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            Abstract
Increasing grain yield is a long-term goal in crop breeding to meet the demand for global food security. Heterosis, when a hybrid shows higher performance for a trait than both parents, offers an important strategy for crop breeding. To examine the genetic basis of heterosis for yield in rice, here we generate, sequence and record the phenotypes of 10,074 F2 lines from 17 representative hybrid rice crosses. We classify modern hybrid rice varieties into three groups, representing different hybrid breeding systems. Although we do not find any heterosis-associated loci shared across all lines, within each group, a small number of genomic loci from female parents explain a large proportion of the yield advantage of hybrids over their male parents. For some of these loci, we find support for partial dominance of heterozygous locus for yield-related traits and better-parent heterosis for overall performance when all of the grain-yield traits are considered together. These results inform on the genomic architecture of heterosis and rice hybrid breeding.
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                    Figure 1: Large-scale sequencing, genotyping and genetic mapping in 10,074 F2 lines.[image: ]


Figure 2: Evaluation of dominance effects for all yield-related QTLs.[image: ]


Figure 3: Two candidate genes hd3a and tac1 for heterosis for yield traits in type-A hybrids.[image: ]


Figure 4: Combination of multiple beneficial alleles in type-C hybrids.[image: ]
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Extended data figures and tables

Extended Data Figure 1 The experimental design and analysis procedure used in the study.

Extended Data Figure 2 Selection of 17 representative hybrid combinations from 1,495 hybrids.
a, Plots of the first two principal components of 1,495 hybrids. The 17 representative hybrids are coloured in red. b, Plots of the principal component 3 and the principal component 4 of 1,495 hybrids. c, Plots of heading date and plant height of 1,495 hybrids. d, Plots of grain number and seed-setting rate of 1,495 hybrids.


Extended Data Figure 3 High-resolution genotyping of F2 lines by whole-genome sequencing.
a, Aligned recombination maps of 1,105 lines from a cross between Fuhui676 and Guangzhan63-4S. Three genotypes were indicated by blue, red and yellow, respectively (blue, Fuhui676/Fuhui676; red, Guangzhan63-4S/Guangzhan63-4S; yellow, Fuhui676/Guangzhan63-4S). b, The recombination map of a single F2 line from a cross between Fuhui676â€‰Ã—â€‰Guangzhan63-4S. The genomic DNA of the line was sequenced in the HiSeq2500 system, and genotyped through the SEG-Map computational algorithm. Detected SNP genotypes in this line were indicated along chromosomes according to their physical locations. A sliding window approach was used for genotype calling, recombination breakpoint determination and map construction. There were several IBS (identity by state) segments shared by both parents (for example, the regions on the chromosomes 10 and 11), which are indicated by the grey boxes.


Extended Data Figure 4 Analysis of flowering time in type-A hybrids.
a, Flowering-time modelling using the genotypes of four genes (Hd3a, Ghd7, Hd2 and Ehd1) known to regulate flowering time. We used the data in one type-A population (Guanghui998â€‰Ã—â€‰Tianfeng) for experimentation, and evaluated the accuracy of the modelling in the other eight populations. b, The estimates of the genetic effects of three genotypes of the four genes, in which the flowering time of the homozygous genotypes of male parents was set to be 90 days according to the average performance of restorer lines. The arrows indicated the flowering time for the genotypes Hd3a/hd3a and hd3a/hd3a.


Extended Data Figure 5 The linkage drag around the hd3a locus.
The allelic combinations of six candidate genes on the short arm of chromosome 6 and their frequencies in 1,063 indica CMS lines.


Extended Data Figure 6 QTL for heterosis for yield traits in type-B hybrids.
a, Plots of the dominance effects of three traits at the Tms5 locus in the four type-B hybrids. b, Plots of the dominance effects of three traits at the Ghd8 locus in the four type-B hybrids. c, The yield advantages in the hybrid LYP9 by two QTLs LAX1 and SS3p10 from PA64S (**Pâ€‰<â€‰0.001, two-tailed t-test). The male (M) and heterozygous (H) genotypes are indicated. d, The yield advantages in the hybrid Liangyou676 by two QTLs at the â€˜ghd8â€™ locus and PN3q23 from Guangzhan63-4S (**Pâ€‰<â€‰0.001, two-tailed t-test).


Extended Data Figure 7 Support for pseudo-overdominance at the Tms5 locus.
a, The linkage mapping of fertility in one population of type B. LOD values are plotted against the physical positions, and the threshold (3.5) is indicated by a horizontal dashed line. b, The linkage mapping of panicle number in one population of type A. c, The linkage mapping of yield per plant in the population of type A. d, Gene structure and causal variation site between Tms5 and tms5 alleles in the hybrids of type B. e, No mutations are detected at the Tms5 gene between both parents (Fuhui838 and II32A) of the type-A population.


Extended Data Figure 8 Performances of two QTLs LAX1 and SS3p10 in type-B hybrid LYP9.
a, The linkage mapping of seed-setting rate in the population of type-B hybrid LYP9. LOD values are plotted against the physical positions, and the threshold (3.5) is indicated by a horizontal dashed line. b, The performances of seed-setting rate for three genotypes of the SS3p10 locus in the population of type-B hybrid LYP9. c, The linkage mapping of grain weight in the population of type-B hybrid LYP9. d, The performances of grain weight for three genotypes of the LAX1 locus in the population of type-B hybrid LYP9.


Extended Data Figure 9 Performances of two QTLs, GW3p6 and PN3q23, in type-B hybrid Liangyou676.
a, The linkage mapping of grain weight in the population of type-B hybrid Liangyou676. b, The performances of grain weight for three genotypes of the GW3p6 locus in the population of type-B hybrid Liangyou676. c, The linkage mapping of panicle number in the population of type-B hybrid Liangyou676. d, The performances of panicle number for three genotypes of the PN3q23 locus in the population of type-B hybrid Liangyou676.


Extended Data Figure 10 Partial positive dominance effect of IPA1 for the yield components.
a, The performances of grain number per panicle for three genotypes of the IPA1 gene. b, The performances of panicle number for three genotypes of the IPA1 gene. c, The performances of seed-setting rate for three genotypes of the IPA1 gene.
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        Editorial Summary
The genetics of high yield in rice
The genetic basis of heterosisâ€”the hybrid vigour in which hybrid plants show improved phenotypic qualities compared to those of both parentsâ€”has proved elusive despite the phenomenon having been known for more than a century and commonly used in plant breeding. Here Bin Han and colleagues generate, sequence and phenotype a collection of more than 10,000 lines from 17 representative elite hybrid rice crosses, which they classify into three major types representing different breeding systems. They map genomic loci associated with grain yield traits and analyse their heterotic effects and contributions to heterotic advantage. Although they do not identify heterosis loci shared across all varieties, for hybrids within the same group they identify a few loci from female parents that explain a large proportion of yield advantage of hybrids over their male parents. These insights into the genomic architecture of heterosis for grain yield in rice, along with further mapping to resolve candidate genes, will be useful for the development of new rice hybrids with desirable properties.
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