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Abstract: The high isoflavones content of soybeans is an important breeding goal due to the demonstrated benefits of isoflavones to human health and their association with plant resistance. In this study, quantitative trait loci (QTL) mapping for soybean isoflavone aglycones, including daidzin, glycerin, and genistin, and total isoflavones content was performed in a population of 178 F2:6 recombinant inbred lines (RILs) which was generated from a cross between varieties Jinong 17 and Jinong 18. A genetic linkage map covering 1248 cM was constructed using the simple sequence repeat (SSR) molecular markers. The results revealed 22 isoflavone-related QTLs, 5 for daidzin, 7 for genistin, 6 for glycerin, and 4 for total isoflavone content. Seven of these represented new QTLs. All QTL regions contained 6462 genes, of which 58 have been annotated for flavonoid synthesis. Using public databases, three candidate genes, namely Glyma.11G164400, Glyma.16G158400, and Glyma.19G217700, were subsequently identified. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) demonstrated that the three genes exhibited specific, high expression in soybean seeds and a positive correlation with flavonoid content. These findings might be helpful in the efforts to breed new soybean varieties with improved isoflavone composition and content.
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1  Introduction

Isoflavones are widely considered to be beneficial to human health as potential anticancer agents and as therapy to reduce menopausal symptoms [1]. Soybean seeds are widely recognized as a rich source of isoflavones, with particularly high levels in the hypocotyl, cotyledons, and seed coat [2,3]. Daidzin, glycerin, and genistin are the main isoflavone compounds in soybean seeds [4]. Daidzin is a specific inhibitor of aldehyde dehydrogenase which may help to suppress ethanol consumption [5] and has also been shown to help prevent bone loss [6], provide neuroprotection and neuro-nutrition [7], and have antioxidant and anti-inflammatory activities [8,9]. Glycitin may be useful for suppressing cartilage destruction in osteoarthritis [10] and protecting lung tissues from lipopolysaccharide-induced inflammation [11]. Genistin was also shown to be a potent anti-adipogenic and anti-lipogenic agent [12]. From the plant perspective, the functions of isoflavones include plant stress resistance, plant-environment interactions [13,14], and the role of important signals in interactions with beneficial N-fixing bacteria [15]. For example, the invasion of Sclerotinia sclerotiorum and soybean aphids can result in an elevation of the isoflavone concentration in soybeans [16–18]. Additionally, the plant’s defense mechanism against ultraviolet radiation involves the synthesis of isoflavones [19–21]. In conclusion, the analysis of the mechanism of soybean isoflavone synthesis and the isoflavone content of soybean seeds represents a significant area of investigation within the field of soybean breeding.

The content and composition of soybean isoflavones are quantitative traits controlled by multiple genes and influenced by the environment [22]. Isoflavones are produced from the p-coumaric CoA by the action of Chalcone Synthase (CHS) and/or Chalcone Reductase (CHR), followed by the sequential action of Chalcone Isomerase (CHI) and Isoflavone Synthase (IFS) [23]. The availability of a soybean genetic linkage map has greatly boosted soybean genetic research on isoflavones. Six QTLs associated with isoflavone content in soybean seeds were identified through linkage mapping constructed by SSR markers based on 474 RIL populations, which were located in the J, N, D2, and G linkage groups, respectively [24]. The other study employed the same approach to scan 34 QTLs associated with daidzein, glycitein, glycitein, and total isoflavone content in soybean seeds across 130 RIL populations with 95 SSR markers [25]. Additionally, the strategy of genome-wide association analysis (GWAS) and QTL mapping was combined to identify candidate loci for interesting traits. For instance, qISO8-1 was identified as the primary locus for seed isoflavone content through the integration of GWAS and QTL mapping [26]. To date, in addition to known genes in the isoflavone synthesis pathway, researchers have identified 61 daidzein-related QTLs, 68 genistein-related QTLs, 71 glycerin-related QTLs and 62 total isoflavone content-related QTLs, which are recorded in the SoyBase Genome Database (http://www.soybase.org, accessed on 21 May 2023). There have been some reports on transcript factors that regulate key enzymes of isoflavone synthesis. Chu et al. [27] reported one candidate gene, GmMYB29, that is significantly correlated with isoflavone content and can activate IFS2 and CHS8 promoters. Vadivel et al. [28] studied transcript factor GmMYB176 and showed it regulates isoflavones by activating the expression of CHS8. However, the available markers density and population sizes used in previous studies were not sufficient to identify the underlying genes [29]. Identification of QTLs affecting the isoflavone content will provide a theoretical basis for soybean quality improvement through molecular marker-assisted breeding and can provide leads on the key components of the pathway, and how they are regulated.

In this study, a genetic linkage map was constructed using 58 SSR molecular markers and a population of 178 F2:6 RILs, and QTLs were mapped for daidzin, glycerin, genistin, and total isoflavone content. We present new QTLs identify candidate genes and discuss their potential for the metabolic engineering of soybean seed isoflavones.

2  Materials and Methods

2.1 Plant Materials and Field Experiments

An F2:6 recombinant inbred line (RIL) population consisting of 178 lines was derived from the cross of the parental genotypes Jinong 17 (JSD 2005015) and Jinong 18 (JSD 2006009) that differed significantly in the composition and total content of isoflavones in soybean seeds. Jinong 17 was used as the female parent and contains higher daidzin, glycitin, genistin and total isoflavones than Jinong 18, the male parent.

The field experiment was conducted in the experimental field of Jilin Agricultural University in Changchun, Jilin Province (43°13′N, 125°19′E), China. The experiment was laid out in a randomized complete block design (RCBD) with three replications. Parents and RIL populations were planted with a row length of 4.5 m, a distance between rows of 0.65 m, 2 rows for each RIL material, and the planting density was 180,000-200,000 plants per hectare. Seeds were sampled after full maturity for further phenotypic characterization.

2.2 Soybean Seed Isoflavone Extraction and Determination

Soybean seed isoflavones were extracted and characterized as follows: Soybean seeds were ground into powder and were sifted through a 40-mesh screen [30]. The soybean powder obtained was degreased with petroleum ether at 65°C for 2 h, and then was dried at 37°C until reaching a constant weight. The skimmed powder (250 mg) was dissolved in 10 mL 80% methanol at room temperature for 2 h and then distilled at 80°C for 12 h. The supernatant was collected by centrifugation at 12,000 rpm for 15 min. 1 mL of supernatant solution was filtered into a separate HPLC vial using a glass syringe equipped with a 0.45 µm nylon filter (Amicon, Texas, USA) for further isoflavones determination. The standards (genistein, genistin, daidzein, glycitein, glycitin and daidzin with purity more than 98%, Sigma-Aldrich, USA) were dissolved in methanol to a concentration of 100 mg/L. Then the isoflavones standard solutions were serially diluted to 2 mg/L, 5 mg/L and 10 mg/L for the calibration curves. An internal standard (2-methoxyflavone, Sigma-Aldrich, USA) solution (5 mg/mL) was also prepared in the same solvent.

A high-performance liquid chromatography (HPLC, Shimadzu, Kyoto Prefecture, Japan) system was employed with a Shim-pack VP-DOS column (150 mm × 4.6 mm, Shimadzu, Japan) and a mobile phase of methanol-water (a cubage ratio of 30:70). The column temperature was set at 40°C, the wave length was 254 nm, the flow rate was 1 mL/min, and the filling amount was 10 μL. Analytes were quantified on the basis of the internal standard method. All samples were analyzed in triplicates.

2.3 Genotype Analysis and Construction of Genetic Maps

Fresh leaves of soybean plants at the three-leaf stage were used for total genome DNA extraction with the cetyltrimethylammonium bromide (CTAB) method [31]. DNA was dissolved in ddH2O to a concentration 100 ng/ml with RNAase A (Thermo Fisher Scientific, Waltham, Massachusetts, USA) added. All primer sequences were obtained from SoyBase database (https://www.soybase.org). A total of 274 primers from 14 linkage groups were used to detect polymorphism of SSR loci in the parents, and 58 of them were available and synthesized. PCR amplification was performed using the 2 × Taq PCR StarMix kit (Genstar Kangrun Bio, Beijing, China). The PCR reactions used 1.0 µg template DNA, 1.0 µL of 10 µM forward and reverse primers, 10 µL of 2 × Taq PCR Star Mix, and 7 µL of ddH2O. PCR was carried out as follows: 94°C pre-denaturation for 5 min, 94°C denaturation for 30 s, 53°C renaturations for 30 s, 72°C extension for 30 s, repeated 35 cycles, and 5 min final extension at 72°C after the last cycle. The polymorphisms of PCR products were detected by 6% Polyacrylamide Gel Electrophoresis (PAGE). Stain with silver nitrate solution and develop the color with sodium hydroxide solution. We used QTL Icimapping software [32] with the parameters set to nnTwoOpt algorithm with 50 cM window size (the rest of the parameters were defaulted) to map the genetic mapping by referring to the method of Zhang et al. [33]. Then, QTL scanning was performed using the BIP module of the same software at LOD = 2.5 in combination with phenotypic data and genetic mapping.

2.4 Obtain Candidate Genes and Their Information within the QTL Region

SoyBase database records the linkage groups of SSR markers and their physical location information on the Wm82.a2.v1 reference genome. This information is used to extract the gene names and functional annotations contained within the QTL interval. Gene expression levels of these genes in different soybean tissues were obtained from Phytozome database (http://phytozome.jgi.doe.gov/pz/portal.html) (accessed on 23 May 2023) [34,35]. The expression profiles of seeds at different developmental stages were derived from previous studies [36], and gene probes exhibiting at least 1.5-fold expression gap were selected for cultivars displaying differences in isoflavone content. Subsequently, the nucleotide base information of the selected probe was retrieved from the NCBI database (https://www.ncbi.nlm.nih.gov/) (accessed on 23 May 2023) and aligned to the reference genome using the BLASTN function in the Phytozome database. Finally, the gene sequence with the E-value < 0.0001 and the highest identity was considered the optimal outcomes for matching the corresponding probe. TBtools software was used to plot expression heatmaps [37].

2.5 mRNA Extraction and qRT-PCR

To validate candidate genes for synthesizing isoflavones, four varieties with high and low flavonoid content in seeds were used to extract mRNA. Among them, JinShanCha MoShiDou (JMSD, ZDD07610, seed isoflavones content: 1617.023 mg/kg) and JiYu108 (JY108, JSD2015007, seed isoflavones content: 1554.848 mg/kg) were identified as high-content materials, while ZiHua2 (ZH2, ZDD07218, seed isoflavones content: 254.962 mg/kg) and SuiNong79 (SN79, cultivar in Heilongjiang Province, seed isoflavones content: 189.487 mg/kg) were identified as low-content materials. The 70 days after sowing period, roots, stems, and leaves were collected. The gene expression level of seeds during the developmental stage was replaced by seeds that had germinated for 7 days [38]. All samples were promptly frozen in liquid nitrogen following collection, and mRNA from plants was extracted using (TransGen Biotech:ER501-01, Beijing, China) in accordance with the instructions provided by the reagent manufacturer.

According to the gene sequences of Glyma.16G158400, Glyma.11G164400, and Glyma.19G217700 to design qRT-PCR primers, the 60 s (Glyma.13G318800) genes as the internal control [39]. The four gene sequences in this study were obtained from Phytozome database. Primers for all genes were designed using the NCBI Primer-BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (accessed on 25 May 2023) for qRT-PCR (Table 1). The reaction system was prepared in accordance with the instructions provided for the 2 × PerfectStart Green qPCR SuperMix (TransGen Biotech: AQ602-01, Beijing, China). Three biological replicates were performed for each sample. The PCR procedure was as follows: 94°C for 30 s, 94°C for 5 s, and 60°C for 30 s, repeated for 45 cycles. The 2−ΔΔCt method was used to calculate the relative expression levels of genes [40], with the resulting data visualized using GraphPad Prism 6.01 software. The relative expression levels of different varieties within the same tissues were determined using one-way analysis of variance (ANOVA) in IBM SPSS Statistics 27.0 software.
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3  Results

3.1 Variation of Seed Isoflavone Content

The mean isoflavone content in dry seeds of the 178 RILs and the parental lines is shown in Table 2. Jinong 17 had significantly higher values for all isoflavone contents compared to Jinong 18 (t-test, p < 0.05), indicated that the two parents differed in the genes controlling individual and total isoflavone contents. The average total isoflavone content was 1235.6 µg/g, or 1.2% of the dry weight. The three main isoflavones, daidzin, glycitin and genistin, accounted for more than 90% of the total isoflavone content. The average content of the three components in the population was daidzin > genistin > glycitin.
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The population exhibited positively skewed distribution for individual and total isoflavones with values ranging from 0.068 to 2.18, indicating their seed isoflavone composition and content was more like Jinong 17 which has a higher isoflavones content. The kurtosis of daidzin and glycitin were lower than 3, indicating distributions broader than normal. Conversely, kurtosis of values of genistein and total isoflavones were higher, indicating distributions more narrow than normal.

3.2 SSR-Based Genetic Map Construction

A total of 278 polymorphic SSR markers were used to genotype the 178 RILs and 58 SSR markers showed polymorphism in the population. These SSR markers were assigned to 12 linkage groups (Fig. 1) with a total length of 1365.73 cM and an average distance between adjacent markers of 23.41 cM. The number of markers on each linkage group ranged from 2 to 9. The order of markers in the constructed linkage map and the soybean common linkage map (GmComposite 2003, http://www.soybase.org) (accessed on 25 May 2023) were consistent, except that Satt591 and Satt471 on linkage group A1 and Satt560 and Satt534 on the B2 linkage group were inversed (Fig. 2).
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Figure 1: The genetic map of soybean based on SSR markers. The genetic distances (cM) were shown on the left side and the markers on the right
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Figure 2: Comparison of the soybean A1 and B2 linkage groups (right) constructed by the Jinong 17 × Jinong 18 RIL population (right) with the corresponding linkage group of GmComposite 2003 genetic map (left). The genetic distances (cM) are shown on the left side and the markers on the right. The common markers between the two maps are highlighted in yellow boxes and connected by black lines, except for the ones of whose positions are rearranged which are connected by red lines

3.3 QTL Mapping for Isoflavone Content in Soybean Seeds

In total, we identified 22 QTLs associated with the main soybean isoflavones including daidzin, glycitin and genistin and total isoflavone content, explained 0.35% to 2.06% of the phenotypic variation. The detailed information for all QTLs is shown in Table 3. All QTLs located on 11 linkage groups. The range of LOD scores and additive effects for the QTLs ranged from 2.98 to 37.30 and −0.34 to 1.27, respectively.
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For daidzin, 5 QTLs were distributed on 4 linkage groups, including chromosome 2 (D1b), chromosome 6 (C2), chromosome 8 (A2) and chromosome 16 (J). Six QTLs related to glycitin content were located on chromosome 2 (D1b), chromosome 3 (N), chromosome 7 (M), chromosome 11 (B1), chromosome 16 (J) and chromosome 17 (D2). Seven QTLs related to genistin content were detected on chromosome 8 (A2), chromosome 9 (K), chromosome 11 (B1), chromosome 14 (B2) and chromosome 19 (L). Four QTLs related to the total amount of isoflavones were found on chromosome 3 (N), chromosome 9 (K), chromosome 11 (B1) and chromosome 19 (L). The location of all QTLs for soybean isoflavones detected is shown in Fig. 3.
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Figure 3: An SSR based linkage map of 22 QTLs for seed isoflavone content in soybean
Note: marker names are labeled at the right side of each linkage group, and distance between makers labeled at the left side, the isoflavones-related QTLs are indicated by colorful labels.

Five loci associated with daidzin content were found in 4 linkage groups. The QTL qDaidzin-8-1, was positioned between Sat_406 and Sat_409 on the chromosome 8 (A2) linkage group, with a LOD value of 3.19 and accounted for 1.65% of the phenotypic variation explained (PVE). The additive effect value for this QTL was −0.34, with the negative value indicating that the allele associated with increased daidzin content derived from the low-isoflavone male parent Jinong 18. Four other QTLs with positive additive effects were located on chromosome 2 (D1b), chromosome 6 (C2) and chromosome 16 (J) were identified for daidzin explaining 1.65%–2.06% of PVE with LOD scores ranging from 3.71 to 4.67 (Table 3).

For glycitin content, six loci were dispersed on 6 linkage groups. QTLs qGlycitin-7-1, qGlycitin-11-1, qGlycitin-16-1 and qGlycitin-17-1 had PVEs ranging from 0.35% to 1.76%, and LOD values ranging from 2.98 to 7.82 and had additive effects with negative values, indicating that the increased glycitin content originated from Jinong 18. Loci qGlycitin-2-1 and qGlycitin-3-1 located on chromosome 2 (D1b) and chromosome 3 (N), with PVE of 1.76% and 1.86% and additive effects of 0.05 and 0.18 (Table 3).

Genistin content was associated with seven loci in 5 linkage groups. The QTL qGenistin-9-1, found on chromosome 9 (K) linkage group between Satt260 and Sat_243, with a genetic distance from Sat_243 of 5.12 cM, had a PVE of 0.79% and an additive effect of −0.0033. However, the remaining QTL associated with genistin, which were located in chromosomes 8 (A2), 11 (B1), 14 (B2) and 19 (L), with PVEs ranging from 0.79%–0.91% and LOD scores ranging from 24.43–37.30 (Table 2), all had positive additive effect values, indicating the associated increases in genistein were derived from the female Jinong 17.

Four loci associated total isoflavone content were located in 4 linkage groups. The QTL qIsoflavone-3-1 was detected on chromosome 3 (N) between Satt009 and Satt624, 3.0 cM from Satt009, with a LOD values of 11.41, and it had additive effect of −0.14. However, the remining three QTLs had positive additive effects values. These QTL, qIsoflavone-9-1, qIsoflavone-11-1, qIsoflavone-19-1, were located on chromosomes 9 (K), 11 (B1) and 19 (L), and had PVEs from 0.96% to 1.65% with LOD scores ranging from 10.51–11.17 (Table 2).

3.4 Identification of Candidate Genes in Flavone or Isoflavone-Related QTL Regions

Referring to the SSR marker information in the SoyBase database, 22 QTLs were mapped to the Wm82.a2.v1 reference genome, resulting in a total of 6462 genes obtained. Gene annotation identified 58 genes related to isoflavone synthesis (Table S1). Among them, many genes were annotated as transcript factors and enzymes. Interestingly, nineteen of the candidate genes are involved in phenylpropanoid metabolism, which is a metabolic pathway associated with flavonoid metabolism and isoflavonoid metabolism [41] (Table 4). Of the nineteen genes, seven genes relates to lactase Laccase 2,3,5,7 and Laccase 15/TT10 were identified here compared with A. thaliana, and several studies have shown that laccase can regulate the synthesis of phenylpropanoid and lignin [42–44], as phenylpropanoid, lignin also associated with synthesis of flavonoid and isoflavonid metabolism [45]. Meanwhile, several transcript factors of A. thaliana homolog, e.g., bHLH42, MYB20 and TTG1, to directly regulate flavones or isoflavones synthesis in A. thaliana [46–48]. These results imply the accuracy of our QTL mapping. Finally, the RNA-Seq atlas of soybean different tissues the was obtained from Phytozome to use select candidate genes [49,50]. The expression dynamic variation of all these identified genes expressed in the seed were differed than other tissues (Fig. 4). We found that nine of the fifty-six genes with expression data were highly expressed in seeds, Glyma.02G076300, Glyma.02G147800, Glyma.06G136900, Glyma.08G062000, Glyma.08G062100, Glyma.09G020300, Glyma.16G158400, Glyma.17G156000 and Glyma.19G102000, respectively. Some genes were also expressed in seeds, although their expression was not higher than in other tissues, such as Glyma.02G125100, Glyma.06G16500 and Glyma.11G189100.
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Figure 4: Identification of isoflavone-related candidate genes through transcriptome profile analysis. Normalized FPKM values (from Phytozome) are depicted on the Z-Score scale, gray indicates no expression data of the target gene in the database. If the candidate gene has homologous genes in Arabidopsis, annotate the homologous gene name after the Locus ID; otherwise, leave it blank

The expression profiles of flavonoid-rich soybean germplasm at different seed developmental stages were also used for candidate gene screening [51]. The results showed that 29 candidate genes were highly expressed at 70 days after flowering (DAF) when isoflavones accumulated rapidly in soybean seeds (Fig. 5). Annotation of these genes indicates that the majority of genes are functional proteins or genes of unknown function (Table S2). Furthermore, three genes exhibited high expression levels in seeds relative to other tissues, as evidenced in the Phytozome database (Fig. 6). It is noteworthy that one of these genes, Glyma.16G158400, is involved in the phenylpropanoid metabolic pathway and has been annotated laccase (Table 1). The remaining two genes are Glyma.19G217700, which is annotated as a stachyose synthase (EC 2.4.1.67), and the unknown protein gene Glyma.11G164400. As a result of the overlap of these three genes in two pivotal expression profiles, they are regarded as pivotal candidate genes.
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Figure 5: Gene expression profiles at different seed developmental periods in flavonoid-rich soybean. Expression scores (from previous research [36] are depicted on the Z-Score scale). If the candidate gene has homologous genes in Arabidopsis, annotate the homologous gene name after the Locus ID; otherwise, leave it blank. The asterisk after the Locus ID indicates a high expression in seeds in the public database as well (from Phytozome)
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Figure 6: Identification of isoflavone-related candidate genes through integration of QTL analysis and transcriptome profile analysis. The Venn diagram displays (a: green circle) the genes which expressed highest at 70 DAF when isoflavones rapidly accumulate in soybean seeds overlapped with (b: orangish circle) the genes expressed highest in soybean seeds compared to other tissues and (c: purple circle) the genes in the isoflavone related QTL regions

3.5 Tissue Expression Levels Analysis of Candidate Genes for Soybean Isoflavones

To ascertain whether three pivotal candidate genes are associated with flavones synthesis, mRNA was extracted from the roots, stems, leaves, and seeds of two germplasm (JY108 and JMSD) with a high flavones content and two germplasm (ZH2 and SN79) with a low flavones content. The results of qRT-PCR displayed that the three genes in the low isoflavone varieties exhibited comparable expression levels across four tissues, with lower overall expression (Figs. 7–9). Conversely, high isoflavone varieties demonstrated markedly high relative expression levels in seeds, surpassing those of low flavonoid varieties (one-way ANOVA, p < 0.05). Additionally, the highest isoflavone content variety exhibited highest expression levels in comparison to other varieties. In conclusion, these three candidate genes not only demonstrate tissue-specific expression patterns but also exhibit a positive correlation between their expression levels and isoflavone content in seeds. Therefore, we hypothesize that these three genes play a pivotal role in regulating the synthesis of isoflavones in soybean seeds.
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Figure 7: The expression level of the Glyma.16G158400 gene in the root, stem, leaves, and seed of four germplasms. The x-axis represents organs, and the y-axis represents gene expression levels. The lowercase letters in the figure represent the differences in expression levels between different samples within the same organ (one-way ANONA, p < 0.05)
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Figure 8: The expression level of the Glyma.11G164400 gene in the root, stem, leaves, and seed of four germplasms. The x-axis represents organs, and the y-axis represents gene expression levels. The lowercase letters in the figure represent the differences in expression levels between different samples within the same organ (one-way ANONA, p < 0.05)
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Figure 9: The expression level of the Glyma.19G217700 gene in the root, stem, leaves, and seed of four germplasms. The x-axis represents organs, and the y-axis represents gene expression levels. The lowercase letters in the figure represent the differences in expression levels between different samples within the same organ (one-way ANONA, p < 0.05)

4  Discussion

The isoflavone content of soybean seeds is a quantitative trait that is determined by multiple QTLs and environmental factors [52]. Ideally, breeders would like to introduce multiple genes into elite soybean cultivars to produce a superior variety with high yield and high isoflavone content in seeds. Achieving this goal through traditional methods has proven to be a challenge due to long breeding cycles. Identification of QTLs would provide the much-needed tools for efficient selection of high isoflavone content [35]. The RILs described here, as a permanent isolated population, provided good material for genetic map construction and QTL mapping. Using an RIL population of 178 F2:6 and 58 SSR molecular markers, we assembled a genetic linkage map covering 11 chromosomes. This yielded a total of 22 QTLs related to isoflavone content. The sequence of SSR markers on the linkage groups was mostly consistent with previously reported maps. Among the detected sites, 5, 7 and 6 were associated with daidzin, genistin and glycitin content, respectively. Four QTLs were found to be associated with total isoflavones, two which corresponded to genistin QTLs, and one to a glycitin QTL. Referring to the 2003 soybean public genetic map (GmComposite 2003), 15 QTLs were classified corresponded to those in the SoyBase database (https://www.soybase.org), and 7 new ones were identified including qDaidzin-2-1, qGlycitin-11-1, qGlycitin-16-1, Genistin-8-1, qGenistin-9-1, qGenistin-14-1 and qGenistin-19-2.

The synthesis of flavonoids depends on the provision of precursors through phenylpropanoid phenylpropane metabolism [41]. A research of QTL mapping in pepper F2 population indicated that its candidate genes were associated with some synthesis of early compounds in phenylpropanoid/flavonoid synthesis pathway [53]. Additionally, the loss of function of candidate gene CaMYB12-like was demonstrated to cause a decrease in the flavonoid content of the fruits. Similarly, a study utilizing the F2 population to map the isoflavone content in soybean seeds also indicated that candidate genes contain some proteins encoding the phenylpropanoid pathway [54]. In this study, dozens of candidate genes were associated with phenylpropanoid metabolism (Table S1). One of these genes is Glyma.11G215800, whose homolog AtMYB20 has been confirmed to increase flavonoid content when its function is inhibited [55]. Multiple laccase genes are involved in phenylpropanoid/lignin metabolism and linked to the synthesis of isoflavones [42–45]. For instance, previous research revealed a significant increase of flavonoids in Laccase 1 RNAi lines in cotton (Gossypium hirsutum) [48], whereas Laccase 15 exhibited the opposite trend [56]. Notably, a laccase gene Glyma.16G158400, identified as a key candidate gene. Its expression in seeds shows a positive correlation with soy isoflavone content (Fig. 7) and is highly expressed in seeds according to public expression databases (Fig. 4). Hence, this gene is likely to be a key regulator of isoflavone synthesis in soybean seeds. Meanwhile, considering the interconnection between the phenylpropanoid/lignin/flavonoid synthesis pathway [41], it is plausible that these genes in QTL regions may contribute to flavonoid formation through influencing the synthesis of the first two types of compounds. Additionally, two other key candidate genes, Glyma.11G164400 and Glyma.19G217700, were identified as stachyose synthase and unknown proteins, and they also exhibited the same expression pattern as Glyma.16G158400 (Figs. 8 and 9). This indicates a correlation between carbohydrate metabolism and flavonoid synthesis; however, the mechanism by which this occurs remains to be determined. Finally, CHS is directly involved in the regulation of isoflavone synthesis [23]. Three candidate genes, Glyma.02G130400, Glyma.06G118500, and Glyma.19G105100, were identified as CHS in our research (Tabel 4), with Glyma.02G130400 also being associated with soybean isoflavone QTL mapping in another study [57,58]. All in all, the aforementioned genes are closely associated with the flavonoid content of soybean seeds. Utilizing molecular biology in the next study to elucidate the specific mechanisms involved could address the current knowledge gap in the synthesis of flavonoids in soybeans.

5  Conclusions

The present study used an RIL population derived from two parents with different isoflavones components, Jinong 17 and Jinong 18, to detect QTLs as well as mine possible candidate genes controlling soybean isoflavones content. A total of 22 QTLs were found, and 7 of these were novel ones. Through gene annotation, a total of 6462 candidate genes were obtained, among which 58 were shown to be related to flavonoid synthesis. Finally, qRT-PCR was used to detect the relative expression levels of three key genes Glyma.11G164400, Glyma.16G158400, and Glyma.19G217700 in soybean tissues with differences in seed isoflavone content in four germplasms. The results showed that all three genes showed a specifically high expression level in seeds and a positive correlation with the flavonoid content. These results advance our understanding of the genetic basis of isoflavone synthesis and accumulation in soybeans.
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Table 1: Primer sequences of candidate genes

Gene name Gene ID (W82.a2.vl) Primer sequence (5'—3")
60 s Glyma.13G318800 F: AAAGTGGACCAAGGCATATCGTCG
R: TCAGGACATTCTCCGCAAGATTCC
Glyma.16G158400 F: ATGAAAATGTGGCTTGGCA
R: CAAAATGGTATTCCTTCAATCCATG
Glyma.11G164400 F: GACGAGAGTTATGGAGGCG
R: TCAAGTGTTCGACGATTGTC
Glyma.19G217700 F: TCAAGAATTGGAGTGTGTTGA

R: CCACTCAAAAGCAACATCA
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Table 3: The QTLs of soy 1soflavones detected by ICIM method

Traits Linkage group Locus LOD value Additive effect Phenotypic variation
explained (%)
Daidzin 2 (D1b) qDaidzin-2-1 3.76 0.25 2.06
6 (C2) qDaidzin-6-1 4.67 0.21 1.91
8 (A2) qDaidzin-8-1 3.19 —0.34 1.65
16 (J) qDaidzin-16-1 3.71 0.18 1.62
16 (J) qDaidzin-16-2 3.76 0.16 1.75
Glycitin 2 (D1b) qGlycitin-2-1 8.13 0.05 1.76
3(N) qGlycitin-3-1 6.92 0.18 1.86
7 M) qGlycitin-7-1 4.65 —0.0021 1.74
11 (B1) qGlycitin-11-1 7.82 —-0.01 1.76
16 (J) qGlycitin-16-1 4.76 —0.04 1.71
17 (D2) qGlycitin-17-1 2.98 —0.02 0.35
Genistin 8 (A2) qGenistin-8-1 23.88 0.18 0.79
9 (K) qGenistin-9-1 27.23 —0.0033 0.79
11 (B1) qGenistin-11-1 37.30 0.76 091
14 (B2) qGenistin-14-1 24.43 0.0023 0.79
14 (B2) qGenistin-14-2 31.97 0.04 0.80
19 (L) qGenistin-19-1 28.70 0.02 0.79
19 (L) qGenistin-19-2 29.84 0.78 0.79
Isoflavone 3 (N) qlsoflavone-3-1 11.41 —-0.14 0.90
9 (K) qlsoflavone-9-1 11.08 0.07 1.00
11 (B1) qlsoflavone-11-1  11.17 1.20 1.65

19 (L) qlsoflavone-19-1 10.51 1.27 0.96
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Table 4: Phenylpronoid-related candidate genes associated with QTL for soybean seed 1soflavone content

Locus Gene name A. thaliana homolog Function annotation
gDaidzin-2-1 Glyma.02G130400 AT5G13930 Chalcone Synthase
gDaidzin-2-1 Glyma.02G147800 AT4G09820 bHLH42/TT8
qDaidzin-6-1 Glyma.06G118500 AT5G13930 Chalcone Synthase/TT4
gDaidzin-6-1 Glyma.06G136900 AT5G24520 TTGI

gDaidzin-16-2 Glyma.16G158400 AT5G48100 Laccase 15/TT10
gDaidzin-8-1/qGenistin-8§-1 Glyma.08G062000 AT1G61720 BANYULS
gDaidzin-8-1/qGenistin-8§-1 Glyma.08G062100 AT1G61720 BANYULS
qGenistin-9-1 Glyma.09G205700 AT2G23910 CCR6

qGenistin-14-1 Glyma.14G056100 AT2G40370 Laccase 5
qGenistin-19-1 Glyma.19G105100 AT5G13930 Chalcone Synthase/TT4
qGenistin-19-1 Glyma.19G155300 AT4G09820 bHLH42/TT8
qGlycitin-2-1 Glyma.02G171700 AT3G28430 TT9

qGlycitin-11-1 Glyma.11G137500 AT2G29130 Laccase 2
glsoflavone-11-1/qGenistin-11-1 Glyma.11G164000 AT2G30210 Laccase 3
glsoflavone-11-1/qGenistin-11-1 Glyma.11G215800 AT1G66230 MYB20
glsoflavone-3-1/qGlycitin-3-1 Glyma.03G077900 AT2G38080 Laccase
glsoflavone-3-1/qGlycitin-3-1 Glyma. U027300 AT3G09220 Laccase 7
glsoflavone-3-1/qGlycitin-3-1 Glyma. U027400 AT2G29130 Laccase 2
qlsoflavone-9-1 Glyma.09G123500 AT1G23230 Mediator 23
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Table 2: Isoflavone content of the RIL population and their parents Jinong 17 and Jinong 18

Trait Parents RIL population

Jinong 17 Jinong 18 Mean Range Variance Kurtosis Skewness
Daidzin (ng/mg) 1.668 0.408 0.952 0.296-1.763 0.178 —1.256 0.068
Glycitin (pg/mg) 0.127 0.010 0.046 0.001-0.138 0.002 —0.992  0.644
Genistin (ug/mg) 2214 0.177 0.237 0.100-2.324 0.106 8.034 2.364
Total isoflavones (nug/mg) 4.009 0.596 1.236 0.486—4.087 0.355 7.447 2.177
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