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Editorial on the Research Topic 


Novel technologies for soybean improvement



Introduction

Growing human population has put enormous pressure on the global food security. In the past few decades, the soybean yield has remained stagnant especially due to the use of conventional breeding technologies. In this regard, the research community were looking for the novel breeding technologies to revolutionize the soybean breeding. “Novel breeding technologies” are biotech-based approaches to modify plant characteristics fast and accurately. In this scenario, the current Research Topic “novel technologies for soybean improvement” is intended to collect articles on recent advances and future applications of the novel technologies in the soybean breeding to boost the soybean production. These approaches and technologies include molecular design breeding approaches, genome editing and transformation technology, RNA interference approach, Marker-Assisted and Genomics-Selection breeding approaches, machine learning and bioinformatics technology. Below we briefly highlight the applications and potential of the new approaches in the soybean breeding; and how they can be significant for increasing the yield and quality in soybean that are presented in a collection of 20 papers published in the special issue on the Research Topic: Novel Technologies for Soybean Improvement.



Computation technology has been put to use widely for soybean improvement

Soybean flower and pod drop are important determinants of soybean yield, thus use of advanced techniques that will increase the accuracy and speed for the flower and pod phenotyping has great influence on soybean breeding. In this regard, the computer vision techniques have recently emerged to phenotyping the flowers and pods in bulk at higher speed and accuracy. Zhu et al. (2022) identified that among the various deep learning algorithms, the Faster R-CNN model performance was the best to phenotype soybean flowers and pods. The accuracy of Faster R-CNN model was 94.36 and 91% for detecting the flowers and pods, respectively. Furthermore, based on the Faster R-CNN model, they also proposed the fusion model for soybean flower and pod recognition and counting, that will greatly reduce labor intensity and improve efficiency.

Identification of the soybean varieties with superior nutritional value and composition is an important goal of soybean researchers. In this regard, Wei et al. (2022) checked the performance of Terahertz frequency-domain spectroscopy and chemometrics for the identification of soybean varieties, and subsequently proposed the grey wolf optimizer-support vector machine (GWO-SVM) soybean variety identification model. These authors showed that combination of the Terahertz frequency-domain spectroscopy and GWO-SVM will identify the soybean varieties at higher accuracy and speed. Compared with discriminant partial least squares (DPLS) and particles swarm optimization support vector machine, GWO-SVM combined with the second derivative could establish a better soybean variety identification model.

Soybean possessing narrow genetic base makes it hard to screen the available genetic and phenotypic variability for identifying the superior genotypes. In this regard, “Artificial Neural Network” (ANN) is the type of machine learning process which is used to classify the narrow-range and pure lineage populations. Amaral et al. (2022) argue that ANN can be used to categorize soybean genotypes from a population that has an either a wide genetic variability or a narrow genetic variability for the relative maturity character. The authors further demonstrated that ANN can be used to discriminate genotypes in early breeding generations. This would make it easier and to rapidly find high-performing cultivars with longer and shorter photoperiod amplitudes at a single selection site.

Artificial intelligence (AI) technology has been expected to provide the accurate phenotypic data at high resolution and low cost in the plants. Xing et al. (2022) used the computer vision (CV), machine learning based technology for the phenotypic analysis in soybean. They focused on expanding four different kinds of features disease traits, indoor test traits, field traits and soybean seed phenotypic traits. It was revealed that CV technology has the ability to collect highly accurate characteristics, and allows to provide large quantity of big data for breeding programs.



More and more novel technologies of both phonemics, genomics and bioinformatics have been applied in soybean improvement

Availability of high-throughput phenotyping systems has provided the opportunity to have an easy access to growth data. This will in turn allow to predict growth of cultivars with unknown performance by conducting the genomic prediction analysis. Till now, the genomic and growth modeling prediction have not been studied to the greater depth. In this regard, Toda et al. (2022) used the data collected by an Unmanned Aerial Vehicle (UAV) to predict genomic green fraction dynamics in soybean. In their study, the use of UAV remote sensing allowed the measurement of the longitudinal variations in the green fractions. Their study showed that the model effectively combined early growth data with training population phenotypic data for prediction. This prediction method could be applied to selection at an early growth stage in crop breeding, and could reduce the cost and time of field trials.

Salinity is one of the major environmental constraints effecting the crop yield. However, there is considerable lack of high throughput phenomics platforms that allow to record the salt stress responses of plants as well as the non-destructive collection method for root phenotypic data. Zhang et al. (2022) reported the high-throughput and low-cost phenotypic platform that allows phenotyping whole plant including roots at uniform and controlled soil stress conditions. They concluded that responses of cotyledons can be used as non-destructive indicator for determining the salt tolerance of the seedlings based on their high-throughput multiple-phenotypic assays of 178 soybean cultivars.

Photosynthesis is an important process that determines the plant growth and yield. Hence, it is prerequisite to more efficiently assay the photosynthetic capacity of crop plants in order to select the varieties with higher photosynthetic efficiency. Shamim et al. (2022) explored the underlying physiological mechanisms and genetic basis regulating the photosynthesis in the Japanese soybean germplasm by using the “MIC-100” system (high-throughput system for measuring the photosynthesis). They identified the signification association of single nucleotide polymorphism (SNPs) on Chromosome 17 with the light-saturated photosynthesis (Asat) trait based on genome wide association study (GWAS) analysis. The G protein alpha subunit 1 (GPA1) was identified as the strong candidate Asat gene. This study provides strong evidence to apply GWAS of plant germplasm for exploring the maximum potential of photosynthesis in soybean improvement.

Limited studies have been conducted to determine the molecular mechanism underlying the seed oil and starch content in soybean. These traits are important traits determining the yield and quality of soybean. Cheng et al. (2021) used an integrated transcriptomic approach for investigating the species-specific, starch-related, carbon metabolism-related and acyl-lipid-related genes in soybean and chickpea. They identified seven soybean-specific gene expression patterns, four of which are highly expressed at the middle- and late oil accumulation stages. They proposed the difference of metabolism pathways in seed oil and starch content between soybean and chickpea, this study has opened up the possibility of engineering other legumes for enhanced oil contents.

Transcriptome sequencing of full-length transcripts by long sequencing read method is an efficient approach to reveal detailed information about the events at transcriptional or post-transcriptional levels. But this approach has not been used in the soybean till now. In this context, Huang et al. (2022) used this approach to compare full-length transcriptomes in soybean genotype 09-138 infected with either soybean cyst nematode (Heterodera glycines) race 4 or race 5 that are avirulent and virulent, respectively to the soybean genotype. This study provides the insights about the soybean-nematode interaction which will serve as the basis for future research.

Seed germination is regulated by the hypocotyl elongation, and it determines the vitality of seedlings; however, the mechanism underlying the hypocotyl elongation has remained largely unexplored. Shen and Chen (2022) used the weighted gene co-expression network analysis (WGCNA) for the first time to understand the global regulatory network of gene expression involved in soybean hypocotyl elongation and identified a crucial regulatory module. They reported two regulatory modules. GmPRE6s-EXPANSINs submodule and GmPIF1/GmPIF3-GmSAUR1/23-EXPANSINs submodule. This study provides important genes for developing molecular markers for breeding for soybean with enhanced hypocotyl length and seed vigor.

Role of the miRNAs in regulating biological processes as well as biotic and abiotic stress responses in plants has been well documented. Hence, identification of the miRNAs is essential to determine their role in the biological processes as well as for plant responses to environmental stresses in plants. He et al. (2021) developed a highly sensitive approach for quantitatively detecting miRNAs by ligating ribonucleotide-modified DNA probes. This approach eliminates the use of complex reverse transcription-based quantitative approach. In the devised test, miR156b immediately hybridized two ribonucleotide-modified DNA probes, and amplification using universal primers followed the ligation process. The target miRNA could be detected at a 0.0001 amol level, and variations of a single base between miR156 family members could be recognized. The suggested quantitative technique works for overexpression-based genetically modified (GM) soybean. Ligation-based quantitative polymerase chain reaction (PCR) may be used to study miRNAs and investigate GM organisms.

In plants, the F-box gene family is one of the big gene families. F-box genes are involved in the regulation of plant growth as well as response to multiple environmental stresses, both biotic and abiotic. Xu et al. (2022) identified the F-box gene family in soybean genome using the bioinformatic approach, and also elucidated the role of F-box-like gene GmFBL144 in adapting soybean to drought stress. They identified 507 F-box genes that were grouped into 11 subfamilies. The GmFBL144 showed higher expression in the roots and ectopic expression of the GmFBL144 in Arabidopsis enhanced the sensitivity to drought stress. Their study suggested that GmFBL144 protein negatively regulates drought stress through its interaction with small heat shock protein.



Approaches of genome-wide analysis are becoming the mainstream for soybean gene function study

To breed soybean varieties with high seed protein, it is a prerequisite to elucidate the genetic basis of high seed protein. Qin et al. (2022) used the combined approach of linkage mapping and genome-wide association studies (GWAS) to identify the QTLs and genes underlying the seed protein in soybean. They identified major QTLs mapped to Chromosomes 6 and 20 in two segregating populations. Their study revealed the similar performance of both BL and rrBLUP, and the accuracy of GS was dependent on size of training population and SNP set. The protein-specific SNPs showed higher GS efficiency compared to that by all SNPs.

The three-seeded pod number is an important trait that positively influences soybean yield. Soybean variety with increased three-seeded pod number contributes to the seed number/plant and higher yield. The candidate genes of the three-seeded pod may be the key for improving soybean yield. In this regard, Li et al. (2021) identified and validated the candidate genes regulating the three-seeded pod. They used the QTL mapping approach and identified 36 QTL. Four genes from 162 genes underlying these two QTL related to pod and seed set were identified as potential candidate genes controlling this trait. These four genes can be used as molecular markers for incorporating this trait into commercial soybean cultivars.



Genome editing and transformation technology are reaching to maturity to reap benefits for soybean improvement

In the past four decades the genetic transformation was used to modify the genome of soybean for the trait improvement. However, the genetic transformation in soybean is still subjected to low transformation efficiency, genotype specificity as well as long and tedious transformation processes. Xu et al. (2022) reviewed the genetic transformation progress in soybean and reported the gain made in efficiency and genotype flexibility of soybean transformation over the last decade. Factors that influence the soybean transformation are proper explant selection, reagent selection, components of culture medium and the detailed understanding of the mechanism involved in the transformation.

CRISPR/Cas9 genome editing has emerged an efficient technique to breeding crop cultivars with enhance tolerance to environmental stresses. In Arabidopsis, knockout of the entire family of the abscisic acid (ABA)-induced transcription repressors (AITRs) enhanced drought and salinity tolerance without any fitness costs. Wang et al. (2021) demonstrated that mutation of GmAITR genes by CRISPR/Cas9 genome editing in soybean increased the salinity tolerance. The enhanced salt tolerance was observed both at the seed germination and seedlings stages of gmaitr mutants. Hence, the knockout of the GmAITR genes via CRISPR/Cas9 proved to be a powerful approach for inducing salt tolerance in soybean.

Insect pests such as leaf-chewing insects are one of the major constraints in soybean production. In this context, the development of soybean varieties with increased resistance to leaf-chewing insects can greatly increase the soybean yield. The Glyma.07g110300 (GmUGT) encodes an UDP-glycosyltransferase (UGT) which is the core enzyme that negatively regulates insect resistance. Zhang et al. (2022) demonstrated that CRISPR/Cas9-mediated mutagenesis/knockout of GmUGT enhanced soybean resistance to Helicoverpa armigera and Spodoptera litura. The ectopic expression of the GmUGT gene in Arabidopsis ugt72b1 mutant this mutant significantly reduced its resistance to H. armigera.

Soybean mosaic virus (SMV) is a prevalent soybean pathogen. Pyramiding multiple SMV-resistance genes into one individual is tedious and difficult. Targeting the viral genome via host-induced gene silencing (HIGS) has potential to induce broad-spectrum resistance (BSR) to SMV. Jiang et al. (2021) employed the Nicotiana benthamiana-soybean mosaic virus (SMV) system to optimize the target SMV sequence for HIGS. They were able to use the information gained from the N. benthamiana-SMV system to develop transgenic soybean lines with effective HIGS to enhance SMV resistance in soybean.

Florigen is a key player regulating the balance between vegetative and reproductive growth. Hence, it regulates the crop yield; but the actual utilization of the florigen in improving the crop yield remains largely unexplored. In this context, Xu et al. (2021) developed a strategy to improve the yield of soybean significantly by using the florigen. They showed that fine-tuning of the florigen genes via RNAi can boosts soybean yield. The conserved functions of florigen in plants and use of the RNAi approach to manipulate the expression of this gene therefore may be used to increase crop productivity.

To maintain the crop germplasm for its use in future breeding programs, preservation of the pollen grains via ultra-low temperature approach is an effective and safe way for long-term storage of plant germplasm resources. Jia et al. (2022) reported an efficient ultra-low temperature freezing approach to preserve soybean pollens. Soybean flowers collected at the fully-bloom stage were dried, frozen and stored at -196 or -80°C. They observed that 90% of the pollen grains remain viable based on in vitro tests. Their study documented that this technique of pollen preservation will break the spatiotemporal barrier of soybean hybridization and facilitate efficient soybean breeding.
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Crop yield has been maintaining its attraction for researchers because of the demand of global population growth. Mutation of flowering activators, such as florigen, increases plant biomass at the expense of later flowering, which prevents crop maturity in the field. As a result, it is difficult to apply flowering activators in agriculture production. Here, we developed a strategy to utilize florigen to significantly improve soybean yield in the field. Through the screening of transgenic lines of RNAi-silenced florigen homologs in soybean (Glycine-max-Flowering Locus T Like, GmFTL), we identified a line, GmFTL-RNAi#1, with minor changes in both GmFTL expression and flowering time but with notable increase in soybean yield. As expected, GmFTL-RNAi#1 matured normally in the field and exhibited markedly high yield over multiple locations and years, indicating that it is possible to reach a trade-off between flowering time and high yield through the fine-tuning expression of flowering activators. Further studies uncovered an unknown mechanism by which GmFTL negatively regulates photosynthesis, a substantial source of crop yield, demonstrating a novel function of florigen. Thus, because of the highly conserved functions of florigen in plants and the classical RNAi approach, the findings provide a promising strategy to harness early flowering genes to improve crop yield.

Keywords: high yield, florigen, FT, photosynthesis, soybean, vegetative growth


INTRODUCTION

The global crop demand for human consumption and livestock feed is forecasted to increase by 110% from 2005 to 2050 (Tilman et al., 2011). However, advances in breeding, genomics, and transgenic technology are predicted to increase yield by up to 20% (Long et al., 2015). Therefore, there is an urgent need to develop innovative approaches to increase crop yields. Photosynthesis provides a substantial means to adjust crop yields (Ort et al., 2015). Regulation of photosynthesis happens at multiple levels (Long et al., 2006; Parry et al., 2007), which could serve as targets to enhance the efficiency of photosynthesis and, therefore, crop yields (Ort et al., 2015; South et al., 2019). Increasing photosynthetic efficiency would include improving the photosynthetic process through changing the structure and physiology of the chloroplast in multiple targets, therefore avoiding potentially harmful effects from the alteration of a single factor.

Unsurprisingly, flowering time is widely used as a selectable marker in high-yield plant breeding programs (Blumel et al., 2015). A long vegetative phase means later flowering and high yield because it provides numerous resources for increased yield. However, crops in the field may not mature normally before winter if the vegetative phase is too long. Therefore, balancing vegetative growth and reproductive growth will achieve high yield in a normal growth season. The transition from the vegetative to the reproductive phase is regulated by a complex genetic network. Plant monitors and integrates both the developmental and environmental signals to produce florigen (Flowering Locus T, FT) (Yoo et al., 2005; Corbesier et al., 2007; Tamaki et al., 2007; Andres and Coupland, 2012). The lower the florigen production, the later the flowering and the higher the yield (Andres and Coupland, 2012; Blumel et al., 2015; Cho et al., 2017). The FT dosage plays a key role in the yield of tomato (Krieger et al., 2010) and rice (Huang et al., 2016). However, utilizing flowering genes, such as the FT gene, to increase crop yield in the field remains unknown.

In addition to flowering control, FT homologs also contribute to the regulation of vegetative growth, namely, tuberization (Navarro et al., 2011), onion bulb formation (Lee et al., 2013), sugar beet growth (Pin et al., 2010), and seed dormancy (Chen and Penfield, 2018). However, the understanding of FT in regulating leaf growth is limited, even though it is reported that overexpression of FT leads to smaller leaves and reduced expression leads to increased leaf size in Arabidopsis (Teper-Bamnolker and Samach, 2005). There is no report showing the relationship between the FT gene and photosynthesis.

Here, we show that a decreased expression of the florigen gene significantly enhances chloroplast and leaf development, as well as photosynthetic efficiency, and therefore increases soybean yield. We further test the effect of silencing florigen on field soybean yield, and screen out the transgenic line GmFTL-RNAi line #1, which shows flowering time quite similar to that of wild-type plants and has significantly higher yield in the field. Therefore, we develop a smart strategy to utilize flowering activators for crop yield improvement.



RESULTS


GmFTL Expression Is Negatively Correlated With Soybean Yield Under Controlled Conditions

GmFTL is a soybean homolog of FT (Kong et al., 2010; Fan et al., 2014; Nan et al., 2014; Guo et al., 2015), a key controller for flowering initiation (Yoo et al., 2005; Corbesier et al., 2007; Tamaki et al., 2007; Andres and Coupland, 2012). Among them, GmFTL3 and GmFTL4 are strong candidates of FT genes in soybean (Kong et al., 2010; Fan et al., 2014). We previously reported that silencing GmFTL genes delays flowering in soybean (Glycine max cv. Tianlong1) (Guo et al., 2015). To investigate if GmFTL genes were involved in yield production, we selected four GmFTL-RNAi transgenic lines (RNAi line #1, RNAi line #3, RNAi line #4, and RNAi line #5) (Guo et al., 2015) for further study under controlled conditions. First, the expression levels of two major FT genes, FTL3 and GmFTL4, in soybean leaves (Kong et al., 2010; Fan et al., 2014; Nan et al., 2014; Guo et al., 2015) were evaluated in a growth room. As Supplementary Figure 1 shows, both genes displayed lower expression levels in transgenic lines. Among them, the abundance of FTL3 and GmFTL4 in either GmFTL-RNAi #4 or GmFTL-RNAi #5 was quite similar but was only one-tenth in wild-type plants, while GmFTL-RNAi#1 did not show a significant difference from wild-type plants. The levels of GmFTL3/4 in GmFTL-RNAi#3 plants were between those of the wild-type and GmFTL-RNAi#4/5 plants. The results suggest that the effect of GmFTL-RNAi was much stronger on GmFTL-RNAi#4 and #5. Therefore, we focused on GmFTL-RNAi#4 as the main material, also combined with other lines in some cases, in the sequential studies under controlled conditions.

Larger shoots and roots of RNAi line #4 were easily observed (Supplementary Figure 2). The RNAi lines were taller with more nodes, and this phenotype was negatively correlated with the expression levels of GmFTL3 and GmFTL4 (Supplementary Figure 3). Therefore, these results suggest that GmFTL functions in promoting vegetative growth. However, RNAi line #3 had significant effect on branching and increased the number of branches, while other transgenic lines did not cause much difference in branching phenotypes compared with wild-type plants (Supplementary Figure 3).

There is no doubt, similar to other flowering plants, the flowering time and podding time are closely linked to the expression level of FT genes in soybean. Decreased GmFTL3 and GmFTL4 expression was attributed to late flowering (Supplementary Figure 4) and late podding (Supplementary Figure 5), suggesting a longer maturity phase for GmFTL-RNAi lines. Compared with wild-type plants, these GmFTL-RNAi lines displayed higher yield in both the growth room and greenhouse (Figures 1A,B and Supplementary Figure 6). RNAi line #1 also showed a slightly higher yield than wild-type plants, but this was not significant. The number of pods and seeds per plants likely contributed to the yield increase (Supplementary Figure 7) and such high yield did not occur at the cost of seed quality (Supplementary Figure 8). Obviously, higher intensity of light enhanced such yield-increasing effect, because the difference in yield between transgenic lines and wild-type plants was much greater in the greenhouse than in the growth room (Figures 1A,B, Supplementary Figure 6, and Supplementary Table 1). The length of light duration also had an obvious impact on yield, because the yield of WT and GmFTL-RNAi was higher in the greenhouse than in the growth room. In the growth room, the light/dark cycle is 8-h lighting from LEDs combined with 16-h dark; whereas in the greenhouse, the 24-h light/dark cycle has around 13-h lighting from sunlight with supplemental LEDs from 7:00 to 10:00 AM and 5:00 to 8:00 PM. These results suggest that the duration of illumination affected the growth period, and that longer illumination prolonged the growth period, resulting in higher yield (Supplementary Figure 6). These results are consistent with typical characteristics of short-day plants, such as soybean (Bernier and Perilleux, 2005). It is also observed that even though the expression level of GmFTL3 and GmFTL4 and the flowering time were quite similar between transgenic lines #4 and #5, the difference in the yield increase was significant (Supplementary Figures 1, 4, 6, 7), suggesting that a minor change in the GmFTL transcript level would lead to a major change in yield. It should be noticed that a higher yield in GmFTL-RNAi lines #3, #4, and #5 occurred at the expense of a longer growth period (Figure 1 and Supplementary Figures 4–6).
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FIGURE 1. Reducing florigen expression increases soybean yield under controlled conditions. (A,B) Soybean yield per plant of different GmFTL-RNAi transgenic lines (#1, #3, #4, and #5) and WT in the (A) growth room and (B) greenhouse. Refer to Supplementary Figure 6 for statistical analysis of panels (A,B). (C) Circadian expression of GmFTL3 and GmFTL4 under short day conditions (8-h light/16-h dark) detected by TagMan analysis. GmUKN2 (Glyma06g04180) (Hu et al., 2009) was employed as a reference gene. For GmFTL3 and GmFTL4, the data of wild-type plants (WT, black line) are presented on the left Y-axis, while the data of RNAi line #4 (#4, green line) are drawn on the right Y-axis. (D) The expression of GmFDL19 under short day conditions (8-h light/16-h dark) was evaluated by RT-qPCR. GmACT11 was employed as a reference gene.


In Arabidopsis and rice, florigen interacts with a transcription factor FLOWERING LOCUS D (FD) (Taoka et al., 2011). We also found that GmFTL3 and GmFTL4 proteins interacted with GmFDL19 (Supplementary Figure 9), consistent with a previous report (Nan et al., 2014). No major perturbations in circadian expression of GmFDL19 were observed in RNAi line #4 (Figure 1D). What is more, the circadian rhythm pattern of the GmFTL3 and GmFTL4 expression did not change (Figure 1C), which supports that the yield increase in GmFTL-RNAi lines results from the change in GmFTL3 and GmFTL4 genes at transcript abundancy.

Florigen produces in leaves and then is transported to the apexes to initiate flowers (Corbesier et al., 2007; Tamaki et al., 2007; Turck et al., 2008). FD, a functional partner of florigen, also has a potential function in leaves (Jang et al., 2017). Next, we confirmed that the effect of GmFTL-RNAi on yield was dominated by shoots or roots through a grafting approach experiment between GmFTL-RNAi line #4 and wild-type plants. The results showed that the composite plants with GmFTL-RNAi shoots as a scion flowered later and had more seeds and larger roots than that with wild-type shoots as a scion (Supplementary Figure 10). However, the composite plants with wild-type plants as a scion had little effect on the related phenotypes. The results indicate that the shoots dominate the yield, flowering time, and root growth in GmFTL-RNAi line #4 plants.



Florigen Inhibits Leaf Growth

Beyond flowering regulation, florigen may be involved in many other development processes because it is expressed in many other tissues and organs besides leaf veins (Liu et al., 2014). A previous report proved that FT functions in leaf development (Teper-Bamnolker and Samach, 2005). We observed a visual phenotype that GmFTL-RNAi plants had greater number and sizes of leaves than wild-type plants (Figure 2 and Supplementary Figure 11). A lower expression level of FT gene enhanced leaf growth, especially that of later initiated leaves (produced after the seventh trifoliolate leaves), which had a much larger size than early initiated ones, suggesting that the role of GmFTL in leaf growth and initiation is in a developmental stage-dependent mode. We further investigated the leaf structure in leaf sections. Transmission electron microscopy clearly showed that there was no significant difference in cell size of the early initiated leaves (the third trifoliolate leaves) between wild-type and GmFTL-RNAi line #4 plants (Figures 3A,B). However, the cell size in the later initiated leaf (the seventh trifoliolate leaves) of GmFTL-RNAi line #4 was larger and longer (Figures 3C,D), suggesting that GmFTL was involved in leaf cell growth in a developmental stage-dependent mode in soybean. Previous studies have shown that florigen expresses increasingly according to developmental progress (Kardailsky et al., 1999; Krzymuski et al., 2015); and in that way, it is no surprising that the effect of GmFTL-RNAi is much obvious at late developmental stages. Taken together, the results suggest that GmFTL inhibits leaf growth and development in soybean.
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FIGURE 2. Reduction of GmFTL transcripts promotes trifoliolate leaf growth. The area of the new, fully opened trifoliolate leaves of wild-type plants and GmFTL-RNAi lines #3, #4, and #5 was analyzed. The leaf order was based on the developmental subsequence of trifoliolate leaves. * and ** indicate P < 0.05 and < 0.01, respectively. Student’s t-test, n = 7.
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FIGURE 3. GmFTL-RNAi enhances leaf cell growth. Transmission electron micrographs of the new, fully opened third (A,B) and seventh (C,D) trifoliolate leaves of wild-type (A,C) or the GmFTL-RNAi line #4 plants (B,D) grown in greenhouses. The seventh trifoliolate leaves show larger and longer cells in GmFTL-RNAi lines compared with wild-type plants. Scale bar, 10 μm.




Florigen Negatively Controls Photosynthesis

Next, we tried to elucidate the mechanism of GmFTL expression in soybean yield through transcriptome analysis of the third trifoliolate leaves of GmFTL-RNAi line #4 and WT at Zeitgeber1 (ZT1). Unexpectedly, RNA-seq data showed that silencing GmFTL caused expression change in only a small portion of coding genes in the soybean genome (0.378%, 212 out of 56,044, G. max Wm82.a2.v1) (Supplementary Table 2, differential expression genes, fold changes ≥2 and false discovery ≤0.05). Among them, chloroplast-related genes were highlighted (Figures 4A,B), suggesting that the effect of GmFTL-RNAi on leaves is limited and specific. Then, we selected genes related to chloroplast functions to confirm RNA-seq data by RT-qPCR. These genes included putative H+-ATP subunits (Glyma.11G110100, Glyma.14G151400, Glyma.06G067400, and Glyma.17G130100), putative NADH dehydrogenase subunits (Glyma.09G129000, Glyma.09G271600, and Glyma.10G128100), cytochrome b6f subunits (Glyma.15G114600 and Glyma.20G158300), and photosystem related genes (Glyma.06G224500 and Glyma.08G281300). The RT-qPCR results were in agreement with the RNA-seq data (Figure 4C). These data indicate that GmFTL may have a specific effect on chloroplast development and functions in soybean plants.
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FIGURE 4. GmFTL-RNAi significantly impacts the expression of genes related to photosynthesis. Transcriptome analysis of the third trifoliolate leaves of GmFTL-RNAi line #4 and WT at ZT1. (A) Differential expression genes (DEG, fold changes ≥ 2 and false discovery ≤ 0.05) were enriched in the KEGG pathways “Photosynthesis,” “Oxidative phosphorylation,” and “Ribosome,” which are mainly related to energy metabolism. (B) Forty-two percent of DEGs coded proteins targeting the chloroplast. Refer to Supplementary Table 1 for the list of differential genes. (C) RT-qPCR verified the expression of 11 genes with more than two-fold changes detected by transcriptome analysis that are related to photosynthesis. The error bar indicates the standard deviation of three replicates.


The structure of chloroplasts reflects the function of photosynthesis, and more thylakoid membranes and rich grana contribute to higher efficiency of photosynthesis and the formation of photosynthetic products (Jensen and Leister, 2014; Pribil et al., 2014; Kirchhoff, 2018). Therefore, we checked the characteristics of the chloroplast structure by transmission electron microscopy. The results showed that the chloroplasts of the GmFTL-RNAi#4 leaves exhibited much more complicated structures with more and wider thylakoid membranes and richer grana than those in wild-type plants, regardless of the early or later initiated leaves (Figure 5).
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FIGURE 5. GmFTL-RNAi enhances chloroplast development. The representative transmission electron micrographs of chloroplasts in the third (A,B) and seventh trifoliolate leaves (C,D) from wild-type plants (A,C) or GmFTL RNAi line #4 (B,D). Scale bar, 1 μm.


All the properties above may confer higher photosynthetic efficiency of GmFTL-RNAi line leaves. Then, we analyzed the physiological and biochemical characteristics of the leaves. The biochemical assay indicated that the GmFTL-RNAi line #4 leaves were enriched in photosynthetic pigments, had higher maximum quantum efficiency and photosynthetic rates (Figure 6A), and accumulated more photosynthetic assimilates such as starch, maltose, sucrose, glucose, and fructose (Figure 6B). Thus, the transgenic GmFTL-RNAi plants had higher photosynthetic efficiency than the wild-type plants, and GmFTL negatively regulated photosynthesis.
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FIGURE 6. GmFTL-RNAi enhances photosynthesis in soybean. (A) The contents of photosynthetic pigments, chlorophylls a and b, and carotenoids (left), the maximum quantum yield (middle), and the net photosynthesis (right) of the third leaves in trifoliolate leaves of wild-type plants and the GmFTL RNAi line #4 in a growth room. (B) The third trifoliolate leaves of GmFTL RNAi line accumulated more sugars compared with wild-type plants. n = 10 plants. * and ** indicate p < 0.05 and < 0.01, respectively. n = 10 plants.




A Slightly Decrease in Florigen Enhances Soybean Yield in the Field

All of the presented data above were from samples under controlled conditions. Then, we determined what would happen when these transgenic lines grew under natural field conditions. First, we planted GmFTL-RNAi lines #1, #3, and #4 in the field. Only GmFTL-RNAi line #1 matured naturally; and GmFTL-RNAi lines #3 and #4 did not mature before winter because they flowered too late. Therefore, we focused on GmFTL-RNAi line #1 for field experiments in two different environments (Beijing and Hanchuan) across years (from 2016 to 2018). In the field, there was not much difference between GmFTL-RNAi line #1 and wild-type plants during the vegetative stage (Supplementary Figure 12). However, at the fully mature stage, GmFTL-RNAi line #1 had more pods than wild-type plants (Supplementary Figure 13). Except for some cases of failure due to diseases, the yield increase in GmFTL-RNAi line #1 ranged from 7.2 to 24.2% (Figure 7). We also found that the yield increase in the original habitat (Hanchuan, N30°22′, E113°22′, where the parent line of GmFTL-RNAi line #1 originates from) was higher than that in the other environment (Beijing, N39°58′, E116°20′). We postulated that the altitude of growth regions restricts GmFTL functions, because soybean is an obligate short day and photoperiod-sensitive plant (Borthwick and Parker, 1938; Nanda and Hamner, 1959; Zhang et al., 2001). So, GmFTL-RNAi line #1 had at least an 11% yield increase compared with its parent in the original parent habitat (Figure 7B, 2018-Hanchuan). The result indicates that GmFTL-RNAi line #1 may be a high-yield elite candidate in the field, and that RNAi of florigen is a potential strategy to improve soybean yield.
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FIGURE 7. Slightly reducing GmFTL expression increases soybean yield in the field. (A) GmFTL-RNAi line #1 was subjected to a field yield investigation in Hanchuan and Beijing from 2016 to 2018. The photos show the total number of seeds from a single representative plant. (B) Statistical assay of yield per plot (kg) in the field investigation. The digits in the gray bars indicate the percentage of yield increase in GmFTL-RNAi#1 over wild-type plants. *Indicates significant differences at P < 0.05 based on Student’s t-test. n = 5.




DISCUSSION

Vegetative growth is a double-edged sword for reproductive growth: it is the foundation of reproductive growth, but an extended period of vegetative growth inhibits reproductive growth. Plants have evolved multiple strategies to balance these two essential processes, so that they can flower at an appropriate time and set enough healthy seeds to survive and prosper. Florigen, as a central activator of flowering time, may play a key role in balancing vegetative growth and reproductive growth. As a result of that, florigen is difficult to be applied in practical production, because its knockout leads to late flowering and failure of normal maturation in the field, whereas its overexpression results in early flowering and lower yield. The florigen dosage has a dominant role in regulating crop yield (Krieger et al., 2010; Huang et al., 2016). However, how to utilize florigen to increase crop yield in the field remains unknown. In addition, there is no report showing that florigen is related to photosynthesis.


Florigen Inhibits Photosynthesis and Yield Production

We demonstrate that the knockdown of florigen significantly enhances leaf growth and chloroplast development. GmFTL-RNAi lines have three typical advantages conferring high photosynthesis compared with wild-type plants: (1) more and larger leaves (Figure 2) with longer leaf cells (Figure 3); (2) chloroplasts with much more complicated membranes and grana (Figure 5); and (3) high amount of photosynthetic pigments (Figure 6). Such functions of GmFTL-RNAi are likely specific, because only few genes (212 out of 56,044 genes in the soybean genome, Supplementary Table 2) showed significant changes in expression, and 42% of these genes code proteins targeting chloroplasts (Figure 4). Therefore, it is no surprising that GmFTL-RNAi lines have more efficient photosynthesis, and they accumulate more photosynthetic products (Figure 6) and, finally, produce more seeds independent of environmental conditions (Figures 1, 7). However, growth conditions impact the function of GmFTL-RNAi, and higher intensity and longer duration of illumination enhance the effect (Figures 1, 7 and Supplementary Table 1). The latitude of growth region is also linked to the function of GmFTL-RNAi; that is, the original habitat benefits the effect of GmFTL-RNAi (Figure 7), which can be tracked to native the habitat of a variety because soybean is an obligate short-day plant.

The FT gene is highly conserved in sequences and functions across the plant kingdom and plays multiple roles in many important processes beyond flowering time control (Pin et al., 2010; Navarro et al., 2011; Lee et al., 2013; Chen and Penfield, 2018). However, there is no study showing FT is related to photosynthesis, even though one study claims that FT has non-negligible functions in leaf growth in Arabidopsis (Teper-Bamnolker and Samach, 2005). This study bridges the gap between florigen and both photosynthesis and vegetative growth, which provides a cue to elucidate the mechanism of balancing vegetative growth and reproductive growth. It is interesting to identify the direct targets of GmFTL in leaves to establish a network coordinating vegetative growth and reproductive growth mediated by GmFTL.



Fine-Tuning Florigen Expression Is a Promising Strategy for High Yield

Crop yield attracts researchers because of the increasing global population. Numerous approaches have been employed to improve crop yield, such as manipulating the expression of homologous (Preuss et al., 2012; Do et al., 2016; Ge et al., 2016) or heterologous genes in soybean (Li et al., 2013; Waltz, 2014; Kohler et al., 2016). Some strategies show high yield only under stress conditions (Li et al., 2013; Waltz, 2014; Do et al., 2016), whereas field trials have not been conducted (Waltz, 2014; Do et al., 2016; Ge et al., 2016). The approach of the authors shows soybean grain yield produced in 3 years in two field trials. Evaluation of the flowering time and yield of GmFTL-RNAi #1, compared with wild-type plants in the field or GmFTL-RNAi #4 compared with GmFTL-RNAi #5 under control conditions (Supplementary Figures 1, 6), revealed the importance of GmFTL level; that is, the yield difference would be significant even though flowering time is quite similar. Therefore, a slight reduction in the FT expression increases soybean yield in the field (Figure 7) but not at the expense of late flowering or seed quality (Supplementary Figures 1, 8), important traits for agricultural application (Blumel et al., 2015). The yield increase in the original habitat (Hanchuan) was 11–24% (Figure 7B). It is possible to screen more transgenic GmFTL-RNAi lines with different florigen levels to obtain a much higher yield in the field.

Different environmental conditions affect the yield of GmFTL-RNAi lines (Figures 1, 7), indicating that environmental cues, such as light characteristics, participate in the network of GmFTL-RNAi regulation of yield (or photosynthesis). Therefore, it is interesting to develop a new strategy for modifying the light signaling pathway to increase soybean yield.

In this study, we employed one key gene, florigen, and common biotechnology, RNAi. Florigen is a highly conserved gene in the plant kingdom that enhances plant flowering (Wickland and Hanzawa, 2015). RNAi is a classical approach to reducing gene expression. To confirm such results, we also analyzed the FT-RNAi effect on leaf development in Arabidopsis thaliana. As expected, the number of rosette leaves was inversely proportional to the abundance of FT mRNA (Supplementary Figure 14), and FT-RNAi increased the biomass and the size of leaves of Arabidopsis. Therefore, we predict that the strategy we have shown here can be widely applied to different crops to increase their yields in the field. Beyond florigen, many genes are involved in the regulation of flowering time, and similar challenges will be met when these flowering genes are applied in agricultural production. The strategy provides a smart example for the application of such genes.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

GmFTL-RNAi plants were previously generated in the soybean [G. max (L.) Mer.] cultivar Tianlong1 in the laboratory of the authors (Guo et al., 2015). All the RNAi lines used here are independent, homozygous, transgenic ones. The wild-type soybean control for all of the experiments is cultivar Tianlong1, which originates in Hanchuan, China. All of the plants were grown under controlled temperature and photoperiod growth rooms, greenhouses, and/or the field. The light conditions in the plant growth rooms are short day conditions (8 h light/16 h dark) from a LED light source (GreenPower LED top lighting, Philips Horticulture LED).1 Natural light and temperature conditions were used in the greenhouse, with supplemental LED light from 7:00 to 10:00 AM and 5:00 to 8:00 PM. The light spectrum and intensity in the growth room and greenhouse are listed in Supplementary Table 1.

Soybean field (plot) experiments were carried out in Hanchuan (N30°22′, E113°22′) and Beijing (N39°58′, E116°20′) from 2016 to 2018. Spring sown soybeans were planted on 23rd April 2016 for Hanchuan, and May 15 or June 1, 2017 for Beijing. The plot area was 300 cm × 225 cm with 45-cm row-spacing and 20-cm plant-spacing in Hanchuan or 600 cm × 300 cm with 60-cm row-spacing and 30 cm plant-spacing in Beijing. Agronomic characters were determined at maturity. Individual plants from each plot were subjected to statistical analysis.



RNA Extraction and Expression Analysis

Total RNA of leaves was extracted using an EasyPure® RNA Kit (ER101-01, TransGen Biotech, Beijing, China). The quantity was measured with Nanodrop 2000C (Thermo Fisher Scientific, Waltham, MA, United States). For SYBR detection of RT-qPCR products, 500–1,000 ng of the total RNA were used for reverse transcription (KR106-02, TIANGEN, Sichuan, China). SYBR Premix Ex-Taq (Perfect Real Time; TaKaRa, Tokyo, Japan) was used for the RT-qPCR assays. For TaqManTM analysis, about 1 μg of total RNA was used for reverse transcription (KR106-02, TIANGEN, Sichuan, China), and TaqMan Gene Expression Master Mix (No.4369016, Thermo Fisher Scientific, Waltham, MA, United States) was used for the assays. RT-qPCR was conducted using StepOne Plus (ABI, United States). The reference gene GmACT11 (Glyma.18G290800) or GmUKN2 (Glyma06g04180) (Hu et al., 2009) was used as internal control. Sequences of the primers are listed in Supplementary Table 3. The 2–ΔCT method was used to calculate the relative expression levels based on three technical replicates.



Bimolecular Fluorescence Complementation

The pEarlyGate202-GmFDL19-cYFP and pEarlyGate202-GmFTL3-nYFP or pEarlyGate201-GmFTL4-nYFP binary vectors were transiently expressed using Agrobacterium tumefaciens. Both recombinant Agrobacterium cells were co-infiltrated into Nicotiana benthamiana leaves. Empty vectors were used as negative controls, and AtAHL22-RFP was used as a nuclear marker (Xiao et al., 2009). N. benthamiana was grown under long-day (16-h light:8-h dark) conditions at 22°C for at least 48-h post infiltration. Leaves were observed under a confocal microscope (Zeiss LSM700, Jena, Germany).



Chloroplast Analysis and Chlorophyll Measurements

The new, fully opened third and seventh trifoliolate leaves of wild-type plants Tianlong1 and GmFTL-RNAi line #4 soybean plants in the greenhouse were harvested for measurements. Perpendicular transverse sections of the middle leaflets of trifoliolate leaves were prepared by the Transmission-Electron-Microscope and Mass-Spectrometry Platform of Institute of Agricultural Products Processing, Chinese Academy of Agricultural Sciences (Beijing, China). The photographs were obtained using a transmission electron microscope (H-7500, Hitachi, Tokyo, Japan).

For chlorophyll content analysis, we punched 20 fresh sections (d = 6 mm) from five individual leaves of each sample using a hole puncher. The samples were immersed in 25 mL of 80% acetone and stored at room temperature for 5 days in the dark. Then, the absorbance of 1 ml of the supernatants was measured at 663 and 645 nm. The concentration of chlorophylls a and b (Chl a and Chl b) and carotenoids was calculated using the following formulas:
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(V is the volume of acetone, and W is the fresh weight of the sample)



Photosynthetic Rate and Chlorophyll Fluorescence Analyses

The plants were grown under SD conditions (growth room), and the third trifoliolate leaves (n = 10) of wild-type plants Tianlong1 and GmFTL-RNAi line #4 were selected to measure the photosynthetic rates at days 28–35 after sowing following the instructions of the manufacturer (LI-6400 V4.0.1, LI-COR, Lincoln, NE, United States). Fv/Fm was measured using an IMAGING-PAM M series Chlorophyll Fluorometer with the MAXI version (Heinz Walz, Effeltrich, Germany). The plants were placed in the dark for 30 min before measurements were taken.



Measurement of the Sugar Content in Leaves

Soybean Tianlong1 and GmFTL-RNAi line 4 seeds were sown in a growth room. The third new, fully opened trifoliolate leaves were harvested at ZT1 for the measurement of sugar content (n = 5). For the extraction of soluble sugars and starch, about 100 mg of leaf samples was homogenized in 5 ml of 80% (v/v) ethanol in a 1.5-ml tube and incubated at 70°C for 90 min. Following centrifugation at 16,000 × g for 5 min, the supernatant was transferred to a new 1.5-ml tube. The pellet was rinsed twice with 2 ml of 80% ethanol and removed. Any remaining solvent was evaporated at room temperature using a vacuum. The residue was resuspended in.3 ml of distilled, sterile water, and this represented the soluble carbohydrate fraction. The remaining pellet containing insoluble carbohydrates, such as starch, was homogenized in 2 ml of 2 N KOH, and the suspension was incubated at 95°C for 1 h to dissolve the starch. Following the addition of.035 ml of 1 N acetic acid and centrifugation for 5 min at 16,000 × g, the supernatant was used for starch quantification. Detailed procedures were followed according to the instructions of the manufacturer; starch (No. 1013910603), maltose/sucrose/D-glucose (No. 11113950035) and D-glucose/D-fructose kits (No. 10139106035) (R-Biopharm, Pfungstadt, Germany).



Measurement of Major Agronomic Traits

The flowering time was determined by the emergence of the first flower on the main stem of soybean plants. The podding time was determined as the time when the first pod on the main stem of the soybean plants was 2 cm in length. Measurements of plant height, branch number, node number, pod number and seed number per plant were performed at full plant maturity. For experiments in both the greenhouse and growth rooms, more than 10 individual plants of each line were sampled for analysis of all traits. For analysis of seed quality traits, 100 plump seeds of wild-type plants and transgenic lines were used. The content of proteins, oils, and moisture was determined using a near-infrared spectrometer (Brooke Technology Co., Ltd., Beijing, China) with the pre-stored soybean protein and oil model in the instrument. The operation was performed according to the instructions of the manufacturer.



Transcriptome Analysis

The new, fully opened third trifoliolate leaves from wild-type plants or GmFTL-RNAi line #4 were sampled ZT1. Total RNA was extracted using an EasyPure® RNA Kit (ER101-01, TransGen Biotech, Beijing, China). RNA sequencing with an Illumina HiSeq instrument and data analysis were performed by Biomarker Technologies (Beijing, China). Illumina sequencing reads were mapped to reference genome G. max Wm82.a2.v1.2 Transcriptome data were deposited to Genome Sequence Archive (GSA)3 with an accession number of CRA004267).



Statistical Analysis

All experiments in this study were carried out with at least three replicates, all of which showed similar results. The figures showed only a representative result. Data in all bar graphs represent the mean ± SD. All statistical analyses were performed using the SPSS software package. Asterisks indicate significant difference based on a Student’s t-test (∗∗P < 0.01, ∗P < 0.05).



Gene Accession Numbers

Sequence data for this article can be found in the Phytozome: GmFTL3 (Glyma16g26660), GmFTL4 (Glyma16g04830), GmFDL19 (Glyma.19G122800), GmACT11 (Glyma.18G290800), GmUKN2 (Glyma06g04180), putative H+-ATP subunits (Glyma.11G110100, Glyma.14G151400, Glyma.06G067400, and Glyma.17G130100), putative NADH dehydrogenase subunits (Glyma.09G129000, Glyma.09G271600, and Glyma.10G128100), cytochrome b6f subunits (Glyma.15G114600 and Glyma.20G158300), photosystem related genes (Glyma.06G224500 and Glyma.08G281300), and AtFT (At1g65480).
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Supplementary Figure 1 | GmFTL-RNAi reduces the mRNA abundance of GmFTL3 and GmFTL4 in different transgenic lines. WT and GmFTL-RNAi lines #1, #3, #4, and #5 grew in growth room, and the first trifoliolate leaves were harvested to investigate gene expression at ZT4 by RT-qPCR. GmACT11 was used as a reference gene. Among these transgenic lines, line #1 shows slight change in GmFTL3 and GmFTL4 expressions. Error bars indicate the standard deviation of the mean of three replicates. An asterisk indicates significant difference compared with wild-type plant (∗∗, P < 0.01. Student’s t-test, n ≥ 5 plants).

Supplementary Figure 2 | Reducing GmFTL expression enhances the growth of (A) shoots and (B) roots in soybean. WT and GmFTL-RNAi line #4 grown in greenhouse. Photos were taken at maturity of wild-type plants.

Supplementary Figure 3 | Reducing GmFTL expression enhances the growth of (A,B) stems but not (C) branching. WT and GmFTL-RNAi line #4 grown in greenhouse. Agricultural traits were analyzed at maturity. An asterisk indicates significant difference compared with wild-type plants (∗∗P < 0.01. Student’s t-test, n ≥ 20 plants).

Supplementary Figure 4 | Reducing GmFTL expression delays soybean flowering. WT and GmFTL-RNAi lines #1, #3, #4, and #5 grown in greenhouse. An asterisk indicates significant difference compared with wild-type plants (∗∗P < 0.01. Student’s t-test, n ≥ 20 plants).

Supplementary Figure 5 | Reducing GmFTL expression delays soybean podding time. WT and GmFTL-RNAi lines #1, #3, #4, and #5 grown in greenhouse. An asterisk indicates significant difference compared with wild-type plants (∗∗P < 0.01. Student’s t-test, n ≥ 20 plants).

Supplementary Figure 6 | Reducing GmFTL expression increases soybean yield. WT and GmFTL-RNAi lines #1, #3, #4, and #5 grown in growth room and greenhouse. This figure is supporting data for Figure 1. An asterisk indicates significant difference compared with wild-type plants (∗∗P < 0.01. Student’s t-test, n ≥ 10 plants).

Supplementary Figure 7 | Reducing GmFTL expression increases the number of pods and seeds per plant. WT and GmFTL-RNAi lines #1, #3, #4, and #5 grown in greenhouse. An asterisk indicates significant difference compared with wild-type plants (∗∗P < 0.01. Student’s t-test, n ≥ 20 plants).

Supplementary Figure 8 | Reducing GmFTL expression does not alter the quality of soybean seeds. GmFTL-RNAi lines #4 and #5 grown in greenhouse have similar contents of (A) proteins, (B) oils, and (C) water as wild-type seeds.

Supplementary Figure 9 | Both GmFTL3 and GmFTL4 proteins interact with GmFDL19 in the nucleus. Agrobacterium tumefaciens harboring pEarlyGate201-GmFTL3:nYFP, or pEarlyGate201-GmFTL4:nYFP, pEarlyGate202-GmFDL19:cYFP vectors were co-infiltrated into Nicotiana benthamiana leaves, respectively. Then, plants were incubated for 48 h and subsequently observed by bimolecular fluorescence complementation (BiFC) under a confocal microscope. AHL22-RFP was used as a nucleus marker protein. GmFTL3:nYFP and cYFP, GmFTL4:nYFP and cYFP, and nYFP and GmFDL19:cYFP were used as controls.

Supplementary Figure 10 | Grafting assay. (A) Photos of different graft combinations and ungrafted control plants at maturity. For each graft combination, the genotypes of scion (above) and stock (below) were separated by a red line. (B) Flowering time and (C) seed number per plant for different graft combinations. Statistical significance at the 0.01 level was determined by Duncan’s multiple range test, n ≥ 3 plants.

Supplementary Figure 11 | Reduction of GmFTL transcripts promotes growth of trifoliolate leaves. This photo shows morphology of trifoliolate leaves of GmFTL-RNAi #3, #4, and #5 grown in greenhouse. The leaf order is according to the developmental subsequence of trifoliolate leaves. This figure is a supporting data for Figure 4.

Supplementary Figure 12 | GmFTL-RNAi line #1 does not show significant difference at the vegetative stage compared with wild-type plants. This photo shows plants of GmFTL-RNAi #1 grown in the field in Hanchuan, the original location of wild-type plants, in 2018. The photo indicates there is no difference between GmFTL-RNAi #1 (right) and wild-type (left) plants. Seeds were sown on April 20 and photos were taken on June 5.

Supplementary Figure 13 | GmFTL-RNAi line #1 shows significant difference at the reproductive stage from wild-type plants. This photo shows dry plants at maturity of GmFTL-RNAi #1 and wild-type plants grown in the field in Hanchuan, the original location of wild-type plants, in 2018. The photo displays that GmFTL-RNAi #1 plants (low row) are of bigger stature and have more pods than wild-type plants (up row).

Supplementary Figure 14 | The expression level of florigen is positively related to biomass and leaf size in Arabidopsis. AtFT-RNAi lines were produced by introducing an RNAi fragment of the Arabidopsis florigen FT gene (At1g65480) into ecotype Columbia-0, and homozygous transgenic lines were used in all experiments. ft-10 is a null mutant of the florigen AtFT gene. Arabidopsis plants (wild-type, AtFT-RNAi lines, and ft-10 mutants) grew under long day conditions (growth room). Photos of (A) rosettes and (B) leaves were taken at flowering. The Arabidopsis florigen FT gene expression was determined by RT-qPCR at day 14 after germination (C). The flowering time is negatively correlated to flowering time (C) under long day conditions.

Supplementary Table 1 | Light information in growth room and greenhouse.

Supplementary Table 2 | Transcriptome analysis of GmFTL-RNAi#4 leaves at ZT1.

Supplementary Table 3 | List of oligonucleotide and primer sequences used in this study.
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The seed oil and starch content of soybean are significantly different from that of chickpea. However, there are limited studies on its molecular mechanisms. To address this issue, we conducted integrated transcriptomic and bioinformatics analyses for species-specific genes and acyl-lipid-, starch-, and carbon metabolism-related genes. Among seven expressional patterns of soybean-specific genes, four were highly expressed at the middle- and late oil accumulation stages; these genes significantly enriched fatty acid synthesis and carbon metabolism, and along with common acetyl CoA carboxylase (ACCase) highly expressed at soybean middle seed development stage, common starch-degrading enzyme beta-amylase-5 (BAM5) was highly expressed at soybean early seed development stage and oil synthesis-related genes ACCase, KAS, KAR, ACP, and long-chain acyl-CoA synthetase (LACS) were co-expressed with WRI1, which may result in high seed oil content and low seed starch content in soybean. The common ADP-glucose pyrophosphorylase (AGPase) was highly expressed at chickpea middle seed development stage, along with more starch biosynthesis genes co-expressed with four-transcription-factor homologous genes in chickpea than in soybean, and the common WRI1 was not co-expressed with oil synthesis genes in chickpea, which may result in high seed starch content and low seed oil content in chickpea. The above results may be used to improve chickpea seed oil content in two ways. One is to edit CaWRI1 to co-express with oil synthesis-related genes, which may increase carbon metabolites flowing to oil synthesis, and another is to increase the expression levels of miRNA159 and miRNA319 to inhibit the expression of MYB33, which may downregulate starch synthesis-related genes, making more carbon metabolites flow into oil synthesis. Our study will provide a basis for future breeding efforts to increase the oil content of chickpea seeds.

Keywords: lipid synthesis, starch synthesis, gene regulation network, soybean, chickpea


INTRODUCTION

Legumes are an indispensable part of the human diet. They provide one-third of dietary protein and are also an important source of animal feed and edible oil (Zhu et al., 2005). As we know, there are cold- and warm-season legumes. The former, such as chickpea and pea, are rich in starch, while the latter, such as soybean and peanut, are rich in oil and protein (Rathi et al., 2016). Although seed oil and starch content in soybean and chickpea depend on the supply of carbon in plants (Weselake et al., 2009), there are limited studies on the molecular mechanisms for the differences in seed oil and starch content of the two crops.

In recent decades, efforts have been made to dissect the molecular mechanism of seed oil and starch synthesis. In seed oil synthesis, there are four main steps: fatty acid de novo synthesis, acyl elongation and editing, triacylglycerol (TAG) assembly, and oil droplet formation. The expression levels of the relevant genes in these steps affect seed oil content, e.g., acetyl CoA carboxylase (ACCase) in rapeseed (Roesler et al., 1997) and potato (Klaus et al., 2004), β-Ketoacyl-[acyl carrier protein] synthase (KASI) in Arabidopsis, rice, and soybean (Wu and Xue, 2010; Ding et al., 2015; Dobbels et al., 2017), diacylglycerol acyltransferase (DGAT) in peanut, Arabidopsis, and oil palm (Saha et al., 2006; Hernández et al., 2012; Rosli et al., 2018), and oleosins (OLE) in Arabidopsis (Shimada and Hara-Nishimura, 2010). Seed starch synthesis begins with the generation of adenosine diphosphate (ADP) glucose via the enzyme ADP-glucose pyrophosphorylase (AGPase). AGPase (Tang et al., 2016), soluble starch synthase (SS) (Cuesta-Sejio et al., 2016), granule-bound starch synthases (GBSS) (Denyer et al., 1999), starch branching enzyme (SBE) (Lu et al., 2015), and isoamylase (ISA) (Bustos et al., 2004) are key enzymes in starch synthesis. Transcription factors (TFs) can simultaneously regulate the expression of multiple genes. Key TFs in the regulation of lipid biosynthesis include WRI1 (Ma et al., 2015), LEC1 (Tan et al., 2011), LEC2 (Baud et al., 2007), FUS3 (Wang et al., 2007), and ABI3 (Crowe et al., 2000). TFs in the biosynthesis of starch include SUSH33A2 (Sun et al., 2003), OsbZIP58 (Wang et al., 2013), OsMADS6 and OsMADS29 (Nayar et al., 2013), ABI4 (Hu et al., 2012), and ZmMYB138 and ZmMYB115 (Hu et al., 2021). The above enzymes and TFs may help us to dissect the molecular mechanisms for the differences in seed oil and starch content of soybean and chickpea.

In recent years, some studies have focused on the molecular mechanism of complex trait formation. To dissect the photosynthetic mechanism of C4 and C3 crops, for example, Wang et al. (2014) compared their genomes and transcriptomes and found that higher expression levels of orthologous genes related to photosynthetic development at the base of rice leaves compared to that in maize, cis element (RGCGR; R = A/G) that is only present in promoters of maize, and 118 TFs that contributed to the expression levels of C4 photosynthetic cell-type-specific genes, may result in the photosynthesis differences between C4 and C3 crops. To dissect the molecular mechanism of seed starch content between adzuki bean and soybean, Yang et al. (2015) performed comparative genomic and transcriptome analyses and found no significant variation of starch biosynthesis genes in the two genomes, but the increased expressional levels of these genes at the mature seed stage in adzuki bean and the decreased expressional levels of these genes at the seed filling and mature stages in soybean may result in the difference of seed starch content. To dissect the molecular mechanism of seed oil content between soybean and rapeseed, Zhang et al. (2018) compared genomes, transcriptomes, and miRNA regulation and found that the inhibition of BnPEPC1 by bna-miR169, high expression levels of rape-specific genes encoding acetyl-coenzyme β-CT, and biotin carboxyl carrier protein-1 (BCCP1) subunits at the seed development stage, along with the expansion of rapeseed lipid storage-related genes and the contraction of lipid degradation-related genes, may result in high seed oil content in rapeseed. However, the molecular mechanisms for the differences of seed oil and starch content in soybean and chickpea are unclear.

To dissect the molecular mechanism for the differences of seed oil and starch content in soybean and chickpea, integrated transcriptomic and bioinformatics analyses for species-specific genes and acyl-lipid-, starch-, and carbon metabolism-related genes, along with miRNA, TF, and co-expression network analysis, were carried out in this study. As a result, it was found that ACCase, BAM5, AGPase, and WRI1 may be related to the above difference. In addition, we discussed how to improve seed oil content in chickpeas. The results provide an explanation for the differences in seed oil and starch content of the two crops.



MATERIALS AND METHODS


Genomic and Proteomic Data

The protein-coding sequences of all the genes in Arabidopsis, soybean, peanut, pea, and chickpea were downloaded from https://www.arabidopsis.org/index.jsp (TAIR10), https://www.soybase.org/ (Wm82.a2.v1), https://legumeinfo.org/data/public/Arachis_hypogaea (arahy.Tifrunner.CCJH), https://legumeinfo.org/data/public/Pisum_sativum (Cameor.gnm1. ann1.7SZR), and https://phytozome.jgi.doe.gov/pz/portal.html (Carietinum_492_v1.0), respectively. If there were multiple transcripts for a gene, the longest one was selected.



Transcriptome Data

Transcriptome datasets in soybean, chickpea, peanut, and pea were downloaded from https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42871 (GSE42871; Jones and Vodkin, 2013), https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE79719 and https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE79720 (GSE79719 & GSE79720; Garg et al., 2017), https://peanutbase.org/gene_expression/ atlas (Clevenger et al., 2016 and Alves-Carvalho et al., 2015), respectively. The soybean datasets included seven developmental stages: whole seed 4 days after fertilization (DAF) (R2); whole seed 12–14 DAF (R3); whole seed 22–24 DAF (R4); whole seed 5–6 mg in weight (R5); cotyledons 5–6 mg in weight, seed coats 5–6 mg in weight, cotyledons 100–200 mg in weight (R6); cotyledons 400–500 mg in weight (R7); and dry whole seed (R8). The chickpea datasets included S1–S7 seed development stages and leaf. The stages S1–S3 were the embryo development stages (embryogenesis), stages S4 and S5 were early and mid-maturation stages, respectively (grain filling), and stages S6 and S7 were late mature stages (seed desiccation). Based on the definition of soybean vegetative and reproductive growth (Ritchie et al., 1982), whole seed 12–14 DAF (R3), whole seed 22–24 DAF (R4), whole seed 5–6 mg in weight (R5), cotyledons 400–500 mg in weight (R7), and dry whole seed (R8) in soybean were almost consistent with the stages S2, S3, S4, S5, and S7 in chickpea, respectively. These stages were uniformly defined as the stages t1, t2, t3, t4, and t5 in this study, respectively. Thus, the five stages were selected to conduct expressional trend analysis. The peanut datasets included Pattee 5 seed, Pattee 6 seed, Pattee 7 seed, Pattee 8 seed, and Pattee 10 seed. The pea datasets included Stem_BC_LN, Pods_C_LN, seeds_5dai, seeds_5dai_mut, Seeds_12dap, Seeds_12dap_mut, RootSys_A_HN, RootSys_A_LN, Leaf_B_LN, and Flower_B_LN. The gene expression levels [reads per kilobase per million mapped (RPKM) reads] were normalized and quantified by the DESeq package in Bioconductor. The package DESeq provides methods to test for differential expression by estimating variance-mean dependence in count data from high-throughput sequencing assays and test for differential expression based on a model.

Zhang et al. (2018) described that the relative expression level was the ratio of the expression level of each gene to the average expression level of all genes in this species.



Identification of Common and Specific Genes in Soybean and Chickpea

In this study, all the non-redundant whole-genome protein sequences in Arabidopsis, soybean, peanut, pea, and chickpea were clustered by the software package OrthoFinder 2.0 (Emms and Kelly, 2019) to identify orthologous gene families. All the genes of soybean and chickpea were analyzed by MCscan (Tang et al., 2008) to identify homologous collinearity gene fragments.



Co-expressional Network Analysis for Specific Genes in Soybean and Chickpea

The expressional levels of soybean- and chickpea-specific genes at the above seven different seed development stages and tissues were analyzed by R package WGCNA v1.68 to construct co-expressional networks. When calculating the scale-free topological overlap matrix (TOM), the parameters “unsigned” and “bicor” were used. The optimal soft thresholds in soybean and chickpea were calculated by the function “pickSoftThreshold,” and their thresholds were 10. The minimum module size was set to 30, and the “merge cut height” parameter of the module was set to 0.3 (Langfelder and Horvath, 2008). The KEGG enrichment analysis for the genes in the above co-expressional networks was conducted by KOBAS (http://kobas.cbi.pku.edu.cn/index.php, version 2.0; Xie et al., 2011).



Cluster Analysis for Expressional Levels of Common Genes in Soybean and Chickpea

The expressional levels of soybean and chickpea common genes at the t1–t5 stages were used to perform cluster analysis, as described in Zhang et al. (2018), using Short Time-series Expression Miner (STEM, http://www.cs.cmu.edu/~jernst/stem/) (Ernst and Bar-Joseph, 2006) with the following parameters: log normalize a time-series vector of gene expression values (v0, v1, v2,…, vn) to [0, log2(v1/v0), log2(v2/v0), …, log2(vn/v0)], minimum absolute expression change 2, –p 0.05.



Copy Number Analysis of Gene Families Related to Carbon, Lipid, and Starch Metabolism

One hundred and thirty-five genes related to fatty acid synthesis, TAG synthesis, lipid droplet assembly, and storage were downloaded from ARALIP (http://aralip.plantbiology.msu.edu/; Li-Beisson et al., 2013; Zhang et al., 2018). Thirty-seven starch metabolism-related genes in Arabidopsis were mined from Schwarte et al. (2015). Using the method of Troncoso-Ponce et al. (2011), 238 genes related to carbon metabolism were obtained. The copy number difference analysis was carried out for the above 410 genes (Supplementary Table 4). Meanwhile, the 410 genes were compared with the ones in categories three and four of the STEM analysis to mine common genes related to carbon, lipid, and starch metabolism.



Identification of microRNA, TFs, and Their Target Genes

The microRNAs in soybean and chickpea were downloaded from miRbase (21st edition, http://www.mirbase.org/) and Jain et al. (2014), respectively. The online software psRNATarget (http://plantgrn.noble.org/psRNATarget) (Dai and Zhao, 2011) was used to identify miRNA targets with default parameters except for the Expectation (e), which was set at 3. The TFs were downloaded from PlantTFDB 3.0 (http://planttfdb.cbi.pku.edu.cn/) (Jin et al., 2017). The expressional levels of 88 gene families obtained from copy number analysis and the target TFs of microRNA were used to calculate the Pearson correlation coefficient.



Gene Family Phylogenetic Tree Construction

The gene families of WRI1 in soybean, chickpea, Arabidopsis, peanut, and pea were used to construct a gene phylogenetic tree using the neighbor-joining (NJ) method, implemented by software MEGA7 (http://www.megasoftware.net/, Kumar et al., 2016); the bootstrap test was repeated 1,000 times, using Poisson distribution model and “pairwise deletion” option. The iTOL (http://itol.embl.de/) was used to visualize and post-beautify the final result tree file.



Conserved Domain Analysis of Gene and Protein Sequences

The online tool MEME (http://meme-suite.org/tools/meme, v4.11.2) was used to predict the conserved domains of key protein-coding genes (Bailey and Elkan, 1994). The Clustalw program in the MEGA7 software was used to perform a multiple sequence alignment of amino acid sequences of the WRI1 homologous gene family in Arabidopsis, soybean, chickpea, peanut, and pea with default parameters. The GeneDoc software (https://github.com/karlnicholas/GeneDoc, Nicholas et al., 1997) was used to compare and beautify the results.




RESULTS


Identification of Common and Specific Genes in Soybean and Chickpea

The collinearity analysis tool MCscan was used to analyze the collinearity of soybean and chickpea genomes. As a result, there were 31,519 and 1,443 repeated gene pairs in the soybean and chickpea genomes, respectively. The latter was far fewer than the former, which may be due to the soybean-specific tetraploid (Wang et al., 2017). In soybean, 472, 305, and 152 blocks had more than 10, 20, and 50 collinear genes, which contained 29,101 (52.8%), 26,689 (48.4%), and 21,172 (39.5%) collinear genes, respectively. In chickpea, 45, 21, and 5 blocks had more than 10, 20, and 50 collinear genes, which contained 1,214 (4.3%), 830 (2.9%), and 380 (1.3%) collinear genes, respectively (Supplementary Table 2).

All the 223,609 protein-coding genes in soybean, chickpea, Arabidopsis, peanut, and pea were clustered by OrthoFinder to identify homologous gene families in soybean and chickpea. As a result, these genes were clustered into 26,575 orthologous groups (OGs) (Supplementary Table 1), and each OG represents a gene family. Among these OGs, there were 335 OGs with both soybean single-copy and chickpea multi-copy genes, 8,675 OGs with both soybean multi-copy and chickpea single-copy genes, 3,261 OGs with soybean and chickpea multi-copy genes, and 2,396 OGs with soybean and chickpea single-copy genes, which are regarded as common genes, while 18,657 (33.29%) were defined as soybean-specific paralogous gene clusters without chickpea genes and only 8,010 (28.33%) were chickpea-specific genes (Supplementary Table 3; Zhang et al., 2018).



Co-expression and KEGG Analyses of Specific Genes in Soybean or Chickpea

The expressional levels of 18,657 soybean-specific genes at seven different seed development stages and tissues (Jones and Vodkin, 2013) were analyzed by R package WGCNA v1.68 to obtain different co-expression modules. As a result, seven co-expression modules with different expression patterns were identified. The genes in each module were used to conduct KEGG enrichment analysis. Results showed that four modules, blue (3,318 genes), black (900 genes), green (563 genes), and light green (250 genes), significantly enriched multiple lipid metabolism pathways (P < 0.05; Figure 1B). The genes in the blue module were highly expressed between R2 and R5 seed development stages, and significantly enriched not only the carbohydrate metabolism pathways of pyruvate metabolism (gmx00620), pentose phosphate pathway (gmx00030), carbon metabolism (gmx01200), and glycolysis (gmx00010), but also the glycerolipid metabolism pathway (gmx00561), glycerophospholipid metabolism (gmx00564), linoleic acid metabolism (gmx00591), and other metabolic pathways. Meanwhile, these genes enriched the photosynthesis-antenna protein (gmx00196) and carbon fixation (gmx00710) metabolic pathways in photosynthetic organisms. Therefore, the blue module is considered to be a co-expression module for oil accumulation during soybean seed storage material accumulation (Figure 1A).
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FIGURE 1. The KEGG pathway enrichment analysis (A,C) and expression heatmap (B,D) of soybean- (A,B) and chickpea-specific (C,D) genes. Among seven modules in soybean-specific genes, all the genes in blue, black, green, and light green modules were significantly enriched in oil synthesis-related pathways. The pathways marked with red color were related to lipid metabolism. Among nine modules in chickpea-specific genes, all the genes in black, dark red, tan, and yellow modules were significantly enriched in cell replication-related pathways.


The expressional levels of 8,010 chickpea-specific genes at seven different seed development stages and tissues (Garg et al., 2017) were also analyzed. As a result, nine co-expression modules with different expression patterns were identified. The genes in the black (573 genes), tan (190 genes), yellow (335 genes), and dark red (101 genes) modules were highly expressed at S3–S5 stages, and they enriched cell replication and synthesis-related metabolic pathways. This may be related to the rapid expansion of the number of seed cells (Figures 1C,D).



Expressional Trends of Common Genes Between Soybean and Chickpea

To obtain the expressional trends of soybean and chickpea common genes, the standardized expression levels of 37,387 soybean and 20,259 chickpea common genes at different seed development stages (Supplementary Figure 1) were used to conduct cluster analysis with the k-means algorithm via the STEM software. As a result, these common genes were clustered into six clusters. Among these clusters, the expression of all the genes in Cluster3–Cluster5 was upregulated during the t2–t4 stages, while the expression of all the genes in Cluster1 was downregulated during the t2–t4 stages.

All the genes in each cluster were used to conduct KEGG metabolic pathway enrichment analysis. As a result, all the soybean genes in Cluster3 and Cluster4 enriched pentose phosphate pathway (gmx00030), fructose and mannose metabolism (gmx00051), galactose metabolism (gmx00052), fatty acid biosynthesis (gmx00061), fatty acid degradation (gmx00071), starch and sucrose metabolism (gmx00500), pyruvate metabolism (gmx00620), glyoxylic acid and dicarboxylic acid metabolism (gmx00630), carbon fixation in photosynthetic organisms (gmx00710), fatty acid metabolism (gmx01212), and other metabolic pathways (Supplementary Figure 2A). Meanwhile, all the chickpea genes in Cluster4 mainly enriched fatty acid biosynthesis (cam00061), fatty acid metabolism (cam01212), glycolysis/gluconeogenesis (cam00010), citrate cycle (TCA cycle) (cam00020), carbon fixation in photosynthetic organisms (cam00710), glycerophospholipids metabolism (cam00564), starch and sucrose metabolism (cam00500), glyoxylate and dicarboxylate metabolism (cam00630), and other pathways (Supplementary Figure 2B). Clearly, the above enriched metabolic pathways were found to be related to seed lipid and starch synthesis, and the expression of these genes was upregulated during the rapid accumulation stages of these substances, indicating the existence of fatty acids and starch in soybean and chickpea.



Identification of Candidate Oil- and Starch Biosynthesis-Related Genes in Common Genes

Four hundred and ten carbon-, lipid-, and starch metabolism-related genes in Arabidopsis thaliana (Supplementary Table 4) were used as the seed to search for gene families in 26,575 OGs. As a result, 374 common gene families were mined. Among these gene families, six had a >2 copy number ratio of soybean to chickpea, while eight had a copy number ratio of <1. The former includes GRF2 during photosynthesis, CT-α and Acyl carrier protein (ACP) involved in the fatty acid synthesis, and CDS, PECT, and DGAT participating in TAG synthesis, while the latter includes STP7 involved in carbohydrate transport, PKp-β involved in glycolysis, Beta-hydroxyacyl-acyl carrier protein dehydratase (HAD) and β-Ketoacy-acyl carrier protein synthase II (KAS II) participating in the fatty acid synthesis, glycerol-3-phosphate acyltransferase (GPAT9), LPAAT3, and FAD2 participating in TAG synthesis, and Pyrophosphorylase (PPA) involved in starch metabolism (Supplementary Figure 3). Meanwhile, the above 410 genes were traversed and the genes in Cluster3 and Cluster4 were searched to obtain homologous gene families. As a result, 158 soybean genes and 121 chickpea genes were found to be homologous with the above 410 genes.

By merging the above 279 upregulated genes and the above 14 gene families with copy number difference, 184 soybean and 135 chickpea genes in 97 OGs were obtained (Supplementary Table 5), which are candidate oil- and starch biosynthesis-related common genes in soybean and chickpea, and some genes have been confirmed by molecular biological experiments (Table 1).


Table 1. The confirmed candidate genes for the differences of soybean and chickpea seed oil and starch content in previous studies.
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Expression Trends of Candidate Oil and Starch Synthesis Genes

To compare the expressional profile difference of each gene in the above 97 OGs at t1–t5 stages in soybean and chickpea, the relative expression level was used in this study (Supplementary Table 6). In soybean, most starch synthesis-related genes were highly expressed at the early seed development stage, while most oil synthesis-related genes were highly expressed in the middle seed development stage, which is also the rapid oil accumulation stage. In chickpea, most starch synthesis-related genes were highly expressed at the middle seed development stage.

Based on the studies in Klaus et al. (2004), Tang et al. (2016), and Andriotis et al. (2010), common genes ACCase, AGPase, and BAM5 were important genes in seed oil and starch metabolism. Thus, we compared the expressional profile differences of these genes in soybean and chickpea. First, the relative expression levels of genes encoding subunits α-CT, BCCP, and BC of ACCase at rapid oil accumulation stages were higher in soybean than in the chickpea (Figures 2A–C). Because ACCase catalyzes the first step of the fatty acid synthesis, which is the formation of malonyl-CoA from acetyl-CoA (Klaus et al., 2004), ACCase may make more carbon metabolites flow into the fatty acid synthesis in soybean seeds. Then, the relative expression levels of genes encoding subunits ADP-glucose pyrophosphorylase (APS) and glucose-1-phosphate adenylyltransferase (APL) of AGPase at the t4 stage were much higher in chickpea than in soybean (Figure 2D).
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FIGURE 2. The relative expression levels of three subunits CT-α (A), BCCP (B), and BC (C) of ACCase, AGPase (D), and BAM (E,F), which are soybean and chickpea common genes, at five seed development stages. The relative expression level was defined by Zhang et al. (2018) as the ratio of the expression level of each gene to the average expression level of all genes in this species. AGPase, ADP-glucose pyrophosphorylase; BC, biotin carboxylase of heteromeric ACCase; BCCP, biotin carboxyl carrier protein; MAB-5, beta-amylase-5.


Because AGPase is the first key regulatory enzyme and rate-limiting enzyme in starch synthesis (Tang et al., 2016), AGPase may play a significant role in chickpea starch synthesis. Finally, the relative expression level of BAM5 at the early seed development stage was much higher in soybean than in chickpea (Figures 2E,F). Because BAM5 catalyzes the production of maltose from linear glucans (Andriotis et al., 2010), it may play a major role in plant starch hydrolysis. This may result in low starch content in soybean seeds. Therefore, we infer that ACCase, AGPase, and BAM5 were more likely to be candidate key genes that affect the differences of seed oil and starch content in soybean and chickpea.

Using the starch biosynthesis genes in rice (17 genes; Ohdan et al., 2005; Tian et al., 2009) and Arabidopsis (13 genes; Schwarte et al., 2015) as bait, we performed an ortholog search in the soybean and chickpea genomes. In total, fewer starch biosynthesis genes were found in chickpea than in soybean (33 vs. 45; Supplementary Table 7), but there was no significant difference between these two genomes in the exact Fisher test (P = 1.00). The relative expression levels of these starch biosynthesis genes at seven seed development stages were used to compare their differences. We found that the average relative expression level in chickpea was significantly higher than that of soybean, e.g., Ca_03834, Ca_04774, Ca_07632, and Ca_00773 have a higher expressional level at stage t3 (Figure 3), although more starch biosynthesis genes were detected in the soybean genome (Supplementary Table 7). The above results are similar to those in Yang et al. (2015).
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FIGURE 3. The relative expression levels of four starch synthesis genes APL2 (A), GBSS (B), SSIII (C), and APS1 (D), which are common genes in soybean and chickpea, at five seed development stages.




Comparison of Regulatory Networks of miRNAs, TFs, and Their Target Genes in Soybean and Chickpea
 
miRNAs, TFs, and Their Target Genes

The target genes of 639 soybean and 440 chickpea mature miRNAs were predicted using the online software psRNATarget. As a result, the target genes in 2,303 soybean and 939 chickpea miRNA-target gene pairs were TFs, while the target genes in 90 soybean and 30 chickpea miRNA-target gene pairs were oil- or starch synthesis-related genes. In detail, in soybean gma-miR2111targeted SSIII (Glyma.13G204700), gma-miR5784- and gma-miR4347 targeted APS1 (Glyma.02G304500), and gma-miR10413 targeted PGM2 (Glyma.20G018000); gma-miR530, gma-miR160, and gma-miR319 were predicted to regulate the expression of the ABI4, ARF, and MYB gene families, respectively, while gma-miR156 and gma-miR159 were predicted to regulate the expression of the SBP gene family (Supplementary Table 8). In chickpea, Cat-miR156 and Cat-miR157 inhibited the expression of phospholipid: diacylglycerol acyltransferase-2 (PDAT2; Ca_24053), while Cat-miR171 and Cat-miR5565 inhibited the expression of FATB (Ca_06618). Cat-miR166 and Cat-miR319 were predicted to regulate the expression of bZIP in chickpea, while gma-miR482 was predicted to regulate the expression of bZIP in soybean. Cat-miR164 and gma-miR164 were predicted to regulate the expression of NAC36 in chickpea and soybean, respectively. Cat-miR167 was predicted to regulate the expression of DOF in chickpea, while gma-miR172 was predicted to regulate the expression of DOF in soybean (Supplementary Table 9; Figure 4). PDAT transfers acyl moiety from PC to DAG to form TAG, which plays an important role in TAG synthesis. Cat-miR160, Cat-miR5674, and Cat-miR156 were predicted to regulate the expression of ARF, GRAS, and SBP gene families, respectively, while Cat-miR156, Cat-miR159, and Cat-miR319 were predicted to regulate the expression of the MYB gene family (Supplementary Table 8).
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FIGURE 4. The regulation networks of soybean and chickpea genes (red) homologous to four transcription factors AtMYB33 in Arabidopsis (A), NAC36 (B), bZIP (C), and DOF (D). Homologous genes and miRNAs are, respectively, marked by red and cyan colors, while lipid- and starch metabolism-related genes are marked by blue color.




The Regulatory Networks of miRNAs, TFs, and Their Target Genes

As described by Hu et al. (2021), genes involved in a biological network are regulated by the same TF and co-expressed with each other. In the above 2,303 soybean and 939 chickpea miRNA-target gene pairs, there were 457 soybean TFs and 113 chickpea TFs. These TFs were merged with 11 oil synthesis-related TFs and 6 starch synthesis-related homologous gene families in soybean and chickpea. After removing unexpressed TFs, 282 soybean TFs and 93 chickpea TFs were identified. Soybean transcriptomic datasets of 282 TFs and 184 genes at seven different seed development stages and tissues (Jones and Vodkin, 2013) were used to calculate their correlation coefficients (r), while chickpea transcriptomic datasets of 93 TFs and 135 genes at seven different seed development stages and tissues (Garg et al., 2017) were used to calculate their correlation coefficients. With the thresholds of |r| ≥ 0.8 and P ≤ 0.05, a total of 1,905 soybean TF-gene pairs and 590 chickpea TF-gene pairs were found to be significant.

In the regulatory network, miR156, miR159, miR160, and miR319 families in chickpea and soybean commonly regulated MYB and SBP. We found that two chickpea genes and two soybean genes, homologous to AtMYB33, had different co-expressed genes, e.g., Ca_21739 was co-expressed with PFK5, FBA, LPAAT3, SSIV, SSIII, and AMY2, and Ca_25013 was co-expressed with STP7, PFK5, FBA, GapA, TPT, PDH-E1α, KASIII, LPAAT3, LPEAT2, LACS, APS1, SSI, and SSIV, while Glyma.04G125700 was co-expressed with AMY2, SUC, SUS, GPAT9, FATB, and PDAT1, and Glyma.20G047600 was co-expressed with SUC3, FAD2, PECT1, APL, ISA2, and ISA3 (Figure 4A). The four genes were all regulated by miRNA159 and miRNA319. It is speculated that miRNA159 and miRNA319 may regulate the expression of oil- and starch synthesis-related genes via regulating MYB gene families in crops. Two chickpea genes, Ca_10228 and Ca_07056, homologous to bZIP, had more co-expressed starch biosynthesis genes than two soybean genes, Glyma.02G131700 and Glyma.07G213100, which are homologous to bZIP; in detail, bZIP was co-expressed with starch biosynthesis genes APL, ISA2, SSII, and GBSS in chickpea but only with starch biosynthesis gene SSI in soybean (Dong et al., 2019; Figure 4C). Two chickpea genes Ca_06348 and Ca_13537, homologous to NAC36, had more co-expressed starch biosynthesis genes than three soybean genes, Glyma.08G173400, Glyma.12G226500, and Glyma.15G254000, which are homologous to NAC36; in detail, NAC36 was co-expressed with starch biosynthesis genes APL, APS1, BE, ISA2, SSI, SSII, SSIII, and SSIV in chickpea but only with starch biosynthesis genes SSI and SSIII in soybean (Zhang et al., 2014; Figure 4B). DOF was co-expressed with one starch biosynthesis gene Ca_22418 (GBSS) in chickpea but with no starch biosynthesis genes in soybean (Qi et al., 2017; Supplementary Table 9; Figure 4D). It is speculated that miRNA164, miRNA166, miRNA167, miRNA 319, and miRNA482 may regulate the expression of starch synthesis-related genes via regulating bZIP, NAC36, and DOF gene families in chickpea and/or soybean. This is a possible reason that seed starch content is higher in chickpea than in soybean.

GmWRI1 (Glyma.08G227700 and Glyma.15G221600) were co-expressed with lipid synthesis genes a-CT, BC, BCCP2, KASII, KAR, LACS, FATA, PKp-α, PKp-β, ACP, and 1-acylglycerol-3-phosphocholine acyltransferase (LPCAT) in soybean, while no lipid synthesis genes in chickpea were found to be co-expressed with CaWRI1 (Ca_15711). Surprisingly, no miRNA was found to regulate WRI1. The fact that no lipid synthesis genes co-expressed with WRI1 may be an important reason for low seed oil content in chickpea. Thus, we conducted further analysis for the WRI1 gene family.




Phylogenetic Analysis of WRI1 Gene Family
 
Construction of Phylogenetic Tree of WRI1 Gene Family

As a member of the AP2 subfamily of the AP2/EREBP TF family, WRI1 plays an important role in the regulation of seed oil synthesis (Tang et al., 2019). To investigate the evolution of the WRI1 gene family, all the WRI1 homologs in soybean, chickpea, Arabidopsis, peanut, and pea were searched by BLASTP using the Arabidopsis WRI1 amino-acid sequence as the query sequence. As a result, 50 sequences with E <1e-10 were downloaded for these species and were used to construct a phylogenetic tree using a NJ method via MEGA7. In the evolutionary tree, there were four WRI sub-families, which are named Groups I–IV. Among these subfamilies, AtWRI1 was in Group I, while AtWRI4 was in Group II (Figure 5A). To identify their conserved motifs, all the protein sequences were analyzed by the software MEME. The results are shown in Figure 5A. Although the sequence motifs were very similar in Groups I and II, some small differences existed, e.g., Psat1g078600 in Group I lacked some front part sequences, and Ca_15711 had a large gap between the first and second conserved motifs. Meanwhile, different sequence motifs in Groups III and IV were observed.
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FIGURE 5. Phylogenetic (A), expression (B), co-expression network (C), and protein sequence (D) analyses of the WRI1 gene family in Arabidopsis (A,D), soybean (A–D), chickpea, peanut, and pea (A,B,D). (C) The genes with blue color are oil synthesis -related genes, while those with red color are WRI1 genes. (D) There are 24 extra amino acids before the VYL motif in the RAYD element in the first AP2 domain of Ca_15711.




Expressional Patterns of WRI1 Subfamilies

To understand the functions of all the WRI genes in Groups I and II in soybean, chickpea, peanut, and pea, we compared the expressional patterns of all the WRI genes at different tissues or seed developmental stages. In Group I, Ca_15711, Glyma.15G221600, Glyma.08G227700, and Arahy.UU942A had low expression levels at the early seed development stage and high expression levels at lipid synthesis stages (Figure 5B), while Psat4g010240 and Psat4g010240 expressed at the early seed development stage and did not express at later stages. In addition, only Ca_10533 had low expression levels at late seed development stages, while no other soybean and chickpea WRI genes in Group I were expressed. In Group II, most WRI genes in soybean, peanut, and chickpea had low or no expression levels, while only Psat7g260360 in pea was expressed at the early seed development stage. The results are consistent with those of Lee et al. (2009), in which the mRNAs of WRI3 and WRI4 were almost undetectable.



Correlation Analysis of WRI1 Genes With Lipid Synthesis Genes

To compare the correlation of WRI1 genes in Groups I and II with lipid synthesis genes in warm- (peanut and soybean) and cool-season (chickpea and pea) legumes, we calculated correlation coefficients of WRI1 genes in peanut and pea and lipid synthesis genes. Using the thresholds of |r| ≥ 0.8 and P ≤ 0.05, we identified a total of 64 TF-gene pairs. Among these pairs, there were 31, 31, 2, and 0 TF-gene pairs in peanut, soybean, pea, and chickpea, respectively, which were all in Group I rather than in Group II (Table 2; Figure 5C).


Table 2. Co-expressional gene pairs of WRI1 with oil synthesis genes in peanut, soybean, and pea.
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Protein Sequence Analysis of All the WRI1 Genes

To understand the structural variation of all the WRI1 genes, we performed multiple alignments for the protein sequence of all the WRI1 genes in Group I. The results are shown in Figure 5D. As described by Okamuro et al. (1997), WRI1 has two AP2/EREB domains, and in each domain, YRG and RAYD elements form the AP2 DNA-binding domain. We found that all the WRI1 genes, except Arahy.UVRI66 and Psat1g078600 included two YRG elements and two RAYD elements. The second YRG element was more conserved than the first one. The tyrosine (Y) in the first YRG motif is conserved in AT3G54320, Arahy.UVRI66, Arahy.UU942A, Ca_15711, Glyma.08G227700, and Glyma.5G221600, while the alanine (A) residue in the first RAYD motif and the arginine (R) residue in the second RAYD motif are not conserved. In the first AP2 domain of Psat1g078600, some sequences in the YRG element were lacking, while in the first AP2 domain of Ca_15711, 24 extra amino acids before the VYL motif in the RAYD element were observed. The above sequence variation may affect the functions of the WRI1 gene in different species.





DISCUSSION


Molecular Mechanism of High Oil and Low Starch Content in Soybean Seed

As described above, the soybean-specific genes in four of seven modules were highly expressed at the middle and late oil accumulation stages and significantly enriched in fatty acid, glycerolipid, and linoleic acid metabolisms. Among these genes, main lipid synthesis-related genes include Glyma.19G147400 (Lakhssassi et al., 2017), Glyma.07G207200 (Deng et al., 2020), Glyma.12G146700 (Carther et al., 2019), and Glyma.06G058500 (Yang et al., 2021), which have been confirmed by molecular biology experiments. In detail, Glyma.19G147400 is responsible for the conversion of oleic acid to linoleic acid, Glyma.07G207200 catalyzes the synthesis of monounsaturated oleic acid or palmitoleic acid in plastids, Glyma.12G146700 transforms the diacylglycerol into phosphatidic acid, and Glyma.06G058500 is involved in long-chain fatty acids synthesis. Meanwhile, around stable loci for soybean seed oil content in Yao et al. (2020), Glyma.05G226800, Glyma.05G227400, Glyma.08G102100, Glyma.10G063600, Glyma.11G148900, Glyma.11G190600, Glyma.13G112700, Glyma.13G148100, Glyma.14G150100, Glyma.15G051100, and Glyma.20G088000 were found to be soybean-specific genes in the above four modules. Thus, the above soybean-specific and highly expressed genes may result in high seed oil content.

Three soybean copies (Glyma.13G057400, Glyma.18G265300, and Glyma.19G028800) of common gene BCCP2 in soybean and chickpea were highly expressed during t3–t4 stages; in particular, Glyma.19G028800 was rapidly upregulated and reached a peak during t3–t4 stages. As described in Konishi and Sasaki (1994), BCCP2 is an important subunit of ACCase. Overexpression of ACCase can significantly increase fatty acid content in crop seed (Roesler et al., 1997; Klaus et al., 2004), while antisense expression of BCCP2 transcript in developing Arabidopsis seeds resulted in an average 38% reduction in BCCP2 protein, further leading to an average 9% reduction in fatty acid content in mature seeds (Thelen and Ohlrogge, 2002). It should be noted that Glyma.13G057400 and Glyma.19G028800 (BCCP2) in soybean had significantly higher expression than Ca_21112 and Ca_10464 (BCCP2) in chickpea. Thus, the high expression genes Glyma.13G057400 and Glyma.19G02880 in soybean may result in its high seed oil content.

In this study, WRI1 was found to be co-expressed with oil synthesis-related genes ACCase, KAS, KAR, ACP, and LACS in soybean and peanut. This may result in high seed oil content in soybean. The evidence is as follows. Some target genes of AtWRI1 are involved in Arabidopsis glycolysis and fatty acid synthesis, while their mRNAs are accumulated in a synergistic manner and regulated by WRI1 (Baud et al., 2009). Twenty-eight transcripts, such as KASIII, KAR, and LACS, were found to have increased expression levels in the transgenic plants of GmWRI1, which can specifically bind the 500 bp upstream sequences of ATG codon of the above genes and effectively activate their transcription (Chen et al., 2018).

As described in Scheidig et al. (2002), BAM degrades starch and amylopectin to form maltose. In the study of Andriotis et al. (2010), seed starch content was 1.5–2.5 times higher in Arabidopsis thaliana bam4 and bam1234 mutants than in wild-type embryos, and the starch still existed in mature embryos, while seed starch content in amy3, isa3, and phs1 mutants did not increase, indicating the necessity of BAM in embryo starch degradation. In this study, two BAM5 copies, Glyma.06G301500 and Glyma.12G102900, in soybean had more than 6 times expression levels at the early seed development stage than one chickpea BAM5 gene Ca_22584. This indicates that seed starch, produced at the early seed development stage, maybe degraded by Glyma.06G301500 and Glyma.12G102900. This results in low seed starch content in soybean. NAC36-, bZIP-, and DOF-homologous genes in chickpea have more co-expressed starch biosynthesis genes than those in soybean. This may result in higher seed starch content in chickpea than in soybean.

The above results are summarized in Figures 4, 6.
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FIGURE 6. Molecular mechanisms for the difference in seed oil and starch content between soybean and chickpea. In soybean, soybean-specific fatty acid synthesis genes (red), common highly expressed ACCase (blue), and common oil synthesis-related genes ACCase, KAS, KAR, ACP, and LACS co-expressed with WRI1 (brown) are responsible for high seed oil content, while common starch degrading enzyme BAM5 (purple) highly expressed at soybean early seed development stage is responsive for low seed starch content. In chickpea, common AGPase (green) highly expressed at chickpea middle seed development stage is responsible for high seed starch content, while no oil synthesis genes co-expressed with common WRI1 is responsible for low seed oil content. LACS, long-chain acyl-CoA synthetase; AGPase, ADP-glucose pyrophosphorylase; BAM-5, beta-amylase-5; ACCase, acetyl CoA carboxylase.




Molecular Mechanism of High Starch and Low Oil Content in Chickpea Seed

Although CaWRI1 in chickpea has a similar expression pattern as its homologous genes Glyma.08G227700 and Glyma.5G221600 in soybean, no chickpea oil synthesis-related genes were co-expressed with CaWRI1. The possible reason is 24 extra amino acids of the RAYD element of the first AP2 domain of CaWRI1 before the VYL motif. In previous studies, mutant seeds with T-DNA inserted in the 5th exon of AtWRI1 decreased seed oil content 72% in Arabidopsis than in its wild type (An et al., 2017), while wri1 mutant could not convert glucose and sucrose into precursors of fatty acid biosynthesis during seed development, resulting in the decrease of seed oil content (Focks and Benning, 1998). Thus, it is speculated that the structural variation of CaWRI1 leads to the failure to regulate glycolysis and lipid synthesis-related genes, which may be an important reason for low seed oil content in chickpea.

As described above, AGPase had more than 7 times relative expressional level in chickpea than in soybean. Its high expression is likely to catalyze more Glc-1-P to ADP glucose (Crevillén et al., 2005). As evidenced in rice (Tuncel et al., 2014) and potato (Hajirezaei et al., 2003), AGPase could effectively control starch flux. In molecular biology, the 100-grain weight of maize seeds with overexpressing AGPase was increased by 15%, and seed starch content was increased by 74% compared to its wild type (Li et al., 2011), while the weight of wheat seeds with overexpressing cytoplasmic AGPase large subunit gene was increased by 9.1%, and seed starch content was increased by 9.6% compared to its wild type (Kang et al., 2013). Thus, high expression of AGPase is more likely to result in higher seed starch content in chickpea.

The above results are summarized in Figure 6.

Yang et al. (2015) performed the comparative genomic and transcriptome analyses of seed starch and oil content between adzuki bean and soybean in the genome sequencing project of adzuki bean (Vigna angularis). In this project, they found no significant variation of starch biosynthesis genes in the two genomes, meanwhile, they checked the expression levels of five key genes that encode the proteins involved in the conversion from starch to oil synthesis. Although Yang et al. (2015) did not compare starch synthesis-related genes, key TFs, miRNAs, and their regulation networks, oil- and starch synthesis-related genes, TFs, miRNAs, and their regulatory networks in soybean and chickpea were investigated in this study to obtain the molecular mechanisms for the differences in seed oil and starch content.



Breeding by Design for High Seed Oil Content in Chickpea

As pointed out by Dragičevi et al. (2015), increasing seed oil content in chickpea can reduce seed phytic acid content and improve its digestibility. However, there is low seed oil content in the present chickpea cultivars. To address this issue, it is necessary to improve seed oil content in chickpea. Based on the above results, two genetic improvement methods are proposed.

First, deleting the 24 extra amino acids of the RAYD element in Ca_15711 (CaWRI1) may make the edited CaWRI1 co-express with oil synthesis-related genes to increase seed oil content in chickpea. In this study, we found that the relative expressional level of Ca_15711 (CaWRI1) at stage S3 in chickpea is higher than those of soybean genes Glyma.15G221600 and Glyma.08G227700, homologous to Ca_15711, at stage R4 (Figure 5B). Shen et al. (2010) had provided transgenic evidence. In detail, seed oil content in maize was significantly higher in transgenic ZmWRI1 endosperm (0.81%) than in null endosperm (0.47%), but seed starch content was reduced approximately 60%, although the expression of ZmWRI1 does not affect protein content in embryo and grain yield, indicating that ZmWRI1 may enhance oil biosynthesis by reducing carbon metabolites in starch biosynthesis.

Second, increasing the expression of miRNA159 and miRNA319 in chickpea may decrease the expression of MYB33, which downregulates starch synthesis-related enzymes AGPase, SS, and ISA, making more carbon metabolites flow into fatty acid synthesis. Hu et al. (2021) provided experimental evidence. In detail, Zma-miR159k-3p could negatively regulate the expression of ZmMYB138 and ZmMYB115, homologous to AtMYB33, in maize endosperm, while ZmMYB138 and ZmMYB115 may be positively correlated with amylopectin and amylose content in maize endosperm, respectively. Thus, Zma-miR159k-3p may indirectly regulate starch synthesis in maize endosperm by regulating the expression of ZmMYBs.
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Soybean mosaic virus (SMV) is a prevalent pathogen of soybean (Glycine max). Pyramiding multiple SMV-resistance genes into one individual is tedious and difficult, and even if successful, the obtained multiple resistance might be broken by pathogen mutation, while targeting viral genome via host-induced gene silencing (HIGS) has potential to explore broad-spectrum resistance (BSR) to SMV. We identified five conserved target fragments (CTFs) from S1 to S5 using multiple sequence alignment of 30 SMV genome sequences and assembled the corresponding target-inverted-repeat constructs (TIRs) from S1-TIR to S5-TIR. Since the inefficiency of soybean genetic transformation hinders the function verification of batch TIRs in SMV-resistance, the Nicotiana benthamiana-chimeric-SMV and N. benthamiana-pSMV-GUS pathosystems combined with Agrobacterium-mediated transient expression assays were invented and used to test the efficacy of these TIRs. From that, S1-TIR assembled from 462 bp CTF-S1 with 92% conservation rate performed its best on inhibiting SMV multiplication. Accordingly, S1-TIR was transformed into SMV-susceptible soybean NN1138-2, the resistant-healthy transgenic T1-plants were then picked out via detached-leaf inoculation assay with the stock-plants continued for progeny reproduction (T1 dual-utilization). All the four T3 transgenic progenies showed immunity to all the inoculated 11 SMV strains under individual or mixed inoculation, achieving a strong BSR. Thus, optimizing target for HIGS via transient N. benthamiana-chimeric-SMV and N. benthamiana-pSMV-GUS assays is crucial to drive robust resistance to SMV in soybean and the transgenic S1-TIR-lines will be a potential breeding source for SMV control in field.

Keywords: broad-spectrum resistance (BSR), host-induced gene silencing (HIGS), conserved target fragments (CTFs), soybean mosaic virus (SMV), transient assay in N. benthamiana, transgenic soybeans


INTRODUCTION

Soybean mosaic virus (SMV) is a prevalent viral pathogen of soybean [Glycine max (L.) Merr.], especially in China (Hill and Whitham, 2014; Li and Zhi, 2016); it usually leads to soybean yield reductions that varied with cultivar, virus strain, location, and infection time (Hajimorad et al., 2018). Soybean mosaic virus belongs to Potyvirus; its genome is a single-stranded, positive-sense (+) RNA, with a length of ∼ 9.6 Kb. It is prone to high mutation rates, generating genetic diversity and different SMV strains (Seo et al., 2009b). Based on the symptoms produced on a set of different soybean genotypes, SMV isolates can be classified into different strain groups. For instance, seven SMV strains were reported in the United States based on the responses of a set of eight differential soybean genotypes to the virus (Cho and Goodman, 1979). Similarly, five SMV strains in Japan and eleven SMV strains in Korea have been reported (Takahashi et al., 1980; Seo et al., 2009a). In China, more than 4,500 country-wide SMV isolates were collected and grouped into twenty-two strains based on the responses of ten differential hosts to the virus at the National Center for Soybean Improvement (Li et al., 2010; Wang et al., 2014).

For different SMV strains, a number of SMV resistance loci were identified in host soybean-resistant sources. For example, three loci, Rsv1, Rsv3, and Rsv4 in the United States and sixteen loci, Rsc3 ∼ Rsc8, Rsc10 ∼ Rsc15, Rsc17, Rsc18, Rsc20, and Rsc21 in China have been identified from different resistant sources (Li and Zhi, 2016; Karthikeyan et al., 2017). However, pyramiding resistance genes conferring all SMV strains in a region or country into one individual using conventional methods is difficult and tedious, and it is always accompanied with undesirable traits from multiple parental sources (Malav et al., 2016). Besides, the breakdown of R gene-mediated resistance occurred frequently due to high mutation rates of SMV genome, interactions between the virus and its host, and the strong directional selection pressure created by the wide use of limited resistant resources (Choi et al., 2005; Gagarinova et al., 2008). In improving the situation and obtaining broad-spectrum resistance (BSR) to SMV, we have attempted to solve the SMV-disease problem based on combining host-induced gene silencing (HIGS) strategy with genetic engineering technology.

Host-induced gene silencing or host-delivered RNAi is a natural antiviral mechanism, which is initiated when double-stranded RNAs or hairpin RNAs (hpRNAs) are processed by dsRNA-specific dicer-like enzymes into 21- to 24-nucleotide (nt) short/small interfering RNAs which are then incorporated into the RNA-induced silencing complex to guide the degradation or translational repression of RNA targets in a sequence-specific manner (Yang and Li, 2018). Indeed, the hpRNAs are formed by the expression of the target-inverted-repeat (TIR) sequence (“target” is a piece of sequence of the infectious agent served as the stem in the structure of hpRNAs) in the corresponding host plant in most cases. For example, the transgenic soybean plants containing CP-TIR sequences of Soybean dwarf virus were developed and shown to be resistant to Soybean dwarf virus (Tougou et al., 2006). The transgenic soybean plants containing CP- or HC-Pro-TIR sequences of SMV showed resistance to SMV, but only a few plants exhibited SMV resistance in T1 generation (Kim et al., 2013, 2016; Gao et al., 2015a) while most transgenic lines transformed with SMV-CP-TIR sequences were susceptible to SMV inoculation. Although CP- or HC-Pro-targeting transgenes may be effective to a limited range of SMV strains, HIGS has shown potentials in exploring BSR to SMV. A key step for the success of HIGS strategy may lie in the identification of suitable target fragments common in numerous viral genomes since a conserved common target may cope with SMV strains with the same target sequence. However, due to low efficiency, time-consumption, and labor-inefficiency of soybean genetic transformation, to find a quick and efficient system for optimizing the best one from a mass of potential targets of HIGS before soybean genetic transformation is a key for the development of BSR to SMV.

Nicotiana benthamiana is an ideal model plant for the investigation of plant–pathogen interaction mainly due to a large number of diverse plant viruses that can successfully infect it, and Agrobacterium-mediated transient gene expression works exceptionally well in N. benthamiana plants (Norkunas et al., 2018). It has been successfully used for the identification of new viral suppressors of RNA silencing and functional analysis of unidentified genes, artificial microRNAs, or RNAi constructs to different plant viruses (Thomas et al., 2003; Peart et al., 2005; Goodin et al., 2008; Roumi et al., 2012; Medinahernández et al., 2013). In general, N. benthamiana plants could not be infected by SMV except several reports (Almeida et al., 2002; Gao et al., 2015b; Jiang et al., 2017). Thereinto, our previous study found that N. benthamiana plants can be systemically infected by an SMV of Watermelon mosaic virus (WMV) chimeric isolate 4278-1 (SWCI-4278-1), which has certain potential to verify the effectiveness of TIR constructs derived from the conserved target fragment (CTF) (Medinahernández et al., 2013). In addition, a recombinant SMV vector, pSMV-GUS was also considered for testing the infectivity of N. benthamiana plants in this study. Thus, we expect to use the two N. benthamiana–SMV pathosystems combined with Agrobacterium-mediated transient expression assay to quickly and efficiently select the possible HIGS targets, which are to be further verified for their function using a limited scale of transformed soybeans.

Accordingly, to explore the utilization of HIGS for BSR to SMV in soybeans, this study was focused on the following factors: (i) identifying CTFs throughout SMV genomes based on multiple sequence alignment and assembling TIR constructs, (ii) establishing and demonstrating a transient assay for identifying optimal TIR constructs on inhibiting SMV-multiplication using N. benthamiana–SWCI-4278-1 and N. benthamiana–pSMV-GUS pathosystems, and (iii) establishing a transgenic demonstrating system with dual-utilization of T1 in identifying SMV-resistant positive transgenic individuals and in obtaining corresponding progenies for a large-scale testing of the resistance spectrum. Based on the study, the obtained BSR materials might be used in real breeding programs.



MATERIALS AND METHODS


Plant Materials and Soybean Mosaic Virus Strains

The broad-spectrum susceptible host soybean cultivar NN1138-2 was used throughout the study along with the transient assay host, N. benthamiana. The NN1138-2 and N. benthamiana plants, grown at 25°C with a 16 h photoperiod in a greenhouse, were used for Agrobacterium tumefaciens-mediated transformation, agroinfiltration, and SMV inoculation. Altogether 11 SMV strains (SC1, SC2, SC3, SC4, SC6, SC10, SC13, SC16, SC17, SC18, and SC19) provided by the National Center for Soybean Improvement (Nanjing Agricultural University, Nanjing, China) were used in testing for resistance spectrum.



Identification of Conserved Target Fragments of Soybean Mosaic Virus Genome and Construction of Target-Inverted-Repeat Constructs

Conserved sequences are identical or have similar sequences of nucleic acids or amino acids. Sequence conservation is positively related to sequence identity. Accordingly, multiple sequence alignment was conducted using ClustalW algorithm for the complete genome sequences of 30 SMV isolates downloaded from the NCBI database1 (Supplementary Table 1). Five CTFs (S1–S5) were selected according to sequence conservation in the sequence alignment result and the length of the CTFs approximately range from 300 to 500 bp. The sequence conservation of these fragments was analyzed using DNaSP software with conserved DNA regions module in the analysis option, i.e., sequence conservation was calculated by the ratio of the number of variant sites to the net number of analyzed sites (Rozas et al., 2017). Then the sequences of the five fragments were cloned separately into pHellsgate12 (Helliwell and Waterhouse, 2003) to obtain S1-TIR, S2-TIR, S3-TIR, S4-TIR, and S5-TIR constructs, respectively; at the same time, the S1 fragment was also cloned into pB7GWIWG2(II) (Karimi et al., 2002) to obtain pB7GWIWG2(II)-S1) using gateway method. The vector pB7GWIWG2(II) contains a bar gene as the selectable marker gene (conferring resistance to herbicide glufosinate). The primers required for the construction of these vectors are listed in Supplementary Table 2. All cloned sequences were confirmed by resequencing.



Efficacy Validation of Target-Inverted-Repeat Constructs Using Transient Nicotiana benthamiana –SWCI-4278-1 and Nicotiana benthamiana –pSMV-GUS Pathosystems

From the A. tumefaciens-infiltrating leaves of N. benthamiana, eight leaves were infiltrated by each construct in one replicate, half is used for mock inoculation, and half is used for virus inoculation, and three replicates were conducted. The constructs from S1-TIR to S5-TIR were transformed into A. tumefaciens strain, GV3101 through electroporation, and the infiltration method was performed according to the protocols described by Wydro et al. (2006) with some modification. Briefly, the transformed A. tumefaciens GV3101 was cultured in 4 ml of Luria-Bertan (LB) medium (50 μg/ml spectinomycin) at 200 rpm for approximately 34 h at 28°C. The cell cultures were centrifuged at 4,500 rpm for 5 min and then the tight pellets were gently re-suspended in 10 mM MgCl2 (CAS:7786-30-3, Macklin Biochemical, Shanghai, China). The suspension was diluted to OD600 = 0.5 with a solution containing a final concentration of 10 mM MgCl2, 10 mM of 2-(N-morpholino) ethanesulfonic acid (MES) (CAS:145224-94-8, Sigma, United States) pH 5.7, and 150 μM of acetosyringone (CAS:2478-38-8, Biosharp, Hefei, China), and then infiltrated into 4-week-old leaves of N. benthamiana with a 1 mL needleless syringe.

Two virus inoculums were used for the inoculation of A. tumefaciens infiltrated leaves, where one is an SMV-WMV chimeric isolate SWCI-4278-1 and the other one is a recombinant SMV vector pSMV-GUS, i.e., a full-length of 9,994 bp SMV cDNA clone with GUS inserted between the P1 and HC-Pro cistrons were cloned into pGreen vector backbone, which was provided by the Laboratory of Plant Virology, Nanjing Agricultural University. For the inoculation of SWCI-4278-1 (Jiang et al., 2017), the SWCI-infected leaves of N. benthamiana were homogenized in 0.01 M phosphate buffer (PH 7.4) in a grinder and the tissue homogenates were filtered with two layers of cheesecloth. Then, the A. tumefaciens-infiltrated leaves of N. benthamiana were mechanically inoculated with a filtered sap. For the inoculation of infectious clone pSMV-GUS, the coinfiltration of infectious clone pSMV-GUS and TIR constructs was performed, i.e., an equal volume of both Agrobacterium cultures OD600 = 1.0 were mixed before infiltration. The inoculated or infiltrated plants were grown in insect-free chambers with 16 h light/8-h dark cycles at 25°C.

For virus detection of the SWCI-4278-1 and pSMV-GUS inoculated leaves, the real-time fluorescence quantitative PCR (qRT-PCR), ELISA and β-glucuronidase (GUS) histochemical staining and GUS activity were performed. For qRT-PCR, total RNA was extracted from N. benthamiana leaves using RNA isolation kit (Tiangen, Beijing, China) at 3 and 5dpi, respectively, and the quality and concentration of RNA were checked using agarose gel electrophoresis and a spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific, MA, United States). The first-strand complementary DNA (cDNA) was synthesized using PrimeScript™ RT reagent Kit (TAKARA, Dalian, China) and qRT-PCR was performed according to previously described protocols (Jiang et al., 2019). JHA125 and JHA17 primers were used for amplifying the SMV isolate 4278-1 and pSMV-GUS, respectively; EF1a and PP2A were used as internal controls in N. benthamiana plants (Liu et al., 2012), and the relative accumulation of viral content was calculated by normalizing the geometric mean of the two reference genes. Each experiment was of three biological repeats, where each repeat had three technical replicates. The relative quantification of viral RNA was analyzed by 2–△△CT methods based on the amplification efficiencies (Livak and Schmittgen, 2001; Pfaffl, 2001). The above primer sequences are listed in Supplementary Table 3.

For ELISA assay at 3 and 5dpi, the SMV antiserum (polyclonal rabbit antibodies) of ELISA was purchased from ACD Inc. (cat #V094-R1, Beijing, China) and the instructions of the manufacturer were followed for the next steps.

For GUS-histochemical staining and activity at 5dpi, histochemical staining of N. benthamiana leaves was performed using 5-bromo-4-chloro-3-indolyl glucuronide (X-gluc) (CAS:114162-64-0, War biological Technology, Nanjing, China) as described by Jefferson (1987). For fluorometric assays, the plant tissues were homogenized in an extraction buffer [50 mM phosphate buffer (pH 7.0), 10 mM of beta-mercaptoethanol (CAS:60-24-2, Solarbio Science &Technology, Beijing, China), 10 mM EDTA (CAS:6381-92-6, Solarbio Science & Technology, Beijing, China), 0.1% (w/v) of sodium dodecyl sulfate (CAS: 151-21-3, Solarbio Science & Technology, Beijing, China), 0.1% (V/V) Triton X-100 (CAS:9002-93-1, Solarbio Science &Technology, Beijing, China)], and centrifuged at 12,000 g for 15 min at 4°C. Enzyme reactions were performed in 200 μl of extraction buffer containing 1 mM of 4-methylumbelliferyl-β-d-glucuronide (CAS:6815-91-4, Shanghai, China) at 37°C, and were stopped by the addition of 20 μl reaction buffer and 180 μl of 0.2 M Na2CO3 (CAS:497-19-8, Solarbio Science & Technology, Beijing, China). Protein concentrations were quantified using the method described by Bradford (1976). The 4-methylumbelliferone fluorescence was measured using a SpectraMax M5 (Molecular Devices, Sunnyvale, CA, United States). GUS activities were expressed in nanomoles of 4-methylumbelliferone released per minute per milligram total protein.



Northern Blot Analysis, Reverse Transcription-Polymerase Chain Reaction, and Western Blot Analysis

Total RNA was extracted from N. benthamiana leaves infiltrated with A. tumefaciens, non-transgenic and transgenic soybean leaves, respectively, using the Trizol reagent (Cat no. 15596-026, Invitrogen, Carlsbad, CA, United States) following the instructions of the manufacturer. The RNA specimens were electrophoresed on 15% polyacrylamide/7 M urea gels and transferred to Hybond N+ membranes (Amersham) using a semidry blotter (Bio-rad, Hercules, CA, United States). The membranes were UV cross-linked in a HL-2000 HybriLinker™ (AnalytikJena: UVP) at 120,000 μJ/cm2 energy for 4 min and separately hybridized with five different digoxin-UTP-labeled RNA probes. The mouse anti-digoxin monoclonal antibody (1:10000, Jackson ImmunoResearch) and IRDye 800CW-conjugated goat (polyclonal) anti-mouse IgG (1:15000; H + L; LI-COR Biosciences) secondary antibodies were used to evaluate siRNA production. The membranes were visualized using an LICOR Odyssey scanner with excitation at 700 and 800 nm. For Reverse Transcription-Polymerase Chain Reaction (RT-PCR) assay, the 320 bp SMV CP and 1,812 bp GUS bands were amplified from pSMV-GUS-infiltrated N. benthamiana leaves. The Western blot analyses were performed according to previously described protocols and the size of CP protein is ∼ 30 kDa (Jiang et al., 2019).



Off-Target Prediction of S1 Sequences, Soybean Transformation, and Identification of Transgenic Soybean Plants

The off-target searching of S1 sequences in soybean Williams 82 transcript database was conducted by siRNA-Finder software (Lück et al., 2019). The pB7GWIWG2(II)-S1 was transformed into A. tumefaciens strain EHA105 by electroporation; the A. tumefaciens-mediated soybean genetic transformation was carried out according to the method described by Li et al. (2017). Genomic PCR, LibertyLink® strip detection (QuickStix™ Kit purchased from EnviroLogix Inc., cat #AS 013 LS, Portland, ME, United States), and Northern blot were used to confirm gene insertion into soybean genome and gene expression. In addition, 492 bp S1, 557 bp Tubulin, and 399 bp bar bands were amplified from transgenic soybean plants. The primer sequences are listed in Supplementary Table 3. The genomic PCR primers were listed in Supplementary Table 3. LibertyLink® strip detection was performed according to the instructions of the manufacturer. The siRNAs produced from the supposed transgenic soybean plants were detected using the Northern Blot method in the present study.



Virus Inoculation of Detached Leaves in vitro and Transgenic Soybean Plants

When the unifoliate leaves of non-transgenic and transgenic soybean plants were fully expanded, one unifoliate leaf of each plant was split into two along the main vein and half of the unifoliate leaf was used for SMV strain SC18 inoculation. The SC18-infected leaves of soybean were homogenized in 0.01 M phosphate buffer (PH 7.4) in a grinder and the tissue homogenates were filtered with two layers of cheesecloth. Then, half of the unifoliate leaf was mechanically inoculated by a paintbrush using the filtered sap with a small amount of 600-mesh carborundum powder (CAS:409-21-2, Sinopharm Chemical Reagent, Shanghai, China). The SMV-inoculated leaves were placed in sterile petri dishes containing a wet filter paper and further covered with a piece of wet sterile cotton in the area near the petiole. The plates were then wrapped in a parafilm and placed in a growth-chamber at 25°C under 16 h photoperiod culture. After 7 days, the leaves were used for SMV detection through ELISA. For inoculation of non-transgenic and transgenic soybean plants, the 11 SMV strains were separately increased and maintained on a highly susceptible soybean NN1138-2 and the SMV-infected soybean leaves were homogenized in 0.01 M phosphate buffer (PH 7.4) in different grinders and the tissue homogenates were filtered with two layers of cheesecloth, respectively. Then, the fully developed unifoliate leaves of soybean plants were mechanically inoculated with the above-mentioned filtered sap, respectively. For the mix inoculation, the individual saps of the same volume were mixed for inoculation. The number of plants used for each inoculation treatment is 20. The inoculated plants were grown in insect-free chambers with 16 h light/8 h dark cycles at 25°C, which were further used for resistance evaluation. ELISA detection assay was also performed at 28 dpi as per the instructions of the manufacturer.



Statistical Analyses

The ELISA and qRT-PCR data were analyzed for their means, SD, and single-factor analyses of variance using the SPSS software (version 18.0, SPSS Inc., Chicago, IL, United States). Duncan’s new multiple range tests were performed to determine any significant difference among various treatments using the significance level of α = 0.05.

The S1 nucleotide sequences were obtained from SMV (taxid: 12222) nucleotide collection of NCBI database, which were used for retrieving the highly similar sequences in the NCBI database by BLASTN suite with default parameter values, and the SMV genome sequences with significant alignments (the sequence identity is greater than 80%) were selected.




RESULTS


Identification of Conserved Target Fragments in Soybean Mosaic Virus Genome

Focusing on the assumption of selecting relatively conserved sequences of SMV genome as the target of HIGS may contribute to the success of BSR to SMV, the potential target sequences in the SMV genome were analyzed through multiple sequence alignment of the complete genome sequences of 30 SMV isolates (Supplementary Table 1). The five CTFs (named S1 to S5) were identified and distributed at different positions on the SMV genome (Supplementary Figure 1A). The five CTFs, S1 to S5, varied in length from 322 to 497 bp with relatively low G/C and high A/U content (Table 1). The sequence conservation rates were 92%, 84%, 83%, 83%, and 86%, respectively, and varied with numbers of the conservative and variable sites among the fragments (Table 1). Meanwhile, the sequence conservation rate among the 30 SMV genomes was only ∼28%, far lower than that of the selected CTFs. Furthermore, S1-TIR to S5-TIR assembled from CTF S1 to S5 was separately transiently expressed in N. benthamiana leaves, and the siRNAs produced from these constructs were detected by Northern blotting with respective DIG-labeled RNA probes. Supplementary Figure 1B shows the production of the siRNAs derived from five different CTFs and indicates that all the five TIR constructs can be expressed normally in N. benthamiana plants.


TABLE 1. Characteristics of the identified five conserved target fragments in Soybean mosaic virus (SMV) genome based on multiple sequence alignment.
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Differential Inhibition of SWCI-4278-1 Accumulation by Five Target-Inverted-Repeat-Constructs in Nicotiana benthamiana Leaves

In a previous study, it was found that the N. benthamiana plants could be systemically infected by an SMV-WMV chimeric isolate, i.e., SWCI-4278-1 (Jiang et al., 2017). It is not known, whether N. benthamiana–SWCI-4278-1 pathosystem can be used to optimize TIR constructs for inhibiting SMV multiplication. Thus, the S1-TIR, S2-TIR, S3-TIR, S4-TIR, and S5-TIR constructs with vector control were transiently expressed in N. benthamiana leaves by agroinfiltration, and further mechanically inoculated with SWCI-4278-1. The response and virus content were surveyed for the inoculated leaves at 3- and 5-days post-inoculation (dpi), respectively. No symptoms were developed on the inoculated leaves. The qRT-PCR results of the isolate SWCI-4278-1 nucleic acid is shown in Table 2. The amount of viral RNA was ∼12.8%– 14.8%, ∼24.2%– 32.5%, ∼21.6%– 27.5%, ∼17.4%–20.4% and ∼14.8%–16.3% in N. benthamiana leaves for S1-TIR, S2-TIR, S3-TIR, S4-TIR, and S5-TIR constructs, respectively, compared to the vector control (Table 2, left side). The significance tests showed that the S1-TIR was similar to the S5-TIR and superior to other three TIRs in the inhibition of viral nucleic acid accumulation at 5dpi (Table 2, left side). Consistent with the qRT-PCR analysis, the ELISA results revealed that the viral coat protein accumulated at lower levels (an average of ∼14.7%–29.4% at 3dpi and ∼18.0%– 34.7% at 5dpi) in S1-TIR, S2-TIR, S3-TIR, S4-TIR, and S5-TIR-expressed leaves compared to the vector control expressed leaves (Table 3). It was especially true for S1-TIR and S5-TIR according to Duncan’s new multiple range tests (α = 0.05). Collectively, these data indicated that the N. benthamiana–SWCI-4278-1 pathosystem combined with Agrobacterium-mediated transient expression assay worked exceptionally well in the screening of high-efficient TIR constructs. Thus SWCI-4278-1 infection was significantly inhibited in the inoculated leaves of N. benthamiana due to the expressed five different TIR constructs and the inhibition effect of S1-TIR and S5-TIR were superior over the other three TIR constructs on virus accumulation.


TABLE 2. Relative quantification of viral RNA in N. benthamiana leaves for different TIR constructs.
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TABLE 3. The virus content in N. benthamiana leaves from DAS-ELISA analysis for different TIR constructs.
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Viral Multiplication Was Inhibited by Five Target-Inverted-Repeat Constructs via Transient Nicotiana benthamiana–pSMV-GUS Pathosystem

For testing the infectivity of a recombinant vector pSMV-GUS in N. benthamiana plants, the phenotype, the viral nucleic acid, and coat protein of the pSMV-GUS infiltrated-N. benthamiana plants were assessed at 7, 14, and 21 dpi, respectively. No symptoms were observed on the inoculated leaves and in the non-inoculated systemic leaves. However, the RT-PCR analysis confirmed the existence of the viral nucleic acids in N. benthamiana plants infiltrated with pSMV-GUS using viral and GUS-specific primers, respectively, which indicates that the pSMV-GUS successfully replicated in the inoculated leaves and further spread to the non-inoculated leaves of N. benthamiana plants (Figure 1A). Meanwhile, the viral coat protein was detected in the systemic leaves of N. benthamiana plants by Western blotting, which confirmed the upward movement of pSMV-GUS in N. benthamiana plants (Figure 1B). Thus, N. benthamiana plants could be systemically infected by pSMV-GUS. Importantly, the friendly recombinant SMV infectious clone, pSMV-GUS can be used as an inoculum for testing the effect of the TIR constructs to SMV infection.


[image: image]

FIGURE 1. Systemic infection of recombinant SMV cDNA construct pSMV-GUS in Nicotiana Benthamiana plants and detection of pSMV-GUS accumulation in N. benthamiana leaves expressing S1-TIR to S5-TIR. (A) Detection of viral nucleic acid in inoculated and systemic leaves of N. benthamiana plants by RT-PCR. IL: inoculated leaves, SL: systemic leaves. (B) Western blot confirmed the presence of CP protein in the systemic leaves of N. benthamiana plants at 7, 14, and 21 dpi, respectively. (C) GUS histochemical staining of the inoculated leaves of N. benthamiana at 5 dpi. (D) GUS enzyme activity analysis of inoculated leaves infiltrated by different TIR constructs at 5 dpi. EV: empty vector, TIR: target-inverted-repeat, S1-TIR to S5-TIR represent the respective TIR constructs. Mock: 0.01 M phosphate buffer inoculation as control. The error bars indicate SD calculated from three biological replications.


Next, whether pSMV-GUS infection can be restricted in N. benthamiana leaves by the five TIR constructs was investigated. A. tumefaciens containing individual different TIR constructs were mixed with the A. tumefaciens-contained pSMV-GUS in an equal proportion, respectively. The mixture was further infiltrated into N. benthamiana leaves through the injection method. As shown in Table 2, the relative content of pSMV-GUS nucleic acids was measured at 3dpi and 5dpi, respectively, using qRT-PCR. The amount of virus accumulation was ∼4.0%–4.8%, ∼6.0%–8.1%, ∼5.3%–6.9%, ∼4.6%–5.5%, and ∼4.5%–5.1% in N. benthamiana leaves for S1-TIR, S2-TIR, S3-TIR, S4-TIR, and S5-TIR constructs, respectively, compared to vector control-infiltrated leaves (Table 2, right side). The five TIR constructs performed similarly on the inhibition level of pSMV-GUS multiplication at 3 dpi, while the S1-TIR was superior to S2-TIR and S3-TIR and similar to S4-TIR and S5-TIR at 5dpi (Table 2, right side). Moreover, the GUS histochemical staining for all different inoculated leaves was observed at 5dpi (Figure 1C). As expected, the leaves coinfiltrated with vector control and pSMV-GUS displayed significantly higher GUS accumulation than the leaves coinfiltrated with each TIR construct and pSMV-GUS (Figure 1C), which indicated less virus accumulation in the five TIR constructs- expressed leaves. Meanwhile, the GUS enzyme activity test was in accordance with the observed histochemical analysis (Figure 1D). According to the above results, the efficacy of five TIR constructs on inhibiting virus multiplication was successfully validated based on transient N. benthamiana–pSMV-GUS pathosystem. From the above, the results of two transient N. benthamiana–SWCI-4278-1/pSMV-GUS assays both indicated that the CTF-S1 and CTF-S5 are more effective targets for N. benthamiana-induced gene silencing than the others, while between the two CTFs, CTF-S1 should be more potential because of its higher sequence conservation (Figure 1 and Tables 1–3). Thus, the S1-TIR will be transformed into SMV-susceptible soybean, and the resistance of transgenic soybeans to SMV strains will be further evaluated.



Generation of S1-TIR Transgenic Soybeans and Detached Leaf-Assay for Identifying Soybean Mosaic Virus Resistant T1-Plants

Before S1-TIR genetic transformation of soybean, the off-target searching of S1 sequences in soybean Williams 82 transcript database was conducted by siRNA-Finder software and no targets were found. The soybean genetic transformation assay obtained twelve independent T0 plants, which were transferred to the greenhouse, where one plant died and eleven survived. The S1-TIR insertion, bar protein existence, and siRNA production were analyzed for the randomly selected six transgenic T0 plants, and the results confirmed that the positive S1-TIR transgenic soybean plants were obtained (Supplementary Figure 2). All eleven transgenic T0 plants were self-fertilized to generate T1 generation.

In order to screen out positive SMV-resistant individual plants from T1 generation and to avoid the potential effect of virus inoculation on transgenic plant growth and reproduction, one plant for two purposes (or dual functions) were adopted, i.e., SMV-resistance testing based on detached leaf-assay and the positive stock plants for generation extension and seed reproduction. The resistance-testing results of the randomly selected twenty-four T1 plants are graphically displayed in Figure 2. The virus content of half of a detached-unifoliate leaf inoculated with SMV SC18 sap was detected using ELISA at 7 dpi (Figure 2B, down side), and the other half of the detached-unifoliate leaf was used for S1-TIR construct insertion detection (Figure 2B, upper side). The results showed that the virus content is different among each detached-unifoliate leaf (Figure 2B). All T1 individual plants were tested based on the detached leaf-assay, and the positive rate and resistance rate of each transgenic line were counted (Table 4). In the T1 transgenic soybean plants, the positive rate was between 61.8 and 77.1%, and the resistance rate was between 28.3 and 60.5% (Table 4). The positive rate varied slightly while the resistance rate varied greatly. The results indicated that the differences in the proportion of resistant individual plants among different transgenic lines.
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FIGURE 2. Evaluation of SMV accumulation in detached-leaves of T1 progeny of transformed soybean. (A) SMV inoculation and maintenance of the detached-leaf. (B) The genome PCR (upper side) and ELISA (down side) assay of the un-inoculated half of the unifoliate leaf at 7 dpi. The band size of S1 fragment and Tubulin gene are 492 and 557 bp, respectively. NT: non-transgenic soybean; 1 to 24 are the individual transgenic T1-plants.



TABLE 4. Transgene-positive and resistant ratios in T1 generation from in vitro leaf-assay.
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Moreover, the higher ratio was found in four transgenic lines (L6, L7, L10, and L12) (Table 4). Taken together, a total of 338 T1 SMV-resistant positive plants were obtained based on the detached leaf-assay. In brief, the developed approach is useful for preliminary screening SMV-strain resistance in individual plants.



The S1-TIR Transgene Confers Robust Resistance to Multiple Soybean Mosaic Virus Strains in T3 Lines

In order to evaluate the performance of the whole plant of the transgenic progeny to multiple SMV strains, four T3 transgenic lines (L6, L7, L10, and L12) were selected and challenged with eleven SMV strains (SC1, SC2, SC3, SC4, SC6, SC10, SC13, SC16, SC17, SC18, and SC19), as control buffers and wild-type plants (susceptible soybean variety NN1138-2) were used. Figure 3 shows the responses of wild-type and transgenic plants to virus challenge. The typical symptoms of SMV include mosaic, mottling, and curling of soybean leaves, which may be different among strains. As shown in Figure 3A, the wild-type plants showed significant SMV symptoms on systemic leaves, while L6 transgenic plants showed a complete absence of symptoms for the eleven different SMV strains infection which was indistinguishable from the mock-inoculated controls at 28dpi (Supplementary Table 4). Similar results were also obtained for transgenic soybean plants L7, L10, and L12 after virus inoculation, confirming that SMV resistance can be seen in all four independent lines (Supplementary Table 4). Furthermore, the extracts of systemic leaves from individual plants were assayed by ELISA. As shown in Figure 3B, the SMV coat protein was undetectable in all transgenic plants inoculated with eleven SMV strains, confirming virus resistance.
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FIGURE 3. Responses of the non-transgenic and T3 transgenic soybean plants to SMV inoculation. (A) The photographs of the systemic leaves of SMV-inoculated non-transgenic and T3 transgenic plants were taken at 28 dpi. Wild Type = receptor soybean variety NN1138-2; Transgenic plants are those of Line L-6; Mock: non-inoculated plants as controls. SC1, SC2, SC3, SC4, SC6, SC10, SC13, SC16, SC17, SC18, and SC19: different SMV strains. (B) ELISA detection of SMV coat protein in the systemic leaves of SMV-inoculated non-transgenic (WT = NN1138-2) and four transgenic lines (L-6, L-7, L-10, and L-12) at 28 dpi. Mix: a mixed inoculum of the above eleven SMV strains. The error bars indicate standard deviations with N = 20.


Moreover, since the naturally mixed infection of SMV strains on soybean plants may occur in the field, T3 transgenic soybean plants were also tested with a mixed inoculum of eleven SMV strains (Figure 3B). No viral symptoms were detected on these four transgenic lines upon infectivity assay which were confirmed further by ELISA analysis (Figure 3B). Thus, the S1-TIR transgene conferred resistance to mixed infection of the eleven SMV strains in transgenic soybeans. Besides, the similarity analysis of S1 among a wide range of SMV sequences showed that the identity ranged from 82.3 to 99.8% within SMV isolates from China, from 92.0 to 95.7% in Korea, from 92.0 to 97.8% with those from the United States, from 92.6 to 94.6% with those from Canada, from 93.5 to 97.6% with those from Iran, and from 82.8 to 95% with those from United Kingdom (Supplementary Table 5). It is especially important that the identity ranges from 91.8 to 99.8% in those SMV isolates collected from Glycine hosts, except several isolates collected from some atypical SMV hosts (Supplementary Table 5).

In brief, the CTF-S1 obtained from SMV genome was demonstrated to be an efficient target of HIGS and did drive the development of BSR to SMV in soybean, so as to have a great potential in the breeding of novel soybean varieties with comprehensive resistance to various SMV strains or isolates and can benefit the field control of the virus.




DISCUSSION


Identification of Conserved Target Fragment in Soybean Mosaic Virus Genome Is the Key for the Success of Host-Induced Gene Silencing-Mediated Broad-Spectrum Resistance

In this study, five CTFs for HIGS in SMV genome were identified based on the 30 SMV genome sequences, covering different source countries, with sequence conservation rate of 92%, 84%, 83%, 83%, and 86% for genome sequences from S1 to S5, respectively. The results of transient N. benthamiana-SMV assays implied that the higher is the sequence conservation, the better is the working of HIGS. The higher sequence conservation of the CTF means it is more common among SMV genome sequences, and its TIR may recognize more extensive SMV strains and mediated BSR to SMV infection. Indeed, the CTF-S1 not only showed very high nucleotide acid sequence identity (91.8 to 99.8%) with the complete genome sequences of about 50 strains/isolates isolated from cultivated and wild soybeans, but it also showed from 82.3 to 96.5% nucleotide acid sequence identity with the complete genome sequences of several SMV isolates collected from some atypical SMV hosts. It implies that S1-TIR might be of more potential in inducing BSR to more SMV strains or isolates with more effectiveness in the host and atypical hosts. That means the CTF-S1 is a highly conservative segment among SMV genomes and S1-TIR might be potential in developing BSR to SMV.

On the other hand, the sequence conservation of a CTF may be related to its length and number of sequence pieces. The previous results showed that TIR constructs with different lengths of hairpin viral target sequence have been successfully used in various plant species (Das and Sherif, 2020). Both short (∼50 bp) and long (up to 2.5 Kbp) length of the stem in the hairpin structure were used (Lee et al., 2017). Integrating multiple small fragments with sequence conservation 100% as the CTF of HIGS might be a novel option for interference with more SMV strains, while it needs to be verified by experiments. In addition, the range of G/C content of our five CTFs was ∼39%–45%, meeting the criterion of 30%–52% G/C content (Fakhr et al., 2016). The highly G-rich sequences in the selection of siRNAs sequences should be avoided because they tend to form G-quartet structures. It explains why our five CTFs were all effective in using HIGS to induce the resistance to SMV, especially the BSR to SMV of CTF-S1.



Nicotiana benthamiana –SWCI-4278-1/pSMV-GUS Pathosystems Form the Key for Rapid and Efficient Identification of Best Target-Inverted-Repeat Constructs

Several approaches for transiently identifying gene function in soybean and N. benthamiana have been reported in recent studies (Willman, 2015; Jiang et al., 2017, 2019; Wu and Hanzawa, 2018). For instance, a method of infiltrating soybean leaves with Agrobacterium was developed for transiently expressing DNA of interest, while the inadequacy of replicated experiments and the number of infectious tissues might have limited their practical implications (Willman, 2015). Wu and Hanzawa (2018) established a method for the isolation of soybean protoplasts and its application to transient gene expression studies, but this approach needs optimizing the conditions since many factors that affect protoplast yields and transformation rates were involved. Additionally, two pathosystems for studying soybean–virus interactions were developed, i.e., ARISHR-SMV (Agrobacterium rhizogenes-induced soybean hairy roots versus SMV) and N. benthamiana–SWCI-4278-1 pathosystems (Jiang et al., 2017, 2019). The former was demonstrated effective for at least nine SMV strains, while the latter takes less time for the functional analysis of unidentified genes since the transient expression in N. benthamiana leaves was rapid and reliable (Norkunas et al., 2018), and the leaves inoculated with the virus using mechanical friction were simple and convenient. In the present study, the virus accumulation was significantly inhibited in the leaves of N. benthamiana transiently expressed by five TIR constructs, and the inhibition effect of S1-TIR and S5-TIR were superior to others while S2-TIR showed the weakest inhibition ability. The effect comparison of different S1-TIR to S5-TIR constructs in virus inhibition using N. benthamiana–SWCI-4278-1 pathosystem confirmed that this approach is useful for identifying the best TIR construct.

Moreover, N. benthamiana plants can be systemically infected by a recombinant SMV infectious clone, i.e., pSMV-GUS; one possible reason is that extra 409 bp sequences of 5’ terminal region in SMV genome of pSMV-GUS is highly similar to that of Bean common mosaic virus, which also supported that the 5’-UTR and P1 region of the Potyvirus play important roles in the interaction between viruses and host (Zhang et al., 2015). Thus, the novel transient N. benthamiana–pSMV-GUS pathosystem can be also used for identifying the efficient target of HIGS. In comparison to SWCI-4278-1 as inoculum, the leaves agro-infiltrated with five TIR constructs accumulated less virus when using pSMV-GUS as inoculum, which is probably due to the fact that the viral replication level and/or the ability of HC-Pro suppressing posttranscriptional gene silencing were different between SWCI-4278-1 and pSMV-GUS. In brief, the transient N. benthamiana–SWCI-4278-1 and N. benthamiana–pSMV-GUS assays take only several days for optimizing the best TIR construct assembled from viral CTFs and the procedure was rapid and reliable. In contrast, if the effect verification of these TIR constructs to SMV was conducted by stable soybean genetic transformation, it will take a lot of time and workload. Thus, the advantage of saving time and effort will become more obvious when testing multiple TIR constructs using N. benthamiana–SMV pathosystem compared to the developing and testing of transgenic soybean plants. However, the reason that N. benthamiana can be infected by modified SMV (SWCI-4278-1 and pSMV-GUS) needs to be further explored.



Dual-Utilization of Transgenic T1 Plants Is the Key for Goal-Directed Obtaining of Transgenic Resistant Individuals and Their Progenies

The detached leaf-assay has been used for evaluating the plant resistance to different pathogens (Aregbesola et al., 2020; Sun et al., 2020). In this study, for avoiding the influence of the inoculated SMV damaging to plant growth and reproduction, and the potential risk of passing the inoculated SMV to the next generation transgenic plants and for saving the workload of the transgenic seed reproduction, the detached leaf-assay was used for identifying SMV-resistant positive transgenic plants with the corresponding resistant stock plants used for seed reproduction. This dual utilization method of transgenic T1-plants is efficient and effective. This procedure may be used for rapidly screening transformed soybean materials at an early stage, which was used for filtering out the false positive plants and SMV-susceptible transgenic plants. Without this dual-utilization of T1-plants, many more transgenic plants have to be obtained and used in identifying their resistance. Of course, this procedure may have some issues out of expectation in SMV-resistance identification of non-transgenic soybean germplasm resources, such as the movement of the virus to the system leaves may be blocked in some soybean varieties, where even the inoculated-leaves can be infected by SMV (Wu and Cheng, 2020; Kumar and Dasgupta, 2021). In this case, the results of SMV resistance from the detached-leaves might appear false negative. In addition, In the T1 transgenic soybean plants, the positive rate varied slightly while the resistance rate varied greatly, which might be due to the insertion site or the expression level differences of S1-TIR among individuals. Anyway, the detached leaf-assay is still a rapid method to identify SMV resistance in soybean.



The Integrated Host-Induced Gene Silencing Strategy Leads to Realizing the Broad-Spectrum Resistance to Soybean Mosaic Virus and Providing Novel Sources for Breeding Programs

Host-induced gene silencing has emerged as a powerful genetic tool in the fundamental research for the assessment of gene function and in applied research for plant protection and agronomic traits improvement, especially for viral control. In previous studies, most TIR-transgenic soybeans were susceptible to SMV inoculation; only a few plants exhibited SMV resistance in T1 generation (Kim et al., 2013). Similarly, Gao et al. (2015a) also reported that the TIR-transgenic soybean plants with resistance to a certain SMV strain was improved using partial SMV-HC-Pro sequences as the target for HIGS. Different from the previous studies, the present study revealed that all the four transgenic soybean lines that expressed the S1-TIR construct optimized via transient N. benthamiana assays were immune to all the inoculated 11 SMV strains. It implies that S1-TIR-induced resistance is really broad, strong, and stable. In short, the obtained 11 transgenic lines are of important value to be used in breeding programs coping with the SMV damage.

Recently, the clustered regulatory interspaced short palindromic repeats and associated protein system (CRISPR/Cas) were developed for editing specific-target genome sequences. Thereinto, it has been applied to different plants for resistance to virus infection, including cassava (Mehta et al., 2019), potato (Zhan et al., 2019), N. benthamiana (Aman et al., 2018), and so on. Some of them were able to successfully confer resistance to the target virus and others not. Moreover, a few research revealed that the CRISPR method with the potential to speed up virus evolution should be carefully assessed as they pose significant biosafety risks (Mehta et al., 2019). In contrast, HIGS-mediated resistance to the virus may be more efficient and environmentally safer (Ali et al., 2020; Das and Sherif, 2020). It seems to be a smart approach with a greater potential for developing the SMV-BSR transgenic soybeans because the action mechanism of HIGS enables it to target multiple SMV strains simultaneously, especially for adopting the CTF as the target of HIGS.




CONCLUSION

In summary, CTF-S1 as the target of HIGS was successful in developing BSR to SMV for soybean. In the integrated HIGS approach, high CTF conservation-rate, transient high-efficient verification of TIR via N. benthamiana–SWCI-4278-1 and N. benthamiana–pSMV-GUS pathosystems, and dual utilization of transgenic T1-plants are the key links in realizing BSR to SMV in soybean. In addition, the obtained transgenic S1-TIR-lines are novel potential sources for BSR to SMV in breeding for SMV-resistance.
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Supplementary Figure 1 | The choice of SMV conserved fragments and verification of TIR constructs expression. (A) S1 – S5 distributed non-uniformly at different positions within SMV genome. S1: 2595 – 3056 nt, S2: 5601 – 6013 nt, S3: 6930 – 7426 nt, S4: 8261 – 8582 nt, and S5: 8919 – 9274 nt. (B) Expression of TIR constructs was verified in N. benthamiana leaves through transiently assay by Northern blot with different DIG-labeled RNA probes, respectively. EV: empty vector, S1-TIR to S5-TIR represent the TIR constructs.

Supplementary Figure 2 | Identification of the positive transgenic soybean plants. (A) Genome DNA PCR amplification of the 492 bp S1 and 399 bp bar gene in transformed soybean. -: ddH2O as a template; NT: non-transgenic soybean; +: vector control; L1, L3, L4, L5, L6, and L9 were T0 transgenic soybean lines. (B) LibertyLink® strip detection. The first strip is the control line, and the second strip is the test line. (C) Northern blot analysis of siRNA isolated from T0 transgenic soybean lines (L1, L3, L4, L5, L6, and L9) detected by DIG-labeled S1 probe.
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Breeding of stress-tolerant plants is able to improve crop yield under stress conditions, whereas CRISPR/Cas9 genome editing has been shown to be an efficient way for molecular breeding to improve agronomic traits including stress tolerance in crops. However, genes can be targeted for genome editing to enhance crop abiotic stress tolerance remained largely unidentified. We have previously identified abscisic acid (ABA)-induced transcription repressors (AITRs) as a novel family of transcription factors that are involved in the regulation of ABA signaling, and we found that knockout of the entire family of AITR genes in Arabidopsis enhanced drought and salinity tolerance without fitness costs. Considering that AITRs are conserved in angiosperms, AITRs in crops may be targeted for genome editing to improve abiotic stress tolerance. We report here that mutation of GmAITR genes by CRISPR/Cas9 genome editing leads to enhanced salinity tolerance in soybean. By using quantitative RT-PCR analysis, we found that the expression levels of GmAITRs were increased in response to ABA and salt treatments. Transfection assays in soybean protoplasts show that GmAITRs are nucleus proteins, and have transcriptional repression activities. By using CRISPR/Cas9 to target the six GmAITRs simultaneously, we successfully generated Cas9-free gmaitr36 double and gmaitr23456 quintuple mutants. We found that ABA sensitivity in these mutants was increased. Consistent with this, ABA responses of some ABA signaling key regulator genes in the gmaitr mutants were altered. In both seed germination and seedling growth assays, the gmaitr mutants showed enhanced salt tolerance. Most importantly, enhanced salinity tolerance in the mutant plants was also observed in the field experiments. These results suggest that mutation of GmAITR genes by CRISPR/Cas9 is an efficient way to improve salinity tolerance in soybean.
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INTRODUCTION

As the fourth major crop and a nitrogen-fixing plant, soybean (Glycine max) is one of the most important protein- and oil-rich seed crops worldwide (Zhang et al., 2015; Vanlliyodan et al., 2017), and it plays an important role in maintaining the cycling of nitrogen in ecosystems (Deshmukh et al., 2014). However, similar to other crops, growth and yield of soybean is largely affected by abiotic stresses including drought, salinity and extreme temperatures. As an example, drought alone can cause up to 40% yield loss of soybean globally (Wang et al., 2003; Fujita et al., 2006; Manavalan et al., 2009; Ray et al., 2013). In addition, drought and salinity are common in many different regions, and long-term drought caused by accelerated climate changes and global warming usually led to salinity. As a result, more than 50% of all arable lands on the earth may get seriously salinized by the year 2050, a dramatically increase from a currently ∼20% (Wang et al., 2003). Considering that the world population is continuing increasing and an estimated increase of 70% in crop yield is needed to feed the population by the year 2050 (Ray et al., 2013; Vanlliyodan et al., 2017), crop breeding to enhance abiotic stress tolerance is a critical way to improve crop yield. However, traditional breeding to improve abiotic stress tolerance may take years to decades (Manavalan et al., 2009).

Molecular breeding is able to shorten the time required for crop breeding, and the outcomes are usually more predictable compared to traditional breeding (Xu et al., 2012). The application of new developed techniques such as CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 (CRISPR -associated protein 9) genome editing in molecular breeding may further shorten the time required for crop breeding (Chen et al., 2019; Matres et al., 2021), as CRISPR/Cas9 genome editing not only enables to generate predictable mutations, but also enables to isolate transgene-free mutants from the edited transgenic plants (Ma et al., 2015; Gao et al., 2016; Lu et al., 2017; He et al., 2018; Chen et al., 2019). Since its successful application in plants (Li et al., 2013; Nekrasov et al., 2013; Shan et al., 2013), CRISPR/Cas9 genome editing has been used to improve agronomic traits in crops such as rice, tomato and wheat by editing specific target genes (Shimatani et al., 2017; He et al., 2018; Zsögön et al., 2018; Chen et al., 2019). However, identification of appropriate target genes that can be used to improve abiotic stress tolerance in crops by CRISPR/Cas9 genome editing is a challenge.

It is well known that ABA (abscisic acid) is a key stress hormone, through the PYR1/PYL/RCAR (Pyrabactin resistance 1/PYR1-like/Regulatory component of ABA receptor) receptors, the A-group PP2Cs (PROTEIN PHOSPHATASE 2C) phosphatases, the SnRKs [NON-FERMENTING 1 (SNF1)-RELATED PROTEIN KINASES] kinases, and the ABF/AREB/ABI5-type bZIP (basic region leucine zipper) transcription factors, ABA regulates the expression of ABA responsive genes and thereby plant responses to abiotic stresses such drought, salinity, cold, and heat (Rodriguez et al., 1998; Gosti et al., 1999; Fujii et al., 2007; Fujii and Zhu, 2009; Umezawa et al., 2010; Guo et al., 2011; Rushton et al., 2012; Yoshida et al., 2014; Dong et al., 2015; Tian et al., 2017). As a result, expression level changes of the ABA signaling regulator genes usually led to changes in plant tolerance to abiotic stresses, but in most of the cases, enhanced abiotic stress tolerance was observed in plants overexpressing the regulator genes, whereas loss-of-function of the regulator genes led to reduced abiotic stress tolerance in plants (Fujita et al., 2009; Park et al., 2015; Yoshida et al., 2015; Zhao et al., 2016). Therefore, it is unlikely for the ABA signaling key regulator genes to be served as target for CRISPR/Cas9 genome editing to improve abiotic stress tolerance in crops.

We have previously identified AITRs (ABA-induced transcription repressors) as a novel family of transcription factors that function as feedback regulators of ABA signaling, and loss-of-function of AITR genes led to reduced ABA sensitivity in Arabidopsis (Tian et al., 2017). Consistent with the functions of AITRs in regulating ABA signaling, expression level changes of the AITR genes in Arabidopsis also led to changes in plant tolerance to abiotic stresses (Tian et al., 2017; Chen et al., 2021). However, different from most of the ABA signaling key regulator genes, loss-of-function of AITR genes resulted in enhanced tolerance to abiotic stresses including drought and salinity, whereas overexpression of AITR5 led to reduced tolerance to salt stress in Arabidopsis (Song et al., 2016; Tian et al., 2017; Chen et al., 2021). Most importantly, knock-out-of all the six AITR genes in Arabidopsis led to enhanced tolerance to drought and salinity without fitness cost (Chen et al., 2021). AITRs are conserved in angiosperms, and our preliminary studies have shown that AITRs from soybean, tomato, rice and cotton shared similar features of the Arabidopsis AITRs, i.e., they are all function as transcription repressors as examined in transfected Arabidopsis protoplasts, and their expression was induced by ABA treatment (Tian et al., 2017; Wang et al., 2021). In addition, expression of a cotton AITR gene recovered the abiotic stress tolerance phenotypes observed in the Arabidopsis aitr2 mutant (Wang et al., 2021), indicating that crop AITRs may have similar functions as Arabidopsis AITRs. These results suggest that AITRs may serve as CRISPR/Cas9 genome editing targets to improve abiotic stress tolerance in crops.

We report here the characterization of soybean AITRs (GmAITRs). We found that expression of GmAITRs is induced by both ABA and salt, and GmAITRs function as transcription repressors in transfected soybean protoplasts. We generated transgene-free gmaitr mutants by using CRISPR/Cas9 genome editing to target GmAITR genes, and found that the gmaitr mutants showed enhanced tolerance to salt in both laboratory and field assessments.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Williams 82 (Wm82) wild type soybean (Glycine max) was used for plant transformation, protoplasts isolation and as control for the experiments. The transgene-free gmaitr36 double and gmaitr23456 quintuple mutants were generated by using CRISPR/Cas9 gene editing in the Wm82 wild type background.

For generation assays, ABA and salt tolerance assays, and gene expression in response to ABA and salt, seeds of the Wm82 wild type and the gmaitr mutants were generated on the surface of two layers of wet filter papers in Petri plates or in plastic growth bags (PhytoTC, Beijing) (Li et al., 2019), and grown in a growth room. For gene expression pattern assays and protoplast isolation, seeds were germinated in soil pots and grown in a growth room. For gene expression in response to ABA and salt, or ABA signaling key regulator gene expression, seeds were germinated and grown hydroponically in distilled water. The conditions at the growth room were set at 25°C, with 16 h light/8 h dark light cycle with light density at ∼600 μmol m–2 s–1, and a 60% relative humidity.

For field production analysis, seeds of the Wm82 wild type and the gmaitr mutants were sow and grown in three experimental fields in Jilin province, including two fields with normal soil and one saline-alkali soil field, i.e., normal soil field 1 (E124°48′, N43°30′), normal soil field 2 (E125°05′, N43°44′), and the saline-alkali soil field (E122°45′, N45°20′), in the year 2020. The saline-alkali soil field is a typical saline-alkali land with pH 8.1–9.8, and total soluble salt 0.1–0.7%.



Sequence Alignment, Conserved Motif Analysis, and Three-Dimensional Protein Structure Prediction of GmAITRs

The full-length amino acid sequences of the six GmAITRs identified previously (Tian et al., 2017), were subjected to amino acid sequence alignment by using BioEdit with default settings, to motif analysis by using MEME1 with default settings (Bailey et al., 2009), The GmAITR sequences in the Wm82 wild type and the gmaitr mutants were used for three-dimensional protein structures prediction by using Alphafold v2.02 with default settings (Jumper et al., 2021). The protein structural alignment and root mean square deviation (RMSD) values were analyzed by PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.). The protein structure of GmAITR2 was drawn by BIOVIA Discovery Studio Visualizer 2020.3



Phylogenetic Analysis

The full-length amino acid sequences of GmAITRs, or GmAITRs and AITRs from Arabidopsis, Medicago, and rice were used for alignment on MAFFT4 (Katoh and Standley, 2013). Phylogenetic tree was generated based on the sequence alignment result, by using MEGA7 (Kumar et al., 2016). The cross-species analysis of AITRs was performed by using the Neighbor-Joining method based on the Poisson correction substitution model. All ambiguous positions were removed for each sequence pair. The sequences used in phylogenetic analysis have been listed by Tian et al. (2017).



Abscisic Acid and NaCl Treatment

To examine the expression of GmAITRs in response to ABA and NaCl, healthy and uniform-sized seeds of the Wm82 wild type were selected and grown hydroponically in distilled water for 14 days. The seedlings were then transferred to 100 μM ABA, 200 mM NaCl or distilled water as a control, and treated for 6 h. Roots and leaves were dissected from the seedlings immediately after the treatments, frozen in liquid nitrogen and stored in −80°C for RNA extraction.

To examine ABA response of the ABA signaling key regulator genes, seeds of the Wm82 wild type and the gmaitr mutants grown in the plastic bags with distilled water for 14 days, then transferred to 100 μM ABA and distilled water as a control, and treated for 6 h. After the treatments, roots were collected and frozen in liquid nitrogen and stored in -80°C for RNA extraction.



RNA Isolation, cDNA Synthesis and qRT-PCR

For ABA response of GmAITR genes and ABA signaling key regulator genes, the above mentioned samples collected were used for RNA isolation. For tissue expression analysis, roots, stems and leaves were collected from 28-day-old soil pot-grown Wm82 wild type plants when the trifoliate leaf fully opened, frozen in liquid nitrogen and stored in -80°C for RNA extraction.

Total RNA was isolated from the samples collected by using an OminiPlant RNA kit (CWBIO) according to the manufacturer’s instructions. During the isolation, RNA was treated with RNase-Free DNase (CWBIO) to avoid the contamination of DNA. After the DNase treatment, 1 or 2 μg total RNA was used to synthesize cDNA by oligo(dT)20-primed reverse transcription using the EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech). The synthesized cDNA was used as the template for gene expression analysis. For qRT-PCR, each sample was amplified in three parallel reactions as technical replicates, and the GmEF-1α (Glyma.17G186600) was amplified as a reference gene. The primers used for genes GmPYL9, GmPYL10, GmPYL12, and GmPP2C1 have been described previously (Bai et al., 2013), and the primers used for expression analysis of other genes are listed in Supplementary Table 1.



Constructs

The reporter construct LexA-Gal4:GUS, and the effector constructs GD, GD-GmAITRs, GFP-GmAITRs, and LD-VP have been described previously (Tiwari et al., 2004; Wang et al., 2005; Tian et al., 2017).

To generate CRISPR/Cas9 constructs for GmAITRs gene editing, the potential target sequences within the exons of GmAITRs were selected by using targetDesign on CRISPR-GE.5 Target specificity was then evaluated by using offTarget on CRISPR-GE. A total of six target sequences were selected. Due to the high CDS sequence similarity (>85%) between GmAITR gene pairs, i.e., GmAITR1 and GmAITR4, GmAITR2 and GmAITR5, and GmAITR3 and GmAITR6, each of the six target sequences was able to target one pair of genes. The six targets were divided into two groups with each group contains three target sequences that can target all the six genes. The target sequences were inserted into the pYL-CRISPR/Cas9Pubi-B vector to generate CRISPR/Cas9 genome editing constructs using the method described previously (Ma et al., 2015). The target sequences in construct one are 5′-GGATGCACCGGGTACATACC(TGG)-3′ targets GmAITR2 and GmAITR5, 5′-GGAGGGGTTTGGGGGCGATA(GGG)-3′ targets GmAITR1 and GmAITR4, and 5′-GCGTGACAGGCACG TGCATG(GGG)-3′ targets GmAITR3 and GmAITR6. The target sequences in construct two are 5′-GTGGTGTTCGT GTGTGACGG(TGG)-3′ targets GmAITR2 and GmAITR5, 5′-G AGGTTTCACGTGCAGGGTG(AGG)-3′ targets GmAITR1 and GmAITR4, and 5′-GTGAAAGCTGCGCTCAGTTT (GGG)-3′ targets GmAITR3 and GmAITR6. The primers used for making the constructs are listed in Supplementary Table 2.



Plant Transformation, Transgenic Plant Selection, and Transgene-Free Mutant Isolation

pYL-CRISPR/Cas9Pubi-B constructs for GmAITRs were transformed into the Agrobacterium tumefaciens strain of EHA105, and then used to transform soybean by using Agrobacterium-mediated cotyledonary node transformation method as previously described (Paz et al., 2004).

Transgenic plants generated were initially examined by using GMO DETECT kit (bar/pat) (Artron Laboratory Inc., Beijing) flowing the manufacturer’s instructions, and then examined by PCR amplification of Cas9 gene fragment. Gene editing status in the confirmed T1 transgenic plants was examined by amplifying and sequencing the genomic sequence of GmAITR genes. Transgene-free homozygous mutants were isolated from T2 progeny of gene edited T1 plants by PCR amplification of Cas9 gene fragment, and sequencing of GmAITR genes.



DNA Isolation and PCR

DNA was isolated from leaves of the T1 transgenic plants and T2 progeny of gene edited T1 plants by using a method described previously (Edwards et al., 1991).

To confirm the transgenic status of the T1 plants and to isolate transgene-free mutants in T2 progeny of gene edited T1 plants, DNA isolated was used as templates to amplify Cas9 gene fragment by PCR. The primers used are 5′-CGCTCAGATTGGAGATCAGT-3′, and 5′-CGAAGTT CCAAGGGGTGATA-3′.

To examine genome editing status of GmAITR genes, DNA isolated was used as templates to amply genome sequence of GmAITR genes by PCR, and the PCR products was isolated and sequenced. The sequencing results were aligned with wild type sequences of the Corresponding GmAITR gene. The primers used for PCR amplification of GmAITR genes are listed in Supplementary Table 3.



Plasmid Isolation, Protoplast Isolation, and Transient Transfection

Plasmids of the reporter and effector constructs were extracted using a GoldHi EndoFree Plasmid Maxi Kit (CWBIO) according to the manufacturer’s instructions. Protoplasts were isolated and transfected by following a procedure previously described (Xiong et al., 2019). Briefly, protoplasts were isolated from trifoliate leaves of 2-week-old soil pot-grown Wm82 wild-type plants, plasmids were transfected or co-transfected into the protoplasts isolated, and transfected protoplasts were incubated under darkness at room temperature. For subcellular localization assays, the transfected protoplasts were incubated for 16–18 h, and then GFP fluorescence was examined under an Olympus BX61 fluorescence microscope. For transcription activity assays, the transfected protoplasts were incubated for 22–24 h, and then GUS activities were measured by using a SynergyTM HT fluorescence microplate reader (BioTEK).



Seed Germination Assays

Healthy and uniform-sized seeds of the Wm82 wild type and the gmaitr mutant plants were placed in Petri plates on the surface of two layers of filter papers soaked with 100 μM ABA 200 mM NaCl, or distilled water as a control. The plates were kept in a growth room, and germinated seeds were count at indicated time points. Each plate contains ten seeds and seeds with radicles longer than 0.5 cm were calculated as germinated seeds at the eleven time points (Kan et al., 2015).



Seedling Growth Assays

Healthy and uniform-sized seeds of the Wm82 wild type and the gmaitr mutant plants were germinated and grown with distilled water in plastic growth bags (PhytoTC, Beijing) (Li et al., 2019) for 3 days, and then initiated the salt treatment by adding the 200 mM NaCl solution or fresh distilled water as a control. Two parallel bags were used for each treatment, and two plants for each genotype were included in one bag, and different genotypes in different growth bags were placed in different order to minimize the position effects. After grown in a growth room for 2 weeks, seedlings were taken out from the growth bags for measurement of the shoot and root length.



Field Production Assays

For the agronomic traits comparison, seeds of the Wm82 wild type and the gmaitr mutant plants were sown in the experimental fields in plots by genotypes. Each plot in the two normal soil fields includes four rows, and each plot in the saline-alkali field includes three rows. The plot length was 2 m, the space between rows was 0.5 m, and the space between plants in the rows was 10 cm. The seeds were sown in May and the plants were harvested in October in the year 2020.



Statistical Analysis

A statistical analysis of the phenotypic data and expression levels was performed using two-tailed Student’s t-test in Excel (∗P < 0.05, ∗∗P < 0.01).



RESULTS


Abscisic Acid Induced Transcription Repressors in Soybean

We have previously identified that there are six genes in soybean encoding AITRs, a number identical to that in Arabidopsis (Tian et al., 2017). Similar to the Arabidopsis AITR genes (Tian et al., 2017), all the 6 GmAITRs are genes with a single exon (Figure 1A). Phylogenetic analysis shows that GmAITR2 is closely related to GmAITR5, whereas GmAITR1 is closely related to GmAITR4, and together, these four GmAITRs formed one clade. On the other hand, GmAITR3 is closely related to GmAITR6, and they formed another clade (Figure 1A). Expanded phylogenetic analysis with AITRs from the dicot plant Arabidopsis, soybean and Medicago and the monocot plant rice (Oryza sativa) shows that the two OsAITRs formed a distinct clade, whereas two other clades were formed by AITRs from the three dicot plants, and both of the clades contain AITRs from all the three dicot plants (Supplementary Figure 1).
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FIGURE 1. Abscisic acid (ABA) induced transcription repressors (AITRs) in Soybean. (A) Phylogenetic relationship and gene structures of GmAITRs. Coding sequence (CDS) and untranslated region (UTR) sequences were indicated in black and gray boxes, respectively, and the lengths were drawn to scale. The phylogenetic analysis was performed by using MEGA 7.0. (B) Amino acid sequence alignment of GmAITRs. Full-length amino acid sequences of GmAITRs were obtained from phytozome (https://phytozome-next.jgi.doe.gov/), and used for alignment on BioEdit. Identical and similar amino acids are shaded in black and gray, respectively. Conserved motifs are predicted by MEME analysis (http://meme-suite.org), and indicated by underlines in different colors. Red box indicates the LxLxL transcriptional repression motif. (C) Three-dimensional structure of GmAITR2 predicted by AlphaFold v2.0 (https://www.alphafold.ebi.ac.uk/). The LxLxL repression motif was highlighted in scaled-atom form and the atom charge was added as the surface of the protein.


Sequence alignment shows that GmAITRs shared high amino acid identity and similarity, and contain a conserved LxLxL motif at their C-terminal (Figure 1B). Protein domain assays indicates that these three conserved domains in all the GmAITRs, one at the N-terminal, one in the middle region and the third is the LxLxL motif containing domain at the C-terminal (Figure 1B and Supplementary Figure 2). In addition, GmAITRs are hydrophilic6 and non-transmembrane proteins7, and protein structure prediction with AlphaFold v2.0 (Jumper et al., 2021) indicate that all the GmAITRs have similar three-dimensional structures (Figure 1C and Supplementary Figure 3). These results suggest that GmAITRs may have similar functions.



Expression of GmAITRs Is Induced by Abscisic Acid and Salt, and GmAITRs Function as Transcription Repressors

To examine the functions of GmAITRs in ABA signaling and abiotic stress tolerance, we first examined the expression pattern of GmAITR genes. We found that GmAITR genes showed diverse expression patterns in the tissues and organs examined. In general, relative higher expression levels for all the 6 GmAITR genes were observed in stems, and all but GmAITR2 also have relative higher expression levels in leaves (Figure 2A). However, difference in expression levels in different tissues and organs were observed for different GmAITR genes, for example, the highest expression level of GmAITR1 was observed in stems, but it was only about 2.5-fold of that in root, whereas that of GmAITR4 in leaves was nearly 50-fold of that in root (Figure 2A).
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FIGURE 2. Expression of GmAITRs in different tissues and organs, and in response to ABA and salt treatments. (A) Expression of GmAITRs in different tissues and organs. Roots, stems and leaves were collected from 28-day-old soil-grown plants with the trifoliate leaf fully opened, total RNA was isolated and qRT-PCR was used to examine the expression of GmAITRs. The expression of GmEF-1α was used as an inner control. The expression levels of GmAITRs in roots were set as 1. Data represent the mean ± SD of three replicates. (B) Expression of GmAITRs in response to ABA and salt treatments in roots (up panel) and leaves (low panel). Fourteen-day-old seedlings grown in plastic growth bags were exposed to distilled water, 100 μM ABA or 200 mM NaCl for 6 h, then the roots and leaves were dissected, total RNA were isolated and qRT-PCR was used to examine the expression of GmAITRs. The expression of GmEF-1α was used as an inner control. The expression levels of GmAITRs in distilled water control were set as 1. Data represent the mean ± SD of three replicates. The experiments were repeated three times with similar results. The asterisks in the figure indicate significant different from the control (*P < 0.05; **P < 0.01).


We have previously shown that the expression of GmAITR genes is induced by treating excised soybean roots with ABA (Tian et al., 2017). Having shown that GmAITRs showed different expression patterns in the tissues and organs, we then compared ABA response of GmAITR genes in roots and leaves. We found that the expression levels of all the GmAITR genes were increased in response to ABA treatment in both root and leaves, but to different levels. For instance, an ∼80- and 110-fold increase for GmAITR1 and GmAITR3, respectively in roots, and an ∼27-fold increase for GmAITR2 in leaves (Figure 2B).

We also examined the expression of GmAITRs in response to salt stress, and found that salt treatment induced the expression of different GmAITR genes at least in roots or leaves, although to a relative lower levels when compared to ABA treatment (Figure 2B).

We further examined subcellular localization and transcriptional activity of GmAITRs in soybean protoplasts. Similar to the results observed in transfected Arabidopsis protoplasts (Tian et al., 2017), GmAITRs were localized in nucleus (Figure 3A), and they repressed the expressed Gal4:GUS reporter gene when recruited to the Gal4 promoter by the fused Gal4 DNA binding domain (Figure 3B). These results suggest that GmAITRs function as transcription repressors in soybean.
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FIGURE 3. Subcellular localization and transcriptional activities of GmAITRs. (A) Subcellular localization of GmAITRs. Plasmid DNA of the 35S:GFP-GmAITRs constructs was transiently transfected into protoplasts isolated from unifoliate leaves collected from 10-day-old soybean seedlings, and transfected protoplasts were incubated at room temperature and in darkness for 16–18 h. GFP florescence was visualized and pictures were taken under a florescence microscope. Up panel, GFP channel images, middle panel, bright-field (BF) images, low panel, merged images. (B) Transcriptional activities of GmAITRs. Plasmid DNA of the GD-GmAITRs constructs were co-transfected with the effector construct LD-VP and the reporter construct LexA-Gal4:GUS into protoplasts isolated from unifoliate leaves collected from 10-day-old soybean seedlings, and the transfected protoplasts were incubated at room temperature and in darkness for 22–24 h before GUS activity was assayed. Cotransfection of GD and GD-AtOFP1 were used as negative and positive controls, respectively. Data represent the mean ± SD of three replicates. The experiments were repeated three times with similar results. **Significant different from the GD control (P < 0.01).




Generation of Genome Edited Transgene-Free Mutants for GmAITR Genes

Our previously studies have shown that AITRs are conserved in angiosperms, and AITR genes may be good targets for CRISPR/Cas9 genome editing to improve abiotic stress tolerance in crops (Tian et al., 2017; Chen et al., 2021; Wang et al., 2021). Our results described above indicate that GmAITRs and Arabidopsis AITRs shared similar features, we therefore decided to generate transgene-free mutants of GmAITR genes by using CRISPR/Cas9 genome editing, and examine their response to ABA and abiotic stresses.

Two different CRISPR/Cas9 constructs were generated by using the pYL-CRISPR/Cas9ubi-B vector (Ma et al., 2015), and each construct contains three target sequences with each is aimed to target a pair of GmAITR genes. The Wm82 wild type soybean was used for plant transformation, and gene edited status were examined in T1 plants, and transgene-free homozygous mutants were isolated from progeny of gene edited T1 plants. Editing of GmAITR3 and GmAITR6 were observed in T1 plants generated with one construct, and editing of GmAITR2-GmAITR6 were observed in T1 plants generated with another construct. Finally, transgene-free gmaitr3 gmaitr6 (gmaitr36) double and gmaitr2 gmaitr3 gmaitr4 gmaitr5 gmaitr6 (gmaitr23456) quintuple homozygous mutants were obtained from construct one and two transformed plants, respectively.

In all the mutants obtained, either a single nucleotide insertion or one to up to 60 nucleotides deletion was occurred at the target sites for the GmAITR genes (Figure 4A), resulting in changes of amino acid sequence of the corresponding GmAITR proteins. In both gmaitr36 double mutants, amino acid substitutions and premature stop occurred in GmAITR3, whereas amino acid substitutions and premature stop occurred in GmAITR6 in the gmaitr36-c1 double mutant, and immediately premature stop occurred in GmAITR6 in the gmair36-c2 double mutant, respectively (Figure 4B). In the gmaitr23456 quintuple mutants, 20 amino acids deletion occurred in GmAITR2, an amino acid substitution and premature stop occurred in GmAITR4, and amino acid substitutions and premature stop occurred in GmAITR5 (Figure 4B). However, nucleotides deletions in GmAITR3 and GmAITR6 in the gmaitr23456 quintuple mutants led to amino acid substitution and addition of extra amino acids in corresponding GmAITR proteins (Figure 4B). The positions of amino acids changes in the GmAITR proteins for the gmaitr36 double and gmaitr23456 quintuple mutants were diagrammed in Figure 4C. Moreover, protein structures of genome edited GmAITRs were predicted by AlphaFold v2.0 (Supplementary Figure 3), and obvious differences can be found in gmaitr36 double mutants for protein GmAITR3 and GmAITR6. In gmaitr23456 quintuple mutants, protein structures of GmAITR4 and GmAITR5 were severely damaged compared with wild type, while GmAITR2, GmAITR3, and GmAITR6 preserved similar structures as wild type.
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FIGURE 4. Generation of the gmaitr36 double and the gmaitr23456 quintuple mutants. (A) Editing status of GmAITR genes in the gmaitr36 double and the gmaitr23456 quintuple mutants. The mutants were generated by transforming Wm82 wild type soybean with the two CRISPR/Cas9 constructs. DNA was isolated form T1 plants and sequenced to identify gene edited mutants, transgene-free progeny of the edited T1 plants was sequenced to identify homozygous mutants. Underlines indicate the PAM sites. Open arrow heads indicate nucleotide deletions, and asterisk indicates nucleotide insertion. (B) Amino acid sequence alignments of GmAITRs in the Wm82 wild type and the gmaitr36 double and the gmaitr23456 quintuple mutant plants. Numbers above the sequences indicate the amino acid positions of corresponding GmAITRs in the Wm82 wild type plants, numbers at the end of the sequence indicate the total numbers of amino acids of the corresponding GmAITRs in the Wm82 wild type or the gmaitrs mutants, and underlines indicate the LxLxL transcriptional repression motifs in the corresponding GmAITRs. (C) Schematic diagram of the positions in GmAITRs where amino acids were altered in the gmaitr36 double and the gmaitr23456 quintuple mutants. Colored boxes indicate the conserved motifs of GmAITRs predicted by using MEME (http://meme-suite.org), black line in the gray line indicate the deletion of 20 amino acids of GmAITR2 in the gmaitr23456 quintuple mutants.




The gmaitr Mutants Are Hypersensitivity to Abscisic Acid

By using seed germination assays, we examined ABA response of the gmaitr mutants generated. Different from the results observed in the Arabidopsis aitr mutants, which showed a decreased ABA sensitivity (Tian et al., 2017; Chen et al., 2021), we found that seeds of all the gmaitr mutants were more sensitivity to ABA treatment when compared to the Wm82 wild type seeds (Figure 5A). Quantitative assays show that no difference was observed for the Wm82 wild type and the mutant seeds on control plates (plates soaked with distilled water, which is the dissolvent of ABA and salt solution), seeds of all the plants reached a maximum germinate rate, i.e., ∼100% 48 h after treatment. On the other hand, when compared to the Wm82 wild type seeds, a reduced germination rate was observed for seeds of all the mutants on the ABA treated plates (Figure 5B), indicating that ABA sensitivity in the mutants was increased. However, we found that germination rate of the gmaitr36 double mutant seeds is largely indistinguishable from that of the gmaitr23456 quintuple mutant seeds (Figure 5B).
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FIGURE 5. Seed germination of the Wm82 wild-type and the gmaitr mutants under ABA and salt treatments. (A) Germination of the Wm82 wild-type and the gmaitr mutants seeds in plates containing ABA and salt solutions. Healthy and uniform sized seeds of the Wm82 wild-type and the gmaitr mutants were incubated on two layers of filter papers in Petri dishes, treated with 100 μM ABA, 200 mM NaCl, or distilled water as a control. Ten seeds were from each genotype were used for the treatment and every treatment contains three replicates. The pictures were taken 48 h after treatment. (B) Seed germination rates the Wm82 wild-type and the gmaitr mutant seeds in plates containing ABA and salt solutions. Seeds germinated were counted at indicated time points and seed germination rates were calculated. Data represent the mean ± SD of three replicates. The experiments were repeated three times with similar results.


Our previously results indicated that AITRs in Arabidopsis function as feedback regulators in ABA signaling by inhibiting ABA responses of some ABA signaling regulators genes (Tian et al., 2017; Chen et al., 2021). Having shown that ABA response in the gmatir mutants was affected, we further examined if expression levels of the core ABA signaling regulator genes may be changed in the gmaitr mutants. We treated the gmaitr mutants and Wm82 seedlings with different concentration of ABA solution, and ABA key regulator genes were significantly induced in soybean seedlings treated with 100 μM ABA, thus 100 μM ABA was used for expression analysis. We found that the basal expression levels of some ABA signaling key regulator genes identified previously (Bai et al., 2013), including the GmPYL receptor genes GmPYL9, GmPYL10, GmPYL12, and the PP2C phosphatase gene GmPP2C1 remained largely unchanged in the gmaitr mutants (Figure 6A). However, ABA induced responses of these genes were reduced in the gmaitr mutants, even though little, if any difference was observed between the gmaitr36 double and the gmaitr23456 quintuple mutants (Figure 6B).
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FIGURE 6. ABA response of the ABA signaling key regulator genes in the Wm82 wild type and the gmaitr mutant plants. (A) Basal expression levels of ABA signaling key regulator genes in the Wm82 wild type and the gmaitr mutant plants. RNA was isolated from 14-day-old seedlings grown in plastic growth bags, total RNA was isolated and qRT-PCR was used to examine the expression of ABA signaling key regulator genes. The expression of GmEF-1α was used as an inner control. The expression levels of the corresponding genes in the Wm82 wild type were set as 1. Data represent the mean ± SD of three replicates. (B) ABA responses of the ABA signaling key regulator genes in the Wm82 wild type and the gmaitr mutant plants. Fourteen-day-old seedlings of the Wm82 wild type and the gmaitr mutant plants grown in plastic growth bags were treated with 100 μM ABA or solvent as control for 6 h, roots were collected, total RNA was isolated and qRT-PCR was used to examine the expression of ABA signaling key regulator genes. The expression of GmEF-1α was used as an inner control. Fold changes were calculated by comparing the expression levels of the corresponding genes in ABA-treated and control seedlings. Data represent the mean ± SD of three replicates. The experiments were repeated three times with similar results. The asterisks indicate significant differences (*P < 0.05, **P < 0.01).




The gmaitr Mutant Plants Are Tolerant to Salt Stress

Changes in the expression levels of the ABA signaling regulator genes including Arabidopsis AITR genes have been shown to affect plant abiotic stress tolerance (Fujita et al., 2009; Park et al., 2015; Yoshida et al., 2015; Zhao et al., 2016; Tian et al., 2017; Chen et al., 2021), but so far only aitr mutants showed enhanced tolerance to drought and salt, make AITRs good candidate genes for CRISPR/Cas9 genome editing to improve abiotic stress tolerance in plants (Tian et al., 2017; Chen et al., 2021).

To examine if mutation of GmAITR genes may indeed improve abiotic stress tolerance in soybean, we first examined the effects of salt treatment on seed germination of the gmaitr mutants. We found that the gmaitr mutant seeds showed enhanced tolerance to salt treatment (Figure 5A), and quantitative assays showed that an increased germination rate were observed for seeds of gmaitr mutants at all the time points examined (Figure 5B). But similar to the results observed with ABA treatment, little, if any difference was observed between the gmaitr36 double and the gmaitr23456 quintuple mutant seeds (Figure 5B).

We then examined the effects of salt treatment on seedling growth of the gmaitr mutants. As shown in Figure 7A, the gmaitr mutant seedlings showed enhanced tolerance to salt treatment, as they produced longer roots and shoots when compared with the Wm82 wild type seedlings (Figure 7B).
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FIGURE 7. Salt tolerance of the gmaitr mutants. (A) Seedlings of the Wm82 wild type plant and the gmaitr mutants in response to salt treatment. Seeds were germinated and grown in distilled water-containing plastic growth bags for 3 days in a growth chamber, and then the distilled water was replaced by 200 mM NaCl or fresh distilled water as a control. For each treatment, seedlings were grown in two growth bags with two plants for each genotype. Two weeks after the treatment, representative seedlings were taken out from the growth bags and images were taken using a digital camera. Bar, 2 cm. (B) Shoot and primary root length of the control and salt treated seedlings of Wm82 wild type and the gmaitr mutant plants. Length of the shoot and primary root length of the Wm82 wild type and the gmaitr mutant seedlings were measured 2 weeks after the treatment. Data represent the mean ± SD of four seedlings. The asterisks indicate significant differences (*P < 0.05, **P < 0.01).


At last, we compared growth and yield of the Wm82 wild type and the gmaitr mutant plants in both normal soil field and saline-alkali soil field. We found that the gmaitr mutant plants are morphological similar to the Wm82 wild type plants in the normal soil field, but growth better in the saline soil field (Figure 8A). Both the Wm82 wild type and the gmaitr mutant plants reached a height of ∼110 cm at mature stage, with ∼45 pods per plant, and produced seed with hundred-seed weight of ∼18 g (Figure 8B). Plants height, number of pods per plants and hundred-seed weight were all dramatically decreased in the saline-alkali soil field, however, the gmaitr mutant plants were less affected (Figure 8B).
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FIGURE 8. Field production of the Wm82 wild type and the gmaitr mutant plants in normal and saline-alkali soil lands. (A) Plants of the Wm82 wild type and the gmaitr mutants in normal and saline-alkali soil lands. The Wm82 wild-type and the gmaitr mutants were grown in two normal soil and one saline-alkali land (pH 8.1–9.8; soluble saline 0.1–0.7%) for field production analysis in the year 2020. Seeds were planted in plots by genotypes. Each plot in normal fields includes four rows, and plots in saline-alkali field include three rows. Numbers of seeds planted in a row for each plot were the same. Upper panel, field images of 4-month-old plans from one of the normal soil land the saline-alkali soil land. The white frames were used to indicate the edges of the plots. Low panel, images of five bundled representative mature plants for each genotype from one of the normal soil land the saline-alkali soil land. (B) Yield indexes of the Wm82 wild type and the gmaitr mutant plants in normal and saline-alkali soil lands. The Wm82 wild-type and the gmaitr mutant plants were harvested and plants randomly selected were used for yield indexes measurement, including plant height, pods produced per plant, and hundred-seed weight. For each field, the measurement was repeated four times with four different set of plants. Each set of plants contain five randomly selected plants from each plot. Data represent the mean ± SD of at least four replicates. The asterisks indicate significant differences (*P < 0.05; **P < 0.01).




DISCUSSION

Even though CRISPR/Cas9 genome editing has been successfully used to improve important agronomic traits in several different crops (Ma et al., 2015; Gao et al., 2016; Li X. et al., 2017; Lu et al., 2017; Shimatani et al., 2017; He et al., 2018; Zsögön et al., 2018; Chen et al., 2019), identification of suitable candidate genes in ABA signaling pathway for genome editing to improve abiotic stress tolerance in crops is a big challenge. In soybean, several different types of transcription factors involved in abiotic stress tolerance have been reported to be related to ABA signaling pathway, such as the AP2/ERF transcription factor GmERF3 (Zhang et al., 2009), the bZIP transcription factor GmbZIP1, GmbZIP15 and GmFDL19 (Gao et al., 2011; Li Y. et al., 2017; Zhang et al., 2020), the R2R3 MYB transcription factor GmMYB84 (Wang et al., 2017), the WRKY transcription factor GmWRKY12 and GmWRKY54 (Shi et al., 2018; Wei et al., 2019), and the NAC transcription factor GmSIN1, GmNAC06 and GmNAC8 (Li et al., 2019, 2021; Yang et al., 2020). However, among all these transcription factors, only GmbZIP15 functioned as a negative regulator of abiotic stress tolerance in soybean, yet no enhanced tolerance was observed in the transgenic soybean plants expressing a repressor form of GmbZIP15 (Zhang et al., 2020). These results suggest that none of these transcription factor genes can serve as targets for CRISPR/Cas9 gene editing to improve abiotic stress tolerance in soybean.

We have previously identified AITRs as a novel family of transcription factors conserved in angiosperms, and loss-of-function of AITR genes enhanced abiotic stress tolerance in Arabidopsis without fitness costs, indicating that AITRs may be good candidates for gene editing to improve abiotic stress tolerance in crops (Tian et al., 2017; Chen et al., 2021). By using of a combination of different assays including gene expression assays, transcriptional activity assays, generation of transgene-free gene edited mutants, and physiological and field yield analysis, we show that GmAITRs are ABA and salt inducible transcription repressors, and GmAITRs can be targeted to improve salinity stress tolerance in soybean.

First, we show that the expression of GmAITRs was induced by both ABA and salt treatments, eventhough these genes have different expression pattern, and there are difference among these genes in responses to ABA and salt (Figure 2). Second, we found that, similar to the results observed in Arabidopsis protoplasts (Tian et al., 2017), GmAITR proteins localized in nucleus and they repressed reporter gene expression in soybean protoplasts (Figure 3). Third, ABA inhibited seed germination was affected in the gmaitr mutants (Figure 5), and ABA response of some ABA signaling key regulator genes was altered in the gmaitr mutants (Figure 6). These results suggest that GmAITRs are ABA responsive transcription repressors and they regulate ABA response in soybean via affecting ABA signaling. Forth, the gmaitr mutants showed enhanced tolerance to salt in both seed germination and seedling growth assays (Figures 5, 7). Last but not least, field experiments suggest that the gmaitr mutants performed better in the saline-alkali soils when compared to the Wm82 wild type plants (Figure 8). These results suggest that genome editing of GmAITR genes is able to enhance salt tolerance in soybean.

It should be noted that in ABA inhibited seed germination assays, the gmaitr mutants showed increased sensitivity to ABA (Figure 5), a result different from that of the Arabidopsis aitr mutants, which showed decreased sensitivity to ABA (Tian et al., 2017; Chen et al., 2021), suggest that there is some difference between GmAITRs and Arabidopsis AITRs in regulating ABA responses. However, the gmaitr mutants also showed enhanced tolerance to salt (Figures 5, 7), similar to that observed in the Arabidopsis aitr mutants (Tian et al., 2017; Chen et al., 2021), making them good targets for genome editing to improve abiotic stress tolerance in soybean.

We also noted that the gmaitr23456 quintuple mutants are largely indistinguishable to the gmaitr36 double mutants in both ABA and salt tolerance assays, and in field growth conditions (Figures 5, 7, 8). Even though we cannot rule out the possibility that some of the GmAITRs may have a dominate roles in regulation ABA response and salt tolerance, as we previously observed for the Arabidopsis AITRs (Chen et al., 2021). Based on the conserved motif analysis (Figure 4) and protein structure prediction results (Supplementary Figure 3), a possible explanation is that the editing to GmAITR2, GmAITR3, and GmAITR6 in the gmaitr23456 quintuple mutants may not led to loss-of-function of these genes. First, as the genome editing of GmAITR2 in the gmaitr23456 quintuple mutants only resulted in a deletion of 20 amino acids outside the conserved motifs (Figure 4), whereas genome editing of both GmAITR3 and GmAITR6 in the gmaitr23456 quintuple mutants only disrupted the LxLxL motif at the C-terminal of GmAITR3 and GmAITR6, respectively. Our previously results with Arabidopsis AITRs have already shown that the deletion of LxLxL motif affected AITRs’ transcriptional repression activities, but they are still able to function as transcription repressors (Tian et al., 2017). Second, according to the three-dimensional protein structure prediction, the protein binding pockets structure, which is important for protein functionality (Stank et al., 2016), were barely not damaged for GmAITR2, GmAITR3 and GmAITR6 in the gmaitr23456 quintuple mutants compared with wild type (Supplementary Figure 3). Therefore, it will be of great interest to generate high-order loss-of-function mutants of GmAITR genes and to examine if increased tolerance to abiotic stresses can be achieved, and if there are any fitness costs. It will be of great interest to compare physiological/biochemical index in the Wm82 and the gmaitr mutants, and use more negative controls for the ABA and salt related response analysis, therefore to understand the subtle changes and physiological mechanism of GmAITR in abiotic stress tolerance. It will be also of great interest to edit GmAITR genes in soybean cultivars with other good agronomic traits to see if enhanced abiotic stress tolerance can be obtained without affecting these agronomic traits, thereby accelerating the molecular breeding process of soybean with different benefit agronomic traits.

On the other hand, considering that in all the major crops, AITRs are encoded by multiple genes (Tian et al., 2017), loss-of-function of a few AITR genes can already led to enhanced abiotic stress tolerance making it more practicable for editing AITR genes to improve abiotic stress tolerance in crops. After all, it is not easy to edit all the AITR genes simultaneously in a crop.

Nevertheless, our results show that GmAITRs are involved in the regulation of ABA response and abiotic stress tolerance in soybean, and CRISPR/Cas9 genome editing of GmAITR genes is able to enhance salt tolerance in soybean.
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The three-seeded pod number is an important trait that positively influences soybean yield. Soybean variety with increased three-seeded pod number contributes to the seed number/plant and higher yield. The candidate genes of the three-seeded pod may be the key for improving soybean yield. In this study, identification and validation of candidate genes for three-seeded pod has been carried out. First, a total of 36 quantitative trait locus (QTL) were detected from the investigation of recombinant inbred lines including 147 individuals derived from a cross between Charleston and Dongning 594 cultivars. Five consensus QTLs were integrated. Second, an introgressed line CSSL-182 carrying the target segment for the trait from the donor parent was selected to verify the consensus QTL based on its phenotype. Third, a secondary group was constructed by backcrossing with CSSL-182, and two QTLs were confirmed. There were a total of 162 genes in the two QTLs. The mining of candidate genes resulted in the annotation of eight genes with functions related to pod and seed sets. Finally, haplotype analysis and quantitative reverse transcriptase real-time PCR were carried to verify the candidate genes. Four of these genes had different haplotypes in the resource group, and the differences in the phenotype were highly significant. Moreover, the differences in the expression of the four genes during pod and seed development were also significant. These four genes were probably related to the development process underlying the three-seeded pod in soybean. Herein, we discuss the past and present studies related to the three-seeded pod trait in soybean.

Keywords: soybean, three seeded pods, QTL fine mapping, candidate genes analysis, gene function identification


INTRODUCTION

Traits related to pods and seeds are key factors influencing soybean (Glycine max L. Merrill) yield. The soybean yield is determined by evaluating direct yield-related traits at a set planting density, including seed number per plant and 100-seed weight. Seed number per plant, the parameter most related to yield potential (Bárbaro et al., 2006), is closely associated with the number of pods per plant and with seeds per pod. The seeded-pod trait is a quantitative trait that is highly susceptible to environmental conditions, which leads to ovule abortion and the emergence of various seeded pods on a single plant. This trait also has a certain genetic heritability in different varieties. An increase in the number of three- or four-seeded pods theoretically increases soybean yield. However, a previous study revealed a strong negative correlation between the number of four-seeded pods and 100-seed weight (Carvalho et al., 2017). Another recent study indicated that an increase in the number of four-seeded pods caused decreased seed size, resulting in no yield increase (Li et al., 2018). In soybean production, compared with other varieties, those plants with many three-seeded pods may possess more pods and larger seeds (Zhou et al., 2005; Tavares et al., 2013). The number of three-seeded pods per plant (NThSP) is an important trait for soybean breeding. The “Henong 71” cultivar, which has more three-seeded pods than other varieties (the proportions of two- and three-seeded pods are 10.70 and 82.68%, respectively), produced a record high yield for the Xinjiang Production and Construction Corps of China in 2019. The test yield was 6,712 kg/ha (Guo et al., 2020).

The NThSP is a quantitative trait that is easily affected by the environment. It is difficult to accurately select this trait during breeding. Marker-assisted selection and breeding by design can solve this problem via the use of functional molecular markers and genes. Thus, candidate gene mining and subsequent functional verification of genes affecting NThSP are important. Recent advances have been made in quantitative trait locus (QTL) mapping in specific populations, including the gradual improvements of statistical methods and the continual development of genetic maps (Cregan et al., 1999; Song et al., 2004; Choi et al., 2007; Hyten et al., 2010), the gradual enhancement of the technology used for phenotypic analyses of soybean, and increases in the throughput and affordability of genome resequencing. These changes have benefited research aimed at identifying QTL related to NThSP. For example, more than 120 NThSP QTLs are distributed on 20 chromosomes in soybean1,2. These QTLs were detected during investigations of other soybean yield-related traits. To date, NThSP QTLs have not been comprehensively identified or analyzed.

Recently, NThSP QTLs were detected and mapped primarily in recombinant inbred lines (RILs). Several RILs were derived from various hybridizations. First, 15 NThSP QTLs were detected in RILs resulting from the cross between “Jin 23” and “Huibuzhiheidou” (with high three-seeded pod yield). The mean phenotypic variance explained (MPVE) by these QTLs was 1.5–34.70%. Second, an analysis of the RILs derived from the “Zhongdou 29” × “Zhongdou 32” (with high three-seeded pod yield) hybridization detected 13 NThSP QTLs, with an MPVE of 2.54–57.54%. Third, 47 NThSP QTLs were detected in RILs derived from a cross between “Charleston” and “DongNong594” (with a high three-seeded pod yield), with an MPVE of 0.70–46.70%. Finally, two RILs resulting from the “Heihe 36” × “DongnongL 13” (with high three-seeded pod yield) and “Dongnong L13” (with a high three-seeded pod yield) × “Henong 60” hybridizations were analyzed, resulting in the detection of 20 NThSP QTLs, with an MPVE of 0.71–11.79%. Additionally, four-way RILs were evaluated to identify NThSP QTL (Supplementary Table 1).

Although many NThSP QTLs have been identified, their genomic locations are often undetermined. Moreover, there have been relatively few studies on the candidate gene mining and functional verification of NThSP QTL in soybean. In this study, NThSP QTLs were detected in a RIL population. Meta-QTLs (MQTLs) were subjected to a meta-analysis. The MQTLs were verified using a wild soybean whole-genome introgression line. A secondary group with the target interval was constructed, and the bulked segregant analysis (BSA) resequencing technology was applied for QTL fine mapping and candidate gene mining.



MATERIALS AND METHODS


Plant Materials and Experimental Design

For QTL identification, a RIL comprising 147 individuals was obtained from a cross between an American soybean cultivar (“Charleston” NThSP 20.01) as the female parent (Cooper et al., 1995) and a Chinese cultivar (“DongNong594” NThSP 26.40) as the male parent, which was developed at Northeast Agricultural University, Harbin, Heilongjiang, China. Single seed descent was used to produce F2:20–F2:23 generations (Chen et al., 2005). For MQTL validation and secondary group construction, a chromosomal segment substitution line (CSSL) consisting of 220 individuals from the BC3F3, BC3F4, BC3F5, and BC3F6 generations was backcrossed with the recurrent parent, “Suinong 14” (developed at Suihua Branch Academy of Heilongjiang Academy of Agricultural Sciences, Suihua, Heilongjiang, China, NThSP 21.87), and the donor parent, “ZYD00006” (wild soybean from the China Germplasm Bank, NThSP 133.20). The linkage group was constructed as described by Xin et al. (2016). Each line in both populations and their parents were grown in Harbin, China (45.75°N, 126.53°E) from 2013 to 2016, according to a randomized complete block design with three replicates. In the experimental plot, the rows were 5 m long, with each row separated by 0.65 m and a plant spacing of 0.05 m.



Data Collection and Quantitative Trait Locus Identification

The traits related to the seed number of pods containing one, two, three, four, and total seeds were recorded as NOSP, NTSP, NThSP, NFSP, and NPPP, respectively. The ratio of the three-seeded pods was determined as the percentage of NThSP to NPPP (Ning et al., 2018). The phenotype data for RILs and their parents were recorded in an earlier study by Li et al., 2018. The average data for five plants per line, randomly selected in each row, were calculated. The QTLs were detected using the composite interval mapping model of the QTL Cartographer (version 2.5) (Wang et al., 2006). The thresholds for detecting QTL were a minimum logarithm of odds score of 2.5 and P = 0.05 and were determined using 1,000 permutations at 1-cM intervals. The meta-analysis was performed using tools-meta analysis of the BioMercator 2.1 program. Consensus QTLs were detected according to the optimized model with the lowest Akaike information criterion values. The QTLs were named as previously described (McCouch et al., 1997) (i.e., q + trait name + linkage group number + “-” + QTL number).



Consensus Quantitative Trait Locus Validation and Secondary Group Construction

Targeted lines carrying segments with consensus QTL physical intervals were selected from the 220 CSSLs. The NThSP phenotypic variance between the targeted lines and the recurrent parent was analyzed to validate the consensus QTL. After marker-assisted selection for validating the consensus QTL in the targeted lines, backcrosses with “Suinong 14” (recurrent parent), and two rounds of selfing, we obtained a secondary group comprising 970 BC4F2 individuals.



Bulked Segregant Analysis and Fine Mapping

The BSA was used to anchor the candidate intervals (Xia et al., 2010; Song et al., 2016). Two bulks consisting of individuals with extreme phenotypes were selected from the secondary group. The CSSL-182 phenotype of the three-seeded pod trait was 39.22 and that of “Suinong 14” was 21.87. More specifically, 20 plants with more than 34 three-seeded pods (at least 70% of all pods) formed one bulk, whereas the other bulk consisted of 20 plants with fewer than 10 three-seeded pods (less than 30% of all pods). High-quality DNA was extracted from the parental lines and both bulks and used to construct deep-sequencing libraries for BSA. To obtain confident BSA analysis data, specific-locus amplified fragment sequencing (SLAF-seq) was employed, and the sequencing depth was 20 × for the selected soybean materials. Candidate intervals were confirmed using the single nucleotide polymorphism (SNP) index association mapping. The physical positions were determined according to the soybean reference genome (version 1.1) (Schmutz et al., 2010).



Candidate Gene Mining

Candidate genes within the finely mapped QTL regions were predicted as previously described (Li et al., 2018). Interval marker sequences were obtained from the SoyBase database (see text footnote 1). Publicly available resources, including the Kyoto Encyclopedia of Genes and Genomes3 and the Gene Ontology4 databases, were used to detect and annotate candidate genes.



Haplotype Analysis

Candidate gene genomic sequences were extracted from the Phytozome database5, including the promoter region upstream of the 5′ untranslated region (UTR), coding sequence (CDS), introns, and 3′ UTR. The basic local alignment search tool (BLAST) algorithm was used to compare the candidate gene genomic sequences with the whole-genome sequence of 92 germplasm resources (10 × sequencing depth), which were grown and phenotypically characterized as RILs and CSSLs. Germplasm resources included the main cultivars in Heilongjiang province, which had abundant phenotypic variation in seeded-pod-related traits. The number of seeded pods was 7.89–38.44, and the ratio of three-seeded pods was 30.99–61.22 (Supplementary Table 2). Haploview 4.26 and Dnasp5.07 were used to analyze the distribution of the main haplotypes in the germplasm resources. The 92 germplasm resources were divided into different classes according to their candidate gene haplotypes. The significance of the phenotypic differences among the haplotype groups of the germplasm resources was determined by ANOVA using the SPSS 20.0 program (IBM Corp., Armonk, NY, United States).



Quantitative Real-Time PCR

The following four materials were selected from the secondary group: lines 215 and 70, which exhibited the high-NThSP-associated trait, and lines 117 and 99, which exhibited the low-NThSP-associated trait (Figure 1B). There were significant phenotypic differences between the two types of materials (P = 0.05) (Figure 2C). Flowers, pods, and seeds were collected at the following six stages: beginning flowering (R1), full flowering (R2), beginning pod (R3), full pod (R4), beginning seed (R5), and full seed (R6) (Figure 1A). The collected samples were stored at –80°C for subsequent RNA isolation. All samples were collected as three biological replicates, with each comprising three individual plants. The biological replicates were analyzed in triplicate. The GmActin4 gene (GenBank ID: AF049106) was used as an internal control. The total RNA was extracted, cDNA was synthesized, and quantitative real-time PCR (qRT-PCR) analysis was performed as previously described (Jiang et al., 2018). The significance of the differences in candidate gene expression levels among the examined stages was determined using SPSS 20.0.
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FIGURE 1. Sampling stages for the quantitative real-time PCR (qRT-PCR) and the individuals with an extreme phenotype regarding the number of three-seeded pods. (A) Sampling stages for the qRT-PCR. (B) Individuals with an extreme phenotype regarding the number of three-seeded pods. Lines 215 and 70 had a high number of three-seeded pods, whereas lines 117 and 99 had a low number of three-seeded pods.
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FIGURE 2. Differences in the number of three-seeded pods among different soybean lines. (A) Phenotype differences of the number of three-seeded pods between the parents of the recombinant inbred lines (RILs) (“Charleston” and “DongNong594”). The ordinate axis is the number of three-seeded pods. The horizontal axis is the year. **Significant difference (P < 0.01). (B) Phenotypic differences among CSSL-182 (i.e., chromosomal segment substitution line), the average chromosomal segment substitution line (CSSL), and the recurrent parent (Suinong 14). The ordinate axis is the number of three-seeded pods. The horizontal axis is the year. **Significant difference (P < 0.01). (C) Comparison of NThSP and RThSP in the lines from two phenotype bulks related to the number of three-seeded pods; NThSP represents the number of three-seeded pods, whereas RThSP represents the proportion of three-seeded pods. Lines 215 and 70 have high NThSP and RThSP values, whereas lines 117 and 99 have low NThSP and RThSP values. **Significant difference (P < 0.01). The ordinate axis is the number of three-seeded pods and the proportion of three-seeded pods. The horizontal axis is the number of three-seeded pods and the proportion of three-seeded pods.





RESULTS


Quantitative Trait Locus Detection and Integration

The NThSP data for the RILs were analyzed in an earlier study (Li et al., 2018). From 2013 to 2016, the average NThSP of “Charleston” was 20.01 and that of “DongNong594” was 26.40. The average NThSP of “Charleston” was 6.39 lower than that of “DongNong594.” The difference in NThSP between the two parents was significant (P < 0.01). The NThSP of the RILs varied significantly over the 4-year study period, ranging from 10.48 to 51.19 (Table 1 of Li et al., 2018 and Figure 2A).


TABLE 1. The consensus quantitative trait locus (QTL) integration of the number of three-seeded pods.
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A total of 36 NThSP QTLs were detected, which were distributed on GM02, 03, 12, 13, 17, 18, and 19. Of note, 16 QTLs had been published in a previous study (Li et al., 2018), and another 20 QTLs were detected in this study. At least four QTLs at the same location were selected for integration into a consensus QTL. In this study, five MQTL overlapped on GM02, 03, 12, 13, and 17 (Supplementary Tables 1, 3), and five NThSP QTL were integrated into MQTL1, with a genetic interval of 52.5–54.4 cM and a physical interval of 42.89–46.19 Mb. The additive effects ranged from –7.02 to –2.36, and the MPVE was 15.74%. Four NThSP QTLs were included in MQTL2, with a genetic interval of 1.90–4.80 cM and a physical interval of 2.44–4.63 Mb. The additive effects ranged from –4.35 to –2.25, and the MPVE was 7.01%. Both MQTL3 and MQTL4 comprised four NThSP QTLs, with negative additive effects and an MPVE of 3.01 and 2.97%, respectively. Five NThSP QTLs were included in MQTL5, with a genetic interval of 90.1–108.7 cM and a physical interval of 3.49–6.72 Mb. The additive effects ranged from –5.12 to –2.56, and the MPVE was 10.07% (Table 1).



MQTL Validation

In the CSSL population, there were five lines containing donor segments that overlapped with MQTL1, CSSL-66, CSSL-75, CSSL-77, CSSL-158, and CSSL-203. Six lines contained donor segments that overlapped with MQTL2, CSSL-55, CSSL-123, CSSL-158, CSSL-171, CSSL-182, and CSSL-214. Six lines contained donor segments that overlapped with MQTL3, CSSL-46, CSSL-86, CSSL-103, CSSL-151, CSSL-157, and CSSL-182. Five lines contained donor segments that overlapped with MQTL4, CSSL-86, CSSL-103, CSSL-105, CSSL-118, and CSSL-182. Five lines contained donor segments that overlapped with MQTL5, CSSL-66, CSSL-75, CSSL-103, CSSL-158, and CSSL-182. An analysis of the NThSP data for these CSSL lines and the recurrent parent (Suinong 14) recorded from 2013 to 2016 indicated that the CSSL lines had higher NThSP than “Suinong 14.” The differences were extremely significant over the 4-year study period (Supplementary Table 4). This implies that the excellent phenotype of the CSSL lines was the result of the introgression of donor segments that overlapped with the MQTL. The MQTLs were validated using high generation genome-wide backcrossing introgression lines based on the phenotype. In particular, CSSL-182 is an excellent material containing donor segments that overlap with four MQTLs, namely, MQTL2, MQTL3, MQTL4, and MQTL5. The NThSP was significantly higher than in “Suinong 14” as well as the average NThSP for the CSSLs (Figure 2B).

Molecular marker analysis of CSSL-182 revealed 8 donor introgression segments, with 319 donor blocks (84.63 Mb) accounting for 8.93% of the whole genome. Moreover, 91.07% of the recurrent parent genome was restored by CSSL-182. The donor introgression segments of CSSL-182 included regions that overlapped with the MQTL. On GM03, a 2.19-Mb region overlapped MQTL2 and the donor block. On GM12, a 1.18-Mb region overlapped MQTL3 and the donor block. On GM13, a 2.17-Mb region overlapped MQTL4 and the donor block. On GM17, a 3.23-Mb region overlapped MQTL5 and the donor block (Table 2). Therefore, CSSL-182 is an ideal material for secondary population construction.


TABLE 2. The information of CSSL-182 and the overlap regions with the MQTL of the number of the three-seeded pod.
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Quantitative Trait Locus Fine Mapping

An F2 segregating population consisting of 970 individuals was developed by backcrossing CSSL-182 with “Suinong 14.” In this population, the mean NThSP was 34.39 (8.45–61.26), and the mean proportion of pods with three seeds was 44.63% (17.33–82.25%). The absolute skewness and kurtosis values were less than 1.0, suggesting that the segregation of the NThSP phenotype was normally distributed (Table 3).


TABLE 3. Statistical analysis of traits related to the number of the three-seeded pod in three populations.

[image: Table 3]
Two bulks of 20 individuals with extreme phenotypes were selected for BSA to anchor the finely mapped QTL intervals. For the high-NThSP bulk, the NThSP and the proportion of pods with three seeds were 34–57 and 70.27–82.22%, respectively. For the low-NThSP bulk, the NThSP and the proportion of pods with three seeds were 6–9 and 17.9–29.17%, respectively (Supplementary Table 5 and Figure 3A1, A2). Two finely mapped QTL intervals were detected on chromosomes GM03 and GM17. For NThSP03-1, compared with the reference sequence of CSSL-182, the SNP index of the high-NThSP bulk was 0.–1.0 and that of the low-NThSP bulk was 0.1–0.4. The physical interval of NThSP03-1 was 2.36–3.30 Mb (0.94 Mb), which was contained in the MQTL2 physical interval 2.44–4.63 Mb (2.19 Mb) and included 42 genes. For NThSP17-1, compared with the reference sequence of CSSL-182, the SNP index of the high-NThSP bulk was 0.85–1.0, and the low-NThSP bulk was 0.15–0.4. The physical interval of NThSP17-1 was 4.34–5.68 Mb (1.34 Mb), which was contained in the MQTL5 physical interval 3.49–6.72 Mb (3.23 Mb) and included 120 genes. Two finely mapped QTL intervals included 162 genes. On chromosome GM03, the candidate genes could be divided into three sections, namely, pollen germination, mRNA modification, and ATP-dependent helicase activity. The genes found on chromosome GM17 could then be divided into different sections depending on the gene function annotation, such as cellulose synthesis, metabolic processes, or other biochemical pathways (Figure 3B1, B2 and Supplementary Table 6).
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FIGURE 3. Results of the analysis of two phenotype bulks related to the number of three-seeded pods and quantitative trait locus (QTL) fine mapping. (A1) Red and blue bars represent the lines with many and few three-seeded pods, respectively. (A2) Red and blue bars represent the lines with a high and low proportion of three-seeded pods, respectively. The two bulks for the bulked segregant analysis included 40 lines. See Supplementary Table 5 for the associated data. (B1) Finely mapped QTL for the number of three-seeded pods on chromosome GM03. The QTL interval was 0.94 Mbp long (2.36–3.30 Mbp) and included 42 genes. (B2) Finely mapped QTL for the number of three-seeded pods on chromosome GM17. The interval was 1.34 Mbp long (4.34–5.68 Mbp) and included 120 genes.




Candidate Gene Prediction

Previous research has shown that ovule, pollen, stamen, embryo, and flower development considerably influence pod and seed sets in the soybean (Mukhtar and Coyne, 1981; Tischner et al., 2003; Mena-Alí and Rocha, 2005; Endo and Ohashi, 2009; Kurdyukov et al., 2014; Jiang et al., 2015; Qi et al., 2015). Gene functions related to these biological processes may affect NThSP. Based on this, 8 candidate genes were selected from 162 genes in the target intervals. Homologous gene analysis was performed in the soybean and Arabidopsis genomes. For eight genes, five candidate genes were detected in the NThSP03-1 interval (i.e., Glyma.03G026100.1, Glyma.03G026300.1, Glyma.03G026400.1, Glyma.03G026900.1, and Glyma.03G029800.1). The homologous genes in the soybean genome were Glyma.01G140600.1 and Glyma.17G138200.1 (Zhao et al., 2017; Chen et al., 2018), whereas the homologous genes in the Arabidopsis genome were AT1G71820 and AT2G45190 (Nolan et al., 2009; Lenser et al., 2016; Pathak et al., 2016). Based on previous studies, functional characterization of these genes indicated that they are involved in pollen germination; pollen tube growth; meristem growth; ovule, embryos, flower, and fruit development; and cell division. Another three candidate genes were included in the NThSP17-1 interval (Glyma.17G057300.1, Glyma.17G062000.1, and Glyma.17G062600.1). The homologous genes in the soybean genome are Glyma.13G101900.1, Glyma.13G097600.1, and Glyma.13G096900.1 (Wang et al., 2015), whereas the homologous genes in the Arabidopsis genome are AT1G73590, AT5G57360, and AT5G57390 (Bai and Demason, 2008; Kwak et al., 2008; Tsuwamoto et al., 2010; Xue et al., 2012; Hu et al., 2014; Liew et al., 2014; Radoeva and Weijers, 2014; Seefried et al., 2014). Based on previous studies, functional characterization of these genes revealed that they are related to embryo, flower, stamen, embryo development, and seed germination. The information for each gene and its homologous gene from the literature are listed in Table 4. Therefore, these eight genes may be important candidate genes for NThSP (Table 4 and Figure 4).


TABLE 4. Candidate genes and their homologous genes in soybean and Arabidopsis genome.
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FIGURE 4. Candidate gene mining on chromosomes GM03 and GM17. (A) Consensus QTL, finely mapped QTL, and candidate genes related to the number of three-seeded pods on chromosome GM03. (B) Consensus QTL, finely mapped QTL, and candidate genes related to the number of three-seeded pods on chromosome GM17.




Candidate Gene Analysis

Haplotype and qRT-PCR analyses were performed to assess the candidate genes. Of the eight predicted candidate genes, four had different haplotypes in the germplasm resources. The NThSP of the highest line was 38.44 and that of the lowest line was 7.89. The mean NThSP was 21.65 in the germplasm resources. The traits related to the three-seeded pod were approximately normally distributed in the germplasm resources (Table 3). The SNPs of the haplotypes for each candidate gene are listed in Table 5. The NThSP phenotypic differences among the different haplotypes were significant, and four genes were differentially expressed during pod and seed development. The expression levels of the candidate genes reached significant levels during the six developmental periods. The four candidate genes were Glyma.03G029800.1, Glyma.17G057300.1, Glyma.17G062000.1, and Glyma.17G062600.1 (Tables 5, 6).


TABLE 5. Haplotype analysis of the candidate genes of the number of the three-seeded pod.
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TABLE 6. Expression analysis of the candidate genes of the number of the three-seeded pod.
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For the haplotypes of the four candidate genes, the phenotypes of the high-NThSP lines were significantly higher than the low-NThSP lines in the germplasm resources. In Glyma.03G029800.1, the NThSP and proportion of pods with three seeds were significantly higher for Hap-1 (22.96 and 43%) and Hap-17 (23.24 and 42%) than for Hap-7 (17.52 and 33%). The SNPs were located upstream of the promoter at –1,568, –564, and –479 bp. In Glyma.17G057300.1, the NThSP and proportion of pods with three seeds were significantly higher for Hap-3 (25.58 and 42%) than for Hap-2 (20.01 and 36%) and Hap-6 (21.26 and 38%). The SNPs were located upstream of the promoter at –1,701 and –1,526 bp and in the CDS region of 1,117 bp. In Glyma.17G062000.1, the NThSP and proportion of pods with three seeds were significantly higher for Hap-2 (26.37 and 49%) than for Hap-1 (21.86 and 42%) and Hap-3 (21.38 and 43%). The SNPs were located upstream of the promoter at –2,175 bp and –455 bp and in the CDS region of 2,501 bp and 3,128 bp. In Glyma.17G062600.1, the NThSP and proportion of pods with three seeds were significantly higher for Hap-1 (25.08 and 51%) than for Hap-3 (20.47 and 45%). The SNPs were located upstream of the promoter at –2,938 bp, –2,758 bp, and 874 bp and in the CDS region of 1,963 bp and 2,890 bp. The phenotypic differences between the haplotypes for each candidate gene may be the result of these SNP differences (Table 5).

The qRT-PCR analysis indicated that Glyma.03G029800.1 was more highly expressed in lines 215 and 70 (i.e., the high-NThSP lines) than in lines 117 and 99 (i.e., the low-NThSP lines) or Suinong 14 (recurrent parent) in the R1, R2, R3, R4, and R5 stages. Glyma.17G057300.1 was more highly expressed in lines 215 and 70 than in lines 117 and 99 or Suinong 14 in the R1, R2, and R4 stages. The expression of Glyma.17G062000.1 was lower in lines 215 and 70 than in lines 117 and 99 or Suinong 14 in the R1, R2, R3, and R4 stages. Glyma.17G062600.1 was more highly expressed in line 215 than in Suinong 14 in the R1, R2, R3, and R4 stages. This gene was more highly expressed in line 70 than in Suinong 14 in the R3 and R4 stages. Moreover, the expression level of Glyma.17G062600.1 was higher in lines 215 and 70 than in lines 117 and 99 in the R3, R4, and R6 stages (Table 6).




DISCUSSION

The results of this study corroborate those reported in previous studies. For example, the MQTL1 region on GM02 (42.89–46.19 Mbp) included five QTLs, all of which had negative effects, suggesting that they were stable QTLs throughout the study period. An earlier investigation detected a QTL (qPN-D1b-2) using a Satt546 simple sequence repeat marker (physical position: 43,775,564–43,775,623 bp) associated with seed set and seed yield (Ning et al., 2018). Another QTL (qPN-D1b-3) detected using Sat_183 (physical position: 44,317,044–44,317,314 bp) and Sat_069 (physical position: 46,353,731–46,353,789 bp) was associated with seed set and seed weight (Ning et al., 2018). A QTL (QNTPD1b-1) associated with Sat_135 (physical position: 40,366,215–40,366,272 bp) was reported to be related to the two-seeded pod trait (Asakura et al., 2012; Yang et al., 2013b). Other studies have shown that QTL qSN-1, which is associated with Satt350 (physical position: 40,366,215–40,366,272 bp), is also related to the two-seeded pod trait (Asakura et al., 2012; Yang et al., 2013b). Additionally, the QTL qSN-1, which is close to the MQTL1 region on GM02, is associated with Satt189 and Satt350 and is related to early flowering and seed number (Li et al., 2010). Thus, MQTL1 has been identified by several studies as a genomic locus influencing seed sets. This is an important consensus QTL interval. The MQTL2 region on GM03 (2.44–4.63 Mbp) includes four QTLs. A previous study revealed that a QTL (qfn-Chr3) associated with Satt009 (physical position: 3,910,260–3,910,307 bp) is within the MQTL2 interval and is related to flower number (Zhang et al., 2010). No loci consistent with MQTL3 have been reported; thus, this is a new region related to NThSP. The MQTL4 region on GM13 (20.83–26.06 Mbp) contains a QTL related to the number of ovules per pod; this QTL is associated with Sat_133 (physical position: 23,462,623–23,462,676 bp) (Tischner et al., 2003). Another QTL (qPN-D2-2), which is associated with Sat_284 (physical position: 6,551,297–6,551,348 bp) in the MQTL5 interval on GM17 (3.49–6.72 Mbp), is related to the seed set (Ning et al., 2018). The QTLs identified in earlier studies are associated with flower number, number of ovules per pod, pod, and seed set. These loci are consistent with the consensus QTL identified in this study, which may facilitate the prediction of candidate genes related to NThSP.

Soybean seed yield is positively associated with the number of flowers as well as successful pod and seed set (Egli, 2005; Pushpavalli et al., 2015). The number of seeds per pod is related to the number of ovules that develop in each pod. There are usually five ovules in one flower, but the number of ovules that are aborted ultimately determines the number of seeds in a pod (Shibles et al., 1975; Tischner et al., 2003). Moreover, pollen tube growth, stamen development, and flower development are also important factors (Mukhtar and Coyne, 1981; Tischner et al., 2003; Mena-Alí and Rocha, 2005; Endo and Ohashi, 2009; Kurdyukov et al., 2014; Jiang et al., 2015; Qi et al., 2015; Smitha Ninan et al., 2017). Accordingly, candidate genes with annotated functions related to pollen, stamen, ovule, embryo, and flower development as well as pollen tube growth are likely important for pod and seed set.

In this study, eight genes were annotated with functions associated with pod and seed sets, and homologous genes in the soybean and Arabidopsis genomes were functionally annotated. In the NThSP03-1 interval, four candidate genes (i.e., Glyma.03G026100.1, Glyma.03G026300.1, Glyma.03G026400.1, and Glyma.03G026900.1) were identified as homologs in the soybean and Arabidopsis genomes. Based on circular RNA differential expression analyses, these genes were found to affect pollen germination and pollen tube growth (Nolan et al., 2009; Safavian et al., 2015; Chen et al., 2018). However, excellent haplotypes for these genes were not detected in the germplasm resources included in this study, implying that these genes are expressed ubiquitously in soybean and are unrelated to seed sets.

The Glyma.03G029800.1 gene was identified as GmYABBY5, which helps maintain meristems during the early floral developmental stages (Zhao et al., 2017). The Arabidopsis homolog of this gene is AT2G45190, which mediates biological processes related to ovule, embryo, and flower development (Lenser et al., 2016; Pathak et al., 2016). In tomatoes, the YABBY-like transcription factor was also found to play a pivotal role in fruit size regulation (Cong et al., 2008). Similar functions of YABBY5 were also identified in the gynoecium of rice and sugar-apple (Yang and Hwa, 2008). Additionally, this gene underlies the development of ovules (Lora et al., 2011; Cucinotta et al., 2020), supporting that it might also have similar functions to NThSP. In this study, three excellent Glyma.03G029800.1 haplotypes were detected in the examined germplasm resources. The NThSP data differed significantly among these three haplotypes, indicating that this gene influences the NThSP phenotype. The CAAT-box is a common cis-acting promoter element that is recognized by trans-acting factors that increase promoter activity. In the Glyma.03G029800.1 promoter region, a base change from A to G at –1,568 and –479 bp adversely affects the CAAT-box promoter element, which may explain the observed decrease in NThSP. Additionally, the detected base changes in the promoter regions of Glyma.17G057300.1 and Glyma.17G062600.1 were also within the CAAT-box element. The different haplotypes of these two genes were associated with similar phenotypic changes. The pod and seed sets may be closely related to increased gene expression resulting from a functional CAAT-box element. The qRT-PCR analysis provided additional information regarding the potential gene functions. High Glyma.03G029800.1, Glyma.17G057300.1, and Glyma.17G062600.1 expression levels may promote pod and seed sets. There were significant differences in the expression levels of these genes between the lines with a high NThSP and those with a low NThSP.

The Glyma.17G057300.1 gene was identified as GmPIN2b. A previous study confirmed that upregulated GmPIN2b expression can induce soybean flower growth and grain development (Wang et al., 2015). The AT1G73590 gene is the Arabidopsis homolog of PIN1 and Glyma.17G057300.1. This gene mediates Arabidopsis, tomato, and soybean flower and fruit development. Earlier research confirmed that AT1G73590 expression affects auxin transport in embryos (Bai and Demason, 2008; Hu et al., 2014; Seefried et al., 2014). Accordingly, Glyma.17G057300.1 may be another candidate gene related to NThSP. In this study, different Glyma.17G057300.1 haplotypes were detected in the analyzed germplasm resources, with very significant differences in the phenotypes associated with the haplotypes. In the CDS of this gene, the A base at 1,117 bp resulted in an aspartic acid in the encoded protein as well as a high NThSP, whereas a G at this position resulted in glycine and a low NThSP. The base change in Glyma.17G062600.1 CDS (2,890 bp) similarly affected NThSP. More specifically, a C at this position resulted in alanine and a high NThSP, whereas a G at this position resulted in glycine and a low NThSP. The qRT-PCR data may be useful for functionally characterizing Glyma.17G057300.1 and Glyma.17G062600.1.

In this study, a RIL was used to identify QTL potentially related to NThSP. A CSSL was used to verify the candidate QTL intervals. A secondary group was used to map the fine QTL. Another germplasm resource population was used to check the candidate genes by haplotype identification. Comparing four populations, the range of NThSP and three-seeded trait values in the RILs, CSSLs, and secondary group was greater than in the germplasm resources. This indicated evident trait separation in the targeted populations. However, the haplotype analysis of candidate genes in the germplasm resources was more objective. The haplotypes and NThSP phenotype could be better validated in the germplasm resources. In this study, most of the higher NThSP phenotype lines, including the highest one, had the same haplotype. For example, there were 27 lines, accounting for 29.35% of the germplasm resources, with a higher NThSP phenotype that had the same haplotype (Table 5). This suggested that the candidate gene haplotype was probably related to the NThSP phenotype. However, it is possible that there were few higher NThPP lines that did not share the same haplotype with it. These lines with different haplotypes and higher NThPP phenotypes belonged to the else Haps, which could be attributed to other genes. It is likely that other NThSP genes exist in the study population. Additionally, CSSL-182, which included the genomic segments imported from the donor, had a better phenotype than the recurrent parent. This was conducive to the segregation and recombination of the target intervals in the secondary group and the fine mapping of NThSP QTL. Candidate genes were selected strictly according to functional annotations. Thus, there may be other candidate genes related to NThSP in the QTL intervals. The selected candidate genes were annotated with functions related to pollen tube growth, as well as the development of pollen grains, stamens, ovules, embryos, and flowers. An analysis of the candidate genes revealed that they are closely related to pods and seed sets. Future studies should more precisely characterize the functions of the identified candidate genes in transgenic soybean plants. In addition, there were different haplotypes in the germplasm resources for the candidate genes. Several SNPs existed in the different haplotypes. These SNPs could be developed into KASP (competitive allele-specific polymerase chain reaction) markers, and the KASP markers could be evaluated in the segregated populations to confirm their function for the selection of high-NThSP materials in molecular marker-assisted breeding.
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Microribonucleic acids (miRNAs) play significant roles in the regulation of biological processes and in responses to biotic or abiotic environmental stresses. Therefore, it is necessary to quantitatively detect miRNAs to understand these complicated biological regulation mechanisms. This study established an ultrasensitive and highly specific method for the quantitative detection of miRNAs using simple operations on the ground of the ligation reaction of ribonucleotide-modified deoxyribonucleic acid (DNA) probes. This method avoids the complex design of conventional reverse transcription. In the developed assay, the target miRNA miR156b was able to directly hybridize the two ribonucleotide-modified DNA probes, and amplification with universal primers was achieved following the ligation reaction. As a result, the target miRNA could be sensitively measured even at a detection limit as low as 0.0001 amol, and differences of only a single base could be detected between miR156 family members. Moreover, the proposed quantitative method demonstrated satisfactory results for overexpression-based genetically modified (GM) soybean. Ligation-based quantitative polymerase chain reaction (PCR) therefore has potential in investigating the biological functions of miRNAs, as well as in supervising activities regarding GM products or organisms.
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INTRODUCTION

Micro ribonucleic acids (miRNAs) are a group of endogenous, non-coding, single-stranded small molecular RNA (18–25 nt in length) that participate in the post-transcriptional regulation of gene expression. miRNAs are emerging as novel biomarkers, with profound implications for research into the responses to abiotic (Aslam et al., 2020; Singroha et al., 2021) or biotic stress (Chopperla et al., 2020; Šečić et al., 2021), development and differentiation in cellular behavior (Krol et al., 2010; Miao et al., 2020), and multiple plant signaling pathways (Curaba et al., 2014). Since their first discovery, several miRNAs have been identified in a wide range of species. Following the identification of the functions of miRNAs in crops, a large number of transgenic crops related with miRNA have been developed and commercialized worldwide (Agrawal et al., 2015; Bally et al., 2020). Among the miRNAs in plant, microRNA156 (miR156) and its target mRNAs has been widely observed as a major regulators for crop development (Cao et al., 2015) and abiotic stresses (Visentin et al., 2020). The miR156 expresses at the highest accumulation at seedling stage (Miao et al., 2019). Moreover, the expression of the other miRNAs, such as miR159, miR33 might have a effect on miR156 level (Guo et al., 2017). In the whole growth stage of grapevine, miR156b/c/d exhibited typical temporal spatial-specific expression levels (Wang et al., 2016). The Arabidopsis AtmiR156b gene overexpressed in GM Brassica napus resulted in seed lutein and beta-carotene accumulation, these achievement suggest that miR156b have a potential applification in plant breeding for enhancing carotenoid production (Wei et al., 2010). To further explore the physiological functions of miRNA or detect the content in crop genomes, specific quantitative detection methods for miRNAs that have high sensitivity, efficiency, and reliability are urgently needed for miRNA mechanism applications (Papadopoulou et al., 2020). In early miRNA studies, northern blotting (De la Rosa and Reyes, 2019) and microarray (Li and Ruan, 2009) assays were conventionally used as “gold standard” methods to identify miRNA expression. However, these complex and relatively insensitive methods cannot overcome the complications associated with the unique characteristics of miRNAs such as their low abundances in tissue, short lengths, and the high sequence similarities among miRNA families. To resolve these problems, a series of cooperative amplification programs have been reported for miRNA detection. Locked nucleic acid (LNA)–modified probes with bicyclic high-affinity RNA analogs, which are rigid structures formed by linking the 2′ and 4′ carbons on the ribose, greatly improve the hybridization efficiency of northern blotting and are sensitive to miRNA determination (Shu et al., 2019). The Agilent Microarray SurePrint technology is advantageous owing to its low RNA input requirements (∼100 ng) and eliminates bias by omitting the fractionation or amplification steps (Dell’Aversana et al., 2017). However, many solid phase hybridization assays require sophisticated fabrication or expensive capture probe modifications (Zou et al., 2017). These issues increase their costs and restrict their extensive application. Modified miRNA detection methods based on nucleic acid amplification are undoubtedly the most attractive and prominent tools for miRNA analysis and include polymerase chain reaction (PCR), ligase chain reaction (LCR) (Zhang et al., 2013), rolling circle amplification (RCA) (Cheng et al., 2009; Liu et al., 2020), and isothermal exponential amplification reaction (IEXPAR) (Jia et al., 2010). For instance, with the design of a new hairpin/deoxyribonucleic acid (DNA) ring ternary probe in RCA, the target miRNA can bind the probes through toehold-mediated strand displacement to form ternary structures and generate many repeated metal ion-dependent deoxyribozyme (DNAzyme) sequences. Finally, fluorescently quenched hairpin signal probes can be cyclically cleaved by the DNAzyme sequences, which drastically enhances the fluorescence recovery of the target miRNA (Liu et al., 2019). Tian et al. (2019) rationally combined RCA with efficient loop-mediated isothermal amplification (LAMP), which directly templates the ligation of a padlock probe to trigger the RCA reaction. Thus, they significantly improved the amplification efficiency and sensitivity owing to the double stem-loop DNAs with functional sequences that were generated by RCA-produced DNA templates.

This study proposes the development of a facile and ultrasensitive method for miRNA detection by elegantly integrating sensitivity and specificity. Here, a miRNA quantification assay is achieved through real-time PCR integrated ligation reactions. As outlined in the schematic representation in Figure 1. After determining the target miRNA to be detected, the two DNA probes in this assay contain a specific sequence (blue), a stuffer sequence (yellow) in between and a universal sequence designed as amplification primer (green). Both of the specific sequences are complementary to the half-sequence of target miRNA at the 3′- and 5′-termini, respectively. Then, the 3′-termini of probe A is modified by two nucleotides and the 5′-termini of probe B is modified by a phosphate group. Therefore, the modified groups are immediately adjacent to each other following the hybridization of the probes with the half-sequence of target miRNA. As T4 RNA ligases specifically catalyze the formation of a 3′–5′ -phosphodiester bond between a 3′-hydroxyl group and a 5′-phosphoryl group in three nucleotidyl transfer steps (Zhuang et al., 2012), and T4 RNA ligase II exhibits significantly higher ligating activity and specificity for double stranded RNA than T4 RNA ligase I (Yin et al., 2003; Cheng et al., 2009). T4 RNA ligase II is employed to link the 3′-hydroxyl and 5′-phosphoryl groups in adjacent probes and thus form ligation production, which is used as an initial template for the next real-time PCR amplification with the universal sequences. The PCR products with fluorescence or SYBR Green I signal can then be detected directly. The detection limit of the proposed method was determined and its specificity was investigated with respect to its ability to distinguish miRNAs from their corresponding pre-miRNAs, and from homogeneous miRNAs in the same family. The robustness and feasibility of the method were investigated as a tool for genetically modified (GM) content analysis.
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FIGURE 1. Schematic representation of miRNA quantitative polymerase chain reaction (PCR) based on the ligation reactions of ribonucleotide-modified deoxyribonucleic acid (DNA) probes.




MATERIALS AND METHODS


Plant Materials and Extract Preparation

All plant materials were kindly provided by Jilin Academy of Agricultural Sciences, Changchun, China, and germinated in soil (pH 7.19; soil: water 1: 4) under a photoperiod of 16 h of daylight at 23°C. A 181-bp stem-loop fragment of the GmmiR156b (GenBank No. NR048600.1) precursor was amplified using DNA samples obtained from the soybean cultivar Williams 82 and subcloned into the pTF101.1-35S vector, which carried the selection marker Bar gene and the cauliflower mosaic virus 35S promoter that could enhance the expression of miR156b. The recombinant construct pTF101.1-miR156b was then integrated into Agrobacterium tumefaciens strain EHA101 for cotyledon-node transformation (Flores et al., 2008). After the regenerated plants were transplanted into a greenhouse, glufosinate (150 mg/L) screening and LibertyLink strip (EnviroLogix Inc., Portland, ME, United States) detection were used to identify transgenic plants. Herbicide-resistant T4 generations containing a single copy number of the target sequence were employed as miR156b GM soybean event for further experimental analyses. In this GM soybean, the expression level of miR156b has been considered by the conventional stem-loop qPCR, which further confirmed the reliability of the plant materials. Total RNA and DNA samples were extracted from eight-week-old transgenic and wild-type (WT) soybean seedlings. All procedures were performed in accordance with the EasyPure Plant RNA kit (Transgen Biotech, Beijing, China) and Dneasy Plant Mini Kit (Qiagen, Hilden, Germany). The extracted concentration and quality were calculated using absorbance measurements with an ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, United States) at wavelengths of 260 and 280 nm. All the extracted samples were then stored at −80°C for further research.



Design of Probes and Primers for miR156 RNA Detection

All the miRNA sequences in the plant can be obtained from the online database PmiREN.1 The miR156 family comprises of typical miRNAs that are considered to have an explicit function applied in some transgenic soybeans; in this assay, the miR156b gene from the miR156 family was used as the model target. The structures of probes A and B are elucidated schematically in Figure 1. The specific sequences (blue) of probes A and B were designed to be complementary to half of the target miRNA sequences at the 3′- and 5′-terminals, respectively. A stuffer sequence (yellow) in between links up the specific sequence with the universal sequence (green). Probe A was modified with two nucleotides at its 3′-terminus, while probe B was modified with a phosphate group at its 5′-terminus. As the chemical features of the modified nucleotides, 3′-hydroxyl in probe A and 5′-phosphoryl groups in probe B (Figure 1) are immediately adjacent to each other following the DNA probes hybridize with the target miRNA, and the modified structure facilitates the formation of a 3′- to 5′-phosphodiester bond catalyzed by T4 RNA ligase II. Moreover, probe A-N has the same sequences as probe A except for the presence of 3′-hydroxyl groups in the two 3′-terminal ribonucleotides. Probe A-N was employed as an experimental control to verify the role of terminus modifications in the ligation reaction. In order to test the specificity of this proposed method in miRNA discrimination, for another miR156 member (miR156g), probes A-g and B-g were also designed in the same way following the replacement of specific sequences (Table 1).


TABLE 1. The sequences of the primers and probes in the ligation based quantitative polymerase chain reaction (PCR) amplification.
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The forward and reverse primers for PCR amplification were designed according to the universal sequences in probes B and A, respectively. For the optimization of the ligation-based qPCR, primer pairs with different lengths were designed and orthogonally combined to screen the optimal primers for the amplification of the ligation product. The sequences of the primers and probes are shown in Table 1. All high-performance liquid chromatography–purified miRNAs, polyacrylamide gel electrophoresis–purified ribonucleotide-modified DNA probes, and primers were synthesized by Shanghai Sangon Biological Engineering Technology (Shanghai, China).



Experimental Procedure of Ligation-Based Quantitative Polymerase Chain Reaction Assay

The mixture contained 2 nM each of template miRNA and probes A and B. The procedure was initially performed at 65°C for 8 min. In this step, both the DNA probes identify and hybridize with the target miRNA. Then, 2 U of T4 RNA ligase II and 10× ligation buffer (New England Biolabs, Shanghai, China) were added to the hybridization product, and a total final volume of 50 μl was incubated at 37°C for 1 h to perform the ligation reaction; the products were then immediately placed on ice until it cooled to room temperature (∼15 min).

The FastStart Universal SYBR® Green Master (Roche, Mannheim, Germany) was used for real-time quantitative PCR assays. The quantitative PCR assays for amplifying the target miRNA were performed with a 20-μl final volume containing 2× SYBR Green Mastermix (ROX), 0.2-μM forward and reverse primers, 5 μl of ligation production, and 4.2 μl of diethylpyrocarbonate-treated water (DEPC-H2O; Takara Biotechnology, Changchun, China). The reactions were incubated at 95°C for 5 min on a Bio-Rad CFX96 Real-time Thermal Cycler (Bio-Rad, Hercules, CA, United States), followed by 40 cycles of 95°C for 10 s, 60°C for 30 s, and then 72°C for 30 s. All reactions were performed in triplicate.



Preparation of Pre-miR156b in vitro Transcription Assays

The precursor of miR156b, pre-miR156b, was prepared using an in vitro transcription reaction. First, the forward and reverse primers for pre-miR156b (pre-FP and pre-RP) were designed based on the sequences of pre-GmmiR156b,2 in which the 20 bases located at the 3′-terminus of pre-FP complemented each other with the 20 bases located at the 3′-terminus of pre-RP. A mixture containing 50 pmol of primer and 10 μl of Klenow buffer (Fermentas, Shanghai, China) was incubated at 75°C for 5 min and cooled on ice. After the 20 complementary bases hybridized completely with each other, deoxynucleotide triphosphate (dNTP; 250 μM final concentration; Takara Biotechnology, Changchun, China), Klenow buffer, and 5 U of Klenow DNA polymerase (exo-; Fermentas, Shanghai, China) were added and replenished with DEPC-H2O (Takara Biotechnology, Changchun, China) to a final volume of 20 μl. Following incubation at 37°C for 1 h, the 3′-terminus sequences of both pre-FP and pre-RP generated double-stranded DNA (dsDNA) by extension reactions. Then, the reaction mixture was heated at 75°C for 20 min to inactivate the Klenow DNA polymerase. The complete sequence consists of the T7 promoter, GGGA (guanine–guanine–guanine–adenine) spacer, and a pre-miR156b specific sequence from the 5′- to 3′-terminus sequence of this dsDNA. The in vitro transcription reaction for pre-miR156b was performed in a final volume of 50 μl containing 20 μl of dsDNA, 30 μl of in vitro transcription buffer, 100 U of ribonuclease inhibitor (Takara Biotechnology, Changchun, China), and 80 U of T7 RNA polymerase (Fermentas, Shanghai, China). The reaction mixture was incubated at 37°C for 4 h to amplify pre-miR156b, and then digested with 5 U of RNase-Free DNase I (Takara Biotechnology, Changchun, China). Finally, the above components were purified with an RNA cleanup and concentration kit (Shenggong, Shanghai, China) for 5 min. The concentration of the final pre-miR156b product was determined by analyzing its absorption at 260 nm with an ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, United States).



Data Processing Methodology

For data analysis, a 10-fold dilution series of ligation products was used as a template for quantitative PCR assays. This was done to generate a plot of log copy numbers of miRNAs vs. the corresponding threshold of cycle (CT). The concentration of the target miRNA was detected through its linearity with CT, which spanned at least seven orders of magnitude. Slope and PCR amplification efficiency (E) were calculated according to the following equation: slope = −(1/log E). The relative detection rate of other miR156 family members was calculated as 1/2ΔCT, in which ΔCT = CT, other miRNA−CT, miR156b. The relative detection rate of miR156b was defined as 100% (Zhang et al., 2011).




RESULTS AND DISCUSSION


Analytical Performance of Deoxyribonucleic Acid Probes Modified With Two Ribonucleotides for Reaction Efficiency

The high specificity of T4 RNA ligase II is dependent on the 3′-hydroxyl and 5′-phosphoryl groups that are adjacent to either a duplex RNA or an RNA–DNA hybrid. Thus, the effect of the modification of two nucleotides on reaction efficiency was examined in the miR156b detection assay. After either probe A/probe B or probe A-N/probe B was hybridized with the target miRNA and ligated by the T4 RNA ligase II, the ligation product was used as an initial template for PCR amplification. As seen in the real-time fluorescence signal in Figure 2A, templates with concentrations as low as 2 nM could be accurately detected by the probe A/probe B set in the ligation step, with CT values ranging from 24.47 to 24.91 in triplicate. However, under the same experimental conditions, the ligation product using probe A-N/probe B had a CT value ranging from 27.48 to 28.25 after PCR amplification was completed. These results demonstrate that although T4 RNA ligase II could directly catalyze DNA nick ligation in a way, ribonucleotide modification at the 3′-terminus greatly improved catalytic efficiency, and was more conducive to ligation-based PCR amplification.
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FIGURE 2. Optimization of ligation-based assays. (A) Analytical performance of deoxyribonucleic acid (DNA) probes modified with two ribonucleotides for reaction efficiency; probe A-N was a control probe without any ribonucleotide modification at its 3′-termini. (B) Effect of hybridization temperature on detection specificity. (C) Effect of ligation temperature on detection specificity. (D) Screening of optimal universal primers for amplification assays; red line: universal primer with the lowest GC content.




Optimization of Ligation Reaction of Ribonucleotide-Modified Deoxyribonucleic Acid Probes

The ability to distinguish similar miRNAs is essential for miRNA detection. The central goal of the developed ligation-based qPCR assay was to establish the appropriate reaction conditions to improve the specificity and reduce the unexpected ligation and hybridization with non-target miRNAs. To ensure high ligation reaction efficiency, the hybridization and ligation temperatures were optimized. In this ligation reaction, miR156b, miR156c, and miR156d were selected as experimental templates based on the similarity of the sequences. The results of the real-time fluorescence signal (Figures 2B,C) show that the hybridization temperature (from 65 to 73°C) had no consequence on the specificity to identify target miR156b, whereas the specificity of the ligation reaction decreased with increasing ligation temperature (from 37 to 42°C). When the ligation temperature was >40°C, the fluorescence signals of interference generated by miR156c were significantly enhanced compared to those of miR156d and miR156b. When the ligation temperature was set at 40 or 42°C, with equivalent molar amounts of the miRNA template, the cycle value of miR156b amplification was later than that at 37°C (Supplementary Figure 1). Data indicate that the initial amount of miR156 used for amplification was reduced in the real-time PCR assay. Based on the above mentioned comprehensive experimental results, 37°C was considered as the optimal ligation temperature to ensure detection specificity.

The amplification efficiency of quantitative real-time PCR depends on the oligonucleotide primer sequences. In order to produce well-defined real-time fluorescence signals, several combinations of forward and reverse primers with different lengths were designed for PCR amplification. As depicted in Figure 2D and Supplementary Table 1, real-time fluorescence curves were generated by the three primer pair combinations. The CT values of target miR156b ranged from 18.15 to 19.33. Although there was no significant difference between the experimental data of each group, the primer pair with the smallest CT values was still employed as the optimal universal primer pair (forward primer: 5′-CGACGGTAGCAAGCATAGAGTGTGTGA-3′; reverse primer: 5′-GGGATACTGGAACCTGATGATGACTAACTAACTACC-3′) for subsequent experiments. As the GC content was closely related to the annealing temperature, it is speculated that the lower GC content can promote the binding of primer and target template to a certain extent.



Dynamic Range and Sensitivity

Using the systematically optimized reaction parameters, a standard curve for evaluating the dynamic range and sensitivity of the ligation-based qPCR method was established via the 10-fold series dilution of ligation products as quantitative templates, spanning over at least seven orders of magnitude (miR156b inputs in the range of 1 fmol–0.0001 amol). This calibration method is superior to the delta threshold of cycle (CT) method in terms of its detection limits (Taverniers et al., 2004). The quantitative PCR assay targeting miR156b further demonstrated an excellent linearity between the CT value and the log of the target concentration in the range of 1 fmol–0.0001 amol. The correlation equation was CT = −3.157 log CmiRNA + 25.766. The proposed ligation-based quantitative system showed a corresponding PCR efficiency of 107.4%, and the squared regression coefficient (R2) of the standard curve was 0.983 for the three replicates (Figure 3). These results show that there was a good linear relationship between the target substance and PCR CT value, over a wide range of concentrations. Notably, miR156b could be detected at concentrations as low as 0.0001 amol, demonstrating that the developed quantitative method has good sensitivity.
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FIGURE 3. Dynamic range and sensitivity of the synthetic miR156b assay over eight orders of magnitude. (A) From left to right, the concentrations of synthetic miR156b is 1 fmol, 100 amol, 10 amol, 1 amol, 0.1 amol, 0.01 amol, 0.001 amol, and 0.0001 amol. (B) Dynamic relationship between CT value and log of miR156b concentration; E: polymerase chain reaction (PCR) efficiency, R2: squared regression coefficient of the standard curve.




Specificity Study

The miR156 family contains seven highly homologous miRNAs with only one to a few mismatched nucleotides. To evaluate the specificity of the proposed qPCR method for miRNA detection, probes A and B were selected to verify whether the said method could identify other miR156 family members with different sequences. As shown in Figure 4, miR156b was identified, and each miR156 sequence obtained a different relative detection rate. Compared to miR156b, both miR156c and miR156f differed by only a single adenine nucleotide; the single-base nucleotide in miR156c was located at the 3′-terminus of probe B. Non-specific detection (31.48%) was higher than that of miR156f (11.89%), whose mature sequence was consistent with miR156b except for the star sequence (Figures 4C,D). This difference may further affect the secondary structure. The analytical data stored in the online database PmiREN (see text footnote 1) also confirms this aspect of miRNA. These results demonstrate that the secondary structure can affect specificity by influencing the binding between the probe and target miRNA to some extent. Both miR156a and miR156d had a mismatched nucleotide at the same position on the 3′-terminus of probe A, but another differential nucleotide in miR156a was located at the 5′-terminus of the mature miRNA sequence, while that of miR156d was at the 3′-terminus of the mature miRNA sequence. The higher non-specific detection determined for miR156a (9.61%) indicates that the method’s specificity was affected not only by the number of differential nucleotides, but also by the location. In addition, two negative controls were established to verify the effect of the ligation between DNA probes on the fluorescence signals, one was a quantitative reaction without any ligation product (NTC), the other was a negative control used for the miRNA-free ligation product as the amplification template (blank). Neither of the negative controls generated notable fluorescence signals. Therefore, it can be inferred that the two DNA probes ligate each other in the absence of the target miRNA to produce a minimal effect on the quantitative results. Collectively, the proposed ligation-based qPCR method can characterize with a high specificity, discriminate differences as small as a single nucleotide, and detect secondary structural differences among miRNA targets.
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FIGURE 4. Evaluation of specificity among miR156b family. (A) Amplification plot of synthetic miR156 family members; red line: miR156b; the other color lines: the highly homologous miR156 members. (B) Relative detection rate of miR156 family members. Blank was a negative control used miRNA-free ligation product as the amplification template; NTC was a quantitative reaction without any ligation product. (C) The alignment of all miR156 sequences. Nucleotides that differ from those in miR156b are highlighted. (D) The structural difference between GmmiR156b and GmmiR156f.




Practicability Validation for miRNA Detection

A different miRNA (miR156g) was randomly selected to verify the universal practicability of the developed ligation-based quantitative PCR methods. To this end, specific probes A-g and B-g were designed with modified ribonucleotides containing the target-specific sequence that is complementary to the half sequence of miR156g. The stuffer sequence and universal sequences for PCR amplification were the same as those for probes A and B. Distinct results can be observed in Figures 5A–C, where equivalent amounts of miR156b and miR156g with different probes hybridized with respective or adverse probes produced well-defined signals. When using miR156b-specific probes (probe A and probe B) to perform the ligation reaction, and calculate the relative detection level with the formula:
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FIGURE 5. Generality and practicability of the ligation-based assays for detection of different miRNAs. (A) Amplification plot of miR156b and miR156g with probe A/B. (B) Amplification plot of miR156b and miR156g with probe A-g/B-g. (C) Relative detections for miR156b and miR156g with different target miRNAs. (D) Specificity of developed method in distinguishing miRNAs from their corresponding pre-miRNAs. From left to right in red line, the concentrations of synthetic miR156b is 1 fmol, 100 amol, 10 amol, 1 amol; from left to right in green line, the concentrations of synthetic pre-miR156b is 1 fmol, 100 amol, 10 amol, 1 amol.
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The non-specific detection rate using miR156g reached 0.64%. For the target miRNA, the non-specific detection using miR156b was 5.5% while using miR156g-specific probes. These results demonstrate that the method has good generality and practicability for the detection of different miRNAs. The high specificity of ligation-based method depends on the complementary degree of the probes and the target sequence, but not the target miRNA sequence itself.

Pre-miRNA is the precursor of mature miRNA; it has stem-loop hairpin secondary structures that can be further cleaved by the dicer-like 1 (DCL1) and HYPONASTIC LEAVES1 (HYL1) into an miRNA: miRNA* (* represents secondary structure) duplex in the nucleus (Sun, 2012). To further investigate the pre-miRNA that were present in the sample on their specificity for miRNA detection, the pre-miRNA of miR156b (pre-miR156b) was prepared using the in vitro transcription reaction. The template concentration for the ligation reaction for pre-miR156b was determined to be in the range of 1 fmol–1 amol. The amplification plots of miR156b and pre-miR156b with the ligation-based qPCR assay showed that pre-miRNA produced negligible signals at concentrations below 10 amol (Figure 5D). In the template concentration range from 1 fmol to 10 amol, each CT value of pre-miR156b was nearly ten cycles later than the corresponding miR156b, equating to 0.1% of the non-specific detection. These experimental data indicate that the developed ligation-based quantitative method has high specificity in distinguishing miRNAs from their corresponding pre-miRNAs.



Quantification of miR156b in Genetically Modified Soybean

As shown in Figure 6A, when soybean DNA was used as a template, no signal was produced in the reaction. This confirmed that the RNA sample reaction was not affected, even if some DNA was present. An equivalent amount of RNA extracted from GM and WT seedlings generated well-defined fluorescence signals in the ligation-based qPCR (Figure 6B), but it was evident that miR156b was expressed in GM soybean much more than in WT soybean. The synthesis miRNA156b range from 1 fmol to 0.0001 amol was selected for standard curve construction. As shown in Figures 6C,D, there was good linearity between CT and the log of total RNA from 10 to 0.4 μg in the quantified assays. The data show that PCR efficiency was 101.7% and the R2 of the standard curve was 0.979. Based on this standard curve, miR156b levels were determined in both the GM and WT samples, revealing that the fold change of miR156b expression level in the GM plants was 5.08 times higher using the established ligation-based quantitative method. These results are quite similar to the that of the developer’s research data (4.82-fold change). Therefore, the established ligation-based method has the potential to detect and quantify GM samples using a miRNA mechanism.
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FIGURE 6. Application of ligation-based assay for miRNA detection in genetically modified (GM) soybean. (A) Amplification plot of miR156b using deoxyribonucleic acid (DNA) as template, the total DNA was extracted from WT and GM soybean, respectively. (B) Amplification plot of miR156b using RNA as template, the total RNA was extracted from WT and GM soybean, respectively; red line: GM plants, green line: WT plants, yellow line: negative control (NTC). (C) Dynamic range and quantification of miR156b assay; red line: total RNA samples of GM plants, blue line: total RNA samples of WT plants, yellow line: negative control. (D) Correlation of total RNA input to CT values for miR156b detection. The total RNA input ranged from 10 to 0.4 μg per ligation reaction.





CONCLUSION

In summary, this study experimentally demonstrated an ultrasensitive fluorescence method for miRNA quantification by elegantly integrating sensitivity and specificity. Under the hybridization procedure followed by DNA nick ligation catalyzed by T4 RNA ligase II, the initial template for miRNA amplification was obtained and quantified by quantitative real-time PCR. After optimizing the influential conditions, the proposed method could accurately discriminate among various miRNAs even when the difference was as small as a single nucleotide mismatch or the secondary structure difference leading by the nucleotides location site. High specificity was also achieved in the detection of mature miRNAs against their precursor sequences. In addition, the practicability of the proposed ligation-based quantitative PCR was further confirmed in that the total DNA and RNA samples from GM and WT soybeans generated well-defined fluorescence signals in a satisfactory dynamic range. The fold change of miR156b expression level compared well with data obtained by the conventional stem-loop qPCR, which further confirmed the reliability of the method. In contrast to the advantages and disadvantages of previously described methods for miRNA detection with data side-by-side (Table 2), the DNA probes and universal primers used in this method can be simply designed, without the need for complex structures such as the stem-loop reaction (Mei et al., 2012) or RCA assay (Liu et al., 2019), operators only need to substitute the specific sequences complementary to half of the target miRNA. Moreover, this method uses SYBR Green I and a small amount of ribonucleotide-modified DNA probes, meaning that it is also more cost efficient than that of the TaqMan probe. This characteristic greatly improves the method’s efficiency and convenience in the quantification and detection of various miRNAs. Combining the detection limit and specificity results investigated with its ability to distinguish miRNA from the other similar sequences, the simple operation and feasibility of this ligation-based PCR method implies that it can become a potential tool in GM content analysis.


TABLE 2. The comparison among ligation-based polymerase chain reaction (PCR) and the other similar methods for miRNA detection.
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WinRoots: A High-Throughput Cultivation and Phenotyping System for Plant Phenomics Studies Under Soil Stress
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Soil stress, such as salinity, is a primary cause of global crop yield reduction. Existing crop phenotyping platforms cannot fully meet the specific needs of phenomics studies of plant response to soil stress in terms of throughput, environmental controllability, or root phenotypic acquisition. Here, we report the WinRoots, a low-cost and high-throughput plant soil cultivation and phenotyping system that can provide uniform, controlled soil stress conditions and accurately quantify the whole-plant phenome, including roots. Using soybean seedlings exposed to salt stress as an example, we demonstrate the uniformity and controllability of the soil environment in this system. A high-throughput multiple-phenotypic assay among 178 soybean cultivars reveals that the cotyledon character can serve as a non-destructive indicator of the whole-seedling salt tolerance. Our results demonstrate that WinRoots is an effective tool for high-throughput plant cultivation and soil stress phenomics studies.

Keywords: high-throughput plant cultivation, root phenotyping, whole-seedling phenotyping, plant stress phenotyping, abiotic stress


INTRODUCTION

Stress due to soil composition, such as salinity, heavy metals, and nutrient deficiency, is a primary cause for crop yield reduction (Miransari, 2010; Mcdonald et al., 2017; Zorb et al., 2019; Siao et al., 2020). This soil-related stress is first sensed by roots and affects their functions, leading to changes in plant physiology and biochemical reactions, ultimately influencing plant growth and yield (Li et al., 2018; Khan et al., 2019). The identification of genes linked to soil stress responses and assessment of how they contribute to combating stress drive molecular design breeding to develop stress-resistant and high-yielding crops, which have become vibrant topics for research. Crop soil stress tolerance is a complex trait that involves the regulation of a variety of genetic and non-genetic factors such as plant morphology, metabolism, and gene regulatory networks (Cui et al., 2015; Yang and Guo, 2018). However, fully revealing the underlying molecular genetic networks and effectively harnessing them to guide molecular breeding has been extremely challenging. In recent years, the rapid development of high-throughput omics techniques, including phenomics platforms, has opened new avenues for the study of complex genetic traits in plants. Through integrated analyses such as phenotype-genotype association studies, it is now possible to comprehensively describe the plant genetic regulatory networks that respond to soil stress and apply this new knowledge to breed stress-resistant crops (Edwards and Batley, 2004; Grosskinsky et al., 2015; Jie, 2015; Al-Tamimi et al., 2016; Liu et al., 2016; Bevan et al., 2017; Muthamilarasan et al., 2019). At present, while next-generation sequencing technology has become more popular and accessible, high-throughput plant phenotyping has become the main bottleneck for large-scale functional analyses (Tardieu et al., 2017; Bolger et al., 2019; Wu et al., 2020).

Traditional crop phenotyping is generally carried out in the field, which is time-consuming and labor-intensive, suffers from low throughput, and can routinely be affected by natural environmental factors beyond the control of the researcher. Under such conditions, it is hard to obtain highly accurate phenotypic data to meet the requirements of phenomics studies. In past decades, several HTP (high-throughput phenotyping) platforms have been developed for use in the field or under controlled conditions. These platforms rely on automated transmission and control technologies. Various types of computer vision sensors, non-invasive imaging, and image analysis technologies can be used to perform phenotypic analysis on dozens, hundreds, or even thousands of plants over a short period of time (Furbank and Tester, 2011; Junker et al., 2014; Ghanem et al., 2015; Araus et al., 2018). The application of these tools to high-throughput phenotyping in controlled-environment facilities has the potential to improve accuracy and reduce the need for replication (Furbank and Tester, 2011). For example, the indoor automated robot phenotyping platform Phenoscope can accommodate the simultaneous cultivation of 735 Arabidopsis (Arabidopsis thaliana) plants and is equipped with a zenithal imaging system to monitor rosette size and expansion rate during the vegetative stage (Tisne et al., 2013). Similarly, the high-throughput rice (Oryza sativa) phenotyping identification facility (HRPF), which combines color imaging, X-ray computed tomography (CT), automatic controls, and image analysis functions, can extract at least 15 agronomic features from 533 rice cultivars grown in the greenhouse (Yang et al., 2014). PlantScreen™ (PSI, Czech Republic), a large-scale plant phenotyping imaging analysis platform equipped with a conveyor belt, was used to evaluate the changes in growth, morphology, and photosynthetic performance of nine Arabidopsis accessions exposed to salt stress (Awlia et al., 2016). These high-throughput phenotyping platforms can quickly obtain precise phenotypic values from potted plants, but their operation and maintenance costs are extremely high. In addition, research aimed at crop phenotyping usually focuses on the aboveground parts of plants while the acquisition of data from root morphology is much more limited (Chen et al., 2007; de Dorlodot et al., 2007; Meister et al., 2014; Wu et al., 2015; Crowell et al., 2016; Choudhury et al., 2019; Li M. et al., 2020; Nagel et al., 2020).

Roots, however, are the major route for water and nutrient uptake in plants, and they may also serve as storage organs for carbohydrates, as well as the direct sensing organ of soil stress (Zhu et al., 2011). Root morphology and root physiological functions change under soil stress (Ho et al., 2004; Zhu et al., 2005; Reynolds et al., 2007; York et al., 2013; Al-Tamimi et al., 2016). Therefore, phenotyping roots is an integral part of studying the plant phenome under soil stress conditions. To date, several root phenotyping technologies have been developed under controlled conditions. These can be divided into two primary categories. One subgroup relies on liquid growth medium (Ingram et al., 2012; Clark et al., 2013; Wu et al., 2018), germination paper (Le Marie et al., 2014; Atkinson et al., 2015; in ‘t Zandt et al., 2015; Gioia et al., 2017), solid growth medium (Busch et al., 2012), and other non-soil matrix growth systems. The second set of methods uses soil (Manschadi et al., 2006; Nagel et al., 2012). Non-soil matrix systems can easily achieve the direct quantification of root morphology and allow the non-invasive imaging analysis of numerous roots in a short time. However, non-soil technology cannot completely mimic the effects of soil on root development (Bengough et al., 2004; Hargreaves et al., 2009) and may even introduce unwanted variables such as hypoxia and bacterial growth (Zhu et al., 2011). To solve these problems, several groups have developed root phenotyping methods specifically designed for soil-grown plants. Although these methods achieved in situ observation and quantitative analysis of the root system by imaging transparent soil-filled columns or rhizotrons, their associated throughput was limited to fewer than 100 plants (Manschadi et al., 2006, 2008; Nagel et al., 2012). Advances in X-ray CT and magnetic resonance imaging (MRI) now allow non-invasive three-dimensional (3D) imaging of crop roots grown in opaque substrates that can quantify root system characteristics (Perret et al., 2007; Tracy et al., 2010; Clark et al., 2011; Mairhofer et al., 2013; Metzner et al., 2015; Pfeifer et al., 2015; Rogers et al., 2016; van Dusschoten et al., 2016). However, the high cost of CT and MRI equipment and the long scanning time needed for individual samples limit the application of these approaches in high-throughput root phenotyping platforms (Gregory et al., 2009; Zhu et al., 2011). Therefore, developing a high-throughput soil cultivation and whole-plant phenotyping system suitable for crop soil stress research remains a largely unfinished task.

Here, we describe the recently developed WinRoots platform, a high-throughput plant cultivation and phenotyping system for plants grown in a soil matrix. WinRoots allows the dynamic monitoring and acquisition of whole-plant phenotypes from plants grown in high throughput in uniform and controllable soil stress conditions. It represents an economical and flexible system with significant space savings compared to other methods. We phenotyped soybean (Glycine max) plants exposed to salt stress as a proof of concept and demonstrated the uniformity and controllability of soil stress conditions and the high throughput of the WinRoots system. We developed optimized salt stress conditions and phenotypic indices suitable for high-throughput phenotyping of salt tolerance in soybean. In addition, a high-throughput multiple-phenotypic analysis indicates that the cotyledon character can serve as a useful non-destructive indicator of the whole-seedling salt tolerance in soybean. This new system will be a powerful tool for studying the complex traits of crops in response to soil stress.



MATERIALS AND EQUIPMENTS


Structure of WinRoots System

As shown in Figure 1, the WinRoots system consists of two or more independent circulatory systems and several plant culture units. The circulatory system is composed of electric pumps, an ultraviolet (UV) sterilizer, and pipes equipped with ball valves (Figure 2A). When turned on, the electric pumps promote the circulation of the liquid in the system when in use. It also help discharge the liquid out of the system in between experiments. A UV sterilizer irradiates the liquid flowing through the water pipes to inhibit the growth of algae, bacteria, and other microorganisms, thus avoiding contamination of the liquid environment that would otherwise affect root growth. The pipes are fitted with ball valves and connect the culture boxes; opening or closing the ball valve can form a shared and homogeneous liquid environment between boxes or an independent liquid environment for each culture box (Figure 2A). In this experiment, the circulatory system worked 1 h per day every 12 h to maintain the uniform of the electrical conductivity in the soil matrix.
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FIGURE 1. The WinRoots system: a soil-based, high-throughput plant culture platform for phenotyping roots and whole plants. Schematic representation of the usage of the system.
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FIGURE 2. Individual components of the WinRoots system. (A) Schematic diagram of all components of the WinRoots system. (B) Structure of a single culture case. (C) Representative images of whole seedlings from four soybean cultivars grown in the same culture case for 10 days. Bar, 5 cm.


Each culture unit comprises several culture cases stacked obliquely in a culture box. The inner wall of each culture box is 106 cm (length) × 79 cm (width) × 32 cm (height). Each box can accommodate nine culture cases stacked obliquely. Each culture case consists of a 100 cm × 55 cm × 2 cm box with a transparent bottom and a cover plate of the same size (Figure 2B). There are 120 vent holes with a 1-mm diameter, evenly distributed over the surface of the cover plate. To maintain a constant distance of 2 cm between two consecutive plates inside the culture case, a metal fixation frame surrounds each culture case (Figure 2B).

The transparent bottom box is filled with soil matrix and is then assembled by placing the cover plate over the transparent box and fixed with an openable clip frame to provide the soil environment for plant growth. The culture box serves as a container for water or culture solution, from which the soil in the culture cases can draw water through capillary action.



Plant Material

Experiments were conducted on plants from 178 soybean cultivars harvested in 2019. The seeds were surface sterilized in 75% ethanol for 3 min, rinsed in sterile water three times, and then placed in a moist seed germination box to germinate at 25°C in the dark. After 48 h, seedlings with visible radicle elongation of about 1 cm were selected and transferred to culture cases and planted at a depth of 2 cm. The matrix in the culture cases was composed of nutritive soil and vermiculite at a ratio of 3:1, mixed with a fixed volume of water or NaCl solution at a specific concentration. The WinRoots system was placed in the climate chamber. Environment parameter settings were as follows: light/dark = 16 h/8 h, temperature 25°C, and humidity 75%. Though the system can support the soybean seedlings grow normally to stage V2, in this experiment, the seedlings grow to stage V1 (∼ 10 days after planting).




METHODS


Experimental Design

The version of the WinRoot system presented here is equipped with six culture units, each of which contains nine culture cases that allow visual inspection of root growth. Each culture case can accommodate 40 soybean seedlings for normal growth (with spacing between neighboring seedlings of about 2.5 cm), and each experiment can accommodate up 2,160 soybean seedlings for simultaneous growth (Figures 1, 2A,C and Supplementary Figure 1). By adjusting the number or size of culture units and culture cases, the throughput of the WinRoots system can be adjusted at the user’s discretion to suit their space and plant material requirements. When setting up an experiment, the emerging radicle of a soybean seed should be placed close to one side of the transparent bottom box. The planting design for uniformity assay and salt stress condition determination was shown in Supplementary Figure 1.

The culture case should be positioned obliquely so that the transparent side forms a 66° angle with the ground and remains in this position during the entire course of the experiment. Root geotropism will promote growth along the transparent side, thus allowing the unobstructed observation of plant roots.

Before the start of the experiment, it is critical to ensure that the liquid level in all culture boxes reaches 10 cm above the bottom of the culture cases; six culture boxes are placed symmetrically in pairs and arranged on the floor support of the climate chamber at equal intervals. The culture boxes located on the same side are connected to each other through the water inlet and outlet pipes with ball valves. Opening ball valves allow liquid circulation across adjacent culture boxes and ensure that the soil in all visible culture boxes receives the same uniform and stable external liquid environment.

Each culture case in the culture box was divided into four site intervals. Each site comprised 10 seedlings from one cultivar. The primary roots of soybean seedlings cultured in the WinRoots system grew straight down along the transparent wall. After 10 days of growth under mock conditions, the root tips reached the bottom of the culture case. Red-green-blue (RGB) images or hyperspectral data can be collected for whole seedlings from the transparent side of the case or for the seedling canopy from the top of the culture units during cultivation, respectively (Figures 1, 2C), and then analyzed to extract phenotypic trait values.



Conductivity Tests

A portable handheld soil conductivity meter (0–10,000 μs/cm) was used to measure soil conductivity. Soil conductivity was measured about 5 cm below the soil surface at four sites 25 cm apart in each culture case, at 1 day before planting and 10 days after planting.



Red-Green-Blue and Hyperspectral Data Acquisition

A Canon EOS 700D digital camera and a Resonon PIKA L hyperspectral imager were used to collect RGB (in raw format) and hyperspectral images, respectively. The camera was positioned from a slidable horizontal rail 1.5 m above the plant material. The images of soybean canopy (overhead shot) and of the whole seedlings (side shot) were collected every day. On the 9th day of cultivation, images were taken of detached leaves with three replicates for each cultivar.



Phenotype Measurement

ImageJ version 1.53a1 software was used to measure primary root length (PRL) and leaf area from RGB images (in tiff format). After imaging whole seedlings on the 9th day, the shoot part and cotyledons of each seedling were harvested separately and their fresh weight determined. The samples were then dried at 100°C for 3 days and their dry weight measured. We calculated the water content and water weight per plant based on the formula WC = (average fresh weight – average dry weight)/average fresh weight and WW = average fresh weight – average dry weight. The relative index = the index of seedlings grown under salt stress/the index of seedlings grown in mock condition.



Data Analysis

Microsoft Excel 2016 with XLSAT plug-in (Ver. 2019.2.2) was used for data analyses. The Student’s t-test was used to check whether two sets of data differ significantly. For correlation analysis, the Spearman correlation test was performed on the phenotypic data.

For agglomerative hierarchical clustering, the phenotypic indices was standardized, the similarity was evaluated with Kendall correlation coefficient, and the unweighted pair-group average agglomeration method was used.




RESULTS


Uniform Soil Cultivation Environment in WinRoots System

Most high-throughput crop phenotyping efforts are performed in pots (one plant per pot) or on germination paper (several plants per sheet of paper) (Adu et al., 2014; van Dusschoten et al., 2016), making it difficult to ensure that the “micro-environment” of these materials is consistent throughout the entire system. To solve this problem, we established WinRoots (Figures 1, 2A), a high-throughput plant cultivation and phenotyping system that is based on a soil matrix and offers root visibility.

Changes in environmental factors can drastically affect measured plant phenotypes. To partially account for these effects and accurately identify phenotypic differences between cultivars, one strategy is to include a large number of replicates to dilute any variation caused by an uneven environment. However, this will also increase the cost of phenotyping. An alternative way of obtaining accurate phenotypic data at an affordable cost is the establishment of highly controlled and stable cultivation conditions with limited repetitions. To evaluate the uniformity of the soil cultivation environment in the WinRoots system, we used soybean PRL as an indicator to analyze the potential for position effects at different sites within one culture case and across different culture boxes. For this test, the WinRoots system was placed inside a climate-controlled growth chamber to minimize variation in temperature and humidity and used to collect data for 520 seedlings from 7 soybean cultivars. We determined PRL for four soybean cultivars placed at four different sites after 6 and 8 days of growth to test the position effect within culture cases, each site containing 10 replicate seedlings. Our results showed that root length was very consistent for each cultivar across the four sites tested, as the intraclass correlation coefficient (ICC) was 0.998, with an associated P-value of > 0.05 (Figures 3A,B and Supplementary Figure 1). Similarly, we evaluated PRL for three soybean cultivars across three different culture boxes to assess the possible contribution of the culture boxes to variation. Again, root length displayed high consistency, with an ICC of 1 and P > 0.05 (Figures 3C,D). These results indicate that the WinRoots system can provide a uniform soil culture environment for soybean seedlings and that the phenotypic data obtained under these conditions are accurate and reliable.
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FIGURE 3. The WinRoots system provides high uniformity of conditions between culture sites. (A) The different positions in each culture case are assigned a site number from 1 to 4, with each site supporting the growth of at least 10 soybean seedlings. (B) Primary root length (PRL) of soybean seedlings growing in different sites within the same culture case for 6 or 8 days. (C) Three culture units under normal conditions are assigned a number from 1 to 3. Each unit contains nine culture cases. (D) PRL of soybean seedlings growing in different units under normal conditions for 6 or 8 days. ICC, intraclass correlation coefficient; P, P-value.




Precise Control of Soil Salt Stress Conditions

Soil stress conditions in the field are often uneven, which constitutes a major limiting factor for obtaining accurate phenotypes related to soil stress in field-grown crops. To test whether the WinRoots system can provide soil salinity conditions that are precisely controlled and highly homogeneous, we evaluated soil conductivity at three different salt stress levels. We used an equal volume of water (mock) or NaCl solution (175, 200, and 250 mM) to soak the nutritive soil-vermiculite mixture and then fill the culture cases, and then placed the culture cases in different culture boxes (Supplementary Figure 1). Germinating soybean seeds were sown after the circulatory system had been allowed to run for 1 day. We planted seedlings at the same positions within each unit for mock and salt stress conditions (Supplementary Figure 1). Soil conductivity was measured for a total of 216 sites sampled, 1 day before and 10 days after planting (Figure 4A and Supplementary Figure 2). Although we observed significant differences in soil conductivity between different conditions, as expected, the variation in conductivity at different positions for a given condition was very small (Figure 4A and Supplementary Figure 2). This indicates that soil conditions in the WinRoots system are uniform and controllable when the system is used to impose high salinity stress.
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FIGURE 4. The WinRoots system provides controlled salt stress conditions. (A) Electrical conductivity of surface soil in the WinRoots system (10 days after planting). Each number indicates the electrical conductivity of a sample site within a culture case. The average electrical conductivity (n = 36) and the standard deviation (SD) are shown below the image. (B) PRL of soybean cultivar Williams 82 under mock and salt stress conditions. Data are shown as mean value ± standard error, n = 15.


Next, we determined PRL for the soybean cultivar Williams 82 exposed to the above salt stress conditions for 4–8 days. We observed an inhibition of primary root growth by all salt stress conditions that was commensurate with the salt concentration. The difference in PRL between seedlings exposed to various salt concentrations increased gradually over time (Figure 4B). Together, these results indicate that the WinRoots system can evoke uniform and controlled salt stress when seedlings are grown in a soil matrix and allows the collection of precise seedling phenotypes.



Determination the Optimal Salt Stress Condition in Soybean Salt Tolerance Screen

In a larger-scale experiment, we used root length, fresh weight, and water content of 11 soybean cultivars under three salt stress conditions in the WinRoots system to define the appropriate conditions to phenotype salt stress tolerance.

The structure of the root system at the seedling stage largely reflects the growth of newly emerged seedlings experiencing stress to support seedling growth and development (de Dorlodot et al., 2007; Meister et al., 2014; Wu et al., 2015). To evaluate the differences in soybean seedlings under different salinity levels, we measured the PRL of 720 individual seedlings from 11 soybean cultivars either grown under normal conditions (mock treatment) or exposed to 175, 200, or 250 mM NaCl for 10 days. To evaluate the salt stress sensitivity of the seedlings, we use the relative root length (RRL) as an index. Soybean PRL was significantly lower in all three salt stress conditions tested here than in the mock treatment (Figure 5A, P < 0.001). In addition, PRL showed greater variation at the salt concentrations of 175 and 200 mM NaCl, suggesting that these two conditions may be used as sensitized stress conditions to screen root-related salt stress phenotypes with the WinRoots system. Importantly, all recorded data followed a normal distribution in all conditions (Figure 5B, P > 0.05).
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FIGURE 5. Determination of primary root length. (A) Scatter distribution map of PRL (circles) and relative primary root length (RRL, triangles) of soybean seedlings. Gray, blue, red, and green represent the soybean seedlings grown under mock treatment or NaCl treatment of 175, 200, or 250 mM, respectively. Each circle represents the PRL of an individual seedling. Each triangle represents the value of the RPL of a soybean cultivar. Data were collected 10 days after planting. A paired Student’s t-test was conducted between mock and NaCl-treated seedlings to test for significance. (B) Quantile-quantile plots of PRL and RRL. The normality of the data was tested using the Shapiro-Wilk test. P, P-value; n.s., not significant. The planting design is shown in Supplementary Figure 1.


We also measured the fresh weight (FW), the water content (WC) and calculated their relative indices (relative fresh weight, RFW; relative water content, RWC) of the aboveground parts of soybean seedlings. As with PRL, all salt stress conditions significantly reduced FW and WC relative to mock conditions, and at 175 mM NaCl condition the indices showed higher variation (Supplementary Figures 3A, 4A, P < 0.001). All indices followed a normal distribution (Supplementary Figures 3B, 4B, P > 0.05).

Based on the above observations, we determined that 175 mM NaCl was a suitable salt stress condition to quantify salt tolerance and sensitivity in a soybean population by the WinRoots system.



High-Throughput Multiple-Phenotypic Assay Reveals Cotyledon Character as a Useful Indicator for Salt Tolerance Estimation in Soybean

To access the soybean salt tolerance on a multiple-phenotype scale, we turned next to the high-throughput analysis of 146 soybean cultivars and recorded whole-seedling phenotypes such as the side (on day 10th) and leaf images (on day 9th) after planting (Supplementary Figure 5). We measured the PRL and leaf area (LA) of plants in both mock and NaCl treatment. In addition, we measured the FW and DW of the cotyledons and shoots for the same cultivar. Based on these data, we obtained 18 indices to access the state of soybean seedlings in mock condition and under salt stress. The indices included the PRL, LA, FW of shoots or cotyledons, water weight (WW) of shoots or cotyledons, and their corresponding relative indices (salt stress/mock). All these indices were salt stress affected (Supplementary Figure 6).

To find out the relationship among these phenotypic indices, we performed a correlation analysis. We observed significant positive correlations between the phenotypic indices of plants grown under the same conditions while the correlation coefficients varied (Figure 6A). This implies that the phenotypic indices are related to each other and are different. Notably, the cotyledon-related indices showed very high correlation coefficients with some typical salt tolerance-related indices. For example, the WW of cotyledons under salt stress (NWW_C) showed correlation coefficients of 0.90 and 0.74 with the PRL and FW of shoots under salt stress (NRL and NFW_S), respectively (Figure 6A). It showed similar results with the relative WW of cotyledons (RWW_C). To explore whether the NWW_C or RWW_C can be used to predict the other salt tolerance indices, we constructed the one-dimensional linear regression equations (Supplementary Figure 7) and used them to predict the NFW_S, RFW_S, NRL, and RRL in a new sample group which included 32 cultivars. As a result, the predicted NFW_S showed a coefficient of determination up to 0.85 with its observed value. For RFW_S, NRL, and RRL, the coefficient of determination was 0.69, 0.61, and 0.51, respectively (Figure 6B). These results showed that the moisture in cotyledons could be used to predict the shoot- or root-related indices in soybean salt tolerance screens.
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FIGURE 6. Correlation analysis between salt stress-related traits. (A) Correlation matrix between salt stress-related traits. The numbers in the squares indicate the Pearson correlation coefficients. Data were collected from 10 seedlings of 146 different cultivars grown for 10 days under mock or 175 mM NaCl treatment. *P < 0.05; **P < 0.01; ***P < 0.001. (B) Regression curve between the predicted value and observed value. The prediction was performed in a new group including 32 cultivars. The first letter “M” in the index name means “mock treatment,” “N” means “NaCl treatment” and “R” means “relative index” (NaCl treatment/mock treatment). The suffix “_C” represents “cotyledon” and “_S” represents “shoot.” RL, root length. LA, leaf area. FW, fresh weight. WW, water weight. SW, seed weight.


For dry seeds, the seed weight (SW) approximately equals the amount of dry material in cotyledons. In correlation analysis, the SW showed a significant negative correlation with the relative FW in shoots (RFW_S) and the relative WW in shoots (RWW_S) (Figure 6A), which suggested that the dry material in cotyledons also correlate the salt tolerance of plants. We further performed agglomerative hierarchical clustering with the dry-weight-related indices of cotyledons and other salt-tolerance-related indices among the 146 cultivars. As a consequence, the population was grouped into two major clusters (Figure 7A and Supplementary Figure 8). The cultivars in cluster 1 shared common characters such as heavier cotyledons (before germination and after the NaCl or mock treatment), higher salt tolerance, and lower salt sensitivity relative to the cultivars in cluster 2 (Figures 7B,C). As taking off a single cotyledon from a young seedling would not affect its viability, these results demonstrated that the character of cotyledons could serve as a non-destructive indicator for salt tolerance estimation in soybean.
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FIGURE 7. Agglomerative hierarchical clustering of salt stress-related traits in soybean (A) The profile plot of the agglomerative hierarchical clustering of salt stress-related traits in soybean. Analysis was performed with the standardized indices. (B) Phenotypes of the representative cultivar for Cluster 1 and Cluster 2. Images of the whole seedlings from the soybean cultivars grown in WinRoots for 10 days. Bar, 5 cm in the whole-seedling images. Bar, 5 mm in the seeds images. (C) The comparison between the indices of Cluster 1 and Cluster 2. ***P < 0.0001 (n = 146), un-paired Student’s t-test.


In conclusion, the WinRoots system provides uniform and controllable soil stress conditions for seedling growth, can be used for high-throughput cultivation and phenotyping under soil stress, and helps provide accurate and diverse soil stress-related phenotypic data. WinRoots therefore offers an improved method to analyzing complex traits such as soil stress.




DISCUSSION

The collection of high-quality data in a high-throughput manner is essential for the study of complex traits. Here, we described WinRoots, a high-throughput crop seedling cultivation and phenotyping system based on a soil matrix, and its application to whole-seedling phenotyping. Capitalizing on the highly controlled and homogeneous soil salt stress environment provided by WinRoots, we collected and analyzed a cultivar of image- and physiological-based traits of soybean seedlings and demonstrated its application potential for high-throughput phenomics studies under soil stress conditions.


WinRoots System Enables the Accurate Quantification of the Whole-Seedling Phenome

Prerequisites to achieving an accurate quantification of the plant phenome are high-throughput plant cultivation and fast and accurate phenotype collection. In the case of the phenotyping platform GROWSCREEN-Rhizo, 72 individual plants can be grown at once, with a phenotyping rate of 60 plants per hour (Nagel et al., 2012). The high-throughput rice phenotyping facility (HRPF) was reported to have the capacity to hold 5,472 pots, while its associated rice automatic phenotyping platform (RAP) can collect at least 15 agronomic traits at the speed of 80 pots each hour (Yang et al., 2014). The WinRoots system can accommodate 2,160 soybean seedlings (about 12-day-old at normal condition) simultaneously in a 12-m2 climate chamber, achieving a growth density of 180 soybean plants per square meter. With the use of an RGB digital camera, the WinRoots system can acquire images for at least 800 seedlings every hour, while the hyperspectral camera can collect 720 canopy images or images from 81 detached leaves in vitro per hour with the human factor as the limitation (Figure 1). Thus, the WinRoots system allows (1) high-throughput plant cultivation in soil using only a small footprint and (2) fast acquisition of digital traits from whole seedlings.

Obtaining high-quality phenotypic data is both a prerequisite and a very challenging aspect of performing phenotype-genotype association analyses to identify loci underlying quantitative traits. For rice and cotton (Gossypium hirsutum), high-quality phenotypic data obtained with high-throughput phenotyping platforms were subjected to genome-wide association analysis (GWAS), which not only identified the positions of known traditional quantitative traits, but also revealed many new loci, highlighting the strong advantages of this method (Yang et al., 2014; Al-Tamimi et al., 2016; Li B. et al., 2020). Here, the high-throughput multi-phenotypic analysis revealed that cotyledon-related indices as indicators for whole-seedling soybean salt tolerance estimation. We precisely predicted the other salt tolerance-related indices using the cotyledon-related indices (Figure 6). This indicates that the phenotypic indices obtained with the WinRoots system can tease apart the standing variation between soybean cultivars, thereby providing high-quality phenotypic data for later GWAS approaches.

Taken together, the WinRoots system is a powerful tool for the accurate quantification of phenotypes in a high-throughput manner.



Application of the WinRoots System to Crop Phenomics Studies Under Soil Stress

The development of phenotyping systems that can provide stable and uniform soil stress conditions is one of the main technical challenges in high-throughput crop phenomics under soil stress conditions. Currently, most crop phenotyping studies assessing the effects of soil stress are conducted in the field. However, the uneven distribution of salinity, heavy metal ion concentrations, water content, and other environmental factors in the field severely hinder the evaluation of stress tolerance in crops. It therefore is often necessary to collect phenotypic and environmental data across multiple locations and seasons with high replication, which greatly increases the research cost (Luo et al., 2017; Tardieu et al., 2017; Morton et al., 2019). In crop phenomics studies, several methods have been developed to limit the impact of environmental heterogeneity on plant phenotypes. For example, the Scanalyzer 3D phenotyping platform maintains a constant water moisture level in the soil throughout cultivation with an automated weighing and watering system that adjusts irrigation to compensate for evaporation (Al-Tamimi et al., 2016). The Phenoscope system avoids environmental heterogeneity by rotating pots continuously, resulting in an improved reproducibility for phenotypic data (Tisne et al., 2013). In contrast to these platforms, the WinRoots system uses conductivity monitoring and a liquid circulation system to achieve uniformity of soil stress conditions within and between cultivation units. Soil conductivity under three salt stress conditions was well controlled and maintained as uniform in the WinRoots system (Figure 4A and Supplementary Figure 2). Additionally, the WinRoots system is very flexible in terms of applied stress conditions, as multiple stressors may be imposed on seedlings to meet experimental requirements (for example, we exposed seedlings to four levels of salt stress conditions in this study). Similarly, the number of cultivation units and liquid circulation systems can be configured to accommodate the specifications of the greenhouse and climate chamber, so as to meet the needs of diversified crop soil stress research.

The effects of soil stress on phenotypes are multi-level and multi-faceted. However, due to the lack of powerful phenotypic tools, most past studies on crops experiencing soil stress have been based on a single phenotype (Mano and Takeda, 1997; Campbell et al., 2015; Awlia et al., 2016; Luo et al., 2017). In recent years, with the emergence of high-throughput phenotyping platforms, multi-phenotype studies have offered a number of advantages for elucidating complex traits (Yang et al., 2014; Al-Tamimi et al., 2016; Li B. et al., 2020). For example, Li B. et al. (2021) used an automated phenotyping platform to collect 119 image-based digital traits (i-traits) on natural populations of cotton grown under drought stress conditions and successfully identified 390 drought-related quantitative trait loci (QTLs) by GWAS (Li B. et al., 2020). Our study established that several phenotypic indices were highly correlated in soybean seedlings under salt stress, including root length, fresh weight, and water content, while others were not, such as leaf area and emergence rate. Our results further indicated that phenotypes can be correlated or independent, reflecting the complexity of the phenotypes associated with salt tolerance (Supplementary Figure 9). Therefore, it is critical to collect multiple phenotypes rather than a single one for the study of complex traits. The WinRoots system can collect all phenotypic data based on RGB images, hyperspectral data, and plant materials. For instance, data for root length, plant height, leaf size, and color can be extracted from RGB images; the vegetation index and chlorophyll index can be obtained from hyperspectral data; dry and fresh weight and transcriptomics data can be obtained from the plant materials after this phenotyping. In addition, the WinRoots system can monitor crops in real time with sensors (such as RGB cameras and hyperspectral imaging spectrometers) and record phenotypic changes over time (Figure 4B) to analyze the dynamics of crop phenotypes. In conclusion, the WinRoots system allows the acquisition of multiple types of phenotypic data in a high-throughput manner from whole plants under controlled soil stress conditions and as such is well suited to meet the needs of high-throughput crop phenomics studies under soil stress.



Perspective and Challenges in Using the WinRoots System

The WinRoots system delivers high-throughput cultivation of crops under controlled soil stress conditions, as well as the instant acquisition of high-throughput and high-quality whole-plant phenotypic data. It will help integrate phenotypes, genotypes, and other omics data sources in a holistic approach to decipher the genetic regulatory networks and mechanisms underlying soil-stress-related traits and hasten precision crop breeding. Compared to previously reported high-throughput crop cultivation and phenotyping systems, the WinRoots system is flexible and offers controllable soil stress settings, while also saving space and cost. It has a wide potential applicability in medium-size crops such as wheat (Triticum aestivum), soybean, and rice, as well as large crops such as maize (Zea mays), because it can be configured to different sizes and specifications of visual incubators.

The WinRoots system can obtain multiple phenotypic data by simulating soil stress conditions. In the future, it should be possible to integrate WinRoots with field phenotypes to obtain more production-guiding phenotypic indicators and thus speed up phenotypic screening and shorten the breeding cycle. Besides RGB cameras and hyperspectral imaging spectrometers, the WinRoots system can carry more sensors, such as chlorophyll fluorometers and infrared thermal imaging cameras, to expand the types of phenotypes being recorded. Additionally, the development of automatic image-based phenotyping analysis software is necessary to accommodate the volume of data generated, using machine learning methods to improve the efficiency of phenotypic analysis. The final version of this high-throughput and highly efficient phenotyping platform for crop phenomics studies under soil stress will greatly promote the development of plants with resistance to soil stress in crop breeding programs and related fundamental research.
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Hypocotyl elongation is the key step of soybean seed germination, as well an important symbol of seedling vitality, but the regulatory mechanisms remain largely elusive. To address the problem, bioinformatics approaches along with the weighted gene co-expression network analysis (WGCNA) were carried out to elucidate the regulatory networks and identify key regulators underlying soybean hypocotyl elongation at transcriptional level. Combining results from WGCNA, yeast one hybridization, and phenotypic analysis of transgenic plants, a cyan module significantly associated with hypocotyl elongation was discerned, from which two novel regulatory submodules were identified as key candidates underpinning soybean hypocotyl elongation by modulating auxin and light responsive signaling pathways. Taken together, our results constructed the regulatory network and identified novel transcriptional regulators of soybean hypocotyl elongation based on WGCNA, which provide new insights into the global regulatory basis of soybean hypocotyl elongation and offer potential targets for soybean improvement to acquire cultivars with well-tuned hypocotyl elongation and seed germination vigor.

Keywords: gene co-expression network, hypocotyl elongation, auxin, light, transcription factor, soybean


INTRODUCTION

The consistency of seed germination and emergence is vital for large-scale agriculture, which not only reduces production cost but also increase yield potential. For dicots like soybean, hypocotyl elongation, the later stage of seed germination, determines whether the seedlings can break the soil smoothly and simultaneously, thus affecting the field emergence rate and consistency. Lots of research effort has focused on deciphering the regulation mechanism of hypocotyl development, mainly in the model species Arabidopsis thaliana. Similar to soybean, hypocotyl elongation in Arabidopsis thaliana is mainly driven by cell elongation. Effects of external environmental factors (light, temperature, gravity, etc.) as well endogenous hormones on hypocotyl elongation were well-studied (Deepika and Singh, 2020; Jiang et al., 2020). Generally speaking, the current research results show that the internal and external signals are integrated through PHYTOCHROME INTERACTING FACTORs (PIFs) to regulate hypocotyl elongation (Leivar et al., 2008; Shen et al., 2008; Castillon et al., 2009; Liu et al., 2011; Wang and Wang, 2015; Kim et al., 2016).

Before the seeds germinate and break the soil, they experience the process of hypocotyl elongation, curved top and leaf yellowing (chloroplast undeveloped), which is called “skotomorphogenesis.” Among them, hypocotyl elongation plays a key role in seedling emergence (Alabadi et al., 2004; Josse and Halliday, 2008; Yi et al., 2020). Once exposed to light, hypocotyl elongation is inhibited. So far, a variety of photoreceptors have been found to be involved in the regulation of hypocotyl elongation (Yu et al., 2013; Srivastava et al., 2015; Hu et al., 2021; Lin et al., 2021; Zhang et al., 2021; Zhong et al., 2021). For example, mutations of phytochrome A (PHYA) and phytochrome B (PHYB) caused insensitivity to far-red and red light in terms of the inhibition of hypocotyl elongation response (Seo et al., 2009; Lee et al., 2012; Zhong et al., 2012), indicating that PHYA and PHYB mediate the inhibition of hypocotyl elongation by far-red light and red light, respectively. Similarly, cryptochrome cry1 mutant showed resistance to blue light induced inhibition of hypocotyl elongation, indicating that CRY1 mediated the inhibitory effect of blue light on hypocotyl elongation.

PIFs are basic helix-loop-helix (bHLH) transcription factors (TFs) that can interact with phytochrome proteins. They contain APA motifs which are capable of binding to PHYA or APB motifs binding to PHYB. So far, it has been reported that at least seven PIFs (1, 3, 4, 5, 6, 7, and 8) can interact with PHYA or PHYB (Leivar et al., 2009, 2012; Shin et al., 2009; Nozue et al., 2011; Hornitschek et al., 2012; Li et al., 2012; Oh et al., 2012; Jeong and Choi, 2013; Zhang et al., 2013). PHYA and PHYB can induce the phosphorylation and rapid degradation of their target PIFs through the interaction, while PIFs as TFs usually bind to the G-Box motif (CACGTG) in the promoter region of their downstream targets, such as HISTONE DEACETYLASE 15 (HDA15) and TIMING OF CAB EXPRESSION1 (TOC1), and regulate their expression to promote hypocotyl elongation. Therefore, light signal promotes the degradation of PIFs by activating the activity of PHYA/PHYB, so as to inhibit hypocotyl elongation. Interestingly, PIFs are also involved in multiple hormone signaling pathways to control hypocotyl elongation. For example, PIF3 is activated by ETHYLENE INSENSITVE3 (EIN3) and EIN3-LIKE1 (EIL1) in ethylene signaling pathway, as well act downstream of gibberellin (GA) signaling pathway, to promote hypocotyl elongation. Therefore, PIFS are the key regulators of hypocotyl elongation (Hyun and Lee, 2006; Mara et al., 2010; Castelain et al., 2012; Sassi et al., 2013; Gommers et al., 2017).

Almost all plant hormones are directly or indirectly involved in the regulation of hypocotyl elongation (Reed et al., 2018). It has been found that in Arabidopsis thaliana, auxin, GA or brassinosteroids (BRs) can promote the hypocotyl elongation, while abscisic acid (ABA) and cytokinin (CK) inhibit the process. For auxin, the expression of cell wall-related EXPANSIN genes was induced in hypocotyl grown under dark condition by auxin treatment (Pelletier et al., 2010; Cosgrove, 2016; Majda and Robert, 2018). A recent study showed that auxin induces the interaction between transmembrane kinase (TMK) and H+-ATPases in the plasma membrane, which facilitate proton transport from intracellular to cell wall, where EXPANSINs are activated to loosen and expand cell wall structure to allow the cell elongating in hypocotyl (Hocq et al., 2017; Ivakov et al., 2017; Duman et al., 2020; Xin et al., 2020; Lin et al., 2021). The role of ethylene (ET) is slightly complicated: it inhibits hypocotyl elongation under dark conditions and promotes elongation under light conditions (Jin et al., 2021). Studies have shown that ethylene acts through EIN3 to activate two opposite pathways (Paque et al., 2014), one mediated by PIF3 (phytochrome interacting factor 3) to promote hypocotyl elongation under light, and the other through ERF1 (ETHYLENE RESPONSE FACTOR1) to inhibit hypocotyl elongation under dark.

Soybean (Glycine max) is one of the most important economic crops in the world because of its high oil and protein concentrations (Liu et al., 2020). Similar to Arabidopsis, the elongation of soybean hypocotyl is affected by environmental factors (temperature, light, soil hardness, etc.) and phytohormones (auxin, GA, BRs, etc.) (Wang et al., 2021), but the underlying molecular mechanisms remain largely unclear. Studies have shown that soybean and Arabidopsis thaliana may have similar mechanisms of hypocotyl elongation. For example, a recent study showed that low light and high temperature promote soybean hypocotyl elongation through elevating the biosynthesis of auxin and GA, which is similar to that in Arabidopsis thaliana (de Lucas et al., 2008; Bawa et al., 2020). However, soybean has a genome size of 1.1–1.15 GB, which is much larger than that of Arabidopsis thaliana, implying soybean has more complicated regulatory networks underlying hypocotyl elongation. In order to elucidate the global architecture of the regulatory networks of soybean hypocotyl elongation, this study adopted the weighted gene co-expression network analysis (WGCNA) integrated with bioinformatics approaches. WGCNA was designed to find clusters (modules) of highly related genes, and correlate modules with external sample traits, so as to identify candidate regulators. Our study integrated the results of various big data analysis and obtained two transcriptional regulatory submodules and multiple novel candidate genes for hypocotyl elongation regulation. Our findings provide suitable combination of genes for the use of molecular breeding to produce soybean varieties with high germination rate and yield potential in the field.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

For soybean, cultivar Williams 82 was used as research material unless specified. For Arabidopsis thaliana, Columbia-0 ecotype was used as WT. The Arabidopsis T-DNA insertion line were obtained from Arashare (https://www.arashare.cn). All Arabidopsis T-DNA insertion mutants used in this study were listed in Supplementary Table 3. The T-DNA insertion liens were verified according to the method provided by the Salk Institute (http://signal.salk.edu/tdnaprimers.2.html). The primers used for T-DNA insertion verification were listed in Supplementary Table 6. All seeds were collected and stored under the same conditions.

For hypocotyl length analysis of Arabidopsis mutant lines, Arabidopsis seeds were surface-sterilized with 70% ethanol for 10 min, followed by four times washing with sterile-deionized water, and then grown on half-strength Murashige and Skoog (MS) medium (0.9% agar, pH 5.7), with or without a 16 h light/8 h dark photoperiod (light density 100 μmol m−2 s−1) at 22°C in a plant growth chamber. Hypocotyl length was determined in 5-day-old seedlings.

For phenotypic analysis of soybean seedlings, soybean seeds were surface-sterilized with 5% Sodium hypochlorite for 5 min, followed by four times washing with sterile-deionized water, and then germinated on filter papers for 2 d. The well-germinated seeds were planted in the vermiculite medium, and grown in a plant growth chamber with or without continuous white light (light density at 200 μmol m−2 s−1) at 27°C. Hypocotyl length was determined in 5-day-old seedlings.



Exogenous Application of Phytohormone

The uniform seedlings (3-day-old, grown under continuous white light) were selected for phytohormone treatment. Seedlings were treated with phytohormone as follows: 10 μM IAA (Sangon, Shanghai, China), or 100 μM Kyn (Merck, Darmstadt, Germany), or water as control. The hypocotyl samples were collected after 2 d treatment for hypocotyl length measurement (with Image-Pro Plus software) and 30 min/2 h for RNA extraction. All treatments were performed with at least three biological replicates.



RNA Extraction and RT-qPCR Analyses

Total RNA was extracted from at least 200 mg soybean hypocotyl using a plant RNAprep Kit (TianGen, Beijing, China). RNA concentration and purity were checked using the Qubit RNA Assay Kit using Qubit 2.0 Fluorometer (Life Technologies, CA, USA). First-strand complementary DNA (cDNA) was synthesized with 2 μg total RNA using a Reverse Transcription kit (Vazyme, Nanjing, China) and 80 ng of first strand cDNA were used as the template for qPCR. The qPCR analyses were performed on a CFX96 Touch Real-Time PCR Detected System (BIO-RAD, CA, USA). The RNA levels were calculated as described before (Chen and Penfield, 2018). The reference gene was a soybean ACTIN gene (GLYMA_02G091900). Three biological replicates with three technical replicates were performed for each sample. Primer sequences are listed in Supplementary Table 6.



RNA Sequencing

Total RNA was extracted from at least 250 mg soybean hypocotyl and root tip samples, respectively. RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Sequencing libraries were generated with 400 ng total mRNA using the NEB RNA Library Prep Kit for Illumina (NEB, MA, USA), and for quality control using Agilent 2100 bioanalyzer. All libraries were sequenced in paired-end 150 bases protocol (PE150) on an Illumina NovaSeq 6000 system (Illumina, CA, USA).

Quality control of sequencing data was carried out with fastp. The raw reads were then trimmed to discard adapter sequences, reads containing poly-N and with low quality by using TrimGalore. After that, 6.19–9.12 GB clean reads were obtained for further analysis. Clean reads were mapped to the soybean reference genome (Williams 82 V2.1) using Hisat2 with default parameters. Number the reads mapped to each gene was calculated with featureCounts. And then fragments per kilobase of transcript per million mapped reads (FPKM) of each gene was calculated based on the length of the gene and reads count mapped to this gene using R. All raw reads were deposited to the National Center for Biotechnology Information Sequence Reads Archive (SRA) with accession number: PRJNA789395, PRJNA789276, and PRJNA790743.



Regulatory Network Construction by WGCNA

WGCNA was performed to identify gene co-expression networks associated with hypocotyl elongation by using the WGCNA software package as previously described (Langfelder and Horvath, 2008). Briefly, after excluding genes with missing entries or average FPKM <1, 18 samples and 23,729 genes were selected to construct the weighted gene co-expression network. The correlation matrix was then constructed using pairwise Pearson Correlations among all genes. The soft threshold was set to β = 24 to achieve a scale-free network. To identify gene modules, the dynamic tree-cutting algorithm was used. Gene modules with similar expression profiles were merged (PCC > 0.85). Gene connectivity in each module was determined, and hub genes were identified as the genes with the highest connectivity. The global gene co-expression network was visualized with Cytoscape_v3.5.1 (Shannon et al., 2003).

To identify modules correlated with hypocotyl elongation, a network-weighted gene significance function was used. Gene significance (GS) was defined as the correlation between a specific gene expression level and the hypocotyl development. Gene modules associated with hypocotyl elongation were also identified based on the correlation between Module eigengene (ME) and hypocotyl development. ME is considered representative expression of all genes in one module and was identified using the ME function.

To analyse functional annotation of the identified genes, all genes in the candidate modules were subjected to gene ontology (GO) functional annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses using the ClusterProfiler tool and KEGG website (https://www.genome.jp/kegg) (Yu et al., 2012). Functional enrichment was performed in the following three GO categories: biological process (BP), molecular function (MF), and cellular component (CC).



Cis-Motif Enrichment Analysis

Motif discovery was performed with the MEME suite (https://meme-suite.org/), using the 2.5 kb sequence upstream of the putative target genes' ATG start codon. The TOMTOM tool was exerted to predict the functions of the enriched motifs by comparing them with known cis-motifs.



Creation of Transgenic Plants

To generate GmPRE6 (Glyma.01g044800 and Glyma.08g298700)-overexpression lines, the full-length coding sequence (CDS) of the two GmPRE6s was amplified and cloned into the the pCambia1300-eCFP vector separately. The constructs was then introduced into Agrobacterium strain GV3101 and transformed into Arabidopsis thaliana plants by floral infiltration. The T1 transgenic plants were selected on hygromycin-containing medium, and the progeny were used for subsequent experiments.



Agroinfiltration of N. sbenthamiana

The pCambia1300-eCFP plasmid that harboring GmPRE6 CDS (driven by the CaMV 35S promoter) were mobilized into GV3101. Recombinant agrobacteria were prepared for infiltration using a modified protocol published before. In short, recombinant bacteria cultures were incubated overnight at 28 °C with shaking. Bacteria were pelleted by centrifugation (14,000 g for 5 min) and resuspended to an OD600 = 1.0 in MMA (10 mM MES pH 5.6, 10 mM MgCl2, 200 μM acetosyringone). Bacteria were delivered into the underside of young leaves using a blunt tipped plastic syringe and applying gentle pressure. N. benthamiana leaf samples were collected 24–48 h post agroinfiltration and the fluorescence was imaging using a Leica confocal microscope (LSM 900, Zeiss, Germany).



Yeast One-Hybrid Assay

Y1H assays were performed following a previously published method (Fuxman Bass et al., 2016) with minor modifications. Briefly, a 370-bp, a 200-bp, and a 643-bp promoter fragment of Glyma.12G034600, Glyma.12G033900, and Glyma.11G031700 was amplified (Supplementary Table 6) and cloned into the pAbAi-bait vector, respectively. The pAbAi-bait plasmids were subsequently linearized and transformed into yeast (Y1H Gold strain). The transformed colonies were screened by colony PCR. The prey constructs (pGADT7-TFs) were transformed into yeast harboring a pAbAi-bait plasmid and screened on the SD-Leu/AbA plate. The minimum inhibitory concentration of aeurobasidin A was 200 ng/mL. At least three independent biological replicates were performed for each combination.




RESULTS


A Hub Module Regulating Hypocotyl Elongation Identified Using WGCNA

In order to explore the global regulatory mechanisms underlying soybean hypocotyl elongation, we profiled the transcriptomes of the emerging hypocotyl and root tip tissue at 0, 1, and 5 days after imbibition (DAI) in the soybean cultivar “Williams 82” using RNA-seq (Supplementary Figure 1). The root tip tissue was set as negative control since its elongation mode is largely different from that of hypocotyl (root tip has vigorous cell division but hypocotyl does not). Eighteen samples, 23,729 genes were screened and analyzed using WGCNA. After normalization, no outlier module was eliminated. The soft-thresholding power was set to β = 24 (scale free R2 = 0.92) to ensure a scale-free network (Supplementary Figure 2). We identified a total of 97 modules via average linkage hierarchical clustering (Figure 1A). The number of genes contained in these clusters ranged from 58 to 9,854 (Supplementary Table 1), and some of them were highly correlated between each other (Figure 1B). In order to simplify the analysis, we combined clusters with Pearson correlation coefficient (PCC) >0.85, and finally obtained 19 modules for subsequent analysis (Figure 1C; Supplementary Table 1).


[image: Figure 1]
FIGURE 1. A global gene co-expression network related to hypocotyl length in soybean. (A) Global gene co-expression network including 19 modules visualized with Cytoscape. (B) Eigengene adjacency heatmap of 19 modules. Each row/column corresponds to a module. Each cell contains a corresponding correlation indicated by color. (C) Multidimensional scaling plots of the TOM-based dissimilarity of gene expression in different modules.


Genes in the same module could form networks and may participate in similar biological processes, so we examined the relationship between modules and hypocotyl elongation phenotype. By calculating the correlation significance between gene expression level in every single module and hypocotyl elongation phenotype, we found five modules with average significance higher than 0.5, of which a cyan module reached 0.94 (Figure 2A; Supplementary Table 2), indicating it may participate in hypocotyl elongation. Further, we analyzed the correlation between module eigengene (ME, which reflects the overall gene expression level of the entity module) and hypocotyl elongation, and again found that cyan module was significantly correlated with hypocotyl elongation phenotype (R = 0.99; Figure 2B). Therefore, the cyan module is considered to be the hub module regulating hypocotyl elongation. Consistent with the above results, most of the genes in the cyan module were specifically highly expressed in the hypocotyl tissue at 5 DAI (Supplementary Figure 3), and the connectivity of the genes was significantly positively correlated with its significance (R = 0.91, Figure 2C).


[image: Figure 2]
FIGURE 2. Correlation between modules and traits. (A) The mean gene significance between module and hypocotyl development. (B) Module-trait relationship. Each row corresponds to a module, while each column corresponds to the root/hypocotyl development trait. Each cell contains a corresponding correlation. (C) The correlation between gene significance and connectivity in the 5 modules with gene significance>0.5 in (A).


To confirm that cyan module is indeed a regulation module of soybean hypocotyl elongation, we randomly selected six genes with high connectivity in the module (Glyma.14g218800, Glyma.15g253700, Glyma.03g060300, Glyma.15g209000, Glyma.06g039900, Glyma.16g205200, and obtained their Arabidopsis homolog knockout mutants (homolog inferred from NCBI blast program, and when there are multiple results, the one with the highest score was selected; Arabidopsis mutants purchased from AraShare https://www.arashare.cn). We found that four out of six Arabidopsis mutants showed altered hypocotyl elongation compared to wild type control (hxk3, corresponding to Glyma.14g218800; lhcb5, corresponding to Glyma.16g205200; lhcb4.2, corresponding to Glyma.03g060300; emb1473, corresponding to Glyma.15g209000) (Supplementary Figure 4; Supplementary Table 3), indicating that the cyan module is a convincible regulatory candidate of soybean hypocotyl elongation.



Characterization of a Conserved PIFs-SAURs-EXPANSINs Submodule

There are 1,532 genes in the cyan module. Gene Ontology biological process (GO-BP) analysis showed that the genes in the cyan module were mainly enriched in GO-BP terms related to auxin response, light response and plant cell wall structure (Supplementary Figure 6). Among them, the genes related to cell wall structure contain 10 EXPANSINs, which might be involved in auxin induced cell wall expansion and hypocotyl elongation as previously reported (Zhao et al., 2008). These results were consistent with the previous reported mechanisms in Arabidopsis thaliana, which highlighted the regulation of hypocotyl elongation by auxin and light. Interestingly, when comparing the genes in cyan module with the four previously reported quantitative trait loci (QTLs) related to hypocotyl elongation (Lee et al., 2001; Liang et al., 2014), we found 27 genes appearing in both results (Figures 3A,B). To study whether and how these genes are involved in regulating hypocotyl elongation, the promoters of these genes and their homologous genes in Arabidopsis thaliana (homolog inferred from NCBI blast program; promoter spans 2-kb region upstream of the ATG translation start site) were scanned for cis-elements (MEME suite https://meme-suite.org/) (Bailey et al., 2009). Interestingly, the enriched elements included the one responsive to auxin (class I), the one responsive to light response (class II), etc. (Supplementary Figure 7), suggesting that these genes might be involved in the auxin and light regulating hypocotyl elongation process. It is worth noting that in these genes there are five small auxin up RNAs (SAURs) members. Previous studies have shown that SAURs act as PIFs' direct targets to participate in hypocotyl elongation in Arabidopsis thaliana. In the cyan module, there are two members of soybean PIF family, GmPIF1 (Glyma.13g130100) and GmPIF3 (Glyma.19g222000) (weighted value = 0.48). We found that GmPIF1 and GmPIF3 were of high connectivity with these five GmSAURs as well one other auxin responsive gene GmRGF6 (ROOT MERISTEM GROWTH FACTOR6, Glyma.11G031700) in the 27 genes (weighted value = 0.51). Intriguingly, the 10 EXPANSIN genes related to cell wall growth in the cyan module were closely correlated with GmSAURs and GmRGF6. Based on these results, we constructed a novel submodule composed of GmPIF1/3, GmSAURs, GmRGF6 and EXPANSINs as the regulator of hypocotyl elongation (Figure 3C).
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FIGURE 3. Construction of a GmPIFs-GmSUARs/GmRGF6 submodule regulating hypocotyl elongation. (A) Distribution of 27 common members between the cyan module and hypocotyl elongation related QTLs on chromosomes. The blue block indicates location of QTLs. The light bule block indicates position of centromeres. Genes in red are GmSAURs and GmRGF6. (B) Venn diagram showing the intersection of the cyan module with hypocotyl elongation related QTLs. (C) Gene co-expression network in GmPIFs-GmSUARs/GmRGF6 submodule. Color of the lines indicates weight value: red indicates high value and blue indicates low value. (D) GmPIFs bind to the promoter regions of GmSUARs and (E) GmRGF revelaed by Y1H assays. Red lines indicated the potential binding regions of GmPIFs.


In Arabidopsis thaliana and other species, PIFs act through SAURs to regulate hypocotyl elongation in response to external and internal cues such as light, auxin and temperature. Through the analysis of previously published ChIP-seq data (Pfeiffer et al., 2014), we found that both AtPIF1 and AtPIF3 bind to the promoter regions of AtSAUR1, AtSAUR23 and AtRGF6 (Supplementary Table 4). GmPIF1 and GmPIF3 have high homology to AtPIF1 and AtPIF3 (Supplementary Figure 5), suggesting that GmPIF1 and GmPIF3 may act through the similar mechanism, i.e., binding to the promoters of GmSAURs. To test this hypothesis, the regions containing class I and II motifs (Supplementary Figure 7) in the promoter regions of GmSAUR1, GmSAUR23, and GmRGF6 (Figure 3D) were selected as baits in yeast one hybridization analysis to identify interactors. Not surprisingly, it is found that GmPIF1 can bind to the promoter of GmSAUR23, and GmPIF3 can bind to the promoter of GmSAUR23, GmSAUR1, and GmRGF6 (Figure 3E), indicating that the binding of PIFs to the promoter region of SAURs is indeed a conservative mechanism.

Auxin and light are important factors regulating hypocotyl elongation. Similar to the case for Arabidopsis, light inhibited the elongation of soybean hypocotyl (data not shown), while exogenous auxin promoted the elongation (Supplementary Figure 8). The above studies showed that PIFs-SAURs-EXPANSINs submodule may be involved in hypocotyl elongation regulated by light and auxin. To verify this, we examined the expression levels of GmPIF1, GmPIF3, GmSAUR1, GmSAUR23, and GmRGF6 and two EXPANSINs (Glyma.14g203900 and Glyma.02g235900) under dark-light change and exogenous auxin by RT-qPCR (Figure 4; Supplementary Figure 9). The results show that the expression of GmPIF1 was induced by light, while the expression of GmPIF3 was first induced and then inhibited by light. Previous studies have shown that light mainly regulates AtPIF1 and AtPIF3 at the protein level (Qiu et al., 2017). Our results suggest that light may regulate the expression of PIFs at the transcriptional level in soybean, which reflects a feedback regulation mechanism. The expression of GmSAUR1, GmSAUR23, and GmRGF6 was inhibited by light, while previous studies in Arabidopsis thaliana showed that light induced the expression of several other SAURs (Dong et al., 2019), suggesting that SAUR family members may have functional differentiation among different species. When treated with exogenous indole-3-acetic acid (IAA) and L-Kynurenine (Kyn), an auxin biosynthesis inhibitor, the expression of GmPIF1 and GmPIF3 in the hypocotyl showed slight responses, which may be due to auxin mainly inhibiting the transcriptional activation activity of PIFs through downstream AUX/IAAs rather than regulating their expression directly. The expression of GmRGF6 was induced by exogenous IAA and inhibited by Kyn, which is similar to the case in Arabidopsis thaliana (Busatto et al., 2017). The expression of GmSAUR1 and GmSAUR23 was similarly induced by exogenous IAA, but with no obvious response to Kyn. It should be noted that the expression of the two EXPANSIN genes was inhibited by light, and induced by exogenous IAA (Supplementary Figure 9). These results suggest that GmSAUR1, GmSAUR23, and GmRGF6 may be positive regulators of soybean hypocotyl elongation. They perceive signals such as light and auxin and regulate hypocotyl elongation through downstream EXPANSINs.
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FIGURE 4. Experssion of GmPIFs and GmSUARs/GmRGF6 in response to light and exogenous auxin. (A–E) GmPIFs and GmSUARs/GmRGF6 expression in soybean hypocotyl under light and dark condition. (F–J) GmPIFs and GmSUARs/GmRGF6 expression in the hypocotyl after 30 min treatment of exogenous IAA and Kyn. (K–O) GmPIFs and GmSUARs/GmRGF6 expression in the hypocotyl after 2 h treatment of exogenous IAA and Kyn. Data are presented as mean ± SD (n = 3). A statistically significant difference of p < 0.05 or p < 0.01 relative to mock (two-tailed Student's t-test) is denoted by * and **, respectively. Different letters (a, b) indicate significant difference (two-tailed Student's t-test).




Characterization of a GmPRE6s Based Submodule

Genes with similar expression pattern in a single module might be targets of a cluster of TFs involved in the same biological process (Zaidi et al., 2020). In order to identify the TFs which potentially regulate the hypocotyl elongation in the cyan module, we used PlantTFDB (planttfdb.gao-lab.org) to predict the TFs, and obtained 83 TFs of 24 families in the cyan module. Among them, the bHLH family transcription factors (Supplementary Figure 10) accounted for the largest proportion (22.9%). Gene Ontology biological process (GO-BP) analysis showed that many of these TFs were involved in the response to light and auxin (36/83, Figure 5A). We extracted these transcription factors and 85 closely connected genes to them (weighted value > 0.45) in the cyan module, and constructed a TF based submodule (Figure 5B). It is not surprising that the submodule includes multiple auxin responsive and light responsive genes (Supplementary Table 7), such as PIN3A (AUXIN EFFLUX CARRIER COMPONENT3A, Glyma.07G217900, involved in auxin polar transport), AUX22 and AUX28 (AUXIN-INDUCED PROTEIN22 and 28, Glyma.08G207900, and Glyma.19G161100, involved in auxin signal transduction) and CAB3 (CHLOROPHYLL A/B BINDING PROTEIN3, Glyma.05G128000, responsive to light) etc., indicating this submodule act as well in a light and auxin response dependent manner.
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FIGURE 5. Construction of a GmPRE6s based submodule regulating hypocotyl elongation. (A) GO analysis of TFs in the cyan module. (B) Co-expression network containing light and auxin response TFs and their closely related genes in the cyan module. (C) A conserved PRE6 based submodule regulating hypocotyl elongation between Glycine max and Arabidopsis thaliana. (D) Expression of GmPRE6s in the hypocotyl after 2 h treatment of exogenous IAA and Kyn. Data are presented as mean ± SD (n = 3). Different letters (a, b) indicate significant difference (two-tailed Student's t-test).


Interestingly, in this submodule, there are four homologous genes of Arabidopsis PACLOBUTRAZOL RESISTANCE6 (PRE6). PREs are atypical bHLH transcription factors that lack the basic DNA binding domain. Accumulated evidence suggests that PREs are involved in the regulation of hypocotyl elongation, including PRE6 (Hong et al., 2013; Zheng et al., 2017). We extracted genes of highest correlation with these four GmPRE6s (weighted value > 0.4) from cyan module and constructed a GmPRE6s based submodule. It is worth noting that the genes in this submodule are specifically highly expressed during hypocotyl development (Supplementary Figure 11), indicating their important roles in regulating hypocotyl elongation. Interestingly, in an Arabidopsis thaliana hypocotyl elongation related module obtained through WGCGA analysis, 27 samples, 33,557 genes, based on RNA-seq results from Burko et al. (2020) (Supplementary Figure 12), a homologous submodule was found, i.e., members between the two submodules are homologous genes. Among these genes in the two submodules, PRE6's potential downstream targets, PIN3 (At1g70940-Glyma.07g217900), PKS4 (PHYTOCHROME KINASE SUBSTRATE4, At5g04190-Glyma.19g123300/Glyma.03g118900), IAA29 (INDOLE-3-ACETIC ACID INDUCIBLE29, At4g32280-Glyma.04g066300), PRE5 (At3g28857-Glyma.19g021400), SAUR1 (At4g34770-Glyma.12g033900) were all reported to be involved in auxin or light regulating hypocotyl elongation (Zheng et al., 2017; Majda and Robert, 2018; Dong et al., 2019; Hu et al., 2021). Interestingly, the 2.5 kb promoter regions of these genes all contain at least one G-box motif (potential binding site of PIFs) (Supplementary Figure 14E), indicating they are potential targets of PRE6 related PIFs. A previous study (Hong et al., 2013) showed that in Arabidopsis PRE6 forms non-functional heterodimers with LONG HYPOCOTYL IN FAR-RED1(HFR1) to activate PIF4 and induce hypocotyl elongation. We note that in the submodule Glyma.10g138800 (PHYTOCHROME INTERACTING FACTOR-LIKE15, GmPIL15) is the soybean homolog of Arabidopsis HFR1, so it is possible GmPRE6s interact with GmPIL15 to activate GmPIFs thus regulating hypocotyl elongation. These results suggest that PRE6 and its downstream genes constitute a conserved regulatory submodule involved in auxin and light regulating hypocotyl elongation (Figure 5C).

The four GmPRE6s were expressed in the nucleus (Supplementary Figure 13). RT-qPCR results showed that their expression was induced by exogenous IAA (Figure 5D) and inhibited by light (Supplementary Figures 14A–D). Multiple light and auxin responsive elements can be found in the promoter region of GmPRE6s (Supplementary Figure 14E), which is consistent with the above results. In order to verify whether and how GmPRE6s was involved in the regulation of soybean hypocotyl elongation, we ectopically expressed two of GmPRE6s (Glyma.01g044800 and Glyma.08g298700) in Arabidopsis thaliana, and the result showed that overexpression of GmPRE6s induced hypocotyl elongation (Figure 6). These results suggest that GmPRE6s may participate in hypocotyl elongation pathway regulated by auxin and light factor.
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FIGURE 6. The hypocotyl phenotype of Arabidopsis seedlings overexpressing one GmPRE6. (A) Overexpression of the GmPRE6 induces a long hypocotyl phenotype in transgenic seedlings. Seedlings were grown for 5 d under light condition. (B) Hypocotyl length measurement. Data are presented as mean ± SD (n = 13–19). Different letters (a, b) indicate significant difference (two-tailed Student's t-test).





DISCUSSION

Constructing gene regulatory networks through WGCNA has been proved to be an effective approach to mine important phenotype related regulators. By conducting transcriptome analysis at 0, 1 and 5 DAI during soybean hypocotyl development and WGCNA analysis, we established the co-expression regulatory network of soybean hypocotyl elongation (Figure 1), and found a novel cyan module highly related to the phenotype (Figure 2). Most of the genes in this module are enriched in the pathways related to light response, auxin response, and cell wall expansion (Supplementary Figure 6). Thus, the cyan module might be involved in hypocotyl elongation mainly regulated by light and auxin.

Two aspects of evidence show that the cyan module is a reliable candidate of hypocotyl elongation regulation. On the one hand, four out of six mutants of cyan module members' homologous genes in Arabidopsis thaliana showed altered hypocotyl elongation phenotype (Supplementary Figure 4); on the other hand, there are 27 genes exist in both the cyan module and previously identified soybean hypocotyl elongation QTLs (Figures 3A,B). Interestingly, we found a conserved submodule that exists in both the cyan module and an Arabidopsis module related to hypocotyl elongation, indicating the conservation of hypocotyl elongation mechanism among species (Figure 5C).

In the 27 common genes between the cyan module and previously published QTLs, there are five SAURs (Figure 3C). SAURs were reported to be involved in the regulation of hypocotyl elongation in Arabidopsis and other plants (Wang et al., 2020). Our results show that at least two SAURs are direct targets of GmPIF1 and GmPIF3 (Figures 3D,E). PIFs are involved in light and auxin regulating hypocotyl elongation pathways in a variety of plants (Sun et al., 2020). It is not surprising that we found that the expression of GmSAUR1, GmSAUR23, and EXPANSINs were all regulated by auxin and light (Figure 4; Supplementary Figure 9). Based on these results, we constructed the auxin/light- GmPIF1/GmPIF3-GmSAUR1/23- EXPANSINs regulatory submodule, in which auxin/light regulates GmSAUR1 and GmSAUR23 through GmPIF1 and GmPIF3, and in turn regulates hypocotyl elongation through EXPANSINs (Figure 3C; Supplementary Figure 15). Interestingly, in Arabidopsis thaliana, light promoted the expression of SAURs (SAUR14, SAUR16, and SAUR50), while auxin inhibited (Dong et al., 2019). But in soybean we observed the opposite regulation pattern, i.e., auxin promoted SAURs' expression while light inhibited (Figure 4), which may be due to the functional differentiation of SUAR genes or the difference between species.

Plant hypocotyl elongation is mainly regulated by transcription factors. There are 83 transcription factors in cyan module, most of which are enriched in auxin and light signal response pathway (Supplementary Figure 10; Figure 5A). We note that four GmPRE6 genes and several key regulators closely related to them form a regulatory submodule (Figure 5B). In Arabidopsis, PRE6 is involved in the hypocotyl elongation regulated auxin signaling, but the mechanism remains largely elusive (Hong et al., 2013; Zheng et al., 2017). Interestingly, there is a homologous submodule in the Arabidopsis regulating hypocotyl elongation (Figure 5C), implying the conservation of relative mechanisms. The expression level of GmPRE6s in soybean hypocotyl was induced by exogenous auxin and repressed by light, indicating they may act downstream to regulate hypocotyl elongation (Figure 5D; Supplementary Figures 14A–D). Indeed, ectopic expression of GmPRE6s in Arabidopsis led to abnormal hypocotyl elongation (Figure 6A). Interestingly, by analyzing the ChIP-seq data of Arabidopsis thaliana (Pfeiffer et al., 2014), we found that PIF3 can bind to the PRE6 promoter (Supplementary Table 5). The analysis of soybean GmPRE6 promoters showed that there are auxin/light response elements and G-box elements (Supplementary Figure 14E), indicating that GmPRE6s are potential targets of GmPIFs. Therefore, GmPRE6s are promoters of hypocotyl elongation, and light stimulus inhibit their expression to repress hypocotyl elongation, while auxin plays a opposite role (Supplementary Figure 15). GmPRE6s were expressed in the nucleus, but they were reported to be atypical bHLH TFs that lack the basic DNA binding domain, so they may regulate downstream processes by combining with other TFs. In Arabidopsis, PRE6 forms non-functional heterodimers with HFR1 to activate PIFs. In the GmPRE6s submodule, there is a homolog of HFR1, GmPIL15. So GmPRE6s may interact with GmPIL15 to induce the elongation of hypocotyl (Supplementary Figure 15). Future studies could be carried out to clarify the mechanisms.

In conclusion, through WGCNA analysis, we constructed the global regulatory network of soybean hypocotyl elongation for the first time, and identified a key regulatory module. By combining with previous research results, as well as transcription factor analysis, Y1H, mutant and transgenic plant phenotype analysis, we identified two regulatory modules, namely GmPRE6s-EXPANSINs submodule and GmPIF1/GmPIF3-GmSAUR1/23- EXPANSINs submodule, respectively (Supplementary Figure 15). Our results not only reveal the key regulatory network of hypocotyl elongation, but also narrow down the gene range of hypocotyl elongation regulation, providing valuable gene resources for improving soybean hypocotyl shape and seed vigor through soybean breeding.
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Leaf-chewing insects are important pests that cause yield loss and reduce seed quality in soybeans (Glycine max). Breeding soybean varieties that are resistant to leaf-chewing insects can minimize the need for insecticide use and reduce yield loss. The marker gene for QTL-M, Glyma.07g110300 (LOC100775351) that encodes a UDP-glycosyltransferase (UGT) is the major determinant of resistance against leaf-chewing insects in soybean; it exhibits a loss of function in insect-resistant soybean germplasms. In this study, Agrobacterium-mediated transformation introduced the CRISPR/Cas9 expression vector into the soybean cultivar Tianlong No. 1 to generate Glyma.07g110300-gene mutants. We obtained two novel types of mutations, a 33-bp deletion and a single-bp insertion in the GmUGT coding region, which resulted in an enhanced resistance to Helicoverpa armigera and Spodoptera litura. Additionally, overexpressing GmUGT produced soybean varieties that were more sensitive to H. armigera and S. litura. Both mutant and overexpressing lines exhibited no obvious phenotypic changes. The difference in metabolites and gene expression suggested that GmUGT is involved in imparting resistance to leaf-chewing insects by altering the flavonoid content and expression patterns of genes related to flavonoid biosynthesis and defense. Furthermore, ectopic expression of the GmUGT gene in the ugt72b1 mutant of Arabidopsis substantially rescued the phenotype of H. armigera resistance in the atugt72b1 mutant. Our study presents a strategy for increasing resistance against leaf-chewing insects in soybean through CRISPR/Cas9-mediated targeted mutagenesis of the UGT genes.
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INTRODUCTION

Soybean (Glycine max) is an important industrial crop that provides edible oil, vegetable protein, and active compounds, such as flavonoids (Arifin et al., 2021). Leaf-chewing insects, such as Helicoverpa zea, Helicoverpa armigera Hübner, and Spodoptera litura Fabricius, are important insect pests that cause a loss in yield and a decline in the quality of soybeans (Otuka et al., 2020; Haile et al., 2021). Farmers mainly depend on chemical pesticides to control this threat. However, the long-term use of chemical pesticides leads to the development of drug resistance in the target insects, contaminates land and water resources, and increases costs of environmental management (Elba et al., 2014; Bondori et al., 2018). Breeding soybean varieties that are resistant to leaf-chewing insects can minimize the need for insecticides, improve soybean yields, and reduce concerns stemming from pesticide use (Ortega et al., 2016).

Transgenic breeding offers key breakthroughs in plant breeding, and the cultivation of transgenic crops has appreciably increased world agricultural productivity in the past two decades (Raman, 2017). Genetically modified cultivars expressing insecticidal proteins have become vital to the effective management of leaf-chewing insect pests. Major insecticidal proteins include the crystal protein (CRY), the vegetative insecticidal protein (VIP), and the protease inhibitor (PI), whose genes have been used to develop insect-resistant genetically modified cultivars (Saikhedkar et al., 2019; Kumar et al., 2020). Many insect-resistant transgenic crops now exist; there are six commercialized soybean cultivars with various insect-resistance (IR) genes (Ichim, 2019; Kumar et al., 2020). This genetic trait provides an effective control strategy for defoliators, including H. armigera. However, transgenic crops that have foreign DNA randomly integrated into their genomes have always been controversial, owing to the durability of resistance, environmental safety, and potential adverse health effects on consumers, limiting such transgenic breeding (Domingo and Bordonaba, 2011; Raman, 2017; Schiemann et al., 2019; Pozebon et al., 2020; Gao, 2021).

In addition to the deployment of genetically modified soybean varieties that overexpress one or more insecticidal protein genes, other soybean varieties have been screened for native resistance to leaf-chewing insects, such as H. armigera (Haile et al., 2021). Zhu et al. (2006) fine-mapped a major quantitative trait locus (QTL-M) for insect resistance in PI 229358 and developed Benning near-isogenic lines (NILs) resistant to H. zea. Similarly, several studies have reported insect-resistance QTLs against S. litura (Kim et al., 2013, 2015; Liu et al., 2016). Ghione et al. (2021) found four markers associated with resistance genes against stink bugs using the association mapping strategy. To date, several insect-resistance QTLs, specific for leaf-chewing insects, have been identified in the soybean germplasm (Rector et al., 2000; Zhu et al., 2008; Wang et al., 2015; Ortega et al., 2016; Sabljic et al., 2020; Ghione et al., 2021; Lucini et al., 2021). Interestingly, Ortega et al. (2017) reported that the Glyma.07g110300 marker (encoding a UDP-glycosyltransferase) in QTL-M was a functional single-nucleotide polymorphism (SNP) that could be used for the marker-assisted selection of insect-resistance QTLs and Glyma.07g110300 exhibits a loss of function in insect-resistant soybean germplasms. Native resistance traits have been reported against H. zea, but information about the GmUGT gene and its roles in resistance to H. armigera remains unclear.

The CRISPR/Cas9 (clustered regularly interspaced short palindromic repeat-associated endonucleases) is an efficient tool for genetic manipulation; it uses simple RNA-guided DNA recognition and binding for sequence-specific nucleic acid cleavage. The CRISPR/Cas9-based genome-editing can help produce crop varieties, similar to non-transgenic crops, without adding any foreign DNA to the genome, and thus, has become a powerful tool to advance crop breeding (Knott and Jennifer, 2018; Chen et al., 2019; Schiemann et al., 2019; Gao, 2021). This technology has been widely applied in soybeans (Bao et al., 2019; Cheng et al., 2019; Han et al., 2019; Cai et al., 2020). Therefore, CRISPR/Cas9-mediated construction of insect-resistant germplasms to reduce the dependence on pesticides has the potential to become a simple and feasible breeding method for soybeans in the future.

In this study, we employed the CRISPR/Cas9 system to create GmUGT-gene knockout mutants and analyzed the change in resistance of the mutant to leaf-chewing insects. The H. armigera and S. litura larval feeding assay demonstrated that the mutagenesis of GmUGT-improved soybean resistance against leaf-chewing insects by altering the biosynthesis pathway of flavonoids in soybeans. Furthermore, the ectopic expression of the GmUGT gene substantially rescued the phenotype of resistance against H. armigera in the atugt72b1 mutant. Findings from this study present a strategy to increase the resistance to leaf-chewing insects in soybean and other crops through CRISPR/Cas9-mediated targeted mutagenesis of UGT genes.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Soybean cultivar Tianlong No. 1 (WT), as well as transgenic varieties generated by the CRISPR/Cas9-mediated mutagenesis of GmUGT gene and GmUGT-overexpression, were grown in pots (height × top diameter = 18.5 cm × 18.5 cm). Three plants per pot were grown in an artificial climate chamber under 14-h light/10-h dark photoperiod conditions at 26°C. Arabidopsis thaliana Columbia-0 (Col-0) and the T-DNA insertion mutant, atugt72b1, were obtained from the Arabidopsis Biological Resource Center (ABRC). The Col-0, atugt72b1, and transgenic Arabidopsis lines were grown in pots (height × top diameter = 10 × 8 cm) with four plants per pot in an artificial climate chamber under 8-h light/16-h dark photoperiod conditions at 22°C.



Vector Constructs and Plants Transformation

To edit the GmUGT gene, the pSC1-CRISPR/Cas9PGmUbi3-BK plasmids were constructed, following the method of Du et al. (2016). Briefly, the target adaptor was designed using the CRISPR-P1 web tool; it was then integrated into the single guide RNA (sgRNA) expression cassettes driven by the GmU6 promoter, which was subsequently built into the pSC1-CRISPR/Cas9PGmUbi3-BK vector. The full-length coding sequence (CDS) of GmUGT was cloned from the Tianlong No. 1 complementary DNA (cDNA) library. The GmUGT CDS was subcloned into the pB2GW7.0 binary vector (Shen et al., 2018) through the LR recombinase reaction (Invitrogen, Carlsbad, CA, United States). The constructs, P35S-GmUGT-pB2GW7.0 and PGmU6-sgRNA-pSC1-CRISPR/Cas9PGmUbi3-BK, were introduced into Agrobacterium tumefaciens EHA105 by electroporation and then transformed into the WT as previously described (Chen et al., 2021).

For Arabidopsis transformation, the GmUGT gene was subcloned into pFGC5941 (Lei et al., 2021) driven by the ATUGT72B1 promoter using the ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China); the clone, thus, prepared was introduced into the Arabidopsis atugt72b1 mutant with EHA105 by the floral dip method (Clough and Bent, 1998).



Identification of Transformants and Mutations

For PCR, genomic DNA was extracted from the leaves of the WT plants and the transgenic varieties generated by the CRISPR/Cas9-mediated mutagenesis of GmUGT and GmUGT-overexpression. Transgenic plants were tested with a Transgenic Plant Bar Gene Rapid Detection Kit (Institute of Oil Crops, Chinese Academy of Agricultural Sciences, Wuhan, China).

The PCR products were separated by electrophoresis on 1% agarose in 1 × Tris-acetate-EDTA (TAE) buffer to screen the GmUGT mutants. The purified DNA fragments with Bar gene detection primers were sequenced and analyzed. To identify mutations in the regenerated plants, amplified DNA surrounding the target regions of the sgRNA was sequenced and analyzed. The successfully edited types were identified by sequence alignment with the WT DNA sequence. The PCR identified GmUGT-overexpressing transgenic soybean plants with vector detection primers. The real-time quantitative PCR (qRT-PCR) was used to determine the expression levels of GmUGT in overexpressing transgenic lines. The GmSKIP16 gene was used as the internal control in qRT-PCR analysis. Rescued lines of Arabidopsis were selected on the soil by spraying Basta at 1:1000 concentrations (Bayer CropScience, Monheim, Germany). The qRT-PCR was used to determine the expression levels of GmUGT in transgenic Arabidopsis lines. The AtACTIN2 gene was used as the internal control in qRT-PCR analysis.



Detection of Off-Target Sites

To consider the off-target effects, the potential off-target sites were predicted by the website CCtop2. The overlapping sequence between the similar position of the off-target site gene (Glyma.09G245300) and the sgRNA was 16-bp long. This gene was checked by PCR amplification and sequencing. Off-target site detection primers are listed in Supplementary Table 1.



Analysis of Insect Resistance in Mutant and Transgenic Lines

For the larval feeding assay, soybean plants were grown until they had five fully unfolded leaves. Arabidopsis plants were grown until they had 10 fully unfolded leaves. The H. armigera and S. litura larvae obtained from Huazhong Agricultural University were hatched at 28°C from a single egg mass. To analyze insect resistance in the WT plant and the transgenic varieties from CRISPR/Cas9-mediated mutagenesis of the GmUGT gene and GmUGT overexpression, leaves were collected from the same positions. Four small rounded blades (each with a diameter of 4 cm) were collected from each leaf with a hole puncher. The leaves were placed in a Petri dish (90 × 15 mm) containing two pieces of soaked filter paper. A second instar larva was placed on each leaf. Three days after the treatment, representative photos were taken, and the leaf area of soybean varieties was measured using a leaf area meter. After feeding for 7 days, the weight per larvae was recorded. Two knockout mutants (ko-3 and ko-5), three overexpressing transgenic lines (OX-1, OX-2, and OX-44), and the WT plants underwent fifty biological replicates. For the analysis of insect resistance in Arabidopsis, two whole plants were used as one sample. Plants were wrapped in moistened absorbent cotton and placed in 500 mL round disposable plastic boxes with 100 freshly hatched larvae. Three days after treatment, representative photos were taken. After feeding for 7 days, the weight per larvae and the number of surviving larvae were recorded. Three transgenic lines of soybean (RE-1, RE-2, and RE-3), atugt72b1, and Col-0 were tested in three biological replicates.



Expression Pattern Analysis of GmUGT

The tissues of the WT plants were tested at different stages to analyze the expression pattern of GmUGT in soybean. Cotyledons, roots, simple leaves, trifoliate leaves, and stems were harvested from the WT at the V2 stage, flowers were harvested at the R2 stage, and pods at the R5 stage for RNA purification. The harvested samples were stored at −80°C until total RNA extraction was performed for gene expression analyses.

For the induced expression pattern analysis, 10 H. armigera larvae were placed on the first and second trifoliate leaves of the WT at the V4 stage. The leaves of the control and treated plants were excised at nine sampling times (0, 1, 2, 3, 6, 12, 24, 36, 48, or 72 h) after being attacked by H. armigera to identify the induced resistance. For mechanical damage treatment, the damage was simulated using a needle with 48 spines per leaf. A mix of damaged and undamaged leaves was collected. The H. armigera attack and mechanical damage treatments were performed in biological triplicates.



RNA Isolation and Real-Time Quantitative PCR Analysis

Total RNA was extracted from plant tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). The RNA concentration was measured using NanoDrop One (Thermo Scientific, Waltham, MA, United States) for qRT-PCR and RNA sequence (RNA-seq) assays. One microgram of total RNA per sample was used to synthesize the first-strand of cDNA using the TransScript® First-Strain cDNA Synthesis SuperMix according to the manufacturer’s instructions (TransGen Biotech, Beijing, China). A total volume of 20 μL was set up for the qRT-PCR that contained 0.5 μM forward and reverse primers, 10 μL of the SYBR premix, and 20 ng of the cDNA. The assay was performed in a QuantStudio™ 5 Real-Time PCR Instrument (Thermo Scientific, Waltham, MA, United States) under the following cycle conditions: 95°C for 30 s, 40 cycles of denaturation at 95°C for 5 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s with simultaneous fluorescence measurement and a melting curve at 55–95°C (0.5°C increments with each cycle). Three biological replicates were assayed. The GmSKIP16 (Glyma.12g05510), AtACTIN2 (At3G18780), and HaActin (GU182917) were used as endogenous controls for experiments involving nucleic acids from Arabidopsis, soybean, and H. armigera, respectively. The expression levels of the target genes were quantified using the 2–ΔΔCt method (Livak and Schmittgen, 2001). Unless otherwise indicated, the wild-type untreated samples were set to a relative value of 1. All the primers used for qRT-PCR are listed in Supplementary Table 1.



Subcellular Localization of GmUGT-YFP Fusion Proteins

The full-length CDS of GmUGT was amplified with two primers, GmUGT–CDS-F/R (Supplementary Table 1). The PCR product was subcloned into the pEarlyGate 101 vector (Deguchi et al., 2020) under the control of the CaMV35S promoter using the ClonExpress II One Step Cloning Kit (Vazyme, Nanjing, China). This yielded a pEarlyGate101-GmUGT-YFP construct, which was transformed into Agrobacterium strain GV31011 by electroporation. The Nicotiana benthamiana plants were grown in a plant growth chamber at 26°C under a 16 h/8 h (light/dark) regimen until they reached heights of approximately 10–20 cm. The plantlets were then infiltrated with Agrobacterium strain GV3101 containing pEarlyGate101-GmUGT-YFP. Infiltration was performed as described by Bai et al. (2013). The YFP alone was used as the control, and FIBRILLARIN2-mCherry (FIB2-mCherry) was used as a nucleolar marker (Missbach et al., 2013). The agroinfiltrated leaves were photographed 72 h after infiltration. The fluorescing fusion protein was visualized by confocal microscopy with excitation at 520 nm for YFP and 570–620 nm for FIB2-mCherry.



Metabolomics Analysis

For the metabolomics analysis, samples were isolated from the WT and the ko-3 leaves; these leaves included unattacked and attacked samples by H. armigera for 36 h and were taken from the same place on the plants. Nine fully expanded leaves from nine independent plants were pooled as one composite biological replicate. Three biological replicates were performed. Biological samples were extracted, and the sample extracts were analyzed using a ultra-performance liquid chromatography with electrospray ionization tandem mass spectrometry (UPLC–ESI–MS/MS) system as described previously (Chen et al., 2013). Significantly regulated metabolites between groups were determined by variable importance in projection (VIP) ≥ 1 and absolute log2 fold change (log2FC) ≥ 1. The VIP values were extracted from the Orthogonal Partial Least Squares Discrimination Analysis (OPLS-DA) results, which contained scores and permutation plots generated using the R package, MetaboAnalystR 3.03. The data were log-transformed (log2) and mean-centered before OPLS-DA. Identified metabolites were annotated using the KEGG Compound database4, and annotated metabolites were then mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway database5. Pathways with significantly regulated metabolites were mapped and then fed into metabolite set enrichment analysis (MSEA). Their significance was determined by the p values of the hypergeometric tests (Thevenot et al., 2015; Zhang X. L. et al., 2017).



RNA-Seq and Bioinformatics Analysis

Six fully expanded leaves from three independent WT and ko-3 plants after H. armigera larval attack and unattack were pooled as a single biological replicate. The three biological replicates were used for total RNA extraction followed by RNA-seq analysis. The RNA-seq experiment and preliminary data analysis were carried out by the Beijing Biomarker Technology Corporation (Biomarker, Beijing, China). The total RNA was extracted, and sequencing libraries were generated as previously described (Kou et al., 2021). Clean reads were mapped to the soybean reference genome (G. max Wm82.a2.v1) downloaded from Phytozome using SOAP aligner/SOAP2. Differentially expressed genes (DEGs) relative to control samples were identified with the absolute value of | log2 FC| ≥ 1 and false discovery rate (FDR) <0.5 as the threshold. The KEGG pathway enrichment of the DEGs was generated using R using enrichment factors, Q-values, and the number of enriched genes in this pathway (Chen et al., 2020).



Statistical Analysis

All data were collected and analyzed using Microsoft Office Excel 2010. All data analyses were performed by Student’s t-test to compare the means of two samples (or treatments) to determine significant differences. Unless otherwise specified, experiments were conducted in triplicates. The values are given as mean ± SD. The consistency between RNA-seq and qRT-PCR analyses was evaluated by the Pearson correlation method based on log2FC. Pearson correlation analyses were performed using GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA, United States).




RESULTS


CRISPR/Cas9-Mediated Mutagenesis of GmUGT in Soybean Enhanced Resistance to Helicoverpa armigera and Spodoptera litura

To better understand the GmUGT gene and its function in soybean resistance against leaf-chewing insects, Agrobacterium-mediated transformation was used to introduce the CRISPR/Cas9 expression vector into the soybean cultivar Tianlong No. 1 (wild type, WT). This generated mutants of the Glyma.07g110300 gene with a guide RNA targeting GmUGT (Figures 1A,B). We obtained four T0 transgenic lines with insertions of the Bar gene (Supplementary Figures 1A,B). Several T1 generations were sequenced to identify the CRISPR/Cas9-induced mutant lines, and five edited mutants were identified (Figures 1C–G and Supplementary Figure 1C). The ko-1, ko-2, ko-3, and ko-4 mutants had 4-bp, 6-bp, 33-bp, and 65-bp deletions, respectively, while ko-5 had a single-bp insertion in the target site, resulting in altered amino acid sequence or frameshift mutations in the protein encoded by GmUGT (Figures 1C–G and Supplementary Figure 2A). Due to the possibility of off-targeting, potential off-target sites predicted by the website CCtop6 were also sequenced to detect all cleavages in the mutants (Supplementary Figure 2B). We did not observe a significant difference in plant growth and development between the five homozygous mutants and the WT plants (Supplementary Figure 1C). The ‘transgene-clean’ homozygous ko-3 and ko-5 mutants were used for further analysis (Supplementary Figures 1D–F).
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FIGURE 1. Target site in the GmUGT gene and results obtained from the mutagenesis of GmUGT through CRISPR/Cas9 technology. (A) Schematic figure of the target site in GmUGT. Nucleotides in red represent the protospacer adjacent motif (PAM). Nucleotides underlined indicate the target site. (B) Schematic figure of the binary vector designed for mutagenesis of the GmUGT gene using CRISPR/Cas9 technology. The pSC1-CRISPR/Cas9-PGmUbi3-BK was derived from VK005-04-soU6-2-GmUbi3. The sgRNA with a targeting site was directed by the GmU6 promoter. (C–G) Detailed sequence of the target site in T2 generations of the separated lines. ‘–’ signs indicate the number of deleted nucleotides. The WT represents Tianlong No. 1 wild type sequence.


To test the resistance of the GmUGT mutants to leaf-chewing insects, we fed the larvae of H. armigera and S. litura detached leaves of the ko-3 and ko-5 mutants and the WT plants. Figure 2 shows that both the ko-3 and ko-5 mutants exhibited resistance to H. armigera and S. litura. The leaf area loss in the ko-3 and ko-5 mutants attacked by H. armigera was significantly less than that in the WT plants (Figures 2A,B). The average weight of H. armigera fed with the leaves of ko-3 and ko-5 mutants was also significantly less than that fed with leaves of the WT plants (Figures 2C,D). Similar results were observed when the larvae of S. litura were fed detached leaves of the ko-3 and ko-5 mutants and the WT plants (Figures 2E–H). These results demonstrated that the CRISPR/Cas9-mediated targeted mutagenesis of GmUGT increased resistance against H. armigera and S. litura in soybeans.
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FIGURE 2. The CRISPR/Cas9-mediated mutagenesis of GmUGT enhanced resistance to H. armigera and S. litura in soybean. (A) The phenotype of detached leaves of ko-3, ko-5, and WT plants attacked by H. armigera for 3 days (bar = 2 cm). (B) Percentage of leaf area loss in ko-3, ko-5, and WT plants attacked by H. armigera for 3 days (n = 50 biological repeats). (C) The phenotype of H. armigera larvae fed detached leaves of ko-3, ko-5, and WT plants for 7 days (bar = 0.2 cm). (D) The average weight of H. armigera larvae that were fed detached leaves of ko-3, ko-5, and WT plants for 7 days (n = 50 larvae). (E) The phenotype of detached leaves of ko-3, ko-5, and WT that was attacked by S. litura for 3 days (bar = 2 cm). (F) Percentage of leaf area loss in ko-3, ko-5, and WT plants attacked by S. litura for 3 days (n = 50 biological repeats). (G) The phenotype of S. litura larvae that were fed detached leaves of ko-3, ko-5, and WT plants for 7 days (bar = 0.2 cm). (H) The average weight of S. litura larvae that were fed detached leaves of ko-3, ko-5, and WT for 7 days (n = 50 larvae). Data shown are means and standard deviations. Statistically significant differences are marked with asterisks (**p < 0.01; Student’s t-test).




Soybean Varieties Overexpressing GmUGT Were More Sensitive to H. armigera and S. litura

Because the GmUGT mutants (ko-3 and ko-5) showed enhanced resistance to leaf-chewing insects, we wondered whether the overexpression of GmUGT would be more sensitive to H. armigera and S. litura. Four transgenic lines that overexpressed the GmUGT gene were generated (OX-1, OX-2, OX32, and OX-44) (Supplementary Figure 3); three of these (OX-1, OX-2, and OX-44) were used to evaluate resistance against H. armigera and S. litura. As expected, all three GmUGT-overexpressing lines were more sensitive to H. armigera and S. litura in soybean (Figure 3). The loss in leaf area in GmUGT-overexpressing lines attacked by H. armigera and S. litura was more significant than in the WT plants. Furthermore, the average weights of larvae fed GmUGT-overexpressing leaves were higher than those that were fed WT leaves (Figure 3). These results suggest that the GmUGT gene compromises the resistance of soybeans to leaf-chewing insects.
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FIGURE 3. GmUGT-OX transgenic soybean plants were susceptible to H. armigera and S. litura. (A) The phenotype of detached leaves of three GmUGT-OX transgenic plants (OX-1, OX-2, and OX-44) and WT plants attacked by H. armigera for 3 days (bar = 2 cm). (B) Percentage of leaf area loss in OX-1, OX-2, OX-44, and WT plants attacked by H. armigera for 3 days (n = 50 biological repeats). (C) The phenotype of H. armigera larvae that were fed detached leaves of OX-1, OX-2, OX-44, and WT plants for 7 days (bar = 0.2 cm). (D) The average weight of H. armigera larvae that were fed detached leaves of OX-1, OX-2, OX-44, and WT plants for 7 days (n = 50 larvae). (E) The phenotype of detached leaves of OX-1, OX-2, OX-44, and WT plants attacked by S. litura for 3 days (bar = 2 cm). (F) Percentage of leaf area loss in OX-1, OX-2, OX-44, and WT plants attacked by S. litura for 3 days (n = 50 biological repeats). (G) The phenotype of S. litura larvae that were fed detached leaves of OX-1, OX-2, OX-44, and WT plants for 7 days (bar = 0.2 cm). (H) The average weight of S. litura larvae that were fed detached leaves of OX-1, OX-2, OX-44, and WT plants for 7 days (n = 50 larvae). Data shown are means and standard deviations (n = 50). Statistically significant differences are marked with asterisks (**p < 0.01; Student’s t-test).




Characterization of the GmUGT Gene in Soybeans

The tissue expression pattern showed that the GmUGT gene was ubiquitously expressed in all tissues. The expression levels in the flower, simple leaf, trifoliate leaves, and pod were higher than those in other tissues (Figure 4A). Leaves are the favorite food of H. armigera and S. litura larvae. Additionally, Aljbory and Chen (2018) reported that insect attacks can stimulate plant resistance by mechanical damage and/or the application of an elicitor. Thus, we examined the expression patterns of the GmUGT gene in the leaves of WT plants after exposure to H. armigera attacks and mechanical damage at different times. The transcription of GmUGT was induced by H. armigera 1 h after the attack, followed by a gradual increase for 36 h and eventually a decrease after 48 h; contrarily, the expression levels of GmUGT remained unchanged after mechanical damage (Figure 4B). These results indicate that GmUGT is expressed in response to the attack of leaf-chewing insects rather than mechanical damage alone in soybean. Phylogenetic analysis showed that the GmUGT protein shared high sequence homology with ATUGT72B1 in Arabidopsis (Figure 4C), which catalyzes the glucose conjugation of monolignols (Lin et al., 2016). Previous works have reported that genes belonging to the UGT family function as glycosyltransferase in the cytoplasm (Bowles et al., 2005; Sun et al., 2013; Smehilova et al., 2016). To assess the subcellular localization of GmUGT protein, a plasmid carrying GmUGT fused with a yellow fluorescent protein (YFP) gene driven by the CaMV 35S promoter was injected into tobacco leaves. The diffused fluorescence of the fusion protein was observed in the cytosol, accumulating along the cell membrane and in the nuclei (Figure 4D), proving GmUGT to be a cytosolic enzyme.
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FIGURE 4. Gene expression analysis, phylogenetic relationship, and localization assay of the GmUGT gene. (A) Expression of GmUGT in roots, stems, simple leaves, flowers, cotyledons, trifoliate leaves, and pods (n = 3 biological repeats). (B) Expression patterns of GmUGT in leaves after attack by H. armigera and mechanical damage (n = 3 biological repeats). (C) Phylogenetic analysis of GmUGT and other UGT proteins from diverse species. The scale bar indicates 0.2 substitutions per site. The accession numbers of these proteins in the GenBank database are as follows: GmUGT (Glyma.07g110300); OsUGT01 (LOC_Os01g43280); OsUGT11 (LOC_Os11g38650); AtATUGT72B1 (AT4G01070); MdoUGT72B2 (MDP0000875654); SlyUGT72B2 (Solyc01g095620.2); SlyATUGT72B1 (Solyc04g080010.2); MtrUGT72B1 (Medtr8g006260); MtrUGT72B2 (Medtr1g019510); ZmATUGT72B1 (Zm00008a014945_T01); TaATUGT72B1 (Traes_6AS_43AF9291); TcaUGT72B2 (Thecc1EG005182t1); SpuUGT72B2 (SapurV1A.00130600); and CclUGT72B2 (Ciclev1000172B2). (D) Subcellular localization of YFP-GmUGT fusion proteins in the tabacum leaf cells. The fluorescence patterns of GmUGT-YFP and YFP (negative control) were visualized with a high-resolution laser confocal microscope. The extreme left panel shows YFP fluorescence, the middle panel shows mCherry and the bright field, and the right panel represents an overlay of the two images, bar = 75 μm. mCherry, FIBRILLARIN2-mCherry nucleolar marker; MLS, membrane localization signal; NLS, nuclear localization signal.




GmUGT Negatively Regulates Flavonoids Content

Because the Arabidopsis ugt72b1 mutant previously displayed an aggravated cell wall lignification and an enhanced flavonoid content (Lin et al., 2016), we investigated whether GmUGT, the homolog of ATUGT72B1, plays a similar role in soybeans. First, we evaluated the lignin in the cell walls of the leaves of the ko-3 and WT plants to find out if they had similar cell wall lignin (Supplementary Figure 4A). To determine the flavonoid content, metabolomics analysis was performed on the ko-3 and WT plants 36 h after attack or unattack by H. armigera; this duration was chosen considering that GmUGT gene expression reached its peak after 36 h of attack by H. armigera (Figure 4B). Differential metabolite analysis showed that 70 metabolites in unattacked ko-3 plants mapped to 14 KEGG pathways, while 56 metabolites in the attacked ko-3 mapped to 10 KEGG pathways (Supplementary Tables 2, 3 and Figures 5A,B). The GmUGT encodes a UDP-7-O-glucosyltransferase, which catalyzes the final step of flavonoid biosynthesis to form their glycoside derivatives. Loss of function of GmUGT resulted in increased daidzein and formononetin contents, while genistein content was reduced due to the redirection of metabolic flux to other products (Supplementary Figures 4B–D). Among these KEGG pathways, isoflavonoid and flavonoid biosynthesis were significantly enriched in the ko-3 plants attacked by H. armigera after 36 h (Figures 5A,B). Different flavonoid metabolites were upregulated in the ko-3 mutants 36 h after attack by H. armigera (Figure 5C). These were related to insect resistance, including 7,4-dihydroxyflavone, eupatilin, isoformononetin, ononin, and daidzein (Figure 5D). Furthermore, we tested the expression levels of 12 immunity-related genes in H. armigera larvae that were fed ko-3 plant leaves for 7 days to observe that the expression of most of these genes was significantly decreased (Supplementary Figures 4E–O). These results indicate that GmUGT mutagenesis affects the flavonoid content in soybean attacked by H. armigera.
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FIGURE 5. Analysis of different metabolites in ko-3 versus WT unattacked and attacked by H. armigera at 36 h. KEGG pathway enrichment of different metabolites in ko-3 versus WT plants unattacked by H. armigera. (A), and attacked by H. armigera at 36 h (B). Each dot represents a KEGG pathway. The Y-axis indicates the KEGG pathway, and the X-axis indicates the rich factor (indicating the degree of differential metabolite enrichment in each pathway; the larger the rich factor is, the greater the differential metabolite enrichment). The dot size and color indicate the number and p value of different metabolites in the pathway, respectively, and a larger dot means more different metabolites. (C) The number of different metabolites of flavonoids among ko-3 versus WT unattacked and attacked by H. armigera at 36 h. (D) Relative content of metabolites in ko-3 unattacked and attacked by H. armigera at 36 h. The data shown are the means and standard deviations (n = 3 biological repeats). Statistically significant differences are marked with asterisks (**p < 0.01; Student’s t-test).




Differently Expressed Genes in GmUGT Mutants and Wild Type Plants

A transcriptome assay was conducted on leaves from the WT, ko-3 plants that were attacked for 36 h by H. armigera, and an unattacked control to identify genes related to resistance against H. armigera. The most enriched DEGs in ko-3 according to the KEGG pathways were associated with isoflavonoid and flavonoid biosynthesis, defensive genes related to plant–pathogen interaction, and mitogen-activated protein kinase (MAPK) signaling pathway (Figures 6A,B, Supplementary Figure 5, and Supplementary Tables 4, 5). The qRT-PCR analysis was employed to investigate the expression of genes involved in flavonoid biosynthesis, including G. max CHALCONES SYNTHASE (GmCHS), G. max Chalcone reductase (GmCHR), and G. max Cytochrome P450 monooxygenase (GmCYP81E11). All three genes were upregulated in ko-3 as compared to in the WT plants attacked by H. armigera (Figures 6C–F). Additionally, genes associated with the defense response were assayed, including G. max MITOGEN-ACTIVATED PROTEIN KINASE (GmMAPK) and G. max PATHOGENESIS RELATED1 (PR1). These genes were also upregulated in ko-3 as compared to in the WT plant attacked by H. armigera (Figures 6G–K). The consistency between RNA-Seq and qRT-PCR analysis was evaluated by Pearson’s correlation (R) analysis based on log2FC revealing an R = 0.82 and p < 0.0001, which proved the reliability of the RNA-Seq data (Supplementary Figure 5C). These data indicated that the knockout of GmUGT enhanced the resistance of soybean against leaf-chewing insects by altering genes related to the flavonoid pathway and defense responses.
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FIGURE 6. Analysis of differentially expressed genes (DEGs) in ko-3 versus WT plants unattacked and attacked by H. armigera at 36 h. The numbers of DEGs in ko-3 versus WT plants unattacked by H. armigera (A) and attacked by H. armigera at 36 h (B). (C–K) Validation of the expression levels of nine DEGs by qRT-PCR. Relative expression levels were normalized to the expression level of GmSKIP16. The data shown are the means and standard deviations (n = 3 biological repeats). Statistically significant differences are marked with asterisks (ns p > 0.05, 0.01< *p < 0.05, **p < 0.01; Student’s t-test; ns, non-significant).




Complementation of Resistance to Leaf-Chewing Insects of Arabidopsis ugt72b1 Mutant With GmUGT

Because the GmUGT protein shared high homology with the ATUGT72B1 protein (Figure 4C), we hypothesized that the loss-of-function in the atugt72b1 mutant would show increased resistance to leaf-chewing insects. The larval feeding assay on the atugt72b1 mutants and the WT plants was performed using the larvae of H. armigera. As expected, the atugt72b1 mutant showed higher resistance to H. armigera than the WT plants (Supplementary Figure 6). To further validate the role of GmUGT in imparting resistance to H. armigera, we introduced the GmUGT gene driven by the ATUGT72B1 promoter into the atugt72b1 mutant and obtained three transgenic lines (RE-1, RE-2, and RE-3) with elevated expression of GmUGT in Arabidopsis (Figure 7A). All three transgenic lines showed a substantial reduction in resistance to H. armigera (Figure 7), indicating that the UGT gene family is consistently involved in imparting resistance to H. armigera.
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FIGURE 7. Complementation of resistance to H. armigera of Arabidopsis atugt72b1 mutant with GmUGT. (A) Confirmation of the expression of GmUGT in transgenic Arabidopsis atugt72b1 mutants. Gene expression levels were normalized with Col-0 (AtUGT72B1 expression level) as 1. AtACTIN2 was used as the internal reference control. The data shown are the means and standard deviations (n = 3 biological repeats). (B) Phenotype of Col-0, atugt72b1 and three transgenic lines (RE-1, RE-2 and RE-3) attacked by H. armigera for 3 days (bar = 2 cm). (C) Phenotype of H. armigera larvae fed Col-0, atugt72b1 and three transgenic lines for 7 days (bar = 0.1 cm). (D) Average weight of H. armigera larvae fed Col-0, atugt72b1 and three transgenic lines for 7 days. Data shown are the means and standard deviation (n = 60 larval). (E) The survival rate of H. armigera larvae fed Col-0, atugt72b1 and three transgenic lines for 7 days (n = 3 biological replicates, and 100 H. armigera larvae in each replicate). Statistically significant differences are marked with asterisks (ns p > 0.05, **p < 0.01; Student’s t-test; ns, non-significant).





DISCUSSION

Defoliator insects affect soybean yield and quality, including H. zea, H. armigera, and S. litura (Otuka et al., 2020; Haile et al., 2021). Soybean varieties have been screened for native resistance to such defoliators (Kim et al., 2013, 2015; Liu et al., 2016; Haile et al., 2021). However, breeding such varieties can be labor-intensive and time-consuming (Ortega et al., 2016). Transgenic breeding is a crucial breakthrough in crops breeding for insect resistance. Nevertheless, only six commercialized soybean cultivars with various insect-resistance genes have been identified (Kumar et al., 2020). Among these soybean cultivars, genetically modified cultivars expressing one or more Bacillus thuringiensis (Bt) proteins have been widely deployed for pest management (Kumar et al., 2020). This trait provides effective control management for defoliators, including H. armigera. Similar to the transgenic crops randomly integrating foreign DNA into plant genomes; the durability, environmental safety, and potential adverse health effects of the Bt transgenic soybeans have always been controversial, limiting the transgenic breeding (Gao, 2021). Recently, CRISPR/Cas9-based genome editing has become popular as it allows the generation of crop varieties similar to non-transgenic crops without the addition of any foreign DNA to the genome (Bao et al., 2019). Here, we presented a strategy to increase the resistance against leaf-chewing insects in soybean through CRISPR/Cas9-mediated targeted mutagenesis of the UGT genes through the flavonoid biosynthesis pathway, which can help to accelerate the breeding process for insect resistance and minimize the great concern to human health.

Ortega et al. (2017) reported that GmUGT is a functional SNP marker that exhibits activity against H. zea, but information about the GmUGT gene and its role in imparting resistance to H. armigera remains limited. Here, we first characterized the GmUGT gene in soybean and observed that it could respond to defoliator attacks rather than mechanical damage (Figure 4B). We observed that the GmUGT gene possesses a conserved plant secondary product, the glycosyl-transferase-box (PSPG) motif in its C-terminus (Supplementary Figure 7). The PSPG motif is involved in the recognition and binding of sugar donors (Masada et al., 2007). Additionally, the UGT protein can transfer glycosyl moieties from UDP-sugars to flavonoids during flavonoid biosynthesis (Witte et al., 2009). In soybeans, Yin et al. (2017) identified 212 UGT genes and reported that several of them were potentially involved in flavonoid glycosylation. Here, we found that the CRISPR/Cas9-mediated mutagenesis of GmUGT led the transgenic plant to exhibit an enhanced resistance to H. armigera and S. litura (Figure 2). The Arabidopsis ugt72b1 mutant showed aggravated cell wall lignification and an enhanced flavonoid content (Lin et al., 2016). Both cell wall lignification and flavonoids contribute to resistance against leaf-chewing insects. Cell wall lignification is the first physical barrier against leaf-chewing insects (War et al., 2012). As a secondary metabolite, flavonoids protect plants against leaf-chewing insects by influencing insect behavior, growth, and development (Belete, 2018). Recently, Yang et al. (2021) reported that CRISPR/Cas9-mediated targeted mutagenesis of the OsUGT707A3 gene in rice (Oryza sativa) led to more accumulation of naringenin, lowered naringenin-7-O-b-D-glucoside and apigenin-7-O-b-D-glucoside, and increased the resistance to insects, such as S. litura. Thus, we investigated whether the enhanced resistance against leaf-chewing insects due to GmUGT mutations was attributable to aggravated lignification of cell walls and alteration of flavonoids. Our results indicated that the leaf cell wall lignification and GmUGT mutations were not significantly related (Supplementary Figure 4A).

Metabolomics analysis revealed that loss of function of GmUGT altered flavonoids in soybean leaves (Figure 5). The expression levels of immunity-related genes in H. armigera larvae, including pattern recognition receptors (PRRs) and antimicrobial peptides (AMPs) (Wang et al., 2010), decreased significantly in H. armigera larvae that were fed with ko-3 plant leaves for 7 days, indicating that long-term feeding with ko-3 plant leaves may destroy the immune systems of larvae (Supplementary Figures 4E–O). Therefore, the enhanced resistance of soybean due to GmUGT mutations against leaf-chewing insects may be dependent on altered flavonoids.

Transcriptome assay and qRT-PCR analysis showed that the genes involved in flavonoid biosynthesis were upregulated in ko-3 plants after the H. armigera attack. Previous studies have shown that the genes encoding the CHS, CHR, and CYP81E11 enzymes play a critical role in flavonoid biosynthesis (Dhaubhadel et al., 2007; Zhang X. B. et al., 2017; Mameda et al., 2018; Pi et al., 2019; Zuk et al., 2019). One of the earliest signaling events after leaf-chewing insect attack is the activation of mitogen-activated protein kinases (MAPKs), which are essential to activate the transcription of defense-related genes and accumulate associated metabolites in plants. For example, MAPKs can upregulate the defense gene, GmPR-1, when plants are attacked by insects (Hettenhausen et al., 2015; Giacometti et al., 2016; Breen et al., 2017; Fabricio and Venancio, 2021). Additionally, flavonoids that function as signal molecules may directly interfere with MAPK activities and profoundly affect signaling systems (Agati et al., 2013). Consistent with this, we found out that several genes that were involved in the MAPK pathway, along with the GmPR-1 genes, were upregulated in ko-3 compared with the WT plants upon attack by H. armigera (Figure 6). These results indicate that the GmUGT gene plays an essential role in controlling resistance to leaf-chewing insects through the flavonoid biosynthesis pathway in soybeans.

Interestingly, the Arabidopsis ugt72b1 mutant also exhibited increased resistance to H. armigera (Supplementary Figure 6), while GmUGT shared high homology with AtUGT72B1 (Figure 4C). Additionally, our results showed that the ectopic expression of the GmUGT gene in the Arabidopsis ugt72b1 mutant substantially lessened the resistance of Arabidopsis ugt72b1 mutant to H. armigera (Figure 7). Lin et al. (2016) reported that ugt72b1 mutant exhibited growth repression after bolting, while the ugt72b1 mutant phenotype was restored to the WT by expression of AtUGT72B1. However, we observed that the Arabidopsis ugt72b1 mutant was not restored to its WT by expressing GmUGT (Supplementary Figure 8). Furthermore, mutations and overexpression of GmUGT did not cause any noticeable phenotypic changes (Supplementary Figures 1C, 3A). These results indicate that the two homologous genes, AtUGT72B1 and GmUGT, are functionally differentiated, but they play a conserved role in imparting resistance to leaf-chewing insects.



CONCLUSION

The CRISPR/Cas9-mediated mutagenesis of GmUGT increased soybean resistance to H. armigera and S. litura by altering flavonoid content and by changing the expression of genes related to flavonoid biosynthesis and defense response. The atugt72b1 mutant of Arabidopsis also exhibited an increased resistance to H. armiger, while the ectopic expression of the GmUGT gene in this mutant substantially reduced the resistance against H. armigera. Our findings highlight an effective strategy for increasing resistance to leaf-chewing insects in soybean through CRISPR/Cas9-mediated targeted mutagenesis of the UGT genes, which may also work for other crops.
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Phenotypic traits of crops are an important basis for cultivating new crop varieties. Breeding experts expect to use artificial intelligence (AI) technology and obtain many accurate phenotypic data at a lower cost for the design of breeding programs. Computer vision (CV) has a higher resolution than human vision and has the potential to achieve large-scale, low-cost, and accurate analysis and identification of crop phenotypes. The existing criteria for investigating phenotypic traits are oriented to artificial species examination, among these are a few traits type that cannot meet the needs of machine learning even if the data are complete. Therefore, the research starts from the need to collect phenotypic data based on CV technology to expand, respectively, the four types of traits in the “Guide to Plant Variety Specificity, Consistency and Stability Testing: Soybean”: main agronomic traits in field investigation, main agronomic traits in the indoor survey, resistance traits, and soybean seed phenotypic traits. This paper expounds on the role of the newly added phenotypic traits and shows the necessity of adding them with some instances. The expanded traits are important additions and improvements to the existing criteria. Databases containing expanded traits are important sources of data for Soybean AI Breeding Platforms. They are necessary to provide convenience for deep learning and support the experts to design accurate breeding programs.

Keywords: soybean test, phenotypic data, computer vision, traits expansion and storage, soybean AI breeding platform


INTRODUCTION

In recent years, artificial intelligence (AI) technology has been widely used in the field of agronomy, which is used to image classification, object recognition, and feature extraction (Pound et al., 2018). The difficulty of plant science research is gradually changing from gene analysis to phenotypic analysis (Mir et al., 2019). The correlation analysis between Phenomics and other omics can analyze the biological laws of crops and effectively serve agricultural production (Zhou et al., 2018). Hu et al. (2019) explains the development of plant phenotypes, and explains in detail the importance of phenotypic collection techniques and image data analysis methods to promote plant phenotype research; Ma (2020) uses computer vision (CV) technology to extract the phenotypic traits of soybean seeds; Ren et al. (2020) proposes a model named Deconvolution-GuidedVGGNet to realize plant leaf disease species identification and spot segmentation at the same time; Guo et al. (2021) use the improved yolov4 to detect the pods of soybean plants.

However, soybean has relatively few phenotypic traits. In the preliminary study of phenotypic traits of soybean varieties using CV, only the plant height and the phenotypic traits of leaf parts are extracted. The preliminary study could not provide enough data to meet the needs of AI breeding. In this study, phenotypic traits of soybean at various stages are expanded based on “Guide to Plant Variety Specificity, Consistency and Stability Testing: Soybean” (Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2018), using CV processing methods and AI technology, a sufficiently large amount of data is obtained to establish a quantitative analysis technology for the main agronomic traits of different soybean varieties in the field investigation, indoor test, disease resistance, and quality.



QUANTITATIVE ANALYSIS OF SOYBEAN FIELD SURVEY TRAITS BASED ON COMPUTER VISION TECHNOLOGY

The CV-based phenotypic data acquisition methods could find and remember more details than that were seen to the naked eye, so the currently common 14 field traits are expanded to 21 different traits, as shown in Figure 1.
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FIGURE 1. Field plant traits and the expansion.



Common Field Investigation Traits

There are 14 original field traits, including flowering period, colors of flowers, shapes of leaf, fluffy color, the density of trichome, number of lobules, green degree of leaves, deciduous, growth form, pod bending degree, blasting pods, pod color, pod bearing habit, and mature period. The sowing date refers to the date on the day of sowing, expressed as month-day. The flowering period refers to the date when 50% of the plants begin to bloom, expressed as month-day. The colors of flowers refer to the color of petals, divided into white and purple. Shapes of the leaf refer to the shape of the middle leaf of the three mature compound leaves in the middle and upper part of the investigated plant during the peak flowering period. It is divided into four types: needle-shaped, triangular, apical ovate, and round ovate (In the north, it is generally pointed leaves, while in the south, it is generally circular leaves. In the north, the sunshine is short, and the light is relatively insufficient, thus, avoid shielding). The fluffy color refers to the color of the fluff on the upper part of the stem or the pod skin of the investigated plant when it is mature, divided into gray and brown (The fluffy color is generally gray in the northeast and brown in the south). The density of fine hair is divided into nine levels, which are extremely thin, extremely thin to thin, thin, thin to medium, medium, medium to dense, dense, dense to extremely dense, and extremely dense. The number of lobules is divided into three lobules, five lobules, and many lobules. The green degree of leaves can be divided into nine types: very light, very light to light, light, light to medium, medium, medium to deep, deep, deep to very deep, very deep. There are three kinds of deciduous traits: non-deciduous, semi-deciduous, and deciduous. According to the growth form of the main stem, it can be divided into semi-straggling, straggling, semi-erect, and erect, which can be used to establish the prediction model of yield per unit area. Pod bending degrees can be divided into four types: none or very weak, weak, medium, and strong. There are 9 kinds of blasting pods: none or very light, none or very light to light, light, light to medium, medium, medium to heavy, heavy, heavy to very heavy, and very heavy. Pod color is the ripening pod color, divided into white yellow, light yellow, light brown, medium brown, dark brown, and black, which is a total of six colors. Pod-bearing habits are divided into infinite, finite, and sub-finite. Among them, the infinite pod-bearing habit means that new leaves can be produced at the top of the main stem when it blooms. The flowering and pod-setting sequence is from bottom to top, with small top leaves, short inflorescences, scattered pods, and generally 1–2 pods at the top of the main stem. Finite pod-bearing habit means that no new leaves appear on the main stem when it blooms, and there are obvious inflorescences at the top and pod-bearing clusters. The sub-finite pod-setting habit means that the growth traits and pod-setting status at the top of the main stem are between infinite and finite. Generally, 3–4 pods grow on the top of the main stem. The mature period refers to the date when 95% of the pods of the whole plant become mature color, and the plants that start to make a noise when shaking reach more than 50%, expressed in month–day.

The device for acquiring soybean field images is DJI Phantom 4Pro, which has strong battery life, a 1-inch, 20-megapixel sensor, and a dynamic range close to 12 stops. It has better image quality in terms of the level of detail and low-light conditions. Adapt to the changing light intensity in the field. The colors of flowers and shapes of leaves in the original survey standard can only be observed by naked eyes, and the flower color can only be divided into white and purple. To record the flower color more accurately and specifically, it is necessary to use CV technology to process the collected images to obtain the average RGB value of the flower. The RGB is the most commonly used color space, consisting of three-color channels: red (R), green (G), and blue (B). Soybean images in the field under natural conditions are easily affected by light and obstructions and are very sensitive to brightness. In the RGB color space, these three components are highly correlated. The change of brightness will cause the three components to change accordingly, and the naked eye has different perceptions of the three colors. In the HSV color space, H refers to hue, S refers to saturation, and V refers to a degree. It is closer to people’s experience of color perception than RGB, more intuitively expresses the hue, vividness, and brightness of colors, and is more convenient for color contrast. Therefore, in image processing, first, convert the color space of field soybean image from RGB color space to HSV color space, and then, define the range of colors of flowers in HSV color space, generate a mask according to the threshold, and perform bitwise and operation between the mask and the original image. The flower part is extracted from the image, and finally, the color space is converted to RGB, and the RGB average value of the non-zero pixels is extracted as the colors of flowers. The shapes of the leaves are obtained after the edge detection using the Laplacian of the Gaussian operator. The Laplacian of Gaussian is composed of Gaussian filtering and Laplacian. It is an edge detection operator based on the second-order differential method. The Laplacian operator can highlight the areas where the intensity changes rapidly in the image, so, it is often used in edge detection. Since the Laplacian operator is more sensitive to discrete points and noise, it is necessary to use a Gaussian smoothing filter to smooth the image before performing the Laplacian operation to reduce the sensitivity of the Laplacian operation to noise and improve the robustness to noise and discrete points. The following are the Algorithm steps: ➀Use Gaussian smoothing filter for smoothing; ➁Use Laplacian to calculate the second derivative; ➂Detect the zero-crossing point in the image; and ➃Set the zero-crossing point as the threshold, and only keep those strong crossing points (there is a big gap between the positive maximum and the negative minimum).



Field Investigation Traits Extended by Computer Vision Techniques

The extended traits of field traits include sowing date, emergence date, lodging, days of the growth period, number of flowers, rachis length, pod shape, color and spots of leaf, color, and spots of the stem, field distribution photographs (sunny day), field distribution photographs (overcast), field plant coverage, plant density, canopy density, number of weeds, and precipitation during the flowering period. At present, there are 16 extended traits. The sowing date and emergence date are expressed in month-day. Lodging is divided into 5 grades according to the lodging rate. Grade 1 means not falling, and all plants stand upright; Grade 2 means light fall, 0 < lodging plant rate ≤ 25%; Grade 3 means mid-lodging, 25% < lodging plant rate ≤ 50%; Grade 4 refers to heavy lodging, 50% < lodging plant rate ≤ 75%; and Grade 5 refers to severe lodging, lodging plant rate > 75%. Days of growth period refers to the total number of days from the emergence date to the mature period, expressed in days. The number of flowers refers to the total number of flowers on the flower axis. The purpose of expanding this trait is to establish a relationship with varieties. The rachis length is used to measure the number of flowers. Those with a short axis have fewer flowers and those with a long axis have more flowers. As shown in Figure 2, the pod shape is divided into straight shape, slightly curved sickle shape, and curved sickle shape, which are used to correlate with varieties and establish a yield prediction model. The mature color of the pod is the color of the pod when it is mature. It can be divided into five colors: Grass yellow, gray-brown, brown, dark brown, and black. The growth morphology can be divided into vine type, semi-erect type, and erect type according to the growth morphology of the main stem, which is used to establish the prediction model of unit yield. The color and spots of the leaf and the color and spots of the stem are used to establish the early warning model of diseases and pests. Both aforementioned extended traits can be represented in the form of pictures. The specific network can be trained and tuned according to the acquired soybean leaf disease and insect image to achieve high leaf disease and pests’ recognition accuracy. A convolution neural network was used to extract image features of four kinds of disease spots, and a support vector machine model for disease recognition was established (Qin et al., 2017). The retrieval and analysis of three soybean leaf diseases are realized by using the color, shape, and texture characteristics of images (Jayamala et al., 2016). Xu et al. (2020) uses the acquired small data samples of corn (Zea mays) leaf diseases and insect pests’ images, a convolutional neural network based on transfer learning is proposed to identify corn diseases. The data set is expanded by data enhancement operations such as rotating and folding the original image. The model is improved based on the VGG-16 model. After comparing different migration learning training mechanisms and tuning the model, the average recognition accuracy of pests and diseases on the test set is as high as 95.33%. A trait feature descriptor-chord feature matrix is applied to the classification of soybean leaf images, which can distinguish the leaves of different soybean varieties, and is used to establish the relationship between varieties and leaf diseases and insect pests (Wang et al., 2017). Diseases can also develop on the stems of soybean plants. For example, soybean stem blight first occurs in the lower part of the stem, and then, gradually spreads to the upper part of the stem. In the early stage of the disease, the stems produce long oval lesions, which are grayish-brown, and then gradually expand into long black strips. After the leaves are fallen, the symptoms are more obvious on the stems of the plants before harvest, forming patches of oblong diseased spots. Therefore, images of soybean stems are collected to establish early warning models of diseases and insect pests, such as stem blight.
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FIGURE 2. Pod shapes.


We use Dajiang UAV (DJI UAV) to capture the field distribution photographs on a sunny day and overcast and use CV technology to compare and process the acquired images of a sunny day and overcast, which can eliminate the influence of weather and obtain the traits of each plant such as plant height. These traits can be used to establish a yield forecast model. The DJI Matrice 600Pro UAV is used for field shooting, which is equipped with an RGB camera that is a digital camera, a near-infrared multi-spectral camera, and an infrared thermal imager to form the UAV imaging system (Zhou et al., 2020). They obtained field data of 116 soybean genotypes, and obtained 7 image features through image processing technology, including temperature, hue, color saturation, canopy size, and plant height. A support vector machine model is developed, and the degree of soybean canopy withering is graded and is scored according to the acquired image features. Studies have shown that UAV-based image technology has great potential in selecting drought-tolerant soybeans. Therefore, obtaining field distribution photographs can extract the traits of each plant, which plays an important role in the subsequent establishment of a yield prediction model and the selection of drought-tolerant varieties. Field plant coverage is obtained by image processing on the original map of field distribution, which is used to establish relationships with other traits. The plant density is also obtained by processing field images, and the plant density is used to analyze the suitable density of soybean growth. Canopy density refers to the ratio of the total projected area of the canopy on the ground under direct sunlight (canopy width) to the total area of the ground, and it is used to reflect the density of planting. The number of weeds refers to the percentage of weeds in the number of plants, which is used to analyze the appropriate density of soybean growth.

The principle of obtaining the color of the leaf surface and the surface of the plant stem is the same as that of the flower color. As mentioned above, the colors and spots on the surface of leaves and plant stems are used to establish warning models of diseases and insect pests, so, the first thing to do is to mark the leaves with spots. The spots are divided into soybean downy mildew spots and soybean gray spot spots, soybean root rot spots, soybean brown spots, soybean bacterial spots, premature aging spots, etc. Then, use the marked image as a training set for the training of the target detection model. The purpose of target detection is to detect the spots in the new image and recognition.

Target detection technology, based on deep convolutional neural networks, has achieved good results in many fields (Zhang et al., 2019). The target detection method used in this study is YOLOV4 of the YOLO series. The network is mainly composed of four parts: input, Backbone, Neck, and prediction part. At the input end, Mosaic data enhancement methods are adopted to enrich the data set, which can adapt anchor calculation and image scaling. Mosaic data enhancement is a data enhancement method that takes four photographs and splices them in the way of random scaling, clipping, and arrangement. The backbone part refers to the convolutional neural network that aggregates features on different image granularity, while the neck part refers to a series of network layers with combined features, which finally transmits the feature map to the prediction layer, lastly, the head part refers to predicting the feature map, generating the prediction boxes, and giving the label.




QUANTITATIVE ANALYSIS OF SOYBEAN SEED TRAITS IN INDOOR TEST BASED ON COMPUTER VISION

Indoor traits include traits directly obtained through relevant simple operations indoors and traits obtained by 360° rotating video shooting of soybean plants fixedly harvested through specific devices, and processing pictures of some frames through CV technology. Indoor traits include seven original traits and 12 expanded traits, as shown in Figure 3.
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FIGURE 3. Indoor traits and the expansion.



Original Indoor Traits

The original traits include plant height, base pod height, number of the nodes on the main stem, effective branch number, pods per plant, number of grains per plant, 100-grain weight, a total of seven traits. Plant height refers to the height from cotyledon node to plant top (including top inflorescence), expressed in cm, accurate to 0.1 cm, and the average value is taken for 10 consecutive plants. Base pod height refers to the height from the cotyledon node to the lowest pod insertion position, expressed in cm, the average value of 10 consecutive plants. The number of nodes on the main stem refers to the actual number of nodes at the top of the main stem (excluding the top inflorescence), which is related to the lodging resistance of the plant. The effective branch number refers to the number of branches with more than one pod, and the branches have at least two nodes. Excluding the secondary branches, take the average value of 10 consecutive plants. The number of pods per plant refers to the number of pods containing more than one full seed on a plant. The number of grains per plant refers to the number of grains obtained by one plant, including all intact grains, immature grains, insect eroded grains, and diseased grains. The 100-grain weight is obtained by randomly taking 100 grains from the intact grains of the sample 2 times, weighing them separately, and calculating the average value (if the difference between the two weighting values exceeds 0.5 g, resample and weigh), the unit is expressed in g. Soybean plants are fixed by a specific device, a soybean plant phenotype measuring instrument, and a background plate is installed to fix the shadow-absorbing screen to ensure the image quality. Indoor images of individual plants are obtained by the camera (BasleracA4112-20uc), with a resolution of 4,096px*3,000px. The camera parameter configuration is shown in Table 1. The background of the image is consistent with the lighting environment, and only color homogenization is required to deal with the slight background chromatic aberration. Both the plant height and the base pod height can be obtained by processing the image of the plant by CV technology. Compared with manual measurement, the error is within 1 cm. A fixed-length reference object is given next to the plant, and the plant and the reference object are taken together when the image is collected. We convert the RGB image to a grayscale image, set the grayscale value of the measurement target and the reference object to 1, and set the grayscale value of the rest to 0. We obtain the number of pixels of the target and reference, calculate the ratio of the number of pixels of the target to the number of pixels of the reference, and multiply the actual length of the reference with this ratio to get the actual length of the target. The number of the nodes on the main stem is obtained by calculating the number of joints of each node on the stem, and the gray image of the plant contour is obtained by edge detection technology. After eliminating the interference of non-branch contours, the effective branch number can be obtained by calculating the number of branch contours. The correct result rate of the number of the nodes on the main stem and effective branch number can reach 96%, which is slightly lower than that of naked eye recognition, but it greatly shortens the measurement time.


TABLE 1. Basler acA4112-20uc camera parameters.
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Indoor Investigation Traits Extended by Computer Vision Techniques

The expanded traits include grain weight per plant, yield, rotation video of a single plant, a pod with 0 beans, a pod with 1 bean, a pod with 2 beans, a pod with 3 beans, a pod with 4 beans, a pod with 5 beans, branching angle, plant shape, and length of each section, totaling 12 traits. The grain weight per plant refers to the grain weight of the sample (including immature, worm-eaten, and diseased grains) (g/plant). Yield is expressed in grams (g) and kept in whole numbers; the sun-dried seeds are weighed after the moisture content reaches below 13% and impurities are removed. Rotation video of a single plant refers to the video taken by a single plant rotating one circle on a mechanical device (soybean plant phenotype measuring instrument). The steps of the original soybean plant rotation video preprocessing method are as follows: to obtain each frame in the double plant rotation video, cut it into a single plant image by using the image clipping algorithm, then save it. The pixel of the single plant image is 2,048 * 3,000. Figure 4 shows the input single plant image. We capture images of certain frames in the video and use them as the original data for subsequent target detection. The background of these images is the same as the lighting environment, and no preprocessing is required. The 0–5 pods in the intercepted image were labeled, and appropriately improved the target detection algorithm YOLO V4 mentioned above. After the last layer of the model backbone network, the global attention module is introduced. The function of this module is the maximum pooling and average pooling of the global channel information are used to obtain new weights, and the re-weighting calculation generates the output of the module. The improved method extracts the protruding part of the pod and the edge of the pod as key features, which improves the ability of the traits of the model. After tuning and training the improved YOLO V4, the target detection model is obtained. The evaluation indicators of the model are shown in Table 2. The average accuracy of this model is 7% higher than that of YOLO V4, reaching the accuracy of manual identification, but the identification speed is up to 240 plants/hour, which is significantly improved compared with manual identification. The model can detect the pods on the plant and classify the pods belonging to several pods. All the images are input into the trained target detection model for detection, and the data of 5 traits of 0–5 pods are obtained. According to the number of pods from 0 to 5, the number of pods per plant and the number of grains per plant can be calculated in common indoor copying traits. The number of pods from 0 to 5 is used to establish the relationship between variety and yield, and to establish a yield prediction model. Uzal et al. (2018) uses convolutional neural network CNN to classify pods with different numbers and confirms that CNN is significantly better than the classical method based on pre-designed feature extraction. The original image of this method must be a single-pod image of soybeans, and the Yolo model we used is less restrictive to the original image. It is not necessary to remove the pods from the plants to shoot, just select some frames of images from the video taken by rotating the whole plant 360 degrees. The branching angle, plant shape, and length of each section are all obtained by image processing. The branching angle refers to the angle between the main stem and the branch, which is used to judge the shape of the plant. According to the branch angle, the plant shape is divided into three types: convergent, semi-opened, and opened (Figure 5). The convergent shape refers to the small angle between the lower part of the branch and the main stem, and the upper and lower branches are compact; the open shape refers to the large branch angle, and the upper and lower branches are loose; the semi-open shape is between convergent and open. The length of each node and the number of main stem nodes in the original traits are obtained through image processing technology, with cm as the unit. The error between the calculated value of each section length and the actual measured value is within 0.2 cm. The recognition accuracy of the number of main stem nodes is as high as 98%. The branching angle, plant shape, and length of each section are used to establish contact with the variety.
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FIGURE 4. Single plant image.



TABLE 2. Model evaluation index.
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FIGURE 5. Three plant shapes.




Quantitative Analysis of Disease Resistance Traits Based on Computer Vision

The traditional investigation of disease resistance traits generally adopts the method of artificial inoculation identification, which requires a lot of manpower and material resources, and the cultivation cycle is long. How to combine technology with the prevention and control of diseases and insect pests is one of the important goals of achieving breeding. One of the goals. At present, there are more than 120 kinds of soybean pests and diseases reported in the world, and 52 kinds of soybean pests have been reported in my country. Based on the research background and existing experimental results, this study only focuses on the soybean diseases and pests that are more harmful in Northeast China. The original disease resistance traits are only gray spot disease and virus disease, so, it is expanded and increased on this basis.

According to the systematic investigation and research conducted by scientific researchers in 2015, the following diseases are common, and they are arranged according to the incidence degree of each disease (Zhu, 2014; Li et al., 2016; Liu, 2017; Gong, 2019).



Fungal Diseases

Types: (1) soybean root rot disease; (2) soybean downy mildew disease; (3) soybean brown stripe disease; (4) soybean brown spot disease; (5) soybean gray spot disease; (6) soybean stem blight disease; (7) soybean pseudo stem mildew stem blight disease; (8) soybean anthracnose disease; (9) soybean black spot disease; (10) soybean gray spot disease; (11) soybean damping-off; (12) soybean sclerotia disease; (13) soybean wheel blight; (14) soybean vertical blight; (15) soybean sandwich blight; and (16) soybean purple spot.

Grades: Grade 0: the whole plant leaves are free of disease; Grade 1: partial disease, with less than five disease spots; Grade 2: a small number of diseased spots in the whole area, the distribution area of diseased spots accounted for less than 1/4 of the whole area; Grade 3: most plants in the whole region are infected, and the distribution area of disease spots accounted for half of the whole area; Grade 4: diseased spots are common in the whole area, and a few plants die early due to disease; and Grade 5: there are a lot of disease spots in plants in the whole area, and most plants die early due to disease.



Bacterial Diseases

Types :(1) soybean bacterial keratosis; and (2) soybean bacterial speckle.

Grade: Standard, refer to fungal diseases.



Viral Diseases

Types: Soybean Mosaic virus disease.

Grades: Grade 0: the leaves are flat in the whole area, without any signs of disease; Grade 1:10% of plants in the whole region have 1–2 layers of upper leaf shrinkage; Grade 2:20–40% of plants have withered upper leaves; Grade 3: more than 50% plants in the whole region have severe leaf shrinkage, yellow spots, affecting growth; and Grade 4: more than 70% of plants in the whole region have severe leaf shrinkage and bud dead branches.



Insect Pests

Types:(1) soybean cyst nematodes; (2) soybean heartworm; (3) soybean aphid; (4) soybean red spider; and (5) soybean meadow borer.

Grade: 0: the whole plant is free of disease; Grade 1: some leaves are infected, and the number of wormholes in infected leaves is less than 5; Level 2: a small number of plants in the whole region had wormholes in their leaves, and the distribution area of wormholes accounted for less than 1/4 of the leaf area; Level 3: most leaves of plants in the whole region have wormholes, and the distribution area of wormholes accounts for half of the leaf area; Level 4: wormholes are common in plant leaves, and a few leaves died early because of wormholes; and Level 5: there are many wormholes in plant leaves in the whole area, and most leaves die early because of wormholes.

Techniques can be used when investigating disease resistance traits. In the analysis stage, the target detection model can be established through computer image processing, and the area suffering from the disease can be successfully divided, and then, real-time monitoring should be conducted. The degree of disease can also be classified according to the results of image processing, and different prevention and control measures can be adopted according to different grades.

In this study, pictures of soybean in the field have been collected by UAV, and more than 2,000 pictures have been labeled to make data sets. The labeled data sets are shown in Figure 6. The target category was preliminarily divided into three categories, namely, wormhole, pest, and other disease spots. The YoloV5 model was trained for detection and recognition, and the recognition rates of all three categories reached 95%. Among them, the target objects identified as pests can be further identified in the subsequent stage, and other disease spots can also be further identified to analyze which kind of disease spots.
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FIGURE 6. Preliminary labeling pictures of leaf diseases and insect pests.





QUANTITATIVE ANALYSIS OF SEED TRAITS BASED ON COMPUTER VISION

The selection of soybean seeds is the most important step in seed examination. To obtain soybean seed phenotypes for machine seed selection by CV, we added soybean seed test traits as an important extension of the standard. We expanded the original soybean seed test traits. Soybean seed test traits include 10 original traits and 18 expanded traits, a total of 28 traits.


Original Soybean Test Traits

The original traits of the soybean test include seed shape, seed coat color quantity, seed coat color, seed coat spot type, cotyledon color, seed hilum color, seed coat cracking ratio, seed coat luster, seed crude protein content, seed crude fat content, a total of 10 traits, as shown in Figure 7. Seed shape is divided into five grades, which are spherical, elliptic, long elliptic, oblong-elliptic, kidney-shaped. The number of seed coat colors can be divided into monochrome and bicolor. Seed coat color is divided into white yellow, light yellow, yellow, yellow-green, green, light brown, brown, and black, a total of eight colors. The types of seed coat spots include tiger, saddle, and others. Midnight has three colors: yellow, chartreuse, and green. Umbilicus color is divided into light yellow, yellow, light brown, brown, light black, and black, a total of six colors. The seed coat cracking ratio is divided into nine grades: none or very low, none or very low to low, low to medium, medium to high, high to very high, and very high. Seed coat gloss is divided into none or none. The crude protein and crude fat content of seeds can be divided into 9 kinds: very low, very low to low, low, low to medium, medium, medium to high, high, high to very high, very high.
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FIGURE 7. Soybean test original traits.




Soybean Test Traits Extended by Computer Vision Techniques

Soybean seed test traits are completely extended traits. Including seed number, male parent number, female parent number, area of hilum plane, the area of the marginal part of the hilum, the area inside the hilum, seed coat RGB, hilum margin position RGB, inside hilum RGB, seed coat glossiness, seed coat uniformity, photograph of hilum plane, photograph of kidney, photograph of hilum, length of hilum plane, width of hilum plane, girth of hilum plane, and degree of seed folding. There are 18 extended traits, as shown in Figure 8. It should be noted that the photographs of the hilum plane, kidney, and hilum may contain unextracted data, so, the three kinds of images are also represented as traits.
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FIGURE 8. Soybean test expanded traits.


Seed number, male parent number, and female parent number are used to establish associations between phenotypic and genomic data and to establish a soybean knowledge graph. The original color traits are divided according to grades, and the expression is not accurate enough. So, we use RGB to represent color in extended traits. Seed coat RGB refers to seed coat color, used for color contrast between seed coats of different soybean varieties. The value range of seed coat glossiness is 0–1, used to describe the ability of seed coat to reflect light, replaced by the V of HSV space. The seed coat uniformity ranges from 0 to 1 and is used to describe whether the brightness distribution of the seed coat is uniform from center to edge. The area of the hilum plane refers to the surface where the umbilicus is located and the area of the part without the umbilicus, in mm2. The area of the marginal part of the hilum refers to the area of hilum, it includes the hilum margin (kidney), in mm2. The area inside the hilum refers to the surface on which the hilum is located; the area inside the hilum (hilum) is in mm2. Hilum margin position RGB refers to the color of the hilum margin (kidney) and is used to compare the color contrast of the hilum margin among different varieties. Inside hilum RGB refers to the color inside the hilum (hilum) and is used to compare the color inside the navel between different varieties. The photographs of the hilum plane are used to extract the features of the umbilicus. Photographs of the kidney is a seed hilum edge image extracted from the photographs of the hilum plane to extract seed kidney features. The photographs of the hilum are the internal images extracted from the photographs of the hilum plane and used to extract the traits of the hilum.

The hilum and kidney of seeds carry important genetic information. The area data of the above three parts can be used to establish the relationship between varieties and the prediction model of yield per unit area. The color traits of hilum are represented by RGB three-channel values and the values of a single channel range from 0 to 255. Values of different channels are separated by commas. The hilum and kidney of seeds carry important genetic information. The area data of the above three parts can be used to establish the relationship between varieties and the prediction model of yield per unit area. The color traits of hilum are represented by RGB three-channel values and the values of a single-channel range from 0 to 255. Values of different channels are separated by commas.

These traits, which carry genetic information, are delicate but important to breeders. The length, width, girth, and area of the hilum are used for comparison among different varieties, and the unit is expressed in pixels. Figure 9 is a sample umbilical photograph from which we have extracted traits.
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FIGURE 9. Photograph of a soybean seed (A) and umbilicus (B) and seed kidney (C) obtained using CV techniques.


We conducted k-means clustering analysis on the data of the above four traits of 139,850 seeds extracted so far, which are divided into five categories as the standard, and the results are shown in Figure 10. Figure 10 shows the corresponding quantities of five classes of the four traits. The five cluster centers of the length of the hilum plane are 90, 120, 146, 165, and 183, respectively, and it could be seen from the figure that most of the values of length of the hilum plane are clustered in the last three clusters. The five clustering centers of the width of the hilum plane are 89, 119, 144, 164, and 182, respectively, and most of the values are clustered in the latter four categories, that is, most of the values are more than 100. The five clustering centers of area are 6,602, 10,565, 15,656, 19,531, and 33,489, respectively, and most of the areas are clustered in the middle three categories, that is, the value is between 10,565 and 19,531. The five cluster centers of girth are 427, 600, 979, 2,811, and 5,553, respectively. Most of the values of the perimeter are clustered in the first two classes, indicating that most of the perimeter is less than 600. Through cluster analysis, the interpretability of data is increased. Hierarchical representation of the data of the four traits is more beneficial to establish the relationship between varieties and the prediction model of yield per unit area.
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FIGURE 10. Cluster analysis of length, width, perimeter, and area.


The HSV model is a color model similar to the way the human eye perceives color, which can intuitively express the light and shade, tone, and brightness of colors, facilitating color comparison and emotional expression. In this study, the lightness V in the HSV model is used to measure the seed coat glossiness. The conversion formula of the image from RGB color space to HSV color space is as follows:
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The mean lightness of the whole seed region is calculated in the transformed HSV space as the final evaluation result of soybean seed glossiness. Seed coat uniformity reflects the uniformity of skin color distribution and is an important indicator to measure the quality of seeds. The method adopted in this study is to calculate the standard deviation δ from the RGB value of skin color in the whole seed region to represent the dispersion of seed skin color distribution. The formula is as follows:

[image: image]

The L refers to the pixel length of soybean seed area, B refers to the pixel width of soybean seed area, A refers to the pixel area of soybean seed, P refers to the RGB value at the midpoint (X, Y) of seed image, and μ refers to the RGB mean value of seed coat area. The value of seed uniformity is between 0 and 1, and the closer the value is to 0, the more uniform the seed coat color distribution is. Due to the irregular traits of soybean seeds, it is difficult to measure the long and short axes directly. The length of the outer rectangle is the long axis of the soybean seed, and the width is the short axis of the soybean seed. According to the coordinate values of the four vertices of the outer rectangle, the specific pixel values of the long and short axes of soybean seeds are calculated. The girth of the hilum plane is obtained by calculating the number of pixels contained in the contour extracted from the edge of the seed image. The hilum is a strip on the concave side of soybean seed. It is a long, thin scar left after the seed has fallen off the seed stalk or placenta. It is round, oval, oval, etc. The color and shape of seed hilum of different soybean varieties are significantly different, so, the phenotypic traits of seed hilum could be used as an important parameter for seed identification. Seed kidney refers to the kidney-shaped region around the seed hilum, which is relatively dark in color and fuzzy in edge when observed by naked eyes. According to the experience of breeders, different varieties of soybean have significant differences in the performance of this part, so, the seed kidney is also used as an important phenotypic traits parameter to identify soybean seeds. The area of the hilum and kidney is very small, only relying on observation and measurement of the naked eye can’t be accurate and precise. With the aid of CV technology, we proposed an algorithm for identifying hilum and kidney based on edge detection, then, finally achieved the contour detection and segmentation of this narrow part and extracted the phenotypic traits parameters of this key part, which provided a new data reference index for soybean seed test and breeding program design. Gaussian Laplacian (LoG) operator is an edge detection operator based on the second-order differential method, which is composed of Gaussian filter and Laplace operator. The Laplace operator is used to extract the edge of the image by second-order differential operation, which can reflect the minimal change of gray value well and is suitable for edge detection with the small difference of gray value between seed hilum, seed kidney, and seed coat of soybean. In general, before edge detection, a two-dimensional Gaussian function is needed to denoise the image to improve the robustness of the operator to noise and discrete points, and then, edge detection is carried out. The point in the image whose second derivative is 0 is the target edge point. The two-dimensional Gaussian function can be expressed as follows:
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Let I (x, y) be the input image, then the calculation formula of edge detection by LoG operator is as follows:

[image: image]

When using the LoG operator to detect the edge of the hilum and kidney, there will be an edge breakpoint. Therefore, a method based on the breadth-first search is proposed to optimize the edge detection result of the LoG operator. The algorithm first classifies the detected target edge pixels to determine whether it is an endpoint; the method is to search the eight neighborhood pixels around the pixel. If only one of the eight neighborhood pixels is connected to the pixel, the pixel is an endpoint, and the endpoint is saved in the endpoint array, otherwise, the pixel is a non-endpoint. For the non-endpoint, if there is no pixel connected to it in the neighborhood, it is an isolated point. A point is on the edge-line if two endpoints are connected to it in a neighborhood of eight; If there are four points connected to it in the neighborhood, it is an edge-line crossing point. The eight-neighborhood map of pixels is shown in Figure 11. Then, the breadth-first algorithm is used to search the pixels in the endpoint array until the search stop condition is met, and the search path is recorded. Then, the endpoint with the shortest Euclidian distance is selected from the breakpoint to connect, and the complete hilum and kidney edges are obtained. In the actual process, it is necessary to screen the edge segments searched, remove the interference segments that do not belong to the seed hilum and seed kidney parts, then, connect the edge segments that meet the requirements, and finally, obtain the complete edge contour of soybean seed hilum and seed kidney. The specific steps of the algorithm are shown in Figure 12.
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FIGURE 11. Pixel eight neighborhoods graph.
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FIGURE 12. Edge contour algorithm steps.





DATABASE AND SOYBEAN VISUAL ARTIFICIAL INTELLIGENCE BREEDING PLATFORM

Systematic collection, management, and analysis of phenotypic data have shown certain genetic gains in accelerated breeding (Araus et al., 2018). Therefore, the construction of a phenotypic database is an essential step. The database entity relationship (ER) diagram corresponding to various original traits is shown in Figure 13, and the database ER diagram corresponding to expanded traits is shown in Figure 14.
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FIGURE 13. Original ER diagram.
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FIGURE 14. Extended ER graph.


The database structure and relationship corresponding to original traits are shown in Figure 13, which only included field traits table (tjxz), disease traits table (disease), and indoor traits table (snxz). The field traits table includes variety number (bean_id), flowering period (khq), colors of flowers (hs), shapes of leaf (yx), fluffy color (rms), density of trichome (rmmd), number of lobules (xys), green degree of leaves (green_degree), deciduous (lyx), growth form (szxt), pod bending degree (wq_degree), blasting pods (zjx), pod color (p_color), pod bearing habit (jjxx), and mature period (csq), with a total of 15 fields. The disease traits table contains three fields, including variety number, gray spot (hbb), and virus disease (bdb). The indoor traits table included plant number (zhizhu_id), variety number (bean_id), plant height (height), base pod height (dijia_height), number of the nodes on main stem (zjjs), effective branch number (yxfzs), pods per plant (dzjs), number of grains per plant (dzls), and 100-grain weight (blz), with a total of 9 fields. The soybean seed traits table (zzxz) includes seed number (zz_id), variety number (bean_id), seed shape (zz_shape), seed coat color quantity (yssl), seed coat color (zpys), seed coat spot type (sblx), cotyledon color (zyys), seed hilum color (zqys), seed coat cracking ratio (klbl), seed coat luster (zpgz), seed crude protein content (cdb), and seed crude fat content (czf). In the four tables, the plant number (zhizhu_id) of the indoor traits table (snxz) is used as both a primary key and a foreign key, which is associated with the seed number (zz_id) of the seed traits table. The variety number (bean_id) is used as the foreign key to be associated with the primary key variety number (bean_id) of the field traits table (tjxz). The variety number (bean_id) of the disease traits table (disease) is both a primary key and a foreign key, which is associated with the various number (bean_id) of the field traits table. The seed traits table (zzxz) is a table, in which the seed number (zz_id) acts as the primary key, the variety number (bean_id) serves as a foreign key in the table and is associated with the primary key in the field traits table.

The structure and relationship of database tables corresponding to existing traits are shown in Figure 14, including field traits table (tjxz), disease traits table (diease), indoor traits table (snxz), and seed traits table (zzxz). The expanded field traits table (tjxz) includes variety number (bean_id), flowering period (khq), colors of flowers (hs), shapes of leaf (yx), fluffy color (rms), density of trichome (rmmd), number of lobules (xys), green degree of leaves (green_degree), deciduous (lyx), growth form (szxt), pod bending degree (wq_degree), blasting pods (zjx), pod color (p_color), pod bearing habit (jjxx), mature period (csq), sowing date (bzq), emergence date (cmq), lodging (dfx), days of growth period (syrs), number of flowers (hds), rachis length (hzcd), pod shape (jgxz), color and spots of leaf (yp_col_spots), color and spots of stem (j_col_spots), field distribution photographs (sunny day) (s_pho), field distribution photographs (overcast) (c_pho), field plant coverage (fgl), canopy density (ybd), amount of weeds (zcl), precipitation during flowering period (kh_jsl), and plant density (density). The expanded indoor traits table (snxz) includes plant number (zhizhu_id), variety number (bean_id), plant height (height), base pod height (dijia_height), number of the nodes on main stem (zjjs), effective branch number (yxfzs), pods per plant (dzjs), number of grains per plant (dzls), 100-grain weight (blz), grain weight per plant (dzlz), yield (cl), rotation video of single plant (sp), pod with 0 bean (0lj), pod with 1 bean (1lj), pod with 2 beans (2lj), pod with 3 beans (3lj), pod with 4 beans (4lj), pod with 5 beans (5lj), branching angle (fzjd), plant shape (zx), and length of each section (mjcd). The expanded disease traits table (diease) includes variety number (bean_id), fungal disease (zjl), bacterial disease (xjl), viral disease (bdx), and insect pest (ch). The expanded soybean seed traits table (zzxz) includes seed number (zz_id), variety number (bean_id), seed shape (zzxz), seed coat color quantity (yssl), seed coat color (zpys), seed coat spot type (sblx), cotyledon color (zyys), seed hilum color (zqys), seed coat cracking ratio (klbl), seed coat luster (zpgz), seed crude protein content (cdb), seed crude fat content (czf), male parent number (father_id), female parent number (mother_id), area of hilum plane (zqmmj), the area of the marginal part of the hilum (zqbymj), the area inside the hilum (zqnbmj), seed coat RGB (zpRgb), hilum margin position RGB (zqbyRgb), inside hilum RGB (zqnbRgb), seed coat glossiness (zp_gzd), seed coat uniformity (zp_jyd), photograph of hilum plane (zqm_img), photograph of kidney (zs_img), photograph of hilum (zq_img), length of hilum plane (length), width of hilum plane (width), girth of hilum plane (circumference), and degree of seed folding (fold). The relationship between the four tables after expansion is the same as before.

In the original table structure, there is a lack of phenotypic trait information, and the disease table could only store the information of two diseases, and the correlation between the four tables is low. In the expanded table structure, the gaps of seed phenotypic traits are filled in, and the disease traits table could store four kinds of disease information, enrich the fields of each table, and increase the correlation among the tables. Among them, if the plant number in the indoor traits table is the same as the seed number in the seed traits table, it means that the phenotypic information of the plant is the corresponding phenotypic information of the seed when it grows into a plant, thus, associating the information of two stages of the life of the same soybean.

Firstly, the field information of each variety is obtained through mobile phone terminal and CV technology, and the field information of each variety is stored in the field traits table. Then, parts of the collected soybean disease images are used for deep learning training, so that the trained model can recognize each disease. The model is used to identify the disease images of different varieties, and the disease image information and disease category of different varieties are saved in the disease traits table. Variety numbers and various information of all varieties are included in the field trait table. The variety number in the disease traits table is restricted by the variety number in the field traits table. Before planting, the soybean is fixed on a specific device for image collection, and the data of various phenotypic traits of seeds are obtained by using computer image processing technology and CV technology, and all seed data are imported into the seed traits table in batches. After the plants corresponding to the seeds are harvested, the plants are fixed on a specific rotating device in the indoor space for 360° video collection. Images of specific frames are captured in the video to label pods with each grain number, and then, the improved YOLOV4 algorithm mentioned above is used to train the model. The trained model could recognize several pods, and the number of pods, pods per plant, and seeds per plant could also be obtained. The phenotypic information of base pod height and plant height is also obtained by CV technology after capturing specific frames of images. Finally, the obtained plant information is imported into the indoor traits table in batches. The phenotypic information of a seed is associated with the corresponding plant information by numbering. Variety numbers of indoor and seed traits table are constrained by variety numbers of field traits table.

The soybean visual AI breeding platform corresponding to the database system is divided into 8 functional modules, which are crossbreeding management, experiment management, material management, variety pedigree management, phenotypic data management, image data management, data analysis, and other data management. Phenotypic data management is divided into field traits, indoor traits, and seed traits. The data tables in the ER diagram above and derived data tables together constitute a complete database system, and each table is closely linked with functional modules, as shown in Figure 15. The close connection of the data table, and the forming of the functional correlation, so that the phenotypic information of the seed, the phenotypic information of the plant corresponding to the seed, and the phenotypic information of the variety to which the seed belongs can be queried at a time, bringing the previously independent loose data closer together. Some fields in each table can also be input into the SVM model as predictors for training, and the final model can predict the category of a certain trait. The filtering of fields as predictors and the determination of target fields are the focus of subsequent work. When the amount of data reaches a certain level, big data technology can be used to mine and analyze the data of each field.
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FIGURE 15. Function module—data table.




CONCLUSION

In this study, three types of traits including field traits, indoor test traits, and disease traits are expanded. At the same time, soybean seed traits are added, and the role of the expanded phenotypic traits is explained. It is convenient to use CV technology to quickly obtain data and then, perform machine learning, which can provide big data support for breeding experts to design accurate breeding programs.

The CV test has a greater advantage over the traditional manual test and the earlier CV test. For the extraction of phenotypic traits such as plant height and base pod height, the error is within one pixel, that is, the accuracy reaches millimeter level. The image processing program processes images in batches. Compared with the traditional manual test, the data collection speed is greatly improved, and it has high throughput. The area of each part of the extracted soybean seeds and the accuracy of the length and width data of the seeds have also reached the millimeter level. These phenotypic data cannot be obtained by traditional artificial seed testing.

The improved YoloV4 algorithm training model is used to detect the pods of plants. At present, the average recognition accuracy of various types of pods is about 84.37%, and the average recognition accuracy of one to four pods has reached more than 90%. The model is still being further tuned and tuned. There are large number of pods on a single soybean plant and many pods shade each other. Manual observation will inevitably cause errors and consume a lot of time. This method is more accurate and efficient to obtain the data of the number of each pod and completed tasks that are difficult for traditional manual test species. Traditional plant phenotypic information acquisition mainly relies on manual measurement, naked eye observation, and software analysis after image acquisition. The grain size of soybean seeds is small and contains multiple phenotypic traits, so, it is difficult to obtain phenotypic data by manual measurement and naked eye observation, and some image analysis software is not flexible enough to meet the needs of breeders to obtain all the required phenotypic traits. By using CV and machine learning technology, soybean phenotypic traits can be acquired more accurately and efficiently. Compared with traditional methods, phenotypic traits are obtained more comprehensively. This method is a supplement to current plant Phenomic methods. Traditional methods can be used to validate the data acquired by machine learning. The phenotypic traits of a soybean are the physical expression of its genetic genes. More data of phenotypic traits are extracted, which could be used to establish the prediction model of soybean yield per unit area, and to provide data support for establishing the relationship between phenotypic traits and genome.

All traits of soybean directly or indirectly affect breeding. Many studies have shown that some phenotypic traits directly affect soybean yield. The phenotypic traits of a soybean are all intuitive, visible, and easy to measure, but the deeper level of the soybean gene remains to be studied (Cheng et al., 2016). Propose a method for rapid extraction of soybean seed DNA with a success rate of more than 98%, which can be used for genetic analysis. With the further application of technology in seed tests, CV technology can obtain more or more accurate traits, which can provide more big data support for breeding experts to optimize breeding programs. The problem we will solve is not only to establish the relationship between phenotypic traits and genomes, and the relationship between soil and ecological environment of crop growth, but also to establish a soybean big data platform, providing breeding experts with big data services in an easy-to-understand way of knowledge expression.
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Different soybean varieties vary greatly in their nutritional value and composition. Screening for superior varieties is also essential for the development of the soybean seed industry. The objective of the paper was to analyze the feasibility of terahertz (THz) frequency-domain spectroscopy and chemometrics for soybean variety identification. Meanwhile, a grey wolf optimizer-support vector machine (GWO-SVM) soybean variety identification model was proposed. Firstly, the THz frequency-domain spectra of experimental samples (6 varieties, 270 in total) were collected. Principal component analysis (PCA) was used to analyze the THz spectra. After that, 203 samples from the calibration set were used to establish a soybean variety identification model. Finally, 67 samples from the test set were used for prediction validation. The experimental results demonstrated that THz frequency-domain spectroscopy combined with GWO-SVM could quickly and accurately identify soybean varieties. Compared with discriminant partial least squares (DPLS) and particles swarm optimization support vector machine, GWO-SVM combined with the second derivative could establish a better soybean variety identification model. The overall correct identification rate of its prediction set was 97.01%.

Keywords: soybean, DPLS, PSO-SVM, GWO-SVM, THz spectroscopy


INTRODUCTION

Soybean is one of the most important raw materials for oil and feed (Herman et al., 2018; Kumar et al., 2021; Wei et al., 2021a). Differences in soybean varieties lead to significant differences in their protein, fat, and other constituent contents (Wang et al., 2020a,b). At the same time, soybean variety screening has a crucial impact on the quality of soybean products. Currently, common methods for soybean variety identification include simple sequence repeat (SSR) molecular marker assays (Lu et al., 2018; Wen et al., 2020) and detection of soybean components to determine their varieties (Larsen, 1967; Ujiie et al., 2005), among others. Although the accuracy of the above methods is relatively high, and the sensitivity is relatively strong, and the application is relatively wide. However, they have problems such as relatively long time consuming, relatively low efficiency, and relatively complicated detection process. In recent years, Near-infrared spectroscopy (NIRS) technology has been introduced for the detection of agricultural varieties (Lun Liu et al., 2010; Teye et al., 2014). Compared to SSR molecular marker assays and the soybean component-based detection variety method, the NIRS technology has the advantage of not requiring pre-treatment of samples. Nevertheless, it has limitations in detecting soybeans with surface defects (Zhu et al., 2010) and limited detection accuracy (Chen et al., 2019; Rong et al., 2020). Hence, it is essential to study a rapid and accurate identification method suitable for different varieties of soybeans.

Terahertz (THz) spectroscopy has unique advantages in soybean variety identification (Wei et al., 2020, 2021b). THz spectroscopy is based on coherent THz pulses generated by ultrafast optics. It is a broadband linear spectral detection technique. Due to the weak interaction forces between biological macromolecules (hydrogen bonding, van der Waals forces), backbone vibrations and dipole rotations, etc. fall right in the THz spectral range. At the same time, THz pulses have a good temporal resolution (on the order of picoseconds). Therefore, THz spectroscopy technology is currently cross-cutting frontier research that is received great attention (Yang et al., 2016). Currently, there has been some research on the identification of agricultural product and food varieties through THz spectroscopy. For instance, Wu et al. (2021) proposed a method for sesame oil variety identification based on THz time-domain spectroscopy. Eventually, the identification model using radial basis kernel function achieved a 100% identification rate. Yang et al. (2021) used THz spectroscopy and competitive adaptive reweighted sampling (CARS) combined with support vector machine (SVM) for the detection of high oil and common maize. Ultimately, the model identification rate could reach 100%. Ge et al. (2015) applied THz spectra and partial least squares regression (PLSR) models to discriminate wheat varieties. Eventually, the prediction accuracy of the optimized model using interval partial least squares was significantly improved. The related coefficient of prediction set for their wheat variety detection model was 0.992. Li et al. (2019) used THz spectra and a neural network learning vector quantization model for qualitative identification of maize varieties. By changing the ratio of dividing the training and prediction sets, the final prediction set had a 100% discrimination rate. Luo et al. (2019) conducted a study on soybean variety identification using THz spectroscopy and integrated learning methods. The studied pre-processing methods, integrated classifiers, and comparison methods. Finally, the average accuracy of the proposed model was 89.29%. In summary, there are relatively few reports on soybean variety identification based on THz frequency-domain spectroscopy, and such related studies still have some academic value and significance.

The objective of the study was to analyze the feasibility of THz frequency-domain spectroscopy and chemometrics to identify soybean varieties. Also, a soybean variety identification model based on the grey wolf optimizer-support vector machine (GWO-SVM) was proposed. After different pre-processing methods, the discrimination results of three [discriminant partial least squares (DPLS), particles swarm optimization-support vector machine (PSO-SVM), and GWO-SVM] soybean variety identification models were compared. The most appropriate pre-processing method for each variety identification model was selected.



MATERIALS AND METHODS


Experimental Materials

Soybean samples of six varieties (HuaiDou 2, LuDou 1, NiuMoHang, LuDou 4, HeDou 12, QiHang 34, abbreviated as HD2, LD1, NMH, LD4, HD12, QH34) were collected for this experiment. Among them, HD2, LD1, and NMH were each two batches. LD4, HD12, and QH34 were each three batches. Each batch of soybean samples was weighed 50 g to perform subsequent experiments. Eighteen experimental samples were prepared for each batch of soybean samples. A total of 270 samples were prepared. The soybean samples used in the experiments were collected by the Quality Inspection Center of the Tianjin Grain and Oil Wholesale Trading Market in China. The quality inspection center conducted the soybean sample collection in strict accordance with soybean varieties. This made the subsequent soybean variety identification experiments in this paper more rigorous and accurate.



Terahertz Spectroscopy Experimental Equipment

In the experiment, the THz spectroscopy equipment from EKSPLA was used for the spectral data acquisition of the experimental sample. The equipment used the FF50 femtosecond laser as the ultrashort pulse laser source. The central wavelength was 1,064 nm, and the pulse duration was less than 150 fs. The repetition frequency was about 80 MHz, and the output power was greater than 40 mW, and the spot diameter was less than 2 mm. The equipment used low-temperature-grown gallium arsenide as the generator and detector of the THz wave. The optical distance between the generator and detector was about 62.5 cm. The pump light source was divided into two beams of 55:45 by the beam splitter after passing through the half-wave plate. The first pump light was guided by the reflector through the fast delay line. After that, it was then directed through a set of the optical lens into the THz emitter to excite the THz pulse. The second part of the pump laser beam passed through the slow delay line. Afterward, it was guided to the THz detector by a reflector. The THz pulse was incident vertically on the experimental sample through a metal parabolic mirror. Then, it was focused to reach the THz detector, where it converged with the second part of the beam. The beam signal was fed to the lock-in amplifier for amplification. Finally, The THz time-domain spectra of the experimental samples were obtained.



Experimental Sample Preparation and Terahertz Spectrum Acquisition

Firstly, the soybean samples were dried in a 40°C drying oven for 3 h. This reduced the moisture in the samples during transportation and storage, thus reducing the effect of moisture in the soybean samples on the experiment. Afterward, the soybean samples were crushed using a pulverizer. The crushed samples were then further ground through a mortar and pestle to obtain the soybean sample powder. Secondly, the soybean sample powder was filtered through the sieve with pore sizes of 0.074 mm. Later, the filtered sample powder was taken and added to polyethylene powder (sample powder and polyethylene powder were mixed in the ratio of 7:3). The two powders were mixed thoroughly to obtain the experimental sample powder. Finally, the experimental sample powder was weighed 135 mg using a precision balance. The sample powder was pressed under the pressure of 20 MPa to form a flake with a thickness of about 1 mm. The surface of the flakes was ensured to be smooth. The room temperature of the THz spectroscopy acquisition laboratory was controlled at 25°C. Nitrogen gas was charged into the THz spectroscopy experimental equipment before the start of the experiment. The relative humidity in the experimental equipment was kept below 5% at all times. During the experiment, the experimental samples were loaded into the sample holder and their THz time-domain spectra were scanned. Each experimental sample was scanned 256 times, and a total of 6 sample points were scanned. The THz spectra of the six sample points were averaged. The THz time-domain spectra were converted to THz frequency-domain spectra by the device software. The THz spectra were acquired by the software that came with the THz spectroscopy experimental equipment.

The main research flow chart of this paper is shown in Figure 1.


[image: image]

FIGURE 1. Research flowchart.




Theory


Principal Component Analysis

Principal Component Analysis (PCA) is a common way of data analysis. In order to extract the main features and information of the THz spectra of experimental samples, PCA is often performed on the spectral data (Wang et al., 2022). The main purpose of PCA is to reduce the dimensionality of THz spectral data as a way to exclude the numerous chemical information that overlaps each other. It mainly highlights the similarities and differences of the data. This is because data identification is difficult to achieve in high-dimensional data. It uses new variables to represent the original variables. These new variables do not lose useful information in the original variables as much as possible (Rezazad Bari et al., 2021). The new variables are called Principal Components (PC).



Pre-processing Methods

Experimentally acquired THz spectra often contain some interferences from factors unrelated to the nature of the sample. These interferences can cause baseline drift of the spectrum and generate random noise, etc. At the same time, the absorption peaks often appear to overlap. Therefore, it is essential for the spectral data to be subjected to pre-processing methods. The pre-processing method can amplify the original hidden signal differences in the spectral data. Meanwhile, spectral pre-processing techniques can achieve the purpose of improving the resolution of THz spectral data, making the identification more accurate and reliable (Ndlovu et al., 2021; Tafintseva et al., 2021). In this paper, seven pre-processing methods were used, including: mean-centering, auto scaling, standard normal variate (SNV), minimum and maximum values to [0 1], multiplicative scatter correction (MSC), first derivative, and second derivative (Lu, 2006; Chu, 2011).



Discriminant Partial Least Squares

Discriminant Partial Least Squares (DPLS) is a discriminant analysis method based on PLSR (Lei et al., 2021). It is a widely used method for supervised pattern discrimination. This method considers the experimental sample characteristics data as the independent variables X (whose rows are the sample ordinal numbers and columns are the characteristic variable ordinal numbers). The category information of the experimental samples is considered as the dependent variable Y. Y is a matrix composed of 0, 1. The rows correspond to the sample numbers. The columns correspond to the category serial numbers. When a sample belongs to a category, the element value of the corresponding column in Y is 1. Otherwise, it is 0. In order to decide the problem of attribution of a substance in a mixture, the category matrix must be able to describe a specific kind of sample (Xue et al., 2021). DPLS is commonly applied in cases where the number of variables is high and there are multiple commonalities.



Particles Swarm Optimization-Support Vector Machine

SVM is a very widely used pattern recognition model proposed based on statistical theory (Wang et al., 2021b). In this paper, radial basis function was used as the kernel function of SVM. The classification hyperplane established by SVM can guarantee the classification accuracy (Wang et al., 2021a). For the optimization problem of the parameters of the SVM (parameter c and g), this paper used the particles swarm optimization (PSO) algorithm (Huang et al., 2021) and the grey wolf optimizer (GWO) algorithm (Deng et al., 2021). PSO is an optimization algorithm for group intelligence. It is derived from the study of predatory behavior of birds. The basic idea of the PSO algorithm is to find the optimal solution through collaboration and information sharing among individuals in a population (Zhou et al., 2021b). Each particle in this algorithm represents a potential solution to the problem. The velocity of the particle is dynamically adjusted with the movement experience of itself and other particles, thus achieving individual optimality search in the solvable space.



Grey Wolf Optimizer-Support Vector Machine

GWO is a meta-heuristic optimization algorithm. It has a more reasonable global optimal solution search mechanism, greater operational stability, and faster convergence than other optimization algorithms (Liu et al., 2021). The GWO algorithm is proposed based on imitating the hunting process of a wolf pack. It is mainly divided into three steps, which are encirclement, hunting, and attack. The highest rank in this algorithm is the head wolf, with two of them, marked as α. The head wolf is responsible for making decisions and leading the pack during the hunting (finding the optimal parameters) process. The remaining wolves are, respectively, labeled β, δ, and ω from top to bottom according to rank. The behavior of the next rank follows the leadership of the previous rank. Firstly, the wolves encircle the target during the hunting process. After encircling the prey, the wolves perform hunting behavior. The process is usually led by α, β, and δ. Other search units (ω) should update their respective positions according to the current position of the best search unit. Finally, the wolves attack the prey and accomplish the goal of capturing the prey (Zhou et al., 2021a).

DPLS, PSO-SVM, and GWO-SVM soybean variety identification models were established and predicted done in MATLAB R2018a. The computer operating system was Windows 10.0. The CPU was i7 8750 H. The memory is 16 g 2,666. In this paper, the correct identification rate was calculated in the same way as the accuracy.





RESULTS AND DISCUSSION


Terahertz Frequency-Domain Spectra

Figure 2 shows the THz frequency-domain spectral images of the experimental samples in the interval of 0.1–1.5 THz and 0.1–2.5 THz. The effective range of THz spectra measured by the THz spectroscopy equipment used in this experiment was from 0.1 to 2.5 THz. When the THz spectral frequency was between 1.5 and 2.5 THz, the signal-to-noise ratio of the spectrum was too low to be selected. Hence, the 0.1–1.5 THz interval was selected as the modeling spectral interval for the soybean variety identification model in this experiment. It could not be seen from Figure 2 that there were significant differences in the THz spectra of the different variety experiment samples. Therefore, the THz spectra of the experimental samples should be analyzed and identified in combination with chemometrics.
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FIGURE 2. THz frequency-domain spectra of different variety experimental samples.




Principal Component Analysis

The THz frequency-domain spectra of the samples were subjected to PCA. The cumulative variance contribution of the first 3 PCs was 99.65%. Therefore, the information of the distribution characteristics of the samples could be basically characterized by the projected distribution of the first 3 PCs in space. The PC score plot is shown in Figure 3. From Figure 3, it could be found that the experimental samples of HD2 and LD1 were distributed more scattered in the three-dimensional space. However, the remaining four varieties of experimental samples showed obvious overlap in the distribution in three-dimensional space. In the overlapping part, it was very difficult to distinguish and identify the experimental sample varieties using the naked eye. Therefore, good results could not be obtained by using PCA alone to identify soybean varieties. Thus, THz spectroscopy required the use of identification methods with supervised modes for soybean variety identification.


[image: image]

FIGURE 3. The PC score plot.




Variety Identification Model Establishment and Validation


Establishment and Validation of the Discriminant Partial Least Squares Soybean Variety Identification Model

The transmissibility and frequency of the spectral points in the selected frequency interval were used as the input matrix. The DPLS was used to establish the soybean variety identification model. The 270 experimental samples were divided according to the ratio of calibration set to test set of 3:1. Therefore, 67 samples were randomly selected as the test set. The remaining 203 samples were used as the calibration set. The 67 test set samples contained 10 HD2, 10 LD1, 7 NMH, 13 LD4, 16 HD12, and 11 QH34. The 203 calibration set samples contained 26 HD2, 26 LD1, 29 NMH, 41 LD4, 38 HD12, and 43 QH34. Firstly, the THz spectra were separately subjected to seven pre-processing methods. Secondly, the DPLS soybean variety identification model was established by the calibration set. Finally, the effects of the variety identification model were validated using the test set. The validation results are shown in Table 1.


TABLE 1. DPLS soybean variety identification model validation results.

[image: Table 1]
From Table 1, it could be found that the results of the DPLS soybean variety identification model were not very satisfactory. The overall correct identification rate was in the range of 74–81%. The validation results of the DPLS soybean variety identification model showed relatively obvious changes after the THz frequency-domain spectra were subjected to different pre-processing methods. In terms of the overall correct identification rate, the overall correct identification rate of the DPLS soybean variety identification model could be improved to 80.60% after the second derivative pre-processing of the THz spectra. This was a 4.48% improvement compared to the DPLS soybean variety identification model without the pre-processing method, and the identification time used was relatively shorter. At the same time, the overall precision of this identification model achieved the highest value. This might be because the second derivative pre-processing method could effectively eliminate the interference of baseline and other backgrounds. Judging from the identification of different variety soybeans, the DPLS soybean variety identification model was very effective in identifying LD4 and QH34. The DPLS soybean variety identification model was significantly improved for NMH by the second derivative pre-processing. The DPLS soybean variety identification model was not well for the identification of three soybean varieties (HD2, LD1, and HD12). Compared to other varieties, the identification results of these three varieties of soybean needed to be further improved.



Establishment and Validation of the Particles Swarm Optimization-Support Vector Machine and Grey Wolf Optimizer-Support Vector Machine Soybean Variety Identification Models

The experimental samples were divided into the calibration and test set according to the same method as before. The calibration set was formed by 203 experimental samples. The PSO-SVM and GWO-SVM soybean variety discrimination models were established using the calibration set. The test set was composed of 63 experimental samples. Validation of the soybean variety discrimination models was performed using the test set. The parameters c and g were, respectively, optimized by the PSO algorithm and GWO algorithm. The validation results of the two soybean variety identification models are shown in Tables 2, 3.


TABLE 2. PSO-SVM soybean variety identification validation results.
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TABLE 3. GWO-SVM soybean variety identification validation results.
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From Tables 2, 3, it could be found that after the first derivative and the second derivative pre-processing methods, the overall correct identification rate of the GWO-SVM soybean variety identification model was very significantly improved compared to the PSO-SVM variety identification model. The identification time used was also significantly reduced. Meanwhile, the overall precision of the GWO-SVM variety identification model achieved the highest value. This might be because the parameter optimization of the SVM by GWO imitated the wolf hunting process so that it could obtain a more reasonable global optimal solution search capability. Therefore, the GWO algorithm showed superior soybean variety identification performance compared to the PSO algorithm in finding the optimal parameters of the SVM. This was of great practical importance for soybean variety identification. The overall correct identification rate of the GWO-SVM soybean variety identification model (c = 7.77 × 109, g = 7.95 × 10–4) was improved to 97.01% after the second derivative pre-processing method for the THz frequency-domain spectra. The identification time used of the variety identification model was 181.66 s. This indicated that THz frequency-domain spectroscopy combined with chemometrics could quickly and accurately identify soybean varieties. After THz frequency-domain spectra were preprocessed with the second derivative, the GWO-SVM variety identification model improved the overall correct identification rate by 7.46% compared to the GWO-SVM identification model without the pre-processing method. This further indicated that the second derivative pre-processing method played an important role in eliminating background interference, resolving overlapping peaks, etc. for the THz spectra. Thus, the second derivative pre-processing method best improved the overall correct identification rate of the GWO-SVM identification model. After the second derivative pre-processing, the GWO-SVM identification model could reach 100% for four varieties (HD2, LD1, LD4, and QH34) of soybeans. The correct identification rate of the other two varieties of soybeans also reached more than 85%. By observing the validation results of the two variety identification models combined with the seven pre-processing methods, it was easy to see that the THz spectra combined with different pre-processing methods had a great impact on the correct identification rate of the identification model and the time used for identification. Therefore, it was crucial to choose the appropriate pre-processing method for different identification models.

Comparing Tables 1–3, it was found that the overall correct identification rate of the GWO-SVM soybean variety identification model was better than that of the DPLS and PSO-SVM variety identification models after the first derivative and second derivative preprocessing methods. However, the DPLS soybean variety identification model took significantly shorter time to identify than the other two variety identification models. When comparing the validation results of the DPLS, PSO-SVM, and GWO-SVM identification models, it was found that the THz spectra combined with the second derivative pre-processing method resulted in the best identification results and relatively short identification time for the GWO-SVM variety identification model. The overall correct identification rate was 97.01% (85.71% for NMH, 93.75% for HD12, and 100% for others), and the identification time used was 181.66 s. However, there were some limitations of this variety identification model. The identification model needed to be continuously optimized for different THz spectral data. For soybean varieties for which THz spectral data characteristics had been not collected, the identification model identified relatively poor results.





CONCLUSION

The experimental results showed that it was feasible to identify soybean varieties by THz frequency-domain spectroscopy combined with chemometrics. The GWO-SVM soybean variety identification model achieved the best results and relatively short identification time used after the second derivative pre-processing method for THz spectra. The overall correct identification rate was 97.01% and the identification time used was 181.66 s. This indicated that this method was an accurate means of identifying soybean varieties. The identification time used was relatively short, and the identification speed was relatively fast. In addition, the DPLS and PSO-SVM variety identification models combined with suitable pre-processing methods could also be used for soybean variety identification. The novelty of the paper was that the feasibility of THz frequency-domain spectroscopy combined with chemometrics for soybean variety identification was analyzed and investigated. At the same time, a soybean variety identification model based on the GWO-SVM was proposed. The study has some reference value for the rapid and accurate identification of agricultural products and food varieties based on THz spectroscopy.
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With the widespread use of high-throughput phenotyping systems, growth process data are expected to become more easily available. By applying genomic prediction to growth data, it will be possible to predict the growth of untested genotypes. Predicting the growth process will be useful for crop breeding, as variability in the growth process has a significant impact on the management of plant cultivation. However, the integration of growth modeling and genomic prediction has yet to be studied in depth. In this study, we implemented new prediction models to propose a novel growth prediction scheme. Phenotype data of 198 soybean germplasm genotypes were acquired for 3 years in experimental fields in Tottori, Japan. The longitudinal changes in the green fractions were measured using UAV remote sensing. Then, a dynamic model was fitted to the green fraction to extract the dynamic characteristics of the green fraction as five parameters. Using the estimated growth parameters, we developed models for genomic prediction of the growth process and tested whether the inclusion of the dynamic model contributed to better prediction of growth. Our proposed models consist of two steps: first, predicting the parameters of the dynamics model with genomic prediction, and then substituting the predicted values for the parameters of the dynamics model. By evaluating the heritability of the growth parameters, the dynamic model was able to effectively extract genetic diversity in the growth characteristics of the green fraction. In addition, the proposed prediction model showed higher prediction accuracy than conventional genomic prediction models, especially when the future growth of the test population is a prediction target given the observed values in the first half of growth as training data. This indicates that our model was able to successfully combine information from the early growth period with phenotypic data from the training population for prediction. This prediction method could be applied to selection at an early growth stage in crop breeding, and could reduce the cost and time of field trials.

Keywords: soybean, unmanned aerial vehicle, remote sensing, drought, green fraction, dynamics model, genomic prediction, genomic selection


INTRODUCTION

Genetic mechanisms of growth processes have become a crucial topic in plant breeding. The genetic dissection of the formation process of target traits of breeding such as yield quantity and quality will provide profound insights into its mechanism, which will lead to efficient selection of useful genotypes and rapid genetic improvement. This understanding is important in genomic selection (GS), where breeders skip field trials and select promising candidates based on the predicted breeding value provided by genomic prediction (GP) (Meuwissen et al., 2001). Most GP studies on crops have focused on traits at harvest, such as yield and quality (Krishnappa et al., 2021). If GP can predict genetic variation during the growth process, breeders can accurately determine the behavior of the genotypes obtained by GP and select the appropriate candidates. Further, growth prediction from the early period is likely to reduce the cost of field trials by shortening the period of observation.

However, the measurements required to derive data of growth trajectory are cost and labor intensive, representing a major bottleneck for genetic dissection, which requires the characterization of many genotypes. Due to the rapid development of sensing technologies in recent years, high-throughput phenotyping has become available for plant breeding, and the measurement of growth traits is becoming more practical. An accurate and detailed acquisition of growth processes through high-throughput measurements is expected to lead to improved genetic gains in plant breeding (Furbank and Tester, 2011; Cabrera-Bosquet et al., 2012; Araus and Cairns, 2014). For example, an automated phenotyping platform for the monitoring of three-dimensional plant growth in a greenhouse has enabled the genetic dissection of growth processes using a dynamic model (Campbell et al., 2018). In a field experiment, high-throughput phenotyping using unmanned aerial vehicles (UAVs) (Yang et al., 2017) and tractors (White et al., 2012) was used to measure plant growth. Among growth traits, the leaf area index (LAI) is often investigated because it is accessible from high-throughput phenotyping (Verger et al., 2014; Liu et al., 2017) while being sensitive to the environment, directly determining amount of light absorption, and thus affecting biomass production and yield. Until recently, however, these techniques were mainly used for crop management such as estimation of canopy state variables, soil properties and yield (Jin et al., 2018), and their applications to genetic dissection remain limited (Blancon et al., 2019).

Several methods have been proposed for the analysis of plant growth. One commonly used method involves fitting a growth model, such as Gompertz (Winsor, 1932) and logistic (Nelder, 1961), to the data and using the model parameters to quantify the dynamic pattern. This method can be applied to various types of dynamic measurements such as stem diameter of trees (Wu et al., 2004) and soybean canopy cover and height (Borra-Serrano et al., 2020). Several methods of quantitative genetics, such as quantitative trait loci analysis (Ma et al., 2002; Wu et al., 2002) and genome-wide association studies (Das et al., 2011; Crispim et al., 2015), have been applied to discover possible associations with growth model parameters. Growth models have also been used as a flexible tool to analyze various factors, such as the effect of selection in breeding (Piles et al., 2003) and the relationship among traits (Onogi et al., 2019). However, its application to GP has not been discussed in previous studies.

In this study, a method integrating a model of growth dynamics and GP was proposed and applied to investigate the growth of soybeans. We focused on the green fraction (GF) to model its dynamics. GF is defined as the fraction of green pixels in an image taken from the sky. This trait is a proxy for LAI and can be easily measured from UAV observations. The GF dynamics of soybean germplasm accessions were described using the parameters of a model consisting of logistic and exponential curves. Genetic variations in GF dynamics were quantified by decomposing the model parameters into genetic and residual effects using mixed models. Finally, the GP model is applied to predict the parameters of the GF dynamics model under a range of scenarios to illustrate the potential of the proposed method. A similar experiment was conducted in an earlier paper in which UAV-RS data was used as secondary traits to predict biomass (Toda et al., 2021a), while this study developed prediction models of growth curve itself.



MATERIALS AND METHODS


Field Trials

Soybean accessions registered in the National Agriculture and Food Research Organization Genebank1 were used. A total of 198 accessions, consisted of 96 Japanese accessions and 96 world accessions from mini core collection (Kaga et al., 2012) and 6 additional accessions. From 2017 to 2019, the field trial was conducted in an experimental field with sandy soil at the Arid Land Research Center, Tottori University (35°32′ N lat, 134°12′ E long, 14 m above sea level) (Supplementary Figure 1). A total of 198 accessions between 2018 and 2019 were used, with 186 out of 198 accessions used in 2017. Each plot consisted of four plants. The distances between two rows, two plots, and two individuals were 50, 80, and 20 cm, respectively (Figure 1D). Sowing was performed at the beginning of July, followed by thinning after 2 weeks (Supplementary Table 1). Fertilizer (15, 6.0, 20, 11, and 7.0 g m–2 of N, P, K, Mg, and Ca, respectively) was applied to the field before sowing.


[image: image]

FIGURE 1. The field experiment. (A) An ortho-mosaic image of the field, obtained on August 25, 2018. The ortho-mosaic images were created for each treatment. (B,C) Ground level images of treatments C and D. (D) Planting pattern of plots made of 2 rows of 4 plants (green dots) and separated by 80 cm.


Two watering treatment levels, control (C) and drought (D), were used to evaluate the genetic variations in the responses to water stress. White mulching sheets (Tyvek, Dupond, United States) were laid to prevent rainwater infiltration (Figure 1), and pipes were installed under the sheets to irrigate the field. Irrigation with irrigation rate 8.1 mm/h was applied for daily for 5 h (7:00–9:00, 12:00–14:00, 16:00–17:00), starting the day after the thinning in treatment C, while no water was brought in treatment D. In the following, an abbreviation for denoting a specific combination of the level of the treatment and the year of the experiment is used; for example, treatment C in 2017 is abbreviated to “2017-C.”



Remote Sensing and Image Analysis

UAV flights started after thinning and were performed 16–35 times during the cultivation period. A consumer drone (DJI Phantom 4 Advanced, China) was used for image collection. Images consisted of RGB layers and 3,648 × 4,864 pixels, captured with an automated focus and white balance. The UAV flew 12–14 m above the ground and captured images every 2 s with an autofocus function. A single UAV flight took approximately 15 min and collected 500–600 images, which was repeated twice to cover the entire field.

Ortho-mosaic images were constructed using Pix4Dmapper (Pix4D, Switzerland). The images of individual plots were then segmented from the ortho-mosaic image based on the geolocation of their corners. The canopy regions of the images of the individual plots were segmented based on GRVI and hue values (GRVI < 0.05, 20 < Hue < 90). Finally, the GF of each plot was estimated as the ratio of the green pixels to the total number of pixels in the plot. The image analysis process was implemented in Python 3.72 and library opencv (ver.4.1.0) and gdal (ver.3.2.2). For data in 2019, a similar procedure was used by Hiphen Inc.3 The analysis protocol was the same as previous research (Verger et al., 2014; Madec et al., 2017).



Green Fraction Dynamics Modeling

The GF derived from the UAV on day d day, GFd, was first converted into the corresponding leaf area index (LAId), following (Soltani and Sinclair, 2012) the exponential model:
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where k = 0.5, and is the extinction coefficient commonly used for soybean. The model proposed by Koetz et al. (2005) to describe the dynamics of LAI was fitted to the time series of GF to estimate the growth pattern of each plot with five parameters (Figure 2):
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FIGURE 2. (A) An example of LAI dynamics described with the model (Equation 2). The parameters of the LAI dynamics model are displayed to visualize their roles. (B,C) GF dynamics of the genotype “Enrei,” with the model fitted to the data. Each plot is displayed separately for the control (B) and drought (C) treatments.


The first term in the parenthesis represents logistic growth, and the second term represents exponential senescence, where Td is a growing degree day on day d. The growing degree day is a typical development scale corresponding to the cumulative daily mean temperature from sowing above the base temperature set to 8°C (Soltani and Sinclair, 2012). LAIamp is the maximum value of the LAI reached, rg is the maximum LAI growth rate, rs is the senescence rate, Tg is the growing degree day when the LAI growth rate is maximum, and Ts is the growing degree day when LAI becomes zero. The five parameters, LAIamp, rg, rs, Tg, and Ts, were estimated for each plot. However, fitting the dynamics model separately for each plot was difficult because the GF in the drought treatment (D) was so small. Many of the GF growth data from the treatment D contained large noise, making it difficult to estimate the parameters, from data of each plot alone, especially the inflection point of the growth Tg. Therefore, the estimation was conducted in two steps:

(1) First parameter estimates.

In this step, all of the parameters except LAIamp were assumed to be genotype dependent and treatment independent, that is, parameters of each plot were the same for treatments C and D if their genotypes were the same. The optimal values of Tg and Ts were found with a grid search in the range 300 < Tg < 1,200 and 1,400 < Ts < 3,000 on seven points evenly distributed in the range. At the same time, the optimal values of the other parameters were estimated using the Nelder-Mead method. The cost function to be minimized in the Nelder-Mead method was computed as follows:

[image: image]

where yi,d is the GF of plot i on day d, [image: image] is the estimated value of GF with the dynamics model, and [image: image] is the mean value of the GF on day d. The normalization by [image: image] in Equation 3 accounts for the measurement noise, which is roughly proportional to the mean value.

(2) Fine tuning the parameter estimates.

The parameter estimation was conducted independently for each plot. The optimal values obtained in the previous step for Tg and Ts were the center of the grid search with a narrower range (Tg–200 < Tg < Tg + 200 and Ts–400 < Ts < Ts+ 400). The other parameters were estimated using the Nelder-Mead method, using the estimated values in Step 1 as the initial values.



Estimation of Genotypic Values

Genotypic values of the GF and LAI dynamic parameters were estimated for use in the GP. The following mixed model was fitted for each combination of a trait (GF or LAI dynamics parameter) and a treatment (C or D):

[image: image]

where y is a vector of the phenotypic values; μ is the mean; β is a vector of block effects representing differences between replications; s is a vector of genotypic values that follows N(s | 0, σs2I); σs2 is the genotypic variance; e is a vector of residuals that follows N(e | 0, σe2I); σe2 is the residual variance; 1 is a vector in which all the elements are one; I is an identity matrix; and L and W are design matrices. The genotypic value (g) was calculated as follows:

[image: image]

The R package lme4 (ver. 1.1–20) was used to solve Equation 4. For the GF, the genotypic value estimation was applied separately for each flight date.



Genomic Relationship Matrix and Genetic Analysis

The whole-genome sequencing data of all 198 accessions were available and used to estimate the genomic relationship matrix (Kajiya-Kanegae et al., 2021). Only the biallelic sites in all accessions with a minor allele frequency (MAF) ≥ 0.025, missing rate < 0.05, and linkage disequilibrium < 0.95 were extracted, and the imputation of missing genotypes was applied. Genotyping data identified 425,858 SNPs. Genotypes for individual alleles were represented as -1 (homozygous for the reference allele), 1 (homozygous for the alternative allele), or 0 (heterozygous for the reference and alternative alleles). The genomic relationship matrix G was estimated as G = XXT / c, where X is an n × m scaled marker genotype matrix (n and m are the numbers of lines and markers, respectively), and c is the normalization constant (Endelman and Jannink, 2012). Genetic heritability was estimated for all traits using the genomic best linear unbiased prediction (G-BLUP) model:
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where g is a vector of genotypic values estimated using Equations 4 and 5, m is the mean, u is a vector of random genetic effects that follows N(u | 0, σu2G), ε is a vector of residuals that follows N(ε | 0, σε2I), σu2 and σε2 are the genetic and residual variances, respectively, and Z is a design matrix. The R package rrBLUP (ver. 4.6) (Endelman, 2011) was used to solve Equation 6. After solving the mixed model, the genomic heritability was estimated as h2 = σu2/(σu 2 + σε2).



Prediction of Green Fraction Dynamics

We investigated three cross-validation schemes for the four different prediction models. The cross-validation schemes and prediction models are detailed as follows: The correlation coefficient between the genotypic values (g) and their predicted values (u) of the GF was used to evaluate the prediction accuracy.


Cross-Validation Schemes

Cross-validation was repeated three times for the combination of a cross-validation scheme and a prediction model.

(1) Cross-validation of genotypes (CV1).

CV1 corresponded to the prediction of LAI dynamics for untested genotypes. Data from a subset of genotypes in any treatment or year were excluded from the training data (Figure 3A). The prediction model built using the training dataset was evaluated for the left-out genotypes. Ten-fold cross-validation was used to randomly select 19–20 left-out genotypes.
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FIGURE 3. Cross-validation schemes and prediction models. (A) Cross-validation schemes (CV1, CV2, and CV3). Training and test data in cross-validation are expressed as blue and red cells, respectively. (B) Structures of prediction models (GP, TGP, and TGPG). Structures of the other prediction models with multivariate GP (MGP, TMGP, TMGPG) can be understood by replacing GPs in the figure to MGPs.


(2) Cross-Validation over combination of genotype and environment (CV2).

The combination of a treatment and a year was considered as an environment: there were a total of six environments (two treatments × 3 years). Here, the predicted LAI dynamics were evaluated for genotypes and environments left out from the training dataset. A 10-fold cross-validation of genotypes and leave-one-environment-out cross-validation were applied simultaneously to get rid of data of test genotypes in one environment from training dataset (Figure 3A).

(3) Cross-validation with a focus on the late growth period (CV3).

The growth cycle was split into early and late growth, with an equal number of observations for the two periods. CV3 was similar to CV2, but data of early growth period of test genotypes in a test environment was included in training data, and prediction of the LAI dynamics were evaluated over the late period (Figure 3A).



Prediction Models in Cross-Validation of Genotypes and Cross-Validation Over Combination of Genotype and Environment

In CV1 and CV2, four prediction models were compared: genomic prediction (GP), two-step GP (TGP), multivariate GP (MGP), and two-step multivariate GP (TMGP).

GP is the most standard model, expressed as shown in Equation 6, and applied to the GF on each day in the training data (Figure 3B). Then, the random genetic values g of the left-out genotypes were used as the predicted values.

The TGP consisted of two steps (Figure 3B). First, the same model as GP was applied to the LAI dynamics model parameters. Then, the GFs of the left-out genotypes on each day were calculated using the predicted parameters (Equations 1 and 2).

MGP is an extension of the GP, which simultaneously predicts several traits (Calus and Veerkamp, 2011; Jia and Jannink, 2012). The model is expected to enhance the accuracy of genomic prediction via genetic correlations among traits. This model can be expressed as follows:
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where J is the number of variates in the model, gj, uj, and εj are vectors of genotypic values, random genetic effects, and residuals of variate j, respectively, and mj is the mean of variate j. Assumptions for the random effects were included, in which uall = (u1T, …, uJT)T follows N(uall | 0, K⊗ G) and εall = (ε1T, …, εJT)T follows N(εall | 0, R⊗I). Here, K is a genomic variance-covariance matrix between the variates, and R is the residual variance-covariance matrix between the variates. The R package MTM (ver. 1.0.0) was used to solve Equation 7 based on the Markov chain Monte Carlo (MCMC) method.

TMGP consisted of two steps, that is, MGP of the LAI dynamics model parameters and the calculation of the GF using the predicted parameters.

MGP and TMGP were expected to improve the prediction accuracy compared to GP by exploiting phenotypic data from environments included only in the training dataset. However, since the GF was measured repeatedly in each environment, it was difficult to include all the phenotype data (152 measurements in total by adding up observation dates in all the environments). Thus, a strategy was applied where the training of prediction models was repeated for each observation date, and ten additional variates were selected from the whole data to support the prediction every time. In other words, the eleven variates included each time consisted of one target variate and ten supporting variates. The criterion for selecting supporting variates is based on heritability and correlation with the target variate. These two factors are essential for improving the prediction accuracy in MGP (Calus and Veerkamp, 2011) Top-10 observations of the following criterion were selected as supporting variables:
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where s(.) is a scaling function that makes the mean and variance of an input vector zero and one, respectively; h2 is the heritability; and r is the correlation coefficient with a target variate.



The Prediction Models in Cross-Validation With a Focus on the Late Growth Period

As in the other cross-validations, the performances of the four prediction models were compared in CV3. GP was the same as in CV2 because it only uses the data of the measurement day to be predicted for training. MGP was modified to better exploit the first half of the growth period used to train the model. Seven out of the ten supporting variates were selected using the selection criterion from Equation 8, the remaining three variates corresponded to the GF values for the latest three flights of the first growth period. The other two models with two-step structures, TGP and TMGP, were also modified to better exploit the training data for predicting the GF dynamics during the late growth period. They were called TGPG (TGP for growth) and TMGPG (TMGP for growth), respectively.

The TGPG included three steps (Figure 3B). The first two steps were the same as those of the TGP, where the LAI dynamics model parameters were predicted without using the data from the first half of the growth period. However, for TGPG, the distributions of the MCMC values of the LAI dynamics model parameters were used instead of the average value of the samples used in the TGP. As a result, 60,000 samples of the predicted GF dynamics were obtained for each genotype corresponding to the prior distribution when no GF measurements on the genotype were available. Then, the GF data from the first half of the growth period were exploited using the approximate Bayesian computation (ABC) method, and the 60 GF dynamics that minimize the Euclidian distance between the predicted GF dynamics and the actual GF observations were selected. Lastly, the mean values of the 60 samples were used as the predicted values. The modifications on TMGP to obtain TMGPG were the same as those applied to TPG to obtain TGPG.





RESULTS


Dynamics of Green Fraction Derived From Unmanned Aerial Vehicles

The UAV observations transformed into GF values show typical dynamics (growth, saturation, and senescence) of the several genotypes and environments investigated (Figure 4), showing large variations in the growth patterns. It is worth noting that the period covered by the fights was longer in 2017, with up to 80 days compared to 2018 and 2019, where the flights were stopped after 60 days. For each plot, the GF dynamics were relatively smooth, indicating a good temporal consistency of the GF values derived from the UAV observations. The ranking between genotypes is also generally consistent across growth development, which would indicate good chances to predict the late period from observations covering the early growth period. Drought treatment (D) always showed lower GF values than the control (C) treatment. However, the water stress experienced by treatment D varied across years, with 2018 being the most severe, and 2017 the mildest. The control treatment also showed differences between the 3 years: 2017 showed the best growth conditions, while 2019 showed the worst ones.
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FIGURE 4. Dynamics of the GF as observed from the UAV. Treatments C and D are shown with blue and red lines, respectively, each line corresponding to a plot. The number of days after sowing is used as the x-axis. Small vertical bars on x-axis indicate dates of UAV-RS.


The genomic heritability estimated for each year and treatment by fitting a mixed model to GF for each observation day showed a decrease until 40–50 days after sowing, and then increased with time (Figures 5A,B). However, some differences between years were observed, with a higher heritability in the early stages of 2018. The yearly patterns were also similar between the control (C) and drought (D) treatments, while the heritability in treatment C was systematically higher than that in treatment D, except in 2017 for the late UAV flights.


[image: image]

FIGURE 5. (A,B) Heritability of the GF. Results of treatments C and D are shown in (A,B), respectively. Red, blue, and green lines indicate the values in 2017, 2018, and 2019, respectively. (C,D) Heritability of the LAI dynamics model parameters. Results of treatments C and D are shown in (C,D), respectively.




Growth Parameter Estimation

The dynamics model fitted a wide range of GF growth patterns in both treatments and all years (Figure 2). The root mean squared errors (RMSE) of growth model fitting of GF on 25 days after sowing were 0.0060 and 0.0057 in treatment C and D, respectively. RMSE reached 0.022 and 0.016 in two treatments on 50 days after sowing, because growth of canopy increased the measurement noise of GF.

The distribution of the estimated growth parameters varied among years and treatments (Figure 6). Fundamentally, the parameters related to period of growth (rg, Tg, and LAIamp) showed a tendency wherein the values of the parameters became smaller when the plants were subjected to drought stress. For the parameters related to period of senescence (rs, Ts), the results were not reliable due to the lack of observation of senescence, except in 2017.


[image: image]

FIGURE 6. Boxplot of estimated growth parameters.


The genomic heritability of the growth parameters (Figures 5C,D) varied among treatments and years. The heritabilities of LAIamp, Tg, and rg were relatively high, reaching 0.8 in the highest cases. The other two parameters, rs and Ts, showed lower heritability, ranging between 0.1 and 0.5. These parameters characterize the late development of the canopy that was not well covered by UAV flights, except in 2017. This explains why heritability was highest in 2017. Particularly, heritability in 2017-D exceeded 0.4 with all values. On the other hand, heritability of all the parameters was lower than 0.4 in 2018-D when summer heat stress was severe. The heritability of the parameters of the model is generally lower than that of the GF for each UAV flight (Figure 5), except for LAIamp, which generally shows a higher heritability, except in 2018.



Prediction of Growth Patterns

In CV1, the prediction accuracy of TGP and MGP was similar to that of GP (Figure 7). In 2019-D, a significant improvement in prediction accuracy in MGP (50.0% improvement in ratio of correlation coefficients of genotypic and predicted values) compared with GP was observed, where the accuracy of GP was very low in the latter half of the growth period (Supplementary Figure 2). The accuracy of MGP was higher (12.6%) than that of TGP. The accuracy of TMGP differed among environments; it was lower than that of GP when predicting the GF in 2018, while it was higher than the accuracy of MGP when predicting the GF in the latter half of the growth period in 2019.


[image: image]

FIGURE 7. Comparison of accuracy of the prediction models. The correlation coefficients between genotypic values and their predicted values are plotted. The results of CV1, CV2, and CV3 are shown in three panels.


The predicted values of GP and TGP in CV2 were equal to those in CV1 because they did not utilize data in environments other than their targets. Thus, for CV2, the focus will be on the accuracy of the MGP and TMGP. The accuracy of MGP was higher in CV2 than in CV1 (11.6%) and was significantly higher than that of TGP (25.6%) (Figure 7 and Supplementary Figure 3). The accuracy of TMGP was lower in CV2 than in CV1 in 2018, while it was higher in CV2 than in CV1 in the other years. Comparing MGP and TMGP, the accuracy of MGP was higher in 2018 and the former half of the growth period, while that of TMGP was higher in other environments.

In CV3, the prediction accuracy of TGPG and TMGPG was higher than that of the other models (24.5 and 27.1%, compared with MGP) in all the environments (Figure 7) over the entire growth period (Supplementary Figure 4). The correlation coefficients between the predicted values of TMGPG and the genotypic values were higher than 0.6 in most cases. The accuracy of MGP was higher than that of GP (71.7%), but lower than that of TGPG and TMGPG. As in CV2, the predicted values with GP and TGP in CV3 were the same as in CV1.




DISCUSSION


Unmanned Aerial Vehicles-RS as a Tool to Evaluate Growth Patterns

This study showed that the UAV measurements of GF could be used to assess the genetic diversity of soybean growth patterns. A U-shaped longitudinal pattern was observed in the heritability of GF in all environments (Figures 5A,B). The U-shaped heritability patterns can be explained in three steps. In the early stage of growth, the GF seemed to be determined by factors regarding initial growth speed, such as radiation use efficiency, which results in high heritability of the GF. At approximately 25 days after sowing, several additional factors, such as growth phenology and plant structure, related to phenological development started to affect the GF, which decreased the heritability. Then, the saturation of the GF occurred around 45–60 days after sowing. During this period, confounding factors related to the differences in phenological development weakened, leading to increased heritability.

When we evaluate crop dynamics using remote sensing techniques, the LAI is often used as the main trait of interest. To apply remote sensing techniques to breeding populations, differences in plant styles should be carefully considered when deriving LAI from the images (Blancon et al., 2019). In this study, we focused on GF rather than LAI as the target trait to model its dynamics, due to the lack of data on plant style. Applying our method to LAI would offer the advantage of being closer to crop growth mechanisms, such as photosynthesis. Nevertheless, this study has shown that GF is a useful trait to describe the growth of soybean germplasm. In genomic prediction, the inclusion of canopy area, which is proportional to GF, has been reported to improve the prediction of biomass in soybean (Toda et al., 2021a). Thus, GF can be considered a useful index of genetic variation in plant growth.



Fitting a Dynamics Model

The dynamics model was flexible enough to represent various growth patterns in different environments (Figure 2). By fitting the model, the GF time series is represented by five parameters. The distribution of growth parameters reflected the effects of drought stress on growth (Figure 6). The decrease in rg and Tg in treatment D indicates that the speed and duration of growth were strongly suppressed under drought stress. As a result, the maximum value of the plant canopy was significantly reduced, which was expressed in the reduction of LAIamp.

Genetic analysis of the parameters showed that the heritability of LAIamp was the highest (Figures 5C,D). This result is related to the high heritability of GF in the later stages of growth. Tg, which describes the stage-shift timing of the GF, also showed high heritability in 2017-C and 2019-D.

For the senescence stage, the heritability was low for Ts and rs, except for 2017-D. Due to the long cultivation period in 2017 and early senescence in treatment D, model fitting of the senescence part was successful in that environment. The heritability of rs was higher than Ts, which means that the change in GF in the senescence stage was mainly determined by its speed, rs, rather than the timing of senescence, Ts. The senescence pattern could be evaluated more precisely in 2017 and 2018 by extending the observation period.

Several useful results were obtained by applying the dynamics model, and some problems were found to be improved. Because of the high heritability of GF in the early stages, the growth speed, rg, was expected to be mainly determined by genetic factors. However, the heritability of rg was low, except in 2017-D. The use of other dynamic models, such as the Gompertz (Winsor, 1932) curve, may improve the goodness of fit of a growth curve to the GF in the early growth stages. It was reported that the dynamics model that considers leaf appearance could explain the dynamics of green LAI (GLAI) (Blancon et al., 2019). Such structural models may also be candidates for alternative dynamic models.

Another possible improvement of the model is the inclusion of other environmental factors, such as soil moisture and drought stress. In the dynamics model, the effect of temperature on growth stages was considered. However, the inclusion of other factors may allow for improved fitting and simultaneous parameter estimation of multiple environments. For example, the low heritability in 2018 of the growth parameters was due to severe heat stress in the summer of 2018, which made the growth slower than usual years. As a result, the sigmoid pattern in growth was truncated at the end of the cultivation period (Figure 4). Other environmental factors will allow simultaneous parameter estimation in other environments, leading to stability in the estimated parameters.



Prediction of Growth Curves

In CV1, the accuracy was close between GP and TGP (Figure 7). This result suggests that the dynamics model used in TGP could extract sufficient genetic variations from phenotypic variations in the GF dynamics pattern to achieve the same predictive accuracy as the GP.

Models with multivariate GP yielded better accuracy than those with univariate GP; the accuracies of MGP and TMGP were higher than those of GP and TGP, respectively. High correlations among variates, a typical property of dynamic data, suggest that multivariate GP improves the prediction accuracy because MTG and TMGP can leverage the among-characteristics correlation. In the following, we focus on the comparison between MGP and TMGP.

In 2018, the accuracy of TMGP was lower than that of MGP in CV1 and CV2 (Figure 7) because of the low heritability of the LAI dynamics model parameters. However, the accuracy of TMGP was higher than that of MGP in 2019 for CV2. TMGP was better than MGP because of the higher heritability of growth parameters than GF in 2018. The extraction of genetic variance in growth patterns in 2019 was successful as LAIamp in 2019-C and Tg in 2019-D, leading to improved prediction accuracy.

In CV3, the prediction accuracies of TGPG and TMGPG outperformed the other models (Figure 7). The higher prediction accuracy compared to MGP indicates that the former growth period’s data could be effectively included in the model by specifying the growth curve’s shape through the dynamics model. In most cases, the correlation coefficients between the predicted values of TMGPG and the genotypic values exceeded 0.6, indicating that TMGPG is robust to changes in the environment. The similar prediction accuracy of MGP and TMGPG in 2017-D may be due to the lack of change in the GF in the second half of this environment’s growth period. This approach to future prediction through dynamic models has potential applications for selection in early growth stages in crop breeding.

In this study, the dynamics model and GP/MGP were used separately in TGP/TMGP, but they could be integrated into one hierarchical model. Several reports have shown the effectiveness of hierarchical models in the analysis of dynamic traits (Onogi et al., 2019), quantitative trait loci analysis (Ma et al., 2002), and genome-wide association studies (Das et al., 2011; Crispim et al., 2015). The joint analysis is expected to make parameter estimation more robust. In this study, although two steps are required to estimate the growth parameters, joint estimation may simplify the estimation process further.



Growth Analysis on Remote Sensing Data for Plant Breeding

Applying the dynamics model to crops monitored with UAVs allows us to capture the genetic variation in growth patterns. The combination of the dynamics model and genetic analysis was shown to be an efficient framework for analyzing our field experiments. It was able to predict future GF dynamics from observations covering only the early growth stages. This could contribute to reducing the cost of the field trials. This study suggests that data monitoring the experiment with UAVs and analyzing them using dynamics models and mixed models will benefit crop breeding.

Although this study applied the growth model that considers both growth and senescence to soybean GF, characteristics of growth curves vary depending on species, trait, or situation of observation. For example, a logistic curve that consider only growth was used for modeling stem diameter of forest tree (Ma et al., 2002) and power function was used for modeling leaf age of rice (Wu et al., 2002). Crop models that consider physiological mechanisms such as photosynthesis may be applied to consider effects of diverse environmental factors on dynamic traits. Even in such cases, the proposed framework is flexible enough to be applied. In particular, the future prediction of growth curves (CV3) is a characteristic method of this framework and is expected to be applied to various traits.

A random regression model is also known as a regression method of dynamic data with a mixed model structure, which was used in the GP of dynamic traits (Sun et al., 2017; Campbell et al., 2018). The strength of random regression lies in its simple formation, but it cannot incorporate the growth curve structure like the dynamics model in exchange. Our prediction framework attempts to improve the accuracy of future predictions by considering the features of growth curves in the modeling.

In the near future, UAV-RS is expected to play an active role in plant breeding and provide growth trajectory data from multiple breeding programs. It will be possible for breeders and researchers to focus on new genotypes to select and develop new varieties suitable for the target environment. The integrated use of dynamic models and GP will be a useful method to effectively link growth process data with marker genotype data to improve genetic gain for genomic selection.
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Full-Length Transcriptional Analysis of the Same Soybean Genotype With Compatible and Incompatible Reactions to Heterodera glycines Reveals Nematode Infection Activating Plant Defense Response
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Full-length transcriptome sequencing with long reads is a powerful tool to analyze transcriptional and post-transcriptional events; however, it has not been applied on soybean (Glycine max). Here, a comparative full-length transcriptome analysis was performed on soybean genotype 09-138 infected with soybean cyst nematode (SCN, Heterodera glycines) race 4 (SCN4, incompatible reaction) and race 5 (SCN5, compatible reaction) using Oxford Nanopore Technology. Each of 9 full-length samples collected 8 days post inoculation with/without nematodes generated an average of 6.1 GB of clean data and a total of 65,038 transcript sequences. After redundant transcripts were removed, 1,117 novel genes and 41,096 novel transcripts were identified. By analyzing the sequence structure of the novel transcripts, a total of 28,759 complete open reading frame (ORF) sequences, 5,337 transcription factors, 288 long non-coding RNAs, and 40,090 novel transcripts with function annotation were predicted. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of differentially expressed genes (DEGs) revealed that growth hormone, auxin-activated signaling pathway and multidimensional cell growth, and phenylpropanoid biosynthesis pathway were enriched by infection with both nematode races. More DEGs associated with stress response elements, plant-hormone signaling transduction pathway, and plant–pathogen interaction pathway with more upregulation were found in the incompatible reaction with SCN4 infection, and more DEGs with more upregulation involved in cell wall modification and carbohydrate bioprocess were detected in the compatible reaction with SCN5 infection when compared with each other. Among them, overlapping DEGs with a quantitative difference was triggered. The combination of protein–protein interaction with DEGs for the first time indicated that nematode infection activated the interactions between transcription factor WRKY and VQ (valine-glutamine motif) to contribute to soybean defense. The knowledge of the SCN–soybean interaction mechanism as a model will present more understanding of other plant–nematode interactions.

Keywords: full-length transcriptome sequencing, glycine max, Heterodera glycines, incompatible and compatible response, VQ–WRKY interaction


INTRODUCTION

Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) is one of the most economically important diseases in soybean (Glycine max L. Merrill) worldwide. The latest statistical analysis of estimated cumulative soybean economic losses due to diseases in 28 states within the United States from 1996 to 2016 indicated that SCN accounted for 23.2% of the total losses (US$ 73,535 per hectare) which was top-ranked, far greater than the second disease charcoal rot (10%) (Bandara et al., 2020). In China, annual economic losses in soybean could reach up to US$ 120 million (Li Y. et al., 2011). SCN is a soil-borne sedentary parasitic nematode in the major host soybean. In the only free-moving stage of SCN, a second-stage juvenile (J2) hatches from an egg (first-stage juvenile inside the egg) to search for host roots through signals released from plant roots, moves to root tips, and penetrates roots using a stylet. The J2 moves inside the root, establishes a feeding site, and reprograms host root cells by directing gland secretions into plants that can dissolve cell walls and fuse the protoplast of neighboring cells, and eventually forms a unique feeding structure called syncytium as a nutrient source for nematode development, consequently suppressing plant growth and affecting yield (Niblack et al., 2006; Mitchum and Baum, 2008).

Host-plant resistance combined with crop rotation is the most effective way to control SCN. More than 300 quantitative trait loci (QTLs) associated with SCN resistance were mapped to 20 chromosomes (chr) (soybase.org), but only two major resistance genes, rhg1 on chromosome (chr) 18 and Rhg4 on chr 8, were cloned and characterized (Cook et al., 2012, 2014; Liu et al., 2012, 2017). The presence of multiple minor QTLs contributing to resistance in either resistant or susceptible soybean plants makes resistance breeding more difficult than expected (Huang et al., 2021). Furthermore, shifts in virulence have caused a decrease or loss of resistance because of the long-term planting of a single source of resistance varieties, e.g., 90% of resistance sources derived from the PI88788 background in the United States and mainly Peking resistance sources in China (Mitchum et al., 2007; Niblack et al., 2008; Acharya et al., 2016; Hua et al., 2018; Huang et al., 2022). Furthermore, Peking and PI88788 display resistance only to some SCN races or HG Types. The lack of broad resistance sources and the presence of multiple SCN races or HG types in the field result in SCN spreading widely and quickly. Thus, understanding the molecular mechanisms of SCN infection and plant resistance will gain more insights to develop new control strategies, including engineering important candidate genes to increase resistance.

Plants have evolved to develop two layers of pathogen defense immune systems: the first layer is pathogen- or microbe-associated molecular pattern (PAMP/MAMP) triggered immunity (PTI); the second layer is effector-triggered immunity (ETI), which fits species-specific disease resistance (Dangl and Jones, 2001; Eitas and Dangl, 2010; Monaghan and Zipfel, 2012). The plant cell wall surface contains pattern recognition receptors (PRRs) that can detect pathogen or microbe structures to activate PTI, and phytohormones as defense-related signaling molecules, such as salicylic acid (SA), jasmonate acid (JA), ethylene (ET), induce plant to produce pathogenesis-related (PR) proteins, e.g., β-1,3-glucanases, peroxidase, oxidase-like, thionin, and proteinase inhibitor, etc. (Sels et al., 2008). ETI is initiated by intracellular nucleotide-binding protein domain leucine-rich repeat proteins (NLRs) to generate a hypersensitive response (HR) with local cell death (Eitas and Dangl, 2010). PTI and ETI are activated by two distinct classes of receptors in early signaling, but recent evidence suggests that PTI and ETI can crosstalk in downstream response, although how they contribute to immunity with quantitative and/or qualitative outputs is still undefined (Naveed et al., 2020; Yuan et al., 2021). Transcriptome analysis of different pathosystems denotes that both compatible and incompatible interactions are able to trigger an overlapping change of gene expression but with quantitative differences (Mine et al., 2018; Yuan et al., 2021).

Studies have been performed on compatible and incompatible interactions between SCN and soybean roots based on microarray and RNA-seq transcriptome analyses (Ithal et al., 2007; Klink et al., 2007; Puthoff et al., 2007; Klink and Matthews, 2009; Kandoth et al., 2011; Li X. et al., 2011; Li et al., 2012, 2018; Mazarei et al., 2011; Wan et al., 2015; Zhang et al., 2017; Kang et al., 2018; Neupane et al., 2019; Song et al., 2019; Jiang et al., 2020; Miraeiz et al., 2020). All sequence annotations revealed that SCN infection can induce or suppress gene expression either in susceptible or resistant cultivars, and a series of defense genes (PPRs and NLRs), MAPK (mitogen-activated protein kinase) signaling cascade, WRKY and MYB transcription factors (TFs), heat shock protein (HSP) genes, PR genes, and phenylpropanoid metabolism genes have been identified but with variance depending on SCN race/HG type and plant type.

RNA-sequencing (RNA-seq) based on high-throughput next-generation sequencing (NGS) (e.g., Illumina) has been used widely to measure differential gene expression because it is a cost-effective and advanced technology (Finotello and Di Camillo, 2015). However, RNA-seq requires fragmentation of RNA or cDNA to generate short reads when preparing samples, which diminishes the information from original full-length transcripts; thus, it is harder to obtain post/co-transcriptional processing events that are responsible for producing a mature RNA molecule that can leave the nucleus to function in the cell by chemical structure alteration of the RNA primary transcript (Kiss, 2001). Advanced full-length transcriptome sequencing with longer reads circumvents these challenges. Currently, PacBio and Oxford Nanopore (ONT) are the most popular 3rd-generation full-length sequencing technologies that can provide more complex transcription and reveal the real structure of sequences during transcription, such as alternative splicing (AS), alternative polyadenylation (APA), and long non-coding RNA (lncRNA) and gene fusion, which can increase the complexity of the transcriptome and proteome. Compared with PacBio sequencing, ONT uses ion current blockades to directly sequence more long-native DNA or full-length RNA molecules (Cui et al., 2020; Xie et al., 2021). AS, one of the important steps in post-transcriptional modification, can recognize and eliminate intronic regions of a precursor messenger RNA (pre-mRNA) to generate multiple mRNAs to regulate gene expression that consequently promotes proteome diversity. AS plays key roles not only in plant growth and development but also in response to biotic or abiotic stimuli or adaptation (Matsukura et al., 2010; Severing et al., 2012; Syed et al., 2012; Mandadi and Scholthof, 2015; Wang et al., 2018; Bedre et al., 2019; Martín et al., 2021). APA can produce multiple mRNA polyadenylation isoforms through pre-mRNA endonucleolytic cleavage and poly(A) tail addition at the 3’ cleavage site end of a nascent transcript to change the length of untranslated regions (UTRs) or coding regions that may influence mRNA stability, translation efficiency, subcellular localization, or gene function gain or loss. Consequently, all these changes will result in various plant physiological and biochemical processes (Yeh and Yong, 2016; Sadek et al., 2019; Zhang et al., 2020; Tu et al., 2021); for example, APA participates in cell wall modification, root hair development, DNA repair, and gene regulation in response to abiotic and biotic stresses (Cao et al., 2019; Ye et al., 2019; Yan et al., 2021). LncRNAs longer than 200 nucleotides are epigenetic regulators that regulate gene expression by interacting with mRNAs, DNAs, proteins, and miRNAs to participate in biological processes such as plant growth and development and biotic and abiotic stress responses (Budak et al., 2020; Yu et al., 2020; Tu et al., 2021; Urquiaga et al., 2021).

The application of the full-length transcriptome sequencing technique in plants is limited compared with second-generation sequencing because of its higher cost. Currently, full-length transcriptome sequencing for inferring and improving gene models and identifying novel genes has been reported on rice, wheat, maize, cotton, pecan, poplar, and others but not on soybean (Clavijo et al., 2017; Wang et al., 2018; Zhang et al., 2019; Zhao et al., 2019; Li C. et al., 2020; Yang et al., 2021).

Our previous study has demonstrated that the soybean breeding line 09-138, developed in northeast China, carries the rhg1-a and Rhg4-b loci and has resistance to SCN race 4 (SCN4, HG type 1.2.3.5.6.7) but has susceptibility to SCN race 5 (SCN5, HG type 2.5.7), which is different from the Peking (rhg1-a + Rhg4-a) and PI88788 (rhg1-b + Rhg4-b) resistance backgrounds (Hua et al., 2018; Huang et al., 2022). We postulated that differences in response to the two SCN races should be related to distinct transcriptional responses in the early stages of nematode infection as described above. To test this, line 09-138 was inoculated with the two SCN races, and nematode development was observed inside the roots. Comparative full-length transcriptome analysis of soybean breeding lines 09-138 infected with SCN4 (resistance response) and SCN5 (susceptibility response) was performed using the ONT technology. We investigated AS and APA events and identified lncRNA and transcription factors in detected novel transcripts. Then, differentially expressed genes (DEGs) and transcripts (DETs) were analyzed, and DEGs associated with stress response elements were explored. Enriched DEG-GO (Gene Ontology) terms and DEG-KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways were compared between resistant and susceptible responses. Protein–protein interactions were predicted, and a defense mode was established. Finally, the expression of DEGs was validated by quantitative RT-PCR. Comparisons between compatible and incompatible responses will provide insight into the resistance mechanism and identify candidate defense or resistance genes for further study.



MATERIALS AND METHODS


Plant Materials and Nematode Culture

The soybean breeding line 09-138 was developed by the Heilongjiang Academy of Agricultural Sciences (Hua et al., 2018). SCN race 4 (SCN4, HG type 1.2.3.5.6.7) and SCN race 5 (SCN5, HG type 2.5.7) were originally collected from the field and cultured from single cysts for more than 5 generations on the susceptible soybean variety Dongsheng1 in a greenhouse with 16 h of light and 8 h of darkness at 23–28°C, and then identified by race test and HG type indicator lines (Hua et al., 2018). Every other year, nematode HG types/races were reconfirmed without virulence change with time.

A nematode inoculum was prepared according to the method described by Huang et al. (2022). Plant root tissue and soil were collected 35-40 days after inoculation and put into a 2 L-beaker. The mixture was stirred vigorously with a glass rod for approximately 1 min and then precipitated for 10 s. The fluid of the supernatant was gently poured into 75/25 μm nested sieves. The mixture of cysts and root debris on the top of the sieves was rubbed with a rubber stopper to release eggs. Eggs on 25-μm sieve were rinsed with a high-pressure water faucet for 1 min and then with sterile water before collection. The collected eggs were then transferred onto six to eight layers of tissue paper supported by a metal screen on a hatching dish containing 3 mM ZnSO4 in sterile water for hatch at 28°C. J2s were then collected for inoculation after 3-4 days.



Nematode Inoculation, Root Staining, and Root Preparation for RNA Extraction

Seeds of 09-138 were sterilized by soaking in 0.5% sodium hypochlorite for 20 min and rinsed with sterile water three times. Two seeds were sown in a black plastic pot (8 cm diameter × 12 cm depth) filled with autoclaved soil and sand at a ratio of 1:1. After 4 days, two seedlings were thinned to one in each pot. An eight-day seedling was inoculated with a 1-ml suspension containing 2,000 J2 of SCN4 or SCN5. Seedlings were inoculated with 1 ml water as control. The plants were maintained in a growth chamber at a 16-/8-h day/night regime, 28°C day/22°C night, and 50% relative humidity.

Collected roots were stained 3, 6, 8, 10, and 12 days after inoculation with acid fuchsin (Byrd et al., 1983). Nematode development inside the roots was observed, and roots and nematodes were photographed under an Olympus SZX16 dissecting microscope using the Cellsens Standard image software (Olympus Corporation, Japan).

To collect roots for RNA extraction, plant roots 8 days after inoculation were washed and rinsed thoroughly with water. Three roots from each treatment were wrapped together with aluminum foil as one replication (one sample). Three replications were made for each treatment. A total of 9 samples with SCN4- and SCN5-infection and control were collected. Immediately, each prepared sample was put in liquid nitrogen to freeze it and was kept at -80°C for RNA extraction and sequencing.



RNA Extraction, cDNA Library Construction, and Nanopore Sequencing

Total RNA was extracted using RNAeasy Plant Mini Kit (Qiagen, United States), and RNase-free DNase (Qiagen) was used to remove DNA contamination in the total RNA. The concentration, purity, and integrity of the extracted RNA were measured with 1% agar gel (Thermo Fisher Scientific, United States) and Agilent 2100 Bioanalyzer (Agilent Technologies, United States). cDNA library construction started with 1 μg total RNA using a cDNA-PCR sequencing kit (SQK-PCS109) provided by Oxford Nanopore Technologies (ONT, Inc., United Kingdom) following the manufacturer’s instructions. Final cDNA libraries were added to FLO-MIN109 flow-cells and run on the PromethION platform at Biomarker Technology Company (Beijing, China) for sequencing. Experimental processes including sample quality testing, library building, library-quality testing, and library sequencing were performed in accordance with standard procedures provided by ONT.



Raw Data Processing to Obtain Full-Length Transcriptome

Raw reads were subject to filtering with an average read quality score ≤ 7, and read length ≤ 500 bp, and ribosomal RNA mapped to the rRNA database was also discarded. Primer sequences on both ends of clean reads were searched to determine full-length, non-chimeric (FLNC) sequences. Detected FLNC transcripts were then mapped to soybean reference genome Williams 82.a2.v11 with minimap2 (Li, 2018) to obtain FLNC clusters, and pinfish2 was applied to polish each cluster to attain consensus isoforms. All mapped reads were further collapsed using the cDNA_Cupcake package with a mini-identity of 90% and mini-coverage of 85%. When the redundant transcripts were collapsed, 5′ difference was not considered. The achieved transcripts were compared with known transcripts of reference genome Williams 82.a2.v1 utilizing gffcompare, and novel transcripts were identified in order to make supplementary genome annotation. Gene boundaries were modified, and transcripts with expressed levels ≤ 1 were filtered.



Structure Analysis: Identification of Alternative Polyadenylation, Fusion Transcript, Alternative Splicing Events, and Microsatellite Markers

Alternative polyadenylation was identified through further analysis of FLNC by Transcriptome Analysis Pipeline from Isoform Sequencing (TAPIS) (Foissac and Sammeth, 2007). Multiple Expectation Maximization for Motif Elicitation (MEME) (Bailey et al., 2006) was used to analyze the 50-bp sequence upstream of the poly A site to detect FL motifs. The consensus sequence before remove-redundant analysis was used for fusion transcript analysis. Fusion transcript was defined under the following conditions: aligned to 2 or more sites; each site covers at least 5% of a transcript with a 1-bp minimum alignment length; the total length covers more than 95% of the total length of transcripts with at least 10k bp distance between the two sites.

Alternative splicing indicates the process of pre-mRNA treatment. Gene transcription generates pre-mRNAs with many splicing methods. Five types of alternative splicing events (3’ splice site, 5’ splice site, exon skipping, intron retention, and mutually exclusive exon) of transcripts were examined by employing the Astalavista software based on the alignment results of individual samples to the reference genome (Foissac and Sammeth, 2007). The MIcroSAtellite (MISA, an identification tool) software was used for SSR analysis, and transcripts below 500 bp were discarded.



Coding Sequence Prediction, Long Non-coding RNA Identification, and Transcription Factor Detection From Novel Transcripts

Coding sequences (CDSs) were predicted with TransDecoder (v3.0.0; Haas et al., 2013) based on the ORF. LncRNA does not code for protein. Therefore, LncRNA in novel transcripts was predicted whether it had a coding potential by protein domain analysis including all four methods, Coding Potential Calculator (CPC) (Kong et al., 2007), Coding-Non-Coding Index (CNCI) (Sun et al., 2013), Coding Potential Assessment Tool (CPAT) (Wang et al., 2013) and Protein family (Pfam) (Finn et al., 2014). LncRNA target genes were predicted using two methods: first, depending on the location relationship between the differentially expressed lncRNA and adjacent mRNA (within 100k bp distance) expressed differentially; second, according to complementary base pairing between lncRNA and mRNA using the lncTAR tool (Li et al., 2015). TFs were detected with iTAK (Zheng et al., 2016).



Quantification of Transcript/Gene Expression Levels and Differential Expression Analysis

Mapped full-length reads with > 5 match quality were chosen for quantification. Transcript or gene expression levels were measured in counts per million (CPM) (Zhou et al., 2014) and calculated by the following:

CPM = (read number matched the transcript)/(total read number matched referenced transcriptome) × 106

The differential expression among the treatments was analyzed with DESeq2 (Anders and Huber, 2010) depending on a negative binary distribution model, consequently gaining DEGs or DETs. False discovery rate (FDR) was adjusted and controlled with the method of Benjamini and Hochberg (1995), and DEGs or DETs with log2fold change (FC) ≥ 2 and FDR < 0.01 were chosen. A heat map for DEGs in each group was developed using the pheatmap package in R (Version 1.0.123).



Functional Annotation and Enrichment Analysis of Differentially Expressed Genes/Transcripts

Functional annotation of the genes/transcripts was conducted by blasting with databases including NR (NCBI non-redundant protein sequences) (Deng et al., 2006), Swissprot (Apweiler et al., 2004), GO (Ashburner et al., 2000), Clusters of Orthologous Groups (COG) (Tatusov et al., 2000), euKaryotic Ortholog Groups (KOG) (Koonin et al., 2004), Pfam (Kanehisa et al., 2004), and KEGG (Mckenna et al., 2010).

Gene ontology enrichment analysis of DEGs or DETs was conducted using the GOseq R package-based Wallenius non-central hypergeometric distribution (Young et al., 2010). KEGG pathway enrichment analysis of DEGs or DETs was subject to the KEGG Orthology Based Annotation System (KOBAS) software (Mao et al., 2005). Protein–protein interactions (PPIs) for all detected DEGs were predicted using the STRING database4 and were visualized in Cytoscape (Shannon et al., 2003).



Validation of Differentially Expressed Genes by Real-Time Quantitative Reverse Transcription-PCR

Samples leftover from full-length transcriptome sequencing was subject to qRT-PCR for verification of DEGs. Primers were designed by using the Primer Premier 5 software (Lalitha, 2000) and synthesized by Comate Bioscience Company Limited (Changchun, China). A total of 1 μg of treated RNA was used to synthesize the first-strand cDNA using FastKing gDNA Dispelling RT SuperMix (TIANGEN, China). PCR reactions were conducted in LightCycler® 480 System (Roche Life Science, United States) with ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China) following the manufacturer’s protocol. PCR was carried out in a 20-μl volume containing 100 ng cDNA (2 μl). PCR was performed as follows: initial denaturing for 10 min at 95°C, followed by 40 two-step cycles of 95°C for 10 s and then at 60°C for 1 min. The relative expression of tested genes was calculated with the –ΔΔCt method using ACTIN as a control. Three independent biological replicates and three technical repetitions were performed for all the experiments. The primers used are listed in Supplementary Table 1. The correlation between transcriptome sequencing and qRT-PCR was completed in Excel 2016, and independent-samples t-test was performed using SPSS 17.0.




RESULTS


Differential Development of Heterodera glycines Race 4 and Race 5 Inside Roots of Lines 09-138 in Early Stages

Various development stages of the two races, SCN4 (Figure 1A) and SCN5 (Figure 1B), were observed in roots. Soybean roots were penetrated by both nematode races, and there was no obvious difference in nematode size on day 3 days (Figure 1). On day 6, most of SCN5 developed to the J3 stage but SCN4 remained in the J2 stage. Nematodes had developed from J3 to late J4 stages in roots infected with SCN5 at 8, 10, and 12 days (Figure 1B) when compared with J2, J3, or a few early J4 stages in roots infected with SCN4 (Figure 1A), confirming 09-138 is resistant to SCN4 (cyst number/plant, 13 ± SE 2.7; female index, FI = 10) and susceptible to SCN5 (cyst number/plant, 119 ± SE 8.16; FI = 40) (Huang et al., 2022). More brown spots (hypersensitive response) around some nematode feeding sites were observed in resistant roots with SCN4 than in those with SCN5 (Figure 1A).
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FIGURE 1. Development of soybean cyst nematode (A) race 4 (HG type 1.2.3.5.6.7) and (B) race 5 (HG type 2.5.7) inside the roots of soybean genotype 09-138 at 3, 6, 8, 10, and 12 days as indicated at the top of the image after inoculation with 2,000 J2. The roots were stained with acid fuchsin. Scale bar = 200 μm.




Nanopore Full-Length Transcriptome Sequence Statistics and Redundant Remove of Transcript

Since an obvious difference in nematode development on day 8 was observed in 09-138, root samples from day 8 were used for full-length sequencing. An average of 6.1 Gbp of clean data for nine cDNA libraries was obtained with a range from 5.73 to 6.82 Gbp (Supplementary Table 2). The average N50 length was 1,287 bp with a mean length of 1,142 bp, an average max length of 11,276 bp (9,575-13,426 bp), and a mean quality value of 11 (Q11) (Supplementary Table 2). After rRNA was filtered out, an average of 5,296,377 clean reads (4,681,541-5,888,283) and an average of 4,258,467 FLNC read numbers (3,767,343-4,641,061) were generated with an average of 80.4% FLNC ratio (Table 1).


TABLE 1. Number of clean reads and full-length reads, and full-length percentage.
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Finally, 65,038 redundant-removed transcript sequences containing 92,079,818 bp with an N50 length of 1,665 bp, mean length of 1,415 bp, and max-length of 7,285 bp were obtained through a merging of the consistent sequences (Supplementary Figure 1). After alignment with the reference genome and filtering with known annotations of the reference genome, 1,117 novel genes and 41,096 novel transcripts were identified. The consistent sequence of each sample was used for AS analysis.



Structure Analysis of Alternative Polyadenylation Events, Transcript Fusion, Alternative Splicing Events, and SSR Prediction Revealed Soybean Structure Variation in Response to Heterodera glycines Race 4 and Race 5 Infections

Full-length sequencing can accurately identify the structure of transcripts. APA analysis based on FLNC displayed a total of 214,760 transcripts with various numbers of poly A sites. Among the three treatments, the greatest portion of 23.8% transcripts contained > 5 poly A sites, followed by 1 poly A site (21.5%), and the least with 5 poly A sites (9.6%) (Figure 2A). The number of transcripts in each poly A site distribution showed no significant difference (P > 0.05) among the three treatments (Figure 2B). In a more dissecting way, we found that SCN4 infection made soybean generate a significantly greater (P < 0.05) mean number (840 ± SE 26) of >10 poly A sites than SCN5 infection (734 ± SE 12) and the control (698 ± SE 26), indicating APA with more poly A sites might be involved in the incompatible reaction. Enrichment in T and A were detected in the upstream and downstream of the 50-bp position, respectively (Figure 2C). Three GC-rich APA motifs (CAGGGG, GGCTGC, and GGCCGC) were identified in the 50-bp sequence upstream of the poly A sites (Figure 2D). Fusion transcript screening before the remove-redundant analysis revealed 2-12 fusion transcripts for each sample. Similarly, SCN4 infection generated a total of 21 fusion transcripts, while only 14 fusion transcripts were found for SCN5 and the control (Supplementary Table 3), suggesting that fusion transcripts might be participating in defense response.
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FIGURE 2. Alternative polyadenylation (APA) and alternative splicing (AS) event analysis on soybean genotype 09-138 infected with soybean cyst nematode race 4 (SCN4) and race 5 (SCN5), and water as the control (CK). (A) Distribution of total poly A sites of genes. (B) Comparison of poly A site distribution among CK, SCN4, and SCN5 treatments. (C) Base distribution (in%) at 50 bp upstream and downstream of the poly A site of all transcripts. (D) Identified APA motifs. (E) Total AS number for CK, SCN4, and SCN5. (F) Comparison of AS events among CK, SCN4, and SCN5 treatments.


The Astalavista analysis of novel transcripts demonstrated that all the three treatments had no significant difference in the average number of AS events, 1,925 ± SE 54.6, 2,265 ± SE 145.8; and 2,287 ± SE 130.1 for the control, SCN4, and SCN5 treatments, respectively (Figure 2E), but that the AS events varied among the treatments. Based on the average percentage of AS events among the 9 libraries, there were 40.11% intron retentions, 26.28% alternative 3’ splice sites, 18.81% exon skipping, 14.34% alternative 5’ splice sites, and 0.46% mutually exclusive exons (Figure 2F). The numbers of AS events at alternative 3’ splice sites in both nematode-infected treatments were significantly lower (P < 0.05) than those in the control, while the numbers at 5’ splice sites were significantly greater (P < 0.05) than those in the control.

A total of 22,486 SSRs were identified from 61,900 novel transcripts containing a total of 90,765,603 bp (Supplementary Table 4). Three types of SSR with mono-, di-, and tri-nucleotide accounted for 98% of total SSRs. There were 1,718 SSRs present in compound formation (hybrid microsatellite, a distance of two SSRs < 100 bp) (Supplementary Figure 2 and Supplementary Table 4).

Thus, all the tested structure variations among the control, SCN4, and SCN5 treatments demonstrated that post-transcriptional modification might be involved in nematode resistance or susceptibility in soybean.



Coding Sequences Prediction of Novel Transcripts

A total number of 37,469 ORFs were obtained, including 28,759 complete ORFs. Approximately, 38 and 43% of all predicted CDS coding protein lengths were within 0-100 and 100-200 aa, respectively (Figure 3A). The corresponding complete CDS protein lengths are shown in Figure 3A.


[image: image]

FIGURE 3. Isoform coding sequence length, lncRNA, and transcription factors from the novel transcripts identified from 9 soybean samples, and differentially expressed genes (DEGs) or transcripts (DETs) in soybean response to soybean cyst nematode race 4 (SCN4) and race 5 (SCN5) when compared with the control (CK). (A) Length distribution of all/complete coding protein sequences predicted (unit, aa, amino acid). (B) Number of lncRNAs identified with the CPC, CNCI, CPAT, and Pfam methods. (C) Percentage of the classification of lncRNA positions annotated with the reference genomes. (D) Distribution of top 20 enriched transcription factor types. (E) Number of all and novel transcript isoforms annotated by the COG, GO, KEGG, KOG, Pfam, Swiss-Prot, eggNOG, and NR databases. (F,G) Number of upregulated and downregulated DEGs and DETs between the CK-SCN4 and CK-SCN5 treatments.




Long Non-coding RNA Associated With Defense Responsive Transcription Factors

Long Non-coding RNAs associated with plant growth, development, and stress responses have garnered widespread attention (Szcześniak et al., 2015; Urquiaga et al., 2021). In total, 288 lncRNAs were predicted by CPC, CNC, CPAT, and Pfam protein domain analyses; 24 and 90 of them were unique to the CPAT and CPC methods, respectively (Figure 3B); 47.6 (137) and 42.4% (122) of them were classified as sense_lncRNA and lincRNA (long intergenic non-coding RNA), respectively (Figure 3C). Antisense-lncRNA and intronic-lncRNA accounted for 7.3 (21) and 2.8% (8), respectively (Figure 3C). The number of cis-targeted genes (275) regulated by these lncRNAs was nearly four times greater than those (85) of trans-targeted genes. A lncRNA-Pfam protein domain analysis exhibited 164 transcripts matched to the Pfam database, including defense-responsive transcription factors WRKY, TIR, EF-hand, AUX/IAA, zf-RVT (zinc finger in the reverse transcript), zf-CCHC, BolA (bacterial stress-induced morphogen protein) and others, suggesting that lncRNAs may be involved in nematode stress response in soybean. Interestingly, 69 of 164 (42%) Pfam domains were extensin-like protein repeats from two novel transcripts, ONT.12398 (chr 9) and ONT. 12400 (chr 9), and 3 domains were extensin-like regions in ONT.14325 (chr 10). Extensins are a family of hydroxyproline-rich glycoproteins (HRGPs) in plant cell walls that can mediate resistance to viruses, bacteria, fungi, and nematodes (Deepak et al., 2010; Hirao et al., 2012). Especially, extensins identified in SCN syncytium formation (Ithal et al., 2007; Matsye et al., 2011) and nematode-related lncRNA co-expression with HRGP potentially mediating SCN infection (Khoei et al., 2021) consistently confirmed that altered cell wall composition with extensins may play roles in disease defense.



Transcription Factor Prediction and Function Analysis of the Novel Transcripts

There were 5,337 TFs predicted, including 176 families of TFs (transcription factor, transcription regulator, and protein kinase) with a number ranging from 1 to 296 (Supplementary Table 5). The three treatments, the control, SCN4 and SCN5, contained 1,804, 1,787, and 1,746 TFs, respectively. The most abundant TFs were WRKY (296), AP2/ERF-ERF (APETALA2/Ethylene Responsive Factors, 276), NAC (NAM, ATAF, and CUC, 230), and GRAS (GAI, RGA, and SCA, 217) (Figure 3D).

Function annotation of transcripts obtained from the alternative splicing analysis exhibited 128,648 known and 40,090 novel transcript isoforms (Supplementary Table 6) and 56,865 known and 859 novel genes (Supplementary Table 7). The number of annotated transcripts in all and new isoforms is displayed in Figure 3E. Among them, NR annotation of species distribution indicated that 86.8, 8.9, 0.95, and 0.4% of the transcripts were aligned to G. max, G. soja, Phaseolus vulgaris, and Medicago truncatula, respectively. The GO-enrichment analysis showed that 13,483 out of 100,994 (13.5%) G. max isoforms and 4,350 out of 31,102 (14.0%) novel isoforms were associated with response to stimulus (Supplementary Figures 3A,B).



Transcript Expression, Differentially Expressed Genes, and Differentially Expressed Transcripts

The CPM density distribution of transcript expressions of samples is displayed in Supplementary Figure 4A, and the dispersion degree of expression level distribution in a sample is shown with a boxplot in Supplementary Figure 4B. The evaluation of the Pearson correlation coefficient among the biological replicates indicated that the r range was from 0.682 to 0.963 (Supplementary Figure 4C). A clear separation of the control treatment from the SCN4- and SCN5- infected treatments is shown in principal component analysis (PCA) (Supplementary Figure 4D).

In total, 2,255 DEGs and 4,167 DETs were identified for all three comparisons; the upregulated and downregulated DEGs or DETs are listed in Table 2, and volcano plots for the DEGs and DETs are shown in Supplementary Figure 5. There were no overlapping DEGs (Figure 3F) or DETs (Figure 3G) found between CK-SCN4-up and CK-SCN5-down and vice versa. The annotated numbers of DEGs and DETs with functional annotation database are listed in Supplementary Table 8. Only 7 DEGs were found between the SCN4- and SCN5- treatments, including 3 DEGs identified in CK-SCN5, Glyma.04G061500 (protein serine/threonine activity, GO:0004674), Glyma.20G205700 (serine-type endopeptidase inhibitor activity, GO:0004867), and Glyma.U029900 (function unknown, plasma membrane, GO:0005886), and 4 DEGs were identified in CK-SCN4, Glyma.03G120700 (calmodulin binding, GO:0005516), Glyma.10G093900, Glyma.11G099300 (a structural constituent of ribosome, GO:0003735), and Glyma.19G125300 (calmodulin binding, GO:0005516).


TABLE 2. Number of differentially expressed genes (DEGs) and transcripts (DETs) between un-infected (CK) and Heterodera glycines-infected treatments (SCN4 and SCN5), and between SCN5 and SCN4.
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Differentially Expressed Genes-Gene Ontology Annotation and Enrichment Analysis

By GO annotation analysis, even though only 7 DEGs were found between the SCN4- and SCN5- infected soybean roots, the SCN4-treated roots displayed 986 DEGs, while the SCN5-treated roots showed 913 DEGs when each was compared with the control. The top GO classifications for both CK-SCN4 and CK-SCN5 treatments in BP, MF, and CC are displayed in Supplementary Figures 6A,B, respectively. The top three enriched BPs for both treatments were a response to growth hormone, auxin-activated signaling pathway, and multidimensional cell growth. The top three CCs were plant-type cell wall and intracellular membrane-bound organelle for CK-SCN4, cell part, intracellular part, and intracellular membrane-bound organelle for CK-SCN5. The top two enriched MFs for both CK-SCN4 and CK-SCN5 were quercetin 3-O-glucosyltransferase (GTF, EC:2.4) activity and coniferyl-alcohol GTF activity, and the third MF type was pectinesterase (PE, EC:3.1.1.11) activity for CK-SCN4 and quercetin 4’-O-GTF activity for CK-SCN5. Various numbers of enriched DEGs for BP, MF, and CC were observed between CK-SCN4 and CK-SCN5 (Figure 4A). Especially, the numbers of SREs (arrowhead pointing in Figure 4A) in CK-SCN4 are greater than those in CK-SCN5, e.g., response to stimulus (SCN4/SCN5, 613/565), signaling (225/181), immune system process (121/84), detoxification (41/32), and binding (582/493) (Figure 4A).
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FIGURE 4. Top GO-enriched annotation of the differentially expressed genes (DEGs) (A) and comparison of DEGs with up-/downregulation associated with stress response elements (B) and hormones (C) in soybean 09-138 infected by soybean cyst nematode race 4 (SCN4) and race 5 (SCN5) when compared with the control (CK). The red arrowheads in A indicate stress response elements.




Heterodera glycines Race 4 Infection-Induced More Stress Response Elements With More Upregulation Than H. glycines Race 5 Infection

In further analysis with BP annotation of SREs, a greater number of upregulated DEGs than that of downregulated ones was found in both CK-SCN4 and CK-SCN5 (Figure 4B and Supplementary Table 9). For example, the total number of the up-/down-regulated DEGs added together for each detected SRE was 8,780/6,662 for CK-SCN4 and 7,113/5,932 for CK-SCN5, indicating that more SRE genes were induced in the incompatible reaction than in the compatible reaction (Figure 4 and Supplementary Table 9). The BP response to stimulus included all kinds of biotic and abiotic stresses or stimuli (Supplementary Table 9), e.g., pathogens or pests, organic or inorganic chemicals, hormones, temperature, endogenous or external stimulus, defense response, cell death, hypersensitive response, immune response, gene silencing, and MAP kinases (Figure 4B).

Since the response to growth hormone was the first top enriched GO-BP for both treatments mentioned above, the response to each hormone was inspected and compared. Different responses to eight types of hormones were identified in both resistant and susceptible reactions compared with the control (Figure 4C and Supplementary Table 9). Although the hormones responded to infection with both nematode races, a greater number of upregulated DEGs than down-regulated ones were found in the resistant reaction to SCN4 in SA- (up/down, 31/17), JA- (28/12), abscisic acid- (ABA, 23/17), ET(13/12), gibberellic acid- (GA, 12/9), brassinosteroid- (BR, 7/6), and cytokinin- (CTK, 4/2) mediated signaling pathways and SA- (16/9) and JA- (6/1) induced systemic resistance except for auxin-activated signaling pathway (IAA, 8/10) (Figure 4C). On the contrary, in the susceptible CK-SCN5 reaction, a lower number of upregulated than downregulated DEGs were found in SA- (16/22), ABA- (13/22), and ET- (5/7) meditated signaling pathways, and SA- (8/14) or JA- (0/1) induced systemic resistance. These results suggested that more SREs with more upregulation were activated by the incompatible reaction with the SCN4 infection when compared with the SCN5 infection.


Heterodera glycines Race 5 Infection Induced More Differentially Expressed Genes With More Upregulated Genes Associated With Cell Wall Modification and Carbohydrate Biological Process Than H. glycines Race 4 Infection When Each Was Compared With the Control

Unsurprisingly, 23 (17 up/6 down) and 2 (2 up/0 down) DEGs for response to nematodes and syncytium formation were identified in the resistant soybean reaction to SCN4, respectively, while 34 (24 up/10 down) and 9 (9 up/0 down) DEGs for response to nematodes and syncytium formation were found in the susceptible reaction to SCN5, respectively. SCN syncytium formation requires plant cell wall modification, while cell wall modification involves multidimensional cell growth (SCN4/SCN5 DEGs: 38/48) which was the third BP-enriched element in both treatments. Therefore, all annotations involved in the cell wall were collected together, and a total of 28/26 GOs were annotated for CK-SCN4/CK-SCN5 (Figure 5A). A greater number of DEGs in CK-SCN5 than in CK-SCN4 was detected in cell wall organization or biogenesis (SCN5/SCN4: 172/159), cell wall modification (51/27), plant-type cell wall modification (27/15), cell wall modification involved in multidimensional cell growth (12/1), plant-type cell wall loosening (11/2), cell wall thickening (11/9), and callose deposition in the cell wall (8/5).
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FIGURE 5. Top GO-enriched differentially expressed up-/down-regulated genes (DEGs) associated with cell wall (CW) modification (A) and carbohydrate biological process (B) on soybean breeding line 09-138 infected by SCN4 (soybean cyst nematode race 4) and SCN5 when compared with the control. The x-axis displays DEG number, and the y-axis represents the GO pathway.


Syncytium formation requires carbohydrates as a nutrition sink for nematode feeding, and sugar transporters are active in syncytia through inter- and intracellular transport processes (Hofmann et al., 2007, 2009; Hofmann and Grundler, 2008). The greater DEG number associated with syncytium formation in CK-SCN5 than in CK-SCN4 denoted the difference in the carbohydrate metabolic process. Thus, the biological processes of carbohydrates and corresponding three major groups (sugars, oligosaccharides, and polysaccharides), including metabolic, biosynthetic, catabolic and transport processes, were examined and compared between CK-SCN4 and CK-SCN5 (Figure 5B). In total, 178, 94, 57, and 13 DEG in CK-SCN4 were involved in carbohydrate metabolic, biosynthetic, catabolic, and transport processes, respectively; 203, 114, 60, and 22 DEGs in CK-SCN5 were associated with the four processes, respectively. For all carbohydrate-associated biological processes, 739 DEGs with 317 up-/422 downregulation in CK-SCN4 and 870 DEGs with 467 up-/403 downregulation in CK-SCN5 were found (Figure 5B). Polysaccharides are major components of carbohydrate metabolic, biosynthetic, and catabolic processes. The lower number of upregulated DEGs (130) than downregulated DEGs (195) for CK-SCN4 was detected in all the groups of carbohydrate metabolic and biosynthetic processes; for CK-SCN5, the greater number of upregulated genes than downregulated genes were only found in polysaccharide metabolic (up/down: 80/51), and biosynthetic (up/down: 55/30) processes and monosaccharide biosynthetic (7/5) process (Figure 5B). Polysaccharides and monosaccharides were a major carbohydrate catabolic process, but polysaccharides displayed more upregulation than downregulation, and monosaccharides showed more downregulation in both CK-SCN4 and CK-SCN5 (Figure 5B). The transport process of carbohydrates demonstrated that oligosaccharides and monosaccharides were major transport formats; only 1 upregulated DEG for polysaccharide transport was detected in CK-SCN5 but not in CK-SCN4. These results suggested that the compatible reaction induced more upregulated expression in the carbohydrate biological process than the incompatible reaction.




Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis

The KEGG annotation showed that 273 and 292 unigenes were involved in 96 pathways in CK-SCN4 and 91 pathways in CK-SCN5, respectively (Supplementary Table 10). Two treatments shared 83 pathways; 13 and 8 unique pathways were detected in CK-SCN4 and CK-SCN5, respectively, e.g., SNARE interactions in vesicular transport (3 DEGs) and oxidative phosphorylation (4 DEGs) only in CK-SCN4 and N-Glycan biosynthesis (4 DEGs) and fatty acid degradation (1 DEG) only in CK-SCN5.

Phenylpropanoid biosynthesis was the top enriched KEGG pathway for both CK-SCN4 (Figure 6A) and CK-SCN5 (Figure 6B). The following top 5 enriched KEGG pathways were photosynthesis-antenna proteins, caffeine metabolism, cutin, suberin and wax biosynthesis, and AGE-RAGE signaling pathway in diabetic complications for CK-SCN4 (Figure 6A), and starch and sucrose metabolism, photosynthesis-antenna proteins, nitrogen metabolism, and AGE-RAGE signaling pathway in diabetic complications for CK-SCN5 (Figure 6B). Among the top 20 enriched KEGG pathways, glycine, serine and threonine metabolism, monoterpenoid biosynthesis, other glycan degradation, phagosome, plant hormone signal transduction, pyrimidine metabolism, and ubiquitin-mediated proteolysis were unique for CK-SCN4; five metabolisms (nitrogen, galactose, cysteine and methionine, ether lipid, and inositol phosphate), and valine, leucine, and isoleucine degradation were unique for CK-SCN5 (Figure 6B). Interestingly, the KEGG pathway circadian rhythm-plant was enriched in the top 8th for CK-SCN4 and in the top 14th for CK-SCN5 (Figures 6A,B).
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FIGURE 6. (A,B) KEGG pathway enrichment of DEGs (differentially expressed genes) in soybean treated with soybean cyst nematode race 4 (SCN4) and race 5 (SCN5) when compared with the control. Each circle represents one KEGG path, the ordinate axis represents the path name, and the horizontal axis is enrichment factor. Circle size suggests the number of enriched DEGs in the pathway, the larger the circle, the more DEGs.



Phenylpropanoid Biosynthesis Pathway Was Enriched by Both Nematode Infections

Both SCN4 and SCN5 infections induced phenylpropanoid biosynthesis, the top enriched KEGG pathway. Phenylpropanoid compounds are rich sources of metabolism in plants, providing precursors of lignin synthesis (Yao et al., 2021), while lignin is abundant in the cell wall, and it plays vital roles in plant defense in local or systematic required resistance (Dixon et al., 2002). Enzymatic reactions are considered key steps in the biosynthesis of major classes of phenylpropanoid compounds. Thirty-five KEGG orthologies of peroxidase (K00430, EC:1.11.1.7), the richest enzyme annotated in this pathway, were detected in either up-or down-regulation for both CK-SCN4 (up/down: 24/4) and CK-SCN5 (up/down: 23/6); 10 out of 35 peroxidase genes were unique for CK-SCN5, and 7 were unique for CK-SCN4 (Figures 7A,B). The peroxidase enzyme plays a role in the final step of the biosynthesis of lignin to produce p-hydroxyphenyl lignin, guaiacyl lignin, 5-hydroxyguaiacyl lignin, and syringyl lignin (Figure 7B). The gene expression levels of peroxidase 3 (Glyma.03G208200, Glyma.10G022500) were increased by up to 5.2- to 7.3-fold after nematode infection when compared to the control. The SCN4 infection induced two downregulated DEGs: one gene, Glyma.15G002600, encoded enzyme shikimate O-hydroxycinnamoyltransferase (HST, EC:2.3.1.133), which catalyzes the reaction of two substrates, 4-coumaroyl-CoA (4-CCoA) and shikimate, to produce two products, CoA and 4-coumaroylshikimate (CSH); the other DEG, Glyma.03G070300, encoded serine carboxypeptidase-like 11 (SCPL11, EC:2.3.1.91), which can form sinapoylcholine (sinapine) and plays vital roles in abiotic and biotic stress responses, and growth and development as well (Xu et al., 2021). The SCN5 infection induced the downregulation of DEG Glyma.04G227700 encoding caffeic acid 3-O-methyltransferase (COMT)-like (EC:2.1.1.68), a key enzyme regulating lignin synthesis (Trabucco et al., 2013) but not for the SCN4 infection. One gene (Glyma.15G031300) encoding the enzyme cyanogenic beta-glucosidase 13-like (EC:3.2.1.21) involved in cell wall lignification increased the expression level 5.87-fold by SCN5 infection (Figure 7A). Both nematode infections activated the upregulation of the DEG Glyma.09G201200 encoding enzyme cinnamyl-alcohol dehydrogenase (CAD, EC:1.1.1.195) to catalyze the final step of monolignol biosynthesis, including p-coumaryl alcohol (H), coniferyl alcohol (G), and sinapyl alcohol (S), the main component of lignin (Figures 7A,B). These results indicated the expression variation of peroxidase enzyme, HST, SCPL, and other enzymes associated with lignin synthesis after nematode infection resulted in compatible and incompatible reactions by regulating plant cell wall modification.
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FIGURE 7. Gene expression and KEGG pathway in phenylpropanoid biosynthesis (https://www.genome.jp/pathway/map00940) (A,B), plant hormone signal transduction (https://www.genome.jp/entry/map04075) (C,D) and plant-pathogen interaction (https://www.genome.jp/entry/map04626) (E,F) in soybean infected with SCN4 (soybean cyst nematode race 4) and SCN5. (A,C,E) represent the expression level of differentially expressed genes (DEGs) associated with the corresponding pathway for either CK (control) -SCN4 and/or CK-SCN5; white blank block (0) means no expression variations detected with Fold Change ≥ 2 and False Discovery Rate (FDR) < 0.05; the left side of the y-axis is gene ID, and the right side is the corresponding KEGG annotation. (B,D,F) are KEGG pathways; the blocks in red, green, and blue colors indicate DEGs in upregulation, downregulation, or both ways for both CK-SCN4 and CK-SCN5, respectively, except for the special note for DEGs only found in either SCN4/SCN5 or either up-/downregulation; in panel (B), blue star represents the enzyme DEG found only in CK-SCN4, and the red star represents the enzyme DEG found only in CK-SCN5.




Plant Hormone Signal Transduction, Plant–Pathogen Interaction, and MYB Transcription Factors Contributed to Defense Response

A similar number of DEGs were identified in both the plant hormone signal transduction pathway (SCN4/SCN5: 26/25) (Figures 7C,D) and the plant–pathogen interaction pathway (SCN4/SCN5: 12/14) (Figures 7E,F) but with various expressions in levels or gene types. As illustrated in Figures 7C,D, both nematode infections positively or negatively regulated the expression of the hormones (SA, JA, ET, GA, ABA, IAA, and CTK) but with qualitative and quantitative differences in soybean (Figure 7D). For example, the expression level of PR1 (pathogenesis-related protein 1, Glyma.15G062400), which is involved in multiple pathways not only plant hormone signal transduction (SA) but also MAPK signaling and plant–pathogen interaction, was increased by more than 5-fold in soybean by the SCN4 (6.5-fold) and SCN5 (5.2-fold) infections when compared with the control. In the auxin pathway, which is linked to cell enlargement and plant growth, AUX1 and AUX/IAA were upregulated, e.g., auxin transporter-like protein 4 (Glyma.03G063900) was positively regulated by both the SCN4 (4.1-fold) and SCN5 (4.5-fold) infections, and auxin-responsive gene SAUR (small auxin upregulated RNA) was both up- and downregulated (Figures 7C,D). Two transcription factors PIF3 (phytochrome-interacting factor 3)-like encoded by Glyma.19G224700 and Glyma.20G091200, were identified in branch GA pathway as well as in circadian rhythm plant pathway, with the former being downregulated by both nematode infections and the latter being downregulated by the SCN5 infection. Three genes (Glyma.09G066500, Glyma.19G069200, and Glyma.11G018000) encoding PP2C (protein phosphatase 2C) in the ABA pathway were upregulated; the SCN4 infection induced an approximately 3-fold increase in the expression level of the three genes, and the SCN5 infection increased by 2.2- to 2.8-fold the expression level of the first two genes. JAZ (jasmonate zim domain) encoded by Glyma.17G043700 in JA associated with stress response was detected only in CK-SCN5 with downregulation but not in CK-SCN4. On the contrary, DEGs encoding ETR (ethylene response sensor 2), EBF1 (EIN3-binding F-box protein 1), and ERF1 (ethylene-responsive transcription factor 1) in the ET pathway linked to fruit ripening and senescence were found only in resistant response to SCN4 but not to SCN5 when compared with the control (Figures 7C,D), indicating that the ET pathway played a role in defense response, and that JA expression was inhibited in susceptible response.

In the plant-pathogen interaction pathway, CERK1 (chitin elicitor receptor kinase 1, Glyma.02G270800) classified as PRRs in PTI, CDPK (calcium-dependent protein kinase), Rboh (respiratory burst oxidase) triggering reactive oxygen species (ROS) burst correlated to disease HR, CaM/CML (calmodulin/calmodulin-like protein) associated with HR, cell wall reinforcement and stomatal closure, and PR1 (Glyma.15G062400) linked to phytoalexin accumulation and miRNA production, were identified in both CK-SCN4 and CK-SCN5 but with various expression levels; downstream WRKY transcription factor AtWRKY33 (GmWRKY15, Glyma.02G232600) and Pti6 (PR genes transcriptional activator 6, Glyma.02G236800) connected to defense-related gene induction were significantly detected only in CK-SCN4 (Figures 7E,F). One gene, Glyma.01G068000, encoding HSP90 was detected with downregulation in CK-SCN4, but two other genes, Glyma.09G131500 (hsp83) and Glyma.16G178800 (hsp83), were negatively regulated with significance in CK-SCN5, suggesting that PTI was triggered initially by both nematode infections and that later, ETI was activated by the SCN4 infection.

In the KEGG analysis, 20 MYB or MYB-like transcription factors were detected; of these, 12 were found only in CK-SCN4 and 3 only in CK-SCN5 treatments, denoting that MYB transcription factors might regulate defense response. Three DEGs (Glyma.03G261800, Glyma.16G017400, and Glyma.19G260900) were associated with MYB-related transcription factor LHY involved in plant circadian rhythm as well, were negatively regulated after both SCN4 and SCN5 infections.



Starch and Sucrose Metabolism Pathway Regulated Susceptible Response to Heterodera glycines Race 5 and Chitinase I Was Upregulated in Defense Response to H. glycines Race 4

The top second KEGG enriched starch and sucrose metabolism pathway in CK-SCN5 treatment had 40 DEGs including 5 sucrose synthases, 11 pectinesterase-like or pectinesterase/pectinesterase inhibitors, 5 beta-glucosidase, and 4 alphas, alpha-trehalose-phosphate synthase [UDP-forming] and others, which are involved in plant growth and cell wall modification or cell wall lignification; these genes are necessary for syncytium formation. Of these, 8/9 and 16/19 up-/downregulated genes were identified for CK-SCN4 and CK-SCN5, respectively (Supplementary Figure 7A), e.g., Glyma.15G223500 (pectinesterase/pectinesterase inhibitor 47) with a 5-fold increase in expression level after SCN5 infection, while upregulated Glyma.03G216000 (pectinesterase/pectinesterase inhibitors 20) had 3.3-fold increased expression level in SCN4-infected roots, indicating that these DEGs played roles in the compatible or incompatible reaction. In the amino sugar and nucleotide pathway, 17/3 up-/down regulated DEGs were found, two of which had more than 4-fold significantly increased expression level, Glyma.02G042500 encoding chitinase class I precursor and Glyma.18G120700 encoding hevamine-A-like protein in SCN4-infected roots (Supplementary Figure 7B), suggesting that the two genes might contribute to defense response with SCN4 infection.




Protein–Protein Interaction Analysis Revealed Valine-Glutamine-WRKY Interactions and Cytokinin Two-Component Response Regulator ARR-Glutaredoxins-BolA Interactions Might Be Involved in Defense Response

The PPI analysis among all the 2,255 DEGs indicated a ratio of 7,063/2,632 (2.7 ×) of protein-protein networks for CK-SCN4/CK-SCN5, including 866/194 activation (4.5 ×), 2715/1381 (2 ×) binding, 781/280 (2.8 ×) catalysis, 401/104 (3.9 ×) expression, 462/96 (4.8 ×) inhibition, 874/166 (5.3 ×) ptmod (post translational modification), and 964/411 (2.3 ×) reaction, indicating soybean resistant response to the SCN4 infection activated more protein–protein interactions than a susceptible response to the SCN5 infection, especially in post translational modification, inhibition, and activation.

Two genes, Glyma.03G120700 (GmVQ5) and Glyma.19G125300 (GmVQ70), were identified as significant DEGs with a 2.7-3.2-fold increase in CK-SCN4 than in CK-SCN5, encode calmodulin binding protein (CaMBP) (GO:0005516) carrying conserved VQ (Valine-Glutamine) motif (FxxhVQxhTG), which is capable of interacting with the transcription factor WRKY DNA-binding domain to play vital roles in stress response (Wang et al., 2014). Thus, the interactions between VQ and WRKY proteins encoded by DEGs were explored based on the Pfam domain; 6 (GmVQ5, GmVQ8, GmVQ24, GmVQ43, GmVQ44, and GmVQ70) out of 26 VQs and 19 out of 74 WRKYs annotated were detected in either CK-SCN4, CK-SCN5, or SCN5-SCN4 (Figure 8A). Interestingly, GmWRKY15, encoded by the upregulated Glyma.02G232600, homologous with Arabidopsis AtWRKY33 (WRKYGQK/WRKYGQK) in the plant–pathogen interaction pathway, was identified in CK-SCN4, which could interact with GmVQ24 (AtVQ21, Glyma.06G124400), and both were linked to GmVQ44 (AtVQ25, calcium-binding protein, Glyma.09G111800) with downregulation, which could bind with the two homologous CaM-binding proteins GmVQ5 and GmVQ70 (Figure 8B). VQ and WRKY numbers were designed according to Yu et al. (2016), Wang et al. (2019), respectively.
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FIGURE 8. Gene expression of VQ (valine-glutamine motif) and transcription factor WRKY in soybean infected with soybean cyst nematode race 4 (SCN4) and SCN5 when compared with the control (CK), and protein-protein interactions. (A) All differentially expressed VQ and WRKY genes are displayed; white blank block (0) means no expression variations detected with Fold Change ≥ 2 and False Discovery Rate (FDR) < 0.05; the left side of the y-axis is gene ID and the right side is the corresponding gene name (Yu et al., 2016; Wang et al., 2019). (B) VQ-WRKY-MPK-MKK-MKKK interactions (MPK, mitogen-activated protein kinases). (C) Schematic model for VQ-WRKY interaction roles in defense response; SCN4 infection could regulate enzyme activities of MKKK, MKK, and MPK. One model is that MPK activation is able to release WRKY from the substrate MSK1 (GmVQ24) and function for plant defense; the other model is that the released MSK1 binding with GmVQ44 suppress GmVQ44 expression, which may activate GmVQ5 and GmVQ70, and consequently GmVQ5/70 plays a role in plant defense. (D) ARR-BolA2-GRXS15 interactions; ARR-A, type A Arabidopsis response regulator; BolA2, (bacterial stress-induced morphogen)-like protein;GRXS15, monothiol glutaredoxin-S15. The lines in varied colors represent the type of interaction evidence (https://string-db.org).


AtWRKY33 can interact with a VQ protein called mitogen-activated protein (MAP) kinase substrate1 (MSK1, AtVQ21), a substrate of MPK4 (MAP kinase 4), which can be activated in the presence of pathogen attack or flagellin, and then AtWRKY33 is released to induce the expression of phytoalexin deficient 3 (PAD3) in the nucleus, and thereby to increase defense response (Andreasson et al., 2005; Cheng et al., 2012). In addition, MPK3 and MPK6 can also interact with AtWRKY33 together, leading to an increase in phytoalexin-related gene expression (Alves et al., 2014). The overexpression of AtWRKY33 resulting in decreased susceptibility to beet cyst nematode (Heterodera schachtii) (Ali et al., 2013) supports that AtWRKY33 may be involved in soybean cyst nematode resistance. To find the kinase of the substrate GmVQ24 (MSK1) in the annotation data, all expressed MAP kinases were searched and no homologous AtMPK4 was found; interestingly, only two homologous MPK3s encoded by Glyma.U021800 and Glyma.12G073000, each with a 1-fold increase in expression level in CK-SCN4, were identified to interact with GmWRKY15 and GmVQ24. Further searching of other DEGs encoding MAPKs exhibited that two genes encoding MAP kinase kinase 2 (MPKK2) had a 1.5-to 1.8-fold reduction in the expression level only in CK-SCN4 (Figure 8B). Two more MPKKKs encoded by Glma.17G173000 and Glyma.17G177900, which could bind to MPK3 and MPKK2, were found with a 1.2-fold increase of gene expression in CK-SCN4 (data not shown). All these results demonstrated that MPKKK/MPKK/MPK/WRKY-VQ-CaMBPVQ might work together in soybean to defend against SCN4 infection. Based on these data, a model with a VQ–WRKY interaction in response to SCN4 infection was established with two possibilities, one is GmWRKY33 release by MPK3 activation or any other kinase to induce phytoalexin production, which activates plant defense as described in Arabidopsis (Alves et al., 2014); the other is GmVQ44 binding to GmVQ24 (MSK1) to suppress GmVQ44 expression, which results in high expression of CaMBP GmVQ5/70 to induce SCN resistance (Figure 8C).

Another interesting protein–protein interaction was detected in the plant hormone signal branch cytokinin pathway with two upregulated CK-SCN4 DEG genes (Figure 8D), Glyma.06G187000 (ARR6, Log2FC = 2.2) and Glyma.17G093900 (ARR5, Log2FC = 1.5), which are classified as two-component response regulator ARR-A (type A Arabidopsis response regulator) family composed of an inner membrane-spanning histidine kinase and a cytoplasmic response regulator to allow organisms to sense and respond to changes in environmental stimuli (Stock et al., 2000). In CK-SCN4, the ARR5-like and ARR6-like proteins were capable of interacting with a mitochondrial chaperone, monothiol glutaredoxin-S15 (GRXS15), and BolA2. GRXS15 encoded by the downregulated DEG Glyma.08G209900 (Log2FC = -1.8), and BolA2 encoded by a downregulated DEG Glyma.05G188300 (Log2FC = -1.6) could connect with the transcription factor GATA zinc finger (Glyma.06G086400, Log2FC = 1.7) (Figure 8C). Mitochondria GRAX15 was reported to play key roles in iron-sulfur protein maturation in the plant (Moseler et al., 2015) and a transcription regulator BolA2 containing a helix-turn-helix (HTH) motif for nucleic acid binding (Kasai et al., 2004). AtBolA3–GRXS17 interaction plays a key role in suppressing abiotic tolerance (Cheng et al., 2011; Qin et al., 2015). In a similar manner, inhibition of the gene expression of both BolA2 and GRAX15 with SCN4 infection resulting in resistance denoted that BolA2–GRAX15 interaction may negatively regulate soybean resistance to SCN4. The function of BolA2–GRAX15 interaction has not been reported yet, but it is known that BolA2 is nucleon-cytoplasmic and interacts with GRAX15 (Couturier et al., 2014). Furthermore, BolA2 was linked to the lncRNA detected above. Therefore, the interactions of ARR5/6-GRAX15-BolA2-GATA might indicate a new complex interaction partaking in plant defense in response to SCN4 infection.



Validation of Differentially Expressed Genes by QRT-PCR Assay

The expression levels of 23 DEGs obtained from full-length transcriptome sequencing were compared with those obtained from qRT-PCR. The expression correlation (R2) between full-length-seq and qRT-PCR was up to 0.6958 (Figure 9A), and the comparison of relative expression levels between SCN4 and SCN5 demonstrated that the qRT-PCR data almost matched with the full-length-seq data (Figure 9B). The relative expression levels of four WRKY and three VQ genes are also displayed in Figure 9C.
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FIGURE 9. Validation of differentially expressed genes (DEGs) by qRT-PCR. (A) Correlation of DEG expression levels between RNA-seq and qRT-PCR. (B) Relative expression of VQ and WRKY genes. (C) Relative expression of 16 other DEGs. For panels (B,C), the x-axis displays different genes and gene annotation, and the y-axis is relative expression level (log2FC-fold change). Relative expression level was calculated with the –ΔΔCt method using the actin gene as an endogenous control. The error bar stands for the SE. The asterisks represent significant difference by t test (*p < 0.05; **p < 0.01; ***p < 0.005; and *****p < 0.005).





DISCUSSION


Full-Length Transcriptome Analysis: A Powerful Tool to Analyze Transcriptional and Post-transcriptional Regulation

In this study, full-length transcriptome analysis on soybean was first conducted to compare responses of the same soybean genotype incompatible and compatible to different H. glycines races. Obviously, the advantages of full-length transcriptome sequencing include high-cost performance, high throughput, no GC specificity, and base bias, long sequencing reads, accurate quantification at the transcriptome level, accurate identification of structure characteristics (e.g., AS, fusion gene, APA) without breaking sequences or gene structures, and DEG/DET analysis at once. Compared to NGS, ONT needs less read numbers to cover the same amount of transcripts. For example, an average of 3-5 × greater number of clean reads was obtained by NGS (Zhang et al., 2017; Neupane et al., 2019; Miraeiz et al., 2020) when compared with the average number of clear reads in this study. In addition, the identified novel genes can generate new AS events.

The change in numbers of AS events at 5’ splicing sites or at 3’ splicing sites after both nematode infections and various transcripts among the three treatments indicated that the nematode infections did trigger differential AS events to generate multiple transcripts that might result in plant defense or susceptibility. A few cases have been reported that AS regulates plant stress responses and/or adaptations (Bedre et al., 2019; John et al., 2021; Martín et al., 2021). For instance, the tobacco gene N resistant to tobacco mosaic virus (TMV) can be alternatively spliced to produce two transcripts that are required to contribute to complete resistance to TMV (Dinesh-Kumar and Baker, 2000). AS regulates ABA and light signaling pathways to coordinate plant growth and stress response (Thiruppathi, 2020).

Interestingly, we found that more abundant APA events per gene were identified with > 5 poly A sites (23.8%) than those in 1-5 poly A sites in soybean, while 2 poly A sites were found as the most abundant APA event distribution in sorghum (Chakrabarti et al., 2020), and 1 poly A site for the tree species Liriodendron chinense in the magnolia family (Tu et al., 2021). The poly A site distribution in plants can be shifted by abiotic stresses (Yan et al., 2021), and novel stress-specific cis-elements in intronic poly A sites may contribute to abiotic stresses (Chakrabarti et al., 2020). In this study, nematode infection increased the > 5-poly A site distribution than control, especially, the > 10 poly A sites in the incompatible reaction further confirmed that APA may be involved in nematode stress response. Generally, stress-responsive APA plays a key role in regulating abiotic stress and biotic stress through crucial stress-responsive genes and pathways (Ye et al., 2019; Chakrabarti et al., 2020; Yan et al., 2021). For instance, Ye et al. (2019) found that APA in rice responds to heat stress tolerance as a negative regulator, to Cd stress by regulating DNA repair and cell wall formation, and to disease stress (bacterial blight, rice stripe virus, and rice blast) by regulating chlorophyll metabolism. Comparisons of APA sites linked with annotated genes or pathways between control and nematode-infected treatments will uncover the APA function in soybean associated with nematode resistance or susceptibility. Furthermore, the difference in the fusion transcripts and lncRNAs among the treatments demonstrates that full-length transcriptome sequencing is a powerful tool to analyze post-transcriptional modification.



Plant Hormone Signal Transduction and Plant–Pathogen Interaction Implicating Plant Defense Response

Both the GO and KEGG enrichment analyses consistently confirmed that stress response elements and associated pathways (plant hormone signal transduction and plant–pathogen interaction) contribute to plant innate immune response to SCN. Surprisingly, when all the DEGs in these groups/pathways identified in this study were compared with those listed by Zhang et al. (2017), Miraeiz et al. (2020), only 1-3 overlapping genes were found; the only DEG, Glyma.11G207000, encoding leucine-rich repeat-containing protein was found in all three studies. The difference might be caused by various SCN–soybean interaction systems and be affected by inoculation time, genotypes, nematode types, and possible nematode inoculation density. For example, a transcriptome analysis was conducted as early as 8 h post inoculation with HG type 0 on soybean Peking, G. soja PI 468916, Fayette, and Williams 82 by Miraeiz et al. (2020), and later sedentary phase at 3, 5 and 8 days (pooled samples) with HG type 2.5.7 on two G. soja genotypes by Zhang et al. (2017), and 8 days with HG Type 2.5.7 and HG Type 1.2.3.5.6.7 on the same genotype 09-138 in this study. Most transcriptome profiling studies are examined within 2-10 days since SCN feeding site establishment generally required 48 h after inoculation, and syncytium formation and syncytium collapse happens within 2-10 days after inoculation in resistance response (Klink et al., 2007; Kandoth et al., 2011).

Although uniquely differential expression genes to SCN4 or SCN5 infection were identified on 09-138, most DEGs were expressed in both resistant and susceptible reactions with only a small difference (Figure 7), indicating qualitative and quantitative traits. For example, in the plant–pathogen interaction pathway, upstream PPR-CERK1 and downstream Ca2+-dependent signal components CDPK, Rboh (triggering reactive oxygen burst, ROS), CaM/CML, HSP, and PR1 were all identified in both compatible and incompatible roots, and downstream WRKYs and Pti6 with upregulation were only detected in the incompatible response (Figures 7E,F), while these components are involved in PTI and/or ETI activity. In the plant-hormone pathway, all phytohormones except for brassinosteroid were activated with 1-4 key DEGs, while the phytohormone networks of the JA, ET, and SA signaling pathways are required for PTI and ETI as well (Cui et al., 2015). Naveed et al. (2020) found that both resistant and susceptible plants showed almost identical transcriptome responses, but that the resistant plants achieved high-amplitude transcriptional reprogramming several hours earlier than the susceptible plants through a defense phytohormone signaling network. Here, we only detected one time point in the later infection stage, and a time series examination will reveal more about how the pathways work together to defend against nematode attacks. The PTI-ETI continuum concept with crosstalk between PTI-ETI signal components effectively activating plant immune responses has the increasing attention of biologists (Mine et al., 2018; Naveed et al., 2020; Yuan et al., 2021), and this concept may also be applicable for SCN–soybean interaction based on the identified signal components in these pathways. In addition, surprisingly, even though 09-138 contained the Peking-rhg1a locus, there were not any DEGs found in that region, suggesting an alternative resistance mechanism in 09-138.



Transcription Factor Functional Protein–Protein Interactions in Soybean Defense Response

Transcription factors as transcriptional regulators function by binding to the promoter region of target genes and regulating plant response to environmental stress, e.g., altering the expression of cascades of defense genes (Chen et al., 2002; Alves et al., 2014). The novel transcripts identified exhibited more than 5,000 TFs, with the top 5 being WRKY, AP2/ERF-ERF, NAC, GRAS, and bHLH. WRKY TFs, as the largest family of transcriptional regulators, were consistently identified in almost all transcriptome analyses of SCN infection (Ithal et al., 2007; Kandoth et al., 2011; Mazarei et al., 2011; Wan et al., 2015; Zhang et al., 2017; Song et al., 2019; Jiang et al., 2020; Miraeiz et al., 2020). The WRKY family, associated with stress responses in soybean, has been examined, e.g., in response to soybean rust disease (Phakopsora pachyrhizi) (Bencke-Malato et al., 2014), salt stress (Yu et al., 2016), dehydration and salt stress (Song et al., 2016), and soybean cyst nematode (Yang et al., 2017). However, 19 WRKY-DEGs to SCN4 or SCN5 identified in this study were not found in previous studies for SCN infection (Yang et al., 2017; Zhang et al., 2017; Miraeiz et al., 2020), indicating that these identified WRKY factors may be specific to the line 09-138 or the nematode races used in this study.

WRKY factors in plants are divided into five groups (I, IIa + IIb, IIc, IId + IIe, and III), and the interaction between the WRKY domain and its partner domain (e.g., VQ) is involved in signaling, transcription, and other important biological processes (Chi et al., 2013; Alves et al., 2014). The WRKY–VQ interaction has been well-studied in Arabidopsis. As mentioned above, AtWRKY33 (group I)/MSK1 interaction activates plant defense gene expression (Andreasson et al., 2005; Qiu et al., 2008; Alves et al., 2014). AtWRKY25, a homolog of AtWRKY33, is also able to interact with MSK1 and MPK4 in the absence of a pathogen (Cheng et al., 2012). Additionally, AtWRKY33 is able to interact with two other VQ proteins, AtSIB1 (sigma factor binding protein 1, AtVQ23) and AtSIB2 (AtVQ16), in the nucleus to activate resistance to a necrotrophic pathogen, Botrytis cinerea (Lai et al., 2011). In this study, the lack of homologous MPK4 indicates a possible alternate interaction mechanism participating in nematode defense response. In the soybean–pest interaction system, only one GmVQ58 was identified as a negative regulator for soybean resistance to the common cutworm (Spodoptera litura Fabricius), and GmVQ58 could interact with GmWRKY32 (Li X. et al., 2020).

The CaM family is composed of ubiquitous Ca2+-binding proteins or calcium sensor proteins, which can play a key role in cellular signaling cascades coupling various environmental stimuli (Zeng et al., 2015). For instance, AtCaMBP25/AtVQ15 was found as a negative effector regulating osmotic stress tolerance during seed germination and seedling growth (Perruc et al., 2004). CaM-mediating signaling can regulate ROS homeostasis directly and indirectly (Zeng et al., 2015). Here, we found DEGs CaM/CML in the plant-pathogen pathway and two CaMBPGmVQ5/VQ70s, which directly or indirectly interact with other VQs and WRKYs to form complex GmVQ5/70-GmVQ44-GmWRKY15-GmVQ24 (MSK1) (Figure 8B). Only the incompatible reaction could activate GmVQ5/70, GmWRKY15, and GmVQ24, and suppress the connector GmVQ44, indicating that VQ–WRKY interactions partake in plant defense response to SCN4. Additionally, the high expression level of GmWRKY15 increasing SCN resistance is consistent with that the homologous AtWRKY33 overexpression decreasing H. schachtii susceptibility (Ali et al., 2013).



Top Enriched Phenylpropanoid Biosynthesis Pathway Involved in Both Resistant and Susceptible Response

The phenylpropanoid pathway has been considered a ubiquitous defense response against pathogens including nematodes, and this pathway is always enriched in SCN–soybean interaction (Edens et al., 1995; Dixon et al., 2002; Zhang et al., 2017; Li et al., 2018; Singh et al., 2019; Miraeiz et al., 2020). Approximately 75% of DEGs in this pathway were peroxidase, and more than 80% of the enriched peroxidase genes could be induced after nematode infection either in susceptible or in resistant response, which is matched with previous reports (Miraeiz et al., 2020), suggesting that peroxidase plays a central role in response to nematode attack. Peroxidase contributes to plant defense by modifying the cell wall composed of lignin, suberin, feruloylated polysaccharides, and HPRG (extensins), enhancing ROS production and phytoalexin productions (Pandey et al., 2017). The key enzymes linked to lignin biosynthesis and uniquely expressed in the incompatible (e.g., HST, Glyma.15G002600) or compatible (e.g., beta-glucosidase, Glyma.15G031300) reaction will be potentially targeted genes for further studies to elucidate plant defense or pathogenesis.



Carbohydrate Biological Process and Cell Wall Modification Roles in Soybean Cyst Nematode Susceptibility

SCN5 infection-induced more DEGs with more upregulated genes in cell wall modification and carbohydrate metabolic process than SCN4 infection but with some quantitatively overlapping DEGs, indicating unique and accumulative DEGs in carbohydrate biological process including metabolism, biosynthesis, catalyst and transport work together to make SCN susceptibility or resistance. Miraeiz et al. (2020) also reported that susceptible W82 showed less responsive genes, more downregulated genes in carbohydrate metabolism and transport proteins, and some overlapping genes with the resistant genotype 8 h post inoculation. Nevertheless, again, there are less common DEGs found between 8 h post inoculation (Miraeiz et al., 2020) and 8 days (this study), a beta-glucosidase was downregulated at 8 h but upregulated at 8 days in this study, suggesting spatially and temporally differential expression. In the starch and sucrose metabolism pathway, sucrose synthase, hexokinase, beta-amylase, and polygalacturonase were suppressed more, and beta-glucosidase, beta-fructofuranosidase, and galacturonosyltransferase were induced more in the compatible interaction than in the incompatible interaction, proving the complexity for nematode pathogenicity. Hofmann et al. (2007) demonstrated that sucrose supply to H. schachtii-induced syncytia depends on the apoplasmic pathway in the early stage during syncytium formation and on the symplasmic pathway in the later stage when syncytia are linked to the phloem. The change of a series of enzymes during a metabolic process may explain various enzyme expression patterns in different SCN–soybean interaction systems both spatially and temporally.




CONCLUSION

In conclusion, this study represents for the first time a full-length transcriptome sequencing comparison between compatible and incompatible reactions on the same soybean genome to H. glycine. Stress response elements, plant pathogen interaction pathway, plant hormone signaling transduction pathway, and transcription factors contributed to plant immune response. The related genes associated with cell wall modification and carbohydrate metabolism played critical roles in nematode susceptibility. The phenylpropanoid biosynthesis pathway was enriched by two nematode infections. For the first time, a model of WRKY–VQ interaction resulting in plant defense response to nematode infection in an incompatible reaction was established. The identified AS events, APA, and lncRNA will provide insights into the function of post transcriptional modification during plant–nematode interaction. The knowledge of SCN–soybean interaction will aid us to understand the evolution of resistance and susceptibility, and further functional studies will help to explore new control strategies against nematodes.
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Soybean F-Box-Like Protein GmFBL144 Interacts With Small Heat Shock Protein and Negatively Regulates Plant Drought Stress Tolerance
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The F-box gene family is one of the largest gene families in plants. These genes regulate plant growth and development, as well as biotic and abiotic stress responses, and they have been extensively researched. Drought stress is one of the major factors limiting the yield and quality of soybean. In this study, bioinformatics analysis of the soybean F-box gene family was performed, and the role of soybean F-box-like gene GmFBL144 in drought stress adaptation was characterized. We identified 507 F-box genes in the soybean genome database, which were classified into 11 subfamilies. The expression profiles showed that GmFBL144 was highly expressed in plant roots. Overexpression of GmFBL144 increased the sensitivity of transgenic Arabidopsis to drought stress. Under drought stress, the hydrogen peroxide (H2O2) and malonaldehyde (MDA) contents of transgenic Arabidopsis were higher than those of the wild type (WT) and empty vector control, and the chlorophyll content was lower than that of the control. Y2H and bimolecular fluorescence complementation (BiFC) assays showed that GmFBL144 can interact with GmsHSP. Furthermore, our results showed that GmFBL144 can form SCFFBL144 (E3 ubiquitin ligase) with GmSkp1 and GmCullin1. Altogether, these results indicate that the soybean F-box-like protein GmFBL144 may negatively regulate plant drought stress tolerance by interacting with sHSP. These findings provide a basis for molecular genetics and breeding of soybean.

Keywords: soybean, F-box protein, drought stress, Skp1-Cullin1-F-box (SCF) complex, segmental duplication, protein interaction


INTRODUCTION

Abiotic stress is the primary factor limiting plant growth and crop yield. Abiotic stresses include drought, saline-alkali, high/low temperature, and metal stress, of which drought stress is the most common stress (Baldoni et al., 2015; Gong et al., 2020). Plants have evolved multiple strategies to deal with drought stress. Common strategies include reducing water loss, maintaining chlorophyll content, and reducing reactive oxygen (Ritchie et al., 1990; Zafari et al., 2020). Molecular breeding has long been expected to improve crop drought tolerance. Thus far, many genes involved in drought stress regulation have been identified. For instance, ZmVPP1, a vacuolar-type H+ pyrophosphatase gene, can improve the drought tolerance of transgenic maize by enhancing root development and photosynthetic efficiency (Wang X. et al., 2016). Tubby-like F-box protein 8 (SlTLTP8) enhances plant drought tolerance by reducing water loss to improve water-use efficiency (Li et al., 2020b). Additionally to the above positive regulatory genes, some negative regulatory genes have been found. For example, MdSE reduces the expression of MdNCED3 by negatively regulating the MdMYB88 and MdMYB124 transcription factors (MdMYB88, MdMYB124, MdNCED3; positive regulators of drought resistance) to reduce the drought tolerance of apples (Li et al., 2020c). Although many genes responding drought stress have been investigated, the molecular network of plant responses to drought stress is still imperfection.

The ubiquitin-proteasome system (UPS) and molecular chaperone system play important roles in plant responses to drought stress. Protein degradation mediated by UPS is an important post-translation regulation mechanism, which includes ubiquitin, ubiquitin-activating enzymes (E1s), ubiquitin conjugating enzymes (E2s), ubiquitin ligase enzymes (E3s), and 26S proteasomes (Sadanandom et al., 2012; Xia et al., 2020; Ban and Estelle, 2021). Ubiquitin is activated by E1 in the presence of ATP, and is then transferred to the cysteine residue of E2. Then, E3 transfers ubiquitin to the lysine residue of the substrate, and finally 26S proteasome degrades the ubiquitinated substrate. In this pathway, E3s are responsible for substrate recognition and substrate ubiquitination. Research has found that there are thousands of E3s in plants, which can be classified as many different types, of which RING E3s are the most abundant (Zheng and Shabek, 2013; Morreale and Walden, 2016). SCF is a well characterized RING E3 ubiquitin ligase, which contains four subunits: Cullin1 (CUL1), Ring-box protein (Rbx), S-Phase kinase associated protein 1 (Skp1), and F-box protein. Cullin1, Rbx, and Skp1 interact to form a core scaffold with ligase activity, and the F-box proteins are responsible for substrate recognition (Zheng et al., 2016; Zhang S. et al., 2019).

Recently, large numbers of F-box proteins were identified. Especially in plants, there are hundreds of F-box proteins. Their common feature is that the N-terminal contains a relatively conservative F-box domain that interacts with Skp1 and CUL1 to form SCF. Besides the F-box domain, there are other variable domains in the C-terminal. The C-terminal domains are responsible for substrate recognition and also provide a foundation for subfamily classification of F-box proteins. The diversity of F-box proteins can help SCF distinguish and recruit multiple substrates. Therefore, it is not surprising that F-box proteins can regulate many physiological processes. For example, Carbonnel et al. (2020) found that F-box protein MAX2 can inhibit the growth of primary roots and promote the growth of root hairs by increasing the content of ethylene through the karrikins signaling pathway. Another case in point is that ORE9, an F-box protein, can regulate leaf senescence through the ubiquitin-proteasome pathway (Woo et al., 2001; Zhang et al., 2016). In addition, in recent years, a growing number of F-box proteins involved in abiotic stress responses have been studied, e.g., drought, salt, ion, and low temperature stresses (Lim et al., 2019; Zhang Y. et al., 2019; Jie et al., 2020; Venkatesh et al., 2020).

Presently, most research on F-box protein function are from other plants, and research on soybean F-box proteins is relatively limited. Soybean is an important food crop and oil crop, and its yield is seriously affected by drought stress. Therefore, it is necessary to study the function of GmF-box proteins in drought. In this study, we performed functional characterization of GmFBL144 in drought stress adaptation. The results showed that overexpression of GmFBL144 significantly reduced plant drought tolerance. Under drought stress, the overexpression lines had higher hydrogen peroxide (H2O2) and malonaldehyde (MDA) content, lower chlorophyll content, and a higher water loss rate compared to the controls [wild type (WT) and empty vector]. Furthermore, our results showed that GmFBL144 can form SCFFBL144 (E3 ubiquitin ligase) with GmSkp1 and GmCulinl1, and GmFBL144 can interact with GmsHSP.



MATERIALS AND METHODS


Identification and Bioinformatics Analysis of GmF-Box Genes

The whole genome protein sequence of soybean (Glycine max Wm82.a2.v1) was downloaded from the plant genome database1. Simultaneously, the hidden Markov model of F-box domain (PF00646) and F-box-like domain (PF12937) were downloaded from the Pfam database2. The proteins sequences were searched by conserved domain using the BLAST method in the protein database. The genes of the two families were merged and then identified using the NCBI database (E-value cutoff 1.0). The genes without the F-box domain and F-box-like domain were deleted.

Phylogenetic analysis was inferred using the Maximum Likelihood method based on the Poisson correction model by MEGA7 (1000 bootstrap replicates for detection reliability). The annotation file GFF3 for soybean was downloaded from the Phytozome database, and visualized using TBtools. Gene duplication analyses were performed with the MCScanX (Wang et al., 2013).

A 2,000 bp DNA sequence upstream of GmFBL144 gene was download from the soybean genome database, and the promoter elements were analyzed using the PlantCARE website3 (Lescot et al., 2002).



Plant Materials and Growth Conditions

The soybean genotype Williams 82 was cultivated in the field. Roots, steams, leaves, flowers, and embryos of different stages were collected and stored at −80°C for RNA extraction for quantitative RT-PCR assay. Arabidopsis thaliana were cultivated in a controlled-climate room with 16/8 h light/dark cycle at 23°C and 60% relative humidity.



Generation of Transgenic Arabidopsis

The full-length coding sequence (CDS) of GmGBL144 was inserted after the CaMV35S promoter, resulting in overexpression of recombinant vectors. After sequencing, the fusion constructs were transformed into Agrobacterium tumefaciens (GV3101) and then transformed into Arabidopsis (Col-0) plants using the floral dip (Clough and Bent, 2010). T1 seedlings were screened with 1% glufosinate and then re-confirmed using genomic PCR. After screening of the separation ratio and high expression, three homozygous T3 transgenic lines (L16, L17, and L19) were selected for phenotypic experiments.



Stress Treatments

For rapid assay of the function of GmFBL144 in the drought response, the full-length CDS of GmGBL144 was inserted in pYES2 vector. The fusion construct was transformed into INVSc1 yeast competent cells using the PEG/LiAc-mediated method and was selected for uracil prototrophy. The function assay was implemented on YPD plate with 1.0 M mannitol. The cultures were grown for 3–7 days at 30°C.

After harvesting transgenic Arabidopsis seeds, we planted the seeds on 1/2 MS medium. These seedings were transferred to plate of 1/2 MS with 250 mM mannitol. The root length and fresh weight were measured 2 weeks later. To further confirm the function of GmFBL144, the transgenic Arabidopsis were subjected to drought (no irrigation for up to 10 and 20 days) during the rosette stage. Rehydration was implemented after 20 days of drought. Nicotiana benthamiana were cultivated in a controlled-climate room with 14/10 h light/dark cycle at 26°C and 50% relative humidity.



Quantitative Real-Time PCR Analysis

Total RNA was extracted from the different soybean tissues using RNAiso Plus (Takara, DaLian, China). The cDNA was synthesized using the PrimeScript™ RT reagent kit (Takara). Quantitative real-time PCR (qRT-PCR) was performed using TB Green Premix Ex Taq™ II (Takara). The relative expression was calculated using 2–Δ Ct (Li et al., 2021). The primers of qRT-PCR are listed in Supplementary Table 1.



Subcellular Localization of GmFBL144 Proteins

The full-length GmFBL144 gene without stop codon was inserted after the CaMV35S promoter to generate a 35S:GmFBL144-GFP fusion construct. The fusion construct was transformed into Agrobacterium tumefaciens (GV3101, pSoup-p19) and then transferred into epidermal Nicotiana benthamiana cells for transient assays. The fluorescent signals of green fluorescent protein (GFP) were observed using a laser confocal microscope (TCS SP8, Leica, Germany).



Protein Interaction Assay

The prey cDNA library was constructed using CloneMiner II cDNA Library Construction Kit (Invitrogen: A11180) for screening interacting proteins. The full-length GmFBL144 gene was inserted into pGBKT7 to generate a bait vector. The positive clones were selected on SD/-His/-Leu/-Trp/-Ade/X-α-gal plates by yeast two-hybrid (Y2H) (Chen et al., 2013), and then these clones were identified by sequencing and Blastx. All protocols were carried out in strict accordance with the manufacturer’s instructions.

The protein interactions were further verified using a bimolecular fluorescence complementation (BiFC) assay. GmFBL144 and GmsHSP were fused to nYFP and cYFP, respectively. The fusion constructs were transformed into Agrobacterium tumefaciens (GV3101, pSoup-p19) and then co-transferred into epidermal Nicotiana benthamiana cell for transient assays (Lu et al., 2009). The fluorescent signals of yellow fluorescent protein (YFP) were observed using a laser confocal microscope (TCS SP8, Leica, Germany).

The full-length GmCullin1 gene (Glyma.17G025200) was inserted into pGADT7 and pGBKT7. The full-length GmSkp1 gene was inserted into pGADT7. The full-length GmFBL144 and GmSkp1 genes (Glyma.11G079600) were inserted into two distinct multiple cloning sites of the pBridge vector simultaneously. The pairs were co-transformed into Y2H gold yeast competent cells using the PEG/LiAc-mediated method. The interaction between bait and prey proteins were identified on SD/-leu/-Trp and SD/-Leu/-Trp/-His/-Ade/X-α-gal media.



Determination of Chlorophyll, Malonaldehyde, and Hydrogen Peroxide Content

Chlorophyll content was assessed following previously used methods (Jie et al., 2020). The contents of MDA and H2O2 were determined though the corresponding test kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).



Statistical Analysis

The results were analyzed using GraphPad Prism 5.0 software. The data are expressed as means ± SD. All experiments were repeated thrice. The statistical significance was considered at the P < 0.05 or P < 0.01 level, as revealed by t-tests.




RESULTS


Identification and Bioinformatics Analysis of GmF-Box Genes

The F-box genes belong to a supergene family, which is a cluster of genes produced by duplication and mutation from an ancestor. Gm19G196400 was defined as an F-box-like gene belonging to the F-box gene family. To understand Gm19G196400, we performed bioinformatics analysis of the soybean F-box gene family. We identified 507 F-box genes in the soybean genome database, and we renamed these genes according to the N-terminal domain and chromosomal distribution. Our objective gene, Gm19G196400, is named GmFBL144 (Supplementary Table 2).

F-box proteins contain other domains at C-terminal besides N-terminal relatively conserved F-box domain. In order to research conveniently, the whole F-box protein family was classified into 11 subfamilies (Supplementary Table 2) and the GmFBL144 belongs to the FBO subfamily (F-box proteins with C-terminal other known domain). The phylogenetic tree analysis showed that most members of the same subfamily tended to cluster in the same evolutionary branch (Supplementary Table 2 and Supplementary Figure 1).

The distribution of GmF-box genes on chromosomes was visualized (Figure 1A). The number of F-box genes on chromosome 8 was the largest (48 F-box genes), and on chromosome 1 was the lowest (10 F-box genes). There was no significant correlation between F-box gene number on a chromosome and chromosome length. Gene duplication is the source of evolutionary innovation and main factor in gene family expansion. In this study, gene duplication analysis was performed. 307 WGD/segmental duplication GmF-box genes, corresponding to 192 duplicated gene pairs in the entire GmF-box gene family, were identified in soybean; 109 dispersed duplication GmF-box genes, 44 proximal duplication GmF-box genes, and 26 tandem duplication GmF-box genes corresponded to 37, 17, and 9 duplicated genes pairs in the GmF-box gene family, respectively (Figure 1B). The results of the gene duplication analysis revealed that the GmF-box gene family expansion was largely a result of WGD/segmental duplication.
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FIGURE 1. Chromosome distribution and gene duplication analysis of GmF-box genes. (A) Chromosome distribution of GmF-box genes. (B) Gene duplication analysis of GmF-box genes. The GmF-box gene family expansion was primarily caused by WGD/segmental duplication. WGD/segmental duplications gene pairs are shown in green lines; tandem duplication gene pairs are shown in red lines; dispersed duplication gene pairs are shown in orange lines; proximal duplication gene pairs are shown in blue lines.


In addition, we analyzed the gene structure and promoter regions of GmFBL144 and GmFBL25 that showed the closest genetic relationship with GmFBL144 (Figures 2A,B and Supplementary Figure 1). The results showed that GmFBL144 had a similar structure to GmFBL25 and adds a NleF-casp-inhib domain (Figure 2B). Furthermore, we found that there are four drought response elements (MYB motif, C/TAACNA/G) and a stress response element (TC-rich repeats, ATTCTCTAAC) in the promoter region of GmFBL144, whereas GmFBL25 only had an MYB motif (Figure 2C). These findings suggest that GmFBL144 may be involved in drought regulation. We also found that the relative expression of GmFBL144 was high in roots (Figure 2D). Roots are the main organ of external environment perception. Therefore, we conjecture that GmFBL144 may be involved in the drought stress response.
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FIGURE 2. Collinearity analysis and the structural and expression profile analysis of GmFBL144. (A) Collinearity analysis between chromosome 19 and chromosome 3. (B) Gene structure analysis of GmFBL144 and GmFBL25. GmFBL144 protein shares an F-box domain with GmFBL25, and GmFBL144 has an additional NleF_casp_inhib domain. (C) Promoter region analysis of GmFBL144 and GmFBL25. The GmFBL144 promoter contains four drought response elements (MYB motif) and one stress response element (TC-rich repeats). The GmFBL25 promoter contains only one drought response element (MYB motif). (D) Expression profile analysis of GmFBL144. The expression of GmFBL144 in roots, stem, leaves, flowers, embryos of different stages, and seeds. Relative gene expression was calculated using the 2–ΔCt method. Data represent means ± SE of three biological replicates.




Overexpression of GmFBL144 Increased Drought Stress Sensitivity in Transgenic Arabidopsis Seedlings

There are multiple drought response elements in the promoter region of GmFBL144 and our transcriptome data of soybean (Zhou et al., 2020) showed that the GmFBL144 was down-regulated under drought stress (Supplementary Figure 2). Accordingly, we studied the function of GmFBL144 in drought stress. In this study, the yeast transient expression system was used. The results showed that the heterologous expression of GmFBL144 yeast was undergrown compared with the vector control under drought stress conditions (Figure 3A). Next, we carried out the Arabidopsis plate drought stress study. Mannitol (250 mM) was used to simulate drought stress in 1/2 MS medium. The results showed that after 10 days of simulated drought stress, the primary root length of GmFBL144-overexpression Arabidopsis was shorter and the fresh weight was lighter than that of controls (WT and empty vector) (Figures 3B–D).


[image: image]

FIGURE 3. Phenotype of transgenic Arabidopsis under simulated drought stress. (A) Phenotype of heterologous expression of GmFBL144 yeast and control under drought stress (1 M mannitol). (B) Phenotype of control (wild type and vector) and GmFBL144-overexpression lines (L16, L17, and L19) under drought stress (250 mM mannitol). (C) Primary root length of control and GmFBL144-overexpression lines under drought stress (250 mM mannitol). (D) Fresh weight of control and GmFBL144-overexpression lines under drought stress (250 mM mannitol). Data represent means ± SE of three biological replicates. Asterisks indicate significant difference applying ANOVA (*P < 0.05; **P < 0.01; ***P < 0.001).


Similarly, the transgenic Arabidopsis showed drought sensitivity under soil drought stress. Under normal conditions, there was no significant difference between controls (WT and empty vector) and the GmFBL144-overexpression transgenic lines. After 2 weeks without watering, the foliar loss of GmFBL144-overexpression transgenic lines was more serious than that in the controls (WT and empty vector) (Figure 4A). The chlorophyll content of GmFBL144-overexpression transgenic lines was lower, and the MDA and H2O2 content were higher than those of the controls (WT and empty vector) (Figures 4B–G). After 20 days without watering, the GmFBL144-overexpression transgenic lines were almost dead; however, the controls (WT and empty vector) were still alive. After 3 days of rehydration, the controls (WT and empty vector) recovered but the GmFBL144-overexpression transgenic lines could not (Figure 4A). These results indicate that GmFBL144 increased plant drought sensitivity through damaging the system of scavenging activated oxygen.
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FIGURE 4. Phenotype and physiological index of transgenic Arabidopsis under drought stress. (A) Phenotype of control (wild type and vector) and GmFBL144-overexpression lines (L16, L17, and L19) under drought stress. (B–G) Physiological index of control and GmFBL144-overexpression plants under drought stress, including chlorophyll content (B–D), fresh weight (E), MDA content (F), H2O2 content (G). Data represent means ± SE of three biological replicates. Asterisks indicate significant difference applying ANOVA (*P < 0.05; **P < 0.01; ***P < 0.001).




Subcellular Localization of GmFBL144

Proteins are the most important biomacromolecules in organisms, and the major performers of life activities. Mature proteins can exert different biological functions in specific subcellular organelles. Thereby, the function of a protein is not only related to its structure but also to its subcellular localization. The subcellular localization prediction websites4, 5 forecast that the GmFBL144 protein could be located on the nucleus and chloroplast. At the same time, we investigated the subcellular localization of GmFBL144 using the transient transformation system of tobacco leaves. The fluorescence signal of the fusion protein was mainly located on the nucleus, and a small part also exist on the cell membrane (Figure 5).
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FIGURE 5. Subcellular localization of GmFBL144 proteins. The fusion constructs and GFP driven by the 35S promoter were transiently expressed in tobacco leaves. Scale bars = 20 μm.




Identification of the Formation Mechanism of the SCFFBL144 Complex

Studies have shown that most F-box proteins perform functions by forming SCF complexes (Kipreos and Pagano, 2000; Ao et al., 2020). To verify whether GmFBL144 can form SCF complex, we evaluated the interactions among Cullin1 (CUL1), Skp1, and GmFBL144 using Y2H assay. The results showed that GmFBL144 can interact with GmSkp1, cannot interact with GmCUL1; GmCUL1 can interact with GmSkp1 but is weak; the complex of GmFBL144-GmSkp1 can interact with GmCUL1. These results indicated that GmFBL144 is a key subunit of SCFFBL144, and GmFBL144 can promote the combination of GmSkp1 and GmCUL1 (Figure 6).
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FIGURE 6. GmFBL144 was a key subunit of SCFFBL144. GmFBL144 can interact with GmSkp1, and the complex of GmFBL144-GmSkp1 can promote the interaction of GmSkp1 with GmCUL1. The interactions between pGADT7-T and pGBKT7-53, pGADT7-T and pGBKT7-Lam were used as positive and negative control, respectively. AbA, aureobasidin A. X-α-gal, 5-bromo-4-chloro-3-indoxyl-α-D-galactopyranoside.




Screening and Identification of GmFBL144 Interacting Proteins

In order to further research the mechanism, we screened the interacting proteins through the cDNA library. Because GmFBL144 was primarily located on the nucleus, we constructed a soybean cDNA library of a yeast nuclear system. The primary library capacity was approximately 1.04 × 107, the recombination rate was approximately 100%, and the average insert length was >1,000 bp (Figure 7A). The sub-library capacity was approximately 1.44 × 107, the recombination rate was approximately 100%, and the average insert length was >1,000 bp (Figure 7B). After the soybean cDNA library was constructed, we used BD-GmFBL144 as bait for screening interaction proteins with the Y2H assay. Forty-five positive blue clones were obtained and annotated in Supplementary Table 3. Among these clones, small heat shock protein (sHSP) (GenBank: XP_014626034.1), involved in multiple abiotic stress in some plants (Kuang et al., 2017; Guo et al., 2020), was identified for four times, indicating that it might have the strong interaction with GmFBL144.
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FIGURE 7. Screening and identification of GmFBL144 interacting proteins. Quality identification of primary library (A) and sub-library (B). Recombination rate = successful recombinant clones (24)/total clones (24) × 100%, library capacity = total clones (1300)/spreading volume (0.05 mL) × dilution multiple (100) × total volume (4 mL). Interaction of GmFBL144 with GmsHSP was verification by Y2H (C) and BiFC (D). nYFP denotes the YFP N-terminal protein. cYFP denotes the YFP C-terminal protein. Scale bars = 25 μm. (E) Phenotype of heterologous expression of GmsHSP in yeast under drought stress (1 M mannitol).


The Y2H assay results of the one-to-one interaction verification showed that GmFBL144 can interact with GmsHSP (Figure 7C). We further verified the interaction between GmFBL144 and GmsHSP using BiFC assay. The fusion constructs of FBL144-nYFP and sHSP-cYFP were co-transferred into epidermal Nicotiana benthamiana cells for transient assays through Agrobacterium infiltration. Yellow fluorescence was observed in cells co-transferred with fusion constructs (Figure 7D), whereas in the negative control, yellow fluorescence was not observed. The results revealed that GmFBL144 can interact with GmsHSP protein.

Small heat shock proteins (sHSPs) are important molecular chaperones, which can prevent damaged protein aggregation caused by stress. sHSP help damaged protein refold to restore biological function by cooperating with other HSPs (HSP100 or HSP70) in the presence of ATP (Lee et al., 2005; Bernfur et al., 2017; Waters and Vierling, 2020). Previous studies have shown sHSP can enhance plant tolerance to external stress (Chauhan et al., 2012; Kuang et al., 2017; Guo et al., 2020). In this study, we identified the function of sHSP through the yeast transient expression system. The results showed that the growth of overexpression of GmsHSP yeast was better than that with vector control under drought stress (Figure 7E). This result shows that GmsHSP is a positive regulator of drought stress. The subcellular localization analysis of GmsHSP found that GmsHSP was mainly localized in nucleus and peroxisome (Supplementary Figure 3).




DISCUSSION


Gene Duplication

In the process of evolution, soybean has experienced two genome duplication or polyploidization events, resulting in a highly duplicated genome with 75% of genes present in the form of paralogous copies (Shoemaker et al., 1996; Gill et al., 2009; Schmutz et al., 2010). In addition, segmental duplication and tandem duplication are important reasons for increasing gene copies and genetic diversity (Zhao et al., 2018). Previous studies have shown that F-box gene family expansion of rice and chickpea mainly caused by tandem duplication (Jain et al., 2007; Gupta et al., 2015). However, in our study, WGD/segmental duplication was the main expansion form of F-box gene in soybean. Similarly, the expansion of the F-box gene family in wheat, pear, and cotton was dominated by WGD/segmental duplication (Wang G. et al., 2016; Zhang S. et al., 2019; Li et al., 2020a). These differences may be caused by variations in the definition of tandem duplication. Previous studies of the F-box gene family have used different definitions on tandem duplication. In contrast, the tandem duplication definition used by MCScanX is more restrictive than that of previous studies (Wang et al., 2012).

The terminal genes of chromosome 19 and chromosome 3 showed collinearity in addition to some F-box genes (Figure 2A), which may have contributed to chromosome rearrangement after polyploidization. Similar results have also reported in other studies (Schmutz et al., 2010; Zhang et al., 2018). GmFBL144 and GmFBL25 have high homology (Supplementary Figure 1 and Figure 2B), which may be the result of evaluation selection of double-copy gene. Evolutionary selection can lead to loss one of the homologous genes or pseudogenization, and the evolution of new function (Moore and Purugganan, 2003; Semon and Wolfe, 2007; Zhao et al., 2018). Future studies will assess whether GmFBL25 has other functions.



GmFBL144 Is a Key Subunit of the SCFFBL144 Complex

The SCF complex is the main form of the F-box protein that performs function. Some F-box proteins perform function in a non-SCF form in yeast and human (Galan et al., 2001; Nelson et al., 2013), but this has not been found in plants. Interestingly, some F-box proteins can perform functions in both SCF and non-SCF forms in human, for example Fbxo7 (Nelson et al., 2013). Presently, research on plant F-box proteins mainly focuses on their SCF-dependent functions, and there are a large number of F-box proteins in plant. Therefore, it is impossible to rule the existence of the SCF-independent functions of F-box proteins. Previous studies suggested that Cullin1 and Rbx1, Skp1 form a core scaffold (Gagne et al., 2002; Qinxue et al., 2018; Ban and Estelle, 2021). However, in our study, the interaction between Cullin1 and Skp1 was weak, but GmFBL144 can promote the combination of Cullin1 and Skp1 to form SCFFBL144. This result may be related to the binding of GmFBL144 and GmSkp1, which changes the conformation of GmSkp1 resulting in binding-capacity enhancement of GmCullin1 and GmSkp1.



GmFBL144 Enhances the Sensitivity of Plants to Drought Stress

F-box genes play an important role in plant growth, development and stress responses. Recently, considerable research has suggested that F-box genes participate in drought stress responses. For example, Capsicum annuum Drought-Induced F-box Protein 1 (CaDIF1) is a positive regulator of drought tolerance (Lim et al., 2019). Under drought stress, F-BOX OF FLOWERING 2 (FOF2) positively regulated ABA-induced stomatal closure, resulting in reduced water loss (Qu et al., 2020). In addition, Li et al. (2020b) found that SITLFP8 (Tubby-like F-box protein 8) can enhance tomato drought tolerance by decreasing water loss via changing stomatal density. In general, previous studies have shown that F-box genes enhance the drought stress tolerance of plants. However, our study showed that GmFBL144 enhanced the sensitivity of plants to drought stress, potentially caused by the interaction between GmFBL144 and GmsHSP. sHSP as an important molecular chaperone can maintain protein stability (Morris et al., 2010; Papsdorf and Richter, 2014). They also associate with membranes. Sakthivel et al. (2009) found that HspA can stabilize membrane proteins such as the photosystems and phycobilisomes from oxidative damage. Balogi et al. (2008) found that a mutant Hsp17 (Q16R) with increased thylakoid association can improve the tolerance of UV-B damage in synechocystis. In our study, GmsHSP was a positive regulator of drought stress (Figure 7E). When plants were subjected to poor environmental conditions, the homeostasis was maintained through the molecular chaperone and proteolytic systems (Li et al., 2019, 2020d). In our study, GmFBL144 was down-regulated and GmsHSP was up-regulated under drought stress (Supplementary Figure 2). These results indicated that soybean can withstand drought stress by enhancing the chaperone system. Previous studies have found that F-box genes positively regulated drought tolerance, likely because F-box proteins maintain intracellular homeostasis via the UPS, or increase the content of positive regulatory factors of drought stress. However, in our study, the GmFBL144 may degrade GmsHSP by SCFFBL144, destroying the molecular chaperone system and aggravating the protein homeostasis imbalance that leads to drought sensitivity (Figure 8).
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FIGURE 8. Model for molecular mechanism of GmFBL144. (A) In response to drought stress, GmsHSP was increased through the inhibition of GmFBL144. (B) GmFBL144 can form SCFFBL144 with Skp1 and Cullin1 to promote the ubiquitinated degradation of GmsHSP by 26S proteasome, which reduces plants drought tolerance.





CONCLUSION

In this study, a total of 507 GmF-box genes were identified, and classified into 11 subfamilies. The expansion of the GmF-box gene family was primarily caused by WGD/segmental duplication. Under drought stress, the expression of GmFBL144 was down-regulated (Supplementary Figure 2). Overexpression of GmFBL144 enhanced sensitivity to drought stress. GmFBL144 can form SCF with Skp1 and Cullin1, and interact with GmsHSP. GmFBL144 may promote sHSP ubiquitination through forming SCFFBL144, and then the ubiquitinated sHSP is degraded by 26S proteasome (Figure 8B).
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Soybean is one of the important food, feed, and biofuel crops in the world. Soybean genome modification by genetic transformation has been carried out for trait improvement for more than 4 decades. However, compared to other major crops such as rice, soybean is still recalcitrant to genetic transformation, and transgenic soybean production has been hampered by limitations such as low transformation efficiency and genotype specificity, and prolonged and tedious protocols. The primary goal in soybean transformation over the last decade is to achieve high efficiency and genotype flexibility. Soybean transformation has been improved by modifying tissue culture conditions such as selection of explant types, adjustment of culture medium components and choice of selection reagents, as well as better understanding the transformation mechanisms of specific approaches such as Agrobacterium infection. Transgenesis-based breeding of soybean varieties with new traits is now possible by development of improved protocols. In this review, we summarize the developments in soybean genetic transformation to date, especially focusing on the progress made using Agrobacterium-mediated methods and biolistic methods over the past decade. We also discuss current challenges and future directions.

Keywords: soybean transformation, transformation efficiency, genotype, Agrobacterium, biolistic method, genome editing


INTRODUCTION

Soybean [Glycine max (L.) Merrill] is a legume crop belonging to the family of Leguminosae, a subfamily of Papilionoideae. Soybean is grown worldwide and is one of the most important crop plants for its high seed oil and protein content, and for its capability to fix atmospheric nitrogen by symbioses with soil-borne microorganisms. Recent studies on high-quality reference genome sequencing of a United States variety, Williams82 (Schmutz et al., 2010), a Japanese variety, Enrei (Shimomura et al., 2015), a Chinese cultivar, Zhonghuang13, and a wild soybean, W05 (Shen et al., 2018; Xie et al., 2019) have estimated that there exist a total of 46,430 protein-coding genes in soybean, 70% more than that in Arabidopsis. Soybean is an ancient polyploidy (palaeopolyploid) plant with a highly duplicated genome. Nearly 75% of the genes are present in multiple copies, representing a threefold redundancy due to its long evolutionary history (Schmutz et al., 2010). Some repetitive sequence families may be species-specific (Morgante et al., 1997). Several other databases have been developed, including an expressed sequence tag (EST) database, full-length cDNAs and cDNA microarrays (Stacey et al., 2004; Umezawa et al., 2008), and a haplotype map (GmHapMap) (Torkamaneh et al., 2019). These resources provide a wide range of opportunities for soybean improvement by marker-assisted breeding and with transgenic and genome editing approaches, and for understanding gene function through various forward and reverse genetic approaches. Most of these approaches are reliant on high-throughput transformation systems.

Genetic transformations allow for various genes of interest to be introduced and expressed in cells of living organisms, which can also overcome barriers of sexual incompatibility. Soybean genetic transformation was originally developed in late 1980s. The first fertile transgenic soybeans were produced by either regeneration of cotyledonary nodes infected with Agrobacterium tumefaciens (Hinchee et al., 1988) or by particle bombardment using meristems of immature soybean seeds (Mccabe et al., 1988). The development of soybean transgenic methods before 2013 has previously been extensively reviewed (Homrich et al., 2012; Yamada et al., 2012; Lee et al., 2013; Mariashibu et al., 2013). Soybean improvements using these transformation methods have been continued over the last 30 years. Since the first transgenic herbicide-resistant soybean product was commercialized in the mid 1990s, soybean has become one of the most important crops improved using modern biotechnology and one of the major commercially grown transgenic plants around the world. Genetically modified (GM) soybean, especially the GM Roundup Ready soybean resistant to glyphosate herbicides, has been grown in many countries including the United States, Argentina, and Brazil (Pagano and Miransari, 2016), which has made it a leading biotech crop. This soybean variety allows for growers to spray herbicides to kill any weeds in the field while not killing the soybean crop1. It was reported that about 105 million hectares of GM soybean was grown in 2017, and that about 272 million metric tons of seeds were produced, which accounted for 80% of all soybean production in the world (Voora et al., 2020). Genetic engineering has been conducted to enhance the protein quality of soybean by altering biosynthetic feedback pathways that increase lysine and sulfur-containing amino acids (Falco et al., 1995). Many types of GM soybeans have improved traits such as increased oleic acid content, decreased linolenic acid content, delayed flowering time, modified plant architecture and increased yield (Yamada et al., 2012). With increasing soybean demands around the world, especially from China, developing GM soybean varieties with high quality and yield is the main task for soybean researchers and breeders. Recently, genome editing (GE) technologies, especially the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) technology, have been used for studying soybean genetics and commercial trait development (reviewed in Xu et al., 2020). However, using genome editing technologies on plants has been heavily dependent on efficient transformation systems and regeneration of plants containing edited events (Ran et al., 2017; Gao, 2021). Therefore, an efficient and genotype-flexible transformation system is key to realizing soybean improvement using these new technologies. Unfortunately, soybean remains recalcitrant to routine transformations compared to other major cultivated crops such as rice (Chen et al., 2018b). Low transformation frequency and genotype inflexibility are major hurdles that limit soybean transgenesis and breeding. In this review, we will summarize the major achievements that have been made in this field since 2013, and describe current best methods used for achieving stable and transient transformations in soybean. We also describe the remaining challenges that need to be addressed.



CURRENT TRANSFORMATION METHODS DEVELOPED FOR SOYBEAN

Various transformation methods have been developed for soybean. Here, we will summarize each transformation method and its ability to produce either stable transgenic plants or transient events used for soybean research (Figure 1).
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FIGURE 1. Current available genetic transformation methods for soybean. The left part with greenish color shows transformation methods to produce stable whole plants. The right part with yellowish color shows transformation methods for transient assay.



Tissue-Specific or Transient Transformation Systems for in vivo Assays

Transient assays are used for a variety of studies including the functional genomics of in vivo gene expression and subcellular gene localization, and determination of genome editing efficiency. For soybean, Agrobacterium rhizogenes-mediated transformation, protoplast transfection, Agro-infiltration, and electroporation have been developed. Agrobacterium transformation and protoplast transfection are frequently performed for transient assays.


Agrobacterium rhizogenes-Mediated Transformation

Agrobacterium rhizogenes-mediated transformation leads to development of a hairy-root phenotype. This method relies on co-transfer of T-DNAs from the Ri plasmid and a binary vector containing a gene of interest into the plant genome (Christey, 2001; Broothaerts et al., 2005). Large numbers of transgenic hairy-roots can be obtained in the absence of exogenous plant growth regulators (Collier et al., 2005), and each represents an independent transformation event (Kereszt et al., 2007). The relatively short timeframe (approximately 6–8 weeks) for recovering transformants is a major advantage for screening genes and promoters or expressing foreign genes in a stably transformed plant as a bioreactor (Cho et al., 2000; Bahramnejad et al., 2019). This method is also used for studying functional genomics in soybean roots. This approach has been used to characterize promoters (Hernandez-Garcia et al., 2009; Li et al., 2014), propagation of nematodes (Cho et al., 2000), symbiotic interactions (Hayashi et al., 2012), pathogenic interactions (Li et al., 2010), gene silencing by RNA interference (RNAi) (Subramanian et al., 2004), and recently for measuring genome editing activity (Du et al., 2016; Cheng et al., 2021). Recently, a reporter gene AtMyb75, encoding an R2R3 type MYB transcription factor, was ectopically expressed in hairy roots-mediated by A. rhizogenes and induced purple/red colored anthocyanin accumulation in soybean hairy roots. This is a convenient, non-destructive, low cost, directly visual selection of transgenic hairy roots (Fan et al., 2020). Several efficient transformation protocols have been developed for studying functional genomics and root biology (Kereszt et al., 2007; Kuma et al., 2015; Chen et al., 2018a,c; Fan et al., 2020; Song et al., 2021).



Protoplast Transfection

The first genetic transformation of soybean protoplasts was achieved by electroporation by Lin et al. (1987). Dhir et al. (1992) was the first to report the transformation of immature cotyledon-derived protoplasts and regeneration of transgenic plants from calli derived from electroporation-transfected protoplasts. Protoplasts could be a good explant for transformation if an efficient regeneration system is established, especially since a large number of protoplasts can be transfected at a time and many forms of genetic materials such as DNA, RNA, and protein can be delivered. Unfortunately, protoplast transfection has not yet been conducted for soybean transgenic plant production. The main challenge is achieving protoplast regeneration, which has yet to be reported in soybean. Protoplast-based transfection has been mainly conducted to evaluate gene functions (Yi et al., 2010; Faria et al., 2011; Kidokoro et al., 2015; Xiong et al., 2019), screen promoters (Sultana et al., 2019), and validate vectors for GE (Sun et al., 2015; Demorest et al., 2016; Do et al., 2019; Patil et al., 2022). Recently, Wu and Hanzawa (2018) developed a method to isolate protoplasts from leaves of soybean seedlings and established a PEG-mediated transfection method that can achieve high transfection efficiency compared to other transient assays.



Agro-Infiltration

Agrobacteria can be infiltrated into the intercellular space of plant tissues to permit the delivery of genes from different organisms into plant genomes (Grimsley et al., 1986). Ever since this method was successfully established for soybean (King et al., 2015), it has been used for virus-induced gene silencing (VIGS) (Kim et al., 2016) and expression of hairpin RNA for RNAi against two-spot spider mites (Dubey et al., 2017).



Agrobacterium tumefaciens-Mediated Transformation

Except for stable transformation, A. tumefaciens is used to carry out transformation for soybean transient assay. Kun et al. (2017) established an Agrobacterium-mediated transient system using calli induced from hypocotyl explants. It has been successfully used in many specific assays including Western blot and Co-IP assay for protein analysis. The system is genotype-flexible and cost-saving. However, it takes a couple of months to complete the assay.



Electroporation

Electroporation is a technique that utilizes a high intensity electric pulse to create transient pores in the cell membrane, thereby facilitating the uptake of macromolecules such as DNA. Christou et al. (1988) conducted electroporation to deliver constructs into soybean calli and showed stable integration of genes but did not succeed in regenerating plants. Later, Chowrira et al. (1995) reported on electroporation of intact nodal meristems which avoided the soybean tissue culture process completely, but no transgenic plants have been recovered.




Transformation Systems for Stable Transgenic Plants

Agrobacterium-mediated transformation and biolistic methods, and in planta transformation and protoplast transfection methods have been applied for generation of transgenic soybean plants. Among these methods, the A. tumefaciens-mediated and biolistic methods are the two major platforms for stable soybean transformation. The general transformation procedure of both methods is shown in Figure 2. The other methods mentioned above are used less because of relatively low efficiency and the specific technique and equipment required in these methods.
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FIGURE 2. General procedure of Agrobacterium-mediated and biolistic soybean transformation. The route following the green arrows is the Agrobacterium tumefaciens-mediated transformation procedure. The route following the red arrows is the biolistic transformation procedure. The route following the blue arrows in the frame with broken blue line shows Agrobacterium rhizogenes-mediated transformation for transient assay.



A. tumefaciens-Mediated Transformation

A. tumefaciens-mediated transformation of soybean was first initiated using cotyledonary nodes by Hinchee et al. (1988). Since the system was established based on regeneration of mature or immature seed explants, the simplicity and relatively high TF of the method have made it a favorite method for soybean. Relatively high efficient Agrobacterium-mediated transformation protocol has been gradually developed through improving factors such as using an appropriate Agrobacterium strain, a good explant, culture media with adequate antioxidant chemicals and combinations of appropriate plant growth regulators for a specific soybean genotype (reviewed in Yamada et al., 2012; Lee et al., 2013; Li et al., 2017; Table 1). Key elements of the progress are summarized in a later section. Main advantages of Agrobacterium transformation include relatively high ratio of single-copy gene insertion, relative simplicity of the transformation procedure, and low cost (Hwang et al., 2017). However, there is a limitation in delivery of genetic material. It delivers DNA plasmids but cannot deliver DNA fragments, RNAs, or proteins.


TABLE 1. Progress of soybean stable genetic transformation approaches for whole transgenic plants.
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Biolistic Transformation

Biolistic transformation, known as gene gun or particle bombardment, delivers small tungsten or gold particles coated with desired genes to target plant cells (Christou et al., 1988). Since an electrical-discharge gene gun was first used in soybean to regenerate a fertile transgenic plant (Mccabe et al., 1988), gene delivery to meristematic soybean cells by particle bombardment has been considered to be more genotype-flexible for transfer of foreign DNA into soybean (Homrich et al., 2012). Recently, embryogenic callus based biolistic method becomes more popular due to its relatively higher efficiency compared to other explants and its directly delivering way which meets the need for genome editing using RNA and RNPs editing reagents for recovery of DNA-free edited events. In comparison to the A. tumefaciens-mediated method, the biolistic method offers benefits with their capacity to transform organelles and deliver RNA, proteins, nanoparticles, dyes, and complexes to cells (Klein et al., 1987; Liang et al., 2017). The drawback is mainly high transgene copy and relatively high cost, and its application has been restricted in limited soybean genotypes because of unavailable meristematic explants. Compared to plasmid bombardment, utilization of specific constructs including linear minimal expression cassettes (MECs) in biolistic transformation enables the production of plants carrying much simpler patterns of transgene integration, which has been confirmed in plants such as wheat (Ismagul et al., 2018). The major progress in soybean biolistic transformation is presented in a later section and summarized in Table 1.



Other Stable Transformation Methods


A. rhizogenes-Mediated Transformation

Transgenic plants can also be produced by regeneration of hairy roots transformed with A. rhizogenes. Success of stable transformation has been reported in many plant species (Christey, 2001). In soybean, stable soybean transgenic plants were produced from hairy roots using primary-node explants infected by a disarmed A. rhizogenes strain SHA17 (Olhoft et al., 2007) and the several reports of targeted mutation events using genome editing also have been obtained from hairy roots through A. rhizogenes-mediated transformation (Curtin et al., 2011; Haun et al., 2014; Demorest et al., 2016). However, genotype inflexibility has been the main hurdle for using the method in soybean.



In-Planta Gene Transformation

This is an alternative method in which Agrobacterium is used to infect explants, but it does not involve in vitro culture and regeneration of plant cells or tissues (Kalbande and Patil, 2016), thereby reducing time and labor cost, and, most importantly, avoiding somaclonal variation occurrence during in vitro culture-mediated genetic transformation and regeneration. In soybean, an Agrobacterium suspension is directly injected into the ovary (Liu et al., 2009), axillary meristematic region of germinated seedling (Chee et al., 1989), or stigma in which exogenous DNA was introduced into cells via the “pollen-tube-pathway” (Hu and Wang, 1999). Transgenic events could be obtained from progeny seeds. Liu et al. (2009) reported the transfer of a minimal linear marker-free and vector-free smGFP cassette into soybean by pollen tube-mediated gene transfer. Mangena (2019) summarized the progress made in in planta transformation and formulated a simple protocol using in planta Agrobacterium injection of seedlings. Although this could be a tissue culture bypass method and attempts for new ways are made from time to time, its efficiency has been very low and it is often not repeatable. This method has not been widely used.



Transformation Using a New Bacterium

Recently a novel bacterium, Ochrobactrum haywardense H1 (Oh H1), was discovered and it is capable of efficient plant transformation (Cho et al., 2022). Ochrobactrum is able to host for Agrobacterium-derived vir and T-DNA and helps to deliver transgenes in soybean. Oh H1-8 generated high-quality transgenic events by single-copy, plasmid backbone-free insertion at frequencies higher than those of Agrobacterium strains. It achieved high transformation efficiency in several soybean genotypes, which can be up to 35%. The application of the new bacterium-mediated transformation in soybean needs to be evaluated further.






PROGRESS MADE TO IMPROVE SOYBEAN TRANSFORMATION OVER THE LAST DECADE

Since 2010, increasing the transformation frequency (TF) has been the main focus for soybean transformation improvement. Several major factors affecting soybean TF based on Agrobacterium-mediated transformation have been identified, and progress has been made in establishing a high-throughput transformation system (Zhang et al., 2014; Arun et al., 2015, 2016; Yang X. F. et al., 2016; Li et al., 2017; Chen et al., 2018b; Karthik et al., 2020; Pareddy et al., 2020). Some confirmed positive elements in Agrobacterium-mediated transformation protocols have also been applied for enhancing soybean biolistic transformation (Table 1).


Agrobacterium-Mediated Transformation

Soybean transgenic plant production still relies on Agrobacterium-mediated transformation (Figure 2 and Table 1). Recently, high TFs of over 10% have been obtained in more and more soybean genotypes using improved protocols (Zhang et al., 2014; Arun et al., 2015, 2016; Yang X. F. et al., 2016; Li et al., 2017; Chen et al., 2018b; Karthik et al., 2020; Pareddy et al., 2020). The enhancement of TF is based on changes in several factors, including explant, selectable marker, and culture medium composition such as antioxidants, of these protocols (Table 1).


Adjustment of Infection Method and Improving Regeneration

Reducing the explant tissue browning and necrosis caused by Agrobacterium enhances construct delivery and regeneration of transformed cells. Changing the ways for preparation of Agrobacterium infection solutions and co-cultivation media, and modifying infection methods can achieve this goal and eventually increase transformation efficiency. Addition of antioxidants such as dithiothreitol (DTT) in infection solutions and extending co-cultivation time to 5 days achieved an infection efficiency of more than 96% and, hence, increased TF (Li et al., 2017). Infection solutions prepared with a two-round overnight culture of Agrobacterium using AB minimal media in second round culture significantly increased transformation frequency in comparison with the culture using normal YEP medium (Pareddy et al., 2020). It was also found to be beneficial to A. tumefaciens infection when the co-cultivation temperature for soybean transformation was set to 23°C under dim light (Yang X. F. et al., 2016). The same group also demonstrated to alleviate explant necrosis and significantly improve the transformation efficiency when antioxidants alone such as α-lipoic acid (α-LA, 0.12 mM) and silver nitrate (AgNO3, 20 μM), or combinations of antioxidants such as L-cysteine (1 mM) + DTT (3.3 mM) + AgNO3 (20 μM), and L-cysteine (1 mM) + DTT (3.3 mM), were added in the solid co-cultivation medium. For improving regeneration, it was found that adding 6-benzylaminopurine (BAP) in a germinating medium could significantly increase regeneration efficiency, which led to enhancement of TF; the optimal BAP concentration for shoot formation was 0.5 mg/L (Zhang et al., 2014). More examples are presented in Table 1.



Genotype Effect and Explant Choice

In the tissue culture-based transformation process, the composition of culture media and susceptibility of selected explants to Agrobacterium influence soybean transgenic frequency. A highly efficient in vitro culturing system and regeneration of cells susceptible to Agrobacterium are prerequisites for a reliable transformation protocol. Until now, the TF for most tested genotypes of soybean has remained quite low at a level mostly below 5% when conducting Agrobacterium-mediated transformation [summarized in Yamada et al. (2012); Jia et al. (2015), and Li et al. (2017); Table 1]. Since 2000, many research groups have used model soybean varieties such as Jack, Bert, and Williams serials and other specific genotypes because of their amenability to transformation (Olhoft and Somers, 2001; Olhoft et al., 2001, 2003; Paz et al., 2004, 2006; Zeng et al., 2004; Luth et al., 2015). Recently, soybean transformations with high TFs have been reported using specific genotypes. For example, it was claimed 23.1% with Zhonghuang13 (Zhang et al., 2014) and an average of 14% TF for a local Indian genotype, DS-9712 (Hada et al., 2018). Improvement based on Agrobacterium-mediated soybean transformation has been made to expand target genotypes from conventional model varieties to many elite varieties (Ko et al., 2003; Yi and Yu, 2006; Sato et al., 2007; Song et al., 2013; Arun et al., 2015; Pareddy et al., 2020). For example, over 5% TF for more than 10 varieties was achieved with a robust protocol (Pareddy et al., 2020).

Since Hinchee et al. (1988) obtained transgenic events, the cotyledonary node of mature seeds has been the most favorite explant used for Agrobacterium-mediated soybean transformation using many other explants such as embryonic tips and calli (Figure 3). Cotyledonary node regions have axillary meristems at the junction between cotyledon and hypocotyl, which can proliferate and regenerate by the formation of multiple adventitious shoots on a culture medium containing cytokinin. Successful transformation has been achieved using similar organogenesis from various explants, which include germination seeds (Chee et al., 1989), embryonic shoot tips (Martinell et al., 2002; Liu et al., 2004), cotyledonary nodes from immature seeds (Parrott et al., 1989; Yan et al., 2000; Ko et al., 2003), cotyledonary nodes from mature seeds (Meurer et al., 1998; Zhang et al., 1999; Donaldson and Simmonds, 2000; Olhoft and Somers, 2001; Olhoft et al., 2001; Paz et al., 2004; Zeng et al., 2004; Liu et al., 2008), half-seeds (Paz et al., 2006; Pareddy et al., 2020), whole cotyledonary nodes (Zhang et al., 2014) and hypocotyls (Dan and Reichert, 1998; Liu et al., 2004; Wang and Xu, 2008), and other explants with different regeneration procedures such as calli induced from geminated seedlings (Hong et al., 2007) and embryogenic suspension cultures (Trick and Finer, 1998). However, successful and repeatable production of transgenic soybean via Agrobacterium-mediated transformation has mainly been based on protocols with explants containing cotyledonary nodes from young seedlings and imbibed mature seeds (Zhang et al., 1999; Olhoft et al., 2003; Paz et al., 2006). Recently, half-seeds have gradually become the trend for explants since (Paz et al., 2006) their first use, because half-seed explants possess advantages to have more nutrition supply for shoot regeneration compared to cotyledonary nodes and to be prepared within a short time (less than 1 day) due to using imbibed seeds, which reduces the period of total regeneration and labor cost. Based on descriptions of explants in several reports (Paz et al., 2006; Pareddy et al., 2020), half-seed, whole cotyledon, and split seed explants can now be put under the same category of half-seed explants. Obtaining TFs of over 10% for soybean with half-seed explants have been demonstrated in many reports (Zhang et al., 2014; Arun et al., 2016; Li et al., 2017; Chen et al., 2018b; Hada et al., 2018) (Table 1). The highest TF of 34.6% has been obtained using these explants together with nitric oxide treatment in a co-cultivation medium in the protocol made by Karthik et al. (2020). Some specific explant treatments such as sonication in combination with vacuum infiltration, sonication in combination with surfactant, or just sonication (Mariashibu et al., 2013; Arun et al., 2015; Guo et al., 2015; Zhang et al., 2016; Hada et al., 2018), and pre-wounding with a multi-needle consisting of 30 thin fibers (Xue et al., 2006) or a micro-brush (Yamada et al., 2010) were also used before Agrobacterium infection to increase infection rate and TFs, because these treatments facilitate the penetration of Agrobacterium into plant tissues and increase the contact between plant cells and the bacterium, and stimulate the infection ability of the bacterium, which leads to T-DNA transfer into plant cells.
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FIGURE 3. Types of explants used for soybean transformation. (A) Germination seed. (B) Embryonic shoot tips. (C) Cotyledonary nodes from immature seeds. (D) Cotyledonary nodes from mature seeds (yellow cotyledon means use cotyledon directly from mature seed; the green one means use mature cotyledon after germination under light). (E) Whole cotyledonary node. (F) Half-seed. (G) Hypocotyl. (H) Callus induced from geminated seedlings. (I) Embryogenic suspension cultures.




Addition of Antioxidants in Medium

Antioxidants, in general, are known to reduce pathogen-induced programed cell death (Mittler et al., 1999). These include inhibitors of polyphenol oxidases (PPOs) and peroxidases (PODs) through the action of their thiol group, such as compounds L-cysteine, DTT, and sodium thiosulfate. They are commonly used to reduce enzymatic browning in food processing caused by deposition of tannins (Nicolas et al., 1994; Ghidelli et al., 2014). Polyvinylpyrrolidone (PVP), DTT, L-cysteine, glutathione, α-LA, L-ascorbic acid, and citric acid have been confirmed to decrease tissue necrosis of explants used for Agrobacterium-mediated transformation (Barampuram and Zhang, 2011). Either one or more than 2 of the chemicals have been used in soybean transformation (Olhoft and Somers, 2001; Olhoft et al., 2003; Paz et al., 2004; Yi and Yu, 2006; Liu et al., 2008). L-cysteine and DTT have been frequently used in soybean transformation since its first use by Olhoft et al. (2001). Reports clearly showed that there was less browning on the cut and damaged surfaces of the hypocotyl, cotyledon node region, and on the cotyledon of explants, which increased the TF of stable transformations (Olhoft et al., 2001, 2003; Paz et al., 2004; Li et al., 2017). A high average TF of 12.7% resulted from the combination of L-cysteine and DTT, which was significantly greater than that of either L-cysteine or DTT alone (Olhoft et al., 2003). The positive effect has been continuously confirmed in recent reports (Table 1). Another type of antioxidants is a group of sulfur-containing compounds involved in several multienzyme complexes such as α-LA. These include pyruvate dehydrogenase, α-ketoglutarte dehydrogenase, branched-chain ketoacid dehydrogenase, and glycine decarboxylase (Dan et al., 2009). Adding the antioxidant α-LA in a co-cultivation medium could increase transient GUS expression and increased the percentage of shoot induction (Yang X. F. et al., 2016). In this report, 0.12 mM α-LA was found to be the most useful for alleviating browning and necrosis. Other antioxidants conventionally used in plant tissue culture, such as ascorbic acid, PVP, and citric acid, may promote soybean transformation efficiency, but their roles have not yet been made clear (Li et al., 2017). Plant hormone-like antioxidants such as sodium nitroprusside (SNP), a nitric oxide (NO) donor, play varied roles in growth and development of plants. Nitric oxide is involved in cell metabolism and morphogenesis and acts as a signaling molecule in response to various biotic and abiotic stresses (Verma et al., 2020), and can alleviate abiotic stress threat in plants reacting quickly with ROS. SNP significantly enhanced regeneration and development rate of soybean plants (Karthik et al., 2019); addition of SNP also significantly increased soybean TF by up to 34.6% with the half-seed method (Karthik et al., 2020).



Addition of Other Chemicals in Culture Medium

Except for antibiotics, chemicals related to host defense response, ethylene inhibitors, surfactants, demethylating reagents, polyamines, and antagonist α-aminooxyacetic acid (AOA) are proved to have a positive effect on improving TF. L-glutamine and L-asparagine are types of chemicals that weaken host defense responses. It has been reported that the addition of L-glutamine into a culture medium alone or in combination with a cold shock pretreatment could enhance Agrobacterium transformation efficiency (Zhang et al., 2013). Although the mechanism is still not clear, L-glutamine could play a role in lessening host defense responses by attenuating the expression of certain pathogenesis-related genes (PRs), and potentially improve the efficiency of Agrobacterium-mediated plant transformation (Zhang et al., 2013, 2014). It was demonstrated that TF was significantly increased in soybean when additional L-glutamine or L-asparagine alone, or both of them were added in all culture media (Chen et al., 2018b). The TF was 8.8 ± 1.5 (L-glutamine), 5.9 ± 2.1% (L-asparagine), 11 ± 0 (both), and 3.5 ± 2.4% (without any one of them). Ethylene inhibitors such as AgNO3 have a positive effect on transformation. It has been reported that Ag+ interferes with the binding of ethylene receptor sites and helps reduce ethylene production by promotion of polyamine biosynthesis (Roustan et al., 1990). The main function of AgNO3 is to eliminate the potential danger to plant cells and tissues in liverwort caused by ethylene (Beyer, 1979). It has already been confirmed to promote somatic embryo production and shoot regeneration in wheat and maize (Carvalho et al., 1997; Fernandez et al., 1999). This effect has been proved to improve soybean TF (Olhoft et al., 2004; Li et al., 2017). A nearly 10% TF with genotype Heilong44 was reported when BAP and AgNO3 were added into a culture medium (Wang and Xu, 2008). Surfactants such as SilwetL-77 and pluronic acid F68 also increase TF, which initially showed to enhance T-DNA delivery in wheat Agrobacterium-mediated transformation when added into an inoculation medium (Cheng et al., 1997). This was also confirmed in soybean transformation. It was reported that adding SilwetL-77 to an infection medium coupled with hygromycin-based selection strategies led to transformation efficiencies ranging from 3.8 to 11.7% in Chinese soybean varieties (Liu et al., 2008). SilwetL-77 has been frequently used to increase soybean TF (Yamada et al., 2010; Guo et al., 2015). Surfactants may enhance T-DNA delivery by aiding A. tumefaciens attachment and/or by elimination of certain substances that inhibit A. tumefaciens attachment (Opabode, 2006). Polyamines enhance plant cell differentiation, induce totipotency, and increase cell division (Rakesh et al., 2021). Addition of polyamines in the plant transformation process leads to vir gene induction and T-DNA transfer, and increases transformation efficiency (Kumar and Rajam, 2005). As high as 29.3% TF in soybean has been achieved by addition of spermidine, spermine, and putrescine in a culture medium compared with its counterparts (14.6%) and with respective plant growth regulator (PGR) alone (Arun et al., 2016). Demethylating reagents commonly applied in epigenetic research such as 5-azacytidine (5-Azac), significantly improve the transient transfection efficiency and transgene expression level in low-efficiency genotypes. Treatment with 5-Azac improved the shoot regeneration efficiency in low-efficiency genotypes during the process of Agrobacterium-mediated soybean transformation. This indicates that lower methylation level in transgenes contributed to enhance shoot regeneration in Agrobacterium-mediated soybean transformation (Zhao et al., 2019b). Antagonist AOA relieves the structural membrane barriers of Agrobacterium entering cells, hinders the perception of intercellular signal transmission, and thus effectively alleviates defense responses and increases the susceptibility of cells to Agrobacterium infection. Combined use of AOA and sonication treatments (novel method) greatly improved T-DNA delivery efficiency in soybean (Zhang et al., 2015, 2016).



Refining Selection Agents

The most frequently used selectable markers in both the somatic embryogenesis- and organogenesis-based soybean transformation methods are genes conferring resistance to herbicides or antibiotics so as to reduce escape rate significantly. The selectable markers include bar and pat genes conferring resistance to phosphinothricin, the active ingredient in BASTA and bialaphos herbicides (Zhang et al., 1999; Olhoft and Somers, 2001; Olhoft et al., 2001; Paz et al., 2004; Testroet et al., 2017; Pareddy et al., 2020), EPSPS (5-enolpyruvylshikimate-3-phosphate synthase) genes conferring resistance to the herbicide glyphosate (Martinell et al., 1999; Clemente et al., 2000; Yao, 2001; Guo et al., 2015; Xiao et al., 2019), and the nptII gene conferring resistance to the antibiotics kanamycin (Homrich et al., 2012) and hph or hpt II (hygromycin phosphotransferase) genes conferring resistance to hygromycin B (Yan et al., 2000; Ko et al., 2003; Olhoft et al., 2003; Liu et al., 2008). Recently, Hph and Bar or Pat have been proven to be the most favorite selectable markers (Table 1). An average transformation frequency as high as 29.3% was achieved with the half-seed (Arun et al., 2016) and 13.3–18.6% with cotyledonary node explant (Arun et al., 2015) employing hygromycin B selection, which is better than or comparable with that by Olhoft et al. (2003). Glufosinate has also been used as a selection agent based on the bar or the pat gene and initially had less than 10% TF in soybean transformations involving the half-seed (Paz et al., 2006) and embryo tip (Dang and Wei, 2007) explants. Recently TFs of over 10% have been obtained with cotyledonary nodes (Hada et al., 2014; Yang X. F. et al., 2016) and half-seeds (Li et al., 2017; Chen et al., 2018b; Pareddy et al., 2020). A 34.6% TF was reported using a protocol with addition of sodium nitroprusside (SNP) when Basta was sprayed for selection (Karthik et al., 2020). Since an epsps/glyphosate selection based protocol is established (Martinell et al., 1999), glyphosate has gradually been incorporated into transformation as a selectable agent and has shown its beneficial side for high stringency. In order to quickly and efficiently screen glyphosate-tolerant events, a rapid and convenient spotting method was established for screening regenerated glyphosate-tolerant T0 plantlets (Guo et al., 2020a). In this report, an optimized Agrobacterium-mediated soybean transformation system with rapid and effective selection of transformed cells was developed, with TFs ranging from 2.9 to 5.6%. Especially, 96% regenerated T0 plantlets showed clear tolerance to glyphosate and their transgenic nature were confirmed by molecular analysis. Spectinomycin was also used as a selective agent to obtain transgenic soybean when the aminoglycoside-3′′-adenylyltransferase gene (aadA) was used as a selectable marker (Martinell et al., 2002). The spectinomycin selection protocol demonstrated higher frequency of transformation, a shorter period of time needed to complete each protocol, and lower cost compared with the glyphosate selective protocol. Soybean transformation using a GFP as a detection marker was also reported, and transgenic plants could be identified at an early stage, although the frequency was not high (2.5%) (Yang S. et al., 2019). Combined with a normal selectable marker and a selection agent, GmFAST (fluorescence-accumulating seed technology) has recently been developed to identify homologous transgenic seeds. It is a marker composed of a soybean seed-specific promoter coupled to the OLE1-GFP gene, which encodes a GFP fusion of the oil-body membrane protein OLEOSIN1 of Arabidopsis thaliana and is a time-saving and efficient method to produce homologous transgenic events (Iwabuchi et al., 2020).

Generally, the efficiency of Agrobacterium-mediated transformation in soybean has been enhanced by improving both Agrobacterium infection and explant regeneration. Addition of antioxidants such as DDT, L-cysteine, and NO in a co-cultivation medium and some infection-assisting specific chemicals including surfactants and AgNO3, and some regeneration-promoting elements such as polyamines (Table 1), plays an important role in the improvement. All of the measures have facilitated Agrobacterium to transform the meristematic region of soybean explants. Recently, a specific Agrobacterium-mediated protocol was reported, which conducted bombardment to make wounding and reduce the lab work time to only 2 days in the transformation process and kept the rest time to grow T0 plants in a glasshouse (Paes de Melo et al., 2020). Transgenic events were screened using a swab to spread glufosinate solution on leaves of putative events and the TF reached nearly 10%. This method avoided many tissue culture steps and may be a cost-saving protocol.




Biolistic Transformation

Since Mccabe et al. (1988) reported the first transgenic soybean plant using the biolistic method, many reports of soybean biolistic transformation have been published and the development of this method in the first 25 years has been reviewed by Homrich et al. (2012); Lee et al. (2013), Mariashibu et al. (2013), and Mangena et al. (2017). Initially, meristems of soybean tissues as the target tissue were used for bombardment such as embryonic axes of immature and mature seeds (Sato et al., 1993; Aragão et al., 2000; Rech et al., 2008; Soto et al., 2017). In later studies, somatic embryos (Finer and Mcmullen, 1991; Finer and Larkin, 2008; Finer, 2016) were the most frequently used explants for biolistic transformation. However, chimeric transgenic plants were produced because of multiple cell layers (L1, L2, and L3) in the original apical meristem of soybean (Christou, 1990; Christou and Mccabe, 1992). Fortunately, using secondary somatic embryos and new selective markers such as EPSPS has eliminated transgenic chimeras (Sato et al., 1993; Martinell et al., 1999). Somatic embryo regeneration and proliferation were initiated either on semi-solid media (Parrott et al., 1989) or liquid suspension culture media (Finer and Nagasawa, 1988). Co-transformation of multiple plasmids or multiple gene inserts in same constructs with selectable markers has been achieved (Hadi et al., 1996; Li et al., 2015). Since 2010, factors such as explant type, abiotic stress treatment, selectable marker, and tissue culture method have been the main focus to improve biolistic transformation TF, and reliable protocols for the biolistic method with embryogenesis-based explant have been developed to produce a reasonable number of transgenic plants (Table 1). For example, a TF of up to 6% was achieved with cp4epsps as selectable marker when embryonic axes of mature seeds of the INCASoy-36 Cuban cultivar were bombarded (Soto et al., 2017). Chennareddy et al. (2018) combined an immature half-seed explant with an intact embryonic axis, cold and plasmolysis pre-treatment, and a specific somatic embryogenic callus regeneration medium in their protocol. They achieved 5% TF with HPH/hygromycin selection and 2.7% with DSM2/glufosinate selection. A selection system using NPTII/G418 was developed for a biolistic-transformed embryogenic callus rather than the most used HPH/hygromycin system and similar TF in comparison with the HPH system was obtained (Itaya et al., 2018). The current status is that soybean biolistic transformation still relies on an embryogenic callus, since it is the prerequisite for establishing a robust transformation system for a specific genotype. Selection for the amenability of an embryogenic callus induced from local elite varieties (genotypes) is the main focus (Joyner et al., 2010; Abbasi et al., 2016; Islam et al., 2017; Raza et al., 2020). An improved biolistic soybean transformation protocol was published using an embryogenic callus induced from an immature cotyledon explant (Finer, 2016), which is a robust one and can produce quite a lot of transgenic plants within 6–9 months.




RECENT APPLICATIONS OF SOYBEAN TRANSFORMATION FOR TRAIT IMPROVEMENT

Transgenic technology has been used to improve soybean agronomic traits, which include yield component, grain quality, and biotic and abiotic stress tolerance, and economic traits such as oil and biofuel quality, and specific chemical content in seed for human health, and other traits. Trait improvements through forward and reverse genetic approaches in the last 5 years are summarized in Table 2; i.e., downregulation of the pyruvate dehydrogenase kinase gene GmPDHK through RNAi made an average of 42.2% protein content in seeds of transgenic plants, which is significantly increased compared with the non-transgenic control (Jones et al., 2020). Soybean seeds with linolenic acid content in excess of 50% of the total oil have been generated by increasing the expression of the FAD3 gene, which encodes the enzyme that converts linoleic acid to linolenic acid (Yeom et al., 2020). Overexpressing the GmmiR156b (Squamosa promoter-binding protein-like, SPL) gene in soybean and transgenic plants produced significantly increased numbers of long branches, nodes, and pods that exhibited increased 100-seed weight, resulting in a 46–63% increase in yield per plant and no significant impact on plant height in a growth room or under field conditions (Sun et al., 2019). Stable GmMYB14-overexpressing (GmMYB14-OE) transgenic soybean plants demonstrate semi-dwarfism and a compact plant architecture associated with decreased cell size, causing decreased plant height, internode length, leaf area, leaf petiole length, and leaf petiole angle, and improved yield in high density and drought tolerance under field conditions (Chen et al., 2021b). Salt-tolerant transgenic soybean and its applications in field are summarized in a review (Cao et al., 2018). Resistance to soybean cyst nematode (SCN; Heterodera glycines) in stably transformed soybean plants is enhanced by downregulation of the HgY25 and HgPrp17 genes, which are related to reproduction and fitness (Tian et al., 2019). Overexpression of PAC1 and GmKR3, a TIR–NBS–LRR-type R gene, can increase multiple virus resistance in transgenic soybean and, thus, provide an efficient control strategy against RNA viruses such as SMV, BCMV, WMV, and BPMV (Xun et al., 2019). Overexpression of GmDR1 [Glycine max disease resistance 1 (Glyma.10G094800)] led to enhanced resistance not only against F. virguliforme but also against spider mites (Tetranychus urticae, Koch), soybean aphids (Aphis glycines, Matsumura), and SCN (Ngaki et al., 2021). Many types of herbicide-resistant transgenic soybean, such as glyphosate-resistant, dicamba-, and 2,4-D-resistant, are grown widely in the United States (Nandula, 2019). Transgenic soybean plays an important role in soybean production worldwide now, and transgenic soybean covers 50% of the global transgenic crop area, occupying 94.1 million ha (Nandula, 2019). Therefore, a better soybean transformation system is the base for soybean improvement through transgenic technology.


TABLE 2. Summary of transgenic approaches for soybean trait improvement and functional genomics in the last 5 years.
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CHALLENGES AND FUTURE DIRECTIONS IN SOYBEAN TRANSFORMATION

Although much effort has been made to improve the transformation systems for soybean, there are some challenges such as genotype flexibility, low transformation frequency, time to time chimerism in T0 transgenic plants, and availability of a system for new breeding technologies such as genome editing.


Genotype Flexibility

Like in other recalcitrant plant species, genotype inflexibility has been an obstacle that restricted the scope of soybean transformation. The ideal soybean transformation target material for trait improvement would be any elite variety with excellent agronomic characteristics. However, most reliable transformations are still based on specific genotypes although genotypes amenable to transformation have expanded to some preferred genotypes. For example, in the early stage, successful Agrobacterium-mediated transformation occurred in several genotypes and their derivatives such as Williams, Williams79, and Williams82 (Paz et al., 2004, 2006). High-efficiency Agrobacterium-mediated transformation is only achieved in a limited number of elite lines (Zhang et al., 2014; Arun et al., 2015, 2016; Yang J. et al., 2016; Li et al., 2017; Chen et al., 2018b). High-efficiency genotypes possess greater susceptibility to Agrobacterium infection, which has been confirmed in many reports (Jia et al., 2015; Yang J. et al., 2016; Yang X. F. et al., 2016; Zhao et al., 2019b). The competency of cotyledons of seeds to Agrobacterium infection and the ability to regenerate plants are key factors. These may be determined by cell defense response, including attachment of A. tumefaciens to plant cells, plant signals sensed by A. tumefaciens, regulating vir gene expression, T-DNA/virulence protein transport or initial contact of A. tumefaciens to plants and cytoplasmic trafficking, and nuclear import of T-DNA and effector proteins (Hwang et al., 2017). An important step to enhance the transformation efficiency of recalcitrant genotypes is to improve the genotypes’ susceptibility to Agrobacterium infection. Many commonly used treatments to increase transformation efficiency such as heat shock, cold shock, antioxidants, and hypoxia may act by suppression of cellular response to Agrobacterium infection (Zhang et al., 2013). Combinations of various positive factors discovered or developed recently have promoted Agrobacterium-mediated soybean transformation to extend genotype scope (Table 1). For example, transgenic events have been obtained from 19 out of 20 genotypes based on an improved protocol (Pareddy et al., 2020) and 7 out of 8 genotypes (Zhao et al., 2019b). One important progress in these reports is that over 5% of TFs were obtained in nearly half of these genotypes. The second factor that affects genotype flexibility is the regeneration ability of donor genotypes, which restricts TFs for both Agrobacterium-mediated and biolistic transformations. Increasing the amenability of many soybean genotypes to regenerate may be conducted by either adding some specific chemicals in the culture medium described above or using plant regeneration factors or regeneration booster genes. Significant progress has been made to improve transformations from various tissue types using plant regeneration factors such as maize (Zea mays) morphogenic genes, Baby boom (BBM) and Wuschel2 (WUS2) genes in maize plant (Lowe et al., 2016), and plant growth regulators such as GROWTH-REGULATING FACTORS (GRF) genes used in monocot and dicot species including soybean (Gordon-Kamm et al., 2019; Debernardi et al., 2020; Kong et al., 2020). Use of these genes significantly increased transformation frequency and reduced genotype obstacle for transformation, providing a good solution for genotype-inflexibility bottleneck in transformation of crops including soybean. For example, introducing AtGRF5 and GRF5 orthologs into soybean cells could improve regeneration and, hence, increase transformation TFs significantly (Kong et al., 2020). GRFs can also enhance shoot organogenesis and callus regeneration, which has been confirmed in dicots including sugar beet, canola, and sunflower. Meanwhile, somatic embryogenesis can be promoted using some genes introduced into explants in soybean, such as soybean orthologs of the Arabidopsis (A. thaliana) MADS box genes AGAMOUS-Like15 (GmAGL15) and GmAGL18, which can also expand soybean genotypes suitable for transformation, especially for biolistic transformation (Zheng and Perry, 2014). Transformation bypass tissue culture such as in planta transformation is an alternative way to overcome genotype inflexibility in soybean (Liu et al., 2009; Mangena, 2019). Nanotechnology-based transformation can also be employed to overcome host range limitation including genotype inflexibility, and can simplify delivery way using pollen channel, and highly increase efficiency (Wang and Zhao, 2019). By integration of multiple-omics technologies, genes related to transformation efficiency should be discovered for increasing transformation efficiency. Use of the novel bacterium O. haywardense H1 may also increase the genotype scope for transformation, since it was claimed to be less genotype sensitive when it was used for soybean transformation (Cho et al., 2022).



Low Transformation Frequency

The average TF for varieties (genotypes) reported is lower than 5%, although improvements have been made by modifying the main factors described above (Table 1). Since the biolistic method tends to use an embryogenic callus as explant because of less chimerism compare to an embryo axis, TFs for biolistic transformation are dependent on the success of embryogenic callus induction for a specific genotype. Therefore, the main focus to improve TFs is to select genotypes that are amenable to embryogenic callus induction, or to stimulate a genotype to produce an embryogenic callus. As described above, the regeneration booster provides a new way to induce an embryogenic callus without genotype limitation, which has been confirmed in monocot plants (Lowe et al., 2018; Gordon-Kamm et al., 2019; Debernardi et al., 2020). Enhancement of TFs for soybean Agrobacterium-mediated transformation is mainly achieved by improving regeneration rates of explants and increasing the susceptibility of explants to Agrobacterium. Half-seed explants have been the major choice, because these explants could provide more nutrition and less damage than cotyledonary nodes (Table 1). Continuously modifying MS-based culture medium composition (Murashige and Skoog, 1962), especially by addition of chemicals discovered through the study of omics, has played a big role in TF improvement, and has been summarized in the section above. Combinations of many factors have promoted the TFs of soybean transformation (Table 1). More efforts should be made to increase the average TFs close to that of other major crops. Again, the morphogenic genes including GRFs described above may play an important role in enhancing soybean transformation frequency.



Chimerism in T0 Transgenic Plant

Chimerism in legume transformation is fairly common, which causes non-transmission of transgenes to subsequent generations either completely or at a lower ratio expected by Mendelian genetics. Therefore, minimizing chimerism in transgenic plants is required to obtain transmission of transgenes to the T1 generation. In soybean, Agrobacterium-mediated transformation of cotyledonary nodes by organogenesis has been extensively conducted for transgenic production in research and commercial product development (Barwale et al., 1986; Homrich et al., 2012; Yamada et al., 2012; Lee et al., 2013; Mariashibu et al., 2013; Mangena et al., 2017). Plant regeneration by organogenesis with an explant containing an embryo axis may be the main cause, since shoots regenerated from soybean shoot tips were derived from 3 superimposed cellular layers (L1, L2, and L3) in the original apical meristem (Christou, 1990; Christou and Mccabe, 1992). Transformed cells existed primarily in the L1 and L2 layers but not in the L3 layer of the apical meristems of regenerated shoots, indicating possible escape in the regenerated shoots during transformation, and this chimerism has been confirmed (Mccabe et al., 1988; Sato et al., 1993). Currently, the chimerism in transgenic soybean is still a major concern in the research community, and inheritance study has been always an important part in transformation protocol development (Pareddy et al., 2020). Improvement for reducing escapes or chimeric rate has been made when strict select stringency was used, especially some new selectable markers/reagents such as AHAS/imazapyr (Aragão et al., 2000; Rech et al., 2008), EPSPS/glyphosate (Martinell et al., 1999; Guo et al., 2015, 2020a; Soto et al., 2017), and AADA/spectinomycin (Martinell et al., 2002). Meanwhile, the modified protocols made use of specific explants, such as somatic embryogenic calli, to reduce the chance of infection with cells at the late development stage, and combined proper selection of chemical agents with high stringency to decrease escape rate dramatically, which led to more than 90% T0 transgenic plants transmitting their transgenes into T1 generation (Soto et al., 2017; Chennareddy et al., 2018; Guo et al., 2020a). Therefore, transgenic soybean with chimeric issues may due to insufficient selection that existed in various protocols.



Development of Transformation Method for New Breeding Technology

Genome editing is the recent advancement in genome engineering, which has revolutionized crop research and plant breeding. GE, through site-specific nucleases (SSNs), can precisely make changes in targeted genome sequence sites by disruption including insertion and deletion, base changes, sequence replacement, and sequence insertion. SSNs include zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and CRISPR/CAS. GE is a fast-developing technology that will potentially play an important role in genomics study and will create opportunities for rapid development of elite cultivars with desired traits. The development of soybean GE has been reviewed in Xu et al. (2020). Recent GE applications in soybean for trait improvement have been summarized in Table 3. For example, function analysis of photo period-related genes such as LHY homologs, J and E1, and tof 16 (Time of Flowering 16) using GE technology showed that more than 80% accessions in low latitude harbor the mutations of tof16 and J, which suggests that loss of functions of Tof16 and J is the major genetic basis of soybean adaptation into tropics. Therefore, maturity and yield traits can be quantitatively improved by modulating the genetic complexity of various alleles of LHY homologs, J, and E1 (Bu et al., 2021; Dong et al., 2021). The findings uncover the adaptation trajectory of soybean from its temperate origin to the tropics. Knockout of GmJAG1, which controls the number of seeds per pod (NSPP), increases by over 8% the yield of a Chinese variety, Huachun 6 (Cai et al., 2021). GmMs1 KO events in soybean were created, which showed male sterility phenotype (Jiang et al., 2021; Nadeem et al., 2021). SCN-resistant mechanisms such as t-SNAREs binding Rhg1 α-SNAP (Dong et al., 2020) and WI12Rhg1 interacting with DELLAs (Dong and Hudson, 2022) were found using GE as a tool. Targeted chromosome cleavage by CRISPR/Cas9 can conceivably induce rearrangements and, thus, emergence of new resistance gene paralogs. CRISPR/Cas9-mediated chromosome rearrangements in nucleotide-binding-site-leucine-rich-repeat (NBS-LRR) gene families of soybean produced a new disease-resistant gene (Nagy et al., 2021). Raffinose family oligosaccharides (RFOs) are major soluble carbohydrates in soybean seeds that cannot be digested by humans and other monogastric animals. Double mutation events, knockouts in two soybean galactinol synthase (GOLS) genes, GmGOLS1A and its homeolog GmGOLS1B, showed a reduction in the total RFO content of soybean seeds from 64.7 to 41.95 mg/g dry weight, a 35.2% decrease (Le et al., 2020). This product improved the soybean nutrition quality. Two transcription systems were also tested in soybean including the single transcriptional unit (STU), SpCas9 and sgRNA are driven by only one promoter, and in the conventional system, the two-component transcriptional unit (TCTU), SpCas9, is under the control of a pol II promoter, and sgRNAs are under the control of a pol III promoter. The results showed that the STU is more efficient (Carrijo et al., 2021). Cpf1 (Cas12a) systems have also been established in soybean for GE (Duan et al., 2021; Kim and Choi, 2021). Meanwhile, different GE systems for soybean have been established using specific editing reagent delivery methods developed for soybean transformation, which produce transgene-free GE events either with the biolistic method (Adachi et al., 2021) and selectable marker-free GT systems by O. haywardense H1-8-mediated delivery (Kumar et al., 2022), or by organ-specific editing using an egg cell-specific promoter (Zheng et al., 2020). All these GE studies on soybean demonstrate that the ability to conduct genome editing directly depends on plant transformation technologies, since recovery of stable events with the target gene edited is normally based on available transformation systems including editing reagent delivery and edited event regeneration. GE has the potential to avoid many regulatory issues regarding transgenics if specific editing reagents are used. Based on the CRISPR/CAS system, gRNA in the form of in vitro-synthesized RNA molecule, together with Cas9 as DNA construct, can be stably integrated into the host genome and constitutively expressed, which might lead to a transgenic event for a GE event. This issue can be resolved by introduction of editing tools without genomic integration or transient expression. Transgene-free or DNA-free edited events in many crops can now be obtained either by delivering the RNA form of sgRNA and Cas9 or Cas9 protein (RNP) using the biolistic method, or by protoplast transfection (Chen et al., 2019a; Xu et al., 2020; Gao, 2021; Kim and Choi, 2021). Transgene-free events can also be recovered with the Agrobacterium-mediated method without selection (Liang et al., 2017). However, genotype flexibility limitation is a major issue for soybean GE in the biolistic method, and low TF for some elite varieties is the main hurdle in the Agrobacterium-mediated method.


TABLE 3. List of soybean genes edited for functional genetics study and trait improvement using genome editing technology.
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CONCLUSION

As summarized above, development of soybean transformation protocols, which pose genotype-flexibility and relatively high efficiency and can easily be adapted in any laboratory, is still a main task for researchers. Reducing biological restrictions such as genotype dependence or tissue-specific and method restrictions will eventually lead to transformation automation and versatile and high throughput, which will facilitate the application of next-generation breeding technologies such as genome editing for soybean improvement. These goals may be achieved with fast progress in fundamental research to unravel basic biological process and genetic background, especially when more regeneration regulators such as morphogenic genes are identified. Transgenic soybean in which various genes can be manipulated will accelerate the validation of gene function in the context of complex gene networks at different plant developmental stages, which will accelerate the understanding of the mechanism of soybean cell regeneration, and it is beneficial for us to modify transformation protocols. New technologies like nanoparticle delivery also bring us hope to break through these barriers as well as the transformation bypass method.
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Soybean is a primary meal protein for human consumption, poultry, and livestock feed. In this study, quantitative trait locus (QTL) controlling protein content was explored via genome-wide association studies (GWAS) and linkage mapping approaches based on 284 soybean accessions and 180 recombinant inbred lines (RILs), respectively, which were evaluated for protein content for 4 years. A total of 22 single nucleotide polymorphisms (SNPs) associated with protein content were detected using mixed linear model (MLM) and general linear model (GLM) methods in Tassel and 5 QTLs using Bayesian interval mapping (IM), single-trait multiple interval mapping (SMIM), single-trait composite interval mapping maximum likelihood estimation (SMLE), and single marker regression (SMR) models in Q-Gene and IciMapping. Major QTLs were detected on chromosomes 6 and 20 in both populations. The new QTL genomic region on chromosome 6 (Chr6_18844283–19315351) included 7 candidate genes and the Hap.XAA at the Chr6_19172961 position was associated with high protein content. Genomic selection (GS) of protein content was performed using Bayesian Lasso (BL) and ridge regression best linear unbiased prediction (rrBULP) based on all the SNPs and the SNPs significantly associated with protein content resulted from GWAS. The results showed that BL and rrBLUP performed similarly; GS accuracy was dependent on the SNP set and training population size. GS efficiency was higher for the SNPs derived from GWAS than random SNPs and reached a plateau when the number of markers was >2,000. The SNP markers identified in this study and other information were essential in establishing an efficient marker-assisted selection (MAS) and GS pipelines for improving soybean protein content.

Keywords: Glycine max, genome-wide association study, genomic selection, genotyping by sequencing, protein content, single nucleotide polymorphism


INTRODUCTION

Soybean [Glycine max (L.) Merr.] provides about 60% of the vegetable-derived proteins worldwide and is a primary meal protein for human consumption, poultry, and livestock feed (Wolf, 1970; Patil et al., 2017). Improving protein content is one of the major breeding objectives in breeding programs (Li S. et al., 2019; Stewart-Brown et al., 2019). Traditional soybean breeding methods require phenotyping and multigeneration selection. Although molecular marker-assisted selection (MAS) by tagging the desired genes during breeding selection is an approach to make the selection more efficient (Collard et al., 2005), it is only relatively effective for traits with high heritability and controlled by major genes (Xu and Crouch, 2008; Xu et al., 2012; Patil et al., 2017). Genomic selection (GS) was developed for the selection of traits controlled by multiple genes, but it has not been practically applied due to the large variation of prediction accuracy in different populations and lacking efficient genotyping platforms (Zhang A. et al., 2017; Liu et al., 2018). With the rapid development of genomic tools and DNA sequencing technology, breeders and geneticists are able to explore molecular approaches to increase seed protein genetic gain (Song et al., 2004, 2013; Schmutz et al., 2010; Wang et al., 2020).

Linkage analysis (Hyten et al., 2004; Nichols et al., 2006; Pathan et al., 2013; Teng et al., 2017; Whiting et al., 2020) and genome-wide association study (GWAS) are powerful tools to identify markers associated with seed protein content in soybean (Hwang et al., 2014; Leamy et al., 2017; Lee et al., 2019; Li S. et al., 2019); to date, a total of 262 loci have been reported through linkage analysis and 107 loci have been reported through GWAS (Patil et al., 2017; Gangurde et al., 2020) per SoyBase.1 These loci were on all the chromosomes, especially chromosome (Chr.) 15 and Chr. 20 (see text footnote 1/). Among these, several quantitative trait loci (QTLs), such as cqPro-20 on Chr. 20 and cqPro-15 on Chr. 15, were confirmed based on a low error rate (lower than 0.01) and in different populations (Patil et al., 2017). More than 150 candidate genes have been suggested to control seed protein content in soybean (Zhang D. et al., 2017; Zhang J. et al., 2018; Zhang Y. et al., 2018; Li S. et al., 2019; Zhang et al., 2019; Wang et al., 2020). The most described genes affecting seed protein content were sugar efflux transporter SWEET39 (Glyma15g05470) and sugar efflux transporter SWEET24 (Glyma08g19580) (Wang et al., 2020).

The populations used for mapping protein content in the previous reports included pedigree-based F2 and F4:6 (Csanádi et al., 2001; Chapman et al., 2003), recombinant inbred lines (RILs) population (Qi et al., 2014; Hacisalihoglu et al., 2018), backcross population (Sebolt et al., 2000; Liang et al., 2010), multiline population (Brummer et al., 1997; Wang et al., 2014; Whiting et al., 2020), nested association mapping population (Gangurde et al., 2020), and natural population (Hwang et al., 2014; Bandillo et al., 2015; Li D. et al., 2019). Most studies used a single population, but some studies used two populations for QTL verification (Vaughn et al., 2014; Zhang D. et al., 2017; Zhang et al., 2019); a few studies analyzed QTL using both the linkage mapping and associate mapping methods (Zhang et al., 2019).

The annual wild soybean (Glycine soja) is an important resource to improve soybean (Lam et al., 2010; Yao et al., 2020). Therefore, the objectives of this study were to: (1) identify QTL conferring seed protein content in RILs derived from cultivated and wild soybeans; (2) identify single nucleotide polymorphism (SNP) markers associated with seed protein content in GWAS and candidate genes controlling the trait; and (3) assess the accuracy of GS base on different SNP sets, training population size, and statistical models.



MATERIALS AND METHODS


Plant Materials


Recombinant Inbred Line

A population of 180 F9-derived RILs was developed from a cross of Jidou12 (Glycine max) and Ye9 (Glycine soja). Jidou12 is a high-yield cultivar with a high protein content that is grown in Shandong Jiaodong Peninsula, Hebei Province, and south-central Shanxi. The seed protein content averaged 46.48% for Jidou12 and 48.78% for Ye9 on a dry weight basis.



Natural Population

A total of 284 soybean genotypes, including 250 accessions selected from germplasm collection by Dr. Lijuan Qiu’s laboratory at the Chinese Academy of Agricultural Sciences and 34 cultivars from Hebei Province, were used for the protein association analysis (Supplementary Table 1). These genotypes were originally from 10 provinces in China (202, 67.5%) and 6 states in the United States (76, 30.1%), South Korea (3, 1.2%), and Japan (2, 0.8%).




Field Design

Field experiments were conducted at Shijiazhuang (114°83′E, 38°03′N) in Hebei Province in a randomized complete block design with three replications in 2008, 2010, 2019, and 2020. The plot size was 3 m × 6 m with six rows and 50 cm space between rows in all the trials. The planting density was 225,000 plants per ha. Each year, the plots were irrigated once at the seed-filling stage. Plants were harvested after 95% of the leaves were falling off. Ten plants were randomly chosen from the middle of the plot for indoor laboratory seed protein content analysis when 95% of plants in the plot were matured.



Statistical Analysis of Phenotypic Data

Seed protein content was quantified using Fourier transform-near IR spectroscopy (Bruker MPA, Karlsruhe, Germany) at the North China Key Laboratory of Biology and Genetic Improvement of Soybean, Ministry of Agriculture. Under the Quant 2 method of OPUS (https://www.bruker.com/en/products-and-solutions/infrared-and-raman/opus-spectroscopy-software/downloads.html) version 5.5 software (Bruker MPA, Karlsruhe, Germany), the samples’ protein content data were calculated using the dry basis model (Yan et al., 2008). Each RIL and accession from each replication of each environment were detected three times using about 100–150 dry seeds and the average was used for statistical analysis. Analysis of variance was performed using JMP® (https://www.jmp.com/en_us/home.html) Genomics 7 (Sall et al., 2017). The least-squares mean (LSM) of the protein content of each soybean genotype from JMP was used as the phenotypic data in the association mapping.



Genotyping by Sequencing and Single Nucleotide Polymorphism Discovery

Genomic DNA was extracted from leaves of soybean plants using the QIAGEN DNeasy Plant Mini Kit (250). DNA was digested using the restriction enzyme ApeKI following the genotyping by sequencing (GBS) protocol described by Elshire et al. (2011). The 90 bp pair-end sequencing of accessions was performed using an Illumina HiSeq 2000 machine at the Genetic Research Institute, Chinese Academy of Sciences. GBS data alignment, mapping, and SNP discovery were done using Short oligonucleotide analysis Package (SOAP) family software. An average of 3.26 M short reads for each accession was aligned to soybean whole-genome sequence (Wm82.a2.v1) using SOAPaligner/soap2. SOAPsnp version 1.05 was used for SNP calling (Li et al., 2009; Li, 2011). Approximately, a half-million SNPs were discovered among the 284 soybean germplasm accessions. The SNPs were filtered before genetic diversity and association analyses. Soybean accession with >5% missing SNP and the >2% heterozygous SNP genotypes was eliminated. After the SNP dataset was filtered to remove those SNPs with minor allele frequency (MAF) <2%, missing data >5%, and heterozygous genotype >25%, a total of 10,115 SNPs were used for genetic diversity and association analysis (Supplementary Figure 1).



Genetic Maps

The genetic maps were constructed with JoinMap 4.0 (Van Ooijen, 2006) when the threshold for the logarithm of odds (LOD) was 3.0 based on 180 F9 RILs. QTL analysis of protein content in the RIL population was performed using single-trait Bayesian interval mapping (BIM), single-trait multiple interval mapping (SMIM), single-trait composite interval mapping maximum likelihood estimator (SMLE), single marker regression (SMR) method of Q-gene software (Joehanes and Nelson, 2008) with inclusive composite interval mapping (ICIM, http://www.isbreeding.net) (Meng et al., 2015). Variance components, QTL heritability, and QTL effect for seed protein content were estimated by QTLNetwork version 2.1 based on the phenotypic data (Yang et al., 2008). Only the QTL, which was mapped in similar physical locations (<1,500 kb) on the same chromosomes based on the five methods, was defined as a reliable QTL. The selected SNP markers were further tested for their effect by variance analysis using JMP Pro 10 (Sall et al., 2017).



Population Genetic Diversity and Association Analysis

STRUCTURE is a program that uses Bayesian methods to analyze multilocus data in population genetics (Kaeuffer et al., 2007). This study used a hybrid model and an allelic variation occurrence non-correlative model to examine the population structure of soybean germplasm. The number of the subpopulation (K) was assumed to be between 1 and 12. Each K was run 10 times, the Markov Chain Monte Carlo (MCMC) length of the burn-in period was 20,000, and the number of the MCMC iterations after the burn-in was 50,000. Delta K was used to determine appropriate K-values (Earl and vonHoldt, 2012). Next, CLUMPP was used to integrate the STRUCTURE-generated results with the “repeat 1,000” parameter. In addition, two different association mapping models were used to analyze the association between the molecular markers and traits, the TASSEL general linear model (GLM-Q), and the mixed linear model (MLM) combining kinship with population structure (Q-matrix) (Yu et al., 2006; Bradbury et al., 2007).



Identification of Candidate Genes

Linkage disequilibrium (LD) analysis was performed in the regions with SNP significantly associated with protein content; SNPs with r2 > 0.5 in a 1-Mb window were considered to be in one linkage disequilibrium (LD) block in the heterochromatic regions. Haplotype analysis was conducted on all the SNPs within the LD block containing significant loci. Two databases, namely, the SoyBase(see text footnote 1) and the Arabidopsis Information Resource,2 were used for gene annotation and preliminary screening of candidate genes were determined by combined bioinformatics and statistics.



Genomic Selection

Ridge regression best linear unbiased prediction (rrBLUP) and Bayesian Lasso Regression (BLR) were used to predict genomic estimated breeding value (GEBV) in GS (Endelman, 2011; Legarra et al., 2011). The packages “rrBLUP” (Endelman, 2011) and “BGLR” (Pérez and de los Campos, 2014) containing the GS models rrBLUP and Bayesian Lasso (BL), respectively, were run in R software.

Prediction accuracy of seed protein was evaluated for different SNP sets, including 22 significant SNPs detected from GWAS, 22 random SNPs, 100 random SNPs, 250 random SNPs, 500 random SNPs, 1,000 random SNPs, 2,000 random SNPs, 5,000 random SNPs, and 10,115 SNPs. The effect of training population size on GS accuracy was investigated by conducting cross-validation at different levels with 100 replications for each cross-validation fold from two to ten.




RESULTS


Seed Protein Content Variations in Two Populations

The seed protein content of the 180 RILs showed a biased normal distribution, seed protein content ranged from 34.69 to 58.71, and the Coefficient of variation (CV) was 23.39% (Supplementary Figure 2A). The seed protein content of the 284 accessions showed a biased normal distribution, seed protein ranged from 35.65 to 50.99, and the CV was 9.53% (Supplementary Figure 2B).



Genetic Map Construction and Quantitative Trait Locus Mapping in Recombinant Inbred Line Population

The RIL population was genotyped by sequencing. After filtering, a total of 2,498 polymorphic markers SNP were obtained and were mapped to 20 soybean chromosomes, thus the genetic maps were built for the RILs (Supplementary Figure 3A). According to their physical positions in the genome assembly, these markers were basically evenly distributed on 20 chromosomes. The 20 combined maps between physical distance and genetic position showed a good match (Supplementary Figure 3B). Chr. 14 had the least number of markers (68) and Chr. 18 had the largest number of markers (184). A genetic linkage map with a total length of 4,476.2 cm was constructed and the average distance between two adjacent markers was 1.8 cm (Supplementary Figure 3). The average distance between adjacent markers was the smallest on Chr. 20 (1.32 cm) but was the largest on Chr. 9 (2.26 cm).

A total of 5 QTLs on chromosomes 6, 8, 15, 17, and 20 were detected and the LOD value of the markers associated with the QTL ranged from 3.3 to 14.1; the QTL could explain 6.6%–29.6% of the genetic variation (Figure 1A and Supplementary Figure 4). Among these, one QTL with a positive allelic effect was from Jidou12 and 4 QTL with positive alleles were from Ye9 (Table 1). The QTL qtl-chr6-prot had the highest LOD and could explain 22.3–29.6% of genetic variation (Table 1 and Figure 1A). The qtl-chr6-prot was in the heterochromatic region (Figure 1B).
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FIGURE 1. (A) QTL mapping of seed protein content in soybean chromosome 6 based on single-trait multiple IM (SMIM) in Qgene, (B) The QTL, qtl-chr6_prot was mapped on the combined map between physical distance and genetic position of the chromosome 6, where the x-axis shows physical distance (Mbp) and the y-axis shows the genetic position (cM).



TABLE 1. Single nucleotide polymorphism (SNP) markers/quantitative trait locus (QTL) detected in recombinant inbred line (RIL) and natural populations.
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Genome-Wide Association Study in Natural Population and Candidate Genes Selection

A total of 10,115 high-quality SNPs were used to perform population structure analysis of the 284 accessions using the STRUCTURE software (Kaeuffer et al., 2007). When K = 4, delta K was maximal with a relatively stable α value (Figures 2A,B). Cluster I was comprised of 102 accessions, including 77 cultivars, 21 landrace, and 5 exotic accessions; cluster II was comprised of 19 accessions, namely, 18 exotic accessions and 1 cultivar; cluster III was comprised of 93 accessions, namely, 57 exotic accessions, 34 cultivars, and 2 landraces; and cluster IV comprised of 70 accessions, namely, 51 landraces, 16 cultivars, and 3 exotic accessions. Principal component analysis (PCA) also showed the four groups (Figure 2C).


[image: image]

FIGURE 2. Structure analysis: (A) delta K-values for different numbers of populations (K) from the STRUCTURE analysis, the x-axis shows different numbers of populations (K), the y-axis shows delta K-values for different numbers of subpopulations (K). (B) Classification of 284 accessions into four subpopulations using STRUCTURE version 2.3.4, where the x-axis shows accessions and the y-axis shows the probability (from 0 to 1) of each accession belonging to subpopulation (Q = K) membership. The membership of each accession belonging to subpopulations is indicated by different colors (Q1, red; Q2, green; Q3, blue; and Q4, yellow). (C) Principal component analysis (PCA) of the population structure. Distribution of the accessions in the association panel under PC1 and PC2.


A significant association (-log P > 5.35) with seed protein was observed for 22 SNPs from 22 haplotype blocks in 13 of the 20 chromosomes using GLM and MLM (Table 2). The LOD of the 22 markers ranged from 6.6 to 20.1 in GLM analysis and 6.3 to 26.3 in MLM analysis (Table 2 and Supplementary Figure 5), indicating that these markers were strongly associated with seed protein. Eighteen of these markers were in euchromatic regions and four of these markers were in heterochromatic regions (Table 2).


TABLE 2. Significant SNPs associated with protein content over 4 years, chromosome (Chr.) and physical position (bp) of the significant SNPs, logarithm of odds (LOD) [-log10 (p-value)] values of generalized linear model (GLM) and mixed liner model (MLM), and allele with positive effect at the SNP locus.
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Two significant SNP loci on Chr. 6 and 20 were detected in linkage analysis and GWAS and the SNP loci detected on Chr. 6 by GWAS were in the QTL intervals obtained by linkage analysis. This SNP region on Chr. 6 had a high Phenotypic variation explained (PVE) (22.3–29.60%) and LOD (6.696–25.762). The region on Chr. 20 was associated with protein content with a PVE of 12.30% and LOD of 7.208 (Tables 1, 2).

A 471-kb haplotype block from Chr6_18844283 to Chr6_19315351 included 7 SNP markers and 17 genes (Figure 3A). Pairwise LD analysis of the imputed SNP data showed that the candidate gene region was from Chr6_18842491 bp to Chr6_19015855 bp (Figure 3B). Seven candidate genes were in the regions, which included polynucleotidyl transferase (Glyma.06G202900 and Glyma.06G203100), polygalacturonase activity (Glyma.06G202600 and Glyma.06G203000), ATP synthase (Glyma.06G203200), and genes without annotation (Glyma.06G202700 and Glyma.06G202800) (Figure 3B).
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FIGURE 3. (A) The extent of linkage disequilibrium (LD) in the regions based on pairwise r2 values. The r2 values are indicated using the color intensity index. Heatmap showing LD between each pair of markers that passed the Bonferroni threshold in genome-wide association study (GWAS). (B) Candidate genes for each single nucleotide polymorphism (SNP) locus. The bottom panel depicts the extent of linkage disequilibrium in the regions based on pairwise r2 values. The r2 values are indicated using the color intensity index shown. (C) Boxplot of seed protein based on different genotypes in soybean accessions. (D) Boxplot of seed protein based on Hap.XGG and Hap.XAA phenotypic differences between genotype combinations of the two SNPs.


There were 7 QTL haplotypes in the LD block from Chr6_18844283 to Chr6_19315351 in the natural population that showed differences in protein content (Supplementary Table 2 and Figure 3C). The haplotypes Hap.B, Hap.C, and Hap.F had higher protein content than other haplotypes. Hap.B had the highest protein content, but no significant difference was observed among Hap.B, Hap.C, Hap.F, and Hap.G (Figure 3C). Further analysis showed that the SNP located at Chr6_19172961 may be more important; varieties carrying Hap.XAA showed higher protein content than Hap.XGG (Figure 3D).



Prediction Accuracy of Seed Protein Content

Prediction accuracy of different SNP densities for seed protein was conducted using 22 significant SNPs resulting from GWAS and 22 to 10,115 random SNPs, respectively. The prediction accuracy ranges from 0.44 to 0.77 using the rrBLUP model and from 0.44 to 0.78 using the BLR model (Figure 4 and Supplementary Table 3). BLR and rrBLUP performed similarly for prediction accuracy; the average prediction accuracy was 0.63 and 0.53, respectively. The prediction accuracy of the 22 SNPs obtained from GWAS was higher than that of random 22 SNPs and random 250 SNPs (Figure 4 and Supplementary Table 3). Thus, regardless of the GS model, the accuracy of GS was higher when the significant SNPs from GWAS were used. Prediction accuracy for seed protein was increased with higher SNP density. However, there is a minimal difference in prediction accuracy after the SNP number reached 2,000 (Figure 4 and Supplementary Table 3).
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FIGURE 4. Boxplots show the effect of different SNP density sets on genomic selection in the Bayesian Lasso Regression (BLR) model and ridge regression best linear unbiased prediction (rrBLUP) models.


The effect of training population size on GS accuracy was also investigated by conducting cross-validation at different folds with 100 replications for each cross-validation (Figure 5 and Supplementary Tables 4, 5). On average, the prediction accuracy of the BLR model was 0.62 using GWAS-derived SNPs and 0.77 using the whole set of SNPs (Figure 5 and Supplementary Table 4). The prediction accuracy of rrBLUP was less than BLR, with 0.5 using GWAS-derived SNPs and 0.77 using the whole set of SNPs (Figure 5 and Supplementary Table 5). Considering average r-value and standardized deviation Sn, sevenfold resulted in a high r-value and low Sn in BLR models and sixfold resulted in a high r-value and low Sn in rrBLUP models.
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FIGURE 5. Boxplots show the effect of training population size on genomic selection accuracy by conducting cross-validation at different folds with 100 replications for each cross-validation fold using rrBLUP.





DISCUSSION


Quantitative Trait Locus Mapping and Candidate Genes Identification for Soybean Seed Protein

Wild soybean with desired traits may improve the yield, quality, and other traits of cultivated soybeans. In this study, we performed QTL mapping for protein content in a RIL population derived from the cross of cultivated Jidou12 and wild soybean Ye9. Five major stable QTLs were detected on Chr. 6, 8, 15, 17, and 20 using Bayesian IM, SMIM, SMLE, and SMR models in Q-gene and IciMapping. Among these QTLs, we discovered that qtl-chr6_prot contributed an average of 25.77 of the phenotypic variance and the positive additive effects of allele were from the cultivated soybean Jidou12. The qtl-chr6_prot did not overlap with or was not adjacent to any of the previously reported QTLs for seed protein content. Other QTLs, qtl-chr8_prot, qtl-chr15_prot, qtl-chr17_prot, and qtl-chr20_prot, explained an average of 13.99, 9.1, 9.85, and 12.47 of the phenotypic variance, respectively; the positive additive effects of the allele of these QTL were from the wild soybean parent. The QTL qtl-chr8_prot (7.27–8.29 Mb) overlapped with the QTLs, as previously reported by Pathan et al. (2013). In addition, the QTL qtl-chr15_prot (3.30–4.71 Mb) overlapped with the qPro15-1 (Zhang et al., 2019) and qtl-chr17_prot (12.80–13.81 Mb) with the protein 26-2 (Reinprecht et al., 2006). The position of QTL qtl-chr20_prot (26.57–33.51 Mb) was consistent with that of the confirmed QTL cqPro-20 (Diers et al., 1992; Pandurangan et al., 2012; Vaughn et al., 2014; Sonah et al., 2015; Warrington et al., 2015; Zhang Y. et al., 2018; Fliege et al., 2022). Fliege et al. (2022) concluded that a transposon insertion within the CONSTANS, CO-like, and TOC1 (CCT) domain protein encoded by the Glyma.20G85100 gene accounted for the high/low seed protein alleles of the cqSeed protein-003 QTL (31.74–31.84 Mb).

In the novel QTL region, the qtl-chr6_prot, seven candidate genes were identified. Of which, Glyma06G202900 and Glyma06G203100 were annotated as polynucleotidyl transferase, ribonuclease H-like superfamily protein, which were homologous to the AT5G61090 gene in Arabidopsis. The protein encoded by the AT5G61090 had an RNA–DNA hybrid ribonuclease activity (Stoppel and Meurer, 2012). Glyma06G202600 was annotated as plasmodesmata callose-binding protein 3, homologous to AT1G18650 with callose-binding activity and the regulating intercellular trafficking in Arabidopsis (Simpson et al., 2009). Glyma06G203000 was annotated as a pectin lyase-like superfamily protein homologous to AT3G07820 with a polygalacturonase activity in Arabidopsis (Kim et al., 2006). Glyma06G203200 was annotated as a gamma subunit of Mt ATP synthase, homologous to AT2G33040, one of mitochondrial (mt) ATP synthesis subunits. Reduced expression of these subunits of the mt ATP synthase was proposed to disturb cellular redox states (Robison et al., 2009).



Genomic Selection in Soybean

Genomic selection overcomes the problems of traditional breeding methods and MAS selection and provides a new way for the selection of quantitative traits controlled by genes with minor effects. GS allows for the estimation of the effects of all the markers across the genome. These effects can be used to predict the performance of lines (Meuwissen et al., 2001). Since the target trait phenotype of an individual is predicted using the GS model, the materials could be screened and selected before planting, thus reducing costs and improving breeding efficiency (Heslot et al., 2012; Longin et al., 2015; Spindel et al., 2015). Matei et al. (2018) showed that the selection cycle for yield and seed weight can be significantly shortened using GS.

So far, the GS study has been mainly conducted on maize, wheat, and rice. The GS study in soybean remains limited. In 2013, Shu performed GS for 100-seed weight and reported a prediction accuracy of 0.904 (Shu et al., 2013). Subsequent GS showed accuracy for soybean cyst nematode (SCN) was 0.59–0.67 (Bao et al., 2014) and 0.64 for soybean yield (Jarquín et al., 2014).

The GS was performed on amino acid concentration (Qin et al., 2019), soybean chlorophyll content, soybean cyst nematode tolerance (Ravelombola et al., 2019), yield, and yield-related traits, such as maturity, plant height, and 100-seed weight (Ravelombola et al., 2021). These studies have shown the feasibility of GS for soybean yield and quality-related traits (Matei et al., 2018; Stewart-Brown et al., 2019).

However, few reports have focused on the GS of seed protein in soybean. Stewart-Brown et al. (2019) evaluated the potential of GS for soybean seed protein using 483 elite breeding lines from 26 biparentals and reported the predictive abilities of 0.81 in all the populations, 0.55 across populations, and 0.60 within each biparental population. Duhnen et al. (2017) compared genomic prediction accuracy of seed protein obtained using models calibrated across or within two subpopulations: early lines and late lines. The results showed that calibrations within subpopulations were more efficient. Five Bayesian models were also compared with Genomic best linear unbiased prediction (GBLUP) and did not show improved prediction accuracy. In this study, we performed GS based on different SNP sets, different training population sizes, and statistical models. The results showed that the use of GWAS-derived SNPs for conducting GS significantly improved the accuracy of prediction, which was consistent with the results reported by Qin et al. (2019). The model selection criteria, SNP sets, and population training size were critical factors when conducting a GS, as reported in previous studies (Ravelombola et al., 2019, 2020, 2021). Those studies had demonstrated that 1,000–2,000 genome-wide markers across all the lines/accessions were needed to reach maximum efficiency of genomic prediction in the populations, increasing marker density that would not improve prediction efficiency (Poland et al., 2012; Bao et al., 2014; Zhang J. et al., 2016; Song et al., 2020). This study showed that there was a minimal difference in prediction accuracy after the SNP number reached 2,000 for seed protein content.




CONCLUSION

This study reported mapping and GS for seed protein content. Molecular markers associated with seed protein content were identified in RIL and natural populations and a novel QTL for seed protein content was detected and mapped on Chr. 6 in both populations. In addition, seven candidate genes that were related to seed protein content were identified. This is one of a few reports investigating seed protein content using RILs derived from cultivated and wild soybean crosses. Our results showed that GS accuracy was dependent on the SNP set and training population size; a set of GWAS-derived SNPs could increase GS accuracy. No significant GS accuracy difference was observed between rrBLUP and BL models. The results demonstrated the potential of using GS to improve soybean seed protein content.
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The culmination of conventional yield improving parameters has widened the margin between food demand and crop yield, leaving the potential yield productivity to be bridged by the manipulation of photosynthetic processes in plants. Efficient strategies to assess photosynthetic capacity in crops need to be developed to identify suitable targets that have the potential to improve photosynthetic efficiencies. Here, we assessed the photosynthetic capacity of the Japanese soybean mini core collection (GmJMC) using a newly developed high-throughput photosynthesis measurement system “MIC-100” to analyze physiological mechanisms and genetic architecture underpinning photosynthesis. K-means clustering of light-saturated photosynthesis (Asat) classified GmJMC accessions into four distinct clusters with Cluster2 comprised of highly photosynthesizing accessions. Genome-wide association analysis based on the variation of Asat revealed a significant association with a single nucleotide polymorphism (SNP) on chromosome 17. Among the candidate genes related to photosynthesis in the genomic region, variation in expression of a gene encoding G protein alpha subunit 1 (GPA1) showed a strong correlation (r = 0.72, p < 0.01) with that of Asat. Among GmJMC accessions, GmJMC47 was characterized by the highest Asat, stomatal conductance (gs), stomatal density (SDensity), electron transfer rate (ETR), and light use efficiency of photosystem II (Fv’/Fm′) and the lowest non-photochemical quenching [NPQ(t)], indicating that GmJMC47 has greater CO2 supply and efficient light-harvesting systems. These results provide strong evidence that exploration of plant germplasm is a useful strategy to unlock the potential of resource use efficiencies for photosynthesis.
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INTRODUCTION

It is estimated that the current rate of global crop production needs to be doubled to meet the demands of the rising population, changing diet, and requirement for biofuel (Tilman et al., 2011). Although crop seed yield has increased in many parts of the world, its stagnation in an estimated 24–27% of the areas, where maize, rice, wheat, and soybean are grown, underscores the challenge to address the rising demands for agriculture (Ray et al., 2012). Climate change including, rising temperature, drought, flooding, and air pollution further aggravate this challenge (Christensen and Hewitson, 2007). With the decrease in arable land and resources, developing novel strategies to maintain sustainable plant production for the food and energy demand of humanity is essential (Ray et al., 2012; Maurino and Weber, 2013). Conventional breeding and selection of cultivars have been used to improve yield and it is estimated that rice and wheat have acquired ~1% annual gain in yield potential in the last 30 years (Stapper and Fischer, 1990; Khush, 2001). However, recent studies have reported the exhaustion of the traits that led to a remarkable increase in crop seed yield during and after the green revolution (Zhu et al., 2010). An effective way of producing sufficient food, practicing sustainability, and avoiding the exploitation of natural resources is suggested to be the manipulation of photosynthesis (Janssen et al., 2014).

Improving photosynthetic capabilities in plants, however, is a complex process and requires the removal of inefficiencies from the photosynthetic machinery. Photosynthesis is majorly limited by biochemical and diffusional factors and several targets have been proposed for genetic manipulation to increase photosynthetic capacity. For instance, copious quantities of Rubisco that catalyze two competitive processes of CO2 fixation and oxygenation are required for better photosynthetic capacity. Changes in the quantity, specificity, or affinity of CO2 in Rubisco can boost photosynthesis (Parry et al., 2012). Reduction in transient photoinhibition, increase in ribulose 1,5-bisphosphate regeneration capacity, and increase in specificity of Rubisco for CO2 have been considered ideal targets for the genetic manipulation of light-saturated photosynthesis in C3 crops (Lawlor et al., 1999). The overexpression of chloroplast NAD kinase (NADK2) was observed to play an important role in photosynthetic electron transfer thus improving photosynthesis (Takahara et al., 2010). Similarly, a study on transgenic Arabidopsis thaliana revealed that increased stomatal density (maximum 372%) increased the photosynthetic rate by 30 percent (Tanaka et al., 2013). The genetic manipulation of gs in slac1 mutant (lacking stomatal anion channel protein that controls stomatal closure) revealed that a higher gs enhances the rate of photosynthesis as well as the ratio of internal to external CO2 concentrations (Kusumi et al., 2012). Mounting evidence suggests that the genetic manipulation of rate-limiting processes enhances photosynthesis. The problem, however, is that a large part of plant germplasms remains unexplored. Harnessing natural variations in photosynthesis, therefore, is an ideal route toward removing bottlenecks in photosynthesis.

The exploration of plant germplasms for identifying promising accessions and elucidating the association between genetic architecture and photosynthesis is important to enhance photosynthesis. Kromdijk and Long (2016) stated that there is a large gap between the number of germplasms preserved in gene banks and those used in crop breeding. They argue that delayed photosynthetic improvement is largely due to the plant germplasm that remains unexplored. The exploration of core collections is, therefore, essential for identifying new targets to use in crop improvement (Upadhyaya, 2015). On the other hand, studies have been conducted to assess the possibility of enhancing photosynthesis through genomics and gene modification. Lopez et al. (2019) reported a high genetic correlation (r = 0.80) between seed yield and photosynthesis in the US soybean nested association map (NAM) panel. They also found single nucleotide polymorphisms (SNPs) which were associated with photosynthesis. Vieira et al. (2006) identified some quantitative trait loci (QTLs) on chromosomes 10 and 16 that were associated with light-saturated rates of photosynthesis. Simkin et al. (2015) indicated that increasing the levels of sedoheptulose-1,7-bisphophatase, fructose1-,6-bisphosphate aldolase, and the cyanobacterial putative-inorganic carbon transporter b (ictB) improved photosynthetic CO2 fixation (12–19% in mature plants), leaf area, biomass, and yield in transgenic tobacco. Xiao et al. (2020) found that heterologous expression of the highly linked genes (PtoPsbX1) in their gene expression network significantly improved photosynthesis in A. thaliana. These findings collectively suggest that exploring the plant germplasms for natural variations in photosynthetic capacity and studying the genetic architecture underlying photosynthesis is an ideal strategy for improving photosynthetic efficiency in plants.

Soybean is a major commodity crop (Hay et al., 2017) and an indispensable part of the Japanese diet; it is also said to increase longevity among Japanese people (Gabriel et al., 2018). Japanese soybean cultivars, however, are less productive than the US cultivars, as the latter have higher radiation use efficiency (RUE), greater photosynthetic capacity, and dry matter production (Kawasaki et al., 2016). GmJMC (JMC hereinafter) is a small but diverse germplasm set named mini core collection that represents a major part of geographical and agro-morphological trait variations of Japanese soybean landraces (Kaga et al., 2012). It is consisted of 96 accessions selected from 1,603 soybean accessions based on genetic variation. However, JMC has never been evaluated for its genetic variations in leaf photosynthetic capacity. Considering the geographical and agro-morphological characteristics of this collection, we assume that studying leaf photosynthetic capacity would divulge important information and provide suitable targets for resource use efficiencies. This study aimed at assessing the photosynthetic capacity of JMC accessions using a newly developed high-throughput photosynthesis measurement system, MIC-100, by analyzing physiological variations and genetic architecture underlying photosynthetic discrepancies and identifying suitable targets to improve photosynthetic efficiency.



MATERIALS AND METHODS


Plant Materials

All germplasms were obtained from National Agricultural and Food Research Organization (NARO) Genebank (Japan). Two experiments were conducted for this study. The first experiment was aimed at assessing phenotypic variations in Asat. We selected 90 accessions from the JMC and sowed their seeds on 18 June 2019; among which 16 accessions revealed lodging and poor seed quality. The remaining 74 accessions were cultivated again on 20 June 2020 using a randomized complete design (RCD). Ten plants were sown in each plot.

The second experiment was conducted in 2021 to measure various parameters related to photosynthetic capacity in 10 representative accessions (indicated by white dots inside markers) and investigate the mechanisms underlying it. We selected seven-candidate accessions (JMC13, JMC16, JMC37, JMC43, JMC47, JMC49) from the best photosynthesizing Cluster2; two accessions (JMC56, and JMC112) from Cluster1; one accession (JMC25) from Cluster3; and a Chinese accession Peking (named “PE” as a check for having higher Asat and gs). JMC25 and JMC112 are two photosynthetically elite cultivars, named Enrei (“En”) and Fukuyutaka (“Fu”), respectively. These accessions were cultivated in a randomized complete block design (RCBD) with two replicates.

All experiments were conducted in a field at the Laboratory of Crop Science, Graduate School of Agriculture, Kyoto University (35°0.2” N, 135°. 47″ E). The sowing density was 9.52 plants m−2. The space between rows and between plants in a row was 0.7 m and 0.15 m, respectively. We applied 3:10:10 gm −2 of N:P2O5:K2O fertilizers during sowing. Three seeds were planted per hill of which only one was retained after unifoliate leaves had fully expanded. Irrigation and pesticide application were done regularly.



Photosynthetic Phenotyping

We used a high-throughput portable close-chamber infrared gas analyzer, MIC-100 (MASA International Cooperation, Japan), to analyze light-saturated photosynthetic rates (Asat) in 2019 and 2020. This system requires less than 30 s per sample whereas a standard LI-6800 achieves stability in at least 45 s for the “Fast Survey Measurements.” MIC100 explains around 95% variations in Asat measured by a standard LI-6800 system (LI-COR, United States) therefore, making it a high-throughput efficient system (LI-COR Biosciences, 2021; Tanaka et al., 2021). Moreover, our observations in the field revealed that MIC-100 can measure Asat up to sevenfold faster than LI-6800. Measurements were conducted for two consecutive years: three measurements in 2019 (5 August, 13 August, and 18 August) and five measurements in 2020 (06 August, 14 August, 21 August, 27 August, and 31 August). The data were collected from 9:00 AM to 1:30 PM from a central leaflet of a fully expanded recently matured trifoliolate from flower initiation stage (R1) to seed initiation stage (R5). We were able to measure Asat in 360 and 240 leaves on each measurement day for 2019 and 2020, respectively which collectively sums up to 2,280 samples. Only one plant was sampled at a time so that Asat is distributed throughout the survey time to compensate for the diurnal privilege of accessions. Light intensity inside the cuvette was 1,200 μmol m−2 s−1 which is the maximum capacity of this system. Temperature is automatically recorded at the end of each experiment and did not exceed 36°C. Ambient CO2 and humidity conditions were used for the experiment, with the initial CO2 concentration set at (370–390 ppm) and the final concentration set 20 points lower than the initial concentration.

In 2021, an LI-6800 (LI-COR, United States) was used on 22 July, 30 July, and 11 August for gas exchange and chlorophyll fluorescence measurements. These parameters were measured in four randomly selected plants from each plot from 9:00 AM to 11:00 AM. The temperature inside the chamber cuvette was 33°C. Reference level CO2 was set at 400 μmol mol−1 using CO2 cartridges, with an airflow rate of 500 μmol s−1. Light intensity was set to 1,200 μmol m−2s−1 with 10% blue light and relative humidity was set at 60%. We calculated NPQ(t), as an alias to NPQ, following Tietz et al. (2017).



K-Means Clustering Analysis

Before performing K-means clustering analysis, we used T-distributed Stochastic Neighbor Embedding (t-SNE) to reduce the dimensionality of the data (Asat was measured 8 times throughout 2019 and 2020). The data were standardized so that each measurement had a mean of zero and a standard deviation of one. The number of components in t-SNE was set to two and we gave it 1,000 iterations. The output data were used in the K-means clustering algorithm with four centroids.



Genome-Wide Association Study

The SNP dataset obtained for 192 soybean accessions of mini core collection (Kajiya-Kanegae et al., 2021) was used in this study. The SNPs dataset with minor allele frequencies of more than 5% for the 74 accessions was filtered using PLINK 2.0 (Chang et al., 2015). Association tests between the t-SNE and the SNPs dataset were conducted using a function of “association.test” in gaston package ver. 1.5.7 in R (McKenna et al., 2010). First, five principal components were included as fixed effects in the linear mixed model. A genetic relationship matrix (GRM) and ρ values of the marker-trait associations were calculated using the “GRM” function and Wald’s test, respectively. Manhattan plot and QQ plot were drawn using the “manhattan” and “qqplot.pvalues” functions, respectively. The genome-wide significant threshold was obtained based on a false discovery rate (FDR) at a 5% level using the “p.adjust” function in R (Benjamini and Hochberg, 1995).



Gene Selection

We selected all the genes in a 250 kbp region from both sides of the significant peak detected in GWAS together with annotations from the reference genome sequence Gmax_275_v2.0 from Phytozome (Phytozome v.12, Supplementary Table S1). About 19 genes that had either photosynthesis-related functions or higher expression in photosynthesis-related plant tissues were selected based on the Phytozome database search. The SNP data and Indels in these genes among the 74 accessions were extracted from Illumina read mapping data (Kajiya-Kanegae et al., 2021) using CLC Genomics Workbench 12 (Qiagen, Germany).



RNA Expression

On 24 August 2021, we measured the Asat of the central leaflets of 14 randomly selected JMC accessions and took about 10 mg of a fresh tissue sample for gene expression analysis immediately after the Asat measurement. Leaf samples were frozen in liquid nitrogen and stored at −60°C. Total RNA was extracted by TRI Reagent (Molecular Research Center, United States). First-strand cDNA was synthesized from 500 ng of total RNA by ReverTra ACE qPCR RT Master Mix with gDNA Remover (TOYOBO, Japan). Quantitative RT-PCR was performed according to the manufacturer’s instructions by diluting the synthesized cDNA ten folds and using a KAPA SYBR FAST qPCR Kit (KAPA Biosystems, United States) and a ViiA7 real-time PCR system (Thermo Fisher Scientific, United States). The qRT-PCR conditions were as follows: (1) initial denaturation at 95°C for 30 s; (2) 40 cycles of denaturation at 95°C for 5 s; and (3) final annealing and elongation at 60°C for 30 s. Expression levels were standardized using a VPS-like gene (Glyma.09G196600). The primer pairs used for quantitative RT-PCR are listed in Supplementary Table S2.



Biochemical Parameters

Nitrogen content (Ncont), Chlorophyll a (Chl a), Chlorophyll b (Chl b), and Chlorophyll a + b (Chl a + b) were quantified at the same leaves where the gas exchange was measured. For measuring Chl a, Chl b, and Chl a + b; four-leaf disks of 0.5 cm diameter were taken on 30 July and dissolved in 2 ml N, N-Dimethylformamide (DMF) as described by Porra (2002). The samples were then wrapped in aluminum foil and stored at 5°C for over 24 h. Spectroscopic readings of the supernatant were taken at 646.8 nm, 663.8 nm, and 750 nm wavelengths using a U-2910 Spectrophotometer (HITACHI, Japan). Nitrogen content was measured on 30 July and 11 August. The leaf area was measured using a leaf area meter LI-3100C (LI-COR, United States). They were then oven-dried for 72 h and were used for quantifying Ncont using Kjeldahl digestion. We followed the method of Vickery (1946) for quantifying Ncont. The oven-dried leaves were crushed, and a sample of 0.2 g was dissolved and heated in 4 ml of highly concentrated sulfuric acid until the solution turned colorless. The colorless solution was then diluted to 40 ml with distilled water. We separated 20 μl aliquots of this solution into glass tubes and mixed it with 2.48 ml of distilled water, 1 ml of Indophenol A, and 1.5 ml of Indophenol B. These were then read at 635 nm wavelength using a U-1100 Spectrophotometer (HITACHI, Japan).



Morphological Parameters

Stomatal density (SDensity), stomatal length (SLength), and stomatal width (SWidth) were measured on 30 July and 11 August using the same leaves used for the gas exchange measurements. We followed Tanaka and Shiraiwa (2009) for determining stomatal parameters. After taking disks for chlorophyll content analysis, we used the Suzuki Universal Method of Printing (SUMP) for printing stomatal maps. A droplet (around 10 μl) of SUMP liquid (amyl acetate) was placed on a SUMP disk. The leaf was placed on the disk and left to air-dry for ~20 min. The disks were later observed at 100X (for SDensity) and 400X (for SLength and SWidth) magnifications under light microscope BH-32 (OLYMPUS, Japan) with a Multi-Interface Digital Camera FLOYD (Wraymar, Japan). ImageJ was used for counting stomata and measuring their length and width. We also measured specific leaf weight (SLW) as an alias to leaf thickness which is the ratio of a leaf’s dry weight to its area (g m−2).



Statistical Tests and Graphs

Two-way ANOVA and Tukey’s Honest Significant Difference (Tukey HSD) analysis were conducted for all parameters using the built-in R functions of “aov” and “TukeyHSD”; and “HSD.test” function of Agricolae package (De Mendiburu, 2015). Accessions (G) and the measurement dates (D) were used as factors. Due to field homogeneity, we considered block difference as negligible. For correlations among parameters, we used the “pearsonr” function of the Scipy library (Pauli et al., 2020) in Python. We used the Pythons matplotlib.pyplot (Hunter, 2007) library for creating figures; and Scikit learn library (Pedregosa et al., 2011) for K-means clustering.




RESULTS


Screening, Distribution, and Clustering of Asat

As shown in Figure 1, there were great variations in Asat among accessions and measurement dates. Asat ranged from 10 μmol m−2 s−1–33 μmol m−2 s−1. Both in 2019 and 2020, the frequency of accessions with lower Asat was higher at the beginning and the end of August, whereas the Asat measurements conducted in mid-August had a narrow range with most accessions showing greater Asat. Shapiro’s test of normality revealed that the data were normally distributed.

[image: Figure 1]

FIGURE 1. Variation of Asat in the GmJMC (JMC) accessions and its comparison with Fukuyutaka (Fu) across measurements. 5 August, 2019 (A) 13 August, 2019 (B) 18 August, 2019 (C) 6 August, 2020 (D) 14 August, 2020 (E) 21 August, 2020 (F) 27 August, 2020 (G) and 31 August, 2020 (H). Red triangles show the Asat performance of Fu.


t-SNE compressed variations of Asat into two components. SNE1 explained only 22.9% variations whereas SNE2 explained 77.0% variations in Asat measurements. SNE1 had a negative correlation with all the Asat measurements and was particularly strong with measurements taken on 05 August 2019, and 06 August 2020. In contrast, SNE2 was positively correlated with all the Asat measurements (Table 1). t-SNE classified accessions into four clusters with massive differences between photosynthetic capacities (Figure 2). The computed Silhouette coefficient was 0.76 indicating that the clusters are spherical with only minor overlapping among them.



TABLE 1. Correlation coefficient between t-SNE components and Asat in each measurement date.
[image: Table1]
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FIGURE 2. Two-dimensional scatter plot of four different K-means clusters alongside SNE1 and SNE2. White dots inside markers indicate representative accessions we used for our second experiment.


We observed significant differences in Asat among the clusters (p < 0.001; Figure 3). On average, Cluster2 had the highest Asat and consisted of some of the best photosynthesizing (Asat) accessions. Some of these accessions showed photosynthetic rates comparable to or higher than the elite cultivars, En in Cluster3 and Fu in Cluster1. Cluster1 and Cluster3 had cross-year variations in their Asat values whereas Cluster4 was characterized by the lowest Asat values in 2019 and 2020.

[image: Figure 3]

FIGURE 3. Difference of fluctuation in Asat for each cluster across measurements; average Asat in 2019 (A) and average Asat in 2020 (B). Data point represents the mean of all members in a cluster. Error bars represent standard error.




Genetic Characterization and RNA Expression of the Candidate Genes

Based on the results of Table 1, SNE2 was interpreted to represent the genetic potential of Asat. GWAS using SNE components revealed a region on chromosome 17 that had a strong association with variations of SNE2 (Figure 4). In contrast, the GWAS result of SNE1 (Supplementary Figure S1) was not considered for further analysis due to a lower -log (p) value and few explainable variations for Asat (Table 1). In a 500 kbp region spanning both sides of the significant peak detected in GWAS of SNE2, 42 genes are annotated (Supplementary Table S1). Among them, 19 genes were proteins that are assumed to be involved in photosynthesis-related functions. RNA expression analysis of the three candidate genes, Glyma.17G226100, Glyma.17G226700, and Glyma.17G226900, revealed a strong correlation between the expression levels of Glyma.17G226700, and Asat (r = 0.72), gs (r = 0.69), Transpiration or E (r = 0.62), ETR (r = 0.56), and leaf temperature or Tleaf (r = −0.60); however, there was no correlation between the expression of this gene and intercellular CO2 concentration (Ci; Figure 5). The correlation of Glyma.17G226100 and Glyma.17G226900 with Asat is shown in Supplementary Figure S2.

[image: Figure 4]

FIGURE 4. Manhattan plot for showing significant association of SNPs with SNE2. Red and green dots on chromosome 17 represent significant and suggestive associations where –log (p) value is less than 8 and 5, respectively.


[image: Figure 5]

FIGURE 5. Correlations between relative gene expression of Glyma.17G226700 and Transpiration (A), light-saturated photosynthesis (B), intercellular CO2 concentration (C), stomatal conductance (D), electron transfer rate (E), and leaf temperature (F). Shaded areas indicate 95 percent confidence intervals. Annotations inside the plots indicate Pearson’s correlation coefficient. Each data point is the average of four observations. *p < 0.05 and **p < 0.01.




Gas Exchange and Chlorophyll Fluorescence

Considerable variations of Asat among 10 representative accessions and measurement dates were observed during our second experiment in 2021 (Figure 6A). Asat ranged from 24.1 m−2 s−1 in JMC56 on 22 July to 41.5 μmol m−2 s−1 in JMC47 on 30 July. The lowest Asat was observed on 22 July which then increased sharply on 30 July followed by a drop on 11 August. Among accessions, PE had the highest Asat on 22 July followed by JMC47. PE and JMC47 were significantly higher than En, JMC43, and JMC56 (p < 0.05). On 30 July, JMC47 showed the highest Asat and was significantly greater than En, JMC13, JMC16, JMC49, and JMC56 (p < 0.01). It was also the best performing accession on 11 August, but the difference was not significant among accessions. The gs measurements showed a similar pattern to Asat, but with greater magnitudes (Figure 6B). It ranged from 0.46 in JMC43 on 22 July to 1.69 mol m−2 s−1 in JMC47 on 30 July. The gs values was exceptionally low on 22 July followed by a sharp increase on 30 July and a drop on 11 August. PE and JMC47 had the highest gs values in all measurements. Seasonal change in Ci was also comparable to Asat and gs. The lowest rates of Ci were recorded on 22 July, followed by an increase on 30 July and a drop on 11 August (Figure 6C). Among accessions, JMC43 had the lowest Ci of 273.3 μmol mol−1 on 22 July, whereas JMC56 had a Ci of 313.6 μmol mol−1 on 22 July. We also calculated the apparent mesophyll activity (A/Ci) and found that its variations were strongly correlated with variations in Asat (Supplementary Table S3). JMC47 had the highest A/Ci values in all measurements whereas En and JMC56 had the lowest A/Ci on 22 July.
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FIGURE 6. Phenotypic variations in gas exchange and chlorophyll fluorescence parameters; light-saturated photosynthetic rate (A), stomatal conductance (B), intercellular CO2 concentration (C), electron transport rate (D), the light utilization efficiency of PSII (E) and alias to non-photochemical quenching (F). Data point is the mean of four observations. Error bars indicate standard error.


Chlorophyll fluorescence parameters exhibited a similar pattern to gas exchange parameters. On average, ETR was significantly lower on 22 July than 30 July and 11 (p < 0.05) but the values were not significantly different between 30 July and 11 August (Figure 6D). ETR ranged from 212.1 μmol m−2 s−1 in JMC56 to 276.2 μmol m−2 s−1 in JMC47. FV’/Fm′ rates were also the lowest on 22 July followed by an increase on 30 July and a drop on 11 August (Figure 6E). JMC47 exhibited the highest Fv’/Fm′ among all the measurements. In contrast, NPQ(t) exhibited a reverse pattern of gas exchange and fluorescence parameters (Figure 6F). Its mean values were 1.65, 1.12, and 1.33 on 22 July, 30 July, and 11 August, respectively, and the difference was significant (p < 0.01). It ranged from 0.91 in JMC47 on 30 July to 1.8 in En on 22 July. JMC47 had significantly low NPQ(t) values on 22 July and 30 July among all the accessions (p < 0.01).

Asat was strongly correlated with gs in all the measurements; however, the strength of correlation was weaker on 11 August (Supplementary Figure S4). The positive correlation between Asat and Ci was significant on 22 July (p < 0.01) whereas it became negatively correlated in the last two measurements. Interestingly, the positive correlation between Ci and gs was constantly observed across all the measurements. ETR, Fv’/Fm′, and PhiPS2 had strong correlations with Asat. On contrary, NPQ(t) was negatively correlated with Asat and other Chlorophyll fluorescence parameters.



Chlorophyll and Nitrogen Content

Variations in Chl a, Chl b, and Chl a + b contents were observed among accessions. En, JMC49, and JMC56 are distinguished with lower Chl a, Chl b, and Chl a + b contents. Chl a was significantly (p < 0.05) higher in PE than in En and JMC56, and Chl b was significantly higher in PE than En, JMC13, and JMC56 (p < 0.05; Supplementary Figure S3A). JMC47 had the highest Chl a, Chl b, and Chl a + b contents among the JMC accessions and was comparable with that of PE. We observed consistency of Ncont variation among accessions between 30 July and 11 August except for JMC16 and JMC56 (Supplementary Figure S3B). The lowest Ncont of 1.25 gm−2 was seen in JMC37 and JMC43 whereas JMC56 had a higher Ncont value of 1.92 g m−2 on 30 July than that of most accessions. We did not observe any significant difference in Ncont values on 11 August. On average, Ncont was higher on 30 July than on 11 August.

The correlation between Chl a, Chl b, and Chl a + b and Asat was significant (p < 0.01; Supplementary Figure S4). However, we did not observe a significant correlation between chlorophyll contents and chlorophyll fluorescence parameters.



Stomatal Attributes and Specific Leaf Weight

JMC47 had the highest SDensity among the JMC accessions on 30 July (Figure 7A). PE and JMC47 had significantly more stomata than Fu, JMC13, JMC37, and JMC43 (p < 0.05). The SDensity difference among accessions was not clear on 11 August. Variations of SLength and SWidth (Figure 7B) were also observed among accessions and between measurements, but the difference was only significant between the measurement dates (p < 0.05) and not among the accessions. SLength was twofold longer than SWidth for all the accessions.
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FIGURE 7. Phenotypic variations in morphological parameters of stomatal density (A), the length and width of stomata (B), and specific leaf weight (C). Data point is the mean of four observations. Error bars indicate standard errors.


En and JMC47 showed distinguishably higher specific leaf weight (SLW) on 30 Jul, however, there was no consistency between the values of 30 July and 11 August (Figure 7C). JMC13 and JMC49 had smaller SLW values than other accessions on 30 July; however, on 11 August, PE and JMC56 had the lowest SLW values. We observed accessions (G) to measurement date (D) interaction at p < 0.05, but the average SLW values were neither significant among accessions nor between the two measurement dates.

A positive correlation between gas exchange parameter gs and SDensity was observed (Supplementary Figure S4) but it was only significant on 11 August (p < 0.05). A strong negative correlation existed between SDensity and SLength whereas the correlation between SDensity and SWidth was not significant. SLength was also negatively correlated with Asat, Ci, and gs. SLW was not correlated with Asat in pooled data, nor was it with individual measurements.




DISCUSSION

The culmination of conventional yield improving parameters has widened the margin between food demand and crop yield (Zhu et al., 2008, 2010), leaving the potential yield productivity to be bridged by the manipulation of photosynthetic processes in plants (Long et al., 2006; Kromdijk et al., 2016). Although exploiting natural variations of photosynthetic apparatus is considered promising for increasing crop productivity (Heckmann et al., 2017), unexplored germplasm is believed to be a major bottleneck (Kromdijk and Long, 2016) toward achieving it. We studied leaf photosynthetic capacity in JMC to (1) harness natural genotypic variations of photosynthetic capacity; (2) study the underlying genetic architecture of light-saturated photosynthesis; (3) identify physiological traits underpinning photosynthetic variations. This study is the first to assess JMC for photosynthetic studies on this scale.


t-SNE and K-Means Clustering

As photosynthesis is a physiological process that could be affected by various environmental factors, we considered it was of importance to conduct multiple and repeated measurements and then explain total photosynthetic variations over a time course via dimensionality reduction. The use of MIC-100 enabled us to measure Asat repeatedly in a stunningly high number of plants which is not possible using conventional gas exchange measurement systems. The method of aggregation and interpretation of a large amount of data through large-scale phenotyping will be important to solve the bottleneck of harnessing limited genetic variations in photosynthetic research. Dimensionality reduction combined with GWAS has previously been used by Yano et al. (2019). The use of t-SNE has important implications. t-SNE is one of the best dimensionality reduction algorithms that work well for both linear and non-linear data. It is also a very robust method for visualizing high dimensional data in two- or three-dimensional panels which we considered using for our analysis. Our t-SNE analysis revealed some suitable photosynthetic characteristics of the JMC. K-means clustering classified the studied accessions into four distinct clusters with varying Asat values (Figures 2, 3). The correlation between actual data and t-SNE components indicates that SNE2 represents the genetic potential of photosynthetic capacity, whereas SNE1 seems to explain seasonal variations in Asat because of their high correlation with measurements at the beginning of August in both years (Table 1). The difference in photosynthetic performance among these clusters could be attributed to some geographical or agro-morphological basis, in addition to the unexplored limitations that lie within photosynthetic machinery. Among four clusters, Cluster2 is of particular interest as its members showed their high photosynthetic rates equivalent to or higher than the photosynthetically elite cultivars, Fu in Cluster1 and En in Cluster3 (Figure 2). Higher Asat values among the JMC accessions serve as a source of evidence for the claim that harnessing natural variations of photosynthesis is an ideal route toward removing bottlenecks in this process and improving seed yield (Heckmann et al., 2017).



Genetic Architecture of Asat

The use of SNE2 in GWAS has two important implications. Firstly, SNE2 explains a great portion of variations in Asat values, and secondly, it had a strong positive correlation with all the measurement dates (Table 1). GWAS using SNE2 identified a genomic region at chromosome 17 (Figure 4) which had a strong correlation with SNE2. The accession numbers used in the present study was relatively small for GWAS and the detected peak should be interpreted carefully. However, the repeated measurement of Asat in 8 environments across 2 years and subsequent dimensionality reduction enabled us to detect the possible genomic region controlling the photosynthetic capacity.

One of the genes near the identified SNP is Glyma.17G226700, encoding G protein alpha subunit 1 (GPA1) which binds to abscisic acid (ABA). GPA1 mutants have been reported to have increased transpiration efficiency by minimizing gs and stomatal density (Nilson and Assmann, 2010). The loss-of-function mutation of GPA1 led to a decrease in stomatal density in the lower epidermis of Arabidopsis cotyledons suggesting that GPA1 positively regulates stomatal density in response to environmental and developmental cues (Zhang et al., 2008). GPA1 has also been reported to be dynamically regulating chloroplast development and response mechanism to both intracellular and intercellular signals (Zhang et al., 2009). In a previous study on soybean, Glyma.17G226700 was also detected through GWAS of photosynthetic traits concerning phosphorus efficiency (Lü et al., 2018). The positive relationship between the gene expression level of Glyma.17G226700 and Asat (Figure 5B) in this study suggests that GPA1 is an important factor in determining the natural variation of photosynthetic capacity in soybean. Nevertheless, further analysis on elucidating the functions of this gene in regulating photosynthesis is needed to utilize genetic resources in future breeding programs. Other recent studies focusing on the genetic architecture of photosynthetic capacity have also reported several loci. None of them, however, overlapped with our study. Lopez et al. (2019) identified loci related to photosynthetic capacity on chromosomes 3 and 15 in the NAM population of the US soybean. Wang et al. (2020) also reported loci affecting photosynthetic rate on chromosomes 6, 16, 18, and 19 in Chinese soybean germplasm. Yang et al. (2022) identified some loci controlling chlorophyll fluorescence on chromosomes 2, 4, 7, 8, 14, 15, 16, 18, 19, and 20 in Chinese soybean germplasm. The detection of various genomic regions between previous reports and our study suggests the complex genetic regulation and environmental interaction of soybean leaf photosynthesis.



Asat and Physiological Mechanism Underpinning Photosynthetic Capacity

Photosynthetic capacity of the JMC accessions, in general, was highly dependent on CO2 diffusion, mainly due to stomatal limitations (Figure 6). Low gs on 22 July could be attributed to the early vegetative stages of the accessions. The implication of gs on increasing photosynthetic capacity is well-established (Cornish et al., 1991; Fay et al., 1995; Taylor and Long, 2017; Yamori et al., 2020). The correlation between gs and SDensity (Supplementary Figures S4B,C) and the higher gs and SDensity in JMC47 and PE indicates that higher gs in JMC47 and PE was due to their leaves allocating more surface to stomata. Our results are consistent with the findings of Franks et al. (2009) and Tanaka et al. (2010) also reported a strong correlation between potential stomatal conductance and SDensity and argued that it could be underpinning the physiological potential for greater productivity in the U.S. soybean cultivars. In this study, JMC accessions with higher Asat had higher gs and higher gs was usually accompanied by a higher SDensity (Figure 7). This indicates that Japanese soybean may show greater photosynthetic capacity if their stomatal gs is manipulated.

The best performance of JMC47 throughout vegetative and reproductive growth stages appears to be due to enhanced light utilization in addition to higher gs. This accession displayed the highest ETR, Fv’/Fm′, PhiPSII, and the lowest NPQ(t) values (Figure 6) indicating that it utilizes sunlight much more efficiently than the elite cultivar of Fu, En, and PE. The continuous superiority of ETR and Fv’/Fm′ in JMC47 across measurement dates is consistent with findings that the application of 24-epibrassinolide increased ETR and the net-photosynthetic rates under water-deficient conditions and suggested that plants with higher ETR are more efficient in photosynthesis (Pereira et al., 2019). Sheng et al. (2008) studied the effect of Arbuscular mycorrhiza (AM) on photosynthesis and water status in maize and found that enhancement in photosynthetic capacity was due to enhanced Fv’/Fm′, Fv/Fm, and PhiPSII, and lower non-photochemical quenching (NPQ). Although we did not use any treatment, the natural superiority of JMC47 in showing greater Fv’/Fm′ could be utilized as a potential resource in enhancing the light use efficiency of the photosynthetic process.

The relationship between chlorophyll content and photosynthesis has been studied intensively (Buttery and Buzzell, 1977; Garty et al., 2001; Li et al., 2006; Holly et al., 2017) and a strong positive correlation between leaf chlorophyll content and photosynthesis has been reported. A positive correlation (Supplementary Figure S4B) between chlorophyll content (Chl a, Chl b, Chl a + b) and Asat falls in agreement with previous findings. Higher Asat in JMC47 could also be related to its increased chlorophyll content; however, the higher chlorophyll content in PE but lower Asat compared to that of JMC47 may be due to other yet unidentified factors. Ncont and SLW are correlated with Asat (Allison et al., 1997; Boussadia et al., 2010; Sakoda et al., 2016; Shamim et al., 2021). In our study, however, we did not observe any correlation. These results indicate that JMC47 had both stomatal and light utilization advantages over other accessions that led to its highest photosynthetic capacity.

This is the first study that reports detailed information about the photosynthetic capacity of Japanese soybean accessions together with physiological mechanism and genetic architecture underpinning photosynthesis. Here, we classified Japanese soybean germplasm into four clusters with Cluster2 comprising highly photosynthesizing accessions. GWAS revealed a locus on chromosome 17 and further genomic studies suggested the involvement of a gene, Glyma.17G226700, whose expression had a strong positive correlation with Asat. Experiment on the ten representative accessions revealed that there were stomatal and non-stomatal limitations on Asat with major limitations due to CO2 diffusion (lower SDensity). Among all accessions, JMC47 had the highest Asat which could be attributed to its high gs, SDensity, chlorophyll content, and chlorophyll fluorescence parameters. These results provide a piece of solid evidence to suggest that exploiting the genetic variations of plant germplasms is an ideal route to unlocking the resource use efficiency in photosynthesis.
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Preserving viable pollen is of great interest to breeders to maintain desirable germplasm for future inbreeding. Ultra-low temperature preservation of pollen is an effective and safe way for long-term storage of plant germplasm resources. In this study, we improved methods for the preservation of soybean pollen at ultra-low temperature. Soybean flowers at the initially-open stage were collected at 6–10 a.m. during the fully-bloom stage of soybean plants and were dehydrated for 10 h and then frozen and stored at −196 or −80°C. In vitro culture experiments showed that the viability of preserved pollen remained as high as about 90%. The off-season (local site Heihe) and off-site (Beijing, after long-distance express delivery from Heihe) hybridization verification was conducted, and no significant difference in true hybrid rate was founded between the preserved pollen and the fresh pollen. The ultra-low temperature preservation technology for soybean pollen could break the spatiotemporal limit of soybean hybridization and facilitate the development of engineered soybean breeding.

Keywords: soybean, pollen, ultra-low temperature preservation, germination rate, off-site hybridization


INTRODUCTION

Artificial hybridization between varieties is still the major method for soybean breeding. As the photo-thermal sensitivity of soybean limits the adaptation of soybean varieties to a wide latitude (Liu et al., 2017), it is difficult to achieve intercrossing between varieties with the diverse geographical origin and different flowering times even under the same sowing date and location (Tyagi and Hymowitz, 2003). As a result, the range of available parents is limited and the genetic basis of bred varieties is very narrow (Polito and Luza, 1988). In the conventional breeding programs, soybean hybridization could be completed only when the flowering of selected varieties is at the same time and location. Therefore, a very short time for hybridization results in low hybridization efficiency. The availability of viable pollen is a prerequisite to facilitate breeding in many species to overcome this time-and-space difficulty (Alba et al., 2011; Gowthami et al., 2021).

At present, ultra-low temperature preservation at −80°C, in liquid nitrogen (LN, −196°C), or LN vapor phase (−150 ~ −180°C) are all effective for pollen storage (Lu and Chen, 2003; Zhang et al., 2006; Chen et al., 2013; Yang et al., 2014) and for the extended maintenance of pollen viability (Barnabás and Rajki, 1976; Akihama and Omura, 1986; Li, 1987; Ganeshan and Alexander, 1990; Hu and Guo, 1996; Shi et al., 1996; Wang et al., 2003; Cheng et al., 2007; Li et al., 2010; Zhang et al., 2017; Qiu et al., 2018; Oliveira et al., 2021). Cryo-banks of pollen have been established in Japan (Akihama and Omura, 1986), the United States (Connor and Towill, 1993), Canada (Mercier, 2009), China (Zhang et al., 2009, 2014a, 2017), and India (Engelmann, 2004).

To date, the common procedure of pollen ultra-low temperature preservation is as follows: pollen collection, dehydration, freezing, thawing, and field application (Li, 1987; Polito and Luza, 1988; Liu and Wang, 2001). Pollen collection, dehydration methods, and thawing methods directly determine the success or failure of pollen preservation (Liu and Wang, 2001; Shang et al., 2018). To achieve the ideal preservation results, attention should be paid to improving the technology for the preservation of different species and tissues.

The status of pollen for collection is an important factor for pollen preservation (He et al., 2017). The plant pollen viability varies greatly in different developmental stages, which was mainly related to the maturity of pollen (Liang et al., 1993). Marchant et al. (1992) compared the Chinese rose pollen in different open states of flowers and found that pollen of unopened flowers was less likely to be contaminated and more suitable for collection.

For pollen storage, moderate dehydration is also the key to keeping post-preservation pollen viability (Sauve et al., 2000). As temperature decreases, the water inside the cell freezes to form ice crystals, which damage cell membranes and organelles under ultra-low temperature (Towill, 1981; Liu et al., 2015). To reduce or avoid the damage, the water content of the tissues should be reduced appropriately to optimal levels before storage (Nepi et al., 2001; Pacini and Hesse, 2004). And the optimal water content of pollen for preservation at −80°C and −196°C varies among species, even cultivars. Methods for pollen dehydration include desiccant drying (Hu and Guo, 1996), drying at room temperature (Liu and Wang, 2001), drying under incandescent lamps (Jiang and Gao, 1989), freeze-vacuum drying, vacuum drying, etc. Studies have shown that dehydration at room temperature helps to maintain optimal pollen viability (Rajasekharan and Ganeshan, 1994), whereas high temperature during the dehydration process adversely affects the pollen viability (D'antonio and Quiros, 1987). Drying at room temperature and drying under incandescent lamps both achieved excellent drying results (Zhang et al., 2017).

In addition, thawing methods also influenced the pollen viability after preservation (Li, 1987; Polito and Luza, 1988; Shi et al., 1995; Sauve et al., 2000; He et al., 2017). The process of thawing, water absorption, secondary freezing, and osmotic shock of water damage the cell membrane system (Zhang et al., 2006). Thus, it is very important to improve the thawing method. The methods of thawing pollen include thawing at room temperature, thawing in a warm water bath, and thawing under running water. When the cryopreserved materials were thawed, the temperature of refreezing is −5 to −10°C (Chen, 1989). A warm water bath at 30–40°C is usually used for thawing so that the pollen quickly passes through the dangerous temperature range (Liu and Zhang, 2004).

Several studies have been reported on the storage of soybean pollen. Chen and Ding (1988) found that more than 50% of the pollen dehydrated with calcium chloride was still viable on the 5th day under low-temperature conditions (2–3°C). Gai et al. (1980) found that soybean pollen with low temperature (−3 to −4°C) and dehydration treatment retained viability of 60% for storage of 14–15 days. Perveen and Khan (2009) found that high germination and viability of soybean pollen were maintained under storage in a freezer (−20 and −30°C), and the highest germination percentage was observed under a freeze drier (−60°C). Tyagi and Hymowitz (2003) investigated the germination rate of preserved pollen from seven cultivated and five wild soybean varieties and found that the range of pollen germination rate was 17–77.8% after storage in LN of 7 days without dehydration before storage. In previous studies, the effect of a single factor on the ultra-low temperature preservation of soybean pollen was studied, however, there is a lack of systematic study. This study was undertaken to investigate the effects of pollen collection, dehydration, freezing, thawing, and hybridization verification on the ultra-low temperature preservation of soybean pollen. It is aimed to develop a simple and efficient preservation protocol and realize the breeding application of preserved pollen through long-term storage and long-distance transportation.



MATERIALS AND METHODS


Materials

The soybean pollen used for the investigations of preservation technology was collected from a purple flower variety Heihe43, which is the most widely grown soybean variety, in the Heihe City, Heilongjiang Province, China. In the hybridization verification investigation conducted in Heihe, the white flower variety Jinyuan55 was used as the female parent and the fresh pollen was collected from Heihe43. In the hybridization validation carried out in Beijing, a local white flower variety Zhonghuang39 was used as the female parent. Considering that Heihe43, an elite variety from the north part of northeast China, grew poorly and produced a limited size and number of flowers in Beijing, the fresh pollen was taken from a local purple flower variety Zhonghuang30, an elite variety at Huang-Huai-Hai Valley, to further prove the feasibility of the off-site use of pollen preservation technologies.



Methods
 
Planting Conditions

In Heihe, Heilongjiang province of China, the field experiments were conducted in 2018–2020 in the Experiment Station of the Heihe Branch of Heilongjiang Academy of Agricultural Sciences (50°15'N, 127°27'E). The sowing dates were May 9, May 11, and May 14, respectively in the relative years. Heihe43 and Jinyuan55 were planted in a 1.5 m row, with 0.6 m space between the rows and a space of 0.07 m between the adjacent plants. In Beijing, Zhonghuang30 and Zhonghuang39 were grown in pots at the campus of the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences (40°130'N, 116°330'E). The seeds of Zhonghuang30 and Zhonghuang39 were planted on 15 June 2020 and 22 June 2020, respectively. Twenty pots for each variety and five uniform plants remained in each pot.



Stage Determination for Collecting Soybean Flowers Bearing Highly Viable Pollen

Based on the degrees of opening of the petals, soybean flowers of Heihe43 were categorized into the following four stages (Figure 1): (1) Petal-emerging stage: the petals have just emerged from the calyx and their color can be distinguished, but the height is lower than the calyx (Figure 1A); (2) Petal-elongated stage: the petals have extended and exceeded the height of calyx, but the banner flap is still closed (Figure 1B); (3) Initially-open stage: the petals grow to the maximum height, and there are obvious cracks at the top of the banner petal (Figure 1C); (4) Fully-open stage: wing and keel petals are all fully unfolded (Figure 1D). We collected the intact flowers at four stages, respectively, for the detection of pollen viability by in vitro culture as described in Section Detection of Pollen Viability.


[image: Figure 1]
FIGURE 1. Flower characteristics at four developmental stages. (A) Petal-emerging stage; (B) Petal-elongated stage; (C) Initially-open stage; (D) Fully-open stage. Scale bar, 1 mm.




Dehydration Treatments

The freshly collected soybean flowers were 150 g with three replications. Dehydration treatment was carried out using the oven, incandescent lamp, and natural drying, respectively. The details are as follows:

(1) Dehydrated in the oven: The flowers were placed in a plastic pallet and then were put into the electrothermal blowing drying oven (Lichen101-3BS) for continuous dehydration for 14 h. The temperature was set at 35°C and the humidity in the oven was adjusted to 25% by silica gel desiccants. The ratio of the flower and silica gel was about 1:7. The temperature and humidity in the drying oven were monitored with a temperature and hygrometer, respectively.

(2) Dehydrated using incandescent lamps: The flowers were laid on sulfate paper and placed under a 40 W incandescent lamp for 14 h at room temperature of 25°C and humidity of 55%. The lamps were 15 cm above the flowers, and the light intensity was about 10 μmol m−2 s.

(3) Dehydrated at room temperature: The flowers were spread on sulfate paper and placed indoors for 14 h at room temperature of 25°C and humidity of 55%.

During the dehydration process, flowers were randomly taken from each of the above three treatments at drying intervals of 2 h, i.e., 0, 2, 4, 6, 8, 10, 12, and 14 h, respectively, and then the measurement of pollen germination rate was conducted by in vitro culture as described as in Section Detection of Pollen Viability. Other dehydrated flowers were preserved and used in subsequent experiments.



Determination of Water Content of Soybean Flowers

Before dehydration, the samples were divided into six parts with three repeats, and about 2 g of each sample was weighed by an analytical balance (ZX224ZH), placed in the Petri dishes, and dehydrated in the drying oven as described in Section Dehydration Treatments. The value of flower weight (FWi) was recorded at drying intervals of 2 h, i.e., 0, 2, 4, 6, 8, 10, 12, and 14 h drying, respectively. The dry weight (DW) was recorded when it was dehydrated to constant weight in a drying oven at 110°C. The water content (WCi, %) was computed using the following formula:
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WCi (%) represents the water content of the flower at i h, FWi represents the flower weight at i h, and DW represents the final DW.



Freezing and Preservation Methods of Soybean Flowers

Flowers were taken from the drying oven with a temperature of 35°C and humidity of 25% at intervals of 2 h, and each sample was about 1 g in weight, with three replications. The samples were wrapped with the tin foil tightly and then followed by three freezing and preservation treatments: (1) Freezing and preserving in LN; (2) Freezing and preserving in a −80°C freezer (Haier DW-86L338); (3) Freezing in LN and then transferring to a −80°C freezer: put flowers in LN for 72 h and then transfer them to −80°C freezer to preserve. After 1 week, the flower was taken out, thawed, and the pollen germination rate was assessed by in vitro culture as described in Section Detection of Pollen Viability.



Thawing Methods of Soybean Flowers

After taking out the tin foil package and wrapping the flowers from the preservation condition described in Section Freezing and Preservation Methods of Soybean Flowers, the samples in the package were thawed for 1 min with the following three methods, respectively: (1) thawing under running water at 20°C (±5°C); (2) the package was put in tubes and thawed in the water bath of 35°C; and (3) thawing at room temperature of 25°C (±2°C). The experiment was repeated three times, with six flowers for each repeat selected to measure pollen germination rates by in vitro culture as described in Section Detection of Pollen Viability.



Detection of Pollen Viability
 
In vitro Culture

The culture medium was prepared using the methods reported by Wang et al. (2016) with some modifications: 19.2% (wt%) sucrose, 68.9 mg /L GA3, 0.015% (wt%) H3BO3, 0.05% (wt%) CaCl2, 7.5% (wt%) PEG-4000, and the solvent was water. The pollen was cultured in the in vitro medium for 20 min at room temperature (25±2°C). The average pollen germination rate was observed under microscopes (Murzider-D106B) randomly and calculated using the data from six fields of six flowers (one for each flower) with three replications. Pollen was scored as germinated if the length of the pollen tube was over two times its diameter, using the formula as indicated below:
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GR: Germination rate; a: the total number of pollen in each field under microscopes; b: the number of the germinated pollen in each field under microscopes.



Hybridization Verification

Off-season hybridization: In 2018, the flowers of Heihe43 at the initially-open stage were collected in Heihe, dehydrated for 10 h in the drying oven, wrapped with tin foil, frozen in LN for 72 h, and then transferred to a −80°C freezer for 1 year from 15 July 2018 to 24 July 2019. The off-season hybridization was conducted in July 2019 in Heihe. The preserved pollen was taken out in batches from the freezer and thawed at room temperature, and the white flower variety Jinyuan55 (female parent) was pollinated with the preserved pollen. Freshly collected flower at the initially-open stage from Heihe43 in 2019 was used as control and pollination was made synchronously.

Off-site hybridization: On 15 July 2020, flowers of Heihe43 at the initially-open stage were collected in Heihe, dehydrated for 10 h and 14 h in the oven, and were wrapped and frozen in LN for 72 h, and then transferred to a −80°C freezer. After 31 days of preservation, the samples were placed inside a rigid foam plastic box containing 15 kg of dry ice and sent to Beijing (over 1,800 km away from Heihe) by express delivery. After 3 days, it arrived in Beijing and was stored in the −80°C freezer. From 21 to 25 August 2020, the preserved pollen was taken out in batches from the freezer and thawed at room temperature before use. Pollination was carried out using Zhonghuang39 as the female parent. Fresh pollen of purple flower variety Zhonghuang30 was used as control and pollinated synchronously.

Among the F1 individuals, the plants with purple flowers were regarded as true hybrids and those with white flowers were regarded as false hybrids. The true hybrid rate was calculated by dividing the number of true hybrids by the total number of hybrid plants.




Statistical Analysis

The IBM SPSS 19 S Statistics software was used to calculate the descriptive statistics, including the test for homogeneity of variance and one-way ANOVA. Means were separated by Duncan's multiple range test at P < 0.05, where the F-test was significant. Welch's and Dunnett's T3 methods were used to compare the means of different treatments for unequal variances.





RESULTS


Germination Rate Differences of Fresh Soybean Pollen at Different Developmental Stages of Flowers

We collected intact flowers at four stages, respectively, for the detection of pollen viability by in vitro culture as described in Section Detection of Pollen Viability. The results showed that the average germination rate of fresh pollen collected from intact flowers of Heihe43 was as low as 4.26% at the petal-emerging stage, reaching 83.5 and 97.6% at petal-elongated and initially-open stages, respectively, and failed to germinate during fully-open stage (Figure 2). It suggested that pollen was highly viable during initially-open stages but rapidly declined after the flower fully opened.
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FIGURE 2. Germination rate of fresh pollen at different developmental stages of soybean flowers. Stage I: Petal-emerging stage; Stage II: Petal-elongated stage; Stage III: Initially-open stage; Stage IV: Fully-open stage. All data were represented as mean ± SD of three replicates. Welch's and Dunnett's T3 methods were used to compare the means of germination rates of fresh pollen at different developmental stages of soybean flowers (P < 0.05).




Effects of Dehydration Treatments on Soybean Pollen Viability After Ultra-Low Temperature Preservation

To verify the effects of different dehydration methods on pollen viability after ultra-low temperature preservation, the fresh pollen was dehydrated, respectively, in the oven, at room temperature, and under incandescent lamps before preservation. The results showed that within 4 h of dehydration, the dehydrated pollen in three dehydration treatments failed to germinate after preservation in LN (Figure 3). When the dehydration time was 6 h, the germination rates of soybean pollen dehydrated in an oven, at room temperature, and under an incandescent lamp were 70.1, 4.9, and 0%, respectively, after preservation in LN (Figure 3). With the extension of drying time, the post-preservation pollen germination rates in three dehydration treatments showed an upward trend. The highest post-preservation pollen germination rates in three pre-freezing dehydration treatments were found in the oven drying for 10 h (96.04%), at room temperature for 12 h (83.26%), and under an incandescent lamp for 14 h (70.72%), respectively. Drying in an oven was the fastest way to achieve the high post-preservation pollen germination rate among three dehydration methods.


[image: Figure 3]
FIGURE 3. Effects of different dehydration treatments on pollen germination rates after preservation. The flowers were collected at the initially-open stage, dehydrated under three treatments at different times, frozen in liquid nitrogen (LN) for 72 h, and thawed at room temperature. All data were represented as mean ± SD of three replicates.


Low-water content was a precondition for ultra-low temperature preservation of pollen. In the current study, the water content of freshly collected soybean flowers was as high as 84.49% (Figure 4). With the extension of drying time in the oven, the water content of the flower dropped to 41.65% for 6 h, 21.28% for 8 h, 11.0% for 10 h, 6.86% for 12 h, and 4.72% at 14 h (Figure 4). The average germination rate of soybean pollen dehydrated in the oven was above 90% within 6 h, 80.68% at 10 h, and 72.93% at 14 h (Figure 4), indicating that the 10-h dehydration in the oven could reduce the water content of pollen to an optimal range for ultra-low temperature preservation.
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FIGURE 4. Water contents of flowers and germination rates of pollen at different drying times. The flowers of Heihe43 at the initially-open stage were collected and dehydrated in the drying oven. All data were represented as mean ± SD of three replications.




Effects of Freezing and Preservation Methods on Germination Rates of Preserved Pollen

To determine the suitable ultra-low temperature preservation methods, the influence of freezing and preservation methods on pollen viability was investigated. The post-preservation germination rate of the pollen dehydrated in the oven was detected under three freezing and preservation treatments, including (1) frozen and preserved in LN; (2) frozen and preserved in −80°C freezer; and (3) frozen in LN for 72 h and then preserved in −80°C freezer. The results showed that within 4 h of dehydration, the average post-preservation germination rate of pollen frozen in LN and then stored in a −80°C freezer was <20%, whereas those of pollen frozen and stored in LN and those frozen and stored in a −80°C freezer were both 0 (Figure 5). When the drying time was 6 h, the post-preservation germination rate of pollen frozen in LN and then preserved in a −80°C freezer was 16.26%, those which were frozen and preserved in LN was 73.04%, and those which were frozen and preserved in a −80°C freezer was 3.26%. When the drying time was 10 h, the average post-preservation pollen germination rate of all three treatments reached the peak, at about 87.08% (frozen and preserved in a −80°C freezer), 91.08% (frozen in LN for 72 h and then preserved in a −80°C freezer), and 95.95% (frozen and preserved in LN), respectively (Figure 5). The germination rate of preserved pollen with dehydration for 12–14 h showed a decreasing trend but was still higher than 70%, which could meet the demand for soybean hybridization.
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FIGURE 5. Germination rates of soybean pollen after different freezing and preservation treatments. LN → −80°C, flowers were frozen in liquid nitrogen (LN) for 72 h and then stored in a −80°C freezer; −80°C → −80°C, flowers were frozen and preserved in a −80°C freezer; LN → LN, flowers were frozen and preserved in LN. The flowers at the initially-open stage were collected and dehydrated in a drying oven at different times. After preservation, the flowers were thawed at room temperature for germination tests. All data were represented as mean ± SD of three replicates.




Effects of Thawing Methods on Germination Rates of Preserved Pollen

To select the suitable thawing method for soybean pollen after ultra-low temperature preservation, the flower samples wrapped with the tin foil packages were thawed in the following three methods: thawing in a water bath at 35°C, at room temperature, and under running water, respectively. The results showed that the germination rates of preserved pollen thawed under the running water and in a 35°C water bath were significantly higher than those thawed at room temperature (p < 0.05) regardless of the freezing and preservation methods (Figure 6). Even that, the pollen germination rates by thawing at room temperature was over 75%, which was high enough for hybridization.
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FIGURE 6. Comparison of germination rates of preserved soybean pollen after different preservation and thawing methods. LN → −80°C, frozen in liquid nitrogen for 72 h and then stored in a −80°C freezer; −80°C → −80°C, frozen and preserved continuously in a −80°C freezer; LN → LN, frozen and preserved in liquid nitrogen. The preserved samples were thawed for 1 min by three methods. Means of germination rates of preserved pollen after different preservation and thawing methods were separated by Duncan's multiple range test at P < 0.05, where the F-test was significant.




Application of Preserved Pollen in Soybean Hybridization
 
Off-Season Hybridization Application of Preserved Pollen in Heihe

To verify the viability of 1-year preserved pollen of Heihe43 at −80°C, the hybridization experiment was conducted in 2019. Both the preserved and fresh pollen were used to pollinate Jinyuan55 as the female parent. The results showed that there was no significant difference in the true hybrid rate of F1 generation between being pollinated with the preserved pollen for 1 year and the fresh pollen (Figure 7), demonstrating that ultra-low temperature preservation well maintained the viability of the soybean pollen.
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FIGURE 7. Comparison of the true hybrid rates in F1 generation of combinations using preserved and freshly collected flowers as the pollen sources. Preserved pollen: the flowers of a purple flower variety Heihe43 at the initially-open stage were collected, dehydrated, and frozen in liquid nitrogen (LN) for 72 h and then stored at −80°C, from 15 July 2018 to 24 July 2019; Fresh pollen: Fresh flowers of Heihe 43 at the initially-open stage was collected in Heihe within 0.5 h to pollinate before hybridization. Data were represented as mean ± SD of two replicates. Means of the true hybrid rates in F1 generation of combinations using preserved and freshly collected flowers as the pollen sources were separated by Duncan's multiple range test at P < 0.05, where the F-test was significant.




Off-Site Hybridization Application of Preserved Pollen in Beijing

To test the feasibility of the use of preserved pollen in other regions, the preserved pollen (flowers) was transported to Beijing, which is 1,800 km away from Heihe, and the hybridization verification tests were carried out in Beijing in July 2020. The results showed that the pollination with preserved pollen resulted in an even higher true hybridization rate than that using fresh pollen of local elite variety Zhonghuang30 (Table 1).


Table 1. Effects of preserved pollen on off-site pollination in Beijing.
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DISCUSSION


Optimal Developmental Stages of Soybean Flowers for Pollen Collection

Pollen germination rate varies at different developmental stages of flowers in plants. For Ziziphus moss, the germination rate of nearly and fully mature pollen was higher than young pollen (Liang et al., 1993). For dogwood (Cornus florida), pollen collected from flowers with dehiscence anther was suitable to store (Sauve et al., 2000). In this study, the viability of pollen collected from the flowers at the initially-open stage was higher (Figure 2). The appropriate time for collecting soybean flowers at Heihe was 6–10 a.m. The morphological characteristics of soybean flowers that bore high-viability pollen were determined, ensuring the sampling consistency and high germination rate of pollen. In addition, collecting intact soybean flowers avoided pollen contamination, improved the efficiency of pollen collection, and facilitated the large-amount preservation of pollen at ultra-low temperature.



Selection of Dehydration, Freezing, Preservation, and Thawing Methods for Soybean Pollen

The survival of plant cells after freezing and ultra-low temperature preservation is dependent on the lethal effects of intracellular ice. It is necessary to reduce the water content of pollen to prevent cell damage. Optimal water content is a major factor and varies among species (Zhang et al., 2006; Zhou et al., 2013; Liu et al., 2015; Yu et al., 2019). For litchi pollen, the suitable dehydration method was the use of an air-blowing electric dryer at 35°C for 6 h (Wang et al., 2015). In this study, the water content of freshly collected soybean flowers was around 84% (Figure 4), and the pollen hardly germinated when directly stored in LN without dehydration. It was found that soybean pollen dehydrated in the drying oven presented germination capacity better than at room temperature and under the incandescent lamp, and 10 h was the optimal drying time for preservation of pollen (Figure 3).

Besides dehydration, pollen viability can be affected by cooling speed, i.e., slow vs. fast cooling, during the preservation procedure (Dinato et al., 2020). A combination of fast-drying and cooling rates may enable the survival of pollen due to the reduction of the time of exposure to dehydration-related deleterious biochemical changes and the inhibition of intracellular ice-crystal formation (Impe et al., 2022). In this study, the 10 h-dehydrated pollen in the drying oven was suitable for all these three freezing and preservation methods, and the 8 h-dehydrated pollen in the drying oven was suitable for preservation in LN, and also suitable for freezing in LN and then preservation in a −80°C freezer (Figure 5). For preservation in LN, it is necessary to maintain the stable LN supply and special container, while the −80°C preservation can be conducted in a −80°C freezer. The preference of freezing and preservation at −196°C, freezing at −196°C, and preservation at −80°C would be up to the preservation conditions available and the ultimate goals for preservation.

Optimal thawing treatments are to avoid ice crystallization in the cells and to prevent the osmotic shock of water during thawing and water absorption from damaging the cell membrane system (Zhang et al., 2006). The suitable temperature range for ice crystallization is −3 ~ −50°C (Liu et al., 2015). If the temperature rises slowly during the thawing treatment and the pollen is in the “dangerous temperature zone” for a long time, the free water will recrystallize, which damages the cells and reduces the pollen vitality. Wang et al. (2003) found that thawing in a gradual treatment of −20°C (12 h) → 4°C (12 h) → 25°C (12 h) had better potato pollen viability than thawing in a continuous 35–40°C water bath. The thawing effect in running water and warm water bath had no differences and were better than at room temperature (Zhang et al., 2006). This is consistent with our results. Although the viability of pollen thawing at room temperature is slightly lower, it also meets the pollination requirements. Therefore, we selected the thawing method according to the specific situation in breeding.



Off-Season and Off-Site Applications of Preserved Soybean Pollen in Breeding

Pollination is the most direct and effective method to evaluate the viability of preserved pollen (Liu et al., 2015). In this study, the hybridization experiments were carried out locally but off-season in Heihe and off-sited in Beijing, respectively. Hybridization results are greatly affected by many factors, such as temperature, air humidity, the expertise of the person carrying out the hybridization, etc. To ensure the reliability of the hybridization, the crossing in both Heihe and Beijing were carried out in uniform environments and conducted each by a skilled person in soybean hybridization. In Heihe, the true hybrid rate of the F1 generation of being pollinated with the preserved pollen for 1 year was as high as 59.68% (Figure 7), demonstrating that ultra-low temperature preservation maintained the viability of the soybean pollen at least for 1 year.

The maintenance of pollen viability using ultra-low temperature preservation has been realized in many species. It was reported that the viability of 8–10-years cryopreserved pollen from 12 species/cultivars of ornamental plants was higher than the fresh pollen, 17 species/cultivars retained the same viability as the control, and the viability of pecan pollen was still significantly higher than that of fresh pollen after cryopreservation (preservation in LN) of 13 years (Sparks and Yates, 2002; Ren et al., 2019). In maize, there was no significant difference in pollen pollination capacity between 1- and 2-years cryopreserved pollen and the control (Shi et al., 1996). In pecan and sweet cherry, pollen maintained over 50% viability when stored in a −80 °C freezer for 1 year (Ozcan, 2020; Wang et al., 2021). The viability of cryopreserved pollen in some species or cultivars showed a decreasing trend during the cryopreserved process (Ren et al., 2019). The differences in the storage tolerance of pollen in diverse species/cultivars may be also attributed to the pollen type, pollen size, plant taxonomy, etc., besides the pretreatments of preservation. It was known that the binucleate pollen is tolerant to dehydration and has greater viability when compared to trinucleate pollen (Dinato et al., 2020). Soybean pollen is binucleate (Albertsen and Palmer, 1979), and the pollen longevity might be longer by using the improved ultra-low temperature preservation technologies in this study. The monitoring of the preserved pollen and the stress response of preserved pollen under ultra-low temperature was investigated.

In this study, the germination rate of pollen after ultra-low temperature preservation was higher than that of pollen before freezing (Figures 4, 5), and the true hybridization rate of preserved pollen was higher than fresh pollen as well (Figure 7, Table 1). Similar findings were previously reported in other crops (van der Walt and Littlejohn, 1996; Liu et al., 2001). The reason is still not well-understood (Zhang et al., 2006, 2009; Li et al., 2010).

In the breeding programs under the field conditions, parents of a cross must synchronize during flowering time, which limits the scope of parent selection and leads to a narrow genetic base of new varieties. Soybean is a short-day plant, and the flowering time can be adjusted through artificial photoperiod treatments, sowing-date change, and other measures. However, the photoperiod treatment was costly, and under short-day conditions, soybean plants grew poorly, and produce flowers with a limited size and number of flowers (Zhang et al., 2014b), which was not conducive to pollen production and pollination. Date-of-planting was time-consuming and limited to narrow parents with similar maturity groups (Song et al., 2019). Off-season and off-site applications of preserved pollen allow the collection of flowers at any time and long-term preservation for backup, breaking through the asynchronous flowering barrier between parents belonging to different maturity groups, which will greatly broaden the range of parents for soybean breeding, expand the genetic base of new varieties, and facilitate the engineered breeding of soybean.




CONCLUSION

In this study, we improved ultra-low temperature preservation technologies of soybean pollen for off-season and off-site hybridization. The procedures can be summarized as follows:

(1) Collect the intact soybean flowers at initially-open stages in the morning (6–10 a.m.).

(2) Dry the soybean flowers in a drying oven with a humidity of about 25% and a constant temperature of 35°C for 10 h.

(3) Wrap the dehydrated flower with tin foil, and select either one of the following methods for freezing and preservation: one is to freeze and preserve in LN (LN) for storage, and the other is to freeze in LN and then preserve in freezers at −80°C.

(4) Put the preserved flowers into a container filled with enough dry ice, and transport them to the hybridization site by express delivery.

(5) Thaw the foil-wrapped flowers at room temperature for pollination application.
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Soybean has a recognized narrow genetic base that often makes it difficult to visualize available genetic and phenotypic variability and identify superior genotypes during the selection process. However, the phenotypic expression of soybean plants is highly affected by photoperiod and the cultivation of a given variety is performed in the latitude range that presents ideal conditions for its development based on its relative maturity group (RMG) for the optimization of the phenotypic expression of its genotype. Based on the above, this study aimed to evaluate the efficiency of artificial neural networks (ANNs) as a tool for the correct discrimination and classification of tropical soybean genotypes according to their relative maturity group during the population selection process with the aim of optimizing the phenotypic performance of these selected genotypes. For this purpose, three biparental populations were synthesized, one with a wide genetic variability for the RMG character obtained from the hybridization between genitors of maturity groups RMG 5 (Sub-tropical 23° LS) × RMG 9.4 (Tropical 0° LS) and two populations with a narrow variability obtained between genitors RMG 7.3 (Tropical 20° LS) × RMG 9.4 and RMG 5.3 × RMG 6.7, respectively. Criteria for comparing the developed ANN architecture with Fisher’s linear and Anderson’s quadratic parametric discriminant methodologies were applied to the data for the discrimination and classification of the genotypes. ANN showed an apparent error rate of less than 8.16% as well as a low influence of environmental factors, correctly classifying the genotypes in the populations even in cases of reduced genetic variability such as in the RMG 5 × RMG 6 population. In contrast, the discriminant functions were inefficient in correctly classifying the genotypes in the populations with genealogical similarity (RMG 5 × RMG 6) and wide genetic variability, with an error rate of more than 50%. Based on the results of this study, ANN can be used for the discrimination of genotypes in the initial generations of selection in breeding programs for the development of high performance cultivars for wide and reduced photoperiod amplitudes, even with fewer selection environments, more efficiently, and with fewer time and resources applied. As a result of similarity between the parents, ANN can correctly classify genotypes from populations with a narrow genetic base, in addition to pure lines and genotypes with a high degree of inbreeding.

Keywords: machine learning, photoperiod, glycine max, relative maturity, data mining, apparent error rate


INTRODUCTION

Soybean is the most important oilseed in the world and whose genetic improvement plays a significant role in the continuous growth of the crop. Soybean is highly sensitive to the photoperiod and considered a short-day species. The day length at the location of cultivation directly affects plant growth. In addition, the photoperiod influences the change from vegetative to reproductive stage, and consequently, the flowering, total cycle, and grain yield (Garner and Allard, 1930), consequently influencing the entire phenotypic performance in the field. Owing to this influence, the optimum photoperiod conditions for cultivars are restricted to a certain latitude range according to the environment in which the genotypes are cultivated (Lin et al., 2021). In Brazil, cultivars are distributed among 13 relative maturity groups (RMGs) classified geographically based on plant growth and development. Owing to the large territorial extent and latitude variation, Brazil comprises RMGs 5–9, respectively, from the south (latitude 30°) to the north of the country (latitude 0°) (Alliprandini et al., 2009).

The cultivation of a variety in an RMG different from its suitable one may result in undesired cycle elongation or reduction, insufficient or exaggerated vegetative development, susceptibility to pests and diseases specific to a certain time of the year, and low productivity (Miladinović and Đorđević, 2011), impairing their phenotypic performance. Genetically, the time to reach flowering and maturity is controlled by genes E. Thus far, 11 major loci (E1–E11 and J) involved in the control of these characteristics have been identified in soybean (Samanfar et al., 2017). In general, except for E6, E9, E11, and J genes, the dominant allele of E genes leads to late flowering and maturity, whereas an increase in the number of recessive alleles entails precociousness of the variety (Lin et al., 2021).

The yield potential of cultivars at their appropriate production locations is maximized. Correct estimation of the phenological stages of the soybean plant allows improvement in the flexibility to modify its development as a whole and use the characteristics controlled by other genes that are affected by the durations of the vegetative and reproductive stages. The number of nodes and pods, growth habit, and characteristics related to the occurrence of higher temperatures at a certain stage of the plant such as oil and protein content and nitrogen and phosphor concentrations in grains, can be explored well, depending on the objectives of the breeding program (Miladinović et al., 2018).

The effect of a phenotype is the sum of the genetic effects, environmental effects, and their interaction. The evolution of technology and the improvement of methodologies in breeding programs aim to isolate the environmental effects to the maximum extent to increase the efficiency of the selection of genotypes based on the genetic effects. Artificial neural networks (ANNs) have a high capacity in predicting, recognizing, discriminating, and classifying patterns. Moreover, different from parametric statistical approaches, they capture the complex characteristics of a dataset in addition to being slightly susceptible to noise and outliers and being suitable for nonlinearly separable problems common to agricultural experimentation (Kavzoglu and Mather, 2003; Sudheer et al., 2003; Haykin, 2008). Currently, at the experimental level, ANN models have been used in the prediction of genetic values (Soares et al., 2015), adaptability and stability (do Carmo Oda et al., 2019), phenotyping (Sá, 2018), yield estimates (Lu et al., 2022), genetic diversity (Rahimi et al., 2019; Taratuhin et al., 2020), disease detection, and classification (Hang et al., 2019; Trivedi et al., 2021). Moreover, they have demonstrated that the efficiency in the breeding stages can be increased, which can reduce the time and cost of obtaining high-performance cultivars.

Based on the above, the objective of the present study was to evaluate the efficiency of ANNs as a tool for the correct discrimination and classification of tropical soybean genotypes according to their relative maturity group during the population selection process, with the aim of optimization of the phenotypic performance of these selected genotypes. The possible application of this analysis is expected to obtain high performance cultivars for a wide range of photoperiods in soybean growing regions in Brazil.



MATERIALS AND METHODS


Plant Material

Three soybean populations with different ranges of genetic variability were synthesized and evaluated for their RMG characteristics. Hybridizations were performed at the Department of Agricultural Production Sciences, Faculty of Agricultural Sciences, São Paulo University - UNESP/FCAV located at latitude 21°14′58″S and longitude 48°17′08″W, in Jaboticabal, São Paulo, Brazil. The population with a wide genetic variability for the RMG character was obtained from the hybridization between the genitors BMX Veloz (RMG 5.0; sub-tropical 23° LS) × BRS 278 RR (RMG 9.4; tropical 0° LS), called the Brazil population. The Northern and Southern populations, characterized by the most restricted variability for the character group of relative maturity, were established from crosses between the cultivars BRS 245 RR (RMG 7.3; Tropical 20° LS) and BRS 278 RR (RMG 9.4) and between cultivars BMX Energia (RMG 5.3) and BMX Potência (RMG 6.7), respectively. The controls of each population were their respective genitors, in addition to the cultivars TMG 7262 RR (RMG 6.2), TMG 1174 RR (RMG 7.4), and TMG 1179 RR (RMG 7.9).

The parent cultivar BRS 278 RR was approximately 73 cm tall, had an average cycle of 115–127 days, determined growth habit, brown pubescence, purple flower color, RMG of 9.4, and resistance to lodging, Xanthomonas axonopodis, Cercospora sojina, and Diaporthe phaseolorum, were susceptible to common soybean mosaic, cyst nematode, Meloidogyne incognita, and Meloidogyne javanica, and tolerant to stem necrosis virus (CpMMV). BMX Veloz was of medium size, had an average cycle of 120 days, indeterminate growth habit, light brown pubescence color, purple flower color, RMG of 5.0, was resistant to D. phaseolorum and Phytophthora sojae (RPS1k gene), and was moderately resistant to C. sojina and X. axonopodis. BMX Energia was of medium size, had an indeterminate growth habit, gray pubescence color, purple flower color, RMG of 5.3, resistance to D. phaseolorum, and moderately resistant to C. sojina and X. axonopodis. BMX Potência had a height of 90 to 100 cm, indeterminate growth habit, gray pubescence color, white flower color, RMG of 6.7, was susceptible to the nematode M. incognita and moderately resistant to the nematode Meloidogyne javanica, and resistant to lodging, D. phaseolorum, C. sojina, and Phytophthora sojae. BRS 245 RR had a height of 70 to 94 cm depending on the planting region, determined growth habit, brown pubescence color, white flower color, RMG of 7.3, was resistant to D. phaseolorum, C. sojina, and common soybean mosaic, tolerant to stem necrosis virus, moderately susceptible to powdery mildew, and susceptible to cyst nematodes, M. incognita, and M. javanica.

All genitor cultivars were transgenic, with resistance to the herbicide glyphosate.

To perform the analyses, the controls were considered as distinct populations and there were 11 populations in total (Table 1).



TABLE 1. Genealogy and relative maturity group (RMG) of 11 soybean populations used in study.
[image: Table1]



Experimentation

Jaboticabal is located at latitude 21°15′19″S, presenting ideal photoperiod conditions for RMG genotypes 6–8 originating from the long rainy period in the region from November (spring) to April (autumn), allowing the cultivation of soybean cultivars with a cycle of up to 150 days. Field evaluation data were obtained from years 2017/2018, 2018/2019, and 2019/2020, corresponding to the filial generations from F3 to F6 for the Brazil population and F4 to F7 for the Northern and Southern populations. The three populations were conducted in the three agricultural years with a variable number of progenies, in addition to four commercial cultivars as controls within each population. The Brazil population consisted of 220 progenies in 2017/2018, 252 in 2018/2019 and 252 in 2019/2020. The Southern population consisted of 120 progenies in 2017/2018, 168 in 2018/2019 and 168 in 2019/2020. The Northern population consisted of 60 progenies in 2017/2018, 60 in 2018/2019 and 104 in 2019/2020. The agronomic characteristics evaluated were: number of days to flowering (NDF), number of days to maturity (NDM), total crop cycle (CYCLE), first pod insertion height (AIV), plant height at maturity (APM), lodging (Ac), agronomic value (VA), and grain yield (PG). Ac was evaluated based on a visual rating scale ranging from 1 (all plants erect) to 5 (all plants lodged), and VA was evaluated with a visual grading scale ranging from 1 (plants with poor agronomic characteristics) to 5 (plants with excellent agronomic characteristics). All experiments (three populations in three crop years) were conducted in Federer’s augmented block design (Federer, 1956), with randomized controls in all experimental blocks. Each experimental plot of each evaluated genotype consisted of a 5-m-long row, with a 0.5-m spacing between rows, and a sowing density of 15 seeds per linear meter. The agronomic characteristics were evaluated on five individual plants within each experimental plot, in all populations and in all agricultural years, making up a robust set of evaluated data.



Discriminant Analyses

Fisher and Anderson discriminant analyses are linear combinations of the observed characteristics that present the best discrimination power among all possible linear combinations of the same characteristics (Johnson and Wichern, 2002). In these methodologies, the total dataset is divided into a training set (80% of the data) responsible for obtaining the discriminant functions and a validation or test set (20% of the data) responsible for validating the functions. For the test set to be a representative sample of the training set, several data partitions were performed, where the mean and variance of each generated set pair were compared, and the pair in which the estimates were the closest possible was selected. Cross-validation of the data and Fisher’s linear and Anderson’s quadratic discriminant functions were performed in Genes Computer Application (Cruz, 2008) according to the methodology of Cruz et al. (2014).



Analysis by ANN

After several experiments on the best architecture for the multilayer perceptron network type, neural network architecture 12–64–128-11 built in Python 3.6 using Keras as the frontend, TensorFlow 2.3.0 as the backend, and Scikit-learn 0.22.2 was adopted. It was necessary to convert the categorical variable (year) to one-hot representation. Thus, the number of input neurons was 12, corresponding to the POP, NDF, NDM, CYCLE, AIV, APM, Ac, VA, and PG populations and three agricultural years 2017/2018, 2018/2019, and 2019/2020. In the output layer, the number of neurons corresponded to the number of defined classes, that is, 11, and the hidden layers had 64 and 128 neurons, respectively. The dataset had 7,287 examples. The algorithm used to train ANN was stochastic backpropagation (stochastic gradient descent). Adam optimizer was used. The number of training cycles was set as 600 epochs to prevent training from becoming excessive, which could lead to loss of generalization power. The ANN architecture evaluation was based on the evaluation metrics for classifiers that are mostly derived from the confusion matrix generated by the Scikit-learn package. The matrix was obtained from the test data and used to analyze the quality of predictions of the models. The other metrics used were accuracy (hit rates for positive and negative examples), precision (hit rate for positive examples), recall (coverage of correct positive examples), and F1-score (balance between precision and recall metrics). Two procedures were implemented to validate the ANN architecture. The first was the hold-out procedure, which divided the dataset into two random bases: one for the training set with 80% of the data, and the other for testing with 20% of the data. The second procedure was the k-fold cross-validation, which divided the dataset into k partitions, where k−1 were the data for training and k was the set used for model testing. Thus, k-models were created, where the data for training and testing were changed for each iteration (Shalev-Shwartz and Ben-David, 2014). The final model evaluation was the average of the metrics of the k models. This procedure is frequently used to validate models with relatively small datasets. k was selected as 10. For the activation of neurons, after evaluating other options, the sigmoid–logistic function was used in the hidden layers and the softmax function was applied in the output layer. The best network architecture was established based on the average accuracy, considering the evaluated possibilities, calculated by multiplying the number of neurons in each layer and the possible activation functions. Thus, the most efficient network was chosen for each strategy, adopting the lowest apparent error rate (AER) as a criterion.




RESULTS


AER and Model Evaluation Metrics

Table 2 presents the classifications of the evaluated soybean genotypes based on the 11 populations considered in the analyses conducted by the Fisher and Anderson discriminant analyses, in addition to the ANN hold-out and k-fold approaches. According to Fisher’s analysis, of the total of 1,517 classifications, a total of 889 were considered as erroneous classifications, which makes an AER of 58.6%. For Anderson’s methodology, in turn, for a total of 1,517 classifications, the number of erroneous classifications was 769, leading to an error rate of 50.59%, which is lower than the AER observed in Fisher. Despite this, both methods presented AER above 50%. In turn, it was observed that the validations of the ANN analyses indicated that of the 1,458 classifications performed, only 119 were considered erroneous for the hold-out approach, leading to an AER of only 8.16%, while, of the 729 classifications for the k-fold approach, only 41 were considered erroneous, constituting an even lower AER of only 5.62%.



TABLE 2. Classification of soybean genotypes into 11 populations of different relative maturity groups and estimation of apparent error rate (AER) according to Fisher’s and Anderson’s discriminant analysis and hold-out and k-fold ANN approaches.
[image: Table2]

The superiority of the k-fold cross-validation to the hold-out procedure can also be observed from Table 3. This table presents the metrics that assess the quality of the model used in the classification of soybean genotypes belonging to the 11 populations using the k-fold and hold-out ANN approaches. k-Fold showed accuracy of 93.36%, precision of 93.49%, recall of 93.23%, and F1-score of 93.36%, which was greater than the corresponding hold-out scores by at least 1.30% for all metrics. In turn, the highest loss value was presented by the hold-out model (34.10%) when compared to the k-fold model (26.39%), in a difference of 7.71% between the two approaches.



TABLE 3. Model prediction quality evaluation metrics for hold-out and k-fold approaches in classifying soybean genotypes in 11 populations from different relative maturity groups.
[image: Table3]



Confusion Matrices

Considering the best parametric and nonparametric approaches, the confusion matrices generated from the validation dataset based on the classification by the Anderson’s discriminant analysis and the k-fold cross-validation, are presented in Tables 4 and 5, respectively. To interpret a classification within a confusion matrix, the column population is that to which the genotype belongs and the row population is that allocated by the model. Therefore, the correct classifications are on the highlighted diagonal and the incorrect ones outside of it.



TABLE 4. Classification of soybean genotypes in 11 populations from different relative maturity groups according to Anderson’s discriminant analysis.
[image: Table4]



TABLE 5. Classification of soybean genotypes in 11 populations of different relative maturity groups by k-fold approach.
[image: Table5]

Table 4 shows that the allocation of the genotypes from the GS1 population in the Southern population has the largest error. The Brazil population was the only one to receive incorrect classifications from all other ten populations. Of the 23 incorrectly classified plants belonging to the Brazil population, 22 were from the Southern population. Approximately 34.5% of the plants from the Southern population and 32.6% from the population were classified as being from the Brazil population. There were no misclassifications between the Southern and northern populations.

From Table 5, a large reduction in the number of misclassifications can be observed. The misclassifications that occurred from the genotypes belonging to the Southern population being allocated to the Brazil population contributed most of the 5.62% of errors in the k-fold cross-validation approach. The reciprocal case of the genotypes belonging to the Brazil population being allocated to the southern population was also highlighted by the presence of errors. In addition to these pairs of populations, classification errors occurred between the Brazil and southern; GS1 and southern; southern, TGM6 and the reciprocal; and TGM6, Brazil and the reciprocal populations. The GBN1 population did not receive erroneous allocations from any other population and its genotypes were not classified as belonging to other populations.

In addition to the reduction in Anderson’s errors for the k-fold cross-validation, differences in the classifications by the two procedures were observed. In the latter, in addition to the GBN1 population, the GS2, GN2, and TGM8 populations did not receive any incorrect genotypes. Moreover, the genotypes of the Northern, GS2, TGM7, and TGM8 populations were correctly classified.



Annual Evaluation graphic

Figure 1 shows the values of incorrect classifications that occurred in the agricultural years of evaluation of the genotypes 2017/2018, 2018/2019, and 2019/2020 using the k-fold approach. From the increase in the bars of the graph that indicate the number of incorrect classifications, an increase in classification errors can be observed from the year 2018 to 2019 and 2019 to 2020, reaching a total increase of approximately 40%, considering the interval between the first and last years of assessment.

[image: Figure 1]

FIGURE 1. Incorrect classifications of soybean genotypes from 11 populations by k-fold methodology in agricultural years of evaluation 2017/2018, 2018/2019, and 2019/2020.





DISCUSSION

The failure to discriminate between genotypes and classify them into their populations correctly is caused by four main factors. First, the populations can be very similar in their origin and genealogy. Second, the number of evaluated variables may be insufficient, in addition to having low discriminatory quality, as a third factor. The fourth cause is the use of an inadequate statistical approach (Cruz et al., 2014). In quadratic discriminant functions such as Anderson’s, with an increase in the heterogeneity of variance and covariance matrices, the nonlinearity of the classification thresholds increases, enhancing the performance in modeling the structure of the function (Carvalho, 2019). The results observed in the present study corroborate with Carvalho (2019), considering that Anderson’s methodology was 8.01% more accurate than Fisher’s methodology. However, both discriminant functions consider parameters and assumptions that are frequently insufficient for explaining a dataset. The occurrence of the AER above 50% of the examples suggests the limitation of these methodologies in discriminating the genotypes in this study, particularly when considering the population genetic structure and their inefficiency in classifying the genotypes. In contrast, ANNs learn with experience by exploring the features contained in the data, which is capable of increasing the accuracy of the information obtained in a more detailed manner (Silva, 2019). This study proves that k-fold cross-validation is considered an accurate and suitable approach for small datasets (Shalev-Shwartz and Ben-David, 2014). The evaluation metrics of the models’ accuracy, precision, recall, and F1-score point to the higher quality of the models as their values are closer to 100%. In turn, the loss points to a higher quality depending on how low is their presented value. The efficiency of the k-fold approach in correctly classifying more than 94% of the examples shows its superiority to the hold-out procedure. Moreover, the former has higher accuracy (93.36%), precision (93.49%), recall (93.23%), and f1-score (93.36%) than the latter. The higher loss presented by the hold-out approach (34.10%) compared to k-fold (26.39%) confirms the latter’s higher classification efficiency. In terms of percentage, the less efficient ANN validation approach correctly classified 40% more genotypes than the more efficient discriminant function.

The proximity of the origin and genealogy of genotypes belonging to different populations largely contributes to the inefficiency of their discrimination, as also observed by Sant’anna (2014) in the study on ANN and backcross populations with different degrees of similarity. Anderson’s discriminant function was inefficient in discriminating genitors from their descendants because most of the incorrect classifications that occurred with GS1 genotypes, represented by the BMX Potência RR cultivar, were allocated to the southern population, which is its descendant.

The Brazil population presents a high level of genetic variability in the relative maturity, resulting in the presence of many allelic combinations of genes that control the timing of flowering and maturity (Lin et al., 2021). This was also a limiting factor for the good performance of the parametric methodology, causing it to classify genotypes from all other populations as belonging to the Brazil population, equivalent to 24% of the total errors. This capitalizes all variations in populations with narrow genetic basis and cultivars of pure lineages. Despite this, in the Brazil population, only 23 plants were misclassified, that is, 7.8%, and 22 of these were allocated to the Southern population. This shows that it is broadly representative phenotypically of all other populations, even with little similarity to the Southern population, characterizing the wide genetic variability in the Brazil population. In contrast, 34.5% of the plants in the Southern population were classified as being from the Brazil population, which does not present a relationship or known biological explanation. Thus, the applied statistical technique is the probable cause of the incorrect classifications (Cruz et al., 2014). In the Northern population, 32.6% of the individuals were classified into the Brazil population. In this case, the two populations have a common genitor, which may also be a biological cause of the misclassification. Between the Northern and Southern populations, there were no misclassifications, and there were also no relationships between the genitors.

When considering the genitors of the populations and the other three witnesses, it was noted that in the Northern population, fewer misclassifications occurred compared with that in the other populations; however, the errors of classification, in general, were always large, both in absolute values and percentages. There was a tendency for no differentiation of the genitor with the derived population, as in the case of GS1, Brazil and Southern populations and GN2, Brazil and Northern populations. Witnesses, even being pure lines, were erroneously classified as belonging to different populations, mainly for plants of the Southern population in the TGM6 witness. Thus, the statistical technique is inefficient in classifying pure lineage genotypes or those with a narrow genetic base and is partially effective even in populations with a broad genetic base, such as the Brazil population.

The only case in which no error occurred using Anderson’s methodology was the GBN1 population, corresponding to the BRS 278 RR cultivar with RMG 9.4, which did not receive incorrect genotypes from any other population. The RMG of this population, considered late for the evaluation region, induces elongation of the vegetative stage, resulting in extremely tall plants with low grain production, contributing to an atypical phenotype of this cultivar in Jaboticabal, the ideal RMGs for which are between 6 and 8.

Based on the confusion matrix obtained by the k-fold cross-validation, the wide variability of the Brazil population also led to misclassifications of the genotypes from the Southern population. However, the number of errors by this method was 11 compared to 96 errors by Anderson’s discriminant analysis for the above pair of populations. The other k-fold misclassifications comprising the 5.62% errors occurred between Brazil and southern; GS1 and Southern; southern, TGM6 and the reciprocal; and TGM6, Brazil and the reciprocal populations. However, the number of errors was always equal to or less than 4. The non-occurrence of misclassification errors in the GBN1, GS2, GN2, and TGM8 populations as well as the absence of incorrect allocations in the Northern, GBN1, GS2, TGM7, and TGM8 populations demonstrate that, even with a relationship between the genitor and its derived population, ANN is very efficient for broad-based populations. Furthermore, the ANN correctly classifies the narrow-based populations and pure lines, learning to differentiate genotypes. Although the classification scheme of the ANN was affected by the genotype, it was to a lesser extent than Anderson’s discriminant method.

The mechanical evaluations based on the traditional characteristics in the three considered years at the same location did not impair the performance of the ANN; however, it shows the poor influence of noise and data loss on the quality of the information obtained (Silva, 2019). Furthermore, the correct identification of the genitors and witnesses shows that the genetic proximity between the genotypes and the existing genetic variability, whether wide or restricted, does not limit to the result accuracy. This demonstrates the usefulness of the technique in breeding programs even in the F6 and F7 generations.

The built ANN identified the genotypes that were incorrectly classified by their corresponding numbers in the data table. From this information, it was possible to identify the generation of self-fertilization of each of these genotypes based on the year of evaluation. As the generations advance in homozygosity and selections are made within the populations, mainly based on productivity, they become uniform and similar to each other because they are generally intended for cultivation where they are located, as also identified by Sant’anna (2014) using simulated data. Genotypes grown outside their ideal photoperiod conditions present reduced productive potential (Lin et al., 2021) and are eliminated in the selection process. The increase in incorrect classifications from 2018 to 2020 reached approximately 40%, which shows the importance of classifying and assigning genotypes to their appropriate evaluation regions. At this stage of the local breeding program, it would be ideal if the advanced lines in F5 or F6 were evaluated in the target region according to their photoperiod. The dataset also leads to the conclusion that lineage development in an intermediate region (RMG 7) is suitable for advancing the lineages for extreme photoperiods, as for RMGs 5 and 9.

In a conventional soybean breeding program, many resources are used to obtain a successful cultivar. Time and money are invested in researching, testing, selecting, and developing promising genotypes. After the selection stage, it takes at least 5 years for the implementation of tests in the intended cultivation regions for the commercialization of the cultivar and it can be extended up to 10 years until the launch of the final product (commercial cultivar) (Seednews, 2019). This study demonstrated that neural networks are able to classify genotypes and discriminate them for their ideal ranges of cultivation even in early generations, which would lead to a reduction of resources spent between the selection and testing steps in the existing edaphoclimatic macroregions. In addition, the high efficiency of ANNs in discriminating populations with wide and narrow genetic variability allows their application to obtain genotypes to be tested throughout Brazil, from the same base population of wide genetic diversity, even in early and intermediate generations of inbreeding, for the development of new cultivars, enabling the exploration of greater genetic variability from wider crosses and contributing once again to the reduction of time and resources invested in genetic improvement programs.
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The soybean flower and the pod drop are important factors in soybean yield, and the use of computer vision techniques to obtain the phenotypes of flowers and pods in bulk, as well as in a quick and accurate manner, is a key aspect of the study of the soybean flower and pod drop rate (PDR). This paper compared a variety of deep learning algorithms for identifying and counting soybean flowers and pods, and found that the Faster R-CNN model had the best performance. Furthermore, the Faster R-CNN model was further improved and optimized based on the characteristics of soybean flowers and pods. The accuracy of the final model for identifying flowers and pods was increased to 94.36 and 91%, respectively. Afterward, a fusion model for soybean flower and pod recognition and counting was proposed based on the Faster R-CNN model, where the coefficient of determinationR2 between counts of soybean flowers and pods by the fusion model and manual counts reached 0.965 and 0.98, respectively. The above results show that the fusion model is a robust recognition and counting algorithm that can reduce labor intensity and improve efficiency. Its application will greatly facilitate the study of the variable patterns of soybean flowers and pods during the reproductive period. Finally, based on the fusion model, we explored the variable patterns of soybean flowers and pods during the reproductive period, the spatial distribution patterns of soybean flowers and pods, and soybean flower and pod drop patterns.

Keywords: soybean, fusion model, flower, pod, deep learning


INTRODUCTION

Soybeans are an important food crop all around the world, and are also a major source of oil and protein (Singh et al., 2010). In recent years, many scholars have worked on yield components, such as the number of grains and pods per plant in order to improve soybean yield (Li et al., 2018, 2019; Du et al., 2019; Song et al., 2020). However, the attempts made so far have not fundamentally improved yields (Zhang et al., 2012), so it is essential to find the main factors affecting soybean yields in order to increase them. Soybean flower and pod drops are a common phenomenon during the growth and development of soybeans. It occurs from the emergence of flowers buds to flowering and all stages of podding. The flower and pod drop rates can even reach 30 to 80%. (Selvaraj et al., 2019). Therefore, reducing the flower and pod drop can significantly increase soybean yield (Wang et al., 2010).

In the study of flower and pod drop patterns, many researchers have explored different aspects of the flower and pod patterns of soybeans over the years. Gao et al. (1958) first investigated the order of flower abscission in soybeans and concluded that the order of flower abscission is identical to the order of flowering, with early flower abscission being higher than late flower abscission. Ma et al. (1960) observed average flower drop, pod drop, and bud drop rates of 56.5, 28.4, and 13.1%, respectively, from 163 soybean plants. Song and Dong (2002); Su et al. (2004) conducted an in-depth study on the flowering order, and concluded that the flowering order of limited pod habit soybeans starts from the middle and gradually opens upward and downward, while the flowering order of both sub-limited and unlimited pod habit soybeans opens sequentially from the bottom upward. Zhang et al. (2010) localized the QTL for the number of flowers and pods per plant trait from a genetic perspective and identified gene regions associated with flowering and pods setting. Zhao et al. (2013) broke away from the conventional approach of conducting static observations of flowering and flower drop statistics, and studied flowering patterns from both spatial and temporal perspectives. They concluded that the number of flowers per day varied significantly among different soybean flowering stages, with different flowering nodes and durations. Meanwhile, the drop rate of flowers at different stages also differed significantly. However, there is a gap in this area of research abroad, and, in the studies mentioned above, the indicators were done manually, which can be time-consuming and labor-intensive, and the surveys are subjective, difficult, and error-prone (Bock et al., 2010; Singh et al., 2021). Because of these drawbacks, it is impractical to carry out flower and pod phenotypic surveys manually for large fields and difficult to implement on large samples, thus preventing more general conclusions from being drawn. On the other hand, the complex structure of the soybean plant and the severe shading during the growing season have made many fine phenotypes unavailable, and even important phenomena, such as flower and pod abscission, have been stalled by the difficulty of phenotypic investigations and the lack of real-time, accurate, and bulk phenotypic support for their patterns.

In recent years, there have been significant advances in computer vision technology, largely thanks to the development of neural network techniques, such as deep learning (Lecun et al., 2015). Singh et al. (2021) proposed machine vision as a method to address duress severity phenotyping, which could improve the speed, accuracy, reliability, and scalability of image-based disease phenotyping. Deep learning is a kind of the machine learning method, which predicts complex and uncertain phenomena by learning a large amount of data. DL has led to the pattern transformation of the image-based plant phenotype. This method is not only used for the digital image-based plant adversity phenotype, but also performs well in a wide range of plant phenotype tasks, such as leaf counting (Ubbens et al., 2018), flowering detection (Xu et al., 2018), and plant identification (Šulc and Matas, 2017) with good results (Singh et al., 2018). Gill et al. also introduced the application of machine learning and deep learning methods in plant stress phenotypes. The DL models used for Phenomics mainly include multilayer perceptron, generative antagonism network, convolutional neural network (CNN), and recurrent neural network. CNN has great advantages in image analysis, and different CNN networks are used for different plants (Gill et al., 2022). CNNs in deep learning demonstrate powerful feature extraction capabilities for images and are widely used in image-based agricultural computer vision tasks. In addition, deep learning also plays an important role in field phenotype counting. Many scholars have used deep learning techniques to identify and count different research targets. Rahnemoonfar and Sheppard (2017) proposed a method for estimating fruit counts based on a deep CNN regression model using synthetic data for the training of the network, achieving 91% accuracy on a real data set, which is robust under adverse conditions. Lu et al. (2017) proposed the TasselNet model for counting maize males in complex field environments to estimate them as an output density map. TasselNet has greatly reduced counting errors, but field counting of maize ears is still an open question. Xiong et al. (2019) improved TasselNet by using context-enhanced context-linked local regression networks for field counts of wheat ears, further enhancing the accuracy of TasselNet for field ears by up to 91.01% on the dataset. Hasan et al. (2018) proposed a wheat-counting algorithm based on the Faster R-CNN’s object detection model, but not tested at higher densities. Ghosal et al. (2019) proposed different object detection algorithms for high accuracy detection of sorghum heads in UAV images, all with an accuracy of around 95% and robustness to changing directions, as well as different lighting conditions. Wu et al. (2019) proposed a rice grain-counting method based on Faster R-CNN object detection, with an accuracy higher than 99%, which has a very high accuracy for calculating the number of rice grains per spike. Mu et al. (2020) applied an object detection model to the identification and counting of unripe and ripe tomato fruits at all periods, with an accuracy of 87.83% and good detection accuracy for highly shaded unripe tomatoes in real cultivation scenarios. David et al. (2020) applied the object detection model for experiments on the detection of different periods and varieties of wheat ears, and the results showed that the object detection model has good accuracy, stability, and robustness. Riera et al. (2020) also proposed a combination of object detection and RGB images that could count pods in the R8 period, and thus make a soybean yield prediction. However, they only counted pods in the R8 period, in contrast to our work, where we counted pods from the beginning pod stage to the full maturity stage (R3 to R8). The above methods based on CNNs and regression models focus more on the number of objects present in the image and do not give the position of the objects in the image, and are often used for automatic counting in high-density, high-volume fields; deep networks based on object detection can not only automatically count objects in images but also locale and track them. This shows that the object detection class of models based on deep learning algorithms is more suitable for the localization and identification of soybean flowers and pods.

In this paper, we optimized the Faster R-CNN model for the characteristics of soybean flowers and pods, respectively, and proposed a fusion model based on the Faster R-CNN two-stage object detection algorithm to identify and count flower and pod simultaneously. The fusion model was then used to explore and analyze three aspects of soybean fertility: patterns of flower and pod variation, patterns of flower and pod spatial distribution, and patterns of flower and pod drop in soybeans.



MATERIALS AND METHODS


Experimental Materials

In this paper, four soybean cultivars, namely, DongNong252 (DN252), HeiNong51 (HN51), ZheNong No. 6, and ChunFengZao, were selected as experimental soybean flower samples in three fields in Harbin, Heilongjiang province, Fuyang, Anhui province, and Hangzhou, Zhejiang province, China. The Harbin experimental field in Heilongjiang province is located at an east longitude of 125°42′–130°10′ and north latitude of 44°04′–46°40′, the Fuyang experimental field in Anhui province is located at an east longitude of 114°52′–116°49′ and north latitude of 32°25′–34°04′, the Hangzhou experimental field in Zhejiang province is located at an east longitude of 118°21′–120°30′ and north latitude of 29°11′–30°33′. Among them, DN252 and HN51 have a sub-limited pod habit, while ChunFengZao and ZheNong No. 6 have a limited pods habit. The basic information on image acquisition is shown in Table 1. A total of 1,895 images (3,024 × 4,032 pixels) were captured. The soybean pod test samples were planted at the Northeast Agricultural University experimental field base, and the two cultivars tested were DN252 and HN51. A total of 2,693 images (3,024 × 4,032 pixels) were acquired. Two soybean cultivars, DongNong252 (DN252) and HeiNong51 (HN51), which are mainly grown in Harbin, Heilongjiang Province, were selected as the test samples to study the variation pattern.


TABLE 1. Basic information on image acquisition.

[image: Table 1]
In our data samples, the samples with red spider disease are included. Red spider disease damages soybean leaves. At the early stage of damage, yellow and white spots appear on the front of soybean leaves. After 3–5 days, the spot area expands and the spots are dense, and the leaves begin to appear reddish brown patches. With the aggravation of the damage, the leaves turn rusty brown, curl, and, finally, fall off. When spider disease is serious, it will affect the size of soybean flowers and the number of pods. However, at the beginning of suffering from spider disease, we used 2,000–3,000 times of 1.8% avermectin EC to treat the diseased plants. We sprayed the medicine every 5 days, focusing on the back of the upper tender leaves, tender stems, and flower organs of the plants, and sprayed the medicine evenly. After spraying, the soybean plants have completely recovered to normal, and there is no obvious abnormality in flowers and pods, so it has no impact on our identification and counting.



Image Acquisition and Processing

Due to soybean plants having a complex structure, various problems made it impossible to obtain a clear picture of all the soybean pods in a single image. These issues include pods and leaves being similar in color, leaves blocking pods and flowers, pods blocking one another, soybean flowers being stacked, flowers too small to see, etc. Nodal shots were used for the soybean flower and pod images. To view the soybean flower characteristics, the viewing angle was overhead, the angle between the phone and the main stem was about 25 degrees, and the distance from the node was 10 to 15 cm; the pods with unobstructed nodes were photographed from a flat angle, and those with heavily obscured nodes from a top angle. The details of the soybean flower data collection method are presented in Figure 1. Figure 1A features a photograph of the flowers at each node on the plant. Figure 1B is a sketch of the sample structure from the overall photograph of the sample plants, with the lowest node number of the soybean structure marked as 1, and the higher nodes numbered sequentially. As seen in Figure 1C, the photographed node soybean flower image corresponds to the individual nodes of the structural sketch.


[image: image]

FIGURE 1. A detailed diagram of the soybean flower data collection scheme. (A) Soybean flowers sample plant. (B) A structural sketch drawn from the sample plants. (C) Images of soybean flowers taken at each node, corresponding to the structural sketch.


Flower and pod drop pattern test samples were planted in pots on 25th May 2019 in the Northeast Agricultural University experimental field. Three plants of each variety were selected for observation, and six plants were observed daily at 8 a.m., 12 noon, and 5 p.m. Flowering began on 25th June (R1) and finished on 30th September (R8); the number of flowers per plant, the flowers at the nodes, and the flowers dropped were recorded, and the flowering nodal positions and nodal position of the flowers dropped were photographed. The plants were affected by red spider disease during planting, and, despite being promptly treated with pesticides, some of the sample plants were still affected, rendering it impossible to repeat the trial due to the effects of new crown pneumonia.

The soybean flower and pod datasets were reduced to 640 ×640 pixels using image processing techniques. All datasets were produced in the PASCAL VOC format, and the flowers and the pods in the images were manually labeled as real bounding boxes using the LabelImg tool (Tzutalin, 2018). After production, the datasets were randomly divided into a training set, a validation set, and a test set, with the ratio of the training set plus the validation set to test the set at 8:2. The training and validation sets are then divided in the ratio of 9:1. The specific division of the soybean flower and pod datasets is presented in Table 2.


TABLE 2. Classification of the data set for soybean flowers and pods.
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Models


Faster R-CNN (Resnet-50) and Faster R-CNN (VGG16)

Faster R-CNN is a fast, two-stage target detection method, developed after the R-CNN and Fast R-CNN methods, which has been widely used in various fields (Rampersad, 2020). The Faster R-CNN object detection algorithm is divided into four main parts: Feature Extraction Network, Region Proposal Network (RPN), RoI Pooling Layer, and Fully Connected Layer. The network structure is displayed in Supplementary Figure 1A. The RPN replaces the previous Selective Search method and is used to generate candidate boxes, classify and determine whether the set anchor contains the detection target, and perform bounding box regression. RoI Pooling is used to collect the RPN-generated proposals and extract them from the feature maps in the feature extraction network, generating feature maps to be fed into the subsequent fully connected layers for further classification and regression. Finally, we use the proposed feature maps to calculate the specific category and perform another bounding-box regression to obtain the exact final position of the detection box. In this paper, we used both Resnet-50 and VGG16 backbone for the training of the feature extraction network.



Single Shot MultiBox Detector

Compared to the two-stage algorithm Faster R-CNN, the first proposed YOLO algorithm has a significantly faster detection speed, but its accuracy rate is inadequate. Consequently, Liu et al. (2016) proposed a Single Shot MultiBox Detector (SSD). The SSD algorithm uses multi-scale features and default anchor boxes to detect the presence of multi-scale objects in the scene in a single step (Akshatha et al., 2022). Its network structure is shown in Supplementary Figure 1B. The SSD network uses a one-stage network to solve the detection speed problem and adopts the anchors idea from Faster R-CNN. Feature extraction is performed in layers and border regression, and classification operations are computed sequentially, allowing training and detection tasks to be adapted to multiple target scales. The elements extracted from the shallow layer help to detect smaller objects, while the deeper layer elements are responsible for detecting larger objects. SSD networks are divided into six stages, each of which learns a feature map and then performs border regression and classification.



EfficientDet

EfficientDet, like SSD, is a single-shot detector with an anchor-based target detection method that has achieved good results in both detection speed and accuracy. EfficientNet (Tan and Le, 2019) is the backbone of the network, and the BiFPN feature network extracts the P3, P4, P5, P6, and P7 features in EfficientNet and performs a bidirectional feature fusion. BiFPN (bidirectional feature network) is the core part of the EfficientDet network for fast multi-scale feature fusion (Tan et al., 2020). The fused features are then sent to the class prediction and bounding box prediction networks, which generate the class and bounding box positions of the objects. The class and bounding box network weights are shared between all feature levels. The EfficientDet network structure is presented in Supplementary Figure 1C.



YOLOV3

The popular target detection algorithm YOLOV3 (Redmon and Farhadi, 2018) has significant advantages in terms of speed and accuracy (Wang and Liu, 2020). Its backbone network is Darknet53, which uses the 52 layers in front of Darknet-53 (no fully connected layers). This network is a fully convolutional network that makes extensive use of residual hopping connections in order to reduce the negative effect of gradients from pooling, directly removes pooling, and uses the stride in conv to achieve down-sampling. The FPN-like up-sample and fusion approach is used in YOLOV3 to perform detection on multiple feature map scales, improving the detection of mAP and small objects (Redmon and Farhadi, 2018). The network structure is shown in Supplementary Figure1D.



YOLOV5

YOLOV5 is the latest algorithm in the YOLO series, and it performs better than other YOLO networks in terms of accuracy and speed (Thuan, 2021). Its network structure, with two different CSPs used in Backbone and Neck, is shown in Supplementary Figure 1E. In Backbone, CSP1_X with a residual structure is used since the Backbone network is deeper and the addition of the residual structure enhances the gradient value when back-propagating between layers. This effectively prevents the gradient from disappearing as the network deepens, resulting in finer features. Using CSP2_X in Neck, the backbone network output is split into two branches as opposed to one simple CBL, which is later concatenated, enhancing the network’s ability to fuse features and retain richer feature information. Furthermore, it uses focus for image slicing operation in Backbone and the FPN+PAN structure in Neck.



Fast-SCNN

The Fast-SCNN network consists of 4 parts: a down-sample learning module, a global feature extractor, a feature fusion module, and a classifier (Poudel et al., 2020). The network structure is shown in Supplementary Figure 2A, where it can be seen that the 2 branches share the down-sample learning module to further reduce the computational effort. The learning to down-sample a module consists of 3 convolutional layers, the first of which is a normal convolutional layer and the following two use depth-separable convolution to improve computational efficiency. The global feature extractor is used to extract global features and the learning to down-sample module output feature map is fed into the depth branch of the 2-branched structure. The bottleneck residual block proposed in MobileNet-v2 is used to construct the global feature extractor, where the depth-separable convolution helps to reduce both the number of parameters and the computational effort required (Sandler et al., 2018). The global feature extractor also contains a pyramid pooling module to extract contextual features at different scales (Zhao et al., 2000). The feature fusion module is used to fuse the output features of the 2 branches. Fast-SCNN uses a relatively simple structure for feature fusion to maximize computational efficiency. The classifier module contains two deeply separable convolutions and a convolutional kernel (size, 1 × 1) to improve network performance. SoftMax is also included in the classifier module to calculate the training loss.



Image Cascade Network

Image Cascade Network, or ICNet (Zhao et al., 2018), is fed with multiple varying resolution images in order to balance accuracy and speed. Low resolution images are fed into an PSPNet network, called a heavy CNN, where parameters are shared between the branches of low- and medium-resolution images, thus reducing the execution time. High-resolution images are then fed into a light CNN. ICNet throws low-resolution images into a complex CNN and high-resolution images into a lightweight neural network. CFF and cascade label guidance are then used to integrate high resolution features and gradually refine the coarse, low-resolution semantic graph. The ICNet network structure is illustrated in Supplementary Figure 2B.



U-Net

The U-Net network structure (Navab et al., 2015) is relatively simple compared to other networks, with Encoder on the left operating as a feature extractor and Decoder on the right operating as an up-sampler. Since the overall network structure is similar to a U shape, it is known as U-Net, and its network structure is shown in Supplementary Figure 2C. The Encoder consists of a convolution operation and a down-sampling operation. The convolution structure is a uniform 3-×-3 convolution kernel with 0 padding and a striding of 1. The above two convolutions are followed by a max pooling with a stride of 2. The output size becomes [image: image]. The above steps are repeated 5 times, the final time without max pooling, and the resulting feature map is fed directly into Decoder. The feature map is restored to its original resolution by Decoder, using convolution, up-sampling, and skip connection.



DeepLabV3+

The DeepLabV3+ network (Firdaus-Nawi et al., 2011) structure is shown in Supplementary Figure 2D, which adds simple Decoder to DeepLabV3+ to refine the segmentation results, has good target boundary detection results, and is implemented in a two-in-one spatial pyramid pool module or codec structure. In Encoder, DCNN is the backbone network for feature extraction, and Atrous Spatial Pyramid Pooling is based on SPP with Atrous Convolution, which is used for feature extraction with different rates of Atrous Convolution. The features are then compressed through being concat-merged and 1 × 1 convolved. In Decoder, the low-level features are dimensionally adjusted by 1 × 1 convolution and the high-level features are upsampled by a factor of 4 to adjust the output stride. The features are then concat, followed by 3 × 3 convolution, before being upsampled by a factor of 4 to obtain the output prediction.




Establishment of a Fusion Model

Due to the complex soybean structure, a highly accurate and stable phenotype extraction model is necessary for the process of flower and pod phenotype extraction. Firstly, we selected some classical models to simultaneously identify soybean flowers and pods, and discovered that the Faster R-CNN algorithm object detection was the most accurate, much greater than any other recognition and segmentation models, but there is still room for improvement, so the Faster R-CNN algorithm was fine tuned and a fusion model was finally proposed.

Faster R-CNN is a classical, two-stage, object detection algorithm based on CNNs, which has been widely used in several fields since it was proposed. The model contains four main components: a feature extraction network, a RPN, an RoI pooling layer, and a fully connected layer. The feature extraction network, also known as the backbone network, is generally composed of a CNN that extracts features from the input image to obtain a feature map for use in the proposal module and RoI pooling. Studies have shown that the backbone feature extraction ability largely determines the network performance, and a large deep backbone can effectively improve detection. Therefore, generally speaking, the deeper the network, the better the results, and the more difficult it is to train. However, as the depth increases, so does the network training cost and the effect decreases instead of increasing (He et al., 2016).

The benchmark Faster R-CNN uses a pre-trained VGG16 CNN as the feature extraction network. In the targeting soybean flower recognition and counting section, we used ResNet-50, pre-trained on the ImageNet dataset (Fei-Fei et al., 2010), instead of VGG16 as a feature extraction network to extract deeper flower features as the ResNet-50 residual structure enables the fusion of shallow and deep features, solving the gradient disappearance problem and making the model easier to train.

The backbone selection is particularly critical to soybean pod identification and counting, and four backbone networks were employed: ResNet-50, ResNet-101, CSPResNet-50, and CSPResNet-101, in combination with Feature Pyramid Network (FPN) modules (Lin et al., 2017) for soybean pod identification, whereas Composite Backbone Network was proposed by Liu et al. (2019). The model is composed of different, or multiple, backbones, in a phase-by-phase iterative manner using the output features of the previous backbone as part of the input features for the subsequent backbone, and, finally, using the feature mapping of the last backbone for object detection. The FPN module can fuse lower-level features with less feature semantic information, and higher-level features with more semantic information, to independently perform predictions at different feature levels. Analysis of the results resulted in CSPResNet-50 combined with FPN being used as our pod recognition and counting feature extraction network, where ResNet-50 was chosen as the basic network for the CSPResNet-50 network.

Secondly, according to the characteristics of the large difference in pod size over different periods, we analyzed the pixel area occupied by the 6,334 bounding boxes annotated in the training set, as shown in Figure 2. Figure 2A shows the distribution of the number of bounding box areas, and Figure 2B shows the percentage of the area of the bounding box in the image.


[image: image]

FIGURE 2. Distribution of pods area and percentage and determining the number of anchor boxes versus the aspect ratio. (A) Distribution of the number of different pods areas. (B) Distribution of the percentage of the image area occupied by different pods. (C) Plots of clustering effects for different K values. (D) A plot of the number of different anchor boxes versus Mean IOU.


Following the same criteria as the Microsoft COCO dataset (Lin et al., 2014), we took the number of pixels occupied by the bounding box as the area of each pod instance, divided into small, medium, and large scales, according to the following conditions:


1.Small target: the area of pixels occupied by the bounding box ≤32×32;

2.Medium target: 32×32≤ the area of pixels occupied by the bounding box ≤96×96;

3.Large target: the area of pixels occupied by the bounding box ≥96×96.



Taken together, the percentage of annotated bounding boxes in the image ranges from 0 to 0.25, with more significant scale variation, and a large proportion of the annotated bounding boxes are within the small target range. These small targets are likely to be pods at R3 and R4, with multiple scales caused by pod growth variations and different imaging angles. To resolve this issue, we added an FPN module, which extracts multi-scale features from images, enhances semantic information, and strengthens the detection of small target, multi-scale objects.

Suitable anchor boxes can effectively improve accuracy, for example, Mosley et al. (2020) improved detection accuracy by 7% by adjusting anchor boxes based on annotation data, while Zhang et al. (2020) also achieved significant results by modifying anchor boxes in a tomato-disease-detection algorithm based on object detection. This indicates that adjusting the anchor box size can effectively improve the model detection effectiveness. Consequently, we used k-means to cluster the normalized labeled bounding boxes in the training set by adjusting the number and size of anchor boxes to make them better fit the pod shape. k-means is a common clustering algorithm that allows the input samples to be clustered by similar characteristics into one class. The distance of all points to all the centroids is calculated, and the closest centroid is assigned to the cluster it represents. After one iteration, the centroids are recalculated for each cluster class, and the closest centroid for each point is found again. The procedure is repeated until there is no change in the cluster class for two iterations before and after. Generally, the distance formula selects the Euclidean distance, whereas, here, we take formula (1) to calculate the distance as follows.

[image: image]

In Eq. 1, intersection over union (IOU), a concept often used in object detection, is used, where it refers to the ratio of the intersection and merge between the box and the centroid. A complete overlap, i.e., a ratio of 1, is ideal, where box denotes the sample box and centroid is the chosen centroid. The larger the overlap area between the sample box and the chosen centroid, the larger its IOU, and so the smaller the 1−IOU, the smaller the distance of the sample from the centroid. To perform clustering, the distance was calculated according to this formula.

Figure 2C shows the clustering plots under different K values derived by k-means, where the K value refers to the number of anchor boxes, and line plots of the relationship between the number of different anchor boxes and Mean IOU are obtained, as in Figure 2D. By investigating the anchor boxes, we found that the Mean IOU changes slowly at 14–18 and almost stops increasing. Therefore, the chosen number of anchor boxes was 18, and all the obtained similar-sized aspect ratios were summed to calculate the mean, resulting in three sets of aspect ratios for testing of 0.75, 1.8, and 3.2.

With the above adjustments, we can obtain our fusion model. This is realized by connecting the flower recognition and counting model, and the pod recognition and counting model in series. In the process of image data acquisition, a single plant is taken as the object, so all nodes of the same plant are identified. After identification, a data summary is made. The input image first goes through the flower recognition and counting model to detect the number of flowers, and then into the pod recognition and counting model to detect the number of pods before finally outputting the number of flowers and pods at each node and generating a CSV file, which is summed to the number of flowers and pods per plant. The entire process is shown in Figure 3.
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FIGURE 3. An overall flowchart of the fusion model.




Flower Drop Rate, Pod Drop Rate, and Pod Formation Rate

The formulae for calculating the flower drop rate (FDR), PDR, and pod formation rate (PFR) are the key to the study of soybean flower and pod drop patterns, and are usually defined as follows, according to the relevant literature (Wang et al., 2014; Xu, 2015).
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where FDR = flower drop rate, PDR = pod drop rate, PFR = pod formation rate, TNOPD = total number of flowers dropped, TNOPD = total number of pods dropped, and TNOPF = total number of pods formed. The next step is to determine the soybean plant flower and pod drop rates and explore the soybean flower and pod drop patterns based on the above formulae.



Hardware and Software

To train CNN on the soybean flower image dataset, we used a personal desktop computer with an Intel (R) Core (TM) i9-9900k CPU, NVIDIA Titan XP (12G) GPU, and 64G RAM under the Pytorch and MXNET deep learning frameworks for the Windows operating systems using Python language to train seven networks. While the soybean pod dataset training was based on PaddlePaddle framework programming, the experiments were trained on an NVIDIA GeForce RTX 2080 Ti GPU with 11 Gb RAM, operating system Ubuntu 14.08, CUDA version v10.1, and Cudnn version 7.6.5.



Evaluation Indicators

We used the precision, recall, AP, and mAP values to evaluate the results and performance of the different networks used on the dataset, where the precision, recall, AP, and mAP are determined by the following equations:

[image: image]

[image: image]

[image: image]

[image: image]

where TP (True Positive) indicates that the model correctly identified objects from the defined object region, FP (False Positive) indicates that the background was wrongly identified as an object, and FN (False Negative) indicates that the object was wrongly identified as the background. N is the total image number in the test dataset, M is the total number of categories, m is the number of categories, Precision(k) is the precision value of the kth image, and △Recall(k) is the change value of the k th image and the k−1th image.

Mean intersection over union was used to evaluate the semantic segmentation model. MIOU calculates the ratio of the intersection and the union of the two sets of true and predicted values and can be calculated as follows.
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where TP signifies the prediction is correct, the prediction is positive, and the true is positive; FP denotes that the prediction is wrong, the prediction is positive, and the true is negative; FN denotes that the prediction is wrong, the prediction is negative, and the true is positive; K is the total number of categories, and i is the number of categories.




RESULTS


Selection of a Suitable Counting Model

Firstly, we took the semantic segmentation algorithms U-Net, ICNET, Fast-SCNN, DeepLabV3+, and object detection algorithms Faster R-CNN, YOLOV3, SSD, EfficientDet, and YOLOV5 to detect soybean flowers and pods together, attempting to simultaneously count flowers and pods. For the model evaluation metrics, the object detection algorithm chose the commonly used mAP threshold value of 0.5, and the semantic segmentation algorithm chose MIoU as the evaluation metric. The experimental results are presented in Table 3.


TABLE 3. Experimental results of different deep learning algorithms.
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The results indicate that the object detection algorithm has a higher detection accuracy than the semantic segmentation algorithm. The highest semantic segmentation algorithm accuracy was 64.42%, and the lowest was 54.01%, both below 70%. The object detection algorithm Faster R-CNN reached an average detection accuracy of 81.7% in the flower and pod counting study, with 85.5% accuracy for flower detection and 77.9% accuracy for pod detection. As can be seen, although the Faster R-CNN has a higher accuracy rate than other object detection algorithms, it still does not meet our requirements for accurately counting flowers and pods simultaneously. Subsequently, the Faster R-CNN algorithm was explored to find a suitable new method, and the Faster R-CNN algorithm was fine-tuned to achieve satisfactory simultaneous counting of flowers and pods. The Faster R-CNN algorithm was then improved for flowers and pods, respectively.



Training and Evaluation of Six Soybean Flowers and Pods Recognition Models

For the soybean flower counting model, we evaluated the performance of the improved Faster R-CNN (ResNet-50) model and five alternatives [Faster R-CNN (VGG16), SSD, EfficientDet, YOLOV3, and YOLOV5]. The learning rate of these six networks starts at 0.0001, with Faster R-CNN (VGG16), SSD, and Faster R-CNN (ResNet-50), making 200 iterations, EfficientDet, YOLOV3, and YOLOV5 use 50 iterations, with the loss values slowly converged to a value near the exact one. We compared the proposed model with five other methods, based on deep learning, under the same experimental configuration, trained with the same training set, and assessed on the test set. The specific experimental evaluation results are presented in Table 4.


TABLE 4. Comparison of different object detection algorithms of flowers and pods.
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It can be observed that the highest of the five alternative models is EfficientDet, with an accuracy of 92.83%, but Faster R-CNN (ResNet-50) also outperformed that by 1.53% on the test set. In terms of training time, the Faster R-CNN (ResNet-50) took longer to train, while the YOLOV3 network took the least time to train. Considering the test accuracy and training time, this study favors Faster R-CNN (ResNet-50) due to its higher detection accuracy and sacrifices training time for accuracy improvement.

For the soybean pod counting model, we evaluated the performance of the improved Faster R-CNN (CSPResNet-50) model and five alternatives [Faster R-CNN (VGG16), SSD, EfficientDet, YOLOV3, and YOLOV5]. The learning rate of these six networks starts at 0.0001, with Faster R-CNN (VGG16), SSD, and Faster R-CNN (CSPResNet-50), making 200 iterations, and EfficientDet, YOLOV3, and YOLOV5 using 50 iterations, with the loss values slowly converged to a value near the exact one. We compared the proposed model with five other deep learning-based methods under the same experimental configuration, trained with the same training set, and assessed on the test set. The specific experimental evaluation results are presented in Table 4.

It can be observed that Faster R-CNN (VGG16) is the highest of the five models, with an accuracy of 87.71%, but Faster R-CNN (CSPResNet-50) also outperformed this by 3.29% on the test set. In terms of training time, the Faster R-CNN (CSPResNet-50) took longer to train, while the YOLOV3 and YOLOV5 networks took the least time to train. When considering the test accuracy and training time, this study favors Faster R-CNN (CSPResNet-50), which has a higher detection accuracy and appropriately sacrifices training time for accuracy improvement.



Adjusting the Number and Aspect Ratio of Anchor Boxes

All other things being equal, we used CSPResNet-50 as the Faster R-CNN skeleton network for our experiments and used the k-means algorithm to adjust the anchor box aspect ratio in the RPN module to 0.75, 1.8, and 3.2. The effect of aspect ratios on the model is discussed, and the experimental results are shown in Table 5. The table shows that following adjustment of the aspect ratio, the overall model detection improved by 0.1% and the small target detection capability improved by 0.5%.


TABLE 5. Comparison of test results for adjusting the number of anchor boxes and the aspect ratio.
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Evaluation of the Soybean Flowers and Pods Counting Results

Approximately, 379 images of soybean flowers were selected along with 539 images of soybean pods, independent of the training sample. The data obtained manually and from Faster R-CNN (ResNet-50) and Faster R-CNN (CSPResNet-50) recognition and counting models were subjected to correlation and error value analyses to evaluate the reliability and accuracy of the models. On this basis, scatter plots and histograms are drawn, as shown in Figure 4. The size of the circle in the diagram is related to the number of times a point appears; the more times it appears, the larger the circle. It can be seen from Figure 4A that 62.7% of the sample set was identified by the flower model with zero errors, 92.7% with no more than one error, and 99.05% with no more than two errors. The percentage of prediction errors of 0 versus 1 for the pod model in Figure 4C is 96%, indicating that the models are still fairly stable. The prediction error value referred to here is the number of differences between the model and manual counts. The coefficient of determination R2 values for soybean pods, obtained in Figures 4B,D, is 0.809 and 0.9046, respectively, indicating that both Faster R-CNN (ResNet-50) and Faster R-CNN (CSPResNet-50) have good soybean flower and pod counting ability and could replace manual counting.
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FIGURE 4. Absolute values of the difference between true and predicted values of soybean flowers and pods and correlation analysis between manual and soybean flower and pod counting. (A) Absolute values of the difference between true and predicted values of soybean flowers. (B) Correlation analysis between manual and the Faster R-CNN (ResNet50) model for soybean flower counting. (C) Absolute values of the difference between true and predicted values of soybean pods. (D) Correlation analysis of soybean pod counting by manual and the Faster R-CNN (CSPResNet-50) model.




Evaluation of the Fusion Model Count Results

The above exploration reveals that the recognition accuracy of soybean flowers and pods using Faster R-CNN is lower than that of the improved Faster R-CNN (ResNet-50) and Faster R-CNN (CSPResNet-50) separately; thus, a fusion model for soybean flowers and pods is proposed. The detection effect, speed, and accuracy of the fusion model were evaluated. Two soybean plants of two cultivars, DN252 and HN51, were selected as test samples, and the image was fed into a fusion model for flower and pod recognition and counting. The number of flowers and pods per plant was outputted and compared with the manual count, and, on this basis, a linear fit of the fusion model detected pod number versus the actual manual count was plotted, as shown in Figure 5. Figures 5A,B displays the coefficient of determination R2 values of 0.9652 and 0.9917 for HN51 and DN252 for flowers, respectively. The coefficient of determinationR2 values of 0.9924 and 0.9872 for pods is shown in Figures 5C,D. Both are close to 1, indicating that the fusion model performs well at simultaneously counting soybean flowers and pods.


[image: image]

FIGURE 5. Plots of linear correlation between the fusion model predicted soybean flowers and pods and true values of manual counting. (A) A plot of linear correlation between the fusion model-predicted soybean flowers of variety HN51 and true values of manual counting. (B) A linear correlation plot of the fusion model predicted the true value of soybean flowers and manual counting for variety DN252. (C) A plot of linear correlation between the fusion model-predicted soybean pod of variety HN51 and the true value of manual counting. (D) A plot of linear correlation between the fusion model-predicted soybean pod of variety DN252 and the true value of manual counting.




Study of Flower and Pod Drop Patterns


Analysis of Flower and Pod Variation Patterns During the Reproductive Period

Using the fusion model, we first analyzed the change patterns of flower and pod drops during the soybean reproductive period, mainly in terms of the number of flowering plants, the number of dropped flowers, and the flowering and pod drop timing. The number of DN252 and HN51 flowers and pods was plotted from 27 June 2019 to 30 September 2019, as shown in Figure 6. HN51 and DN252 have an average daily flowering count of approximately 7.43 and 4.4 and an average daily flower drop of about 3.975 and 7.86, respectively. It can be seen from Figure 6 that different soybean cultivars flower and drop at different rates. HN51 blooms slowly, with a high number of flowers; the peak is shifted backward, and the number of flowers reaches its peak after 20 days of flowering and the duration of the fall is about 10–15 days, as shown in Figures 6A–C. Meanwhile, DN252 blooms quickly, with a maximum of 24 flowers per day on a single plant; the flower number peak is shifted forward, and the number of flowers is low, but the fall is slower and lasts longer, about 20–26 days, as shown in Figures 6D,F. The flowers of both varieties of soybeans last for about a month. The podding timing is similar, with both starting to set around a week after flowering, while HN51 had the fastest podding speed at 3–5 days after peak flowering, gradually reaching a peak, as shown in Figures 6A–C. DN252 starts to set pods at the peak flowering time, and pod numbers reach their peak at mid-fall, as shown in Figures 6D,F. All pods shed after reaching their peak, and slow flowering varieties are more likely to produce high yields in terms of the final number of pods.
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FIGURE 6. Plots of flower and pod counting over time for three plants of soybean cultivars HN51 and DN252. (A–C) Plots of the number of flowers and pods of three plants of variety HN51 over time. (D–F) Plots of the number of flowers and pods of three plants of variety DN252 over time.




Analysis of the Spatial Distribution Pattern of Soybean Flower and Pod

Next, we investigated the soybean flower and pod spatial distribution pattern. Depending on the podding habit and the number of nodes on the main stem, the distribution can be divided evenly into lower, middle, and upper layers. Figure 7 shows the total number of flowering plants, pods dropped, and pods formed at each main stem node during the reproductive period. The number of flowers on the branch are calculated at the corresponding node. The flower spatial distribution in both soybean cultivars was found to be mainly in the middle and lower layers, with 40.28% of the flowers on the HN51 branch and 37.05% in the middle layer, while the lower DN252 layer accounts for 38.51%, with 40.62% in the middle layer, as shown in Figures 7A,B. The pod drop was observed at all nodes; the HN51 pods drop mainly in the lower and middle zones, while DN252 drops mainly in the middle zone. Both cultivars drop least in the upper zone, as shown in Figures 7C,D. Regarding pod formation, the main DN252 pod-forming areas are the lower and middle layers, while the bulk of HN51 pods forms in the lower layers. This leads to the conclusion that higher pod-forming areas drop more pods and lower pod-forming areas drop fewer pods, as shown in Figures 7E,F.


[image: image]

FIGURE 7. Distribution of total flowers number, number of pods dropped, and number of pods formed at the main stem nodes of the two cultivars DN252 and HN51. (A) Distribution of the total number of flowers at the main stem nodes of the DN252 variety. (B) Distribution of the total number of flowers at the main stem nodes of variety HN51. (C) Distribution of the number of pods dropped at the main stem node of variety DN252. (D) Distribution of the number of pods dropped at the main stem node of variety HN51. (E) Distribution of the number of pods formed at the main stem node of variety DN252. (F) Distribution of the number of pods formed at the main stem nodes of variety HN51.




Analysis of Flower and Pod Drop Patterns in Soybeans

The soybean reproductive cycle can be divided into two major growth periods: the first being the V period (Vegetative) and the second being the R period (Reproductive), which can, in turn, be divided into eight reproductive periods: the start of flowering (R1), full bloom (R2), podding starting (R3), full podding (R4), beginning to seed (R5), full seed (R6), beginning to mature (R7), and fully mature (R8; Fehr et al., 1971). The time period covered by this study started at R1 and continued until R8, whereas in previous flower and pod drop studies, rough statistics were presented from the soybean reproductive period, without dividing it into specific reproductive stages. Since it is more convenient to investigate flower and pod drop phenotypes with the proposed fusion model, this is used to conduct statistical analysis during specific reproductive stages. Firstly, the flower drop percentage data between reproductive zones are shown in Table 6, where “period” refers to each soybean reproductive period, “sample” refers to the observed soybean material, and “percentage” denotes the number of flowers dropped by the sample in a given period, as a percentage of the number of flowers dropped during the whole reproductive period. It is found that the FDR varies between cultivars, and the flower drop percentage varies between reproductive stages, varying from time to time but gradually increasing overall. The lowest drop percentage rate is between R1 and R2, with a mean of only 1.9%, while the flower drop peaks between R5 and R6, where it reaches as high as 40%. As the pods grow and develop, the flower drop gradually increases to an average drop rate of 62.49%.


TABLE 6. The flower drop rate at different reproductive stages.
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Table 7 displays the PDR statistics in different reproductive zones, where “period” refers to each soybean reproductive period, “sample” refers to the observed soybean sample, and “percentage” is the number of flowers dropped by a soybean sample in a given period as a percentage of the total number of pods dropped within the entire reproductive period. The data indicate that the PDR varies in different reproductive zones, the pod drop in each reproductive zone, with a trend of increasing and then decreasing with soybean growth. During pod growth, development, and seed filling, the pod drop proportion increases significantly, and the pod drop peaks at the same time as the flower drop peaks, both within R5–R6. Consequently, pod development not only leads to flower drop but also affects the pods themselves. The overall PDR averaged 54.87%.


TABLE 7. The pod drop rate at different reproductive stages.
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DISCUSSION


Recognition of Soybean Flowers and Pods in Certain Scenarios

Wan and Goudos (2020) utilized Faster R-CNN in the field of fruit image recognition, and the results indicate that it had good, robust detection results in various complex scenarios. Quan et al. (2019) used the Faster R-CNN model to detect maize seedlings in natural environments and demonstrated high performance under various conditions, including full cycle, diverse weather, and multiple angles, which again proved that Faster R-CNN possesses good robustness in complex environments. In this paper, Faster R-CNN (ResNet-50) and Faster R-CNN (CSPResNet-50) models were used to detect flowers and pods in different scenarios, and the detection results are presented in Figure 8.
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FIGURE 8. Recognition of flowers and pods in special scenes. (A–E) Recognition of flowers in special scenes. (F–J) Recognition of pods in special scenes.


The five main confounding factors in soybean flower detection are different flower colors, too small flowers, flower clusters, and overlapping flowers. In this study, the soybean flowers were purple and white, and the different colors interfered with the model. Raindrops on the stems and leaves are extremely similar in texture to white flowers when exposed to sunlight, which can cause the model to misinterpret images. In terms of soybean flower size, most are very small targets that are difficult to identify, leading to model miscues. Furthermore, the flowers are mostly clustered together and are indistinguishable, so some may be missed by the model. When the flowers overlap, those at the back are overshadowed by those at the front, and the model may only detect the flowers at the front and miss those at the back. As can be observed in Figure 8, the Faster R-CNN (ResNet-50) model has good flower detection and robustness in all experimental scenarios, as shown in Figures 8A–E.

In addition, as soybean pods are a very similar color to the leaves and stems, the pods may be identified as leaves, etc., leading to errors. The different soybean pod periods can lead to the presence of small targets that the model tends to miss. Differences in camera angles can also lead to incorrect judgments, since the soybean pods may have some shape variation due to the angle of the shot, and some pods will also be obscured and remain unidentified by the model. The soybean pod growth habits, which also bunch together in clusters, can lead to close contact between the pods, and the model may mistake two pods for one, leading to misrecognition. Soybean pods overlap one another, with only a small area being exposed, making it very easy for the model to misidentify them. However, the Faster R-CNN (CSPResNet-50) still had good robustness and good detection results for pods under different environmental situations, such as similar color, small targets, shooting angles, clusters, and overlapping interference, as shown in Figures 8F–J.



Variation in the Spatial Distribution of Soybean Flowers and Pods Throughout the Reproductive Period

We analyzed the variation in soybean flower and pod spatial distribution throughout the reproductive period, and the results are displayed in Supplementary Figure 3. As seen from section “Analysis of the Spatial Distribution Pattern of Soybean Flower and Pod,” the distribution was divided equally into lower, middle, and upper levels based on the pod setting habit and the number of nodes on the main stem. Finally, we studied the pod drop in all layers and periods, with more pods falling during the period R5–R6 and more dropping in the middle and lower layers compared to the upper layers. The pods formed mainly in the lower layers and dropped more in areas with more pods and less in areas with fewer pods. Soybean flowers are more distributed in the lower and middle layers and fall more where there are more flowers.

We tracked Node 3 and the number of flowers changed from three on 27th June 2019 to four on 3rd July 2019 and then back to three on 12th July 2019. However, one less soybean flower turned into a pod during the period 3rd July 2019 to 12th July 2019. By 17th July 2019, the flowering, flower dropping, and pod formation processes led to three flowers remaining and the pod number increasing to four. One flower was shed by 23rd July 2019, the number of pods remained constant, and one pod was shed between 12th and 20th August 2019. Finally, up until 20th August 2019, the number of pods remained the same before eventually reducing by one.



Pod Formation Traceability Issues

From the above study, we see that the fusion model has a strong ability to identify and count flowers and pods. Subsequently, we attempted to trace the origin of the pods using the fusion model. This would make it possible to determine which flower a particular pod originates from and to more closely observe the phenotypic changes before and after the flowers are shed. The results are presented in Supplementary Figure 4.

We selected a soybean node in order to detect its temporal image using the fusion model. The sequence indicated by the red arrow is the flower to pod tracking record. The results show that the model does not lose tracking with changes in flower shape or color, nor is it affected by tracking errors due to pod color or growth, different camera angles, or complex backgrounds. This demonstrates it possesses a strong, robust detection capability. However, the failing is that the fusion model only mechanically detects flowers and pods in the image and cannot make causal judgments about them, which still requires human-assisted observation. There is also interference from other flowers and pods in the vicinity, so it is not possible to track and locate individual flowers or pods, which is not suitable for dense environments. We are currently unable to solve this problem, but, in the future, we aim to use a counting method that combines an object detection algorithm with the Deep-Sort algorithm (Wojke et al., 2018) to solve the existing problems in the form of numbered tracking counts of tracked target objects. This would enable flower and pod causal judgments while achieving more detailed origin tracking.




CONCLUSION

To investigate soybean flower and pod patterns, we propose a Faster R-CNN-based fusion model for the simultaneous identification and counting of soybean flowers and pods. The main findings are as follows:


1.The improved Faster R-CNN model achieved 94.36 and 91% mAP for soybean flowers and pods, and the results showed that the method can quickly and accurately detect soybean flowers and pods, with strong robustness.

2.The coefficient of determinationR2 between the fusion model’s soybean flower and pod counts, and manual counts reached 0.965 and 0.98, indicating that the fusion model is highly accurate in counting soybean flowers and pods.

3.Using the fusion model, we also found the following patterns: firstly, varieties that flower slowly are more likely to produce higher yields; secondly, areas with more pods are more likely to drop pods than areas with fewer pods; thirdly, different varieties have different flower and PDRs and ratios at different stages of fertility, with the flower drop ratio gradually increasing over time and the PDR initially increasing and then decreasing as the soybean grows. The peak range for both flower and pod drops being R5 to R6.



In the future, we will use a combination of object detection algorithms and Deep-Sort algorithms (Wojke et al., 2018) to solve existing counting method issues. We will also locate a platform that allows the automated, high-throughput, and highly accurate acquisition of soybean flower and pod phenotypes to obtain more samples to further demonstrate the patterns we identified.
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Supplementary Figure 1 | A network structure diagram of the target detection model. (A) A Network structure diagram of Faster R-CNN. (B) A network structure diagram of SSD. (C) A network structure diagram of EfficientDet. (D) A network structure diagram of YOLOV3. (E) A network structure diagram of YOLOV5.

Supplementary Figure 2 | A network structure diagram of the semantic segmentation model. (A) A network structure diagram of Fast SCNN. (B) A network structure diagram of U-Net. (C) A network structure diagram of ICNet. (D) A network structure diagram of DeepLabV3+.

Supplementary Figure 3 | Structure of the temporal variation in the number of flowers and pods at different nodes of HN51(3) during the period R1-R8.

Supplementary Figure 4 | Tracing the origin of pods.
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Period

Percentage
Sample R3~R4 R4~R5 R5~R6 R6~R7 R7~R8 Number of pods Total number of Pod drop rate
drop pods

HN51(1) 11.71% 17.11% 23.42% 4.50% 0.00% 111 81 42.18%
HN51(2) 0.00% 11.90% 47.61% 2.38% 2.40% 47 68 59.13%
HN51(3) 8.88% 8.88% 29.17% 12.50% 0.00% 35 33 48.53%
DN252(1) 10.42% 9.90% 18.29% 2.08% 1.56% 48 63 56.75%
DN252(2) 6.96% 13.04% 30.43% 5.22% 3.47% 15 27 64.28%
DN252(3) 7.35% 13.23% 22.06% 1.47% 4.41% 10 14 58.33%
Average value 7.55% 12.34% 28.50% 4.69% 1.97% 44 48 54.87%
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k-means AP5o APs APy AP, FPS

No 91% 26.3% 50.9% 66.3% 17
Yes 91.1% 26.8% 52.3% 67.8% 17
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Flower models Flower training Flower detection Pod models Pod training Pod detection
time (h) accuracy (%) time (h) accuracy (%)
Faster R-CNN (Resnet-50) 7.89 94.36 Faster R-CNN 719 91%
(CSPResNet-
50)
Faster R-CNN (VGG16) 7.97 82.25 Faster R-CNN 6.88 87.71%
(VGG16)
SSD 3.02 90.82 SSD 4.03 84.89%
YOLOV3 0.83 63.96 YOLOV3 1.07 50.45%
YOLOV5 0.95 83.40 YOLOV5 1.07 74.25%
EffientDet 0.93 92.83 EffientDet 0.87 75.09%
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Deep learning algorithms Models Evaluation Accuracy

indicators
Obiject detection Faster R-CNN mAP 82.63%
YOLOV3 mAP 68.9%
YOLOV5 mAP 76.55%
SSD MioU 54.01%
EffientDet mAP 80.84%
Semantic segmentation Fast-SCNN mAP 54.01%
ICNET MioU 60.02%
DeeplLabV3+ MioU 56.32%

U-Net MloU 64.42%
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Variety Image Podding Number of  Color of
acquisition habit images flower
time

DN252 2019 Sub-limited 568 White
podding
habit

ChunFengZao 2020 Sub-limited 545 White
podding
habit

ZheNong NO. 6 2020 Limited 266 Purple
podding
habit

HN51 2019 Limited 516 Purple
podding

habit
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Period

Percentage
Sample R1~R2 R2~R3 R3~R4 R4~R5 R5~R6 Number of Total number of Flower drop rate
flowers dropped flowers

DN252(1) 3.62% 12.24% 21.26% 24.88% 38% 110 221 49.77%
DN252(2) 3.50% 15.38% 20.29% 16.78% 44.05% 101 143 70.63%
DN252(3) 2.04% 511% 36.73% 26.53% 29.59% 74 98 75.51%
HN51(1) 0.26% 2.06% 45.62% 156.72% 36.34% 196 388 50.52%
HN51(2) 1.02% 5.10% 13.95% 29.59% 50.34% 179 294 60.88%
HN51(3) 0.94% 4.25% 28.80% 26.01% 40.00% 142 210 67.62%
Average value 1.90% 7.36% 27.78% 23.25% 40% 133.67 225.67 62.49%
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reads (except rRNA)P reads® percentage(%)®
CK-1 5,592,903 4,437,097 79.33
CK-2 5,683,524 4,641,061 81.66
CK-3 5,399,629 4,311,944 79.86
SCN4-1 5,459,017 4,409,582 80.78
SCN4-2 5,888,283 4,631,268 78.65
SCN4-3 5,184,003 4,146,135 79.98
SCN5-1 4,727,932 3,785,053 80.06
SCN5-2 5,050,558 4,196,724 83.09
SCN5-3 4,681,541 3,767,343 80.47
Mean 5,296,377 4,258,467 80.43

aCK-1, CK-2, and CK-3 represent control with water for three biological replications on soybean breeding line 09-138; Similarly, SCN4-1, SCN4-2, and SCN4-3
represent root samples infected with soybean cyst nematode race 4 (HG type 1.2.3.5.6.7) for three replications; and SCN5-1, SCN5-2 and SCN5-3 represent SCN
race 5 for three replications. ®Number of clean reads (except rRNA): number of clean read sequences after filtering rRNA. SNumber of full-length reads: number of
full-length sequences. 9Full-length percentage (%): percentage of number of full-length reads compared with clean reads.
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SNP Markers Chr.  Position Heterochromatic Euchromatic SNP  Allele with LOD of LOD of SNP annotation
region region Type positive effect GLM MLM
Chr03_34851073 3 34,851,073 E A/C C 12.79 13.69 Glyma.03G133300
Chr03_42692363 3 42,692,363 E C/T C 10.22 9.18 Glyma.03G224600
Chr05_40074496 5 40,074,496 E AT T 20.03 25.86 Glyma.05G221300
Chr05_41114434 5 41,114,434 E C/T C 13.08 13.12 Upstream_gene_variant|
MODIFIER| Glyma.05G234000
Chr06_14606307 6 14,606,307 E AG G 9.30 8.41 Upstream_gene_variant|
MODIFIER| Glyma.06G 173600
Chr06_18658898 6 18,658,898 H AG A 19.95 25.76 Glyma.06G202000
Chr08_10757609 8 10,757,609 E C/T C 7.23 6.65 Glyma.08G140700
Chr09_5898756 9 5,898,756 E AG G 8.80 8.45 Glyma.09G062100
Chr09_45699847 9 45,699,847 E AG G 8.55 7.64 Glyma.09G234500
Chr10_2992389 10 2,992,389 E AT A 8.47 7.94 Glyma.10G034400
Chr10_44549078 10 44,549,078 E AG G 9.22 8.80 Glyma.10G213000
Chr12_1536444 12 1,636,444 E AG G 7.48 6.29 Glyma.12G021400
Chr14_2351357 14 2,351,357 E C/T C 10.58 9.26 Glyma.14G032300
Chr14_48312781 14 48,312,781 E C/G G 20.07 26.26 Upstream_gene_variant|
MODIFIER| Glyma.14G218000
Chr15_13541492 15 13,641,492 H C/G C 8.48 7.71 Upstream_gene_variant|
MODIFIER| Glyma.15G160000
Chr17_347445 1 347,445 E AT A 9.38 9.40 Glyma.17G003000
Chr17_32480031 17 32,480,031 H AG G 6.64 6.73 Intergenic_region| MODIFIER|
Glyma.17G203300-
Glyma.17G203400
Chr18_7837981 18 7,837,981 E A/C C 14.27 13.62 Glyma.18G081200
Chr18_18834295 18 18,834,295 E A/C C 8.24 .25 Intergenic_region| MODIFIER|
Glyma.18G133000-
Glyma.18G133100
Chr18_50849168 18 50,849,168 E AT A 11.29 11.66 Upstream_gene_variant|
MODIFIER| Glyma.18G221300
Chr19_12210884 19 12,210,884 H C/T T 19.91 2578 Intergenic_region| MODIFIER|
Glyma.19G060900-
Glyma.19G061000
Chr20_34423091 20 34,423,091 E AT T 7.21 6.55 Glyma.20G 100900
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SNP Markers/QTL Detected in RIL  Population Model Confidence interval Physical positionbp LOD Posterior PVE (%)
and Natural populations (POP)
qgtl-chr6_prot RIL Bayesian IM 142 18864382 0.847
Single-trait multiple IM (SMIM) 146-152 18580363-18597849 11.46 25.40
Single-trait CIM MLE (SMLE) 142-152 18580363-18864382 13.1
Single marker regression (SMR) 141.9-144.5 18449510-19398117  13.7 29.60
ICIM 144 18449510-18597849 14.11 22.30
Chr6_18658898 POP MLM 18658898 19.95
GLM 18658898 25.76
qgtl-chr8_prot RIL Bayesian IM 56-58 9318625-9502316 0.392-0.49
Single-trait multiple IM(SMIM) 42-44 7270752-8285888  7.16 16.70
Single-trait CIM MLE (SMLE) 42-44 7270752-8285888  7.05
Single marker regression 41.6-45.6 7270752-8285888  6.79 16.10
ICIM 61 9701254-9877332  6.35 9.18
gtl-chr15_prot RIL Bayesian IM 12 1890050 0.179
32 4708800-4708818 0.759
42 5786875 0.119
Single-trait multiple IM (SMIM) 20-32 3303648-4708818  3.28 8.00
Single-trait CIM MLE (SMLE) 18-20 3380704-3303648  4.43
30-50 4708800-6651199  4.93
Single marker regression 14.2-19.7 2095208-3303648  4.57 11.00
27.7-31.8 4370908-4708800  3.91 9.50
45.1-54.5 6037184-7193889  4.43 10.70
ICIM 20 3303648-3488588  4.72 6.60
qgtl-chr17_prot1 RIL Bayesian IM 100 12398690-12801544 0.941
Single-trait multiple IM (SMIM) 100-124 12398690-13632893 4.11 9.80
Single-trait CIM MLE (SMLE) 104-112 12801549-13813134 4.05 9.90
Single marker regression 99.5-103.9 12398690-12801549 4.4
gtl-chr20_prot RIL Bayesian IM 112 33202705 0.871
Single-trait multiple IM (SMIM) 94 33202705 6.31 14.90
Single-trait CIM MLE (SMLE) 86-114 26572911-33224754 5.34
Single marker regression 93-115.3 26572981-33507017 5.12 12.30
ICIM 97 26957096-27003724 7.16 10.22
Chr20_34423091 POP MLM 34423091 7.21
Chr20_34423091 GLM 34423091 6.55
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Candidate genes  Haplotype Phenotypic Ratio of Mean Mean Upstream  Upstream  Upstream  Upstream  Upstream cps cps
code types haplotype value of valueof  promoter  promoter  promoter  promoter  promoter
type NThSP+SD  RThSP & SD
~1568bp  -564bp -479p  -2175bp  —455bp 2501bp 3128bp
Glyma.03G029800.1  Hap_1 High 25.0% 2296+534a 043+004a
Hap_17 High 31.5% 2324 +6.45a 0.42+005a
Hap_7 Low 272% 1752£368c 033+008¢
Eise 16.3% 2015+285b 038%0.12b
Glyma.17G062000.1  Hap_2 High 20.4% 2637 £577a 049£007a
Hap_1 Low 413% 21864539c 042:+008¢
Hap_3 Low 23.9% 2138+821c 043+0.02b
Eise 5.4% 2380+452b 0.45+0.09b
®)
Candidate genes  Haplotype Phenotypic Ratio of Mean Mean Upstream  Upstream ~ CDS  Upstream Upstream  Upstream  CDS. cps
code types  haplotype value of value of  promoter  promoter promoter  promoter  promoter
type NThSP+SD  RThSP & SD
—1701bp  —1526bp  1117bp  -2038bp  -2758bp  -87dbp  1963bp  2890bp
Glyma17G057300.1  Hap_3 High 239%  2558+554a 042£003a
Hap_2 Low 424%  20.01£325bc 036%002¢
Hap_6. Low 26.1%  2126+634b 038+003¢c
Ese 7.6%  2285+641b 040+009b
Glyma.17G062600.1  Hap_1 High 283%  2508+634a 051+018a
Hep_3 Low 665% 2047 +321c 045021c
Eise 152%  2258+854b 0.48+0.15b

NTRSP represents the number of the three-seeded pod, whereas RThSP represents the proportion of the three-seeded pod. The different lowercase letters in columns of each candidate gene indicate the significant
difference level (P < 0.05).
SNPs are indicated by colored letters.





OPS/images/fpls-12-715488/fpls-12-715488-t006.jpg
Candidate genes Extremely lines Phenotypic types Period and expression indicators

R1 R2 R3 R4 R5 R6
Glyma.03G029800.1 Suinong14 CK 5.60 ab 270b 6.77 b 3.39 be 4.91ab 5.61a
Line215 High 7.60a 465a 8.55a 593a 532a 4.36b
Line70 High 6.42a 554 a 9.16 a 5.00 a 6.90 a 525a
Line117 Low 3.49b 1.93¢ 4.96 be 235¢ 397¢c 270¢c
Line99 Low 3.93b 1.18¢c 227¢c 461b 410b 3.29 bc
Glyma.17G057300.1 Suinong14 CK 3.23b 4.33a 525a 4.77 ab 4.67 ab 3.92 ab
Line215 High 5.08 a 5.32a 6.42 a 5.06 a 525a 515a
Line70 High 4.04a 4.60a 5.42 ab 561a 5.05a 471a
Line117 Low 2.68 b 2.32b 4.42b 3.06 b 4.25ab 415a
Line99 Low 2.04b 3.02b 3.73 ab 211¢c 3.22b 3.71b
Glyma.17G062000.1 Suinong14 CK 2.61ab 237b 4.46 ab 2.34ab 2.92 ab 242b
Line215 High 1.44 b 1.18¢c 2.60 b 1.77b 2.43b 2.30b
Line70 High 1.21b 1.42¢c 3.31b 1.30b 2.75b 272b
Line117 Low 391a 3.68 ab 582a 3.64a 3.08 a 3.53 a
Line99 Low 291 ab 422a 493a 341a 3.57 a 3.08 ab
Glyma.17G062600.1 Suinong14 CK 453b 3.43b 5.18b 3.13b 414 ab 5.61 ab
Line215 High 6.92a 5.67 a 7.42a 6.02 a 511a 6.12a
Line70 High 3.52¢ 4.32ab 6.17 a 5.60 a 497 a 7.02a
Line117 Low 2.55 cd 322b 243¢c 251¢c 523a 3.09¢c
Line99 Low 3.04¢c 3.95b 290¢c 1.96 ¢ 3.55b 4.30b

The different lowercase letters in columns of each candidate gene indicate the significant difference level (P < 0.05).





OPS/images/fpls-12-794752/cross.jpg
3,

i





OPS/images/fpls-12-794752/fpls-12-794752-e000.jpg
ACr = Cr.mir1seg — CT,miR156b





OPS/images/fpls-12-715488/fpls-12-715488-t001.jpg
Consensus QTL Chromosome Genetic interval (cM) Physical interval (Mbp) QTL numbers ADD? range Mean PVEP (%)

MQTL1 GMO02 52.56 ~54.4 42.89 ~ 46.19 5 —7.02 ~ -2.36 16.74
MQTL2 GMO03 1.90 ~ 4.80 2.44 ~ 4.63 4 —4.35 ~ -2.25 7.01
MQTL3 GM12 26.5 ~29.2 10.02 ~ 11.20 4 —2.47 ~ =017 3.01
MQTL4 GM13 9.3~10.3 20.83 ~ 26.06 4 —2.45~ —-1.42 2.97
MQTL5 GM17 90.1 ~108.7 3.49 ~6.72 5 —-5.12 ~ —2.56 10.07

aADD was the additive effects contributed by QTL.
bPVE was the phenotypic variation explained by QTL.
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Code Block Segments length Introgressed Interval of Consensus Physical intervals Physical intervals Intersection Chromosome
number of Block (Mbp) ratio (%) molecular marker QTL of MQTL (Mbp) of block (Mbp) intervals (Mbp)

1 25 6.22 0.66 Block1481 ~ Block1565  MQTL2 2.44 ~ 463 0.24 ~ 6.46 2.19 GMO03

2 7 10.69 1.18 Block6225 ~ Block6245  MQTL3 10.02 ~ 11.20 7.21 ~17.90 1.18 GM12

3 35 5.84 0.62 Block6666 ~ Block6684  MQTL4 20.83 ~ 26.06 23.89 ~ 29.73 217 GM13

4 31 3.38 0.36 Block8733 ~ Block8771  MQTL5 349 ~6.72 3.43 ~ 6.81 3238 GM17

Else 157 58.50 BA7 GMO02, 06, 19, 20

Total 319 84.63 8.93 4 4 11.83 26.13 8.77 8
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Population Trait Min. Max. Mean + SD Range Skewness Kurtosis

RiLs NThSP 10.48 51.19 26.77 £ 7.87 10.48 ~ 51.19 0.51 0.42
RThSP 27.26 65.22 47.25 +7.03 27.26 56522 -0.22 0.09
NPPP 26.50 96.51 56.34 + 13.13 26.50 ~ 96.51 0.55 0.53
CSSle NThSP 12.32 49.35 2213 + 3.64 12.32 ~ 49.35 0.99 1.06
RThSP 19.24 75.21 45.99 + 532 19.24 ~ 75.21 1.22 0.78
NPPP 2417 98.32 68.43 + 8.21 2417 ~ 98.32 1.78 1.39
Secondary group NThSP 6.00 61.00 34.39 + 2.34 6.00 ~ 61.00 0.63 0.03
RThSP 17.33 82.25 44.63 + 3.55 17.33 ~ 82.25 0.66 0.21
NPPP 23.00 86.00 54.66 + 6.35 23.00 ~ 86.00 -0.28 0.49
Germplasm resources NThSP 7.89 38.44 21.65 + 6.61 7.89 ~ 38.44 0.51 —-0.23
RThSP 30.99 61.22 46.22 +7.35 30.99 ~ 61.22 —0.06 —0.69
NPPP 24.56 78.33 46.45 + 10.40 24.56 ~ 78.33 0.24 0.08

NThSP indicates the trait of the number of the three-seeded pod. RThSP indicates the ratio of the number of the three-seeded pod. NPPP indicates the trait of the number
of pods per plant. RILs indicate recombinant inbred lines. CSSLs indicate chromosomal segment substitution lines. Min and Max indicate the minimum and maximum
values, respectively.
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Code Candidate genes Soybean homologous References Arabidopsis References Common annotation
homologous information of biological
process
1 Glyma.03G026100.1  Glyma.01G140600.1 Chenetal, 2018 AT1G71820 Kim et al., 2009; Safavian Pollen germination, pollen tube
etal, 2015 growth
2 Glyma.03G026300.1  Glyma.01G140600.1 Chenetal, 2018 AT1G71820 Kim et al., 2009; Safavian Pollen germination, pollen tube
et al., 2015 growth
3 Glyma.03G026400.1  Glyma.01G140600.1 Chenetal, 2018 AT1G71820 Kim et al., 2009; Safavian Pollen germination, pollen tube
etal., 2015 growth
4 Glyma.03G026900.1  Glyma.01G140600.1 Chenetal, 2018 AT1G71820 Kim et al., 2009; Safavian Pollen germination, pollen tube
etal, 2015 growth
5] Glyma.03G029800.1 Glyma.17G138200.1 Zhao et al., 2017  AT2G45190 Lenser et al., 2016; Pathak ~ Owvule, embryo, flower, fruit
et al., 2016 development, meristem growth
6 Glyma.17G057300.1  Glyma.13G101900.1 Wang et al., 2015;  AT1G73590 Fang, 2008; Hu et al., Embryo development, flower and
Stasko, 2018 2014; Seefried et al., 2014 stamen development
7 Glyma.17G062000.1  Glyma.13G097600.1 = AT5G57360 Kwak et al., 2008; Xue Flower development
et al., 2012; Liew et al.,
2014
8 Glyma.17G062600.1  Glyma.13G096900.1 & AT5G57390 Tsuwamoto et al., 2010; Positive regulation of embryonic

Radoeva and Weijers, 2014

development, ‘seed germination
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Trait Gene/targeting location

Yield
Plantarchitecture  GmLHYTa (Glyma. 166017400}, GmLHY1b (Ghma.07G048500), GmLHY2a
(Glyma. 19G260900), and GmLHY2b (Glyma.03G261600)
GmSPLYa (GYyma.02G177500), GmSPLIb (Glyma.09G113800), GmSPLIC
(Glyma.03G143100), and GmSPLId (Giyma. 19G146000)
GmAP1a (Glyma. 16G091300), GmAPTb (Glyma.08G269800), GmAPTc.
(GYma.01G064200), and GmAPTd (Glyma.02G121600)
Scedweightand  GmPPDY (Giyma. 10G244400) and GmPPD2 (Glyma.20G150000)
organ size
GMSWEET10a (Glyma. 15G049200) and GmSWEET10b (Glyma.08G183500)
GMKIX8-1 (Glyma. 17G112800)
Seed number GMJAGT (Glyma.20G25000) and GmJAG2 (Glyma. 10G42020)
Photoperiod GmFT2a (Glyma. 16626660)
GMET (Glyma.06G207800)
GmFT2a (Glyma. 16G26660) and GmFTSa (Glyma. 16G04830)
GmFT2a (Glyma. 16G150700) and GmFT4 (Giyma.08G363100)
GmFT2b (Gyma, 16626690)
GmAP1a (Glyma. 16G091300), GmAPTb (Glyma.08G269800), GmAPTc.
(GYma.01G064200), and GmAPTd (Glyma.02G121600)

GmPRRST (Glyma. 12G073900)
GmLUX] (Glyma. 12G060200) and GmLUX (Glyma. 11G136600)

GmLNK2a (Glyma.04G141400), GmLNK2b (Glyma. 11G154700), GmLNK2e
(Glyma. 13G199300), and GmLNK2d (Glyma. 15G237600)

Nutrition and
quality
Storage protein  Giyma. 20G 148400, Glyma. 20G 146200, Gyma. 10G246300,
Glyma.20G 148200, Giyma. 10G037100, Glyma.03G 163500,
Gyma. 19G 164900, Giyma. 136123500, and Glyma. 196164800
Seed ol GMFAD2-1A (Glyma. 10G278000) and GmFAD2 18 (Glyma.20G111000)

GmFAD2-2
GMFAD2-1A (Glyma. 10G278000)
GMFAD2-1A (Glyma. 10G278000) and GmFAD2- 18 (Giyma.20G111000)
GMGOLSTA (Glyma.03G222000) and GmGOLS1B (Glyma. 19G219100)
GmFAD2~1A (Glyma. 10G278000) and GmFAD2-2A (Glyma. 19G147300)
GmPATB1a (Glyma.05G012300) and GmFATBIb (Glyma. 17G012400)
Ghyma.15G117700

Boanflavorfiee  GmLox1 (Glyma. 19G347600), GmLox2 (Ghyma. 13G347500), and GmLox3

soybean (Glyma. 15G026300)

Disease
resistance

Cystnematode  GmSyn12 (Glyma. 12G194800), GmSyn13 (Gyma. 13G307600), GmSyn16
resistance (@lyma. 16G154200), and GmSyn02 (Giyma.02G072900)

Rps1 familes (Glyma.08G034400, Giyma.03G0034800, Glyma.08G039200,
Glyma.03G039500, Glyma.03G037100, Glyma.03G037300.
Glyma.03G037400, Glyma.03G037400, Giyma.03G037000,
Glyma.03G034500, Glyma.03G039300, Glyma.03GO45700,
Glyma.03G043600, Glyma.03G045300, Giyma.03G043000,
Glyma.03G043500, Glyma.08GO44000, Giyma.03G043200,
Glyma.03G045000, Glyma.03GO46500, Giyma.03G047000,
Glyma.03G043900) and Rpp 1L famies (Glyma. 18G281700,
Glyma.18G281600, Glyma. 18G281500, and Glyma. 18G280300)
Rhgl-locus (Glyma. 18G02270), DELLA1S (Glyma. 18G040000), and DELLATT
(Ghyma.11G216500)

Insect resistance  GmUGT (Glyma.07G110300)

Abiotic stress

tolerance

Droughttolerance  GmLHYTa (Glyma. 16G017400), GmLHY1b (Glyma.07G048500), GmLHY2a
(Glyma. 19G260900), and GmLHY2b (Giyma.03G261800)

Salttolerance GmNACOS (Glyma06G21020)
Nitrogen fixation

GmNSP1a (Glyma.07G039400) and GmiNSPTb (Giyma. 16G008200)
Herbicide GMALST (Glyma.04G37270.1), GmALS2 (Glyma. 06G17790.1), GmALS3.
resistance (Glyma. 13G31470.1), and GmALS4 (Glyma. 15G07860.1)

Root nodulation  GmRICT (Glyma. 13G292300), GmRIC2 (Glyma.06G284100), GmRON1-1
(Glyma.02G279600), GMRDN1-2 (Giyma. 14G035100), and GmRONT-3
(Ghyma. 20G040500)
GmSPLIJ (Glyma. 19G146000) and GmmiR1S6
Alergy reduction  Gly m Bal 28K (Glyma.U020300) and Gy m Bdl 30K (Glyma.08G116300)
GmDCL1a (Glyma.08G42290), GmDCL 1t (Glyma. 19G45060), GmODCLAa
(GYyma 17G11240), GmDCL4® (Glyma. 13622450, GmRDRSa
(Ghyma.04G07150), GmRDRGb (Gyma.06G07250), and GmHENTa
(GYma.08G08650)
GmDCL4a (Glyma. 17G11240) and GmDCLAb (Glyma. 13622450
Bar transgene, GmFET (Glyma.01G35390), GmFEI2 (Glyma.09G34940), and
GmSHR
GmGS (Glyma. 18G04660 and Glyma. 18G041100) and GmCHIZ0
(Glyma. 20G38560 and Glyma.20G241500)
GFP transgene, Giyma07g14530, 01gDDM1 (Glyma. 11G38150), 11gDDM1
(Glyma. 11G07220), Glyma04g36150, Glyma06g18790, miR1509, and
miR1s14

Glyma,06G14180, Glyma.08G02290, and Glyma. 12G37050
GmPDS11 (Glyma. 11G253000) and GmPDS18 (Glyma. 18G003900)
FAD2-1A (Glyma. 10G42470) and FAD2-18 (Glyma.20624530)

GmIPK1 (Glyma. 14G072200) and GmIPK2 (Glyma. 126240900} (STU and
TCTU system’)
Glyma. 156249000 and Glyma. 136259100
GmPDS11g (Glyma. 11253000) and GmPDS18g (Glyma. 189003900
Transgene-free  Target sites DD38 and DD
edited events
Gl m Bd 30K (Gyma.08G116300)
Egg cell promoter - GMAGO7a (Glyma.01G053100) and GmAGO7b (Glyma.02G111600)
diving Gas9

Targeted deletions  GmFT2a (Glyma. 16G26660) and GmFT5a (Glyma. 16G04830)

of DNA fragments.

Growth of soybean  GmCPRS (Gyma.06G145800)

tichomes

Fertiity GmMs1 (Glyma. 13G114200)
GmMs1 (Gyma. 13G114200)

miRNA pathway  GmDCL 1a (Glyma.03G42290), GmOCL 1b (Glyma. 19G45060), GmDCL4a

andsmal ANA  (Gyma.17G11240), GmDCLAb (Glyma. 13G22450), GmRDR6a

processing (Glyma.04G07150), GmRDRGb (Glyms. 06G07250), GmHENTa
(Glyma.08G08650), and GFP transgene
GmDRB2a (Ghyma. 12G075700), GmDRB2b (Ghyma. 11G145900), GmOCL3a
(Glyma.04G057400), GmHEN Ta (Glyma. 08GO81600), and GmHENTb
(Ghma.05G126600)
GmDCL2a (Glyma.09G025400), GmDCL2b (Glyma.09G025300), and
GmDCL3a (Glyma.04G057400)

Sucroseexport  GmSWEET15a (Glyma.05G126600) and GmSWEET15b (Glyma. 05G1266000)

related embryo

development

Circadian GmLCLa? (Glyma. 16G07980), GmLCLa2 (Glyma.07G05410), GmLCLb1
hythmicity (Glma.03G42260), and GmLCLb2 (Glyma. 19G45030)

Soybean knockout 70 sgRNAS to target 102 genes

forary

GE platform

CRISPR/Cas9
CRISPR/Cas9
CRISPR/Cas9
CRISPR/Cas9
CRISPR/Cas9
CRISPR/Cas9
CRISPR/Cas9
CRISPR/Casd
CRISPR/Cas9
CRISPR/Cas9
BE base editor

CRISPR/Cas9
CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9
CRISPR/Cas9

CRISPR/Caso

TALENS

CRISPR/Cas9
2FNs

CRISPR/Cas9
CRISPR/Cas9
CRISPR/Cas9
CRISPR/Cas9
CRISPR/Cas9
CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9
CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

CRISPR/Caso
ZFNs

ZFNs
CRISPR/Caso

CRISPR/Caso

CRISPR/Cas9

CRISPRCas9
TALENs
CRISPR/ASCpft or
LoCptt
CRISPR/Cas9

CRISPR/Cas9.
CRISPR/Caso
CRISPR/Cas9
CRISPR/Casd
CRISPR/Cas9.
CRISPR/Cas9.
CRISPR/Cas9
CRISPR/Caso

CRISPR/Casg.
ZPNs

CRISPR/Cas9

TALENs

CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

Delivery
method

A. tumefaciens
A. tumefaciens

A, tumefaciens

>

. tumefaciens

tumefaciens
tumefaciens
tumefaciens
tumefaciens
tumefaciens
tumefaciens
tumefaciens
tumefaciens
tumefaciens

>rr>rrr3>

>

. tumefaciens

>

. tumefaciens
A. tumefaciens

A. thizogenes

A. rhizogenes
and disarmed

A. thizogenes

A. tumefaciens
Biolstic method
A. tumefaciens
A. tumefaciens
A, tumefaciens
A. tumefaciens
A. tumefaciens
A. tumefaciens

A thizogenes

A tumefaciens

A thizogenes

A. tumefaciens

A tumefaciens

A. thizogenes

A tumefaciens
Biolistic method

A tumefaciens
A hizogenes

A. tumefaciens
A thizogenes

A. thizogenes
A. thizogenes

A. thizogenes

A thizogenes

Edited events.

Whole plant
Whole plant
Whole pant
Whole plant

Whole plant
Whole plant
Whole plant
Wnole plant
Whole plant
Whole plant
Whole plant
Whole plant
Whole plant

Whole plant

Whole plant
Whole plant

Hairy root

Hairy root and
‘whole plant

‘Whole plant
Whole plant
Whole plant
Whole plant
Whole plant
Whole plant
Whole plant
Whole plant

Hairy root

Whole plant

Hairy root

Whole plant

Whole plant
Hairy root

Whole plant
Whole plant

Whole plant
Hairy root

Whole plant
Hairy root

Hairy root
Hairy root

Hairy root

Hairy root

A hizogenes  Hairy root
A. tumefaciens  Whole plart
Protoplast  Protoplast

transfection

A thizogenes  Hairy root

A rhizogenes  Hairy root
A tumefaciens  Whole plant

©. haywardense
HIg

Biolstic method Whole plant

A thizogenes  Hairy root and
andA, ‘whole plant

tumefaciens

A tumefaciens  Whoe plant

Biolisticmethod Whole plant

Boistic method Whole plant
Biolistic method Whole plant
A thizogenes  Hairyroot

A rhizogenes  Hairyroot

Disarmed Whole plant

A rhizogeres

A. tumefaciens  Whole plant

A tumefaciens  Whole plant

A tumefaciens  Whole plant

{pocled)

Editing outcomes

Knockout (muliplex)
Knockout (multiplex)
Knockout (muliplex)
Knockout (mulplex)

Knockout (multiplex)
Knockout

Knockout (multiplex)
Knodkout

Knockout

Knockout (multiplex)
Base ediing
Knockout

Knockout (multiplex)

Knockout
Knockout (muliplex)
Knockout (multplex)

Knockout (mulipiex)

Knockout (muliplex)

Knockout
Knock in (NHEJ)
Knockout (multiplex)
Knockout (mulplex)
Knockout (multplex)
Knockout (multplex)
Knockout

Knockout (mulplex)

Knockout (multplex)

Knockout (multplex)

Knockout (multiplex)

Knockout

Knockout (multiplex)

Knockout

Knockout (muliplex)
Knockin (HOR)

Knockout (multplex)
Knockout (multiplex)

Knockout (multiplex)
Knockout (multiplex)

Knockout
Knockout (multiplex)

Knockout

Knockout

Knockout (muliplex)
Knockout
Knockout (RNP)

Knockout (muliplex)

Knockout (multiplex)
Knockout (muliplex)
Targeted insertion

Knockout
Knockout (multiplex)

References

Cheng etal., 2019

Baoetal, 2019

Chen et al., 2020d

Kanazashi et al, 2018

Wang et al, 2020¢
Nuyen et al, 2021
Caietal., 2021
Caietal, 2018
Han etal, 2019
Caietal., 20200
Caietal, 2020a
Chen etal,, 2020c
Chenetal,, 2020d

Wang et al,, 20200

Buetal, 2021
Lietal, 2021c

Lietal, 2019

Haun et al, 2014

al Amin etal, 2019
Bonawitz et al, 2019
Doetal, 2019
Leetal, 2020

W etal, 2020
Ma J. etal., 2021
Quetal, 2021

Wang et al, 2020a

Dong et al, 2020

Nagy etal., 2021

Dong and Hudson, 2022

Zhang et al, 20220

Wang etal,, 2021a

Lietal, 2021b

He etal, 2021
Lietal, 2015

Bai etal., 2020

Yon et al, 2022

Suganoet al, 2020
Curtin et al, 2011

Sander et al, 2011
Caietal, 2015

Michno et al, 2015

Jacobs etal., 2015
Sunetal, 2015
Duetal, 2016
Kim et al, 2017
Carijo etal., 2021
Luoetal, 2021
Luand Tian, 2022

Kumar et al, 2022

Adachi et al, 2021
Zheng et al., 2020

Knockout (4.5 kb in GmFT2e) Caietal., 2018

Knockout
Knockout

Knockout
Knockout

Knockout (multplex)

Knockout (multiplex)

Knockout (muliplex)

Knockout (muliplex)

Knockout (multplex)

Campbel et al, 2019
Nadeem et al., 2021

Jiang et al,, 2021
Curtinetal,, 2011

Curtinetal, 2018

Curtinetal, 2018

Wang et al, 20195

Wang et al., 2020

Baietal, 2020

*STU, single transcriptional unit; SpCas9 and sgRNA are driven by only one promoter; and the two-component transcriptional unit (TCTU) in the conventional system, and SpCas9 and sgRIVA are under the controf of

different promoters.
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Target traits Transgene

Seed components and
quality

Seed protein and amino acid  Zmb-zeins and Zmy-zein
2Zmp-zein
GMPDHK

Glyma. 10G38760a
GmFAD2-18
GmSDP1-1
PIFADS-1
GmOLEOT
GmWRITD

Glyma. 1G30950
GmDGAT2A
GmzFa92
GmWwRlia
ARDGAT3
memP2

‘The lunasin gene
“The hiFiN-y gene
GmiPK2
GmMIPST
EcMappA

Specific cherical compounds ZmGB1

oil

Bioreactor

Phytate content

GmCHITA
GmMATET
GmMYB176 and
GmbZIPS

Agronomic traits.

Seed yield and plant biomass GmPT7

GmmiR156b

PSNTP9

GmWRITb

HaHB4
GmMYBI14
Zmsoct
GmFuLa
GmHSPI7.9

GmiDL2a and GmiDL4a
GmmiR156b
Gmyucza
GmGASAS2

GmWRITb

Plant architecture

Ghyma. 13G30950
GmPFaL

ABICT
GmDIR27
GAZ0x8A and GAZoXEB
GmGAMYE
GmBICs
Iron, nitrogen, and phosphorusGmbHLHS? and
use effciency GmbHLH300
GmPT7
GmWRlTs
GmPAPT2
GmAAPSa

GmMDH12
GmNMHCS
GmNINS
GmD27c
GmsPXe

GmHSPI7.9
ESPHTIi4.
GmETO1

Flowering time GmFTla and GmFT2a/5a

GmFT20
GmGAMYE
E1 (Gyma06g23026)
Abiotic and biotic traits

Nermatode resistance. HgY25

BlCry14AL
GmSYP3IA

Hg-ps23, Hg-snb1, and
Hg-cpn1

BCry8ike gene
BlCrytia5

The coat protein gene of
My

Insect resistance

Virus resistance

SMV P8 cistron fragment
2.529-2,830 1)
GmelFiE

The AC2 gene.

GmkR3

‘The protein kinase PBS
Gmvmat2

amsT1

GMNF-YC4-2

Fungal disease resstance  hrpZm

APSST
GmCHITA
GmPlaL
Hit2

GmSnAK1.1
GmCaH1
Ta0X0
GmiMYB29A2

NmDef02
CmeH1
GmDR1
AtFOLT?
NLA gere
GmINL16
GmNACT

Herbicide tolerance G10-EPSPS

G2-EPSPS and
GI0-EPSPS
Gytochrome P450
geneP4S0-N-Z1
PgTIPT
GmPIP2:9.
ABF3
GmWRKY1T2
GmBIN2
GmaiP
Atruccas
GmIWRKYS4.
FCSSD
GmNFYAS
AINCED3
GmDREB2
AtaKinase
HatiB4
GmNACE
GmbzP2
GmbzP15
Gmgma-miR398c
GmNTF28-1
GmMYB14
GmTGATS
GmPHPLCT
GmCIPK2.
GsPODAO
GmDREBT
SHSP26
GmDREB2
GmEFs

Drought tolerance

Salt and other stress tolerance PgTIPT
ZmeB1
GmIWAKY 12
AXTH31
GmBINZ

MSWRKY11

GmHsp90A2
AMAVPT and AINHX1
GmDREB-6
GsCLC-c2
GmERFI35
GmCOF1
GmSAP1E

J

GsSnRKT
GmivBs8
Gs5PTase8
GsAAE3

GmbzP2

GsuAzz

GmbZIP15
GmPLPLCT
AgGIoF
GmNACOS
GsCLC-c2
GsBETI1a
GmNHXS
GmAKT1
GmbHLH3
GmEFs

\means not available.

Source of gene  Delivery method Effect on trait or function

Z mays A. tumefaciens
2 mays A. tumefaciens
G.max Bioistic method
G max A. tumefaciens
G max A. tumefaciens
G max A. tumefaciens
P fendieri A. tumefaciens
G max A. tumefaciens
G. max A. tumefaciens
G max A. tumefaciens
G max A. tumefaciens
G max A. tumefaciens
G max A. tumefaciens
Ahypogaea A tumefaciens
H. sapiens Biolistic method
G.max A. tumefaciens
H. sapiens A. tumefaciens
G max A tumefaciens
G max A. tumefaciens
E coll A. tumefaciens
2. mays A. tumefaciens
G max A. tumefaciens
6. max A. tumefaciens
G max A. thizogenes
G max A tumefaciens
G max A. tumefaciens
P sativum A tumefaciens
G max A. tumefaciens
H. annuus A. tumefaciens
G max A. tumefaciens
Z mays A. tumefaciens
G max A. tumefaciens
G max A. thizogenes
G max A. thizogenes
G max A. tumefaciens
G.max A. thizogenes
G. max A. thizogenes
G max A. tumefaciens
G max A tumefaciens
G. max var. Bragg A. tumefaciens
A thalana A. tumefaciens
G.max A. tumefaciens
6. max A. tumefaciens
. max A. tumefaciens
G.max A. tumefaciens
G max A. thizogenes
G max A. tumefaciens
G.max A. thizogenes
G max A. thizogenes
G max A. tumefaciens
G max A tumefaciens
G max A. tumefaciens
G max A. thizogenes
G max A. thizogenes
G max A. thizogenes
G max A. thizogenes
E salsugineum A, tumefaciens
G max A. tumefaciens
G max A. tumefaciens
G max A. tumefaciens
G max A. tumefaciens
G.max A. tumefaciens
H. ghycines Biolistic method
B. thuringiensis  Biolistic method
G.max A. tumefaciens
H. glycines. A. tumefaciens
B. thuingiensis A, tumefaciens
B thuingiensis A tumefaciens
Mung bean yelow A. tumefaciens
mosaic India virus

MYMY)

SMV sc3 A. tumefaciens
G max A. tumefaciens
My A. tumefaciens
G max A. tumefaciens
oMY A. tumefaciens
G max A. tumefaciens
G max A. tumefaciens
6. max A. tumefaciens
P syringae A. tumefaciens
A thalana A. tumefaciens
G max A. thizogenes
G. max A. tumefaciens
X onyzaepr A tumefaciens
onyzicola

G max A. tumefaciens
G max A. thizogenes
T aestivum A. tumefaciens
G max A. thizogenes
N. megalosiphon _ Biolstic method
. minians A, tumefaciens
G.max A. tumefaciens
A thalana A. tumefaciens
G max 0. haywardense
G max A. thizogenes
G max. A. tumefaciens
D. radlocurans A, tumefaciens
P fuorescens A tumefaciens
G2

C.dactjon A tumefaciens
P ginseng A tumefaciens
G max A tumefaciens
A thaliana A tumefaciens
G max A rhizogenes
G. max A rhizogenes
G max A tumefaciens
A thaana A tumefaciens
G max A rhizogenes
Fveliipes A tumefaciens
G max A hizogenes
A thatana A tumefaciens
G max A tumefaciens
A thaana A tumefaciens
H. annuus A tumefaciens
G max A tumefaciens
G max A tumefaciens
G max A tumefaciens
G max A rhizogenes
G max A hizogenes
G max A tumefaciens
G. max A rhizogenes
G max A hizogenes
G max A tumefaciens
G. max A tumefaciens
G max A tumefaciens
G max A tumefaciens
G max A tumefaciens
G max A hizogenes
Pginseng A tumefaciens
2. mays A tumefaciens
G max A hizogenes
A thalana A tumefaciens
G max A. thizogenes
M. sativa A. tumefaciens
(alfalfe)

G max A tumefaciens
Athalana A tumefaciens
G max A tumefaciens
G s A tumefaciens
6. max A. hizogenes
G max A rhizogenes
G max A tumefaciens
G. max A tumefaciens
G 5o A tumefaciens
G max A tumefaciens
G.soa A hizogenes
G.soja A hizogenes
G max A tumefaciens
G so Bioistic method
(G07256)

G max A tumefaciens
6. max A. thizogenes
Aglaucus A tumefaciens
G max A hizogenes
G s A tumefaciens
G 5o A tumefaciens
G max A thizogenes
G. max A rhizogenes
G max A thizogenes
G max A hizogenes

Increase 27% the methionine content
Increase 15% the methionine content

Increase average 42.2% protein content

Increase sulfur amino acid content

Increase oleic acid content

Increase of content

Increase alinolenic acid production

Increase 10.6% seed ol content and enviched smaller OBs
Increases total seed of production

Increase seed pods and oi production

Increase of production and wiinoleic acid content
Increase ssed ol accumulation

Increase seed oil content

Increase oleic acid and total fatty acid

Result n production of bone morphogenetic protein BMP2
Result in production of bioactive lunasin peptide

Result in production of human IFN-y protein

Result in production of low phytate

Regulate phytate biosynthesis

Result in production of a thermostable phytase

Increase glycinebetaine content

Increase seed isoflavones
Increase seed isoflavones
Increase seed isofiavones

Increase symbiotic N fixation and yield
Improve the shoot architecture and yield

Increase soybean yield

Improve plant architecture and associated yield parameters,
and increases total seed ol production

Enhance drought tolerance with yield reducedt
Enhance high-density yield and drought tolerance

Increase soybean yield

Increase soybean yield

Increase nodule number, nodule fresh weight, and seed yeld
Increase the lateral roots densities of the primary roots
Improve the shoot architecture and yield

Delay nodule development and a reduced number of nodues
Increase plant height

Improve plant architecture and associated yield parameters,
and increases total seed o production

Increase seed pods and o production

Affect plant morphology and accelerating reproductive phase
transitions

Increase plant height

Increase pod dehiscence

Decrease traling growth and shoot length

Promote flowering and increase plant height

Increase stem elongation

Enhance Fe uptake and increas the Fe cortent in plants

Enhance symbiotic N fixation and yield
Increase nodule numbers
Increase nodule numbers

Enhance tolerance to low nitrogen and improve seed ritrogen
status

Decrease nodule size and mediates malate synthesis
Increase noduiation

Decrease nodie numbers

Increase nodule numbers

Genotype

Wiams82
Jack

Jack
Maverick
Wiliamsg2
Kariyutak
Kwangarkong
Wiliamsg2

\

Kariyuteka.
PO3

Jack
Dongnongs0
Jack

BRS16

\

Willams,
Pusa-16
Ds-9712
Wandou-28
AS403, A4922, A3469, and
A3244
oT2008
C08.and W05
Harosoy63

NGBS
Wikams82
Willams82

Wiliams82
Tianlong1

Jack
Zigongdongdou
Wilamss2
XIAOLIDOU
Wiiams2
Wiliams82
Wiliams82

\

Kariyutaka
Bragg

Kwangarkong
Wiliamsg2
wos
DongNong50
TianLong!
Wiams82

HNGS
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ID Sequences (5'-3')

Probe A GGGATACTGGAACCTGATGATGACTAACTAACTACCTG GGCTGAT IGTGCTCTCrTrC

Probe B PO4- TCTTCTGTCAA CCTTTGCTTT |ACTACTCTCACACACTCTATGCTFGCTACCGTCG

Probe A-N GGGATACTGGAACCTGATGATGACTAACTAACTACCTG GGCTGAT IGTGCTCTCTC

Probe A-g GGGATACTGGAACCTGATGATGACTAACTAACTACCTG| GGCTGAT IGGAGCTCCrCrT

Probe B-g PO4- TCACTCCAAT| CCTTTGCTTT IACTACTCTCACACACTCTATGCTFGCTACCGTCG

Forward primer-1 CGACGGTAGCAAGCATAGAGTGTG

Reverse primer-1 GGGATACTGGAACCTGATGATGAC

Forward primer-2 CGACGGTAGCAAGCATAGAGTGTGTGAGAG

Reverse primer-2 GGGATACTGGAACCTGATGATGACTAACTAACTACC

Forward primer-3 CGACGGTAGCAAGCATAGAGTGTGTGA

Reverse primer-3 GGGATACTGGAACCTGATGATGACTAAC

Pre-Gma-MIR156b GTGATGTGAGATATCTCATGTTGACAGAAGAGAGAGAGCACAACCCGGGAATGGCTAA
AGGAGTCTTTGCCTTTGTTGGGAGTGTGCCCTCTCTTCCTCTGTCATCATCACATTCACA
TGCCTTTGC

Forward primer for pre-miR156 5-TAATACGACTCACTATAGGGAAGAGAGAGAGCACAACCcgggaatggctaaaggagtc-3’

Reverse primer for pre-miR156 5-GACAGAGGAAGAGAGGGCACACTCCCAACAAAGGCAAAgactcctttagecattcceg-3”

The sequences indicated with bold italics were the complementary sequence to the target miRNA.
The bold in forward primer for pre-miR156 was the specific sequence of pre-miRNA.
The box was the stuffer sequence.
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Female parent Male parent Pre- Numberof ~ Truehybrid  True hybrid

treatment of plants number rate (%)
flowers
Variety site Variety Pollen Pollen
collection collection
site date
Zhonghuang39  Beijing Heihed3 Heihe 15th July Dehydrated for 30 27 844
10h
Zhonghuang39  Beijing Heihed3 Heihe 15th July Dehydrated for 15 14 933
14h
Zhonghuang39  Beijing Zhonghuang30  Bejing 21stAugustto  No (fresh) 5 3 60.0
25th August

On 15 July 2020, pollen of Heihe 43 at the initially-open stage was collected, dehydrated, frozen in LN for 72h, and then stored at —80°C. On 16 August 2020, the package was sent
to Beijjing by express delivery. From 21-25 August 2020, hybridization verification tests were carried out in Bejiing using the preserved pollen sent from Heihe by express delivery.
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Fragment name Location® Fragment length G + C content A + U content

(bp) (%)} ()
S1 2595-3056 462 39 61
s2 5601-6013 413 45 55
S3 6930-7426 497 39 61
Sz 8261-8582 322 42 58
S5 8919-9274 356 42 58

T The different nucleotide positions of the conserved target fragments (CTFs) on SMV genome.
* The proportion of guanine and cytosine nucleotides in total nucleotides of the different CTFs, respectively.
§ The proportion of adenine and uracil nucleotides in total nucleotides of the different CTFs, respectively.
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Sample name SWCI-4278-1 as inoculum Mock RQ pSMV-GUS as inoculum

RQ (mean + SD) Percentage’ RQ (mean % SD) Percentage '
3dpi/5dpi (%) 3dpi/5dpi (%)
3dpi 5dpi 3dpi 5dpi
EV 1085.65 + 114.57a 2165.11 £ 172.63a - 1.00 748.76 + 21.28a 1504 + 36.47a =
S1-TIR 161.15 4+ 9.90c 277.10 £+ 25.59d 14.8/12.8 1.06 30.22 + 3.34b 71.45 + 1.66d 4.0/4.8
S2-TIR 352.35 + 35.44b 523.39 + 69.69b 32.5/24.2 0.94 4512 4+ 2.95b 121.62 4+ 4.89b 6.0/8.1
S3-TIR 299.25 + 26.31b 467.37 + 39.16b 27.5/21.6 1.16 39.93 + 1.43b 103.72 4+ 4.50bc 5.3/6.9
S4-TIR 188.47 4+ 20.56¢ 440.84 + 27.58bc 17.4/20.4 1.00 34.35 4+ 3.05b 83.23 + 9.13cd 4.6/5.5
S5-TIR 177.43 +19.48c 319.99 + 32.46¢cd 16.3/14.8 1.01 33.53 + 1.74b 76.55 + 6.53cd 4.5/5.1

The mean and SD were calculated from three replications.

Values in the same column followed by different letters are significantly different at p = 0.05 level. RQ: relative quantification; SD: standard deviation.

T Percentage was determined by the RQ means of each TIR sample divided by the RQ means of EV sample at 3dpi and 5dpi, respectively.

SWCI: SMV/WM\V-chimeric isolate; EV: empty vector; TIR: target-inverted-repeat; dpi: days post-inoculation; -: no data; S71-TIR to S5-TIR represent the 5 respective TIR
constructs;, Mock: 0.01 M phosphate buffer inoculation as control.
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Population Genealogy RMG
Brazi BRS 278 RRx 5953 RSF RR 9.4/5.0
Southern BMX Poténcia RRx BMX Energia RR 6.7/53
Northern BRS 245 RRxBRS 278 AR 7.30.4
GBN1 BRS 278 AR 94
GB2 5953 RSF RR 50
Gst BMX Poténcia RR 67
GS2 BMX Energia RR 53
GN2 BRS 245 AR 7.3
TGM7 TMG 1174 RR 7.4
TGM6 TMG 7262 RR 62
TGM8 TMG 1179 RR 79
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Sample name ELISA (mean + SD)

Mock SWCI-4278-1
3dpi 5dpi Percentage |
3dpi/5dpi (%)
EV 0.11 £+ 0.01 1.02 +£0.13a 1.67 £0.14a -
S1-TIR 0.10 + 0.01 0.15 +£ 0.02¢c 0.30 + 0.02d 14.7/18.0
S2-TIR 0.11 £ 0.01 0.30 £+ 0.04b 0.58 + 0.04b 29.4/34.7
S3-TIR 0.12 + 0.01 0.17 £ 0.02c 0.47 + 0.04bc 16.7/28.1
S4-TIR 0.10 + 0.01 0.16 &+ 0.02¢c 0.44 + 0.04c 15.7/26.3
S5-TIR 0.12 + 0.01 0.15 +£ 0.02¢c 0.31 + 0.02d 14.7/18.6

The mean and standard deviation were calculated from three replications.

Values in the same column followed by different letters are significantly different at p = 0.05 level. SD: standard deviation.

T Percentage was determined by the ELISA mean of each TIR sample divided by the ELISA mean of EV sample at 3dpi and 5dpi, respectively.

SWCI: SMV/WMV-chimeric isolate; EV: empty vector; TIR: target-inverted-repeat; dpi: days post-inoculation; -: no data; S1-TIR to S5-TIR represent the TIR constructs;
Mock: 0.01 M phosphate buffer inoculation as control.
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To code Seed no. No. of individual plants obtained Transgene-positive plant Resistant and susceptible plants R(%)T

No.t (%)* (+) (=)
L1 100 89 60 67.4 43 17 28.3
L3 86 85 57 67.1 29 28 491
L4 17 17 11 64.7 6 5 455
L5 163 149 99 66.4 56 43 43.4
L6 255 223 172 771 68 104 60.5
L7 101 97 61 62.9 25 36 59.0
L8 65 60 39 65.0 20 19 48.7
L9 103 102 63 61.8 32 31 49.2
L10 28 23 17 73.9 7 10 58.8
L11 72 67 42 62.7 27 15 35.7
L12 108 92 57 62.0 27 30 52.6
Total 1098 1004 678 66.5 340 338 48.3

T The number of transgene-positive plants, identification of transgene-positive plants was based on genome DNA PCR using gene-specific primers.

+ The percentage of obtained T4 plants.

$ Assessment of the resistant or susceptible plants was based on the ratio of the ELISA mean of each transgene-positive individual under SMV SC18 inoculation to the
ELISA mean of negative control non-inoculated at 7dpi using in vitro leaf-assay. (+): positive for SMV (ratio > 2); (-): negative for SMV (ratio < 2).

1 The percentage of resistant plants.
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Date SNE1 SNE2
5 August, 2019 -0.65 055
13 August, 2019 -013 0.52
18 August, 2019 0.13 0.57
6 August, 2020 -0.75 0.37
14 August, 2020 -0.34 0.57
21 August, 2020 -0.57 0.65
27 August, 2020 -0.13 0.76
31 August, 2020 -0.30 0.85

SNE1 and SNE2 show first and second t-SNE components, respectively.
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