
2839/°F,, 9839°F, B BB, A [41] 2023

a) JKAF,(immortalized F,, IMF)BE(K, F4 B3R/ T ARAIRFIZEF (a set of F, populations derived from a backcross between
recombination inbred lines (RILs), introgression lines (ILs) or chromosome segment substitution lines (CSSLs) and their parents, RILBCF;, ILBCF, or
CSSLBCF)), T4 AL R/ F AR/ R AYIMIACF (a set of F, populations derived from a testcross between RILs, ILs or CSSLs and other tester lines,
RILTCF,, ILTCF, or CSSLTCF,)
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GhdS8PVA, Gt — > CCAAT-box-binding#% % F ¥ ARG, Z940% T RAASREHENT T 24 A IIRHS .
AUHAP3IJE, ZFE R4S Atk . B Aok Y H R AR 0 [R]E 2 5 D R AN S . T
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Figure 1

(Color online) The positional distribution of quantitative trait loci (QTLs) for hybrid vigor, cloned functional genes, and quantitative trait

nucleotides (QTNs) in rice (The cloned genes and related QTN information were sourced from: https:/funricegenes.github.io/ and http:/www.

xhhuanglab.cn/tool/RiceNavi.html, respectively)
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Heterosis, or hybrid vigor, refers to the phenomenon where F; hybrids exhibit superior performance in yield, stress
tolerance, and other agronomic traits compared to their parental lines. As a foundational principle in modern crop breeding,
heterosis has been widely applied. In China, over six decades of research have led to the development of three-line and two-
line hybrid rice technologies and the breeding of super hybrid rice, securing global leadership in this field. With rapid
advances in genomics and biotechnology, substantial progress has been made in elucidating the molecular basis of heterosis
and guiding more efficient breeding practices. This review summarizes key progress in three areas of rice heterosis
research: genetic basis, molecular mechanisms, and breeding applications, while offering perspectives for future research.
At the genetic level, classical hypotheses—including dominance complementation, overdominance, and epistasis—have
been broadly validated and explain most heterosis phenomena. Additive effects, as core components of trait inheritance,
also contribute significantly. The paper further reviews major heterotic loci that have been cloned and analyzes their
regulatory mechanisms. At the molecular level, heterosis is shown to arise from complex, multilayered processes.
Mechanisms such as genomic complementation, allele-specific expression, and enhanced activation of metabolic pathways
are explored. These findings highlight the importance of integrating population genetics, molecular biology, and
bioinformatics to unravel the underlying mechanisms. In breeding applications, achievements include the systematic
assembly of heterotic loci across different genetic backgrounds and the construction of predictive molecular models.
Challenges in genome-wide selection are discussed, including issues of model accuracy, integration of multi-omics data,
technical standardization, and application scalability. Notably, limited research exists on heterotic loci related to resistance
against abiotic and biotic stresses. Future studies should expand investigations into heterosis for traits such as salt and alkali
tolerance, and deepen the identification and functional analysis of loci associated with pest and disease resistance. An in-
depth understanding of heterotic locus-environment interactions is also essential. Based on the preliminary classification of
indica hybrid rice heterotic groups, the paper proposes refined grouping based on genetic relationships among elite parental
lines in specific rice-growing regions. Considering regional breeding goals—such as large-panicle types in the middle and
lower Yangtze River basin, heavy-panicle types in the upper reaches, and multi-panicle types in South China—introducing
new germplasm and identifying favorable alleles for yield, quality, and stress tolerance is vital. The discovery of novel
male-sterile and restorer genes will further drive innovation in core germplasm and heterosis application models. Finally,
this study recommends collecting newly improved inbred lines and integrating their genotypic and phenotypic data. Using
machine learning and multi-omics platforms—including genomics, metabolomics, and proteomics—an iterative genomic
selection model can be developed. Multi-location trials of predicted hybrids, coupled with agronomic and ecological data,
will improve hybrid selection efficiency and heterosis prediction, supporting the development of broadly adaptable, high-
performing hybrid rice varieties.

hybrid rice, heterosis, genetic basis, molecular mechanism, utilization of heterosis
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