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            Abstract
Teosinte, the wild ancestor of maize (Zea mays subsp. mays), has three times the seed protein content of most modern inbreds and hybrids, but the mechanisms that are responsible for this trait are unknown1,2. Here we use trio binning to create a contiguous haplotype DNA sequence of a teosinte (Zea mays subsp. parviglumis) and, through map-based cloning, identify a major high-protein quantitative trait locus, TEOSINTE HIGH PROTEIN 9 (THP9), on chromosome 9. THP9 encodes an asparagine synthetase 4 enzyme that is highly expressed in teosinte, but not in the B73 inbred, in which a deletion in the tenth intron of THP9-B73 causes incorrect splicing of THP9-B73 transcripts. Transgenic expression of THP9-teosinte in B73 significantly increased the seed protein content. Introgression of THP9-teosinte into modern maize inbreds and hybrids greatly enhanced the accumulation of free amino acids, especially asparagine, throughout the plant, and increased seed protein content without affecting yield. THP9-teosinte seems to increase nitrogen-use efficiency, which is important for promoting a high yield under low-nitrogen conditions.
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                    Fig. 1: Comparison of the protein content and genome sequence of teosinte and modern maize.[image: ]


Fig. 2: Map-based cloning and expression of THP9.[image: ]


Fig. 3: Genetic confirmation and natural variation of THP9.[image: ]


Fig. 4: NUE of NILTeo and NILB73.[image: ]


Fig. 5: Hybrids that contain THP9-T have an improved nitrogen content.[image: ]
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                Data availability

              
              All sequencing data for creation of the Ames 21814 haplotype have been deposited at the National Genomics Data Center (NGDC; https://ngdc.cncb.ac.cn/) under the BioProject number PRJCA011706, in which the PacBio HiFi data are under the accession number SAMC874385, the Hi-C data are under the accession number SAMC873392, the PacBio isoform sequencing data are under the accession number SAMC873393 and the Illumina WGS data are under the accession numbers SAMC874386 and SAMC874387. The final assembled genome sequence data reported in this paper have been deposited under accession number GWHBKHM00000000 that is publicly accessible at https://ngdc.cncb.ac.cn/gwh. The RNA-sequencing data of Ames 21814, B73 Ã— Ames 21814 and B73 (roots and leaves at flowering stage) are under the accession numbers SAMC874334â€“SAMC874357.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Content of total nitrogen and free amino acids in roots, stems and leaves of Ames 21814 and B73 and SDSâ€“PAGE of zein and non-zein proteins in B73 and 10 teosinte lines.
a, Nitrogen content in roots, stems, leaves and seeds of B73 determined by acid hydrolysis and the Dumas method. Data are presented as mean Â± s.d. (nâ€‰=â€‰6 biologically independent samples for each method). b, Total nitrogen content in roots, stems, and leaves of Ames 21814 and B73. Data are presented as mean Â± s.d. (nâ€‰=â€‰10 biologically independent samples). c, Content of individual free amino acids in roots (the top panel), stems (the middle panel), and leaves (the bottom panel) of Ames 21814 and B73. Data are presented as mean Â± s.d. (nâ€‰=â€‰6 biologically independent samples). d, SDSâ€“PAGE of zein and non-zein proteins in B73 and 10 teosinte lines. The apparent size in kDa of each protein band is indicated on the left. M, protein markers. Î³27, 27-kDa Î³-zein; Î±22, 22-kDa Î±-zein; Î±19, 19-kDa Î±-zein; Î³16, 16-kDa Î³-zein; Î³15, 15-kDa Î³-zein; Î´10, 10-kDa Î´-zein. 3 times the SDSâ€“PAGE analysis experiment were repeated independently with similar results. In a and b, a two-tailed Studentâ€™s t-test was used to determine P values, see Source Data.
Source data


Extended Data Fig. 2 Ames 21814 haplotype assembled by trio binning.
a, Phenotypes of teosinte Zea mays subsp. parviglumis (accession number: Ames 21814), B73 x Ames 21814 and B73. Scale bar, 35 cm. b, Teosinte haplotype genome assembly flow chart. To perform a de novo assembly of the teosinte haplotype, we sequenced and assembled its haplotype by integrating three technologies: HiFi long reads with the PacBio Sequel platform, paired-end sequencing with the Illumina HiSeq platform, high-throughput chromatin conformation capture (Hi-C). We completed assembly of the teosinte haplotype based on the trio-binning strategy because of the characteristics of high heterozygosity of Ames 21814. c, Whole genome Hi-C interaction heat map of 2.5 Mb windows. Each blue number indicates the corresponding chromosome. Each cluster represents a chromosome in the haplotype. In a set of chromosomes, the bottom cluster represents the hap1 (teosinte Ames 21814) chromosome, the top cluster represents the hap2 (B73) chromosome. d, Each chromosomes Hi-C contact map, Ames 21814 (Teo). e, Dot plot of B73 genome assembly (hap2, this study) and B73_v5 genome assembly. Alignment less than 20 kb was filtered out. f, Dot plot of Ames 21814 haplotype (hap1) and B73 haplotype (hap2). Alignment less than 20 kb was filtered out. g, Haplotype-specific inversions supported by the Hi-C contact map. Fourteen inversions larger than 1 Mb were selected for Hi-C zoom-in inspection by excluding those caused by tandem repeat arrays (CentC or knob). Thirteen inversions were correctly verified, while the Chr1: 235 Mb inversion is a misscaffold contig.


Extended Data Fig. 3 Variation in Î±-zein gene copies between Ames 21814 and maize inbreds.
a, Copy numbers of Î±-zein genes in Ames 21814, B73 and W22. Gene numbers of Î±19 (z1A1, z1A2, z1B and z1D) and Î±22 (z1C1 and z1C2) are indicated beside each locus. b, Statistical analysis of copy number of Î±19 (z1A1, z1A2, z1B and z1D) and Î±22 (z1C1 and z1C2) in Ames 21814, B73 and W22.
Source data


Extended Data Fig. 4 Diagram showing how the genetic populations were created and measurement of protein content in backcrossing populations.
a, The population size for each generation is indicated. b, SDSâ€“PAGE showing zein accumulation in B73, teosinte (Ames 2184), and B73 x Ames 21814 seeds. c, Nitrogen content in roots of B73 and F1 plants of B73 x Ames 21814. Data are presented as mean Â± s.d. (nâ€‰=â€‰6 biologically independent samples for each method). d, Nitrogen content in stems of B73 and F1 plants of B73 x Ames 21814. Data are presented as mean Â± s.d. (nâ€‰=â€‰6 biologically independent samples for each method). e, Nitrogen content in leaves of B73 and F1 plants of B73 x Ames 21814. Data are presented as mean Â± s.d. (nâ€‰=â€‰6 biologically independent samples for each method). f, SDSâ€“PAGE of zein accumulation in 10 F2 seeds of B73 x Ames 21814. B73 seed was used as the control. g, SDSâ€“PAGE of zein accumulation in seeds from 12 different BC2 eras. B73 seed was used as the control. h, SDSâ€“PAGE of zein accumulations in 12 BC2 seeds from a single high-protein ear. B73 seed was used as the control. i, Protein content in seeds from 30 different BC3 ears. j, Protein content in 8 high-protein ears in the BC3 population. Seven single seeds for each ear were measured. B73 was used as the control. k, The protein content in seeds from 30 different BC4 ears. l, The protein content in 8 high-protein ears in the BC4 population. Seven single seeds for each ear were measured. B73 was used as the control. In b, f-h, more than three times the SDSâ€“PAGE analysis experiment were repeated independently with similar results. In c-e, a two-tailed Studentâ€™s t-test was used to determine P values, see Source Data.
Source data


Extended Data Fig. 5 Mapping THP9 by BSA sequencing of three populations of BC4, BC6 and BC8 and deep resequencing of five high-protein and five low-protein BC6F4 lines.
a, Phenotyping high- and low-protein ears by SDSâ€“PAGE of zein (upper panel) and non-zein protein (lower panel) accumulation in the BC4 population. M, protein mol wt markers. Î³27, 27-kDa Î³-zein; Î±22, 22-kDa Î±-zein; Î±19, 19-kDa Î±-zein; Î³16, 16-kDa Î³-zein; Î³15, 15-kDa Î³-zein; Î´10, 10-kDa Î´-zein. b, Gene introgression analysis based on BSA sequencing of the BC4 population. c, Frequency distribution analysis of seed protein content in the BC6 population. A group of 1,314 ears were phenotyped and classified. d, Gene introgression analysis based on BSA sequencing of the BC6 population. e, Frequency distribution analysis of protein content in the BC8 population. A group of 1,344 ears was phenotyped and classified. f, Gene introgression analysis by BSA sequencing of the BC8 population. Bottom is the differential expression of introgressed genes based on RNA-Seq analysis of BC8 leaves. g, A total of 10 lines were analysed for gene introgression by resequencing. The high-protein lines are S2528, S2590, S2591, S2592 and S2596, and the low-protein lines are S2468, S2513, S2529, S2605 and S2609. The peak of introgressed teosinte DNA fragments in these lines was based on the B73 genome (B73_v4) coordinates are 13 Mb-143 Mb in S2528, 22.7 Mb-144.4 Mb in S2590, S2591, S2592 and S2596, 13 Mb-99 Mb in S2529, 22.7 Mb-135.5 Mb in S2605 and S2609. The smallest common region of the candidate interval is located between 135.5 and 143 Mb as indicated by the dotted box.
Source data


Extended Data Fig. 6 Three genes annotated in the 150-kb fine-mapping region and ASN4 transcript analysis.
a, Gene structure of Zm00001d047732 and SNPs in the coding sequences in B73 and Ames 21814. b, Expression fold change of the three genes in roots and leaves of NILB73 and NILTeo based on our RNA-Seq data. c, Schematic representation of ASN4 transcripts in B73 and Ames 21814. d,TPM mean analysis of ASN4 transcripts in B73 and Ames 21814 leaves and roots based on the RNA-seq data. TPM, Transcripts Per Million. Data are mean Â± s.d. (nâ€‰=â€‰3 biologically independent samples). e, RNA-seq reads of THP9 in NILB73 (upper panel) and NILTeo (lower panel) leaves. The number refers to the number of reads across the junction. f, Expression of the ASN4 promoter sequences amplified from Ames 21814 and B73 compared by dual-luciferase (LUC) assay. Data are presented as mean Â± s.d. P values, a two-tailed Studentâ€™s t-test was used to determine P values, see Source Data.
Source data


Extended Data Fig. 7 Linkage of THP9-T with high asparagine and high protein contents in the BC7F3 population and phenotypic comparison of NILTeo and NILB73.
a, Phenotypes of three representative BC7F3 ears with maternal genotypes that are homozygous THP9-B, heterozygous THP9-H (T/B) and homozygous THP9-T, respectively. b, Free asparagine content in THP9-B, THP9-H and THP9-T roots in the BC7F3 population. Data are mean Â± s.d. (nâ€‰=â€‰10 biologically independent samples). c, Protein content in seeds from self-pollinated THP9-B, THP9-H and THP9-T plants in the BC7F3 population. Each ear was used as one unit. Data are mean Â± s.d. (n = more than 20 biologically independent samples). d, Plant phenotypes of NILTeo and NILB73. Scale bar, 30cm. e, Plant height of NILTeo and NILB73. The plants were grown in Sanya in 2021. Data are mean Â± s.d. (nâ€‰=â€‰18 biologically independent samples). f, Plant fresh weight (root and aboveground mass) of NILTeo and NILB73. Data are mean Â± s.d. (nâ€‰=â€‰6 biologically independent samples). g, Association analysis of seed protein content with total stem nitrogen content in the BC8 population. The corresponding seed protein content and stem nitrogen content of the same plant are connected by a solid grey line (nâ€‰=â€‰1334 biologically independent samples). h, The total nitrogen content in NILTeo and NILB73 roots, stems, and leaves. Data are mean Â± s.d. (nâ€‰=â€‰33, 41 and 20 biologically independent samples, respectively). i, Total free amino acid content in NILTeo and NILB73 roots and leaves. Data are mean Â± s.d. (nâ€‰=â€‰20 biologically independent samples, respectively). In b-c, different letters indicate significant differences (Pâ€‰<â€‰0.01, one-way ANOVA and further Tukeyâ€™s test, see Source Data). In e, f and h, i, a two-tailed Studentâ€™s t-test was used to determine P values, see Source Data.
Source data


Extended Data Fig. 8 NILB73 and NILTeo under normal and low-nitrogen conditions.
a-c, Construction of four aboveground concrete containers with plastic film covering the containers. d, NILB73 and NILTeo grown in container without nitrogen fertilizer application. e, The nitrogen content of soil in containers with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰16 biologically independent samples). f, Plant phenotypes of NILB73 and NILTeo with and without nitrogen application. Scale bar, 20 cm. g, Root phenotypes of NILB73 and NILTeo with and without nitrogen application. Scale bar, 5 cm. h, Plant height of NILTeo and NILB73. Data are mean Â± s.d. (nâ€‰=â€‰8 biologically independent samples). i, qRTâ€“PCR analysis of THP9 expression in NILB73 and NILTeo roots with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰3 biologically independent samples). j, Root fresh weight of NILB73 and NILTeo with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰8 biologically independent samples). k, Aboveground biomass of NILB73 and NILTeo with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰14 biologically independent samples). l. Total nitrogen content in NILB73 and NILTeo roots with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰6 biologically independent samples). m, Total nitrogen content in NILB73 and NILTeo stems with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰10 biologically independent samples). n, Total nitrogen content in NILB73, and NILTeo leaves with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰6 biologically independent samples). o, Protein content in NILB73 and NILTeo seeds with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰20 biologically independent samples). In e and h-o, letters indicate significant differences (Pâ€‰<â€‰0.01, one-way ANOVA and further Tukeyâ€™s test).
Source data


Extended Data Fig. 9 Wild-type B73 and THP9-OE2 under normal and low-nitrogen conditions.
a, Plant phenotypes of WT (B73), NILTeo and THP9-OE2 with and without nitrogen application. Scale bar, 20 cm. b, Root phenotypes of WT, NILTeo and THP9-OE2 with and without nitrogen application. Scale bar, 5 cm. c, The nitrogen content of soil in containers with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰8 biologically independent samples). d, Plant height of WT and THP9-OE2. Data are mean Â± s.d. (nâ€‰=â€‰8 biologically independent samples). e, The root fresh weight of WT and THP9-OE2 with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰14 biologically independent samples). f, The aboveground biomass of WT and THP9-OE2 with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰14 biologically independent samples). g. Total nitrogen content in WT and THP9-OE2 roots with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰12 biologically independent samples). h, Total nitrogen content in WT and THP9-OE2 stems with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰12 biologically independent samples). i, Total nitrogen content in WT and THP9-OE2 leaves with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰12 biologically independent samples). j, Protein content in WT and THP9-OE2 seeds with and without nitrogen application. Data are mean Â± s.d. (nâ€‰=â€‰20 biologically independent samples). In c-g, letters indicate significant differences (Pâ€‰<â€‰0.01, one-way ANOVA and further Tukeyâ€™s test).
Source data


Extended Data Fig. 10 Seed protein content of NILTeo Ã— Mo17 and Zhengdan 958-T hybrids.
a, Seed protein content in Zhengdan 958-B and Zhengdan 958-T seeds. Data are presented as mean Â± s.d. (nâ€‰=â€‰20 biologically independent samples). Protein content in F2 seeds of NILB73 x Mo17 and NILTeo x Mo17. Data are presented as mean Â± s.d. (nâ€‰=â€‰30 biologically independent samples). In a,b, a two-tailed Studentâ€™s t-test was used to determine P values, see Source Data.
Source data
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