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            Abstract
Extensive allelic variation in agronomically important genes serves as the basis of rice breeding. Here, we present a comprehensive map of rice quantitative trait nucleotides (QTNs) and inferred QTN effects based on eight genome-wide association study cohorts. Population genetic analyses revealed that domestication, local adaptation and heterosis are all associated with QTN allele frequency changes. A genome navigation system, RiceNavi, was developed for QTN pyramiding and breeding route optimization, and implemented in the improvement of a widely cultivated indica variety. This work presents an efficient platform that bridges ever-increasing genomic knowledge and diverse improvement needs in rice.
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                    Fig. 1: Genotype matrix of 225 QTGs for a collection of 404 rice accessions.[image: ]


Fig. 2: GWAS loci associated with important agronomic traits summarized from eight GWAS cohorts.[image: ]


Fig. 3: Genomic distribution and linkage drag for QTGs in rice genome.[image: ]


Fig. 4: Genetic investigation of the QTNs.[image: ]


Fig. 5: Benchmarking for different backcrossing breeding designs.[image: ]


Fig. 6: A schematic diagram for RiceNavi implementation and user operation.[image: ]


Fig. 7: Improvement of the Huanghuazhan cultivar by implementation of RiceNavi.[image: ]
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                Data availability

              
              The raw DNA sequencing data of the QTN library are deposited with GenBank under the bioproject accession no. PRJNA623686. A web-based version of RiceNavi is available from the website http://www.xhhuanglab.cn/tool/RiceNavi.html (supporting most browsers including Chrome, Firefox and Safari, but not Internet Explorer). In this web-based application, all functions in RiceNavi (QTNmap, QTNpick, Simulation and SampleSelect) can be accessed with user-friendly graphical interfaces.

            

Code availability

              
              The source code of RiceNavi is available from both our laboratory website (http://www.xhhuanglab.cn/tool/RiceNavi.html) and the GitHub repository (https://github.com/xhhuanglab/RiceNavi). The other codes for the QTN-related analyses are also provided in the GitHub repository (https://github.com/xhhuanglab/QTN_scripts).
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Extended data

Extended Data Fig. 1 The pipeline for 348 QTN site discovery and population genotyping.
The procedure includes determination of QTNs according to research papers and QTN genotyping from whole-genome sequence data of rice accessions.


Extended Data Fig. 2 Genotype matrix of 225 QTGs for QTN library colored by effect direction.
The figure is another display mode of Fig. 1a (colored by effect direction, rather than alternative/reference in Fig. 1a). Here, dark green, dark blue and light green, yellow and gray boxes represent the genotype for the reduced allele, increased allele, heterozygous, NA and deletion, respectively.


Extended Data Fig. 3 The matrix of QTN of different types for a collection of 404 rice accessions.
a, QTGs with multiple (â‰¥3) QTNs. QTNs related to heading date, biotic stress and abiotic stress are highlighted with blue, purple and pink bars, respectively. b, Rare allele QTNs. QTNs with low percentage of samples (â‰¤2%) with alternative or heterozygous alleles are illustrated. c, QTNs differentiated between japonica (including tropical and temperate japonica) and indica. QTNs with allele frequency differentiated (AFâ€‰>â€‰0.4) between japonica and indica are shown. Light blue, dark blue and light green, yellow and gray boxes represent the genotype for the reference (MSUv7.0), alternative, heterozygous, multiple alleles and deletion, respectively.


Extended Data Fig. 4 The matrix of QTN for 3023 rice accessions.
Light blue, dark blue and light green, yellow and gray boxes represent the genotype for the reference (MSUv7.0), alternative, heterozygous, and deletion, respectively.


Extended Data Fig. 5 Estimated phenotypic effects for QTGs controlling four agronomic traits.
a, Geographical locations for 9 different environments in China. Longitude (Â°â€‰E) and latitude (Â°â€‰N) of the locations are shown. bâ€“d, The estimated phenotypic effects of homozygous alternative alleles relative to homozygous Nipponbare are jointly shown for each QTG. The phenotypes displayed include heading date (b), plant height (c), grain length (d) and grain width (e). Colors represent different environments. The bars indicate standard errors estimated by GCTA package. The QTG effects from CNmix population in Beijing and from NE population in Lingshui are not showed. For QTNs in Lingshui, the QTNs with the peak p-value are selected.


Extended Data Fig. 6 Genomic distribution of linkage drag in the rice genome for QTN library.
The candidate linkage drag (superior and inferior alleles located physically less than 2â€‰Mb in distance) are labeled across the rice genome. The blue dots indicate the percentage of drag for the 404 QTN library accessions.


Extended Data Fig. 7 Genomic characteristics for the QTNs in the UTR and promoter regions.
a, Percentage of upstream QTNs of different distances to translational start site (ATG). b, Upstream QTN sites which resides in the open chromatin regions identified by ATAC- and FAIRE-seq.


Extended Data Fig. 8 The QTNs involved in the domestication and improvement.
a, QTNs allele frequency change during the domestication & early variety improvement and modern variety improvement. QTNs with greatest allele changes are shown. Threshold is determined by the 4DTv sites and is indicated by dotted line. b, Groups of the domestication and improvement-related QTNs. QTNs shared by two kinds of domestication or improvement are shown. The color of the QTN names represents traits and is in line with Fig. 1a. c, Percentage of domesticated and improved QTGs in different agronomic traits. d, Number of QTGs with superior and inferior alleles.


Extended Data Fig. 9 The genotypes for the selected individuals of each generation during improvement of HHZ.
The superior alleles of three QTGs (OsSOC1, Badh2 and TAC1) are targeted during the breeding process for improvement of HHZ. The locations of the three QTGs are indicated by the red arrows. From BC1F1 to BC3F1, the numbers of selected individuals are 138, 10 and 3, respectively. The genotypes for the HHZ background, donor Basmati, and heterozygous are color coded as dark green, red, and yellow respectively.


Extended Data Fig. 10 An examination for the extent to which introgressed segments from donor parents could match expected phenotypes.
a, The genotypes of the 217 BC3F1 CSSLs that constructed by HHZ and Basmati. The genotypes for the HHZ background, donor Basmati, and heterozygous are color coded as dark green, red, and yellow respectively. Positon of the introduced QTNs is shown on the top. Number of QTNs that introduced into HHZ is shown on the right. bâ€“d, Genotypes of three individuals of the CSSLs. QTNs are indicated by solid circles. The color represents the group of agronomic traits and is line with Fig. 1a. The change direction of the phenotype value is indicated by arrows. Red and blow arrows indicate increase and decrease of the traits, respectively.
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