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Network Inference of Transcriptional Regulation in Germinating Low Phytic Acid Soybean Seeds
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The low phytic acid (lpa) trait in soybeans can be conferred by loss-of-function mutations in genes encoding myo-inositol phosphate synthase and two epistatically interacting genes encoding multidrug-resistance protein ATP-binding cassette (ABC) transporters. However, perturbations in phytic acid biosynthesis are associated with poor seed vigor. Since the benefits of the lpa trait, in terms of end-use quality and sustainability, far outweigh the negatives associated with poor seed performance, a fuller understanding of the molecular basis behind the negatives will assist crop breeders and engineers in producing variates with lpa and better germination rate. The gene regulatory network (GRN) for developing low and normal phytic acid soybean seeds was previously constructed, with genes modulating a variety of processes pertinent to phytic acid metabolism and seed viability being identified. In this study, a comparative time series analysis of low and normal phytic acid soybeans was carried out to investigate the transcriptional regulatory elements governing the transitional dynamics from dry seed to germinated seed. GRNs were reverse engineered from time series transcriptomic data of three distinct genotypic subsets composed of lpa soybean lines and their normal phytic acid sibling lines. Using a robust unsupervised network inference scheme, putative regulatory interactions were inferred for each subset of genotypes. These interactions were further validated by published regulatory interactions found in Arabidopsis thaliana and motif sequence analysis. Results indicate that lpa seeds have increased sensitivity to stress, which could be due to changes in phytic acid levels, disrupted inositol phosphate signaling, disrupted phosphate ion (Pi) homeostasis, and altered myo-inositol metabolism. Putative regulatory interactions were identified for the latter two processes. Changes in abscisic acid (ABA) signaling candidate transcription factors (TFs) putatively regulating genes in this process were identified as well. Analysis of the GRNs reveal altered regulation in processes that may be affecting the germination of lpa soybean seeds. Therefore, this work contributes to the ongoing effort to elucidate molecular mechanisms underlying altered seed viability, germination and field emergence of lpa crops, understanding of which is necessary in order to mitigate these problems.
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INTRODUCTION

The development and commercialization of low phytic acid (lpa) crops could represent one approach to enhanced management of phosphorus (P) in animal agriculture and to addressing mineral deficiency in humans. Seed phytic acid [myo-inositol-(1,2,3,4,5,6)-hexakisphosphate] represents about 75% of seed total P. In the intestinal tract of non-ruminant animals, seed-derived dietary phytic acid chelates divalent cations, and the resulting salts are excreted. This can contribute to mineral deficiencies in monogastric animals and leads to high levels of excreted phosphorus, which pollute water systems (Brown and Solomons, 1991; Ravindran et al., 1995; Weaver and Kannan, 2001; Bohn et al., 2008; Raboy, 2009a,b). Lpa barley, maize, rice, soybean, and wheat lines have been developed, and their seeds are shown to increase phosphorus availability in poultry and swine and reduce phosphorus pollution from the subsequent waste (Larson et al., 1998, 2000; Raboy et al., 2000; Wilcox et al., 2000; Hitz et al., 2002; Guttieri et al., 2004; Shi et al., 2007). Despite these advantages, lpa crops have not been commercialized, as they often exhibit poor seed and seedling vigor, low stress tolerance, and reduced germination and emergence rates (Meis et al., 2003; Oltmans et al., 2005; Bregitzer and Raboy, 2006; Raboy, 2007; Colombo et al., 2020). These undesirable traits represent downstream effects of perturbation of phytic acid synthesis/accumulation and/or the inositol phosphate pathways that it is part of, since they have fundamental roles in various developmental, metabolic, and signaling pathways critical to plant function (Raboy, 2009a). Therefore, a fuller understanding of the molecular basis behind these negatives will assist crop breeders and engineers in successfully handling them.

Some lpa crops, such as barley lpa1-1 and common bean lpa-280-10, exhibit good seed emergence and yield, demonstrating that development of lpa crops without adverse agronomic effects is possible (Bregitzer and Raboy, 2006; Campion et al., 2009). Furthermore, selection within an lpa line might yield progeny with improved germination and field emergence (Oltmans et al., 2005). For example, a soybean lpa mutation termed TW-1 had reduced field emergence and reduced viability following seed storage; however, these negative effects were reduced in a single-plant derived line isolated in TW-1 progeny termed TW-1-M (Yuan et al., 2017; Yu et al., 2019). Limiting the wide-scale development of high performing lpa crops is a poor understanding of the molecular basis of seed phytic acid content in relation to seed vigor, i.e., the properties defining a seed’s potential performance during germination and emergence (Hampton and TeKrony, 1995). Previous studies with barley and soybean have investigated the effect of the lpa trait on developing seeds and found differences in energy metabolism and phytohormone signaling, as well as regulatory components that may be responsible for these variations (Bowen et al., 2007; Redekar et al., 2015, 2017). Transcriptomic and proteomic analyses of germinating seeds were used to understand the molecular basis of the improvement of field emergence and seed viability observed in the soybean mutant TW-1-M as compared with its parental line TW-1 (Yuan et al., 2017; Yu et al., 2019). These studies revealed changes in gene transcripts and proteins involved in energy metabolism, phytohormone pathways, oxidation-reduction processes, and stress responses (Yuan et al., 2017; Yu et al., 2019).

Because seed germination is recognized as the most vulnerable period in a plant’s life cycle (Rajjou et al., 2012), it is important to understand how the process of germination is regulated. During germination, seeds undergo a massive metabolic transition in order to prepare for seedling growth; this is a highly coordinated and complex process, involving regulatory control over cellular and metabolic events (Bewley, 1997; Bove et al., 2002; Fait et al., 2006; Rajjou et al., 2012). Primary factors found to mediate germination include metabolism, phytohormone signaling, signal transduction components, and notably, transcription factors (TFs; Howell et al., 2009; Rajjou et al., 2012; Bellieny-Rabelo et al., 2016). Thus, it is important to consider the influence of regulatory interactions between genes, as a systematic understanding of the processes governing germination can offer insights into seed and seedling vigor. Advancements in high-throughput technology, such as RNA sequencing (RNA-seq), enable the collection and analysis of genome-wide expression data at a systems level (van Dijk et al., 2014). These data can then be used to construct a gene regulatory network (GRN), a graphical or mathematical representation of the causal relationships between genes regulating cellular functions in an organism (Hecker et al., 2009; Li et al., 2015; Banf and Rhee, 2017). The GRN’s connections, representing interactions between genes, are established by implementing inference methods on transcriptomic data. Hence, inferred GRNs consist of computationally predicted directed interactions between TFs and target genes, making GRNs an effective tool for identifying key regulatory and target genes involved in specific biological processes (Krouk et al., 2013; Haque et al., 2019).

Previously, a GRN analysis was performed to understand how the lpa trait may be affecting seed vigor by comparing the transcriptomes of developing seeds in low and normal phytic acid soybeans (Redekar et al., 2017). Differences were found in metabolism, defense responses, phytohormone signaling, and candidate TFs putatively regulating some of these processes. However, to construct a more complete profile of low and normal phytic acid seed transcriptomes and to identify differences between their regulatory networks, this study examines RNA-seq data from germinating seeds of low and normal phytic acid soybeans and infers multiple GRNs. The findings offer new information on the transcriptional regulation of germinating lpa soybean seeds and the perturbed biological processes in lpa seeds that may be important to successful germination.



MATERIALS AND METHODS


Genetic Material

In this study, eight experimental lines were used – 1mlpa, 1MWT, 2mlpa, 2MWT, 2MWT-L, 2MWT-N, 3mlpa, and 3MWT (Table 1). The three lpa lines (1mlpa, 2mlpa, and 3mlpa) contain one, two, or three mutations, respectively, in genes functioning in the phytic acid pathway. These genes are MIPS1 (Glyma.11G238800), encoding myo-inositol-3-monophosphate synthase (MIPS), which catalyzes the first step in the pathway to phytic acid, and MRP-L (Glyma.19G169000) and MRP–N (Glyma.03G167800), encoding multidrug resistance-associated protein ATP-binding cassette (ABC) transporters (henceforth called MRPs), which transport phytic acid for storage (Saghai Maroof et al., 2009). The eight experimental lines represent three distinct subsets of genotypes. The first genotypic subset, designated as the “Mips” subset, contains the lpa line “1mlpa” (mips1 mutation) and the normal phytic acid line “1MWT” (no mutation). These lines are isogenic and were developed from a cross between the normal phytic acid line “Essex” (no MIPS1 mutation) and the lpa line “V99-5089” (mips1 mutation; Saghai Maroof and Buss, 2011). This mips1 mutation conferring the lpa trait is the result of a point mutation on chromosome 11 (Saghai Maroof and Buss, 2011). The second genotypic subset, designated as “MRP,” contains four near isogenic lines, the lpa line “2mlpa” (mrp-l and mrp-n mutations) and three normal phytic acid lines, “2MWT” (no mutation), “2MWT-L” (mrp-n mutation only), and “2MWT-N” (mrp-l mutation only). These lines were developed from a cross between the lpa lines “CX-1834” (mrp-1 and mrp-n mutations) and V99-5089 (no MRP mutation). The mutations conferring the lpa trait in 2mlpa and CX-1834 are the result of point mutations in the epistatically interacting loci, MRP-L, and MRP-N, on chromosomes 19 and 3, respectively (Wilcox et al., 2000; Walker et al., 2006; Saghai Maroof et al., 2009). Lastly, the final genotypic subset, designated as “Mips-MRP,” is composed of the lpa line “3mlpa” (mips1, mrp-1, and mrp-n mutations) and the normal phytic acid line “3MWT” (no mutation). These lines were developed from a cross between CX-1834 and V99-5089. Seeds from all eight lines were harvested in 2017 from a field in Blacksburg, VA and stored at 4°C until experimentation.



TABLE 1. Characteristics and classification of parental and experimental soybean lines.
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Seed Germination and Sampling

Tissue from each line was sampled at three stages of seed germination in biological triplicate with 10 seeds per sample. The germination stages used were mature dry seeds (stage 1), 8 h imbibed seeds (stage 2), and germinated seeds (defined as radicle emergence; stage 3). For stage 1, seeds were ground to a fine powder using a P14 mill (Pulverisette 14, Fritsch) and stored at −80°C until use. Seeds for stages 2 and 3 were sterilized for 2 min with a 10% hypochlorite + Tris solution, washed in DI water three times for 5 min, and dried overnight. The seeds were then germinated on germination plates with filter paper and DI water in the dark at 29°C. Once the appropriate stage was reached, seed coats and radicles were removed, and the tissue was flash frozen with liquid nitrogen and stored at −80°C until use. The tissue from these stages was ground to powder with mortar, pestle, and liquid nitrogen. Total RNA from all stages was extracted using the RNeasy Plant Kit with on-column DNase digestion and RLC buffer (QIAGEN, Hilden, Germany). RNA quality was determined by UV spectrophotometry (260 nm, NanoDrop1000, Thermo Fischer Scientific, Waltham, MA, United States) and RNA integrity numbers (RIN; BioAnalyzer, Agilent Technologies, Santa Clara, CA, United States). Samples with a RIN value > 8.0 and 260/280 ratios > 2.0 were submitted to Novogene (Sacramento, CA, United States) for mRNA sequencing. A total of 72 samples (eight lines × three germination stages × three biological replicates) were sequenced with HiSeq4000 (Illumina, San Diego, CA, United States) to acquire 30 million, 150 PE reads per sample.



Transcriptomics Data Processing and Differential Gene Expression

Raw reads were trimmed and filtered using Skewer (version 0.2.2) to remove adapter sequences and low-quality reads and bases (<Q30; Jiang et al., 2014). Using STAR (version 2.5.2b), the cleaned reads were aligned to “Williams82,” the well-annotated soybean reference genome (Wm82.a2.v1, downloaded from Phytozome; Schmutz et al., 2010; Dobin et al., 2013). Transcript abundances were calculated from the mapping results using featureCounts (version 1.5.1; Liao et al., 2014). These results were subsequently used for differential expression analysis with DESeq2 (version 1.22.2) in R (version 3.5.1; Love et al., 2014). Comparisons were made to identify differentially expressed genes (DEGs) between lpa and normal phytic acid lines at each stage within each subset of genotypes. DEGs were defined as those with false discovery rate (FDR)-adjusted value of p < 0.01, log2 fold change > |1.0|, and base mean > 10. The DEGs between lpa and normal phytic acid lines at each stage within each subset of genotypes can be found in Supplementary Table S1. The RNA-seq data from this study is available at the NCBI Gene Expression Omnibus (GEO) repository as GSE172018.



Transcriptional Network Construction and Inference

For each subset of genotypes, gene expression levels were normalized for all genes using variance-stabilizing transformation in DESeq2 (Love et al., 2014). The normalized expression was averaged across the three replicates, and then the averaged expression of the DEGs was used for clustering. Clustering analysis for each genotypic subset was performed independently. DEGs from each subset were clustered using Gaussian-finite mixture modeling with the R package, mclust (version 5.4.2), and the best performing models were determined using Bayesian Information Criteria (BIC; Schwarz, 1978; Scrucca et al., 2016). For both the Mips and Mips-MRP genotypic subsets, nine clusters were found, and five clusters were found for the MRP genotypic subset. Gene ontology (GO) enrichment analysis was performed on each gene cluster using GO annotations obtained from Soybase (Grant et al., 2010). Significantly enriched GO categories were identified using Fisher’s exact test with FDR < 0.05 (Supplementary Table S2; Fisher, 1992). DEGs encoding TFs were annotated with the plant TFDB (Jin et al., 2017).

For this study, separate network inferences were performed on the three subsets of genotypes using a computational pipeline developed previously (Redekar et al., 2017; DeMers et al., 2020). The pipeline implements the module network approach (Segal et al., 2003), in which genes are clustered into co-expression modules (gene modules) and then gene regulation is inferred between TFs and gene modules. The pipeline also incorporates multiple inference methods for improved robustness. In the Mips subset, 489 differentially expressed TFs were identified. In the MRP subset, 24 differentially expressed TFs were identified, while 340 were identified in the Mips-MRP subset. These TFs were used as putative regulators of the gene co-expression modules. Gene expression was averaged for each module, and the values, along with the TF expression values, were used to build an expression matrix. This matrix was then used to infer putative regulatory interactions between TFs and modules by applying five distinct network inference algorithms: ARACNE, CLR, LARS, partial correlation, and Random Forest (Schafer and Strimmer, 2005; Margolin et al., 2006; Faith et al., 2007; Huynh-Thu et al., 2010; Haury et al., 2012). These algorithms represent the top-performing, unsupervised network inference methods, according to the DREAM5 challenge found in the benchmark paper by Marbach et al. (2012).



Validation of Network Inferred Interactions

The interactions predicted by the five network inference methods were validated by comparison to published interactions observed in Arabidopsis using DAP-seq and motif sequence analysis. For validation against the published Arabidopsis interactions, each network inferred TF-module interaction was expanded to TF-gene interactions by matching the TF putatively regulating the module to all genes assigned to the module. The soybean TF-gene interactions were converted to homologous Arabidopsis interactions by identifying homologous Arabidopsis genes for soybean gene coding sequences. Using BLAST with an E-value threshold of 1e-5, the top Arabidopsis gene hit was selected. The resulting homologous Arabidopsis interactions were then compared to the published DAP-seq interactions to identify matches. For validation by motif sequence analysis, the motif discovery tool, MEME, from Meme Suite (version 5.0.4) was used to identify enriched motif sequences among the genes in each module using the 1,000 bps flanking those genes’ 5′ end. The enriched motif sequences were then compared to motif sequences found in Arabidopsis with DAP-seq by employing the TomTom tool from Meme Suite (version 5.0.4). This allowed for the identification of TFs that may recognize and bind the discovered motifs in each module. The identified TFs were then compared to the TFs predicted to be module regulators.




RESULTS

In this study, RNA-seq was carried out on germinating seeds from low and normal phytic acid soybeans, and GRNs were inferred to identify disparities in transcriptional regulation. A total of eight experimental soybean lines from three genotypic class subsets were used, with each subset containing at least one normal phytic acid line and one lpa line. The lpa trait was conferred through various combinations of mutant MIPS1, MRP-L, and MRP-N genes.


Differential Expression Analysis

For each of the three subsets of genotypes (Table 1), the lpa and normal phytic acid lines were compared to identify genes that were differentially expressed at each stage. In the Mips subset, 5,841 DEGs were found between 1mlpa (lpa) and 1MWT (normal phytic acid). Using a set of four near isogenic lines, the number of DEGs in the MRP subset was limited to just 430. This number was obtained by designating genes as DEGs only if they were differentially expressed in each comparison of 2mlpa (lpa) to the three normal phytic acid lines (2MWT, 2MWT-L, and 2MWT-N). Finally, in the Mips-MRP subset, 4,512 DEGs were found between 3mlpa (lpa) and 3MWT (normal phytic acid). The DEGs for each genotypic subset can be found in Supplementary Table S1.

For each subset, few genes were differentially expressed in all three germination stages, indicating the mutations affect genes at specific stages (Figures 1A–C). In each subset, numerous genes were strictly differentially expressed at stage 1–40% in the Mips subset, 37% in MRP, and 48% in Mips-MRP (Figures 1A–C); this suggests both mips1 and mrp-1/mrp-n mutations considerably affect genes at the dry seed stage. Not as many genes were differentially expressed in the Mips and Mip-MRP subsets at stage 2, indicating the mips1 mutation may not impact genes as much in imbibed seeds. However, a substantial number were differentially expressed at stage 3 in germinated seeds (Figures 1A,C). Conversely, in the MRP subset, many genes were differentially expressed at stage 2, but few were differentially expressed at stage 3 (Figure 1B). This, along with the DEGs at germination stage 1, suggests the two mrp mutations have a greater effect on genes during the early stages of germination, at the dry and imbibed seed stages, when metabolism needs to be reinitiated.
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FIGURE 1. Venn diagrams of differentially expressed genes (DEGs). (A) Number of DEGs unique to and shared between each stage in the monophosphate synthase (Mips) subset. (B) Number of DEGs unique to and shared between each stage in the multidrug resistance-associated protein (MRP) subset. (C) DEGs in the Mips-MRP subset. (D) Number of DEGs unique to and shared between all three subsets of genotypes.


When the DEGs from all three subsets were compared to one another, 85 genes were differentially expressed in all three genotypic subsets (Figure 1D). Roughly half of the DEGs in each subset remained unique to their particular subsets. However, there was a fair amount of overlap (1,692 DEGs) between the Mips and Mips-MRP subsets, which may be a result of shared perturbations in the myo-inositol synthesis pathway due to the mips1 mutation. Less than 13% of the DEGs in the MRP subset were shared with those in the Mips-MRP subset, despite both of the subsets carrying the mrp-l/mrp-n mutations.

Both the Mips and Mips-MRP subsets had differential expression in genes functioning in the phytic acid biosynthesis pathway (Table 2). In each subset, Glyma.11G218500 and Glyma.18G038800, both encoding inositol 1,3,4-trisphosphate 5/6-kinase 4 (ITPK4), had increased expression in the lpa lines, 1mlpa and 3mlpa, predominantly in germination stage 1, the dry seed stage. In 1mlpa, increased expression was also observed in two genes encoding inositol 1,3,4-trisphosphate 5/6-kinase 1 (ITPK1) and Glyma.11G238800, which had increased expression in all three germination stages and encodes myo-inositol-1-phosphate synthase 2 (MIPS2). These results suggest that mutantion in metabolic pathway gene (mips) has a strong effect on overall gene expression, whereas mutations in the transporter genes that are related to sub-cellular relocalization of nutrients have only mild effect on overall gene expression changes. This is signified by almost 20 times more genes that are differnetially expressed uniquely in mips mutant (3,970 genes, Figure 1D) than those are uniquely found in MRP mutants (197 genes, Figure 1D).



TABLE 2. DEGs in the phytic acid biosynthesis pathways.
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Co-expression Analyses Reveal Altered Phosphate Ion Homeostasis Activity and Stress Responses in lpa Lines

To compare the transcriptional regulation governing the dynamics of seed germination in lpa and normal phytic acid lines, gene co-expression modules were generated by individually clustering the set of DEGs found in each subset of genotypes. The co-expression modules, defined as sets of genes with similar temporal expression patterns, were created using a model-based clustering approach and BIC criterion. In the Mips subset, nine co-expression modules were found, five co-expression modules were found in the MRP subset, and nine were found in the Mips-MRP subset (Supplementary Table S1). GO analysis was carried out on each co-expression module for each genotypic subset. For the modules in the Mips subset, 372 instances of GO enrichment were found. In the MRP subset, 30 instances were found, and 162 were found in the Mips-MRP subset. These were narrowed down to focus on biological processes only. Enrichment for all categories (biological and molecular) can be found in Supplementary Table S2.

For the Mips subset co-expression modules, module 2 was enriched for nucleotide biosynthesis (Figure 2A), which had lower expression in 1mlpa (Figure 2B). Modules 3, 5, and 9 were each enriched for signaling and stress-related processes, which were especially enriched in module 5 (Figure 2A). In all three modules, the genes functioning in the enriched processes had higher expression in 1mlpa (Figure 2B). Modules 3 and 5 also showed enrichment for genes in the ethylene (ET) and salicylic acid (SA) pathways. For the enriched processes in module 4 (Figure 2A), many of which are related to photosynthesis, translation, and carbohydrate metabolism, gene expression was reduced in 1mlpa in germination stages 1 and 2 (Figure 2B). In association with the phytic acid pathway, module 6 was enriched for myo-inositol hexakisphosphate biosynthesis (GO:0010264), the genes of which had increased expression in stages 1 and 2 in 1mlpa (Figure 2B). Conversely, in module 7, 1mlpa had decreased expression in stages 1 and 2 in genes functioning in phosphate ion (Pi) homeostasis (GO:0030643; Figure 2B). Module 8 was enriched for genes in the abscisic acid (ABA) signaling pathway and was also strongly enriched for a number of stress-related processes, including response to heat, high light intensity, hydrogen peroxide, water deprivation, protein folding, heat acclimation, oxidative stress, and endoplasmic reticulum stress (Figure 2A). The genes in these processes exhibited increased expression in stages 1 and 2 in 1mlpa (Figure 2B).

[image: Figure 2]

FIGURE 2. Monophosphate synthase subset gene co-expression modules and significantly enriched biological processes. A module is defined as a group of genes sharing similar expression profiles over time and likely involved in the same biological processes. Rows represent hierarchical clustering of significantly enriched gene ontology (GO) categories. Significantly enriched GO categories were defined as those with a false discovery rate (FDR) < 0.05. (A) Heatmap of significantly enriched GO biological processes in each gene co-expression module. Columns represent modules. Color represents −log10 adjusted value of p. (B) Average scaled expression of genes in significantly enriched biological processes. Columns represent germination stages of 1mlpa and 1MWT. Red color represents increased expression, and blue color represents decreased expression. Enrichment for all GO categories can be found in Supplementary Table S2.


Each module in the MRP subset had strong gene enrichment in at least one biological process (Figure 3A). Figure 3B, an expression heatmap of the genes functioning in these processes, is especially interesting because it highlights the utility of the genetic material. That is, between the four isogenic lines, the three normal phytic acid lines (2MWT-L, 2MWT-N, and 2MWT) have nearly identical expression patterns, while expression in the single lpa line (2mlpa) is unique (Figure 3B). Module 1 was enriched for genes in fatty acid and cutin transport activities (Figure 3A) and at stage 1, had higher expression in 2mlpa than the three normal phytic acid lines (Figure 3B). Module 2 was solely enriched for genes in cellular Pi homeostasis (GO:0030643), the genes of which had particularly reduced expression in germination stages 2 and 3 in 2mlpa. In module 4, enrichment was found for genes functioning in ABA stimulus response, stress response, lipid storage, and seed maturation (Figure 3A). The genes in these processes had increased expression in 2mlpa in germination stages 1 and 2 (Figure 3B). Lastly, module 5 had enrichment for nucleotide-related processes, the genes of which had decreased expression in stages 1 and 2 in 2mlpa (Figures 3A,B).
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FIGURE 3. Multidrug resistance-associated protein subset gene co-expression modules and significantly enriched biological processes. A module is defined as a group of genes sharing similar expression profiles over time and likely involved in the same biological processes. Rows represent hierarchical clustering of significantly enriched GO categories. Significantly enriched GO categories were defined as those with an FDR < 0.05 (A) Heatmap of significantly enriched GO biological processes in each gene co-expression module. Columns represent modules. Color represents −log10 adjusted value of p. (B) Average scaled expression of genes in significantly enriched biological processes. Columns represent germination stages of 2mlpa, 2MWT-L, 2MWT-N, and 2MWT. Red color represents increased expression, and blue color represents decreased expression. Enrichment for all GO categories can be found in Supplementary Table S2.


For the Mips-MRP subset co-expression modules, module 1 was enriched for genes functioning in response to hypoxia and oxidative stress (Figure 4A), which had increased expression in 3mlpa (lpa) in germination stages 2 and 3 (Figure 4B). Like the Mips and MRP genotypic subsets, the Mips-MRP subset had enrichment in module 3 for genes in stress responses as well as the glyoxylate cycle and phytohormone pathways involving JA and ET (Figure 4A). The genes in these processes had increased expression in 3mlpa in stages 2 and 3 (Figure 4B). In the case of module 6 and similar to the Mips subset, strong enrichment was found for many genes in biological processes associated with photosynthesis, translation, and a number of metabolic pathways (Figure 4A). Like the Mips subset, gene expression for these processes was reduced in 3mlpa in all three stages as compared to 3MWT (Figure 4B). Module 7 was enriched for genes functioning in glycolipid and galactolipid biosynthesis, Pi homeostasis, and response to Pi starvation (Figure 4A), which had decreased expression in 3mlpa especially in stages 2 and 3 (Figure 4B). A number of biological processes were also enriched in module 8, such as several stress-related responses, ABA signaling, and other metabolic pathways (Figure 4A). Most of which had increased expression in 3mlpa (Figure 4B).

[image: Figure 4]

FIGURE 4. Mips-MRP subset gene co-expression modules and significantly enriched biological processes. A module is defined as a group of genes sharing similar expression profiles over time and likely involved in the same biological processes. Rows represent hierarchical clustering of significantly enriched GO categories. Significantly enriched GO categories were defined as those with an FDR < 0.05. (A) Heatmap of significantly enriched GO biological processes in each gene co-expression module. Columns represent modules. Color represents −log10 adjusted value of p. (B) Average scaled expression of genes in significantly enriched biological processes. Columns represent germination stages of 3mlpa and 3MWT. Red color represents increased expression, and blue color represents decreased expression. Enrichment for all GO categories can be found in Supplementary Table S2.


When comparing GO enrichment between the three subsets of genotypes, the one biological process that was common between all of them was cellular Pi homeostasis (GO:0030643). Because lpa seeds have increased Pi levels, the significant expression changes observed in Pi homeostasis genes in germinating lpa seeds lends support to the putative role of phytic acid biosynthesis as a means of regulating cellular Pi concentration. Only seven genes in the soybean genome are annotated as functioning in cellular Pi homeostasis. The Mips subset had four DEGs from this GO category, the MRP subset had five DEGs, and the Mips-MRP subset had four DEGs. Between the three genotypic subsets, four DEGs were shared – Glyma.05G247900, Glyma.08G056400, Glyma.16G052000, and Glyma.19G098500. Both Glyma.05G247900 and Glyma.08G056400 encode purple acid phosphatase 17 (PAP17), and Glyma.16G052000 and Glyma.19G098500 encode glycerophosphodiester phosphodiesterase (GDPD1). The two PAP17 genes and the two GDPD1 genes were downregulated in all lpa lines at stage 2, and for the most part, they were also all downregulated at stage 3.



Biological Processes Enriched in Both Developing and Germinating Seeds

In addition, the GO enrichment results for the Mips and Mips-MRP subsets were compared to the earlier enrichment findings in Redekar et al. (2017), where RNA-seq was performed on the same four experimental lines during seed development – 1mlpa, 1MWT, 3mlpa, and 3MWT. In the Mips subset, 88 GO categories overlapped with the developing seed expression data, and in the Mips-MRP subset, 41 categories overlapped. Both genotypic subsets had overlap in stress-, photosynthesis-, ion-, myo-inositol metabolism-, and hormone-related GO categories. Interestingly, overlap was also found in the pentose-phosphate shunt pathway (GO:0006098). In this study, the Mips subset had 64 genes in this pathway that were differentially expressed, and the Mips-MRP subset had 56. In both subsets, the genes were primarily differentially expressed at the dry seed stage (stage 1). This finding is notable because the pentose-phosphate shunt pathway parallels glycolysis, generating NADPH, pentoses (five-carbon sugars), and ribose 5-phosphate (precursors for nucleotide synthesis), but does so by oxidizing glucose-6-phosphate, the same substrate used by the MIPS enzyme in the first step of phytic acid biosynthesis (Kruger and von Schaewen, 2003).



Gene Regulatory Networks

Inference of the constructed GRN detected TF-module interactions for each subset of genotypes. For each subset, the interactions were narrowed down to those detected by at least four out of the five inference methods (Supplementary Table S3). The TF-module interactions were then expanded into TF-gene interactions and computationally validated by comparison to the published Arabidopsis DAP-seq interactions and motif sequence analysis (O’Malley et al., 2016). For the Mips subset, this resulted in 4,572 TF-gene interactions, consisting of 31 differentially expressed TF regulators and 2,743 differentially expressed target genes (Supplementary Table S4). For the MRP subset, 154 TF-gene interactions were found, being regulated by five differentially expressed TF genes with 125 differentially expressed target genes (Supplementary Table S4). As for the Mips-MRP subset, 3,757 TF-gene interactions were found, which were regulated by 31 TFs and consisted of 1,998 target genes (Supplementary Table S4). Between the three subsets’ GRNs, the one putative TF regulator found in each was DREB1F encoded by Glyma.01G216000 (Table 3). This gene had increased expression in all three lpa lines, but no putative target genes of this TF were shared by all three subsets. Nonetheless, five other TF genes were identical in the Mips and Mips-MRP GRNs, with most of them sharing some of the same putative targets (Table 3). Interestingly, two of these genes (Glyma.04G249000, Glyma.06G114000) are homologous to the same TF, ATAF1, and both had increased expression in the lpa lines 1mlpa and 3mlpa. Though not shared in their networks, both 1mlpa and 3mlpa had an additional ATAF1 gene with increased expression in their respective GRNs, Glyma.04G208300 in 1mpa and Glyma.05G195000 in 3mlpa. The changes in ATAF1 expression in both lpa lines is notable as ATAF1 is ABA-responsive and regulates ABA biosynthesis (Wu et al., 2009; Jensen et al., 2013).



TABLE 3. Putative candidate TFs shared between genotypic subsets’ GRNs.
[image: Table3]

The Mips and Mips-MRP GRNs shared several of the same putative regulatory interactions (Figure 5). Some of the shared target genes that stand out include ABA-insensitive5 (ABI5; Glyma.10G071700) and multiple late embryogenesis abundant (LEA) genes (Glyma.07G064700, Glyma.08G239400, Glyma.09G112100, Glyma.13G363300, Glyma.16G031300, and Glyma.17G040800). ABI5 is regulated by the ABA pathway and functions to retain embryos in a dormant state (Lopez-Molina et al., 2001). According to both networks, ABI5 is putatively regulated by ATAF1 encoded by Glyma.06G114000, and in both 1mlpa and 3mlpa, the expression of ABI5 is increased (Figure 5). All but one (Glyma.13G363300) of the six LEA genes had increased expression in 1mlpa and 3mlpa, and all are putatively regulated by ATAF1 (Glyma.06G114000; Figure 5). This family of proteins is ABA-induced and reduces desiccation-induced cellular damage in seed tissue (Blackman et al., 1995).

[image: Figure 5]

FIGURE 5. Consensus gene regulatory network (GRN) of Mips and Mips-MRP genotypic subsets. GRN of putative regulatory interactions between differentially expressed transcription factor (TF) genes and differentially expressed target genes found in both the Mips and Mips-MRP GRNs. TF genes (square nodes) directly regulate (gray edges) target genes (circular nodes). Nodes in red are genes with increased expression in 1mlpa and 3mlpa. Nodes in blue are genes with decreased expression in 1mlpa and 3mlpa. Nodes in yellow are genes with differing expression in 1mlpa and 3mlpa.


As for the target genes in the MRP subset, seven were found in significant biological GO categories observed in the subset (Table 4). Most of these targets are seed storage proteins, which function in lipid storage, seed maturation, and responses to ABA stimulus. These seed storage proteins are putatively regulated by Glyma.05G032200 (MYB-related) and Glyma.07G060400 (bZIP), the latter of which encodes G-box binding factor 3 (GBF3).



TABLE 4. Putative target genes in the MRP subset with annotations for observed significant GO categories validated by Arabidopsis DAP-seq dataset and motif sequence analysis.
[image: Table4]




DISCUSSION

This study contributes to an elucidation of the key downstream effects on seed germination resulting from perturbation of seed phytic acid synthesis and storage.


Regulation of Phosphate Ion Homeostasis in lpa Lines

Cellular phosphorus homeostasis is critical for normal seed development, maturation and subsequent germination (Theodorou and Plaxton, 1993). In all three lpa lines, enrichment was found for genes functioning in Pi homeostasis, indicating that the blocks in the phytic acid pathways do perturb cellular Pi homeostasis.

In the three lpa lines, Pi homeostasis enrichment was due to the same four genes – two genes encoding PAP17 and two genes encoding GDPD1. The two PAP17 and the two GDPD1 genes were downregulated in all three lpa lines at germination stage 2 and for the most part, were also downregulated at stage 3. Purple acid phosphatase (PAP) proteins are multifunctional proteins induced under Pi starvation and catalyze the hydrolysis of Pi from monoesters and anhydrides for the transport and recycling of Pi (Veljanovski et al., 2006). In particular, PAP17 also has peroxidation activity, functioning in the metabolism of reactive oxygen species (del Pozo et al., 1999). GDPD1 hydrolyzes glycerophosphodiesters and is also induced by Pi starvation, during which it likely releases Pi from phospholipids (Cheng et al., 2011). According to regulatory network inference and motif sequence analysis, all four Pi homeostasis genes are putatively regulated by Glyma.08G092300, which encodes a C2H2 TF. This TF may in part be responsible for downregulating Pi homeostasis genes in lpa lines. Downregulation of PAP17 and GDPD1 in lpa seeds suggests that sufficient, if not more than sufficient, cellular Pi levels are present. The increased Pi levels in lpa seeds may perturb Pi homeostasis in such a way that normal cell metabolism is disrupted, inducing cellular stress and ultimately reducing seed viability. Thus, reducing PAP17 and GDPD1 expression in lpa seeds may be an attempt to recover Pi homeostasis.



Downstream Effects of Perturbed Myo-Inositol Metabolism in mips1 Mutants

Phytic acid biosynthesis requires a substrate supply of myo-inositol and phosphate. The sole source of myo-inositol comes from the activity of the enzyme MIPS. Previous studies not just limited to soybean have also shown that loss-of-function mutations in MIPS1 are associated with impaired seed and plant performance (Meis et al., 2003; Pilu et al., 2003; Nunes et al., 2006; Obendorf et al., 2009; Donahue et al., 2010). Given that myo-inositol synthesis via MIPS is considered a part of general housekeeping (Chiera et al., 2004; Raboy, 2009a), it is not surprising that perturbing its expression can be detrimental or even lethal in some cases (Raboy, 2009a). In fact, MIPS2 (Glyma.11G238800) expression was increased in 1mlpa in all three germination stages, perhaps in an attempt to restore the myo-inositol pool. In lpa lines 1mlpa and 3mlpa, increased expression was observed in ITPK1- and ITPK4-encoding genes as well, which interestingly are the ITPKs perturbation of which was demonstrated to reduce phytic acid in Arabidopsis mutants (Kim and Tai, 2011; Kuo et al., 2018). Also unique to the mips1 mutation were significant expression changes in PIP5K encoding genes. These enzymes function in inositol pyrophosphate synthesis by phosphorylating InsP7 (derived from phytic acid) to InsP8. Changes in their gene expression is significant because of inositol pyrophosphates’ recognition as “energetic signaling” molecules, with roles in energetic metabolism, hormone signaling, and Pi sensing (Freed et al., 2020).

In the germination GRNs from this study and the developing seed GRN from the previous study (Redekar et al., 2017), the lpa lines carrying the mips1 mutation (1mlpa and 3mlpa) were significantly enriched for numerous stress responses. Genes encoding proteins functioning in these stress responses had increased expression in the lpa lines, indicating that 1mlpa and 3mlpa seeds have increased stress, thus impairing their viability and performance and ultimately reducing germination and emergence. Disruption of the myo-inositol metabolic pathway may have a negative effect on seed viability due to myo-inositol’s multifunctional nature in plant metabolism. In fact, several such effects that were found in this study are in accordance with the roles of myo-inositol (Loewus et al., 1973; Murthy, 1996; Obendorf, 1997; Peterbauer et al., 1998; Peterbauer and Richter, 1998; Slovin et al., 1999; Loewus and Murthy, 2000). For example, significant enrichment was found for genes functioning in the auxin pathway, cell death, cell wall metabolism, stress processes, and other carbohydrate metabolic pathways requiring myo-inositol as a precursor. In the case of stress, the increased expression of stress-related genes in 1mlpa and 3mlpa may in part be due to myo-inositol’s role as a substrate for the biosynthesis of raffinose, galactopinitol, and O-methyl inositols, which participate in stress-related responses and seed desiccation tolerance (Horbowicz and Obendorf, 1994; Obendorf, 1997; Peterbauer et al., 1998; Peterbauer and Richter, 1998). Therefore, changes in the contents of these compounds may alter lpa seeds’ ability to tolerate stress and desiccation. In additional support, MIPS1 is also required for cell death suppression (Donahue et al., 2010), and 145 and 80 genes involved in cell death were differentially expressed in 1mlpa and 3mlpa, respectively, suggesting cell death regulation is abnormal in these lines. The examples presented here demonstrate that depletion of the myo-inositol pool impact pathways that may affect seed viability in 1mlpa and 3mlpa. Thus, due to its many roles, perhaps MIPS1 is not the best target for conditioning the lpa phenotype in crop seeds.



Myo-Inositol Metabolism and Seed Storage Proteins in mrp-1/mrp-n Mutant

Following synthesis, phytic acid and the mineral cations it chelates are transported into protein storage vacuoles (Lott et al., 1995). MRP proteins from the ABC transporter family are responsible for phytic acid transport and accumulation, as loss-of-function of these transporters can result in the lpa trait (Shi et al., 2007; Nagy et al., 2009; Saghai Maroof et al., 2009; Xu et al., 2009; Panzeri et al., 2011). Shi et al. (2007) hypothesize that phytic acid is not transported for storage but instead hydrolyzed in the cytoplasm by endogenous phytases in such mrp mutants, thereby preventing phytic acid accumulation. This is supported by concomitant increases in inositol intermediates and myo-inositol content (Shi et al., 2007; Israel et al., 2011). With elevated myo-inositol levels, it would be expected for other metabolic pathways utilizing myo-inositol to also be affected. Accordingly, 2mlpa has increased expression in genes functioning in inositol trisphosphate metabolism, phosphatidylinositol transport, and myo-inositol transport. Alterations in inositol trisphosphate metabolism are noteworthy because it implies signal transduction is abnormal in 2mlpa. One such gene that was upregulated was Glyma.17G219300 encoding a G-protein coupled receptor 1 (GCR1). G-protein coupled receptors function in the phosphatidylinositol signaling pathway, ultimately yielding two significant signaling molecules: inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG; Gilman, 1987). Consequently, the GCR1 encoding gene along with the other DEGs in inositol trisphosphate metabolism suggest irregular signaling may be a feature of 2mlpa, all of which is a result of an elevated myo-inositol pool.

In 2mlpa, increased expression was found in a number of genes encoding seed storage proteins. Many of these genes encode vicilin-like seed storage proteins and RmlC-like cupin 12S storage proteins. Seed storage proteins have particular importance because they provide an amino acid reserve for use during germination and seedling growth (Shewry et al., 1995). Whether an increase in protein storage content is a detriment to seed vigor is unclear. According to this network analysis, two genes were responsible for the upregulation of these genes’ expression – Glyma.05G032200 and Glyma.07G060400, encoding an MYB-related TF and GBF3, respectively. The induction of these TFs and the seed storage protein genes they putatively regulate is discussed further below.



Altered Regulation in Auxin and ABA Signaling in lpa Seeds

Both phytic acid and myo-inositol are critical for normal auxin signaling. Phytic acid itself is in fact a cofactor of transport inhibitor response 1 (TIR1), an auxin receptor and primary mediator of auxin-regulated responses (Tan et al., 2007), and myo-inositol is essential for proper auxin transport and localization (Luo et al., 2011). Hence, it should not be surprising that auxin physiology was affected in the lpa mutants 1mlpa and 3mlpa, where 163 auxin-related genes were differentially expressed between 1mpa and 1MWT and 155 differentially expressed between 3mlpa and 3MWT. This finding is consistent with the previous seed development study using the same soybean lines (Redekar et al., 2017). Auxin signaling is a requirement for seed dormancy and germination inhibition but is so because it functions to enhance ABA action (Liu et al., 2013). In the current study, genes were identified encoding AUXIN RESPONSE FACTOR 10 (ARF10), an element that mediates crosstalk between auxin and the ABA signaling pathway during germination (Liu et al., 2013). These ARF10 genes, Glyma.13G325200 in 1mlpa and Glyma.12G076200 and Glyma.13G325200 in 3mlpa, had increased expression, which could affect the branch of the ABA pathway regulating germination in these lines. In fact, 345 and 209 ABA-related genes were differentially expressed in the 1mlpa and 3mlpa lines, respectively. Not only was the ABA pathway affected in this study, but it was also affected in transcriptome and proteome studies of germinating lpa soybeans also carrying mips1 mutations (Yuan et al., 2017; Yu et al., 2019). This is significant as ABA is the sole hormone known to trigger and maintain seed dormancy and is a major inhibitor of seed germination (Cutler et al., 2010; Hubbard et al., 2010). Among the differentially expressed ABA genes identified in this study, Glyma.10G071700 and Glyma.13G153200 had increased expression in 1mlpa and 3mlpa and encode the bZIP TF ABI5. ABI5 reactivates late embryogenesis programs and arrests embryo growth during germination, causing the embryo to go into a state of dormancy. This is an adaptive response to environmental stress mediated by ABA with ABI5 functioning to maintain the quiescent state (Lopez-Molina et al., 2001). Thus, increased expression of ABI5 in 1mlpa and 3mlpa could promote seed dormancy and interfere with the embryos’ ability to resume growth.

The GRN from this study predicted two other TF genes, Glyma.04G24900 and Glyma.06G114000, as putative regulators of ABA-related genes in both the Mips and Mips-MRP genotypic subsets. Interestingly, these two TF genes are paralogs corresponding to the same Arabidopsis homolog, ATAF1, a TF whose transcript expression is induced in response to ABA and functions to positively regulate ABA biosynthesis (Jensen et al., 2013). In Arabidopsis ATAF1 overexpression studies, Wu et al. (2009) found that increased ATAF1 expression confers ABA hypersensitivity, oxidative stress hypersensitivity, and interferes with plant development. Both ATAF1-encoding genes were upregulated in 1mlpa and 3mlpa. Therefore, increased ATAF1 expression in 1mlpa and 3mlpa could contribute to the induction of ABA-responsive gene expression and thus irregularities in ABA signaling, such as upregulation of genes encoding ABI1, ABF2, AFP2, and PP2CA and downregulation of those encoding ABI4. Such expression disparities in prominent genes of the ABA signaling pathway could have serious effects on 1mlpa and 3mlpa seeds’ potential to complete germination and have normal seedling growth. Consistent with this study’s findings, Donahue et al. (2010) also observed impaired germination and increased ABA sensitivity during germination in Arabidopsis mips1 mutants.

Despite carrying mutations affecting a different aspect of the phytic acid pathway, 2mlpa from the MRP genotypic subset also had enrichment for stress responses and abnormalities in ABA signaling. Several of the ABA-related genes that were differentially expressed in 2mlpa were seed storage proteins, the content of which is influenced by ABA, with high ABA levels stimulating their induction (Bray and Beachy, 1985; Finkelstein et al., 1985; Kagaya et al., 2005). According to their Arabidopsis homologs, ABA stimulus also induces expression of the two TF genes found to regulate the seed storage protein genes (Lu et al., 1996; Yanhui et al., 2006). These TF genes, the MYB-related TF encoded by Glyma.05G032200 and GBF3 encoded by Glyma.07G060400, had significantly increased expression in 2mlpa in all three germination stages. Increased expression of the two TF genes and the storage proteins they putatively regulate suggests ABA levels are increased in the seeds of lpa line 2mlpa. Correspondingly, GCR1 (Glyma.17G219300), which was upregulated in 2mlpa, is a regulator of ABA signaling and has demonstrated involvement in seed dormancy according to its Arabidopsis homolog (AT1G48270; Chen et al., 2004; Pandey and Assmann, 2004). Thus, like 1mlpa and 3mlpa, the observed expression changes of ABA-related genes in 2mlpa could promote seed dormancy and thereby inhibit germination.

Though different components of the ABA signaling pathway were affected, it is notable that the pathway was disrupted in all three lpa lines and that it was also disrupted in the previous seed development study utilizing the same lines as well as in other germination studies on lpa soybeans (Redekar et al., 2017; Yuan et al., 2017; Yu et al., 2019). Hence, because ABA has a major influence on seed dormancy and germination, its perturbed function in lpa soybean seeds may significantly contribute to the poor seed germination associated with these mutations. Consequently, the relationship between seed phytic acid content and ABA signaling warrants further investigation.



Applying Results to Engineering or Breeding Enhanced Performance in lpa Crops

The new knowledge reported here of the transcriptome impacts during seed germination of various combinations of mutations in the mips1 and mrp genes should prove invaluable both in understanding the molecular basis of the observed negative pleiotropic effects but also in identifying gene targets for engineering reduced negative effects, while maintaining desirable seed chemistry phenotypes. Taken together, the work reported here along with that of Yuan et al. (2017) illustrate the complexity of the downstream impacts on seed function of mips, mrp, and other lpa mutations. Broad impacts on P homeostasis, inositol phosphate signaling, starch metabolism, photosynthesis pathways, ABA signaling, and stress response make picking individual targets for engineering to reduce negative effects and restore nominal function challenging. In light of this complexity, traditional plant breeding approaches, such as recurrent selection for performance and yield within lpa lines or populations, as a compliment to targeted gene engineering, might prove effective in reducing these impacts, as concluded by Raboy (2020) and Colombo et al. (2020). An excellent example of this is illustrated by the work of Yuan et al. (2017). A single plant within a soybean mips population was identified that retained the mips mutation and lpa trait, but that had reduced negative effects on seed viability and germination. The molecular or genetic basis for this modification of the negative effects of the mips mutation has not yet been described.

While mrp mutations are effective in reducing seed phytic acid, in light of the many negative downstream effects previously reported and further elucidated by the transcriptome analyses reported here, perhaps use of alternative gene targets that have less impact on plant and seed performance would be recommended (Raboy, 2009a). An example of this would be a putative soybean ortholog of the barley and rice SPDT genes, which encodes a phosphorus transporter important to phytic acid synthesis (Raboy et al., 2015; Yamaji et al., 2017). Perturbations in these genes reduce seed phytic acid and seed total phosphorus but have little negative impact on plant and seed function or yield.

In contrast to the mrp mutations, mips mutations, in addition to reducing seed phytic acid also result in reduced raffinosaccharides and increased sucrose, a unique and highly desirable soybean seed phenotype (Saghai Maroof and Buss, 2011; Redekar et al., 2020). Therefore, there is added value in developing soybean mips lines with good field performance and yield. In addition to traditional breeding, methods for highly targeted gene engineering are advancing and this approach might prove valuable in the case of the mips mutations. An example that supports this possible approach is that described by Lee et al. (2015). This first case of engineering of a gene to serve as a modifier of poor fertility and growth of an lpa mutant targeted the Arabidopsis “Gle mRNA export factor.” The negative effects on vegetative growth and fertility observed in low-seed phytate Arabidopsis lines conditioned by knock-out of its Ipk1 (inositol pentakisphosphate 2-kinase) gene were rescued by engineering allelic variants of the Gle mRNA export factor for elevated Ins P6 sensitivity. The challenge then would be to use the data obtained here and in other similar studies to identify one or a few genes engineering of which would reduce the negative downstream effects of mips mutations.




CONCLUSION

Disruption of phytic acid synthesis and accumulation elicited stress responses in the mips1 and mrp-l/mrp-n mutants during seed germination. In addition to direct effects of reduced phytic acid, another origin of this stress is altered Pi homeostasis due to increased cellular Pi content and altered cellular myo-inositol content, which is diminished in 1mlpa and 3mlpa and increased in 2mlpa. The downstream implications of these changes in Pi and myo-inositol content are manifold and could easily be cause for stress, thereby affecting normal cell functioning, seed viability, and ultimately germination and emergence potential. How this relates to the altered regulation in ABA signaling observed in all three lpa lines remains to be seen, but the changes observed in ABA signaling are significant, as ABA is a primary regulator of seed dormancy and inhibits germination. These findings, as well as findings in previous studies, indicate changes in ABA signaling may also interfere with germination potential in lpa seeds.

The broadness and complexity of the negative pleiotropic effects of these mutations indicate that targeted engineering to reduce these effects might prove challenging. While efforts at such targeted engineering should proceed, these results support the contention that traditional plant breeding within lpa lines and populations for plant and seed performance and yield would be a valuable compliment to targeted engineering in the effort to develop high-yielding lpa lines.

Lastly, to establish how the discovered biological processes are differentially regulated in the lpa lines used in this study, the GRNs constructed for each subset of genotypes are publicly available, consisting of interactions between TF genes and the target genes they putatively regulate. These interactions aim to help clarify the differential regulation of germination in lpa soybean seeds.
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