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Tocopherol (Toc) occurs in soybean seeds and is extracted together with the soybean oil. Toc is utilized as an antioxidant in food and an additive in animal feed. A total of 180 representative accessions and 144 recombinant inbred lines (RILs) from the cross of ‘Hefeng 25’ and ‘OAC Bayfield’ were selected to evaluate individuals and total Toc concentrations in soybean seeds. The 180 soybean samples were sequenced by the approach of Specific Locus Amplified Fragment Sequencing (SLAF-seq). A total of 22,611 single nucleotide polymorphisms (SNPs) were developed. Nineteen quantitative trait nucleotides (QTNs) were identified associated with individual or total-Toc based on genome-wide association analysis (GWAS). Among them, three QTNs located near known QTLs, and 16 were novel. Eighteen QTLs and nine eQTLs were also detected by linkage mapping. The QTN rs9337368 on Chr.02 was colocalized according to the linkage mapping of the RILs and genome-wide association analysis and regarded as a stable locus for mining the candidate genes in association with Toc. A total of 42 candidate genes near the 200 kbp flanking region of this identified locus were found. Upon a gene-based association, 11 SNPs from five genes out of the 42 candidates were detected. Expression level analysis of five candidate genes revealed that two genes were significantly related to Toc content. The identified loci, along with the candidate genes, might be valuable for increasing the Toc concentration in soybean seeds and improving the nutritional value of soybean oil.
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Introduction

Soybean (Glycine max (L.) Merr.) is a major crop for oil and food. Soybean oil accounts for 30% of vegetable oil consumption. Tocopherols (Tocs) are extracted with soybean oil during seed processing. Toc concentrations account only 1.5% of the total oil, but they are important for providing oxidative stability (Tavva et al., 2007). Toc is also used as an antioxidant in foods and a nutrient additive in animal food to improve meat quality (Munné-Bosch and Alegre, 2002). As a human diet supplement, Toc can reduce cancer and help prevent cardiovascular diseases (Dwiyanti et al., 2007; Shaw et al., 2017). Toc is a member of the family of structurally-related compounds, including α-, β-, γ- and δ-Toc, and four corresponding unsaturated derivatives, α-, β-, γ- and δ-tocotrienols (Wan et al., 2008). All Tocs are amphipathic molecules and contain a polar chromanol head group, which is derived from homogentisic acid and a lipophilic tail from phytyl-diphosphate (Maheswari et al., 2015; Park et al., 2019). In soybean oil, the biological activities of four individual Tocs vary with the number and position of methyl groups on the chromanol ring (Bramley et al., 2000). The biological activities of α-, β-, γ-, and δ-Toc are 100, 50, 10 and 3% equivalent to that of α-Toc activity (Kamal-Eldin and Appelqvist, 1996; Wan et al., 2008). The proportion of α-Toc is usually less than 10% of the total Toc in soybean seeds (Park et al., 2019). The demand for Toc has increased due to the increasing interest in functional foods and meat products. However, about 85% of Toc is derived from chemical synthesis nowadays (Dwiyanti et al., 2007). The biological activities of Toc that were synthesized by chemical account for only 50% of the natural α-Toc (Dwiyanti et al., 2007). Thus, increasing α-Toc proportion and total Toc concentration of soybean seeds is important for soybean breeding programs.

Toc content of soybean seeds is a complex quantitative trait that is regulated by multiple genetic and environmental factors (Seguin et al., 2010). Genetic improvement on Toc content of soybean seeds by traditional selection is inefficient and time-consuming. Marker-assisted selection (MAS) is faster and more accurate and is based on genotype instead of solely on phenotype. Determining the genetic basis of Toc in soybean seeds is critical for MAS. Two strategies, including traditional quantitative trait locus (QTL) mapping and genome-wide association study (GWAS), were utilized to determine the genetic basis of Toc. For bi-parent QTL mapping, only a limited number with famous strains that have genetic basis (‘Keszthelyi A.S,’ ‘OAC Bayfield’ and ‘Beifeng 9’) have been analyzed (Li et al., 2010; Shaw et al., 2016). Nearly all of these identified QTLs were obtained through a low-resolution genetic map, which was constructed by lower density simple-sequence repeat (SSR) markers (Li et al., 2010; Shaw et al., 2016). These identified QTLs were difficult to use for MAS. Complementary to linkage analysis, genome-wide association study (GWAS) with a population of unrelated lines and high-density single nucleotide polymorphism (SNP) markers could identify causal genes for a broad range of complex traits. Many important traits including soybean cyst nematode (Han et al., 2015; Zhang et al., 2016), seed weight (Liu et al., 2017), fatty acid content (Zhao et al., 2019), protein and oil (Li et al., 2018; Lee et al., 2019) have been reported in the Soybase database. However, no studies for GWAS of Toc concentration in soybean seeds have been reported.

The Toc biosynthetic pathway to higher plants is known, and relatively few genes methyl-6-phytyl-1, 4-benzoquinone (MPBQ), tocopherol cyclize (TC) and Phytyl transferase (HPT)) are associated with Toc accumulation. Increasing the transcript abundance of these genes is an effective approach for improving Toc concentration (Dwiyanti et al., 2007). The integrated analysis of genotype and transcript abundance data associated with complex traits can be used to identify novel genetic pathways involved in complex traits through QTL expression (Wang et al., 2014). Wang et al. (2014) identified 33 eQTLs of four genes from the biosynthetic pathway of soybean seeds isoflavone, and these were valuable for MAS.

In this study, a GWAS of Toc concentration was performed through 22,611 SNPs and 180 soybean accessions. Based on a recombinant inbred line (RIL) population, a QTL analysis was conducted, and MPBQ, TC, and HPT in the Toc biosynthetic pathway were selected as the target genes (TGs) to analyze eQTL that related to Toc concentration. This study aims to identify stable loci and screen candidate genes that highly associated with individual or total-Toc concentration.



Materials and Methods


Plant Material and Field Trials

A germplasm collection including 180 diverse soybean accessions, representing the genetic diversity inside and outside of China (Table S1), was selected to evaluate the individual and total Toc and used for subsequent sequencing analysis and GWAS. Additionally, a cross population of 144 recombinant inbred lines (RILs), derived from crossing between two elite soybean cultivars, ‘Hefeng 25’ (low Toc concentration) and ‘OAC Bayfield’ (high Toc concentration), was used for subsequent linkage analysis (Tanner et al., 1998; Guan et al., 2009). All samples were planted in Harbin for four consecutive years (2014–2017). Field trials were performed using single-row plots (3 m long and 0.65 m between rows) and a randomized complete block design (three replications per test environment). After reaching full maturity, ten randomly selected plants per row in each plot were collected and used to evaluate individual and total Toc concentration. Additionally, for the eQTL analysis, immature seeds of the RILs at the R7 reproductive stage were harvested and quantified in 2017 for transcript abundances (Li et al., 2016). Furthermore, sixteen characteristic germplasms within the association panel were used to analyze the expression levels of candidate genes, including relatively higher accessions (Line 1 to Line 8) and lower accessions (Line 9 to Line 16) of α-Toc, γ-Toc, δ-Toc, and total Toc contents were planted in 2018. Immature seeds were harvested at the R7 reproductive stage, which stage showed the highest content of Toc in grains, for the determination of Toc content and expression analysis of genes (Li et al., 2016).



Sample Preparation and High-Performance Liquid Chromatography (HPLC) Analysis

Extraction and determination of soybean seed Toc were conducted based on methods described by Ujiie et al. (2005). In detail, 5 g test samples were ground to a fine powder. A mixture of 0.1 g soybean flour, 0.05 g ascorbic acid, and 3 ml of 80% (w/v) ethanol was stirred in a 5 ml tube for 10 s, sonicated for 15 min, and stirred for 10 min after adding 2 ml of hexyl hydride at room temperature. The slurry was centrifuged at 13,000 g for 15 min, and then the clear aliquot was filtered through a 0.45-µm PTFE filter. The supernatant was used to measure individual and total Toc using HPLC (Dionex ASI-100, USA) with a C18 reverse-phase column (250 mm length and 4.6 µm particle sizes). The measurement conditions (solvent A: 100% methanol, flow rate: 1.5 ml min−1, the temperature of the column: 40°C; and the injection volume: 20 μl) were set. A senex fluorescent light a detector was used with excitation at 295 nm and emission at 330 nm. The standard concentrations ranged from 5 to 100 µM, and 10 µl volumes (5–1,000 pM) were injected. FR spectra were recorded, and the responses were integrated using Dionex 2.0 software. The external standard method was used for the quantification of Toc in soybean seeds.



Real-Time PCR of the Target Genes Involved in the Toc Biosynthetic Pathway

Some target genes (TGs) involved in the biosynthesis pathway of soybean tocopherols (https://www.kegg.jp/) were selected for investigation of transcript abundance. Total RNA was isolated from soybean seeds samples of all the 144 RIL individuals at the R7 stage using plant RNA purification reagent (TIANGEN, DP432), and then we synthesized the first-strand cDNA based on the TIANScript RT Kit (TIANGEN, KR104). The transcript abundances of the TGs were determined by real-time PCR analysis, and the assay was performed on an ABI 7500 Fast using SuperReal PreMix Plus (SYBR Green) Kit (TIANGEN, FP205) according to manufacturer instructions.

Each reverse transcription was performed with approximately 1 μg of total RNA. About 1 μl of the first-strand cDNA, 0.2 μM of each primer, 0.4 μl of DyeII, and 10 μl of SYBR Green PCR Master Mix, were used for each amplification reaction of 20 μl. The real-time PCR programs were as follows: 95°C for 30 s, for holding stage; 95°C for 3 s, 60°C for 30 s, 72°C for 30 s for 40 cycles, for cycling stage; 95°C for 15 s, 60°C for 1 min, 95°C for 30 s and 60°C for 15 s for melt curve stage. Three technical replicates and three biological duplications were conducted for each sample, and the relative transcript levels were calculated using the comparative threshold method (2−△△CT) with GmActin4 (GenBank accession no. AF049106) as the internal standard control. The sequences of the primer pairs used to amplify these genes are listed in Table S2.



SNP Genotyping Data Collection

The genomic DNA of the whole association panel was isolated using the CTAB method described by Han et al. (2015) and then sequenced based on the specific-locus amplified fragment sequencing (SLAF-seq) approach (Sun et al., 2013). A group of digest enzymes Mse I (EC 3.1.21.4) and HaeIII (EC:3.1.21.4) (Thermo Fisher Scientific Inc., Waltham, MA, USA.) were used to obtain more than 50,000 sequencing tags, each 300–500 bp in length, from each accession based on preliminary analysis of the reference genome. These tags were distributed in unique genomic regions of the 20 soybean chromosomes. The sequencing libraries of each accession were defined based on the sequencing tags. For each accession library, the 45 bp sequence reads at both ends of the sequencing tags were obtained through a barcode method combination with Illumina Genome Analyzer II system (Illumina Inc., San Diego, CA, USA). The alignment between the raw paired-end reads and soybean reference genome was performed using Short Oligonucleotide Alignment Program 2 (SOAP2) software. The raw read in the same genomic position were used to define the SLAF groups based on more than 58,000 high-quality SLAF tags from each tested sample. The SNPs were based on MAF ≥ 0.05. The genotype was regarded as heterozygous when the depth of the minor allele/the total depth of the sample was more than 1/3 (Han et al., 2016).

Twenty soybean germplasms (10 lines with higher level and 10 lines with lower level of Toc concentration) were selected for a genome re-sequencing 10-fold in depth using an Illumina HiSeq 2500 sequencer. Paired-end re-sequencing reads were mapped to the reference genome via BWA (Version: 0.6.1-r104) using default parameters. The BAM format of these mapped reads was converted via SAMtools48 (Version: 0.1.18) software, and unmapped and non-unique reads were filtered. Duplicated reads were further filtered with the Picard package (picard.sourceforge.net, Version:1.87). The BEDtools (Version: 2.17.0) coverage Bed program was used for computing the coverage of sequence alignments. A sequence was defined as “absent” when coverage was lower than 90% and “present” when coverage was higher than 90%. SNPs were identified through the Genome Analysis Toolkit (GATK, version 2.4-7-g5e89f01) and SAMtools (Zhou et al., 2015). Only the SNPs which were detected by both methods were further analyzed. SNPs with allele frequencies lower than 1% in the population were discarded. The annotations of SNPs were conducted based on the soybean reference genome using the package ANNOVAR (Version: 2013-08-23).



Population Structure Evaluation and Linkage Disequilibrium (LD) Analysis

Principal component analysis (PCA) programs of Software package GAPIT (Lipka et al., 2012) were used to analyze the population structure of the natural panel. Software TASSEL version 3.0 (Bradbury et al., 2007) was used to determine LD across the soybean genome with these SNPs (MAF ≥ 0.05 and missing data < 3%). Compared with the GWAS, missing SNP genotypes were not imputed with the major allele before LD analysis. Parameters in the program included MAF (≥ 0.05) and the integrity of each SNP (> 80%).



Genome-Wide Association Analysis

The association signals of individuals and total Toc were identified based on 22,611 SNPs and 180 tested soybean samples with the compressed mixed linear model (CMLM) in GAPIT (Lipka et al., 2012). The significance threshold for the association between SNP and traits was determined by −log10(P) ≥ 3 (Yan et al., 2017).



QTL and eQTL Mapping Based on Linkage Analysis for Soybean Toc Concentration-Related

QTL and eQTL analyses were performed using the composite interval mapping (CIM) method implemented with QTL IciMapping v4.1 using stepwise regression for cofactor selection (Meng et al., 2015). The LOD score threshold was determined based on the results of 1,000 permutations for each trait. The percentage of phenotypic variance and additive effect explained by a QTL for a trait was also estimated.



Prediction of Candidate Genes Controlling Toc Concentration of Soybean Seed

Candidate genes, located in the 200-kb genomic region up- and down-stream of each peak SNP, were classified and then annotated with the soybean reference genome through the methods developed by Cheng et al. (2017). The SNP variations that occurred in the regions of candidate genes, including exon regions, splicing sites, 5′UTRs and 3′UTRs, intron regions and upstream and downstream regions, were detected via genome re-sequencing data. A candidate gene-based association was conducted based on these SNPs and phenotype values of 20 soybean germplasms in different years by using the General Linear Model (GLM) model in TASSEL software 3.0 to identify haplotypes of candidate genes that related to Toc (Bradbury et al., 2007). Significant SNPs related to the target traits were claimed when the test statistic was p < 0.01. Permutation test was used to control the false positive results (Chaubey et al., 1993). The expression levels of five candidate genes in 16 characteristic soybean germplasms at R7 stage were detected by real-time PCR to further analyze candidate genes. The method of real-time PCR was the same as the expression analysis of target genes involved in the Toc biosynthetic pathway. The sequences of the primer pairs used to amplify these genes were listed in Table S2.



Statistical Analysis

A statistical analysis was performed by SPSS 22.0. Descriptive statistics such as minimum, maximum, mean, coefficient of variation, skewness, and kurtosis were calculated for the selected population, including the tocopherol contents of 178 soybean germplasms in four environments, the tocopherol contents of RILs and the expression patterns of three genes (MPBQ, TC, HPT) in RILs at R7 stage. In addition, descriptive statistics such as minimum, maximum, mean, standard error, and coefficient of variation were calculated for expression levels of candidate genes in 16 characteristic soybean germplasms. Analysis of Pearson’s correlation coefficient among tocopherol contents related to expression levels of candidate genes were estimated. The degree of correlation was divided into two levels, including significant correlation (P < 0.05) and extremely significant correlation (P < 0.01).




Results


Phenotype Variation Analysis of the Germplasm Collection and the RILs

The phenotypic values were measured to analyze the variation distribution of the association panel at Harbin from 2014 to 2017 and the RIL population at Harbin in 2017 (Tables 1 and 2). In the association panel, the individual and total Toc concentration of the 180 tested soybean lines varied greatly, including δ-Toc (from 34.90 to 235.10 ug/g), γ-Toc (from 60.20 to 279.40 ug/g), α-Toc (from 1.00 to 69.20 ug/g) and total-Toc (from 80.08 to 497.10 ug/g). The contents of 112.36, 168.04, 21.59, and 301.34 ug/g were the means of the four years of data (Table 1). Of the RIL population, these concentrations also varied over a wide range with averages of 68.95, 139.82, 9.90, and 222.43 ug/g (Table 2). The coefficient of variation, skewness, and kurtosis of the association panel and RIL population are shown in Tables 1 and 2. Continuous distributions with no significant skewness or kurtosis of individual and total Toc concentration for the association and RIL populations showed that these phenotypic values were appropriate for the subsequent GWAS and QTL analysis (Table 1, Figure 1 and Table 2). Additionally, the transcript abundances of three TGs (MPBQ, HPT, and TC) among the RILs at the R7 stage were measured (Table 1). Among these, the variation range of TC expression of the RILs was greater than the MPBQ and HPT expressions. No significant skewness or kurtosis of the three expressions was observed among the RILs; thus these values were suitable for the eQTL analysis.


Table 1 | Basic genetic parameter statistics for tocopherol in the tested soybean population (n =180).




Table 2 | Total and individual tocopherol content of the RIL population.






Figure 1 | Distribution of tocopherol content among 180 soybean accessions in four tested environments.





SNP Genotyping of the Association Panel

For the association panel, the genomic DNA of the 180 soybean samples was sequenced based on the SLAF-seq approach. A total of 22,611 SNPs distributed on 20 soybean chromosomes were screened with MAF ≥ 0.05 and missing data < 3%. These SNPs spanned 947.07 Mb, which covered about 86.10% of the entire soybean genome (Figure 2). The number of SNPs varied across the 20 soybean chromosomes, and the average number of SNPs per chromosome was 1130. The average marker density was approximately one SNP every 41.89 kb genome-wide.




Figure 2 | SNP density and distribution across the 20 soybean chromosomes.





Polymorphic SSRs for the RIL Population

Underlying the SSR markers mapped on the 20 LGs of soybean (Cregan et al., 1999; Song et al., 2004), 69 polymorphic SSRs between the two parental genotypes in this study were the new markers compared to the ones on the genetic map published by Li et al. (2010) and were applied in screening the RIL population. The genotypes of the recombinants were determined on the basis of these polymorphic markers and used to encrypt the reported genetic map for further QTL and eQTL analysis (Figure 3 and Table S3).




Figure 3 | Summary of eQTL and QTL locations detected in the soybean genome.





Genome-Wide Association of Toc Concentration in Soybean Seeds

The average distance of LD decay was analyzed to describe the mapping resolution of GWAS. The mean LD decay of the panel was estimated as 223.2 kb when R2 dropped to 0.4 (Figure 4A). Principal component (PC) and kinship analyses were also conducted by the 22,611 SNPs. The first three PCs accounted for 12.83% of the overall genetic variation, and the inflection point occurred at PC3, which indicated that the first three PCs could dominate the population structure for the association mapping (Figures 4B, C). In addition, a lower level of genetic relatedness was found based on the distribution of the pairwise relative kinship coefficients among the 180 tested accessions (Figure 4D). Based on the CMLM model (Lipka et al., 2012), 19 SNP loci identified in at least two years were considered to be associated with individual or total Toc of soybean seeds. They distributed on ten different chromosomes (Chr.), including Chr.01, Chr.02, Chr.06, Chr.07, Chr.09, Chr.11, Chr.15, Chr.17, Chr.18, and Chr.20 (Figure S1 and Table 3). Among them, three QTNs located near the SNP markers of rs37703714 on Chr.17, rs33069111, and rs35562231 on Chr.20, were near the genomic region of known QTLs for Toc concentration. The other 16 QTNs were novel Toc-related loci (Table 3). Of these QTNs, 15 loci located on different genomic regions of nine chromosomes were identified to be associated with total Toc of soybean seeds. The numbers of the QTNs correlated with α-Toc, γ-Toc and δ-Toc were 2, 5, and 12, respectively. The allele effects of these identified QTNs showed that different alleles for each QTN could significantly affect the Toc content of the tested soybean samples (Table 3).




Figure 4 | The linkage disequilibrium (LD), principal component, and kinship analyses of soybean genetic data. (A) The linkage disequilibrium (LD) decay of genome-wide association study (GWAS) population. (B) The first three principal components of the more than 20,000 SNPs used in the GWAS. (C) Population structure of soybean germplasm collection as reflected by principal components. (D) A heatmap of the kinship matrix of the 180 soybean accessions calculated from the same SNPs.




Table 3 | All significant SNPs for tocopherol traits detected by GWAS.





Linkage Mapping for Soybean Seeds Toc Concentration

For the linkage analysis, 18 QTLs (α-Toc, nine QTLs; δ-Toc, four QTLs; γ-Toc, three QTLs; total Toc, two QTLs) mapped on ten different chromosomes were detected using the CIM method (Meng et al., 2015). The phenotypic variation (PVE) explained by these QTLs was analyzed with the value range of 0.60–17.97% (Table 4). Additionally, additive effects analysis for individual or total Toc content was also performed. As shown in Table 4, two QTLs located in the Satt303–Satt472 and Satt472–Satt038 interval on Chr.18 for δ-Toc and total-Toc showed a higher positive additive effect. In contrast, two QTLs located in the interval of SSR02_0458–SSR02_0520 on Chr.02 and Satt657–Satt490 on Chr.13 exhibited a higher negative additive effect for δ-Toc and total-Toc, respectively. To confirm the stable loci for the Toc concentration, an eQTL analysis was conducted based on the same SSR markers and the transcript abundance of the TGs (Table 5). Finally, nine eQTLs mapped on five different chromosomes (Chr.02, Chr.04, Chr.15, Chr.18, and Chr.20) were detected. Among these, qMPBQD1b_1 on Chr.02, qMPBQE_1 on Chr.15, and qMPBQI_1 on Chr.20 were associated with MPBQ transcript abundance and could account for 2.07, 6.53, and 7.15% of the phenotypic variation, respectively. The other six eQTLs (qTCC1_1, qTCE_1, qTCG_1, qTCG_2, qTCI_1, and qTCI_2) underlying TC transcript abundance could explain the phenotypic variations from 2.86 to 7.20%. Of them, qTCG_2 located in the interval of Satt472–Satt038 on Chr.18 showed a higher LOD score with the value of 6.18.


Table 4 | QTL information mapped in RIL population.




Table 5 | The eQTLs for target genes of MPBQ、TC and HPT.





Analysis of the Candidate Genes Regulating Toc Concentration on Chr.02

For association analysis, a total of 177 candidate genes were screened in the 200-kbp flanking region of the identified nineteen QTNs (Table S4). Except for the seven genes with an unknown or uncharacterized protein domain, the other 170 candidates were classified and were mainly related to secondary metabolism, lipid metabolism, signaling, cell, protein synthesis/modification/degradation, and RNA regulation of transcription (Figure S2). Of these genes, some were directly or indirectly related to the tocopherol metabolism pathways. Glyma.18G115500 (located near QTN rs14143396 on Chr.18) was derived from the superfamily of NAD(P)-linked oxidoreductase. Two genes belonging to the zinc finger superfamily, including Glyma.01G021100 and Glyma.20G113200 located near QTN rs2162876 on Chr.01 and rs35562231 on Chr.20, respectively, might aid in the soybean Toc concentration with higher expressions in soybean seeds and pods (https://soybase.org/) (Park et al., 2019). Glyma.02G102900 is a protein containing plant U-box domain (PUB26), which triggers the accumulation of Toc content by regulating the transient burst of reactive oxygen species (ROS) (Kadota et al., 2014; Li et al., 2014; Stahl et al., 2019). Glyma.02G101300 (located near QTN rs9337368 on Chr.02), belonging to cytochrome b561/ferric reductase transmembrane protein family, participates in the regeneration of ascorbic acid; ascorbic acid-glutathione circulation is related to the regeneration of tocopherol phenolic groups, the oxidized form of tocopherol, and the results of the reaction of tocopherol with lipid peroxygen radicals (Kamal-Eldin and Appelqvist, 1996; Lane et al., 2015).

Based on the loci detected by GWAS, QTL, and eQTL analysis, a stable locus on Chr.02 was identified to be highly associated with Toc concentration in soybean seeds. Therefore, a total of 42 genes in the 200-kb flanking region of the QTL (located in the interval of SSR02_0458–SSR02_0520), eQTL (qMPBQD1b_1, located in the interval of SSR02_0458–SSR02_0520), and QTN (rs9337368) were considered as candidate genes (Table 6). To verify whether these candidates were associated with individual or total Toc, a candidate gene-based association was conducted. A total of 2,975 SNPs of 42 candidate genes were obtained from the genome re-sequencing of 20 soybean lines (10 higher/lower level of Toc concentration lines). Of them, 108 SNPs from 25 candidate genes were found reaching the threshold with −log10(P) ≥ 2. The stable SNPs detected in multiple years were picked out and considered to be significantly associated with Toc concentration; the genes containing these stable SNPs were then referred to the potential ones. Finally, a total of 11 SNPs from five potential genes (Glyma.02G098200 2 SNPs; Glyma.02G099800 2 SNPs; Glyma.02G100800 2 SNPs; Glyma.02G101300 2 SNPs; Glyma.02G102900 3 SNPs) were identified (Figure 5 and Table S5). For the haplotype analysis, at least two haplotypes existed for each of the five genes, and the individual or total Toc with these different haplotypes exhibited significant or highly significant differences (Figure 6).


Table 6 | Candidate genes in overlapping regions detected by QTL, eQTL, and GWAS.






Figure 5 | Candidate gene-based association. Gene-based association analysis of candidate genes with SNPs that were significantly correlated to tocopherol content. Horizontal line indicated that the threshold was set to 2.0.






Figure 6 | Haplotypes analysis of genes that related to tocopherol content. The * and ** was significance at p < 0.05 and p < 0.01, respectively.



To predict the potential role of candidate genes in the regulation of Toc content, pods from 16 characteristic soybean germplasms at development stages (R7) were selected to determine the content of δ-Toc, γ-Toc, α-Toc and total-Toc (Figure 7), and to analyze the expression levels of five potential genes. Of them, only Glyma.02g098200 was not expressed in immature soybean seeds, and the expression levels of the other four genes varied greatly among soybean germplasms (Figure 8). A statistical analysis for the expression levels of these five genes were conducted. The result showed that the expression levels of the five potential genes in 16 germplasms varied over a wide range and the expression levels among the lines with higher and lower tocopherol contents were different, including Glyma.02G099800 (Line 1 to Line 8 were from 4.53 to 7.52, Line 9 to Line 16 were from 3.16 to 5.63), Glyma.02G100800 (Line 1 to Line 8 were from 0.21 to 0.42, Line 9 to Line 16 were from 0.07 to 0.63), Glyma.02G102900 (Line 1 to Line 8 were from 0.17 to 0.75, Line 9 to Line 16 were from 0.05 to 0.13), Glyma.02G101300 (Line 1 to Line 8 were from 5.27 to 9.99, Line 9 to Line 16 were from 6.05 to 10.86). Among them, the range of the expression levels of Glyma.02G099800 and Glyma.02G102900 in higher Toc lines (Line 1 to Line 8) was much higher than those of lower Toc lines (Line 9 to Line 16) (Table S6). An analysis of Pearson’s correlation coefficient was performed to analyze the correlations between expression levels and tocopherol contents of the five potential genes. The results showed that the expression levels of Glyma.02G099800, Glyma.02G100800 and Glyma.02G102900 in pods were significantly correlated with total Toc content or its components, and Glyma.02G101300 showed no significant correlation with Toc content (Table S7). Among them, the expression level of Glyma.02G099800 showed significantly positive correlation (P < 0.05) with the γ-Toc content and total Toc content in soybean seeds among tested germplasms. The expression level of Glyma.02G100800 showed significantly positive correlation (P < 0.05) with the content of δ-Toc and showed the opposite correlation with α-Toc content. In addition, the expression level of Glyma.02G102900 was significantly positively correlated with δ-Toc content (P < 0.01) and total-Toc content (P < 0.05) (Table S7). These genes with beneficial haplotypes would be of great value in regulating individual and total Toc concentration of soybean seeds.




Figure 7 | Tocopherol content of 16 germplasms at R7 growth period. “High” represent the higher accessions (Line 1–Line 8), “Low” represent the lower accessions (Line 9–Line 16).






Figure 8 | Expression levels of candidate genes in 16 soybean germplasms at R7 growth period.






Discussion

Toc compounds, belonging to the vitamin E family, are lipophilic antioxidants that are beneficial to human health because they can prevent the oxidation of unsaturated fatty acids (Shaw et al., 2016). Compared to other oil crops, soybean oil contains a higher total Toc concentration with the dominant form being γ-Toc, which comprises 70% of the total Toc content. The vitamin E activity of γ-Toc is only moderate due to its lower affinity with the hepatic tocopherol transfer protein. The α-Toc, with a lower content in oil, has the highest activity (Bramley et al., 2000). Therefore, increasing the α-Toc and total Toc content in soybean seeds is important. In this four-year study, a germplasm collection of 180 soybean accessions in Harbin was used for measuring individual and total Toc content. Toc levels had a wide range of variation among the different accessions but a relatively smaller range of variation among the different years. The test samples containing a higher level of α-Toc and total Toc might be the useful sources for the breeding of new soybean cultivars.

Nearly thirty QTLs have been identified associated with individual or total Toc via different mapping populations, and most of these are specific to the genetic background (www.soybase.org). Li et al. (2010) detected four, eight, four, and five QTLs related to α-Toc, γ-Toc, δ-Toc, and total Toc from “OAC Bayfield,” respectively. Shaw et al. (2017) identified 26 SSR markers linked to QTL with individual and total Toc content from the cross of ‘OAC Bayfield’ and ‘OAC Shire.’ In the present study, 18 QTLs mapped to 10 chromosomes and nine eQTLs on five different chromosomes were associated with individual and total Toc content through linkage mapping. Additionally, a GWAS for Toc-related was also performed, and 19 stable QTNs detected in more than two years were identified. Among these QTNs, 16 loci were regarded as novel for soybean Toc, and the other three contained similar genomic regions known as QTLs for Toc concentration reported by Shaw et al. (2017). The rs37703714 on Chr.17 and rs33069111 and rs35562231 on Chr.20 were close to “Seed tocopherol, gamma 3-6” and “Seed tocopherol, total 3-3,” respectively, which were detected between the SSR markers of “Sat_354–Satt135” and “Satt270–BARC-041717-08071” using the “OAC Bayfield × OAC Shire” mapping population. The allele effects in these identified QTNs were evaluated, and the results showed that these alleles occurred on diverse soybean accessions. The soybean accessions with the “beneficial” allele in these identified QTNs had a higher individual or total Toc concentration than accessions with the “inferior” allele. Thus, these QTNs, exhibiting more potential in manipulating individual or total Toc, might be useful for MAS.

Few definite genes associated with individual or total Toc have been characterized or cloned, except for the genes encoding the key enzymes involved in Toc metabolism. For accurately screening candidate genes, a total of 42 genes in the 200-kb flanking region of the locus on Chr.02 co-detected by QTL, eQTL, and GWAS analysis were selected and classified into different functional groups using the Gene Ontology database (http://geneontology.org/). Using a gene-based association by the GLM method, five genes (Glyma.02G098200, Glyma.02G099800, Glyma.02G100800, Glyma.02G101300, and Glyma.02G102900) were determined to be significantly related to α-Toc, γ-Toc, δ-Toc and total Toc in soybean seeds. Further expression level analysis of these five genes showed that the expression levels of Glyma.02G099800 and Glyma.02G102900 were significantly correlated with Toc content in soybean seeds, which might regulate Toc content. Glyma.02G102900 is a plant U-box domain-containing protein (PUB26), as an E3 ligase, which targets BIK1 for degradation and negatively regulates BIK1-mediated immunity. BIK1 is of central importance to the plant immune system, and it regulates transient bursts of reactive oxygen species (ROS) (Kadota et al., 2014; Li et al., 2014). ROS has a triggering function in the pathogen-inducible biosynthesis of tocopherols; the elevated ROS can trigger the accumulation of Toc content (Stahl et al., 2019). Glyma.02G099800, belonging to Di-glucose binding protein with Leucine-rich repeat domain, is a Receptor-like kinase (RLK). RLKs mediate a large amount of signal transmission information on the cell surface and acts as a crucial regulator in the development process (Afzal et al., 2008; Gish and Clark, 2011). The role of this gene in Toc metabolism needs to be further explored. Additional studies on the functions and mechanisms of these candidate genes are planned.
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