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Abstract: During the life cycle of a plant, seed germination is crucial. Upon ingestion of water, the dry seeds resumed energy metabolism and cellular repair. To dissect the complex mechanisms at the very beginning of seed germination, two approaches including transcriptome and small RNA sequencing were conducted during the water imbibition process of mung bean seeds compared with dry seed. The transcriptome sequencing analysis identified 10,108 differentially expressed genes (DEGs) between dry and imbibed mung bean seeds. KEGG enrichment analyses demonstrated numerous DEGs involved in hormone signaling pathways, carbohydrate, and energy metabolism. Out of the total DEGs, 129 genes were investigated to involve in abscisic acid, gibberellin, and ethylene pathways, with 56 genes involved in glycolysis and TCA cycle. Through the analysis of small RNA sequencing among different samples, there were 284 miRNAs found in the imbibed and dried seeds of mung bean containing 213 known and 71 novel miRNAs. From comparison between the two types of seeds, 51 miRNAs were differentially expressed. The integrated analyses of transcriptome and miRNAome data showed that 23 DEGs are the putative target genes of 8 miRNAs including miR156, miR171b-3p, miR166e-3p, miR169-1, etc. QRT-PCR was used to validate several DEGs and miRNAs. The data suggested that the seed imbibition process is regulated by a variety of DEGs and microRNAs. Meanwhile, we hope to gain a deeper insight into how mung bean seeds germinate in order to optimize seed growth.
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1  Introduction

A significant edible legume crop, mung beans (Vigna radiataL.) are grown on more than 6 million ha worldwide and are consumed by most households in Asia [1,2]. Mung bean genome sequencing provided excellent opportunities to study mung bean transcriptomes during a variety of developmental stages. A transcriptomic and metabolomic analysis of soybean seeds during germination has also been performed, exploring how expression regulation and nutritional factors are regulated during seed germination [3,4]. However, the global transcriptome and small RNA approaches of mung bean seedlings at early stages of seed germination remain poorly understood. This might limit our understanding of molecular mechanisms during mung bean germination.

Germination involves a variety of metabolic and physiological changes, which begin with the imbibition of fertilizer and culminate with embryonic elongation [5]. In seed germination, macromolecular substances, such as polysaccharides, proteins, and lipids, are degraded into small active compounds and energy is produced. This process is regulated by phytohormones, such as abscisic acid (ABA), gibberellin (GA), ethylene, and others [6,7]. Once seeds imbibed water, germination would begin. When dry seeds ingested water, energy metabolism and cellular repair resumed. The plant hormones ABA and GA play a crucial role in seed development, maturation, dormancy, and germination [8]. When dry seeds are imbibed during the early phase of germination (between 6 and 12 h), their endogenous ABA content rapidly declines [9]. A number of ABA signal transduction proteins play a role in seed germination [10,11]. ABA and GA balance determine seed dormancy status. Meanwhile, miRNAs may regulate seed development, dormancy, and germination [12,13]. For example, SPL13 (SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 13) is the target gene of miR156, and the down-regulation of SPL13 by miR156 appears to be essential for the transition to the vegetative-leaf stages. A mutant SPL13 shows resistance to miR156, and this leads to a delay in vegetative leaf development from cotyledon-stage seedlings [14–16].

Early in the development of plants, dry seeds absorb water and reactivate their physiology [17]. Reactivation events, including those encoding enzymes involved in starch degradation, protein synthesis, and DNA/RNA synthesis, play a key role in seed germination. To get deeper insights into the germination mechanisms, as well as to understand functional interactions between dry and imbibed mung bean seeds, we characterized the expression level of transcriptomes and small RNAs. The analysis of these different datasets identified differentially expressed genes (DEGs), miRNAs, and their targets and how these components interact in the imbibition process, providing a systematic view of mung bean germination mechanisms.

2  Materials and Methods

2.1 Plant Materials and RNA Extraction

Dry seeds of Mung bean cultivar Weidou8 were soaked in distilled water, wrapped in paper towels and incubated at 25°C for 10 h in dark. Both imbibed seeds and dry seeds were stored at −80°C. Total RNA of 6 samples was extracted using Ethanol precipitation protocol and CTAB-PBIOZOL reagent according to the manual instructions. Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and Nanodrop 8000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA) were used to analyze these total RNA samples on a qualitative and quantitative basis. RNA from each sample was used to construct libraries for transcriptome, small RNA, and quantitative real-time PCR (qRT-PCR). BGI-Wuhan, China, constructed and sequenced the library.

2.2 Transcriptome Sequencing and Data Analysis

We constructed libraries from 2 samples, each with 3 duplicates. In the first step, for the purification of poly-A-containing mRNA molecules, oligo (dT) magnetic beads were used. After purification, mRNA was fragmented under elevated temperatures using fragment buffer. A random hexamer primer was used for reverse transcription, followed by the synthesis of cDNA from the second strand. In the next step, the 5′ tails of the double stranded DNA fragments were then phosphorylated, and the 3′ tails were adenine-added. The fragments were then ligated to sequencing adaptors. To construct cDNA libraries, the fragments were amplified by PCR. Lastly, single end 50 base pair reads were generated using the BGI-SEQ-500 platform (BGI-Wuhan, China).

Each cDNA library generated raw reads. In order to obtain clean reads, the sequencing data was filtered with SOAPnuke [18]. During sequencing, raw reads were subjected to quality control steps. Removed reads include: reads with sequencing adapter, low-quality bases (base quality ≤ 5) over 20%, and reads with unknown bases (‘N’ bases) over 5%. All clean reads were mapped to the reference genome of V. radiata L. (https://www.ncbi.nlm.nih.gov/data-hub/genome/?taxon=157791) using HISAT2 program [19]. Bowtie2 aligned the clean reads to the reference coding genes [20], then gene expression levels were determined using RSEM software [21]. Differentially expression analyses between two samples were performed using DEseq2 [22] which is an R package implemented on the negative binomial distribution. To establish significantly differential expression, a fold change ≥ 2.00 and an adjusted p value ≤ 0.001 were used as thresholds. Gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) enrichment analyses were performed to identify DEGs with enriched GO terms and metabolic pathways. Q value was corrected by Bonferroni by a rigorous threshold (Q value 0.05) in order to assess the significance of terms and pathways [23].

2.3 Small RNA Library Construction, Sequencing, and Data Analysis

Each biological replicate’s RNA was isolated and used to construct small RNA libraries for high-throughput sequencing. Purified 18–30 nucleotide RNA bands were recovered from the total RNA samples after denaturing polyacrylamide gel electrophoresis (PAGE) at 15% (w/v). Then the 3′ ends of the selected small RNA molecules were ligated to 5′-adenylated and 3′-blocked single-stranded DNA adaptors. Next, 3′ adaptors were crossed with reverse transcription primers, and 5′ adaptors were added to the 5′ end of the products. After RT-PCR, cDNA with 100–120 bp length was separated by PAGE gel to eliminate primer-dimers. Finally, sequencing was performed using BGISEQ-500 technology as instructed by the manufacturer [24,25].

Following the removal of adaptor impurities and low-quality reads, a comparison was made between clean small RNA reads and non-coding RNA sequences in the Rfam [26] and GenBank databases [27]. Except for tRNA, rRNA, snRNA, and snoRNA, the rest of the sequences were compared with the reference genome of mung bean using Bowtie2 [28]. To identify conserved miRNAs, they were subjected to a BLASTn search against the miRBase database [29]. An unannotated mung bean genome matched sequence was subjected to RNAfold [30] and miReap to predict precursors and secondary structures in order to identify novel miRNAs. Novel miRNAs have stem-loop structures. By counting absolute numbers of molecules with unique molecular identifiers, small RNA expression levels were calculated [31]. The DEGseq [32] was used to determine differential expression of small RNAs, using a Q value ≤ 0.001 and a Log2Ratio threshold ≥ 1.

2.4 MiRNA Targets Prediction and Regulatory Network Construction

To predict targets for conserved and novel miRNAs, we used psRobot [33] and TargetFinder [34]. A Blast2GO pipeline was used to map predicted target genes of miRNAs with different expression levels to GO terms [35]. To identify pathways involved in differentially expressed miRNA target genes, a KEGG pathway enrichment analysis was performed [36].

2.5 Construction of miRNA-mRNA Regulatory Networks

Using DEMs and DEGs, a regulatory network of miRNA-mRNA interactions was constructed based on positive and negative correlations. The pearson correlation coefficient (PCC) was used to evaluate the correlation between miRNA and mRNA expression. High-confidence pairs with PCC ≤ 0.7 and p < 0.05 were selected as negatively co-expressed miRNA-mRNA pairs.

2.6 Validation of DEGs and miRNAs by qRT-PCR

To validate differential expression of miRNA and mRNA, we randomly selected five miRNAs and ten mRNAs. As described above, total RNA was extracted. In order to synthesize first-strand cDNA for mRNA quantification, SuperScript™I reverse transcriptase (Invitrogen, USA) and Oligo (dT) primers were used. For qRT-PCR, a Bio-Rad CFX96 Real-time System was used. In order to quantify miRNA, with the One Step Primer Script® miRNA cDNA Synthesis Kit (Takara) and SuperScript III Reverse Transcriptase (Invitrogen), single-stranded cDNA was synthesized from miRNA extracted from cells. With the miDETECT TractTM miRNA qRT-PCR Starter Kit (RiboBio, Guangzhou, China), three technical replicates were performed for each reaction to verify miRNA expression. Gene-specific primers and miRNA primers were showed in Table S1. We evaluated the relative expression levels of 5 miRNA and 10 mRNA by 3 biological replications and 3 technical replications using the 2 −ΔΔCt method [37].

3  Results

3.1 Overview of Transcriptome Sequencing

To illustrate the global patterns of DEGs in seed germination of mung bean, six cDNA libraries were constructed in both dry and imbibed seeds with three duplicates. These libraries sequences by BGISEQ-500 platform generated a total of 129.7 million raw reads with an average of 21.6 million raw reads in each library (Table 1). From each library, 21.25 million clean reads were obtained after removing adaptor sequences, low-quality, N-containing reads, with a clean reads rate of 98.3% (Table 1). A total of 20.6 million and 18.96 million clean reads in each dry seeds (DS) and imbibed seeds (GS) library were mapped to the reference genome, with the average mapping ratio of 97% and 89.25%, respectively (Table 1). To study the correlation between gene expression in different libraries, PCC calculated all gene expression values between two libraries. As shown in Fig. S1, correlation analysis results indicated that the DS and GS treatments have a more than 98.1% of the similarity.
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3.2 Differentially Expressed Genes during Seed Germination

A total of 25,675 genes were categorized as expressed genes among all the libraries (Cutoff: reads counts >5). The DEGs were identified with a fold change (|log2 (fold change)| ≥ 1) and adjusted p value ≤ 0.001. Among all expressed genes, 10,108 DEGs were identified between DS and GS groups. Compared to dry seeds, imbibed seeds had 8,448 up-regulated genes and 1,662 down-regulated genes.

In the ABA biosynthesis pathway, two (+)-abscisic acid 8′-hydroxylase (CYP707A) genes (LOC106767139 and LOC106777777) were highly expressed in imbibed seeds. These genes were significantly up-regulated in imbibed seeds (FPKM = 249.2, FPKM = 288.3) compared with dry seeds (FPKM = 2.3, FPKM = 0.29) (Table S2). In the GA signaling pathway, some key genes were detected to involve in the process of seed germination, such as DELLA protein and gibberellin receptor (GID1). DELLA (LOC106766362), and GID1 gene (LOC106768735) along with down regulation in imbibed seeds (FPKM = 3.4, FPKM = 177.4) (Table S2).

In plants, transcription factors (TFs) regulate gene expression during growth and development. In this study, 1,843 TFs distributed into 59 families were expressed in imbibed seeds but not in dry seeds. Among these TFs, MYB (253), AP2-EREBP (182), bHLH (160), WRKY (95), NAC (93) and FAR1 (89) were the most over-expressed TF families (Fig. 1). Differential expression of TFs analysis was performed using adjusted p value ≤ 0.001 and |log2 (fold change)| ≥ 1 as the default threshold to judge the significance of expression difference. We noticed that 744 TFs have significant expression differences and 682 TFs showed higher expression in GS than these in the rest ones. These results showed that the seed imbibing water launched various life activities (Table S3). Based on the comparison of GS and DS, 56 TFs were differentially expressed, most of which belonged to the MYB, AP2-EREBP, bHLH, and WRKY families (Table S3). Meanwhile, these TFs indicated higher expression in the germinate seeds than these in dormant seeds.
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Figure 1: Transcription factor (TF) family classification of unigenes. The X axis represents the number of unigenes. The Y axis represents the TF family

3.3 Transcriptome Functional Annotation

Among the 10,108 significantly differential expressed genes, 8,072 expressed genes were annotated by GO with a total of 31,204 GO terms. GO enrichment analysis of DEGs shows all expressed genes which mainly involved in the “cellular component” category was the most enriched, followed by the “molecular function” category (Fig. S2). In molecular function category, “binding” and “catalytic activity” were the most abundant terms (Fig. S2). The biological process category was significantly enriched by “metabolic processes”, “cellular processes” and “biological regulation”. The top 20 terms in DS and GS were shown in Fig. 2A.
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Figure 2: A bubble diagram showing the top 20 enriched GO terms (A) and KEGG pathways (B) for DEGs in DS and GS. The X-axis represents the Rich Ratio, which is the ratio between the number of genes annotated to a particular item and the total number of genes in the species. Y axis represents GO term (A) and KEGG pathway (B). A bubble’s size indicates the number of genes associated with a GO term and KEGG pathway. And the color represents Q-value of enrichment. A deeper color has a lower Q-value.

Further, the pathway analysis of DEGs was performed to understand KEGG functional classification using KEGG database. These DEGs were detected to involve in 134 pathways. In all five comparisons, the “Metabolism” pathway was the most enriched pathway based on KEGG functional classification analysis. According to the enrichment analysis under water imbibition, plant hormone signal transduction (ko04075), fatty acid elongation (ko00062), MAPK signaling pathway-plant (ko04016), circadian rhythm-plant (ko04712), glycosaminoglycan degradation (ko00531), and glycosphingolipid biosynthesis-ganglio series (ko00604) were the most over-represented pathways (Fig. 2B). GA, ABA, ethylene, and other plant hormones are necessary for growth and development. Meanwhile, glycolysis (ko00010) and citrate cycle (TCA cycle) (ko00020) also played an important role which can provide an amount of energy in the initial stage of seed germination.

3.4 Small RNA Sequencing and Annotation of Mung Bean miRNAs

Six small RNA libraries were constructed and sequenced for dry and imbibed mung bean seeds (imbibed 10 h). As summarized in Table S2, the small RNA sequences from six libraries were analyzed. After sequencing, 203.38 million raw reads were obtained. After quality control, 189.15 million clean reads with an average of 31.5 million per sample were generated (Table S4). In these libraries, most of the sRNAs were 21–24 nt in length, and the 24-nt sRNAs were particularly abundant (Fig. 3). Clean tags were mapped to several sRNA databases, including miRBase, Rfam, siRNA, piRNA, and snoRNA. Using public databases, the unique sRNAs were aligned to identify conserved/known miRNAs. Lastly, 213 conserved/known miRNAs were identified. According to sequence similarity, miRNAs were clustered into 48 families (Table S5). Among them, miR156 family was the largest family with 30 members, with miR171 family containing 22 members as the second one (Table S5). In addition, the hairpin precursors of 71 novel miRNAs were obtained using the method for novel miRNA prediction (Table S5). In Table S5, the sequences of miRNAs and their precursors are detailed. The average GC content of mature miRNA sequences was 49.4%, with lengths ranging from 18 to 25 nt, the most abundant are 20 and 21 nt (Table S5).
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Figure 3: Length distribution and amount of small RNA sequences in dry and imbibed mung bean seed

3.5 Differential Expression Profiles of miRNAs

There were 51 (30 up and 21 down) differentially expressed miRNAs in the imbibed seeds compared with the dry seeds in the present study. There are 34 known miRNAs in 16 families among these miRNAs. Out of them, 17 novel miRNAs differentially expressed between imbibed and dry seeds (Table S6). With 6 members, miR166 was one of the largest miRNA families in mung bean which involved in imbibition (Table S6). MiR156, miR171b-3p, and miR166e-3p showed down-regulated, with miR169-1 indicating up-regulated in the imbibed seeds compared with dry seeds.

3.6 Target Prediction of the miRNAs

The online tools psRobot and TargetFinder were used to predict putative targets of miRNAs in imbibed and dry mung bean seeds for functional analysis. Predicted putative targets totaled 2,128 related to 201 miRNAs, with 1,985 and 143 targets relating to known and novel miRNAs, respectively. From the miRNAs functional analysis in dry and imbibed mung bean seeds, a total of 107 target genes relating to 26 different miRNAs were obtained (Table S7). Among them, some miRNAs and their target genes indicated significantly differential expression and involved in the beginning of the seed germination, such as, miR156, miR171b-3p, miR166e-3p, miR169-1, and their target genes squamosa promoter-binding-like protein (SPL), scarecrow-like (SCL), nuclear transcription factor Y subunit A (NF-YA), and homeobox-leucine zipper protein (HD-ZIP) (Table S7).

3.7 Correlation Analysis of miRNAs Expression Profiles and Their Target Genes

In order to determine whether miRNAs mediate the imbibition process of mung bean seeds, the expression of miRNAs (from small RNA-seq) and their target genes (from RNA-seq) was integrated. The correlation analysis of miRNA and their target mRNA expression profiles was performed using PCC. A total of 23 miRNA-mRNA negative interaction pairs were detected across all combinations under DS and GS (Table 2). Nevertheless, miRNA expression profiles corresponding to these targets were not perfectly negative. Among these, 23 of these miRNAs and targets showed negative correlations. Among them miR156, miR171b-3p, miR166e-3p was down regulated and miR169-1 was up-regulated. Their target genes, such as SPL, SCL, NF-YA, HD-ZIP, showed opposite expression trends with their corresponding miRNAs (Table 2).
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3.8 Confirmation of Transcriptome and miRNAs Results by qRT-PCR

To further verify the reliability of high-throughput sequencing results, five differentially expressed miRNAs and 10 mRNAs were selected to test their relative expression level using qRT-PCR. The results which close agreement between the two results were showed in Fig. S3 with R2 = 0.86.

4  Discussion

The germination and growth of seeds play a key role in the development of plants. During seed germination, many physiological processes are reprogrammed from a quiet dormant state to an active seedling establishment [38]. As dry seeds imbibed water, energy metabolism and cellular repair occurred with gene regulation involving in the reactivation. When dry seeds absorbed water, seeds began to sprout as energy metabolism and cellular repair were restored. This brought an excellent opportunity for us to understand the imbibing process of plant seeds. In mung bean, there is still a knowledge gap regarding interactions between the global transcriptome and miRNAs at the very beginning of seed germination. Here, we combined the genome-wide transcriptome and small RNA sequencing analysis in both genes and miRNAs in DS and GS genotypes to investigate the molecular mechanism of dry and imbibed mung bean seeds during the early stage of the seeding germination. In this project, A total of 10,108 differential expressed genes, 51 miRNAs and 23 miRNA-mRNA negative interaction staffs were detected to involve in the imbibition process.

4.1 Transcriptional Activation of Primary Metabolism Genes during Germination

Upon imbibition, primary genes in catabolic pathways were induced to sustain germination and seedling growth. The TCA cycle of cellular respiration and glycolysis provide most of the energy needed during seed germination [39]. In dry seeds, ATP levels were low, but increased after germination, indicating that these respiratory pathways provide energy for various cellular functions during seed germination. As a result, seeds need more sugar to convert energy during germination [40]. The products of energy reserves were degraded through glycolysis process, after the synthesis of ATP by the TCA cycle and transportation of ATP by the mitochondrial electron. Here, mung bean germination could increase the quantity of sucrose and monosaccharides which included glucose and fructose, respectively. They could produce ATP through the glycolysis and TCA cycle. In this study, KEGG analysis suggested that a lot of genes involved in glycolytic pathway showed a higher expression in germinated seeds than dormant seeds (Fig. 4A). These gene included phosphoglucomutase (PGM), glucose-6-phosphate isomerase (GPI), 6-phosphofructo-2-kinase (PFK), pyrophosphate-fructose 6-phosphate 1-phosphotransferase (PFP), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), glyceraldehyde-3-phosphate dehydrogenase (GAPN), phosphoglycerate kinase (PGK), 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase (PGAM), enolase (ENO), and pyruvate kinase (PK), respectively (Table S6). Thus, seed germination required a large amount of energy, which was primarily provided by glycolysis [41]. A TCA cycle, however, would provide energy for germination under oxygen-rich conditions when glycolysis was not sufficient [42]. According to this study, KEGG pathway analysis identified PDHB as the enzyme catalyzing pyruvate’s oxidative decarboxylation to acetyl-CoA. Since they link aerobic oxidation of sugars to the TCA cycle, those enzymes play a crucial role in energy metabolism [43].
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Figure 4: Mung bean seed germination reactivates metabolic pathways and produces energy. Glycolysis (A) and TCA cycle (B) are the commonly used pathways for ATP production. These metabolic pathways are represented by transcript expression patterns. Expression levels are represented by a change in color, red indicating a high expression level, green indicating a low expression level. Table S2 detailed these DEGs

The energy metabolism hub, under aerobic conditions, pyruvate dehydrogenase complex (PDC) and alcohol dehydrogenase (ADH) or lactate dehydrogenase (LDH) transform pyruvate into ethanol or lactate (Fig. 4B). The imbibition application activated genes related to PDCs. Meanwhile, the pyruvate can feed the TCA cycle with acetyl-CoA. In Fig. 4B, the genes of TCA cycle enzymes are shown, including malate dehydrogenase (MDH) in mitochondria, citrate synthase (CSY), isocitrate dehydrogenase (IDH), oxoglutarate dehydrogenase complex (OGDC), succinate-CoA ligase (SCoS) and succinate dehydrogenase (SDH) transcripts. In addition to SDH all genes were up-regulated in germinated seeds. A high level of activity for these genes is also observed in many plants during the early germination stage [44]. We need to investigate further the downregulation of SDH transcripts from germinated seeds in this study.

In the seed germination process, GABA, is a non-protein amino acid, especially when there is a large amount of water absorbed [45,46]. As a result of mitochondrial reparation and generations during seed germination, their level elevation may help break dormancy and release malonaldehyde, hydrogen peroxide and superoxide anion [47]. Moreover, glutamate decarboxylase (GAD) activity correlates with accumulation of GABA in soybean seeds during germinating [48]. In germinating seeds, glutamate decarboxylase (GAD), which is the enzyme that enters the aminobutyrate (GABA) shunt, is active and transcript levels increase [49,50]. During mung bean germination, GAD transcript levels were higher, supporting GABA shunt activity (Fig. 4B; Table S2).

4.2 Hormone Biosynthesis and Signaling Transduction during Germination

Plant hormones play an important role in seed germination as internal mediators of development and environment, meanwhile, catabolism and de novo synthesis balance out the amount of endogenous plant hormones [51,52]. Plant development was regulated by ABA and GA, which controlled seed maturation, inhibited germination, and reduced stomatal aperture [51,52]. ABA regulated the accumulation of plant chemicals and controlled the seed dehydration at a later stage of development [53]. ABA is maintained at a relatively high level in dry seeds, especially during germination after rapid decline [54,55]. In addition, the fully decrease of the endogenous ABA content was the important basis for endosperm entirely germination, because ABA restrained the weakening and rupture of the endosperm [56]. According to previous studies, NCED and CYP707A are key enzymes in ABA biosynthesis and catabolism. Therefore, after the seed imbibition, the content of ABA is relatively low due to inhibiting NECD and activating the CYP707A. After seeds absorb water, NCED catalyzes ABA synthesis, whereas CYP707A degrades ABA [57,58]. Inhibition of seed germination is associated with ABA metabolic gene expression levels [59]. In the current study, we found that two CYP707A genes are highly expressed in imbibed seeds (LOC106767139 and LOC106777777) (Fig. 5A, Table S2). Therefore, our results revealed that the CYP707A genes opposed and cyclic transcription during mung bean maturation and germination. CYP707A genes may function as a system to balance the levels of active ABA.
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Figure 5: Expression pattern of DEGs and core signaling pathways of the mung bean germination promoting hormones ABA (A), GA (B) and ethylene (C). The names of key enzymes and proteins are shown (red up-regulated, green down-regulated). Table S2 detailed these DEGs

In plants, GA regulates many developmental processes, such as seed germination and seedling development [60,61]. In order to promote radicle protrusion during seed germination, GA can overcome the mechanical constraints of seed coats [62]. In addition, GA3 can promote seed germination in the process of cell division, which is associated with the synthesis and catabolism of GA3 [63]. GA by reducing some germination inhibition of protein to accelerate germination, such as DELLA [64]. The DELLA protein inhibits the growth of plants, while GID1 binds to the GID1 receptor to degrade the DELLA protein [65]. DELLA and GID1 expression levels were lower in germinating seeds than in dormant seeds in the current study (Fig. 5B, Table S2). In addition, these phenomena increased GA levels and contributed to seed germination.

As well as ABA and GA, ethylene also promotes seed germination [66,67]. Ethylene, on the other hand, the regulation of the imbibition period starts very early, by adjusting the metabolism and signal transduction of ABA promote dormancy release and germination [68,69]. Ethylene insensitive 4 (EIN4), ethylene resistant 1 (ETR1), ETR2, ethylene response sensor 1 (ERS1) and ERS2 are the five types of transmembrane receptors that ethylene can bind to at the endoplasmic reticulum. Ethylene can bind to 5 types of transmembrane receptors located at the endoplasmic reticulum, and they are ethylene insensitive 4 (EIN4), ethylene resistant 1 (ETR1), ETR2, ethylene response sensor 1 (ERS1) and ERS2, respectively [70]. In the process of germination, genes from all these families have been a high level transcribed. Ethylene binds to these receptors and activates CTR1, releasing nuclear effectors such as EIN3, EILS, and ERFs by activating kinase cascades. As a result, ethylene response genes are transcriptionally regulated [71]. Lastly, our results confirm the feedback control in the process of mung bean sprout ethylene signal, some negative regulation of ethylene response factors also had high expression, such as CTR1 and EBF (Fig. 5C, Table S2).

4.3 Candidate TFs Associated with Mung Bean Seed Germination

TFs are the key proteins for the regulation of transcriptional machinery. The significantly expressed differential TFs between two groups belonged to the MYB, AP2-EREBP, bHLH and WRKY families (Table S3), which plays an important role in the seed germination and plant growth. In plants, the MYB gene family is one of the biggest, which plays a role in growth, development, and metabolic processes [71]. In our study, a differential upregulation of MYB44 was also observed in germinated seeds. Moreover, we identified 92 significantly up/down regulated MYB transcription factors (Table S3), and the members of MYB44 showed the same expression in the germinated seeds. Hence, MYB might be an important gene for seed germination.

Previous studies showed that AP2-EREBP family members involved in the regulation of plant water absorption. Additionally, their specific expression pattern during germination may have an important regulatory function during water uptake [72]. In our study, the members of AP2-EREBP indicated high expression level in germinated seeds (Table S3). Thus, in the water-uptake phase of germination, these transcription factors with high expression level might be related to an important regulatory role. Among plant TF gene families, bHLH is also one of the largest [73]. The members of the bHLH gene family are seed germination inhibition factor of light stability, which regulates germination of temperature response [74]. In Arabidopsis and rice, phytochrome-interacting factors participate in the signal transduction of light and GA [75]. Many plant functions are regulated by WRKY TFs, including developmental and metabolic functions [76], growth and senescence [77], and stress response [78]. According to the present study, bHLH and WRKY expression levels showed higher in the germinated seeds than in the dry seeds, indicating that these TFs may contribute to seed germination in some ways (Table S3).

4.4 Potential Roles of miRNAs in Seed Germination

Seed germination is the response process of multiple genes with interaction or cooperation, and these genes interacted with other complex hormone signaling network components, such as miRNAs [79,80]. In this study, a total of 23 miRNA-mRNA with negative interaction were investigated through the expression correlation analysis between miRNAs (from small RNA-seq) and their target genes (from RNA-seq) (Table 2). These miRNAs and their target genes play an important role in the process of seed germination.

By down-regulating SPL, from the cotyledon-stage of seedling development, miR156 is essential for vegetative leaf development in Arabidopsis [81,82]. The miR156 gene is down-regulated during seed germination during the imbibition step in maize [83]. MiR156 expression was down-regulated during germination in this study (Table 2). Four SPL proteins were predicted to be targets of miR156 (Table 2), suggesting that miR156 regulates SPL during mung bean seedling development. The miR171-targeted scarecrow-like SCL15 represses embryonic traits in Arabidopsis seedlings [84]. Under light conditions, SCL6/22 proteins coordinate chlorophyll biosynthesis through GA-DELLA signaling [85]. In the present study, miR171b-3p expression was down-regulated in germinated seeds (Table 2). A homolog of SCL6, SCL15, and SCL22 were predicted as the target of miR171b-3p (Table 2), implying that miR171-SCL module may participate in the regulation of embryo-to-seedling phase transition and finetune the GA-regulated chlorophyll biosynthesis during mung bean seed germination.

There is also an important role for miRNAs in response to stress of all kinds. For example, miR169 repressed by salt in Thellungiella salsuginea, however, rice is induced by high salinity and drought [86,87]. MiR169 targeted NF-YA which can encode a subunit of the NF-Y complex transcription factor. This transcription factor related to root growth, nitrogen starvation response, and the plant response to drought and salt stress [88,89]. At present study, miR169-1 was up-regulated in germinated seeds (Table 2). We supposed that miR169-1 was the target gene of NF-YA transcription factor (Table 2), due to miR169 may play a different role in the process of mung bean germination response to drought and salt stress. In plants, HD-ZIP located in the shoot apical meristem (SAM) and root apical meristem (RAM) stem cells form a pool of undifferentiated cells, constantly provide new cells for late embryonic growth [90]. The miR166/165 by negatively control target HD-ZIP, in maintaining the stem and root tip meristem activity is conserved across species [91,92]. In mung bean, miR166e-3p were down-regulated in germinated seeds comparing to the dry seeds (Table 2). There are six HD-ZIP transcription factors predicted to be targets of miR166e-3p (Table 2). This may correspond to a lower meristem activity in the initial stage of germination in mung bean seeds.

5  Conclusion

In this study, to dissect the complex mechanisms at the earliest stage of seed germination, two approaches including transcriptome and small RNA sequencing were conducted during the water imbibition process of mung bean seeds compared with dry seeds. Out of total DEGs, 129 genes were investigated to involve in ABA, GA, and ethylene pathways, with 56 genes involved in glycolysis and TCA cycle. The integrated analyses of transcriptome and miRNAome data showed that 23 DEGs are the putative target genes of 8 miRNAs including miR156, miR171b-3p, miR166e-3p, miR169-1, and etc. The comprehensive and integrated analysis of these datasets identified DEGs, miRNAs, their targets and also delineated between all these components in the imbibition process of mung bean seeds. It would provide a systematic view of the molecular mechanisms involved in the germination of mung beans.
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Figure S1: The correlation heatmap of each sample of GS and DS. The X and Yaxes represent each sample. The color represents the PCC (the darker the color, the higher the correlation; the lighter the color, the lower the correlation)

Figure S2: GO classification of DEGs in GS and DS. The X-axis represents the number of genes annotated into the GO terms, and the Y-axis represents the functional classification. Green indicating molecular_function, red indicating cellular_component, blue indicating biology_process

Figure S3: Correlation analysis between qRT-PCR and small RNA/mRNA sequencing data based on log2fold change of 15 selected miRNAs and mRNAs

Table S1: Primers used in this study

Table S2: Key DEGs related to seed germination in Mung bean

Table S3: The different expression TFs between DS and GS

Table S4: Summary of small RNA sequencing data generated from 6 small RNA libraries

Table S5: Details of identified miRNAs (known and novel) and their precursors

Table S6: The different miRNAs between DS and GS

Table S7: The targets of different miRNAs
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Table 1: Summary of transcriptome sequencing data for 6 samples

Sample DS1 DS2 DS3 GS1 GS2 GS3

Raw reads 21,619,741 21,619,433 21,619,672 21,619,665 21,619,714 21,619,644
N reads 204,919 211,782 232,515 218,587 224,823 209,280
Adapter reads 91,745 150,066 106,586 66,718 63,367 42,299
Low qual reads 68,824 58,266 66,207 61,425 70,154 61,894
Clean reads 21,254,253 21,199,319 21,214,364 21,272,935 21,261,370 21,306,171
Clean reads Q20 (%) 98.32 98.43 98.26 98.28 98.17 98.26
Clean reads Q30 (%) 93.83 94.33 93.73 93.72 93.14 93.5

Clean reads ratio (%) 98.31 98.06 98.13 98.4 98.34 98.55
Total mapping genome (%) 96.67 97.02 96.91 97.27 96.99 97.15
Uniquely mapping 88 88.25 87.53 89.46 88.83 89.24
genome (%)

Total mapping gene (%) 89.09 88.46 88.52 90.07 89.66 89.73

Uniquely mapping gene (%) 80.64 80.18 79.61 82.32 81.73 82.01
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Table 2: Expression profiles of important miRNA-mRNA interaction pairs

MiRNA id DS fpkm GS_fpkm log2fc DS- Target id Annotation of targets DS fpkm GS_fpkm log2fc DS- Correlation
vs. -GS vs. -GS (pearson)
miR1512a- 11 5.33 —1.548880211 LOCI106764724 Probable receptor-like protein 0.1 0.463 2.213419403  0.021666
3p kinase Atlg67000
LOC106777612 TMYV resistance protein N-like 0.063 0.736 3.507015721  0.262889
LOC106753413 Squamosa promoter-binding-like  0.143 2.58 4.220393048  0.442599
protein 6
LOC106757849 Squamosa promoter-binding-like  0.056 4.443 6.25173313 —0.0845315
protein 9
miR156 6224.67 387233  —1.189279527 LOCI106758337 Squamosa promoter-binding-like 0.186 0.55 1.534934464  —0.622473
protein 7
LOC106769314 Squamosa promoter-binding-like  0.39 7.416 4.335590212  —0.382656
protein 6
LOC106776159 Uncharacterized protein 0.313 3.183 3.342120304  —0.24477
LOC106776159 isoform X1
LOC106756212 Homedomain leucine zipper 2.996 8.246 1.455479453  —0.4321
protein REVOLUTA
LOC106762108 Homedomain leucine zipper 3.06 11.066 1.849046872 —0.432051
protein ATHB-15
LOC106762497 Homedomain leucine zipper 1.69 22.543 3.716290367  —0.340535
protein ATHB-8
miR166e-3p 13670 3674 —2.400075803 LOC106769016 Homedomain leucine zipper 5.496 11.236 1.02630954 —0.383699
protein ATHB-14-like
LOC106774122 Homedomain leucine zipper 3.046 10.256 1.749104704 —0.334418
protein ATHB-15
LOC106775937 Homedomain leucine zipper 0.586 2.946 2.31135805 —0.339928
protein ATHB-14
LOC106755674 Nuclear transcription factor Y 0.733 0.216 —1.783873325 —0.0906456
subunit A-9-like
miR169 1 2 16.33 2.525261252 LOC106765051 Nuclear transcription factor Y 12.663 3.02 —2.071578925 —0.203735
subunit A-1-like
LOC106753004 Scarecrow-like protein 6 isoform 0.973 12.253 3.653859837 —0.36867
X1
LOC106772360 Receptor protein kinase-like 1.453 39.45 4756393618 —0.387848
protein At4g34220
miR171b-3p 1212.67  555.33 —1.631243234 LOC106776373 Scarecrow-like protein 15 0.206 1.293 2.655010916  —0.281092
LOC106779393 Scarecrow-like protein 6 1.74 32.326 4210202202 -0.351552
LOC106780283 Scarecrow-like protein 22 6.103 35.836 2.559390392  0.819687
miR399a 3  9.67 3.67 —1.903035468 LOC106775244 Probable ubiquitin-conjugating 1.76 16.09 3.193125215 —0.503906
enzyme E2 24
miR&8155 54.33 25.67 —1.586427705 LOC106777660 Uncharacterized protein 1.903 3.863 1.019976342  —0.407879
At4g17910-like isoform X1
novel mirll 101.67 44 —1.712757404 LOC106763239 TMV resistance protein N-like 0.733 6.89 3.221066791  —0.762899
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