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Abstract

:

Seed size traits, including seed length (SL), seed width (SW), and seed thickness (ST), are crucial appearance parameters that determine soybean seed weight, yield, and ultimate utilization. However, there is still a large gap in the understanding of the genetic mechanism of these traits. Here, 281 soybeans were utilized to analyze the genetic architecture of seed size traits in different years through multiple (single-locus and multi-locus) genome-wide association study (GWAS) models, and candidate genes were predicted by integrating information on gene function and transcriptome sequencing data. As a result, two, seven, and three stable quantitative trait nucleotides (QTNs) controlling SL, SW, and ST were detected in multiple environments using the single-locus GWAS model, and concurrently detected by the results of the multi-locus GWAS models. These stable QTNs are located on 10 linkage disequilibrium blocks, with single genome regions ranging in size from 20 to 440 kb, and can serve as the major loci controlling soybean seed size. Furthermore, by combining gene functional annotation and transcriptome sequencing data of seeds at different developmental stages from two extreme soybean accessions, nine candidate genes, including Glyma.05G038000, Glyma.05G244100, Glyma.05G246900, Glyma.07G070200, Glyma.11G010000, Glyma.11G012400, Glyma.17G165500, Glyma.17G166500, and Glyma.20G012600 within the major loci that may regulate soybean seed size, were mined. Overall, these findings offer valuable insights for molecular improvement breeding as well as gene functional studies to unravel the mechanism of soybean seed size.
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1. Introduction


Soybean is an important crop widely grown in the world, which provides nearly 60% of global oilseed production and 70% of plant protein for human diet and animal feed [1]. However, China’s soybean production still cannot meet domestic demand, especially in recent years, where over 90 million tons of soybeans and their products are imported annually. It is imperative to boost China’s soybean production. Seed size traits, including seed length (SL), seed width (SW), and seed thickness (ST), are major appearance parameters that determine soybean seed weight, yield, and ultimate utilization [2,3,4]. These traits can be regarded as key target traits for breeders to improve soybean seeds. However, SL, SW, and ST are quantitative traits regulated by multiple micro-effect genes, which are highly influenced by growth environments, and are challenging to enhance by conventional breeding methods [5,6]. Therefore, identifying the quantitative trait loci (QTLs) and potential regulatory genes for these traits is of profound significance for improving soybean seed shape and yield.



Numerous QTLs associated with soybean seed size and shape traits have been identified by a linkage analysis strategy from different biparental mapping populations [7,8,9,10,11]. In recent years, Li et al. [12] identified seven SL and five SW additive QTLs using a recombinant inbred line (RIL) population named NJRISX. In the RIL population produced by crossing K099 with Fendou 16, Kumawat and Xu [13] mapped a total of 53 QTLs for six seed size and shape traits, and confirmed a major seed size QTL (qSS2) using near-isogenic lines. Kumar et al. [14] identified 42 QTLs controlling seed weight and shape traits on 13 different chromosomes. To date, the US Department of Agriculture’s Soybean Genome Database (SoyBase; http://www.soybase.org (accessed on 24 January 2024)) has reported hundreds of QTLs associated with soybean seed size/shape. However, the mapping resolution of the linkage analysis is influenced by the population size and marker density of genetic maps. Most seed size QTLs were identified in small-scale populations or low-density genetic maps, resulting in QTLs with larger genomic intervals [7,8,11,14]. These factors make it difficult to practically apply the aforementioned QTLs in molecular-assisted breeding and gene cloning. Therefore, currently, only a limited number of genes involved in seed size/weight have been confirmed based on the results of QTL mapping, for instance, GmPP2C-1 [15], GmSSS1 [16], and GmKIX8-1 [17].



GWAS can leverage a vast array of historical recombination events within a mapping panel and high-density molecular markers covering the entire genome, with it having a higher mapping resolution than linkage analysis [18,19]. This leap is a result of advances made in sequencing technology and statistical models, where researchers can easily obtain single nucleotide polymorphism (SNP) markers, thereby facilitating the deployment of GWAS in elucidating the inheritance of complex traits in crops [20,21,22]. In recent years, GWAS has also been effectively applied in the identification of influential loci and candidate genes mining for soybean seed size traits. For instance, Li et al. [23] detected an important locus controlling seed size on chromosome 9 using 196 soybean germplasms. Duan et al. [24] identified GmST05 within a small genomic region (180 kb) as a key locus controlling ST through GWAS with over 1800 soybeans. Then, they determined the functional gene of this locus. Shao et al. [25] detected a major genomic region controlling seed size and shape on chromosome 10 based on 196 soybean accessions with 5,630,273 SNPs, and predicted three candidate genes for this important genomic region. Li et al. [26] cloned the functional gene of the Seed Thickness 1 (ST1) locus by combining GWAS and linkage mapping. These indicate that GWAS could aid in identifying important loci/genes for complex traits. However, the genes associated with seed size identified in soybean are currently limited, and the molecular genetic mechanisms underlying these traits remain largely unexploited in breeding demand-driven soybean cultivars [24,26,27].



Seed size is measured based on multiple parameters, and its genetic basis may be more intricate than that of seed weight, yet it remains poorly understood [27]. To facilitate our breeding effort, it is imperative to understand the genetic and molecular mechanisms underlying soybean seed size traits. Therefore, in this study, the QTN composition of these traits in multiple environments was analyzed by GWAS. Furthermore, the candidate gene mining was conducted by integrating detected QTN results with the transcriptome data of contrasting soybean seeds at different developmental stages. These results may offer novel insights for molecular breeding improvement and the functional gene mining of soybean seed size traits.




2. Materials and Methods


2.1. Planting Accessions and Field Experiment Design


A mapping panel containing 281 soybean accessions was utilized as the experimental material, which has been applied in our previous research [28]. The 281 accessions were mainly collected from the northwest, Jiang-Huai, and Huang-Huai regions of China. All soybeans were planted during the soybean growing season (from early May to mid-October) in the years 2019 (E1), 2020 (E2), and 2021 (E3) at the Yan’an Experimental Station of Yan’an Agricultural Science Institute in Yan’an, Shaanxi, China (36°72′ N; 109°40′ E). A total of 281 accessions were planted in a completely randomized block experiment design. Fifteen individual plants of each accession were planted in a 1.5 m single-row plot with a row spacing of 0.5 m. The experiment was replicated three times in each environment.




2.2. Phenotypic Assessment and Statistical Analysis


After maturity, harvest the seeds and dry them to a moisture content of 13% (measured using Grain Moisture Fast Measure Instrument, TF-LS model, produced by Shanghai Tianfeng Measuring Instrument Co., Ltd., Shangai, China), then measure the phenotypic value of the SL, SW, and ST traits. Ten full and undamaged seeds were randomly selected from each accession for phenotypic investigation using the vernier calipers [6,14]. The phenotypic value for each accession in one planting environment was the average of the three replicates. The descriptive statistical analysis was performed on the traits of 281 accessions in the 3 environments (E1, E2, and E3) using SPSS software (version 22.0, SPSS Inc., Chicago, IL, USA). The statistical parameters included the mean, standard deviation (SD), maximum and minimum values, coefficient of variation (CV), and skewness and kurtosis of phenotype distribution in the different environments. To assess the effects of genetics, environment, and the interaction between genetics and environment on seed size traits, an analysis of variance was performed using the lmer function within the R-lme4 package [29]. The Broad heritability (h2) is computed using the formula by [30].




2.3. Genome-Wide Association Analysis


In a previous study, we used Wm82.a1 as the reference genome and obtained 58,112 SNPs (rare allele ratio > 0.05) throughout the genome [31]. In this study, we realigned the SNP marker positions using Wm82.a2 as the reference genome, and ultimately retained 56,608 markers for subsequent analysis. Detailed information on the population structure of this soybean panel is presented in our previous study [28].



Two types of GWAS models were used in the present study. First, the single-locus model was utilized to carry out the GWAS of three traits based on the phenotypic data in the three growth environments. The main purpose of this process is to discover as many SNP markers related to traits as possible and to detect the environmental stability of these markers. The second is used by multi-locus models to perform GWAS on the average values of traits across all environments, with the aim of verifying and supplementing the results of the single-locus model.



For the single-locus analysis model, the mixed linear model (PCA + K) analysis method within the R-GAPIT software (version 3.1.0) package is implemented [32]. GWAS was analyzed using trait phenotypes measured in the E1, E2, and E3 environments. In addition, −log10(p) ≥ 3 was as the threshold for screening for the significantly associated SNP markers. For the multi-locus models, six multi-locus GWAS (mrMLM, FASTmrEMMA, FASTmrMLM, pLARmEB, pKWmEB, and ISIS EM-BLASSO) models were used [33,34,35,36,37,38]. The average value under multiple environments was used as the phenotype for GWAS. This process was implemented through the R-mrMLM package [39]. The LOD (logarithm of odds) value is greater than 3.0 as the threshold to determine whether the QTN is significant.




2.4. Analysis of QTN Distribution in Extreme Germplasm


Two groups of soybeans with contrasting phenotypes (15 accessions with large-seeded and 15 accessions with small-seeded phenotypes, thus the top 5% and bottom 5%, respectively) were selected from the mapping panel. The allele of QTN that can increase phenotypic values was the excellent allele. Then, the proportion of excellent allele variation between the two groups (proposal of excellent alleles, PEA) was analyzed. The formula for calculating the PEA was PEA = n/N, where n represents the number of excellent allele variations contained in the soybean, and N is the total number of identified QTNs for each trait [40].




2.5. Important QTNs and Haplotype Analysis


SNPs detected in multiple environments in the single-loci analysis model and identified by ML-GWAS were considered important QTNs for controlling seed size traits. SNP markers in the region around the important QTNs were subsequently selected, and linkage disequilibrium (LD) analysis in the region around the important QTNs was visualized using Haploview 4.2 [41]. The LD block (genomic region) containing the important QTNs was the major locus for soybean seed size traits.




2.6. Candidate Gene Mining within the Major Loci


Potential candidate genes for soybean seed size were predicted by the functional annotation, the expression levels at different stages of soybean seed development, and the enrichment analysis of genes within major loci (LD block regions). Functional annotations (Wm82.a2.) for all genes within the major loci were obtained from SoyBase (SoyBase; http://www.soybase.org (accessed on 18 March 2024)). The expression data of genes were derived from sequencing data of transcripts from three seed development stages (R4, R5, and R6) of two soybeans selected from 281 accessions with significant differences in seed size traits. The gene expression and phenotype were statistically analyzed by SPSS software (version 22.0, SPSS Inc., Chicago, IL, USA). During the transcriptome sequencing process, each sample contains three biological replicates. A threshold of |log2 foldchange| ≥ 1 with p-value < 0.05 was adopted to screen for differentially expressed genes within the stable loci [42].





3. Results


3.1. Phenotypic Evaluation of Seed Size Traits in the Mapping Panel


The seed size traits of 281 soybean accessions were evaluated in three environments. The descriptive statistics and distribution results are shown in Table 1 and Figure 1. The ranges of SL, SW, and ST were 5.35–10.30, 4.37–8.77, and 2.55–7.23 mm in all environments, respectively. Across all environments, the mean ± SD values for SL, SW, and ST were 8.06 ± 0.56, 6.71 ± 0.40, and 5.70 ± 0.42 mm, respectively, while, in the same order, the CV values were 6.09–8.76%, 6.04–7.23%, and 8.16–8.97% (Table 1). All traits were continuously distributed across all environments (Figure 1), indicating that soybean seed size traits are typical quantitative traits and regulated by many genes.



The h2 estimates of SL, SW, and ST were 0.72, 0.74, and 0.75, respectively (Table 1), suggesting that the seed size traits are mainly regulated by genetic factors in soybean. Conversely, the three seed size traits differed significantly in different environments (E1 to E3). In addition, these traits were influenced by the interaction between genotype and environment. Taken together, these results suggest that soybean seed size traits are easily affected by environmental factors, indicating that improving these traits solely through breeding methods relying on field phenotype selection may have uncertain outcomes.




3.2. GWAS for Seed-Size Traits


For the single-locus GWAS model (MLM), a total of 107, 206, and 262 SNPs with −log10(p) ≥ 3 were detected for SL, SW, and ST across three environments (Figure 2 and Figure 3 and Table S1). For all significantly associated SNP markers, the −log10(p) values ranged from 3.00 to 5.84, while the allelic effect values were observed to be within the range of −3.9 to 3.0 mm. For the SL trait, 37, 47, and 57 significantly associated SNP markers were identified in one of the three environments. Eight and eight of these SNP markers could be detected in two and all environments and considered as environmentally stable SNPs. The remaining SNP markers were environmentally sensitive, only detected in a single environment. For the ST trait, 93, 92, and 104 significantly associated SNP markers were identified in separate planting environments, respectively (Table S1). Twelve SNPs were detected in all environments; 59 SNPs could be detected in two environments. The remaining 135 were environmentally sensitive SNPs. For the SW trait, the most, with 203 SNPs, were detected in the E2 environment, while 39 SNPs were detected in E1 and 31 SNPs were detected in E3 (Table S1). Typical of a quantitative trait, no SNP was detected simultaneously in the three environments, suggesting the complex nature of seed size traits. However, eleven SNPs were detected in two environments (Table S1).



In order to verify and supplement the single-locus model results, six multi-locus GWAS models were also used. There were 30, 51, and 31 QTNs for SL, SW, and ST, respectively (Figure 2 and Figure 3 and Table S2). The log of odds (LOD), phenotypic variation explained (PVE), and effect values for the individual QTNs ranged from 3.01–10.98, 0–14.91%, and 0–3.1 mm, respectively (Table S2).



Combining the results of the two types of GWAS methods, a total of 125, 230, and 285 QTNs controlling SL, ST, and SW were detected (Figure 3). Among these, two, seven, and three QTNs controlling SL, ST, and SW were detected simultaneously in two strategies and multiple growth environments, making them stable and critical QTNs for soybean seed size traits (Figure 2 and Table 2). The QTN: Gm07_6373192 was found to especially control both ST and SW traits (Figure 2 and Table 2).




3.3. Distribution of the QTNs in Extreme Accessions


The distribution characteristics of the identified 125, 230, and 285 QTNs controlling SL, ST, and SW in the accessions with extreme phenotypes (15 with small-seeded phenotype and 15 with large-seeded phenotype) were analyzed (Figure 4). The results displayed that the PEA of soybeans with the small seed length trait (6.06–7.15 mm) was less than 40%, except for AP205, while the accessions with large seed length trait values had a PEA between 65.1 and 87.2%. The same results were obtained for the ST and SW traits. The phenotype of accessions is directly proportional to the PEA, and the soybeans with the large-seeded phenotype also contain more PEA. This result indicates that the QTNs identified in this study have significant impact on soybean seed size and can provide information for whole-genome design breeding and parent matching of hybrid breeding.




3.4. Haplotype Analysis and Excellent Allele Excavation for the Important QTNs


Using the 11 important QTNs and their upstream and downstream SNP markers information for the linkage disequilibrium analysis, we found that the important QTNs located in 10 linkage disequilibrium blocks, where the size of a single genome region ranges from 20 to 440 Kb, could be regarded as major loci to control the soybean seed size (Table 2, Figure S1). Among these 10 major loci, two (named SL-1 and SL-2) were associated with SL, three (named SW-1, SW-2, and SW-3) were associated with SW, and six (named ST-1 to ST-6) were controlling ST. The genomic region of SW-2 and ST-3 is consistent, indicating that this locus controls both SW and ST traits, and has been renamed STW-1.



To validate the major loci and screen for excellent allelic variants, the phenotype distribution of seed size traits with different allelic types on ten important QTNs were analyzed (Figure 5). For SL, two SNP markers were used (Gm20_1029119 and Gm20_34770123). There were significant differences (p < 0.01) in the phenotype of two different genotypes of accessions on these two QTNs. For example, QTN Gm20_1029119 has T and C genotypes. When the genotype is T, the mean SL is 8.09 mm, significantly higher than the phenotype of the soybeans with genotype C (≈7.43 mm) (p = 3.7 × 10−4). There was a significant difference in SL phenotype between the two genotypes of QTN Gm20_34770123 (p = 2.2 × 10−16). For the ST trait, when the alleles were A, C, A, G, A, and C on QTNs Gm05_41938329, Gm07_6373192, Gm11_852388, Gm10_39032255, Gm17_14862066, and Gm20_3108737, the ST could increase by 0.33, 0.60, 0.25, 0.54, 0.55, and 0.24 mm, respectively, compared to another allele (p < 1.8 × 10−4). Analogous results were obtained for the SW trait, and excellent alleles of three QTNs, Gm 05_3370816, Gm 06_6916518, and Gm 07_6373192 could increase the phenotype values by 0.48, 0.40, and 0.60 mm, respectively.




3.5. Candidate Gene Discovery for Seed Size Traits Underlying the Major Loci


Potential regulatory genes were mined from the 10 major loci. There are a total of 186 genes located within these loci, of which 170 genes are homologous to Arabidopsis genes (Table S3). A total of 137 genes have transcriptome sequencing data and 51 genes have differential expression levels (|log2 foldchange| ≥ 1 with p-value < 0.05) in at least one seed development stage in two soybeans with extreme phenotypes (Table S4). Further combining gene functional annotation, gene ontology (GO) enrichment analysis, and existing literature, a total of nine genes, differentially expressed at the seed development stages, are predicted to play a vital role in controlling seed size (Figure 6 and Table 3). Among these candidate genes, Glyma.05G244100 has been proven to regulate seed size in soybean [24]. Some of the remaining genes have been found to be related to seed size in Arabidopsis or other crops, while others are involved in embryo development, cell division, and cell proliferation biological processes and are notable candidates for controlling soybean seed size [43].





4. Discussion


Seed size is one of the key factors determining soybean yield, and it also significantly affects seed germination, quality, and commercial use [13,17,44]. For example, varieties with small seeds are suitable for the production of bean sprouts, and soybeans with large seeds contain more nutrients, which are more suitable for making fresh soybeans and soybean milk. However, parameters that determine seed size, including SL, SW, and ST, are complex quantitative traits and highly sensitive to the environment [6,11,25]. It is hard to effectively manipulate these traits through traditional methods. In order to accurately and quickly improve these traits, it is necessary to know their genetic composition in detail. Therefore, the current study used 281 soybeans for trait evaluation in three environments (E1, E2, and E3) to detect stable QTNs and major loci as well as potential regulatory genes for seed size traits that are convenient for application in soybean molecular breeding and gene function verification processes.



Due to soybean accessions potentially having different allele variations on a series of seed size loci, the phenotype of related traits exhibits extensive variation [4,24,25]. If the distribution information of excellent alleles in soybeans can be clear, breeders can accurately select varieties with excellent alleles as parents and integrate molecular marker-assisted selection to expedite the breeding program. In this study, a total of 125, 230, and 285 QTNs controlling SL, SW, and ST were detected based on two methods and multiple environments. It was found that the distribution of the PEA of these QTNs was consistent with the phenotype values in accessions with extreme phenotypes, indicating these QTNs can reflect the genetic basis of seed size. Meanwhile, some excellent allele variation vectors were discovered. For instance, soybean AP065 carries over 80% PEA across all three traits, making it suitable as a donor parent for breeding large seed varieties. In contrast, AP039 has less than 40% PEA in all three traits, rendering it a fitting choice as a parent for cultivating small seed varieties. Overall, these results can provide information for design breeding and parents selection in soybean seed size improvement breeding process.



Furthermore, a number of QTLs responsible for soybean seed size have been mapped based on linkage analysis [13,45,46]. In addition, some markers and genomic regions related to soybean seed size traits have also been identified through GWAS [26,47,48,49]. However, many QTLs have large confidence intervals, and only a few loci could be mapped in different environments [6,10,11,14,50]. These QTLs have not yet been applied in the breeding process of improving soybean seed size. In the present research, ten major loci with a region size of 20–440 Kb were found to control soybean seed size (Table 2). These loci are more favored in candidate gene cloning and molecular breeding research. Among them, SL-2 overlaps with seed length to width ratio 3–1 in SoyBase [51], ST-1 and ST-4 overlap with GmST05 and seed height 1–2 [24,52], and SW-1 and SW-2 are located in the same regions as seed width 4–3 and seed width 4–4 [53], respectively. Also, in the case of ST-1 and ST-5, which were previously found to control soybean seed weight in our research, we speculate that these two loci may be controlling ST to regulate the seed weight [31]. The results verify each other, indicating that these loci are key regulators of soybean seed size in our mapping population. To the best of our knowledge, the remaining five loci are being reported for the first time; hence, they could be targeted to enhance our cognition of genetic control over these traits. However, compared to previous research results, the size of important genomic intervals discovered in this study is less than 500 Kb, and the drawing accuracy has greatly improved. For instance, seed height 1–2 was reported to be within the physical region of 0.56–6.22 MB on chromosome 11, and it was detected within a linkage disequilibrium block with the size of 250 kb (ST-4, 0.71–0.96 Mb) in this study. In addition, it was found that ST-2 or SW-3 could modulate both ST and SW simultaneously, and therefore could serve as imperative targets for further research.



In recent years, numerous genes responsible for regulating seed size have been cloned and identified in rice, Arabidopsis, and other plants [54,55]. Some seed size genes in soybean have also been identified, such as GmCYP78A [56,57], GmPP2C-1 [15], GmBS1 [58], GmST1 [26], GmST05 [24], GmKIX8-1 [17], and GmSWEET10a [59]. However, compared with other major crops, the molecular regulatory pathway of seed size in soybean remains relatively unclear [43]. To pyramid elite alleles in molecular breeding, more genes are necessary to identify and discover [60]. In this study, we explored candidate genes by combining GWAS results and gene expression information at seed development stages of soybean with extreme phenotypes (Figure 6). Compared to relying solely on enrichment analysis and functional annotation, this not only improves the screening efficiency but also makes the results more reliable. Finally, nine candidate genes were predicted underlying the major loci. Among the nine candidate genes, Glyma.05G244100 is located within the genomic region identified on chromosome 5 (ST-2) that controls the ST trait. Glyma.05G244100 (SoyZH13:05G229200, ZH13a2 as reference genome) belongs to the PEBP family of genes and is a homolog of AtMFT in Arabidopsis. It has recently been determined to be involved in regulating soybean ST and regulating seed oil content by affecting the expression of GmSWEET10a [24]. It is now known that Brassinosteroid (BR) plays an important role in the development of plant seeds [61]. The AtDET2 (DE-ETIOLATED 2, At2G38050) is an essential gene involved in BR synthesis in Arabidopsis and has been identified to control seed size and shape by affecting the development of the embryo and endosperm [54]. Glyma.11G010000 is a homologous gene to the AtDET2 gene in soybean, making it an important candidate gene in the SW-2 locus. Glyma.17G165500 within ST-5 encoding one of the auxin-responsive GH3 family proteins is homologous to AT4G37390 (YDK1), which plays a key role in maintaining auxin homeostasis and responding to auxin stimulation. Knockout of the YDK1 gene in Arabidopsis leads to the increase in seed length, width, and weight, making Glyma.17G165500 a potential functional gene for controlling soybean seed size traits [62]. Glycosyltransferases play a pivotal role in plant growth and development, participating in resistance to abiotic stress, synthesis of secondary metabolites, and regulation of hormone balance. Research has indicated the UDP glucosyltransferase (GSA1) in rice can balance seed size and resistance to abiotic stress by regulating energy allocation [63]. The differentially expressed gene Glyma.17G166500 encodes the glucosyl/glucuronosyl transferases protein; therefore, it is considered another candidate gene for the ST-5 locus.



The seed size of plants is dictated by the growth of the endosperm, embryo, and coat [54,55]. The molecular mechanisms underlying the formation of these components have been extensively explored, and some pathways determining seed size have been identified [27,55]. According to the annotation results of gene ontology and existing literature information, Glyma.05G038000, Glyma.05G246900, Glyma.11G012400, Glyma.20G012600, and Glyma.07G072000 may be involved in biological processes such as cell proliferation, cell growth, cell division, starch biosynthetic process, embryo development, and regulation of hormone metabolism. These genes can serve as candidate genes for regulating soybean seed size traits. However, the evidence for identifying genes that regulate seed size in this study is insufficient, and the functions of these candidate genes still need to be studied and validated using genetic and molecular biology techniques such as gene knockout and overexpression.




5. Conclusions


In the current research, we conducted GWAS on soybean SL, SW, and ST, to dissect the QTN composition of these traits. As a result, 107, 206, and 262 significantly associated SNPs were detected for SL, SW, and ST in at least one environment using the single-locus GWAS model. A total of 30, 51, and 31 QTNs controlling SL, SW, and ST were detected by the multi-locus GWAS model. By integrating the results of two types of GWAS models, two, seven, and three stable QTNs controlling SL, SW, and ST were detected. These stable QTNs are located on 10 linkage disequilibrium (LD) blocks, with single genome regions ranging in size from 20 to 440 Kb, which can serve as the major loci controlling soybean seed size. Among these loci, five are being reported for the first time, which could be targeted to increase our knowledge of the genetic control of soybean seed size traits. Nine candidate genes that may regulate soybean seed size were mined within the major loci. These findings offer valuable insights for molecular breeding and functional genes discovery for soybean seed size.
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Figure 1. Frequency distribution of soybean seed size traits, where E1 to E3 and Average represents the test environment in the years 2019 to 2021 and the average across three test environments, respectively. 
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Figure 2. Results of single-locus and multi-locus GWAS models for soybean seed size traits. (A–C) GWAS results of SL, SW, and ST respectively. The SNP markers highlighted in the figure are stable QTNs that control seed size traits, which can be detected in multiple environments through the single-locus model and validated using multi-locus models. In the results of the multi-locus GWAS model, the points connected by dashed lines represent QTNs associated with seed size. The points marked in blue indicate QTNs that can be detected using only one unique multi-locus model, while the red-marked points denote QTNs that can be detected using several different multi-locus models. 
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Figure 3. Summary of GWAS results of soybean seed size traits. (A) Number of QTNs detected by single-locus GWAS in E1 to E3 environments. (B) Comparison of results between single-locus and multi-locus GWAS models. Numbers marked in green, orange, and pink represent the results of SL, ST, and SW, respectively. 
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Figure 4. The proportion of excellent alleles of QTNs in extreme accessions. (A–C) PEA results of SL, SW, and ST, respectively. 
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Figure 5. The distribution of the seed size traits among individuals with different alleles on stable QTNs. (A–C) Distribution results of SL, SW, and ST respectively. 
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Figure 6. Accessions with extreme phenotypes and differential expressed genes for seed size traits. (A,B) The phenotype and performance of extreme accessions in seed size traits at R4, R5, and R6 developmental stages. (C) The differential expression of 9 predicted genes in extreme accessions at seed developmental stages. ** p < 0.01, * p < 0.05. 
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Table 1. Descriptive statistics results for soybean seed size traits of 281 accessions.
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Trait

	
Environment a

	
Mean (mm)

	
SD

	
Max (mm)

	
Min (mm)

	
CV (%)

	
h2






	
Seed length

	
E1

	
8.40

	
0.74

	
10.30

	
6.60

	
8.76

	
0.72




	
E2

	
8.14

	
0.63

	
9.62

	
6.22

	
7.73

	




	
E3

	
7.63

	
0.46

	
9.15

	
5.35

	
6.09

	




	
Average

	
8.06

	
0.56

	
9.43

	
6.06

	
6.96

	




	
Seed width

	
E1

	
6.74

	
0.49

	
8.77

	
4.37

	
7.23

	
0.74




	
E2

	
6.67

	
0.41

	
8.70

	
4.63

	
6.22

	




	
E3

	
6.73

	
0.41

	
8.68

	
4.43

	
6.04

	




	
Average

	
6.71

	
0.40

	
8.71

	
4.48

	
5.93

	




	
Seed thickness

	
E1

	
5.49

	
0.49

	
6.83

	
2.55

	
8.97

	
0.75




	
E2

	
5.57

	
0.36

	
6.80

	
3.33

	
6.55

	




	
E3

	
6.05

	
0.49

	
7.23

	
3.00

	
8.16

	




	
Average

	
5.70

	
0.42

	
7.02

	
2.96

	
7.31

	








a E1 to E3 indicate the growth environment in the years 2019, 2020, and 2021, respectively.













 





Table 2. Stable QTNs and major loci for seed size traits detected in the present research.
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	Trait
	Locus Name
	Chromosome
	Stable QTN
	Genomic Interval (Mb) a
	Reported QTL/QTN b





	SL
	SL-1
	20
	Gm20_1029119
	1.03–1.13
	



	
	SL-2
	20
	Gm20_34770123
	34.77–34.87
	Seed length to width ratio 3–1



	SW
	SW-1
	5
	Gm05_3370816
	3.37–3.39
	Seed width 4–3



	
	SW-2
	6
	Gm06_6916518
	6.92–7.01
	Seed width 4–4



	
	SW-3/

STW-1
	7
	Gm07_6373192
	6.35–6.39
	



	ST
	ST-1
	5
	Gm05_41938329
	41.78–42.22
	GmST05



	
	ST-2/

STW-1
	7
	Gm07_6373192
	6.35–6.39
	



	
	ST-3
	10
	Gm10_39032255
	39.03–39.17
	



	
	ST-4
	11
	Gm11_852388
	0.71–0.96
	Seed height 1–2



	
	ST-5
	17
	Gm17_14862066

Gm17_14942042
	14.86–15.22
	



	
	ST-6
	20
	Gm20_3108737
	3.09–3.41
	







a represents the genomic region of the LD block containing stable QTNs. b indicates that the position of this locus is consistent or close to the previously detected QTL/QTN.













 





Table 3. Candidate genes for soybean seed size traits within the major loci.
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Loci

	
Candidate Gene

	
Arabidopsis Gene

	
Annotation Description

	
Biological Processes a






	
SW-1

	
Glyma.05G038000

	
AT5G16750

	
Transducin family protein/wd-40 repeat family protein

	
Cell division, lipid storage




	
ST-1

	
Glyma.05G244100

	
AT1G18100

	
Phosphatidylethanolamine-binding protein

	




	
Glyma.05G246900

	
AT3G17930

	
Protein of unknown function

	
Starch biosynthetic process




	
ST-2, SW-3

	
Glyma.07G070200

	
AT1G20930

	
Cell division protein kinase

	
Cell proliferation




	
ST-4

	
Glyma.11G010000

	
AT2G38050,DET2

	
3-oxo-5-alpha-steroid 4-dehydrogenase family protein

	
Brassinosteroid biosynthetic process; brassinosteroid homeostasis




	
Glyma.11G012400

	
AT4G33270

	
Cell division cycle 20 (cdc20) (fizzy)-related

	
Cell division




	
ST-5

	
Glyma.17G165500

	
AT4G37390,YDK1

	
Gh3 auxin-responsive promoter

	
Auxin homeostasis, response to auxin stimulus




	
Glyma.17G166500

	
AT2G23260

	
Glucosyl/glucuronosyl transferases

	
Regulation of auxin metabolic process,Regulation of hormone levels




	
SL-1

	
Glyma.20G012600

	
AT1G14740

	
Vernalization-insensitive protein 3

	
Embryo development








a Candidate genes involved in biological processes that may regulate seed size [43].
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