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Abstract

:

The flowering of Amorphophallus bulbifer (A. bulbifer) plays an important role in its reproduction. The flowers and leaves of A. bulbifer cannot grow at the same time. However, the physiological and molecular mechanisms involved in flower bud and leaf bud formation are still unclear. In this study, the flower buds and leaf buds of A. bulbifer in the early stage of growth were used as research materials, transcriptome and metabolome analyses were carried out, and the soluble sugar and starch contents of A. bulbifer corms were determined. Transcriptome analysis revealed 5542 differentially expressed genes (DEGs) between flower buds and leaf buds, 3107 of which were upregulated and 2435 of which were downregulated. Enrichment analysis of the KEGG pathway showed that these differential genes were enriched mainly in the plant hormone signal transduction, DNA replication and fatty acid elongation pathways. A total of 5296 significant differentially abundant metabolites were screened out by nontargeted metabolomics analysis. The differentially abundant metabolites were functionally classified in the HMDB, and 118 were successfully matched, including 17 that were highly expressed in flower buds. The differentially abundant metabolites in the flower buds were mainly enriched in pathways such as amino acid metabolism, isoquinoline alkaloid biosynthesis and pyrimidine metabolism. Targeted metabolomics analysis revealed that the contents of ABA, ZT and iPA in flower buds were significantly greater than those in leaf buds, while the opposite trend was observed for IAA. The analysis of soluble sugar and starch contents showed that the starch and soluble sugar contents in flower buds were significantly greater than those in leaf buds. The results of this study showed that flower bud development in A. bulbifer was regulated by amino acids, starch, ABA, ZT, iPA, IAA and other hormones. These findings could lead to valuable genetic resources for further study of A. bulbifer flowering and provide a deeper understanding of the molecular basis of A. bulbifer flowering.
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1. Introduction


Amorphophallus bulbifer (A. bulbifer) is a perennial herb of the Araceae family, with more than 170 species widely distributed in tropical and subtropical regions [1]. Xitai 9 is a type of A. bulbifer with high expansion coefficient and strong disease resistance, and is widely planted in the southwestern region of China. Konjac glucomannan (KGM), a processed good quality powder is abundant in A. bulbifer, constituting up to 75% of components in this plant [2]. KGM has good biocompatibility and is nontoxic and harmless and can be used in food, medicine and biological fields. In medicine, KGM can transform the skin environment from UVR-induced acute aging and damaged cell state to normal cell state by promoting cell growth. The hydrolysate GMH of KGM can prolong lifespan by regulating intestinal proliferation homeostasis [3,4]. With the increase in understanding of KGM and its derivatives, the benefits of KGM in humans have been gradually elucidated, and KGM has therefore received extensive attention from researchers [5,6]. A. bulbifer is resistant to soft rot, has multiple leaf relay growth habits and has a high yield. This plant variety is vigorously promoted in the konjac planting industry, and the seed demand is high. To date, the tissue culture technology of A. bulbifer is still in its infancy, so the planting materials of konjac have always been based on A. bulbifer corms, bulbils and seeds, and the asexual reproduction coefficient of tubers is low, which not only consumes a large amount of seed taro, but also usually leads to soft rot, white silk disease and other diseases [7]. The yield of bulbils is not high, and the reproduction coefficient is also low. Thus, it has been difficult to popularize these methods in a large area in a short time. Seed reproduction is currently the most effective planting method [8]. This method takes approximately 3 years for naturally planted A. bulbifer to blossom. To harvest a large number of A. bulbifer seeds, it is necessary to understand the physiological differences between flower bud differentiation and leaf bud differentiation to provide a scientific basis for agricultural measures to promote the flowering of A. bulbifer to obtain additional A. bulbifer seeds. However, the flowers and leaves of A. bulbifer grow at different stages, and the physiological and biochemical characteristics of flower buds and leaf bud differentiation are unclear.



Plants are extremely sensitive to changes in environmental factors during their growth, especially during the process of flowering. Temperature, light and nutrient elements play important roles in flower bud differentiation [9,10,11]. The effect of temperature on plants is manifested mainly by low temperature and high temperature. Flower bud differentiation in some plants requires low-temperature stimulation. The early differentiation of Fragaria ananassa Duch flower buds requires low temperature (17 °C) and short-day (10 h) conditions [12]. Dimocarpus longan and Litchi chinensis (L. chinensis) need a period of low-temperature treatment before flower bud differentiation [13]. Light can affect plant photoregulatory receptors (phytochromes, cryptochromes, and UV receptors) and thus regulate plant flowering [14,15,16]. The illumination time can also affect the flowering time of plants. Various long-day and short-day plants bloom during the right season due to sunshine [17,18]. Previous studies have found that suppressor of overexpression of constans 1 (SOC1) is a transcription factor encoding MADS-box, integrating multiple flowering signals from photoperiod-, temperature-, hormone-, and aging-related signals. SOC1 is regulated by two antagonistic flowering regulators, constans (CO) and flowering locus C (FLC), which act as flower activators and inhibitors, respectively. CO is a biological clock regulatory gene that encodes a transcription factor required for flowering. CO can convert light signals and biological clock signals into flowering signals, activate the expression of downstream genes (FT) and thus induce plant flowering [19,20].



Carbohydrates provide energy and carbon structural elements for plant growth and act as signaling molecules to promote plant development in many developmental processes [21]. Like deciduous tree species, evergreen fruit trees accumulate starch in the ovary during flower bud differentiation in spring during flower bud dormancy [22]. The quality of Lilium brownii var. cut flowers depends on the quality of the bulbs. During the process of vernalization and flower bud differentiation, the accumulation of a large amount of sugar in bulbs affects bulb development [23]. The growth of A. bulbifer is sensitive to light and temperature. When the temperature increases to more than 20 °C, A. bulbifer begin to germinate and grow, while a temperature greater than 35 °C affects A. bulbifer growth; flower buds differentiate under appropriate conditions, and the flowering period lasts only approximately 48 h [24].



Plant endogenous hormones transmit exogenous or endogenous signals to plants by establishing a complex signal network, thereby regulating plant growth and development. During the flowering and fruiting stages of normal and abnormal Castanea mollissima, it was found that the changes in endogenous hormones may correspond to different flowering and fruiting mechanisms [25]. Plant flower bud differentiation is the basis of plant reproductive process. The yield and quality of plant fruit are closely related to hormones. In Glycyrrhiza uralensis Fisch, it is speculated that high contents of indole acetic acid (IAA) and zeatin riboside (ZR) are beneficial to flower bud differentiation and seed filling, while low contents of abscisic acid (ABA) and ZR are beneficial to flower bud development and seed filling. In Prunus avium, the application of gibberellin 3 (GA3) can induce parthenogenetic fruit and increase fruit setting rate, but it will affect the endogenous hormones and quality in fruit. Transcriptome analysis of the spontaneous early ripening of a navel orange mutant and wild type revealed that a large number of differentially expressed genes (PP2C, SnRK, JAZ, ARF, PG and PE) were involved in plant hormone signal transduction and starch and sucrose metabolism, indicating the importance of these metabolic pathways in fruit ripening [26,27,28,29]. The transition from vegetative growth to reproductive growth is a major stage change in plants. Endogenous hormone levels play an important regulatory role in the process of plant flower bud differentiation [30]. ABA promotes flowering by inhibiting gibberellin biosynthesis, and indolepropionic acid (IPA) also delays flower senescence [31,32]. In Populus L., leaf morphology can be regulated by increasing the expression of IAA synthesis-related genes [33]. Treatment of Amorphophallus konjac (A. konjac) with the hormone IAA can promote leaf bud differentiation [34]. However, the regulatory effect of hormones on the development of flower buds in A. bulbifer has not been determined.



The continuous iterative update of transcriptomics and metabolomics techniques have gradually led to their application to nonmodel plants [35,36]. By analyzing and identifying the transcriptome data of A. bulbifer, differentially expressed genes were found and identified; thus, the genetic diversity and germplasm characteristics of A. bulbifer should be continuously explored, which will play an important role in the development of molecular biology research on A. bulbifer. Studying the differences in metabolites during different periods and at different stages in A. bulbifer can not only reveal the metabolic differences in A. bulbifer during the growth period of flower buds and leaf buds, but also provide insight for the combined analysis of the metabolic group and transcriptome data to determine the differences in the development of flower buds and leaf buds in A. bulbifer plants from molecular and physiological perspectives. This study provides a reference for shortening the flowering period of A. bulbifer and improving the seed yield of A. bulbifer.



In this study, the differences were explored by measuring the contents of starch and soluble sugar in the corms of flower buds and leaf buds as well as the contents of endogenous hormones and metabolites in flower buds and leaf buds. Through the combined analysis of transcriptome and metabolome data from flower buds and leaf buds of A. bulbifer and the study of metabolite differences and differential genes between flower buds and leaf buds at the early growth stage, the molecular mechanism of flower bud formation in A. bulbifer was further explored to improve the understanding of the effects of flower bud and leaf bud differentiation on A. bulbifer and the differences in differential genes and metabolites. These results may provide feasible measures for the breeding of A. bulbifer.




2. Materials and Methods


2.1. Plant Material Cultivation


Amorphophallus bulbifer ‘Xitai No. 9’ samples were obtained from the Yuanjiang A. bulbifer Planting Base in Yunnan. On 15 April 2021, A. bulbifer corms were planted in the greenhouse of the Faculty of Life Science and Technology of Kunming University of Science and Technology. The flower buds and leaf buds could be roughly distinguished on 4 June 2021, and the apical buds and the corms were removed, after which their characteristics were observed. Then, 6 flower buds and 6 leaf buds were selected for metabolome analysis, in which 3 flower buds and 3 leaf buds were chosen for transcriptome analysis. Approximately 0.1 g of the flower buds and leaf buds of A. bulbifer were taken, respectively, and frozen in liquid nitrogen and subsequently stored at −80 °C for subsequent transcriptome sequencing and metabolomic analyses. Three biological replicates were used for transcriptome sequencing, and six biological replicates were used for metabolome analysis. A. bulbifer corm slices were taken, dried at 60 °C and crushed for determination of the soluble sugar and starch contents of the A. bulbifer plants; these analyses were conducted with three biological replicates.




2.2. Transcriptome Analysis


2.2.1. RNA Extraction from Flower Buds and Leaf Buds of A. bulbifer


The total RNA of A. bulbifer flower buds and leaf buds was extracted with a polysaccharide polyphenol plant total RNA extraction kit of TIANGEN (RNAprep Pure Plant Plus Kit Catalog No: DP441). The purity and concentration of RNA were detected by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and the integrity of the RNA was detected by an Agilent 2100 spectrophotometer (Agilent, Santa Clara, CA, USA). Three biological replicates were used for each sample. When the RNA sample to be tested meets the requirements of transcriptome sequencing, the RNA sample is then used for library construction. Next-generation sequencing (NGS) was used to perform paired-end (PE) sequencing on these libraries via the Illumina HiSeq (Illumina NovaSeq 6000) sequencing platform.




2.2.2. Transcriptome Sequencing Analysis


The raw data of FATAQ were obtained by transforming the image file obtained by sequencing the sample on the computer. The original data were filtered by Cutadapt (1.16) to remove the sequence of the 3′ end band connector and remove the reads with an average mass fraction lower than Q20 to obtain clean reads. The clean reads were spliced with Trinity software (2.5.1) to obtain transcripts. The Trinity software is based on the DBG (De Bruijn Graph) splicing principle to splice high-quality sequences. After splicing, the transcript sequence file in FASTA format was obtained, and the longest transcript under each gene was extracted as the representative sequence Unigene of the gene. Finally, GO, KEGG, eggNOG, SwissProt and Pfam annotations and ORF prediction were performed on unigenes. Using the transcriptome expression quantitative software RSEM (1.2.15), the clean reads of each sample were aligned to the reference sequence with the transcript sequence as a reference. Then, the number of reads on each gene was counted for each sample, and the FPKM value of each gene was calculated. DESeq was used to analyze the difference of gene expression, and the condition of screening differentially expressed genes was the expression difference multiplied by |log2Fold Change| > 1, significant p-value < 0.05. After screening the differential genes, GO enrichment analysis was performed using topGO. The GO enrichment analysis results of the differentially expressed genes were classified according to the molecular function (MF), biological process (BP) and cell component (CC). KEGG pathway annotation was performed on differentially expressed genes using KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/, accessed on 8 June 2021) software.




2.2.3. Quantitative RT–PCR (qRT–PCR) Analysis


The flower buds and leaf buds of A. bulbifer ‘Xitai 9’ were selected as experimental materials, and the total RNA of the apical buds were extracted by Trizol Reagent (Invitrogen, Waltham, MA, USA) method. According to the manufacturer’s instructions, 1μg of total RNA was reverse-transcribed into the first strand cDNA using a reverse transcription kit (PrimeScript RT reagengt Rit with gDNA Eraser) (Takara, Baori Medical Biotechnology (Beijing) Co., Ltd.), and the cDNA template was stored at −20 °C until use. The qPCR primers are presented in Supplementary Table S5. The fluorescence quantitative reagent was TransStart Top Green qPCR SuperMix (TransGen Biotech, Beijing TransGen Biotechnology Co., Ltd.). Fluorescence-based quantitative PCR was performed using CFX96TM real-time system (Bio-Rad Laboratories, Hercules, CA, USA), in which the qPCR protocol consisted of an initial thermal activation step of 95 °C for 30 s, followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. Each process involves three biological replications, and each biological replication consists of three technical replications. The relative expression levels of the target genes were calculated using the 2−ΔΔCT method [37]. The data were normalized to the geometric mean of the reference control gene.





2.3. Determination of Sugar Content in A. bulbifer Corms


The apical buds of the A. bulbifer corms were removed, and the remaining corms were dried in an oven at 80 °C until constant weight was reached. The contents of total soluble sugar and starch in dried A. bulbifer corms were determined. The standard curve of glucose was generated by anthrone colorimetry [38]. The standard curve of starch was generated by iodine starch colorimetry [39].




2.4. Targeted Metabolic Analysis of A. bulbifer Flower Buds and Leaf Bud Hormone Content


2.4.1. Sample Extraction


A 0.1 mg sample was accurately weighed, and 1 mL of cold 50% ACN aqueous solution was added. The samples were ultrasonically treated at 4 °C for 3 min, extracted at 4 °C for 30 min, and centrifuged at 12,000× g rpm at 4 °C for 10 min. The supernatant was collected and passed through an RP-SPE column (CNWBOND LC-C18 SPE): 1 mL of 100% MeOH and 1 mL of deionized water were added, after which the mixture was balanced with 50% ACN aqueous solution (v/v). After loading the sample (supernatant obtained according to the above steps), the passing fractions were collected in a glass tube. The column was then rinsed with 1 mL of 30% ACN (v/v), and the fraction was collected in the same glass tube as the circulating fraction. The sample was evaporated to dryness in a nitrogen stream, dissolved in 200 µL of 30% ACN (v/v), and transferred to a sample vial with inserts [40]. The data acquisition instrument used mainly included an ultrahigh-performance liquid chromatography system (Vanquish, UPLC, Thermo, Waltham, MA, USA) and a high-resolution mass spectrometry system (Q Exactive, Thermo, Waltham, MA, USA) (https://www.thermofisher.com/, accessed on 8 June 2021).




2.4.2. Liquid-Phase Parameters


The chromatographic column used was a Waters HSS T3 column (50 × 2.1 mm, 1.8 μm), the mobile phase included mobile phase A (ultrapure water containing 0.1% acetic acid) and mobile phase B (acetonitrile containing 0.1% acetic acid); the flow rate was 0.3 mL/min, the column temperature was 40 °C, and the injection volume was 2 µL. The elution gradient was as follows: 0 min, 90:10 water/acetonitrile (v/v); 1 min, 90:10 water/acetonitrile; 7 min, 90:10 water/acetonitrile; 7.1 min, 10:90 water/acetonitrile; and 9 min, 10:90 water/acetonitrile [41]. Then, using different concentrations of standard substances, the concentration of the standard substance was used as the abscissa, and the peak area of the standard substance was used as the ordinate. The mathematical relationship between the target compound and its peak area (linear, quadratic equation, logarithm, etc.) was obtained, and the concentration was subsequently calculated according to the peak area of the corresponding compound in the unknown sample.




2.4.3. Mass Spectrometry Parameters


An electrospray ionization (ESI) source was used. The sheath gas was 40 arb, the auxiliary gas was 10 arb, the ion spray voltage was 3000 V, the temperature was 350 °C, and the ion transport tube temperature was 320 °C. The scanning mode was single-ion detection (SIM) mode. Salicylic acid, jasmonic acid, jasmonic acid-isoleucine, 3-indoleacetic acid, abscisic acid, gibberellin A1, gibberellic A3, gibberellin A4 and gibberellin A7 were determined in positive ion mode. Trans-zeatin, trans-zeatin-riboside, N6-(Δ2-isopentenyl) adenine, N6-(Δ2-isopentenyl) adenosine, brassinolide, 1-aminocyclopropanecarboxylic acid and methyl jasmonate were detected in positive ion mode. Mass spectrometry data were processed using the software TraceFinder (TraceFinder™ 5.1 SP1) [41].





2.5. Nontargeted Metabolic Analysis of A. bulbifer Flower Bud and Leaf Bud Metabolite Contents


2.5.1. Metabolite Extraction


A. bulbifer flower bud and leaf bud samples (200 mg) were accurately weighed in a 2 mL EP tube, prepared with 0.6 mL 2-chlorophenylalanine (4 ppm) methanol (−20 °C), and vortexed for 30 s. After fully grinding, sonicating for 15 min and centrifuging at 12,000× g rpm and 4 °C for 10 min, 300 μL of the supernatant was passed through a 0.22 μm membrane filter, and the filtrate was added to an autosampler vial. There were six biological replicates for each flower bud and leaf bud sample. The sample to be tested was mixed with 20 μL of QC sample to correct for deviations in the analysis of mixed samples and errors caused by the instrument itself [42]. The remaining samples were subjected to ultra-pressure liquid chromatography–mass spectrometry (UPLC–MS).




2.5.2. UPLC–MS Analysis


In this study, an ultrahigh-pressure liquid chromatograph (Thermo U3000, Thermo Fisher Scientific, Waltham, MA, USA) ACQUITY UPLC HSS T3 1.8 μm (2.1 × 150 mm) chromatographic column was used for analysis. The temperature of the automatic sampler was set to 8 °C, the flow rate was 0.25 mL/min, the column temperature was 40 °C and the injection volume was 2 μL. The mobile phase was 0.1% formic acid in water (C) −0.1% formic acid in acetonitrile (D) and 5 mM ammonium formate in water (A)-acetonitrile (B). Mass spectrometry analysis was performed on a Thermo QE-HF-X mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) using electrospray ionization (ESI) in positive and negative ion modes [43,44].




2.5.3. Data Processing and Analysis


The original data were subsequently converted into mzXML format by Proteowizard software (v3.0.8789) [45], after which the XCMS program (R v3.3.2) was used for peak identification, peak filtering, peak alignment, retention time and peak area extraction. The data extracted from the XCMS were first subjected to metabolite structure identification and data preprocessing, after which the quality of the experimental data was evaluated and data analysis was performed. p value ≤ 0.05 and VIP ≥ 1 were used as screening criteria for differentially abundant metabolites [46]. Finally, the KEGG database and HMDB were used to annotate the identified metabolites and obtain metabolite information [47].





2.6. Combined Transcriptomic and Metabolomic Analysis


Based on the screening results of the differentially expressed genes and differentially abundant metabolites in the transcriptome, the results of the transcriptomic and metabolomic analyses were mapped on the KEGG map to further analyze the associations between genes and metabolites.





3. Results


3.1. Morphological Observation of Flower Buds and Leaf Buds of A. bulbifer


The morphological observation of the flower buds and leaf buds of A. bulbifer is shown in Figure 1. Figure 1A shows flower buds, with the top of the bud being relatively full and round and appearing light yellow. Figure 1B shows the longitudinal profile of flower buds. Figure 1C shows a leaf bud corm, with the top of the bud being relatively pointed and light green. Figure 1D shows a longitudinal profile of the leaf bud. The main difference between flower buds and leaf buds in appearance is that the apexes of flower buds are round and light yellow, while the tops of leaf buds are sharp and light green.




3.2. Transcriptome Analysis


3.2.1. Transcriptome Sequencing Data Processing, Transcript Splicing and Functional Annotation


To understand the transcriptome changes that occur during the development of flower buds in A. bulbifer ‘Xitai 9’, high-throughput sequencing was performed on the early flower buds and leaf buds of A. bulbifer. After removing unqualified reads from the original data, 169,937 transcripts and 61,621 unigene sequences were ultimately obtained after assembly. In the NR, Swiss-Prot, GO, eggNOG, KEGG, and Pfam 6 databases, the total number of unigenes that could be matched was 2881, accounting for only 4.68% of all unigenes (Supplementary Table S1). Among them, the annotations to the NR database were the most common, reaching 23,143, accounting for 37.56%; the number of annotations to the GO database was the least common, with only 7511 annotations, accounting for only 12.19%.




3.2.2. Screening of Differentially Expressed Genes


According to the transcriptome data, 5542 differentially expressed genes (DEGs) were screened between flower buds (H) and leaf buds (Y) according to the change in H/Y (Figure 2). All genes are listed in Supplementary Table S2 and the principal component analysis based on all expressed genes is shown in Supplementary Figure S1. Among these genes, 3107 were upregulated and 2435 were downregulated in Y vs. H. Similarly, the number of upregulated DEGs in Y vs. H was greater than the number of downregulated DEGs, indicating that the gene expression changed significantly during flower bud differentiation in A. bulbifer ‘Xitai 9’.




3.2.3. Functional Annotation and Classification of Differentially Expressed Genes


A gene ontology (GO) enrichment analysis of the differentially expressed genes revealed a total of 2349 GO annotations. GO classification was performed according to molecular function (MF), cellular component (CC) and biological process (BP) enrichment, with 656, 1436 and 257 genes, respectively. The top 10 GO term entries with the most significant enrichment in each GO category were selected for mapping (Figure 3A). According to the MF classification, the differentially expressed genes were mainly associated with key enzyme functions, such as oxidoreductase activity, catalytic activity and glycosyltransferase activity. According to the CC classification, the differentially expressed genes were mainly clustered in extracellular regions, apoplasts and cell walls. According to the BP classification, the differentially expressed genes were mainly associated with cell wall tissue or biogenesis, cell wall tissue, external encapsulation structure tissue, etc.



According to the results of the KEGG enrichment analysis of the differentially expressed genes, the top 20 pathways with the most significant enrichment were selected for mapping (Figure 3B). The results showed that, in the classification of environmental information processing, the two pathways of plant hormone signal transduction and the MAPK signaling pathway were the most significantly enriched. Among the genetic information processing pathways, DNA replication, homologous recombination, mismatch repair, nucleotide excision repair and other pathways were the most significantly enriched. According to the metabolic classification, fatty acid elongation, phenylpropanoid biosynthesis, flavonoid biosynthesis, nitrogen metabolism and other pathways were the most significantly enriched pathways. These pathways play important roles in the regulation of A. bulbifer flower bud differentiation.



The analysis of plant hormone signal transduction pathway showed that there were 70 differential genes. Statistical analysis of these differentially expressed genes revealed that 16 of the 43 upregulated genes had a differential expression level of more than 5 times (Table 1). Most of them are auxin-inducible proteins or hormone synthases. Those highly expressed genes indicate that plant hormones play a crucial role in the early development of flower buds in ‘Xitai 9’.




3.2.4. Validation of the Transcriptome Data


To verify the reliability of the transcriptome data, flowering and hormone-related signaling, seven genes were selected from the transcriptome data for quantitative PCR analysis (Figure 4). These seven genes included the transcription factor DcMYB3-2, the developmental protein SEPALLATA1, the ethylene-responsive transcription factor ERF054-like, the PISTILLATA-like MADS-box protein, the phototropic responsive-NPH3 family protein, the protein ELF4-LIKE 4, and the indole-3-acetic acid-amido synthetase GH3.6. The reference gene was EIF4A. The results showed that the expression levels of these seven genes were similar to the RNA sequencing results, indicating that the RNA-seq data correctly and reliably reflected the expression trends of related genes during flower bud development in A. bulbifer ‘Xitai 9’.





3.3. Determination of Total Soluble Sugar and Starch Content in A. bulbifer Corms


To understand the difference in sugar content between flower bud corms and leaf bud corms of A. bulbifer, the soluble sugar and starch contents were determined via anthrone colorimetry. The results showed that the soluble sugar contents in the flower bud and leaf bud corms were 2.37% and 1.56%, respectively, and the starch contents were 16.54% and 14.09%, respectively (Figure 5). The contents of soluble sugar and starch in the flower bud corms were significantly greater than those in the leaf bud corms, indicating that A. bulbifer flower bud differentiation may require an increased accumulation of soluble sugar and starch.




3.4. Metabolomic Analysis


3.4.1. Targeted Metabolic Analysis of Endogenous Hormone Contents in Flower Buds and Leaf Buds of A. bulbifer with Corms


To determine whether endogenous hormones have an effect on flower bud differentiation and leaf bud differentiation in A. bulbifer, the hormone content was determined via UPLC–MS (Supplementary Table S3). The results showed that there were significant differences in ABA, IAA, ZT and IPA between the flower buds and leaf buds (Figure 6). The contents of ABA, ZT and IPA in flower buds were significantly greater than those in leaf buds, while the content of IAA in leaf buds was significantly greater than that in flower buds. Taken together, these findings indicated that ABA, ZT and IPA promoted flower bud differentiation, while IAA promoted leaf bud differentiation.




3.4.2. Nontargeted Analysis of the Metabolite Content in Flower Buds and Leaf Buds of A. bulbifer


To further understand the changes in metabolites in A. bulbifer flower buds and leaf buds during germination, the changes in metabolites in flower buds and leaf buds were determined via nontargeted metabolomics analysis. Principal component analysis (PCA) was performed, and the results showed that there was a significant separation between the H and Y samples (Figure 7a,b). Orthogonal-partial least squares discriminant analysis (OPLS-DA) was performed, and the OPLS-DA results revealed that the different treatments produced significantly different scores (Figure 7c,d). The distribution of the two groups of samples was relatively stable, and the principal component was clearly distinguished, which proved that there were significant differences in metabolites between the two groups.




3.4.3. Identification of Differentially Accumulated Metabolites


The OPLS-DA model was selected to obtain variable importance in projection (VIP) values to screen for differentially abundant metabolites, and 5296 metabolites with significant differences were found. Functional and taxonomic annotations of differentially abundant metabolites were performed in the Human Metabolome Database (HMDB). A total of 118 differentially abundant metabolites were identified in flower buds and leaf buds (Supplementary Table S4). Further cluster analysis of the differentially abundant metabolites revealed 17 differentially abundant metabolites in the flower buds (Table 2). The log2(fold change-H/Y) values of 2-heptanone, cervulin and 3-methyl-2-oxopentanoic acid in flower buds were 18.89, 18.14 and 17.48, respectively. It is speculated that these substances are involved in promoting flower bud differentiation in A. bulbifer. High levels of L-4-hydroxyglutamic acid hemialdehyde, γ-glutamyl-β-aminopropionitrile, 1-pyrroline-5-carboxylic acid, pyrrolidine carboxylic acid, ketorolac, phenylethylamine and other differentially abundant metabolites were involved in the metabolic process of amino acids, indicating that abundant amino acids played an important role in the flower bud differentiation of A. bulbifer ‘Xitai 9’. 1-Benzyl-1,2,3,4-tetrahydroisoquinoline is involved in the synthesis of isoquinoline alkaloids, and capsidiol is involved in the biosynthesis of sesquiterpenes and triterpenes. These substances can resist bacteria and play a role in the prevention and treatment of diseases. (R)-5,6-Dihydrothymidine is involved in pyrimidine metabolism and nucleic acid synthesis. These substances play regulatory roles in flower bud differentiation.





3.5. Correlation Analysis between Differentially Expressed Genes and Differentially Accumulated Metabolites


The differentially abundant metabolites and differential genes between the flower buds and leaf buds of A. bulbifer were mapped to the KEGG pathway, and the differentially abundant metabolites and pathways that could be mapped to the KEGG pathway were identified (Table 3). The combined analysis of metabolomics and transcriptomics showed that the differentially abundant metabolites in flower buds were enriched mainly in KEGG pathways related to amino acid metabolism (Ko00330, Ko00480, Ko00460, Ko00360), isoquinoline alkaloid biosynthesis (Ko00950) and pyrimidine metabolism (Ko00240). These pathway products are involved in the regulation of flower bud development in A. bulbifer.





4. Discussion


A. bulbifer is rich in glucomannan and has great development value. Previous research has focused mainly on A. bulbifer cultivation, variety selection, disease control and the biological characteristics of glucomannan, with little research on the growth and development of A. bulbifer. However, the physiological and molecular mechanism of A. bulbifer flower bud development are unclear. In this study, transcriptome and metabolome sequencing analyses of flower buds and leaf buds in the early growth stage of A. bulbifer were carried out. The results showed that the high content of soluble sugar and starch in the corms of A. bulbifer; the high contents of ABA, ZT and IPA hormones; and the abundance of amino acids in the apical buds of the corms were all beneficial for the development of flower buds of A. bulbifer. The physiological and molecular mechanism of flower bud development in A. bulbifer was preliminarily revealed.



Plant flowering time is one of the most important developmental factors in the plant life cycle. These autonomous developmental signals include the assessment of the carbon status of the whole plant [48]. The contents of soluble sugar and starch in the corms of A. bulbifer were determined, and the contents of soluble sugar and starch in the corms of flower buds and leaf buds were significantly different (Figure 5), indicating that these sugar contents affect flower bud differentiation and flowering in A. bulbifer. Starch, as a stored carbohydrate, can provide substrates and energy for material conversion [49]. Amylase increases the soluble sugar content in corms by hydrolyzing starch and provides material and energy for the growth of apical buds. Hormones can also affect the growth and development of plants through interactions with hormones [50,51]. Therefore, starch and soluble sugar play an extremely important role in the development of plants. When the apical buds of A. bulbifer bulbs differentiate into flower buds, the corms need to store more starch and soluble sugar.



Seeds are an important reproductive mode of plants. Plant flowering involves the internal environment and many external factors, including endogenous hormones, nutrients, light and other factors [52]. Endogenous hormones in plants are key factors in regulating plant growth. In this study, the results of targeted metabolism of endogenous hormones in flower buds and leaf buds in the early stage of A. bulbifer development revealed significant differences in ABA, IPA, ZT and IAA concentrations between flower buds and leaf buds (Figure 6). Previous studies have shown that a high ABA concentration induces flower bud differentiation in plants [53,54,55]. ABA can promote flower bud differentiation in fruit trees [56,57]. Ito et al. reported that bending branches increased the content of abscisic acid and promote flower bud differentiation in pear trees [58]. Goldschmidt reported that the ABA content in Citrus sinensis increased continuously from before squaring to before and after full bloom and suggested that this increase was beneficial for the morphological differentiation of flower buds and flower opening [59]. Cytokinin (CTK), a derivative of adenine, is a hormone that controls plant growth and development [60,61]. N6-(Δ2-prenyl)-adenosine (IPA) has been identified as one of the most important physiological signals during flowering. In A. thaliana, the activity of IPA in the root exudates of flower-induced plants increased, and the increase in the levels of these cytokinins was related to the early regulation of floral transition [62]. Adding IPA to A. thaliana can effectively induce early bolting and flower bud formation [63]. IPA can promote flower bud differentiation in fruit trees. During the flower bud differentiation period, the level of cytokinin gradually increased in the flower buds of Malus pumila, L. chinensis, C. reticulata and other fruit trees and often reached the highest level in the early stage of morphological differentiation. ZR is the main form of CTK transported in the xylem and can promote flower bud differentiation in fruit trees [64]. During the long period of physiological differentiation in Canarium album, the content of ZR was shown to be high [65]. Ai et al. reported that a high concentration of ZT was beneficial for flower bud differentiation in Schisandra chinensis. It is generally believed that the auxin IAA is an inhibitor of flower bud differentiation [66]. The determination of exogenous and endogenous auxin concentrations by Kinet showed that a low concentration of IAA was necessary for flower bud differentiation, while a high concentration of IAA inhibited flower bud differentiation [67]. The IAA transport inhibitors ethephon (CEPA), o-aminocarbonylbenzoic acid (NPA) and triiodobenzoic acid (TIBA) can reduce the shoot tips and fruit output of IAA and promote flower bud differentiation, which indirectly proves that high levels of IAA are involved in inhibiting flower bud differentiation [68]. When Malus pumila was sprayed with IAA, the proportion of short branches decreased, the flowering rate decreased, the contents of endogenous IAA and GA in buds increased significantly, the contents of ABA and ZT decreased significantly, the expression of AFL1 was downregulated, and the expression of MdTFL1 was upregulated [69]. A high IAA content in A. bulbifer promoted the occurrence of leaf buds [34]. These results were similar to our findings. The high concentrations of ABA, ZT and IPA and low concentration of IAA in the buds of A. bulbifer ‘Xitai 9’ may be the main factors inducing the development of flower buds, which preliminarily explains the response mechanism of various hormones in the early development of flower buds of A. bulbifer ‘Xitai 9’.



Transcriptome sequencing analysis revealed that plant hormone signal transduction and plant MAPK signaling pathways were the most significantly enriched pathways in the environmental information processing category. The analysis of plant hormone signal transduction found that auxin and indole acetic acid-inducible proteins, hormone synthases, hormone regulatory proteins, and transcription factors have high expression levels (Table 1). The high expression of these genes plays an important role in plant growth and flower bud formation [70,71]. The MAPKKK-MAPKK-MAPK cascade family is involved in intracellular signal transduction, and its protein kinase plays a vital role in the plant stress response and hormone signal transduction [72]. The kinase AtMPK3/6 is required for anther development and zygote asymmetry in A. thaliana [73,74]. In Oryza sativa, OsMKKK10-OsMKK4-OsMPK6 can affect the brassinosteroid (BR) response and the expression of BR-related genes, thereby affecting rice inflorescence [75,76]. Therefore, the MAPK signaling pathway identified in the present study may regulate flower bud formation in A. bulbifer. According to the metabolic classification, genes associated with fatty acid elongation, phenylpropanoid biosynthesis, flavonoid biosynthesis, nitrogen metabolism and other pathways were significantly enriched. The phenylpropanoid biosynthesis and flavonoid biosynthesis pathways are related to flavonoid biosynthesis. Flavonoids are secondary metabolically active substances that promote plant flowering. These pathways play important roles in plant growth [77,78,79,80,81]. The high expression of related genes enriched in these pathways promoted the differentiation of apical buds into flower buds in A. bulbifer ‘Xitai 9’.



Nontargeted metabolomics analysis of metabolites in flower buds and leaf buds revealed 17 differentially abundant metabolites in flower buds (Table 3). Among these differentially abundant metabolites, L-4-hydroxyglutamic acid hemialdehyde, 1-pyrroline-5-carboxylic acid, γ-glutamyl-β-aminopropionitrile, pyrrolidine carboxylic acid and phenylethylamine are intermediates in the amino acid metabolic pathway and participate in amino acid metabolism, which is beneficial for increasing the amino acid content of A. bulbifer. A high concentration of amino acids is conducive to the development of A. bulbifer flower buds. Wei Lijun et al. studied the reproductive growth of cassava plants from vegetative growth to flower bud differentiation and reported that the accumulation of Gly, Gln, Met, Tyr, Ser, Thr, Asn, Val and ILE in cassava stems promoted Manihot esculenta flower bud differentiation [42]. Liu and Zhang showed that the content and total amount of 17 amino acids in fruit trees were greater than those in fruitless trees of Citrus reticulata (C. reticulata). The flower bud differentiation of citrus plants depends on the synthesis and accumulation of a certain number of amino acids [82]. The log2(fold change-H/Y) values of 2-heptanone, cervulin and 3-methyl-2-oxopentanoic acid in flower buds were 18.89, 18.14 and 17.48, respectively. It is speculated that these substances may be involved in promoting the morphogenesis of A. bulbifer flower buds, but the underlying mechanism needs further study.



Through the joint analysis of metabolomics and transcriptomics, the differentially abundant metabolites and differential genes between flower buds and leaf buds of A. bulbifer were mapped to the KEGG pathways listed in Table 3. The main differentially abundant metabolites in the flower buds were L-4-hydroxyglutamic acid hemialdehyde, 1-pyrroline-5-carboxylic acid, pyrrolidine carboxylic acid, phenylethylamine, γ-glutamyl-β-aminopropionitrile, 1-benzyl-1,2,3,4-tetrahydroisoquinoline and (R)-5,6-dihydrothymidine. The degree of accumulation of these substances is related to the expression of key enzyme-encoding genes in the pathway. L-4-Hydroxyglutamic acid hemialdehyde and 1-pyrroline-5-carboxylic acid were enriched in the arginine and proline metabolic pathways and upregulated more than five times compared with the highly expressed enzyme-encoding genes, including acetaldehyde dehydrogenase, S-adenosylmethionine decarboxylase and polyamine oxidase genes. Acetaldehyde dehydrogenase mainly catalyzes the oxidation of acetaldehyde to acetic acid and subsequently produces acetyl-CoA. Acetyl-CoA can be converted into other amino acids, ATP and other energy-supplying substances to provide energy for plants. It can also synthesize fatty acids, cholesterol, ketones and other substances for flower bud development. S-Adenosylmethionine decarboxylase is involved in the synthesis and metabolism of polyamines, affecting the content of polyamines in plants to regulate their growth, development, flowering and fruiting. Polyamine oxidase (PAO) oxidizes polyamines such as spermine, putrescine and spermidine into amines and corresponding ketones to regulate plant growth and development [83]. Pyrrolidine carboxylic acid was enriched in the glutathione metabolic pathway and upregulated by 5-fold the expression of genes, including ascorbate peroxidase (APX) and glutathione S-transferase genes (GSTs). APX catalyzes the redox reaction between ascorbic acid and hydrogen peroxide in plants, converts harmful hydrogen peroxide into water and oxygen, removes intracellular hydrogen peroxide and maintains the redox balance in plant cells [84]. GSTs can bind and catalyze the reaction between a series of compounds and glutathione (GSH) and convert them into more stable metabolites, thereby promoting the metabolism and clearance of toxic substances, which play important roles in plant growth and development and resistance to stress [85]. Phenethylamine was enriched in the phenylalanine metabolic pathway, and the phenylalanine ammonia lyase (PAL) gene had the highest expression level. It can convert phenylalanine into α-aminoacetic acid (Ala) and other nonessential amino acids into a metabolizable form. In addition, the enzyme can also convert other amino acids to Ala. The phenylpropanoid metabolic pathway is also an important pathway for the biosynthesis of flavonoids and phenols in plant secondary substances, and PAL is one of the key enzymes in this pathway. The activity of PAL has an important effect on the synthesis and accumulation of plant secondary substances [86]. γ-Glutamyl β-aminopropionitrile is enriched in the cyanoamino acid metabolic pathway and is highly expressed by β-glucosidase. This enzyme catalyzes the cleavage of glycosidic bonds in the substrate, generates glucose and the corresponding pairing groups, and participates in the process of carbohydrate metabolism in plants [87]. 1-Benzyl-1,2,3,4-tetrahydroisoquinoline is enriched in the pyrimidine metabolic pathway. In this pathway, the cytokinin riboside 5′-monophosphate ribose hydrolases LOG1 and LOG3 are highly expressed in flower buds and can convert phosphoribosyl nucleosides into precursors of cytokinins, thus participating in the synthesis of cytokinins and affecting plant growth and development [88]. (R)-5,6-dihydrothymine is enriched in the biosynthetic pathway of isoquinoline alkaloids. In this pathway, polyphenol oxidase, which catalyzes the oxidation of polyphenols and converts polyphenols into phenols, aldehydes, ketones and other compounds, is highly expressed. Moreover, the concentration of reactive oxygen species is reduced, thereby protecting plant cells from oxidative damage caused by stress [89]. Therefore, our results suggest that these pathway products are involved in the regulation of flower bud development in A. bulbifer.




5. Conclusions


Through the targeted determination of hormones in flower buds and leaf buds of A. bulbifer and the analysis of soluble sugar and starch contents in the corms of A. bulbifer, we found that high contents of ABA, IZT and IPA and the low content of IAA promoted the development of flower buds of A. bulbifer, and corms of A. bulbifer with high soluble sugar and starch contents were conducive to the differentiation of A. bulbifer flower buds. The combined analysis of the metabolome and transcriptome of flower buds and leaf buds of A. bulbifer showed that arginine and proline metabolism, cyanoamino acid metabolism, glutathione metabolism, phenylalanine metabolism, isoquinoline alkaloid biosynthesis, pyrimidine metabolism and other pathways played important regulatory roles in the development of flower buds and leaf buds. Our results provide basic data and a theoretical basis for the further study of the mechanism of flower bud formation in A. bulbifer and lay a foundation for the study of flowering breeding in A. bulbifer.
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Figure 1. A. bulbifer ‘Xitai 9’ flower bud corms and leaf bud corms. (A) Flower bud corms; (B) flower bud longitudinal section; (C) leaf bud corms; (D) leaf bud longitudinal section. 
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Figure 2. Volcano map of flower bud and leaf bud gene expression. Red dots and blue dots represent upregulated and downregulated genes, respectively, and gray dots represent nondifferentially e-pressed genes. 
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Figure 3. GO and KEGG enrichment analyses of flower buds and leaf buds. (A) GO enrichment analysis of flower buds and leaf buds. The top 10 GO term entries with the most significant enrichment in each GO category. (B) KEGG enrichment analysis of flower buds and leaf buds; the first 20 pathways with the smallest p values are associated with KEGG classification. 
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Figure 4. Comparison between the results of the qRT–PCR and RNA-seq analyses of selected DEGs. The color scale indicates log2-transformed fold changes in gene expression levels. Blue to red indicates a gradual increase in the upregulation value. On the right side are the names of gene products, on the left side are the names of gene ID in transcriptomics. 
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Figure 5. The contents of soluble sugar and starch in flower bud corms and leaf bud corms are presented as the average values of three replicates ± SEs. The data are from three biological replicates, and the error bars represent the standard error. ** indicates p ≤ 0.01. 
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Figure 6. Hormones exhibiting significant differences between flower buds and leaf buds. * p ≤ 0.05; ** p ≤ 0.01. 
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Figure 7. PCA score plot (a,b) and OPLS-DA score plot (c,d). (a,c) are positive ion modes; (b,d) are negative ion modes. 
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Table 1. Genes upregulated 5-fold or more in plant hormone signaling pathways.
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	Gene ID
	Gene Names
	Foldchange (Y-vs.-H)





	TRINITY_DN8398_c0_g1
	nonexpressor of pathogenesis-related protein 1-like 5 proteins
	24.93



	TRINITY_DN650_c1_g1
	indole-3-acetic acid-induced protein ARG7-like
	7.54



	TRINITY_DN4000_c1_g1
	auxin-responsive protein IAA30-like
	5.01



	TRINITY_DN1329_c1_g1
	indole-3-acetic acid-amido synthetase GH3.6-like
	6.91



	TRINITY_DN72594_c0_g1
	BRI1 kinase inhibitor 1-like
	30.17



	TRINITY_DN3428_c0_g1
	protein TIFY 6B-like
	6.20



	TRINITY_DN7228_c0_g1
	transcription factor TGA2-like isoform X2
	15.13



	TRINITY_DN7013_c1_g1
	protein TIFY 9
	22.51



	TRINITY_DN10361_c0_g1
	Pathogenesis-related protein 1
	56.05



	TRINITY_DN5341_c0_g1
	Transcription factor HBP-1b(c1)
	38.52



	TRINITY_DN7106_c2_g1
	auxin-induced protein 6B-like
	43.38



	TRINITY_DN34019_c0_g1
	Transcription factor MYC2
	6.79



	TRINITY_DN5260_c1_g1
	auxin-induced protein 15A-like
	98.23



	TRINITY_DN17023_c2_g1
	hypothetical protein ZOSMA_82G00740
	8.18



	TRINITY_DN9064_c0_g1
	regulatory protein NPR5
	10.40



	TRINITY_DN3222_c2_g1
	hypothetical protein OsI_24760
	21.02










 





Table 2. The content of 17 differentially abundant metabolites in flower buds was significantly greater than that in leaf buds in the metabolic group.
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	DAM
	Mean_H
	Mean_Y
	Fold Change_H/Y
	log2(FC_H/Y)
	p Value





	L-4-Hydroxyglutamate semialdehyde
	14,854,137.1
	1737381.2
	8.55
	3.10
	0.03



	N, N-Dimethylaniline
	5,953,932,280.7
	118,333,143.3
	50.32
	5.65
	0.01



	2-Heptanone
	478,865,629.4
	988.8
	484,260.0
	18.89
	0.01



	1-Pyrroline-5-carboxylic acid
	80,591,608.6
	46,463,691.7
	1.73
	0.79
	0.01



	1-Benzyl-1,2,3,4-tetrahydroisoquinoline
	68,788,352.0
	988.8
	6,9564.0
	16.09
	0.00



	2-Methylbenzoic acid
	949,974,505.8
	57,384,295.4
	16.56
	4.05
	0.01



	gamma-Glutamyl-beta-aminopropiononitrile
	5,588,130.7
	988.8
	5,651.1
	12.46
	0.00



	Pyrrolidonecarboxylic acid
	30,079,215.7
	3,836,016.5
	7.84
	2.97
	0.02



	Ketoleucine
	26,500,401.0
	988.8
	26,799.0
	14.71
	0.00



	(R)-5,6-Dihydrothymine
	279,791,870.5
	114,946,419.6
	2.43
	1.28
	0.01



	Fenfluramine
	10,258,146.5
	5,721,365.4
	1.79
	0.84
	0.01



	Sulfamethazine
	22,024,321.9
	12,887,857.9
	1.71
	0.77
	0.01



	Porphobilinogen
	156,535,147.6
	115,434,618.3
	1.36
	0.44
	0.01



	Gyromitrin
	284,576,546.4
	988.8
	287,790.0
	18.14
	0.00



	3-Methyl-2-oxovaleric acid
	180,493,405.8
	988.8
	182,530.0
	17.48
	0.00



	Phenylethylamine
	81,993,597.7
	988.8
	82,918.0
	16.34
	0.00



	Capsidiol
	120,373,230.9
	105,812,770.2
	1.14
	0.19
	0.02







Note: DAM: differentially accumulated metabolite; mean: mean; fold change: ploidy change; log2(FC): log2 value of ploidy change; p value: statistical p value.













 





Table 3. Differentially abundant metabolites and differential genes in flower buds can be mapped to the KEGG pathway together.
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	Biomarker
	Pathway
	Pathway ID
	Up Number
	Down Number
	Total Number
	p-Value
	KEGG ID
	VIP
	log2(FC-H/Y)
	p-Value





	L-4-Hydroxyglutamate semialdehyde
	Arginine and proline metabolism
	ko00330
	3
	3
	55
	0.874
	C05938
	1.138
	3.096
	0.031



	1-Pyrroline-5-carboxylic acid
	Arginine and proline metabolism
	ko00330
	3
	5
	43
	0.507
	C04322
	1.734
	0.795
	0.010



	γ-Glutamyl-β-aminopropiononitrile
	Cyanoamino acid metabolism
	ko00460
	2
	5
	43
	0.507
	C06114
	1.088
	12.464
	0.003



	Pyrrolidonecarboxylic acid
	Glutathione metabolism
	ko00480
	14
	5
	90
	0.094
	C01879
	1.115
	2.971
	0.025



	Phenylethylamine
	Phenylalanine metabolism
	ko00360
	9
	3
	50
	0.076
	C05332
	1.392
	16.339
	0.003



	1-Benzyl-1,2,3,4-tetrahydroisoquinoline
	Isoquinoline alkaloid biosynthesis
	ko00950
	3
	1
	20
	0.375
	C05201
	1.478
	16.086
	0.003



	(R)-5,6-Dihydrothymine
	Pyrimidine metabolism
	ko00240
	4
	9
	71
	0.300
	C21028
	1.679
	1.283
	0.005
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