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Abstract

:

Soybean (Glycine max) is an economically important cash crop and food source that serves as a key source of high-quality plant-derived protein and oil. Seed vigor is an important trait that influences the growth and development of soybean plants in an agricultural setting, underscoring a need for research focused on identifying seed vigor-related genetic loci and candidate genes. In this study, a population consisting of 207 chromosome segment substitution lines (CSSLs) derived from the crossing and continuous backcrossing of the Suinong14 (improved cultivar, recurrent parent) and ZYD00006 (wild soybean, donor parent) soybean varieties was leveraged to identify quantitative trait loci (QTLs) related to seed vigor. The candidate genes detected using this approach were then validated through RNA-seq, whole-genome resequencing, and qPCR approaches, while the relationship between specific haplotypes and seed vigor was evaluated through haplotype analyses of candidate genes. Phenotypic characterization revealed that the seed vigor of Suinong14 was superior to that of ZYD00006, and 20 total QTLs were identified using the selected CSSLs. Glyma.03G256700 was also established as a seed vigor-related gene that was upregulated in high-vigor seeds during germination, with haplotypes for this candidate gene also remaining consistent with observed soybean seed vigor. The QTLs identified herein can serve as a foundation for future marker-assisted and convergent breeding efforts aimed at improving seed vigor. In addition, future molecular and functional research focused on Glyma.03G256700 has the potential to elucidate the signaling network and key regulatory mechanisms that govern seed germination in soybean plants.
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1. Introduction


Soybean (Glycine max) is an economically important crop that serves as one of the most important global sources of vegetable protein and edible oil [1,2]. There have been many efforts in recent years to improve soybean yields to meet the ever-growing demand [1,3]. Several different factors can influence the yield of soybean plants, including the imbibition rate (IR), germination index (GI), germination potential (GP), and germination rate (GR) [4]. All of these parameters can shape germination speed and uniformity, potentially contributing to a higher germination frequency, the emergence of fast-growing uniform seedlings, higher degrees of stress resistance, and improved productivity [5,6].



A range of variables can influence seed vigor, including the seed formation process, seed nutrient composition, the conditions under which seeds are stored, the impacts of diseases or pests, and the environmental conditions during germination [7,8]. Efforts to optimize these factors can enhance seed vigor, thereby contributing to more reliable germination and more robust plant growth [5]. Consistent with its complexity as a trait, several genes and genetic loci have been identified as important regulators of seed vigor. Seed vigor-related genes have been reported in a range of crop species. For example, transcriptomic analyses, comparative analysis, and broadly targeted metabolic profiling have confirmed that the rice bZIP23 protein serves as an enhancer of seed vigor such that overexpressing bZIP23 results in improved seed vigor and rice yields [6]. OslecRK is a lectin-like receptor protein kinase that has been confirmed to be capable of inhibiting α-amylase in rice, thereby decreasing seed vigor [9]. Conversely, the overexpression of ZmGOLS2 (GALACTINOL SYNTHASE2 gene of Zea mays) alone or in combination with ZmRS (RAFFINOSE SYNTHASE gene of Zea mays) in Arabidopsis results in significant increases in oligosaccharide levels and seed vigor [10]. Owing to differences in genetic factors, the seed vigor of individual germplasms tends to vary under identical environmental conditions. Efforts that leverage different available germplasm resources can thus allow for the elucidation of seed vigor-related genetic loci [11,12,13]. By studying a variety of crops, analyses of quantitative trait loci (QTLs) associated with seed vigor have been successful. In wheat (Triticum aestivum), 49 additive trail-related QTLs were identified to be distributed across 12 chromosomes (1B, 2D, 3A, 3B, 3D, 4A, 4D, 5A, 5B, 5D, 6D, and 7A) through analyses of a doubled haploid population derived from the crossing of Hanxuan 10 × Lumai 14 [4]. The use of 132 recombinant inbred lines (RILs) generated by crossing 93-11 (Oryza sativa ssp. indica) × PA64s (O. sativa ssp. indica) further led to the identification of 57 rice QTLs, several of which were co-localized with previously identified QTLs [14]. Fine-mapping efforts localized the major qSSL1b QTL to an 80.5 kb region situated between two insertion-deletion (InDel) markers. RIL population-based analyses have also identified QTLs associated with aspects of seed vigor including germination rate, final germination percentages, and germination index values, with most vigor-related QTLs coinciding with loci related to seed size, weight, or dormancy [15]. Genetic loci associated with seed vigor when stored at −20 °C have also been identified, including two major QTLs and eight QTL hotspots on chromosomes 3, 6, 9, 11, 15, 16, 17, and 19 that were identified through comparisons of two different storage conditions [5]. Multi-omics analyses based on the integration of genetic and proteomic data have also enabled mining for and identification of seed vigor-associated genes and gene networks, as in comparisons of two Brassica napus germplasms with differing vigor levels [16,17]. To date, there have been relatively few studies focused on soybean genes and loci associated with seed vigor under normal germination conditions, and efforts to screen for these genes offer excellent potential as an approach to the improvement of soybean seed vigor.



Wild soybean plants are widely distributed throughout the northeastern and Huang-Huai-hai regions of China, providing a key source of germplasm resources for genetic efforts aimed at improving soybean crops [1,18]. Currently, soybean landraces and extensively cultivated varieties are derived from wild soybean plants through artificial selection or natural variations, whereas extant wild soybean varieties exhibit greater allelic diversity without any evidence of reproductive isolation among cultivated, landrace, and wild soybeans [19]. Wild soybean isolates thus hold promise as a germplasm resource for efforts aimed at enhancing specific traits through genetic exchange and introgression [2,20]. Here, the cultivated Suinong14 variety with high levels of seed vigor and the wild ZYD00006 soybean variety with lower levels of seed vigor were utilized as parents to establish a chromosome segment substitution line (CSSL) population, through the crossing and six backcrosses, DNA fragments from ZYD00006 have been inserted into the Suinong14 genome. Thus, the genomes of different individuals in the CSSLs are composed of most Suinong14 genomes and a few ZYD00006 DNA fragments. This insertion has led to different genomic compositions in different individuals, resulting in a variety of seed-vigor phenotypes. Compared with other soybean genetics, the CSSLs could be used to identify the important locus related to seed-vigor more effectively. Four seed-vigor related phenotypes of CSSLs were leveraged for the identification of seed vigor-related QTLs, then the RNA-sequencing (RNA-Seq), whole-genome resequencing, and qPCR were additionally used to identify and validate candidate genes within these QTLs. The associations between Glyma.03G256700 haplotypes in natural soybean varieties had been analyzed to determine the relationship between candidate gene haplotype and seed vigor. The results of this study reveal a novel genetic locus that can serve as a foundation for efforts to breed high-vigor soybean varieties while also highlighting promising candidate genes for the improvement of soybean plants.




2. Materials and Methods


2.1. Soybean Materials


This study utilized 207 CSSLs derived from the crossing and six backcrosses of the improved Suinong14 cultivar and the wild ZYD00006 soybean variety, which served as the recurrent and non-recurrent parents, respectively. In addition, 310 natural varieties of soybean collected in northeastern China were employed for testing of seed vigor. The final CSSL-based map included 6308 markers and 20 linkage groups, with an overall length of 2655.68 cM and an average of 0.5 cM between adjacent markers [21]. Whole genome resequencing was performed for the 310 natural soybean germplasms identified herein [22]. CSSL and natural soybean seeds were obtained from the Xiangyang experimental Farm of Northeast Agricultural University (45.58° N 126.92° E), Harbin, China, in 2021.




2.2. Seed Vigor Testing


After initially sterilizing seeds using 30% (w/w) H2O2 and 75% (v/v) ethanol and washing them two times using sterile water to abrogate the effects of any pathogens, 50 equally-sized intact seeds free of any evidence of disease were transferred onto filter paper in sterile Petri dishes, followed by the addition of 20 mL of sterile water. Seed vigor was analyzed using the IR, GI, GP, and GR values with the following formulae: IR = (W2 − W1)/W1 × 100%, where W1 and W2 denote seed dry weight and seed weight at 48 h of imbibition, respectively; GI = Σ(Gt/Dt), where Gt denotes the total number of germinated seeds on day t, and Dt denotes the time, in days, that corresponds to Gt; GP = N2/N × 100%, where N3 indicates the numbers of germinated seeds on day 2 and N is indicative of the total experimental seed number; and GR = Nt/N × 100%, where Nt represents the numbers of seeds germinated on day t whereas N corresponds to the overall experimental seed number [23]. After rinsing all seeds, IR, GI, GP, and GR were calculated by assessing germinated seed numbers. Analyses were conducted in triplicate.




2.3. QTL Mapping


Seed vigor-associated QTLs were identified using a genetic map generated using the CSSLs generated by crossing Suinong14 and ZYD00006. The mapping of QTLs for IR, GI, GP, and GR was performed with WinQTL Cartographer 2.5 via CIM, with a LOD peak score > 3.0 being indicative of a seed vigor-related trait [21].




2.4. ZYD00006 Chromosome Insertion Analyses


Different CSSLs exhibiting extreme IR, GI, GP, and GR phenotypes were used for further chromosomal fragment insertion analyses, shortening the candidate QTL regions using Bin maps and SSR markers.




2.5. Candidate Gene Screening


The Williams 82 reference genome (Glycine max Wm82.a2.v1, https://phytozome-next.jgi.doe.gov/info/Gmax_Wm82_a2_v1, accessed on 17 May 2022) was used to predict and annotate all genes within candidate QTL regions of interest.




2.6. SNP Analyses of Candidate Genes


Suinong14 and ZYD00006 whole-genome data were used to analyze SNPs in QTL regions in detail, with a focus only on SNPs in promoter and exonic regions of candidate genes.




2.7. RNA-Seq


TRIzol was used to extract total RNA from Suinong14 and ZYD00006 at 24 and 48 h of germination, with three replicates per variety. A Nanodrop ND-2000 instrument (Thermo Scientific, Waltham, MA, USA) was used to measure A260/A280 values, while an Agilent Bioanalyzer 4150 (Agilent Technologies, Santa Clara, CA, USA) was used to quantify RIN values. Paired-end library construction was performed with qualified samples, and an Illumina NovaSeq 6000 instrument was then used for sequencing performed by APTBIO (Shanghai, China). The resultant data were analyzed with an in-house pipeline from Shanghai Applied Protein Technology (Shanghai, China). FPKM values for all genes were calculated with Cuffdiff, with differentially expressed genes (DEGs) being identified as those exhibiting a fold change ≥ 2 and a false discovery rate (FDR) < 0.05. GO annotation was conducted using PANNZER2 (http://ekhidna2.biocenter.helsinki.fi/sanspanz/, accessed on 17 May 2022) [24]. ClusterProfiler 4.0 was used for enrichment testing [25].




2.8. qPCR Validation


RNA was isolated and quantified as above, after which a HiScript III RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme, Nanjing, China) was used to prepare cDNA. Specific primers (Table S4) were then used for qPCR analyses performed with a Roche 480 instrument (Stratagene, San Diego, CA, USA) and the ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China). GmUNK1 (Glyma.12g020500) served as an internal normalization control [26].




2.9. Haplotype Analyses of Glyma.03G256700


Glyma.03G256700 haplotypes were analyzed through the use of resequencing data for CSSLs and 310 natural soybean varieties. The coding sequence and the region 2500 bp upstream of Glyma.03G256700 were obtained for these different varieties, and SNPs therein were detected via local BLAST. The Haps format module was used for analyses performed with Haploview 4.2 (Cambridge, MA, USA), and Microsoft Excel 2019 was utilized to assess correlations between vigor-related traits and haplotypes [22].





3. Results


3.1. The Seed Vigor of the Improved Suinong14 Cultivar Is Superior to That of Wild ZYD00006 Soybean


Through the sowing of different germplasm resources under field conditions in specific years, the improved Suinong14 cultivar was found to exhibit a higher germination rate than that of the wild ZYD00006 cultivar. Given this observation and the fact that Suinong14 seedling growth was more orderly than that of ZYD0006, this suggests that the seed vigor of Suinong14 exceeds that of ZYD00006. To test this hypothesis, four traits (imbibition rate (IR), germination index (GI), germination potential (GP), and germination rate (GR)) were evaluated to compare the seed vigor of these varieties, revealing significant differences in all four traits when comparing the Suinong14 and ZYD00006 varieties at three time points (24, 48, and 72 h post-inoculation). Relative to ZYD00006, Suinong14 exhibited significantly higher IR (1.45 vs. 1.30), GI (25.78 vs. 13.94), GP (0.94 vs. 0.51) and GR values (0.94 vs. 0.73) (Figure 1A,B). These traits all suggested that the seed vigor of Suinong14 is superior to that of ZYD00006, indicating that these two varieties can be leveraged for the identification of seed vigor-related QTLs.




3.2. Seed Vigor-Associated QTL Identification in Soybean CSSL Populations


To begin identifying QTLs of interest, a population composed of 207 CSSLs derived from the crossing and six backcrosses of Suinong14 (recurrent parent) and ZYD00006 (donor parent) was constructed. The respective IR, GI, GP, and GR values for these CSSLs ranged from 1.22 to 1.52, 12.35 to 26.91, 0.51 to 0.96, and 0.60 to 0.96, respectively, with the corresponding values for both parental strains falling within these ranges (Table 1). These results are consistent with the genetic differences between the Suinong14 and ZYD00006 varieties having contributed to the observed differences in seed vigor levels among CSSLs. The WinQTL Cartographer tool was used to identify QTLs associated with these four traits based on a composite interval mapping model (CIM), analyzing phenotypic data with 1000 permutation tests and selecting QTLs based on a p-value < 0.05 and LOD peak scores > 3.0 (WinQTL Cartographer default threshold). In total, 20 seed vigor-related QTLs were identified, including five associated with IR (qIR-02, qIR-03, qIR-08, qIR-12, and qIR-14), five associated with GI (qGI-03, qGI-05, qGI-10, qGI-12 and qGI-15), four associated with GP (qGP-03, qGP-06, qGP-07 and qGP-13), and six associated with GR (qGR-03, qGR-06, qGR-09, qGR-12, qGR-16 and qGR-18) (Table 2).




3.3. Chromosome Fragment Insertion-Based Identification of Candidate Intervals


Over the course of the backcrossing process used to generate the 207 CSSLs used for this study, ZYD00006-derived DNA fragments were integrated into the Suinong14 genome such that the genome of each CSSL was primarily that of the Suinong14 parental line with small ZYD00006 genomic insertions, with the different insertions accounting for the different properties exhibited by these individual lines. Given that Suinong14 exhibited greater seed vigor, inserting ZYD00006 genomic material had the potential to yield plants with profoundly reduced vigor. To identify the genomic insertions associated with such a loss of vigor, 15 CSSLs exhibiting extremely low levels of seed vigor were selected for resequencing, analyzing fragment insertions based on SSR markers. These analyses revealed that the insertion of ZYD00006 DNA fragments into a 293.7 kb region (44.88 Mb–45.18 Mb) between the BARCSOYSSR_03_1647 and BARC-900569-00953 markers on chromosome 3 overlapping with the QTL intervals identified above was potentially related to seed vigor (Figure 2). As such, at least one gene within this interval is predicted to serve as a regulator of seed vigor during germination.




3.4. High-Throughput RNA-Seq of Germinating Suinong14 and ZYD00006 Varieties


Suinong14 and ZYD00006 seeds collected at 12 and 24 h of germination were used for RNA-Seq analyses, yielding ~633 M clean reads after quality control, with a mapping ratio of 91.44–94.23%. The Suinong14 and ZYD00006 samples respectively yielded approximately 54 and 51 M clean reads on average (Table S2), with these numbers being adequate for transcriptomic sequencing efforts. Transcriptomic analyses revealed 40,546 genes expressed in these two parental lines through a global read mapping analysis, including 3455 differentially expressed genes (DEGs; log2FC > 1 and <−1, adjusted p < 0.05) when SN-12 h vs. SN-24 h. These included 2357 and 1098 upregulated and downregulated DEGs, respectively (Figure 3A), these included the identification of DEGs associated with seed vigor compounds involved in some signaling pathways (Figure S1A,B). Including 7194 differentially expressed genes (DEGs; log2FC > 1 and <−1, adjusted p < 0.05) when ZYD-12 h vs. ZYD-24 h. These included 3904 and 3290 upregulated and downregulated DEGs, respectively (Figure 3B), these included the identification of DEGs associated with seed vigor compounds involved in some signaling pathways (Figure S2A,B). In total, 6641 genes have been identified and compared; SN-12 h vs. SN-24 h with ZYD-12 h vs. ZYD-24 h (Figure 3C), and global DEG expression patterns are presented in Figure 3D. These included the identification of DEGs associated with seed vigor compounds involved in the flavonoid biosynthetic process (GO:0009813), transmembrane transport (GO:0055085), ethylene-activated signaling pathway (GO:0009873), response to light stimulus (GO:0009416), negative regulation of transcription, DNA-templated (GO:0045892), chloroplast envelope (GO:0009941), chloroplast thylakoid membrane (GO:0009535), zinc ion binding (GO:0008270), response to water deprivation (GO:0008270), cell differentiation (GO:0030154), response to wounding (GO:0009611), cell division (GO:0051301), response to cadmium ion (GO:0046686), cell wall organization (GO:0071555), endoplasmic reticulum (GO:0005783), cell wall (GO:0005618), hydrolase activity (GO:0016787) (Figures S1A and S2A). KEGG enrichment analyses also revealed the enrichment of certain DEGs in the mRNA surveillance pathway, namely aminoacyl-tRNA biosynthesis, glutathione metabolism, cysteine and methionine metaboli, glyoxylate and dicarboxylate metabolism, glycerolipid metabolism, protein processing in endoplasmic reticulum, ubiquitin-mediated proteolysis, purine metabolism, phenylpropanoid biosynthesis, amino sugar and nucleotide sugar metabolism, and pyrimidine metabolism (Figures S1B and S2B).




3.5. Sequencing-Based Seed Vigor-Related Candidate Gene Identification


There were 38 genes in 293.7 kb region according to the reference genome of Williams 82, Suinong14 and ZYD00006, and 867 SNPs (single nucleotide polymorphism) and 337 InDels (insertion and deletions) within this region of chromosome 3 had been detected (Figure 4A). Of these SNPs, 37 were located within exonic regions of 20 genes, while 265 were located within the 3000 bp promoter regions upstream of 11 genes (Table S3). Of these InDels, five were located within exonic regions of four genes, while 128 were located within the 3000 bp promoter regions upstream of 24 genes (Table S3). In total, there were SNPs or InDels in 32 genes, and all SNPs and InDels could not led to early termination of translation. Transcriptome data demonstrated that among the 32 genes, Glyma.03g253500 and Glyma.03G256700 can be expressed at the seed germination stage, and Glyma.03G256700 exhibited significantly different expression during seed germinating in Suinong14 compared with ZYD00006 (Figure 4B). Subsequent qPCR analyses confirmed that the expression levels of Glyma.03G256700 in Suinong14 at 12 h or 24 h post-germination were higher than that in ZYD00006 at 12 h or 24 h post-germination, but Glyma.03g253500 had no different expression pattern in Suinong14 compared with ZYD00006 (Figure 4C). SNP analyses of Glyma.03G256700 in these two parental lines revealed four SNPs and three InDels in promoter region (Table S3). This suggested that the promoter region SNPs and InDels likely account for the differences in Glyma.03G256700 expression observed during germination. As such, Glyma.03G256700 was chosen as a gene candidate for further research focused on soybean seed vigor.




3.6. Glyma.03G256700 Encodes a WRKY53 Protein Exhibiting Differential Expression in CSSLs Exhibiting Varying Levels of Seed Vigor


Glyma.03G256700 is a 1089 bp gene encoding a member of the WRKY protein family that is 363 amino acids long and targeted to the nuclear compartment (Figure 5A). Phylogenetic analyses of six species (Glycine max, Triticum aestivum, Oryza sativa, Zea mays, Lotus corniculatus, Arabidopsis thaliana, and Medicago truncatula) revealed a close relationship between Glyma.03G256700 and both Medtr8g0278600 and Li3g0020366, which belong to the legume family (Figure 5B). A qPCR approach was next employed to compare Glyma.03G256700 levels at 24 h post-germination in 20 representative CSSLs (Figure 5C), including five with enhanced seed vigor (CSSL-003, CSSL-012, CSSL-120, CSSL-159 and CSSL-168) and five with poorer seed vigor (CSSL-031, CSSL-054, CSSL-067, CSSL-106, and CSSL-167). The Glyma.03G256700 expression of five high-seed vigor varieties were higher than the expression level in five low-seed vigor varieties (Figure 5D). This strategy revealed Glyma.03G256700 upregulation in the CSSLs with higher levels of seed vigor, confirming the potential for Glyma.03G256700 to regulate this important agronomic trait.




3.7. Analyses of Glyma.03G256700 Haplotypes in Natural Soybean Germplasms


For further analyses of seed vigor, 310 soybean germplasms from northeastern China were collected, including 229 improved cultivars, 71 landraces, and 10 wild varieties (Table S2). The phenotypes of these varieties were examined, revealing that the seed vigor of wild accessions was poorer than that of the landraces or improved cultivars, the latter of which exhibited the highest level of seed vigor (Figure 6A). To confirm the relationship between Glyma.03G256700 and seed vigor, the Dnasp 5.0 software was utilized to assess Glyma.03G256700 haplotypes based on the resequencing and phenotypic results obtained above. A total of four Glyma.03G256700 haplotypes were identified across these 310 varieties, with two consisting of greater than 10 accessions being regarded as dominant (Figure 6B). In total, eight SNPs and two InDels were identified within the promoter and exon regions for Hap 1 (including Suinong14) and Hap 2 (including ZYD00006) (Figure 6B). To clarify relationships between Glyma.03G256700 alleles and seed vigor variations, combined phenotypic and haplotype analyses were performed for these 310 soybean germplasms. This approach revealed profound differences in seed vigor when comparing the Hap1 and Hap2 soybean accessions (Figure 6C). Subsequently, qPCR approaches were employed to assess Glyma.03G256700 patterns at 24 h post-germination in six Hap1 varieties exhibiting high seed vigor levels and six Hap2 varieties exhibiting poorer seed vigor. This strategy revealed significantly higher Glyma.03G256700 expression in these six Hap1 varieties as compared to the Hap2 varieties (Figure S3A–E). As such, the present haplotype analysis results support the predicted link between Glyma.03G256700 and seed vigor in soybean plants.





4. Discussion


As a complex trait under the regulation of multiple genetic factors, seed vigor is an agronomically important trait that influences the quality of seeds, with low levels contributing to the failure of field emergence and the post-germination establishment of seedlings [8,16]. The heritability of genetic factors that shape seed vigor phenotypes is particularly important [5,28]. Research focused on soybean seed vigor remains relatively immature at present, although certain candidate genes have been linked to this trait in other species. The utilization of high-quality genetic populations and efficient bioinformatics techniques can guide the identification of loci of interest, with studies of the factors that regulate these loci, in turn, providing valuable insight that can aid genetic efforts to augment soybean seed vigor [3].



Soybean germplasm resources are broadly grouped into improved cultivars, landraces, and wild soybean varieties based on their degree of domestication [29]. As the most domesticated varieties, improved cultivars were initially derived from landraces and wild cultivars through selection for specific agronomic traits, thereby reducing their genetic diversity [1,30]. Wild soybeans, in contrast, tend to exhibit more pronounced phenotypic and genetic diversity [31,32]. While they tend to be better suited to adaptation to abiotic stressors and environmental changes, wild soybeans often retain agronomic traits that are undesirable including poor stability, poor quality, and limited yields [33]. Genetic differences among these three classes of germplasm resources can aid in the breeding of soybean varieties [34]. Here, 229, 71, and 10 improved cultivars, landraces, and wild varieties were leveraged to explore the associations between genetic haplotypes and seed vigor. As expected, improved cultivars exhibited the highest levels of seed vigor, followed by landraces and wild varieties. The improved cultivar Suinong14 and the wild ZYD00006 variety were herein used to establish a CSSL population, with the insertion of ZYD00006 chromosomal fragments then being detected through molecular marker-assisted selection. Given that backcrossing has been continuously performed for more than 10 years, ZYD00006 DNA fragments inserted into the Suinong14 genome differed among individual CSSLs, minimizing the impact of genetic background on the present analyses [20]. A total of 20 seed vigor-related QTLs were ultimately identified, including five associated with IR, five associated with GI, four associated with GP, and six associated with GR. These loci included some overlap with loci previously linked to germination-associated phenotypes including qSTIR-8 [21], qGP-6 [5], qDG003 [27] and qGR-6 [5]. These findings are thus consistent with the accuracy of this QTL mapping and genetic analysis strategy. Subsequently, chromosome fragment insertion, whole-genome resequencing, and RNA-Seq were employed to screen for seed vigor-associated loci as a means of further refining these findings.



RNA-Seq, SNP, and qPCR analyses confirmed the identity of Glyma.03G256700 as a seed vigor-related gene. Glyma.03G256700 was found to encode WRKY53, a WRKY family protein 363 amino acids in length that is expressed in flowers, leaves, pods, and dry seeds. The WRKY transcription factors function by binding to W-box elements [TTGAC(C/T)] using the 1–2 WRKY domains that they contain, which are ~60 amino acids long and harbor conserved WRKYGQK sequence followed by C2H2 or C2HC zinc-finger motifs [35,36]. WRKY53 has increasingly been reported to play a role in a range of plant growth and development-related activities. In Arabidopsis, for example, AtWRKY53 shapes organ senescence, and the chromatin accessibility of the WRKY53 promoter region can be modulated, likely enabling the regulated control of WRKY53 expression to shape the onset of senescence in response to particular environmental [37,38]. AtWRKY53 is also capable of interacting with HISTONE DEACETYLASE9 (HDA9), thereby facilitating POWERDRESS/HDA9 complex recruitment to promoters containing W-box sequences upstream of important negative regulators of senescence [39,40]. In the context of flowering, AtWRKY53 directly activates AtLFY (LEAFY) and AtSOC1 (SUPPRESSOR OF OVEREXPRESSION OF CO1) transcription, additionally mediating guvermectin to promote flowering [41]. When plants are exposed to stressors, interactions between AtWRKY53 and AtCAM1 can control biosynthesis and negatively regulate the responses of these plants to herbivory [42]. The binding of WRKY53 to LOX promoters can also suppress the expression of LOX (13S lipoxygenase gene) [43]. There is further evidence for the importance of AtWRKY53 as a regulator of plant immunity and development owing to its ability to influence pathways responsible for SA metabolism [44,45]. The rice OsWRKY53 protein is capable of interacting with OsBZR1, thereby synergistically regulating BR signaling activity while also shaping seed size and leaf angle via influencing the MAPKKK10-MAPKK4-MAPK6 cascade [46]. OsWRKY53 knockout in different rice varieties can also reportedly enhance cold tolerance without adversely impacting yield [47]. OsWRKY53 also reportedly promotes OsSWEET2a expression in response to sheath blight, negatively regulating pathogen resistance [48]. A total of 174 WRKY genes in the soybean genome have been established to date, but there have not been any focused studies of WRKY53 [49,50]. In addition, most of these other WRKY family members have only been assessed in the context of growth and development. Overexpressing GmWRKY58 or GmWRKY76 in transgenic Arabidopsis, for example, failed to adversely impact abiotic stress tolerance or disease resistance whereas it did promote flowering and the enhancement of flowering-related gene expression [51]. When these two genes were silenced using a virus-induced knockdown strategy in soybean plants, this resulted in severely stunted growth, reduced height, and smaller leaves [52]. GmWRKY27 and GmMYB174 are capable of interacting to suppress the expression of the negative stress tolerance-related protein GmNAC29, thereby enhancing soybean stress tolerance [52]. The present results support a role for Glyma.03G256700, a WRKY53 transcription factor, as a regulator of soybean seed vigor. During seed germination, the expression of Glyma.03G256700 was enhanced, and SNPS and InDels within its promoter region were related to differing expression patterns across soybean varieties. Phenotypic and haplotype analyses focused on Glyma.03G256700 conducted using CSSLs and natural soybean varieties highlighted a strong correlation between Glyma.03G256700 haplotype and seed vigor. Cis-acting element analyses for the promoter regions from Suinong14 and ZYD00006 revealed that a MYB-binding site was missing from the Glyma.03G256700 promoter in ZYD00006 (Tables S5 and S6). MYB-binding site can affect the binding of MYB transcription factors to promoters, thereby affecting the regulation of gene transcription, and differences in these sequences may underlie the observed differences in the expression of these genes between these two soybean varieties during germination, thus contributing to altered seed vigor [53]. These data therefore provide support for the functionality of Glyma.03G256700 as a mediator of seed vigor, offering a basis for future mechanistic work exploring the dynamics of soybean seed germination. These findings can also be leveraged to facilitate the breeding of soybean varieties with superior seed vigor, thus enhancing crop yields and quality.




5. Conclusions


In this study, the improved Suinong14 cultivar was found to exhibit a higher germination rate than that of the wild ZYD00006 cultivar, and 20 seed-vigor related QTLs had been identified using the CSSLs derived from Suinong14 and ZYD00006. Through the RNA-seq, whole-genome resequencing, and qPCR approaches, Glyma.03G256700 was confirmed be related to seed vigor, it was upregulated in high-vigor seeds during germination, and with haplotypes of Glyma.03G256700 also remaining consistent with observed soybean seed vigor. Our findings provide new insights into the future marker-assisted and convergent breeding efforts aimed at improving seed vigor, and the future molecular and functional research of Glyma.03G256700 in seed-vigor regulation has the potential to elucidate the signaling network and key regulatory mechanisms that govern seed germination in soybean.
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Figure 1. Phenotypic analyses of seed vigor-associated traits in Suinong14 and ZYD00006. (A) Suinong14 and ZYD00006 seed vigor phenotypes after germination. (B) Suinong14 exhibited higher IR, GI, GP, and GR values than ZYD00006. Data are means ± SE of three replicate analyses; ** p < 0.01, Student’s t-test. 
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Figure 2. Fine mapping of segregants exhibiting divergent seed vigor phenotypes. Black and striped sections correspond to ZYD00006 chromosomal fragments, whereas black sections with black and striped areas respectively indicating homozygous and heterozygous areas. Wild soybean chromosomal segment distributions in these CSSLs were utilized to narrow seed vigor-associated gene candidates to a 293.7 kb region between the BARCSOYSSR_03_1647 and BARC-900569-00953 markers. 
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Figure 3. Comparisons of the transcriptomes of germinated Suinong14 and ZYD00006 seeds. (A,B) Volcano plots, (C) the Venn of genes differentially expressed between ZYD-12 h vs. ZYD-24 h and SN-12 h vs. SN-24 h, (D) heatmap of identified DEGs. 
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Figure 4. Sequencing-based seed vigor-related candidate gene identification. (A) SNPs distributed in the 44.88 Mb–45.18 Mb region of chromosome 03 in the Suinong14 and ZYD00006 varieties were analyzed using a sliding window approach with a window size of 1 kb. The number of SNPs and InDels within this window is indicated with the corresponding colors, ranging from 0 (grey) to 30 (red), with white indicating the absence of any SNPs and InDels. (B) A heat map for candidate genes containing SNPs or InDels. The color key (blue to red) represents gene expression (fragments per kilobase per million mapped reads, FPKM). (C) Relative Glyma.03G253900 and Glyma.03G256700 expression levels during Suinong14 and ZYD00006 seed germination were established by qPCR, employing the 2−ΔCt method to calculate relative expression. GmUNK1 (Gm12g020500) was selected as a normalization control. Data are means ± SE of three replicate analyses; ** p < 0.01, ns: non-significant, Student’s t-test. 
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Figure 5. Analyses of Glyma.03G256700 and its expression in different soybean accessions. (A) YFP-fused Glyma.03G256700 was assessed for subcellular localization. BF: brightfield; scale bar: 25 μm. (B) Maximum-likelihood phylogenetic analysis of the Glyma.03G256700 in Glycine max, Triticum aestivum, Oryza sativa, Zea mays, Lotus corniculatus, Arabidopsis thaliana, and Medicago truncatula as generated using MEGA7. (C) Glyma.03G256700 expression was analyzed at 12 h and 24 h post-germination in 10 CSSLs each exhibiting high and low levels of seed vigor. Data are means ± SE of three replicate analyses; ** p < 0.01, ns: non-significant, Student’s t-test. (D–G) The seed vigor phenotypes after germination in five with enhanced seed vigor (CSSL-003, CSSL-012, CSSL-120, CSSL-159 and CSSL-168) and five with poorer seed vigor (CSSL-031, CSSL-054, CSSL-067, CSSL-106, and CSSL-167). 
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Figure 6. Haplotype analyses of Glyma.03G256700. (A) Seed vigor phenotypes were analyzed for 310 soybean varieties (229 improved cultivars, 71 landraces, and 10 wild varieties), different letters represent significant differences (p < 0.05), while the same letters indicate no significant differences, Student’s t-test. (B) Glyma.03G256700 haplotype analyses in these 310 soybean accessions. (C) Hap1 and Hap2 seed vigor phenotypes, data are means ± SE of three replicate analyses; ** p < 0.01, Student’s t-test. 
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Table 1. The IR, GI, GP and GR of CSSL populations.
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Trait

	
Parents

	
CSSL Population (n = 207)






	

	
ZYD00006

	
Suinong14

	
Mean

	
SD a

	
Kurtosis b

	
Skewness c




	
IR

	
1.30 **

	
1.45

	
1.38

	
0.15

	
−0.75

	
−0.32




	
GI

	
13.94 **

	
25.78

	
19.82

	
7.60

	
−0.75

	
−0.08




	
GP

	
0.51 **

	
0.94

	
0.76

	
0.24

	
−0.83

	
−0.19




	
GR

	
0.73 **

	
0.94

	
0.79

	
0.20

	
−1.00

	
−0.06








** indicates p ≤ 0.01, a indicates standard deviation, b was used to determine how steep or smooth the data distribution is, and c was used to determine the degree of asymmetry and direction of data distribution.













 





Table 2. Main QTLs related to seed vigor identified in the CSSL population.
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	Trait
	Chr
	QTL
	Position (Mb)
	LOD
	R² (%)
	ADD
	Putative Causal Genes or QTLs Identified in Previous Studies





	IR
	Chr02
	qIR-02
	1.3
	3.62
	5
	−0.28
	



	
	Chr03
	qIR-03
	45.2
	4.54
	2
	0.70
	



	
	Chr08
	qIR-08
	24.4
	3.89
	3
	0.90
	qSTIR-8 [23]



	
	Chr12
	qIR-12
	15.2
	3.22
	5
	−0.48
	



	
	Chr14
	qIR-14
	32.2
	3.50
	5
	−0.68
	



	GI
	Chr03
	qGI-03
	43.0
	4.95
	1
	0.24
	



	
	Chr05
	qGI-05
	16.5
	3.42
	1
	0.27
	



	
	Chr10
	qGI-10
	33.8
	3.06
	7
	1.29
	



	
	Chr12
	qGI-12
	32.2
	10.02
	5
	−0.42
	



	
	Chr15
	qGI-15
	15.9
	3.41
	4
	−0.47
	



	GP
	Chr03
	qGP-03
	45.5
	4.40
	8
	0.75
	



	
	Chr06
	qGP-06
	14.9
	3.97
	6
	0.48
	qGP-6 [5]



	
	Chr07
	qGP-07
	20.3
	3.12
	5
	−0.38
	



	
	Chr13
	qGP-13
	39.4
	3.52
	3
	−0.58
	qDG003 [27]



	GR
	Chr03
	qGR-03
	44.7
	3.42
	6
	0.49
	



	
	Chr06
	qGR-06
	1.8
	3.29
	2
	0.31
	qGR-6 [5]



	
	Chr09
	qGR-09
	16.3
	3.91
	5
	−0.59
	



	
	Chr12
	qGR-12
	35.2
	14.42
	4
	−0.32
	



	
	Chr16
	qGR-16
	36.4
	3.40
	1
	−0.42
	



	
	Chr18
	qGR-18
	15.3
	3.21
	5
	−0.42
	







Note: QTL, quantitative trait loci; LOD, log-of-odds; R2, phenotypic variance explained; ADD, the additive effects contributed by the QTL; The LOD score cutoff for major QTLs was determined by permutation tests (1000 times; p < 0.05).



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
Chr03 | B 25 Mb

| 1 CSSL-129
; _ CSSL-137
; CSSL-154
CSSL-167
| ; ; ; ; 5 | CSSL-176
| | 5 3 5 _ CSSL-183
| ' ' ] | I CSSL-191
| ' ' | CSSL-195
B Homozygous segment : '

[ Heterozygous segment 293.7 ”\

Glyma.03G256700





nav.xhtml


  agronomy-14-00332


  
    		
      agronomy-14-00332
    


  




  





media/file2.png
ZYDO00006

Suinong14

_ _ _ _
A T T
Lo . o o o

o0 oleJ uonigiqui

H_I [ @Q
27
0
2
AV
.&.\QJ
A\O
%
| | | | S
=) © ) Q
o o o o
8]BJ UOIjBUIWIBL)
H_. [ ro_mv
22
0
Q,
4V
A
“q,
%
2
| | | | $
® © ® O
o o (- o

|enualod uoljeuiwlas)





media/file13.png





media/file5.jpg
oty
SN-120vs SN-24n

& Differential Expressed Genes.

ZYD-120vsZYD24h  SN-12h vs SN-2¢h






media/file3.jpg
Chro3 -J 25Mb

—CSSL 108

] CSSL-129
——:— CSSL137
j CssL-154
_:v CssL-167
T CSSLAA76
— == z E —CSSL153
[ = ——CSSL-191
I 1CssL-195
[ Homozygous segment
[ Heterozygous segment

Glyma.03G256700





media/file1.jpg
ZYD00006

Suinong14

=) o
< &

X8pul UoKEUIWIBD

*k

T T 1
2 9 o
s o o

8jel uoneuIwIeD

0.0

il opPOD

T
©
>

24h

ajes uonqiquy

T T T
2 9 o
s o o

|enusjod uoneuiwIeD






media/file7.jpg
Relative expression level

Relative expression lovel

h

Gmo3g253900 == 12
= 2n

Suinongté  ZYD0000S

Gm03g256700 ™= 12
= 2n

|

Suinongt4  ZYD0000S





media/file10.png
¥ & .
Y b
N < 0 - _
— N < @Q V s A\%\p
2 A\\,%% { %Y 26
| [ ol S8 : <o
b &umJQxWMJ&JO " B .\%N/ %&JO
C— &) O X
; 720X &>
. ﬂMJ Re) Q
[ Mo\,w% & 7 %@0
*[" “ _ Q,V%%O Qrbr\ N Vf%O
i— <3O0 SO$S
| | | 00 D0
®m «§ @~ o oo T T 1 1 11 SN
y © 1 N © @O Y
|9A8] Uolssaldxa aAlje|oy 0 I i s . g P %0
© = (Y1) 1.l uoniqiquil
2 2
N AN
- o™ L
S | ¥ 2 @ 8 S % S
Q | ™ O w © N o o -
N X O © B RIS o ©
= A S 9 = 9 X N 0 q ©
S o oo © © © N~ © NN
S 42232 FT 2388
w @ “ n © ¥ O o a4 © o
» o © © 8 3 8 § 8 g g
o S L O QO B QBT B § B
= T 8 OO0 £ K & & 0 = Q@
2 | ~ ~ 3 3 N Ai 7_7 S 3 Gi S
o
L
o
L 2
O
<L d49-0029529€0WD m

L
(

LL

Ly o
o o o
1eJ uoljeulwlas)
H kL
- o
| S
H L
|

o 0.75-

_
To)
L=

0.50-

_
o
Q
— o
d9O) |enuaiod uoljeuiwian

_ _ |
o o o
™ & e

(19) Xepul uoieujwlIaD





media/file12.png
<

© — ¢
H 6
A,
o) . o
- %, 5
o+ - <, %"
Y, 7
_ [ | I _ \\oo
A o o () o @QO
<
ojel uonieulwis 0/
(49) @ eulwlon %,
© — ¢
H )
A.
o) ) o
T_ 0, %
-— - <
Y, 7
| _ | _ _ _ \\oo
~ o o o () o @QO
(d9) lenusjod uoneulwlo ,\Q@
oH - ¢
%
)
3
_ %
7
S N
| | | _ .\\\VO
o (@) o o so
™ AN — @A
(19) Xapul UoEUIWISD o,\om\
7
oH - ¢
()
o — @0@@&
%, %
-— - <
| | | | | 7
° e < w9 o
)
ojel uoiiqiqgw (0/
(Y1) @1E4 UoHIqIqUU] %, 0

183
91

21

15

-454 | 982 [Num.

-502

G |TTTTT| C

T |GAAAA] T

G |TTTTT| C

-572

G

C |CTCACT| T |AAAAA| T

C |CTCACT| T [|AAAAA| T

I

-775|-574

AG

AG

-1001

+55bp | TT

+55bp| TT

G
TC

G

|

T

T
A

T
C
G
A

Haplotype [-2390 (-1715|-1377|-1015

Hap 1

Hap 2

Hap 3

Hap 4
Suinong14| T

ZYDO00006| C

O

1
[
Hap1 Hap2

I

_
N
-

0.9
.6
3
0

(Y9) 81l UoRUIWIBY

T
[
Hap1 Hap2

T 1T T T |
© © © ¥ « O
A o (@] o o o

(d9) |enusjod uoieuIwIDD

T
[
Hap1 Hap2

30—
0—
0—
0—

(]9) Xopul uoneuIWISL

T
[
Hap1 Hap2

[

_
<
N

_
10
(d1) el uoniqiqui





media/file9.jpg
GMO3C26700.GFP 3

oFp REP Bright  Merge

Traes 50L CO3641E43

‘Germination index (GI)

B a L Traes 5BL 043033248
J 106 cusprs
s
T cnonorrss
i
5 GYma.03G256700 SOCOSBESGS
=L mearsgozraso e d
E = F G
o 8w .
3 S
"
§ 0.50- § 050
o m § oo fon
SS009098 0 Seoeasadad  soneassdad

DRI RN iy





media/file0.png





media/file8.png
N
t@ 5?3‘

N N
b?;. b?:.

0
3
6
9
12

KL

*

N ) BN | S — GP/ma 03G253200

A [ N M Glyma.03G 253300
| — | — — e ryma 03G253400
e | S | )/ma 03G253700
ry a.03G253800

ryma 03G253900

ma.03G254000

ma.03G254100
ma.03G254300
ma.03G254500
a.03G254600
a.03G254700
ma.03G254800
a.03G254900
ma.03G255100
ma.03G255300
ma.03G255400
ma.03G255500
ma.03G255600
ma.03G255800
ma.03G255900
ma.03G256000
ma.03G256100
ma.03G256200
ma.03G256300
ma.03G256500
ma.03G256700
ma.03G256800

33

3

“*i-?\-

2lolololololololnlolelolololololelolelolelolelolol0l%l010)

g || IIIIIIIIIIIIIIIIIIIIII
<
” IIIIIIIIIIIIIIIIIIIIIIIIII I

fyma.03G256900
lyma 036254400
ma.03G255200
yma.03G256400
’ flf&(\ Pﬁ’o :
s @:}' g\?
NGNS
&L & &

600.00
500.00
400.00
300.00
200.00
100.00
0.00

O

Relative expression level

Relative expression level

Gm03g253900 ™= 12 h
— 2

4 h

Suinong14

| [l

ZYDO00006

Gm03g256700 ™= 12 h

= 24 h

I:

Suinong14

ZYDO00006





media/file11.jpg
£8/[x|2
il u
0| |-[of-
= =
wnmw nm Lﬂ
E
FI23 F2 &5 & & &
2lolHHO-| " (u) ores uoneunuios
= =
| 18] 5
5 [5lole| |8
7 1g 2
2, %, O O
K &, %o, K
8 5| <|o||-|<|o
o ® © ¥ & o b 0 © % 8 o
23333823 % R2lE|<|-2/E 33383
(d9) enusiod uoneuiwies %, Sl = Ew:u.:ms:e_mz_sao
S, [ A
% B
%% <|o|| |<[o
%, %% At I
—T 11 % S —
s =& ¢ ©° & oo 8 & ¢ °
(19) xepul uoneuwIeD @Q& = (19) xepur uoneusze
— 75l |<ofolr|<
» %, = |
a &% 2
e %, B [ofo|<|-[o]
<2, &
A R _ﬁy
S 2233 Slelglglges < 2 2 8 8
2, 82| E| ||
< () ores voniau %, m|§] 2RO ) o vonaau

Hap1 Hap2 Hapt Hap2 Hap1 Hap2

Hap1 Hap2





media/file6.png
=)
g5
88T .
"— g 2 ,wmv\.
€E S48 N
Q o _|
= 209 &,
2 585 __ ___ ‘
=) %
Hh e e
. " PR |
[ ] &
. -3 : e 4 * ,wwcﬂv
. w 7 »
. o 53
[ ] o® Qo
[ ] g Y [ ] ® o h
s 7 .......-.a < g “%
(Y £ nwv
oo o - N s " %
0 ~— o D m &
o R sty - %
« 2. a% o 2> %
o % ¢ ¢ . oo..o.o _....r\ Z
8 3 : . 390
S 3 2 I I E : _
o © S R =
(@] ! — 2
> 8 i
: D_ &.
: 