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            Abstract
Loss of seed-coat impermeability was essential in the domestication of many leguminous crops to promote the production of their highly nutritious seeds. Here we show that seed-coat impermeability in wild soybean is controlled by a single gene, GmHs1-1, which encodes a calcineurin-like metallophosphoesterase transmembrane protein. GmHs1-1 is primarily expressed in the Malpighian layer of the seed coat and is associated with calcium content. The transition from impermeability to permeability in domesticated soybean was caused by artificial selection of a point mutation in GmHs1-1. Interestingly, a number of soybean landraces evaded selection for permeability because of an alternative selection for seed-coat cracking that also enables seed imbibition. Despite the single origin of the mutant allele Gmhs1-1, the distribution pattern of allelic variants in the context of soybean population structure and the detected signature of genomic introgression between wild and cultivated soybeans suggest that Gmhs1-1 may have experienced reselection for seed-coat permeability.
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                    Figure 1: Hard-seededness and seed-coat permeability of parental soybean lines and their progeny.[image: ]


Figure 2: Map-based cloning of the GmHs1-1 locus and candidate geneâ€“association analysis.[image: ]


Figure 3: Subcellular localization and tissue-specific expression of GmHs1-1.[image: ]


Figure 4: Complementation test and characterization of GmHs1-1.[image: ]


Figure 5: Haplotype expression and association analyses at the GmHs1-1 locus.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Expression of Glyma02g43700.1 and Glyma02g43710.1 in the mapped GmHs1-1 region in seed coats 4 weeks post-anthesis (WPA).
Expression levels of genes relative to that of the actin-expressing gene in PI 468916 and Williams 82 and in the F1:2 seed coats were detected by qRT-PCR. Expression levels are shown as mean Â± s.e.m. from three replicates.


Supplementary Figure 2 Structural prediction of the GmHs1-1 protein.
(a) Posterior probabilities for transmembrane helix, inside, and outside displayed for the GmHs1-1 protein as determined by TMHMM 2.0. Two transmembrane segments were predicted. The asterisk indicates the location of the amino acid change resulting from the C>T mutation in GmHs1-1 that resulted in the Gmhs1-1 allele. (b,c) Predicted three-dimensional structures of the GmHs1-1 and Gmhs1-1 proteins, which differ at a single amino acid from threonine to methionine resulting from the C>T mutation. Arrows indicate the predicted structural differences around the mutation sites between the GmHs1-1 and Gmhs1-1 proteins.


Supplementary Figure 3 Comparison of the promoter sequences of the GmHs1-1 locus between G. max and G. soja.
(a) Phylogenetic relationships of the G. soja and G. max accessions whose promoter and CDS regions at the GmHs1-1 locus were completely sequenced in this study and which were also previously re-sequenced30. The phylogenetic tree of the 302 re-sequenced accessions was built with the genome-wide SNPs detected by resequencing30. (b) Sequence variation in the complete 2.5-kb genomic region upstream of the GmHs1-1 CDS. The positions of variation sites upstream of the start codon are labeled with negative numbers. The portions of identical sequences within the promoter region shared by all these accessions are indicated by dots. Accessions sharing an identical promoter are highlighted. Stars indicate the landraces showing seed-coat cracking. "H", hard seededness; "P", permeable seed coat; "P/C", permeable seed coat due to seed-coat cracking; "In", insertion; "Del", deletion.


Supplementary Figure 4 Distribution of six landraces showing seed-coat cracking in the context of the genetic structure of a soybean population.
Each vertical bar represents a single soybean accession and is partitioned into K (3) colored segments. Each color represents one cluster, and the length of the colored segment shows the accessionâ€™s estimated proportion of membership in that cluster as calculated by STRUCTURE in a typical run at the value of K (3). The genotypes of individual cultivars are marked by thin vertical lines above the plot of population structure, and their phenotypes are indicated by solid (hard-seededness) and hollow (seed-coat permeability) diamonds and stars (seed-coat cracking), respectively. The detailed information of this population is shown in Supplementary Table 3. The population structure was constructed on the basis of genetic diversity revealed by sequences from 102 genes as described previously31,32.


Supplementary Figure 5 Distribution of the wild-type GmHs1-1 allele in a mini-core collection of Chinese soybean landraces.
(a) Genetic distribution of the GmHs1-1 allele in the context of the genetic structure of the landrace population. Each vertical bar represents a single soybean landrace and is partitioned into K (3) colored segments. Each color represents one cluster, and the length of the colored segment shows the landraceâ€™s estimated proportion of membership in that cluster as calculated by STRUCTURE in a typical run at the value of K (3). Abbreviations above brackets indicate soybean-cultivated eco-regions or subregions in China. CSp, Changjiang (Yangtze river) spring-type subregion; HR, Huang-Huai region; HSp, Huang-Huai spring-type subregion; HSu, Huang-Hai summer-type subregion; NESp, Northeast spring-type subregion; NR, North region; NSp, North spring-type subregion; Sau, South autumn planting ecotype subregion; SR, South region; SSp, South spring-type subregion; Ssu, South summer-type subregion. (b) Geographic distribution of the GmHs1-1 allele carried by landraces in the mini-core collection in China. The detailed information of this population is shown in Supplementary Table 4. The population structure was described previously13,32.


Supplementary Figure 6 Selective sweep in the GmHs1-1 region and putative genomic introgression.
(a) An illustration of a selective sweep that spans an ~160-kb region that harbors 19 genes including the GmHs1-1 locus. The red arrowhead points to the GmHs1-1 locus. Each blue bar represents one gene. The smallest bars are equivalent to a ratio of 0. The order of and distances among the bars indicate the order of the gene in the region but do not reflect the sizes of the genes or intergenic distances. (b) Ratios of the nucleotide diversity among the Gmhs1-1 accessions (Ï€Gmhs1-1) to the nucleotide diversity among the GmHs1-1 accessions (Ï€GmHs1-1) estimated for all genes on chromosome 2. Among the 109 accessions (Supplementary Table 3) genotyped for the GmHs1-1 locus by CAPS markers and sequencing of DNA fragments in this study, a total of 87 (18 G. soja accessions and 69 G. max accessions) were resequenced30 and used for genome-wide genetic diversity analysis. All SNPs in genetic sequences along chromosome 2 were included in the analysis of genetic diversity. The blue vertical lines represent individual genes and their orders along chromosome 2. Sizes of individual genes and intergenic distances are not reflected in the plots. The red box marks a genomic region comprising 25 genes upstream and 25 genes downstream of the GmHs1-1 locus, and the two vertical pink lines beneath the red box indicate the ~160-kb selective sweep. (câ€“f) Putative introgression of genomic segments from G. soja into each of the four resequenced landraces carrying GmHs1-1 along chromosome 2. Two vertical pink lines indicate the ~160-kb genomic region showing the selective sweep. No clear genomic introgression was detected in the ~160-kb selective sweep region, but signatures of genomic introgression were detected in its flanking regions in three of the four landraces. (gâ€“j) Exemplification of putative introgression of genomic segments from G. soja into each of the four resequenced landraces on other chromosomes. In each of the panels from c to j, the x axis shows the full length of a specific chromosome, and the y axis represents relative identicals by descent (rIBD) that reflect the relative frequency of the shared haplotypes between each of the four landraces and the 18 G. soja accessions versus the shared haplotypes between each of the four landraces and the 69 G. soja accessions along individual chromosomes (Online Methods). All SNPs detected by genome resequencing30 were used to identify putative genomic introgression.


Supplementary Figure 7 Comparison of linkage disequilibrium (LD) in the genomic region surrounding the selective sweep that harbors the GmHs1-1 locus.
(a) LD in the G. max subpopulation. (b) A genomic region surrounding the selective sweep as shown in Supplementary Fig. 6a. (c) LD in the G. max subpopulation. Dashed gray lines connecting panels a and b and panels b and c mark the same regions. The red dashed lines indicate the position of the GmHs1-1 locus. All SNPs from 87 resequenced accessions30 were used for LD analysis. Strong LD was detected in the selective sweep region in the G. max subpopulation, whereas no clear LD was detected in the corresponding region in the G. soja subpopulation. The causative (C>T) mutation for the transition from GmHs1-1 to Gmhs1-1 was not detected from the resequencing data30; thus the potential LD between the C>T mutation and other SNPs in the region is not reflected.
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