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Abstract: Tartary buckwheat (Fagopyrum tataricum) is a dual-purpose medicinal and food crop grown for its high contents of functional compounds and abundant nutrients. Although studies have shown the differences of total flavonoid content in Tartary buckwheat at different ploidy levels, the composition of flavonoid and its regulatory mechanisms are largely unknown. In this study, the leaf metabolome and transcriptome of diploid and tetraploid accessions of Tartary buckwheat were analyzed to gain insight into the impact of polyploidization on comparative secondary metabolite composition and molecular regulatory mechanism. Based on a widely targeted metabolomics analysis, a total of 792 metabolites were identified, including 127 flavonoids. The accumulation of 127 metabolites and expression of 3871 genes differed significantly between diploid and tetraploid Tartary buckwheat. Integrated metabolomics and transcriptome analysis revealed that chromosome doubling up-regulated the expression of upstream genes in the flavonoid biosynthesis pathway to promote the accumulation of flavonoids. The present results contribute to elucidation of the molecular mechanism of phenotypic variation associated with polyploidy in Tartary buckwheat. The findings provide a reference for further studies on phenotypic traits in polyploid Tartary buckwheat, the cloning of crucial regulatory genes, and utilization of genetic engineering technologies in the breeding of Tartary buckwheat.
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1  Introduction

Tartary buckwheat (Fagopyrum tataricum Gaertn.), a member of the Polygonaceae family, is a popular food and medicinal crop with a bitter taste [1,2]. Tartary buckwheat is rich in starch, protein, dietary fiber, vitamins, minerals, and many other nutrients and metabolites [3,4]. In addition, Tartary buckwheat possesses multiple bioactive ingredients not shared by other seed and grain crops, such as flavonoids [5,6]. Tartary buckwheat is beneficial for prevention and treatment of high blood pressure, hyperglycemia, high blood lipid concentration, and cardiovascular disease, and for strengthening the immune system [7–9]. With the advantages of tolerance of drought and soil infertility, rapid growth, and strong adaptability, Tartary buckwheat is among the most important minor grain crops. It has become an important specialty crop of high nutritional and economic value, with broad prospective applications in health food development. At present, the seeds of buckwheat are the major edible site for human consumption, which has been widely used in a number of ways such as noodles, biscuits, liquor and tea [10]. Unfortunately, its hard shell and bitter taste inhibit its consumption [11]. Interestingly, the flavonoid content in flowers and leaves is higher than that in grains of buckwheat, which lay an excellent foundation for the development of whole plant [4,12]. For example, the material of whole plant Tartary buckwheat tea mainly includes buckwheat bran, flour, flower and stem. Besides Tartary buckwheat seeds, the whole plant will be valuable for its used in a wide range of applications in the food industries and pharmaceutical, especially the leaves [13]. In addition, leaf production is expected to become industrialized, as it is not limited by sites, climates and seasons than seed production. Therefore, buckwheat leaf and its production possess some unique properties, which are suitable for the development of new products.

In recent years, research on Tartary buckwheat has shown that polyploidy is a potent means of increasing crop yield and quality. After chromosome doubling, the size and thickness of leaf cells are increased [14]. However, the proportion of aborted pollen grains in tetraploid Tartary buckwheat is higher than that in diploids, indicating that the genetic stability of tetraploid Tartary buckwheat is lower than that of diploid accessions [15,16]. Lian et al. demonstrated that the average flavonoid and protein contents of tetraploid Tartary buckwheat were significantly higher than those of the diploid parents [17]. Chromosomal doubling in Tartary buckwheat influences certain quality traits. Previous studies have investigated autopolyploid induction and physiological differences in Tartary buckwheat [14–17]. Since polyploidy can increase the biomass of leaf, they are more suitable for large-scale production. However, comparison of the mechanism of gene regulation and phenotypic variation between tetraploid and diploid Tartary buckwheat has been rarely reported.

The development of high-throughput sequencing and bioinformatic technologies has enabled widespread application of transcriptome analysis to gain insights into the molecular mechanisms of plant metabolite biosynthesis [18,19]. In parallel, metabolomics (or metabonomics) is applied to understand the metabolic status and dynamic changes of a biological system, and has been increasingly applied to identify the crucial metabolites that are most directly associated with the phenotype of an organism [10–12]. The combination of multi-omic techniques can identify potential interactions between genes and metabolites, and explore molecular mechanisms and metabolic pathways [20]. For example, integrated metabolome and transcriptome tools have been applied to provide insights into the mechanisms of flavonoid accumulation in the exocarp of cucumber fruit [21]. Recently, multi-omic techniques have been extensively used in plant phenotyping analysis of many plant species, such as Camellia japonica, Manihot esculenta, and Carthamus tinctorius [22–24]. Consequently, the integration of transcriptome and metabolomic technologies provides a powerful tool for identification of genes and pathways associated with crucial biosynthetic mechanisms in plants. Furthermore, the method has been gradually recognized and widely used to investigate the biosynthesis of metabolites and the mechanisms of gene regulation in buckwheat [25,26]. In this study, a targeted ultra-high-performance liquid chromatography coupled with mass spectrometry (UHPLC-MS) metabolomics approach was applied to determine metabolic profiling and differential flavonoid metabolites among Tartary buckwheat accessions differing in ploidy. In addition, integration of metabolic and transcriptome analyses was conducted among the accessions with the aim of identifying the regulatory mechanisms at the metabolite and gene levels.

2  Materials and Methods

2.1 Experimental Materials

Tartary buckwheat seeds were obtained from the Key Laboratory of Coarse Cereal Processing, Chengdu University, China. Plants were grown in an experimental field and subjected to standard field management practices. Flow cytometry was used to analyze the DNA content in the leaf cells of diploid Tartary buckwheat and colchicine-induced materials to confirm that a stable tetraploid Tartary buckwheat material was obtained [27]. After about 20 days, the fifth leaf from the shoot apex of diploid and tetraploid Tartary buckwheat seedlings was sampled, flash frozen in liquid nitrogen, and stored at −80°C until use.

2.2 Sample Extraction and UHPLC-MS Analysis

The freeze-dried samples were crushed with a mixer mill for 30 s at 60 Hz. The ground samples were precisely weighed and transferred to an Eppendorf tube, after addition of 500 μL extract solution (methanol:water, 3:1 [v/v]). After vortexing, the samples were homogenized at 35 Hz for 4 min and sonicated for 5 min in an ice-water bath. After a series of treatments, the extract was stored at −80°C until the UHPLC-MS analysis. The UHPLC separation was conducted using an ExionLC System (SCIEX, Redwood City, CA, USA). The mobile phase consisted of solvent A (0.1% formic acid in water) and B (acetonitrile) by gradient elution. The separation was performed on a Waters Acquity UPLC HSS T3 (2.1 mm × 100 mm, 1.8 μm) with the column temperature was set at 40°C. Typical ion source parameters were as follows: Curtain Gas: 35 psi, Temperature: 400°C, Ion Source Gas 1:60 psi, Ion Source Gas 2: 60 psi, DP: ± 100 V.

2.3 Differential Metabolite Analysis

For metabolomics, SCIEX Analyst work station software (version 1.6.3) was employed for multiple reaction monitoring data acquisition and processing. After peak detection and annotation, the value of variable importance in the projection (VIP) of the first principal component in an orthogonal projections to latent structures discriminant analysis (OPLS-DA) was obtained. The VIP value summarizes the contribution of each variable to the model. The metabolites with VIP > 1 and p < 0.05 (Student’s t-test) were considered to be significantly changed metabolites. Principal component analysis (PCA) was performed using the Metware Cloud, a free online platform for data analysis (https://cloud.metware.cn). In addition, public databases, including Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/) and MetaboAnalyst (http://www.metaboanalyst.ca/), were accessed for pathway enrichment analysis. Metabolomic profiling was performed with the assistance of the Shanghai Biotree Biotech Co., Ltd. (Shanghai, China).

2.4 RNA Extraction and Sequencing

Total RNA was extracted using TRIzol reagent according to the manufacturer’s protocol. The RNA concentration and purity was measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The RNA integrity was assessed using the RNA Nano 6000 Assay Kit and the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). The PCR products were purified with the AMPure XP system and library quality was assessed with the Agilent Bioanalyzer 2100 system. The library preparations were sequenced on an Illuminaplatform and paired-end reads were generated. The sequencing data were uploaded to the NCBI database (BioProject ID: PRJNA833543). Gene expression levels were estimated as fragments per kilobase of transcript per million fragments mapped. Differential expression analysis of two groups was performed using DESeq2 software. The raw reads were processed with a bioinformatic pipeline tool on the BMKCloud online platform (http://www.biocloud.net).

3  Results

3.1 Metabolic Profiling of Tartary Buckwheat Leaf

To obtain a comprehensive overview of the metabolite composition in the leaf and elucidate the metabolite differences between diploid and tetraploid Tartary buckwheat, a UHPLC-MS-based targeted metabolomic method was employed to screen the metabolic profile. The total ion current chromatograms of the different quality-control samples showed substantial overlap, which demonstrated the strong repeatability of the metabolite extraction and detection procedures (Supplementary Fig. S1). A total of 795 peaks were identified, and 792 metabolites were subjected to further analysis after recording of missing values and normalization. Lipids, nucleotides, amino acids, and derivatives comprised the major primary metabolites, followed by vitamins, carbohydrates, organic acids, and derivatives (Fig. 1a). The secondary metabolites were predominantly classified as flavonoids, alkaloids, terpenes, and phenylpropanoids. Flavonoids comprised the most abundant secondary metabolites. In total, 127 metabolites were identified as flavonoids, including six anthocyanins, seven chalcones, nine flavanols, eight flavanones, 43 flavones, 19 flavonols, and 16 isoflavones (Fig. 1b). The metabolite data were analyzed using PCA method to evaluate the overall variation among groups. The three biological replicates for each of the Diploid and tetraploid samples were clustered together, indicating that the results were highly reproducible among each group (Fig. 1c). The distance between the Diploid and tetraploid groups was large, reflecting metabolic differences with change in ploidy.
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Figure 1: Classification of the annotated metabolites. (a) The amount of major metabolites detected. (b) Number of flavonoid metabolites identified. (c) PCA (Principal Component Analysis) score diagram of metabolic profiles in leaves

3.2 Identification of Differential Metabolites

To further identify differences in metabolites between the Diploid and tetraploid groups, supervised OPLS-DA models were generated. The Diploid and tetraploid groups formed distinct clusters in the OPLS-DA score plot. The model evaluation parameters R2X, R2Y, and Q2 were 0.479, 1.00, and 0.881, respectively. The parameter values indicated that the OPLS-DA model did not overfit the data, and showed strong discrimination and predictive power. Based on the OPLS-DA model, VIP < 1 and p < 0.05 (calculated with Student’s t-test) were applied as the criteria for screening differential metabolites (Fig. 2a). In total, 127 metabolites were differentially expressed between the Diploid and tetraploid groups, with 62 up-regulated and 65 down-regulated (Fig. 2b). Flavonoids were the most abundant differentially expressed metabolites, followed by alkaloids and then terpenes (Fig. 2c). The metabolic pathways of the differential metabolites were identified, based on a reference pathway library for the model plant Arabidopsis thaliana. The differential metabolites were mapped to 36 pathways, including metabolic pathways, biosynthesis of secondary metabolites, and ABC transporters. Based on annotations in the KEGG database, the pathways were involved in a large number of biosynthetic and metabolic processes, including 13 biosynthesis and 16 metabolism pathways. To determine whether the differentially expressed metabolites were significantly enriched with specific biological pathways, a pathway enrichment analysis was performed with MetaboAnalyst (Fig. 2d). The identified differential metabolites were predominantly enriched in pathways associated with amino acid metabolism and biosynthesis, such as alanine, aspartate, and glutamate metabolism, lysine biosynthesis, glycine, serine, and threonine metabolism, lysine degradation, arginine and proline metabolism, tyrosine metabolism, phenylalanine, tyrosine, and tryptophan biosynthesis, and tryptophan metabolism. In addition, phenylpropanoid biosynthesis, flavonoid biosynthesis, and flavone and flavonol biosynthesis were enriched among the differentially expressed flavonoids. These results indicated that metabolites accumulating in the leaf differed between diploid and tetraploid, and diverse primary and secondary metabolite pathways were significantly enriched among the differential metabolites.
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Figure 2: Analysis of differentially accumulated metabolites. (a) Differential metabolite analysis on the basis of OPLS-DA. (b) Volcano plot of metabolites. (c) The main categories of metabolites. (d) Differential metabolite KEGG enrichment. R2Y (cum) represents the interpretation rate of each model in Y axis direction in multivariate statistical analysis modeling, Q2 (cum) represents the prediction rate of each model

3.3 Analysis of Transcriptome Sequencing

To explore the molecular basis of the metabolic differences, the leaf transcriptome of diploid and tetraploid Tartary buckwheat was sequenced. Sequencing of six samples resulted in 36.69 Gb clean data after filtering. The Q30 base percentage was 90% or greater, indicating that the sequencing was reliable. Based on alignment with the Pinku1 reference genome, the alignment efficiency ranged from 86.75% to 96.70%. The correlation coefficients for the three biological replicates of each group were greater than 0.85, which satisfied the requirement for the following analysis. Overall, these results indicated that the transcriptome sequencing was of sufficient quality for further analysis. In total, 3871 differentially expressed genes (DEGs) were detected based on the screening criteria of fold change ≥ 2 and false discovery rate < 0.01. Among the DEGs, 1748 genes were up-regulated and 2123 genes were down-regulated. Of these genes, 1617 up-regulated and 1527 down-regulated genes were assigned functional annotations. Comparison of the Diploid and tetraploid groups revealed that up-regulated genes outnumbered down-regulated genes with chromosome doubling, and that a greater number of annotated genes were up-regulated than down-regulated.

A gene ontology (GO) functional analysis revealed that 2673 DEGs (1411 up-regulated and 1262 down-regulated) were classified to the three main GO categories (cellular component, molecular function, and biological process). In the molecular function category, DEGs were mainly associated with binding and catalytic activity. For the biological process and cellular component categories, major categories were metabolic process, cellular process, cell and membrane. Analysis of GO enrichment showed that the DEGs were significantly enriched in certain functional terms, of which the top 20 GO terms are presented in Fig. 3a. The GO enrichment analysis results for the cellular component category showed that more DEGs were enriched in GO terms associated with membranes, such as intrinsic component of membrane (GO:0031224), integral component of membrane (GO:0016021), membrane part (GO:0044425), and membrane (GO:0016020). With regard to the molecular function category, the DEGs were mostly enriched in terms associated with enzyme activity, such as oxidoreductase activity (GO:0016491), protein kinase activity (GO:0004672), kinase activity (GO:0016301), and transferase activity (GO:0016740). Interestingly, the significantly enriched terms in the biological process category were associated with cell wall formation, such as cell wall organization or biogenesis (GO:0071554), cellular polysaccharide metabolic process (GO:0044264), cellular polysaccharide biosynthetic process (GO:0033692), and cellular glucan metabolic process (GO:0006073).

[image: images]

Figure 3: Top 20 enrichment GO term (a) and KEGG pathways (b) of DEGs. (c) DEGs on plant hormone signal transduction pathway

A KEGG pathway enrichment analysis revealed that most DEGs were mainly enriched in signaling pathways and in metabolic or biosynthetic pathways (Fig. 3b). The most significant enriched KEGG pathway was plant hormone signal transduction, followed by phenylpropanoid biosynthesis and MAPK signaling pathway. Therefore, plant hormone signal transduction and phenylpropanoid biosynthesis were selected for subsequent analysis. Phenylpropanoid biosynthesis was among the most important secondary metabolism pathways and is associated with the biosynthesis of flavonoids and lignin. A total of 132 DEGs were associated with plant hormone signal transduction, including auxin, cytokinin, gibberellin, abscisic acid, ethylene, brassinosteroids, jasmonic acid, and salicylic acid (Fig. 3c). Genes encoding for the cytokinin receptor CRE1, two-component response regulator ARR-A family, gibberellin receptor GID1, phytochrome interacting factor PIF3, abscisic acid receptor PYR/PYL family, protein phosphatase 2C, serine/threonine-protein kinase CTR1, ein3-binding F-box protein EBF1/2, ethylene-responsive transcription factor ERF1/2, brassinosteroid resistant BZR1/2, xyloglucosyl transferase TCH4, and jasmonate ZIM domain-containing protein JAZ were up-regulated, whereas auxin influx carrier AUX1, auxin responsive GH3, histidine-containing phosphotransfer protein AHP and mitogen-activated protein kinase kinase MKK were down-regulated. A signal network analysis indicated that genes in pathways upstream of plant hormone signaling were differentially expressed. These pathways included phenylalanine metabolism, brassinosteroid biosynthesis, cysteine and methionine metabolism, tryptophan metabolism, alpha-linolenic acid metabolism, carotenoid biosynthesis, diterpenoid biosynthesis, and zeatin biosynthesis. Genes involved in linolenic acid metabolism were up-regulated in the leaves of tetraploids, which in turn promoted the accumulation of jasmonic acid. In contrast, genes encoding UGT (UDP-glucosyltransferase) in the cytokinin signaling pathway were down-regulated in tetraploids. These results indicated that chromosome doubling in Tartary buckwheat may influence developmental processes and flavonoid biosynthesis by modulating the expression of genes involved in plant hormone signaling pathways and phenylpropanoid biosynthesis.

3.4 Integrated Analysis of the Transcriptome and Metabolome on the KEGG Pathway

Flavonoids are among the most important active metabolites in Tartary buckwheat. Based on the results of the widely targeted metabolomic analysis, the differential metabolites were mapped to flavonoid biosynthesis pathways, including flavonoid biosynthesis, flavone and flavonol biosynthesis, isoflavonoid biosynthesis, and anthocyanin biosynthesis (Fig. 4). In addition, the DEGs were indicated on the integrated metabolic map, thus the metabolites and genes were simultaneously mapped to pathways to clarify the relationships among flavonoid-related genes. Compared with the diploid group, the up-regulated genes associated with flavonoid formation were more numerous than the down-regulated genes in the tetraploid group. This result indicated that a greater number of flavonoid compounds were induced by these up-regulated genes and led to the significantly increased accumulation of the compounds. The integrated metabolic map suggested that chromosome doubling might up-regulate the expression of upstream genes in the flavonoid biosynthesis pathway (such as FtCHS and FtCHI) to promote the accumulation of flavonoids, such as cosmosiin, vitexin, and isovitexin. In contrast, the accumulation of several flavonoid compounds (e.g., nictoflorin and garbanzol) was decreased, which was suggestive of a reciprocal influence. Interestingly, in tetraploids, the quercetin content was significantly increased, whereas the quercitrin content decreased markedly, which may reflect the influence of other regulators between the two metabolites.

[image: images]

Figure 4: Simplified scheme (a) and heat map of the expression of genes (b) and metabolite (c) related to flavonoid biosynthesis. Red represented up-regulated metabolites and Blue represented down-regulated metabolites

4  Discussion

Whole-genome duplication or polyploidy is considered to be an important driver of genomic evolution and may provide novel germplasm resources for plant improvement [28–30]. Although chromosome doubling does not directly introduce new genetic materials, the number of copies of an allele at a specific locus increases, ultimately leading to altered gene expression and phenotypic changes [31,32]. Relative to diploid plants, tetraploid plants show enhanced morphological variation. In polyploid plants, organ size is often increased and such plants generally have the advantage of enhanced stress tolerance. Production of polyploid forms has been widely applied in plant breeding [29,33,34]. However, the mechanisms for the phenotypic advantages of polyploid crops requires further investigation. In particular, transcriptome analysis can reveal the molecular mechanism of plant growth and development as well as various metabolic processes that will aid in understanding gene expression and the mining of crucial genes. In recent years, transcriptome and metabolome have played an important role in many areas of buckwheat active compositions, especially comparative metabolomics. Wang et al. successfully used GC-MS metabolomics for investigation of difference expressed metabolites in Tartary buckwheat cultivars M18 and JQ2, providing an effective method for the comprehensive assessment of cereal quality [11]. Yang et al. analyzed the relationship between secondary metabolites and their morphological variations using UPLC-MS-based metabolomics, which provided a reference for the precise breeding of new cultivars [25]. Based on the metabolomics at Tartary and common buckwheat flowers, a total of 188 flavonoid metabolites were detected [12]. High-throughput RNA-sequencing provides information on differences in gene expression patterns for searches of candidate genes or related pathways in polyploids [35–38]. In addition, metabolites are the basis of, and directly reflect, the plant phenotype, and allow an improved understanding of biological processes and mechanisms more intuitively and efficiently. Thus, integration of transcriptomic and metabolomic analyses was conducted to analyze the DEGs associated with metabolite accumulation and construct a core regulator network for different ploidies. Combination of metabolomic and transcriptomic data previously provided extensive characterization of the difference in invasive ability between two cytotypes of Solidago Canadensis [39]. A comparative transcriptomic and metabolomic study of Isatis indigotica on an autotetraploid and its progenitor was performed to construct a gene–metabolite correlation network [40]. Comparative metabolomics provide new information regarding the metabolites from various parts of the buckwheat plants, and offer important theoretical support for further comprehensive development and utilization of buckwheat. In this present study, we investigated the metabolic profiles in Tartary buckwheat leaves using the widely targeted metabolomics approach. A total of 127 metabolites were identified as flavonoids, laying the foundation for the development of buckwheat leaves. The present study used metabolomic and transcriptomic data to analyze differences in metabolite accumulation and gene expression in the leaves between diploid and autotetraploid Tartary buckwheat.

The phenotypic and physiological changes observed is considered to be predominantly the results of variation in gene expression. Thus, polyploids may significantly increase the potential variation in gene expression, which is reflected in phenotypic variation [41]. For example, stress-related genes are up-regulated after chromosome doubling for adaptation to environmental stress [42–44]. Many previous studies have indicated that phytohormone synthesis and signal transduction are an important cause of morphological differences between plants of different ploidies. In mulberry (Morus alba), the DEGs affect auxin and ethylene biosynthesis and signal transduction, and as a result tetraploids have superior phenotypic traits to diploids [45] Auxin-, cytokinin-, and brassinosteroid-related genes are up-regulated, causing significantly improved growth potential, in triploid poplar (Populus cathayana) [46]. In the present study, a large number of genes were enriched in plant signal transduction pathways, such as cytokinin receptor histidine kinases, gibberellin receptors, and ethylene response factors, which not only participate in plant hormone biosynthesis but also are involved in signal transduction. Many previous studies of plant hormone regulation of stress-tolerance genes have focused on analysis of plant adaptability to the external environment through polyploidization [44,47,48]. However, the stress tolerance of polyploids is not always consistent with a gene dosage effect, with more complex mechanisms underlying chromosome doubling [49]. Many studies have confirmed that genomic doubling is associated with variation in epigenetic modifications, such as DNA methylation and histone modifications [50–54]. Whether polyploidy and epigenetic modifications are correlated in Tartary buckwheat requires further research.

Polyploidization can affect metabolite biosynthesis with a profound impact on specific secondary metabolites [55,56]. Therefore, enhanced synthesis of phytochemical compounds through artificial chromosome doubling has been intensively investigated. Autotetraploid plants of Cichorium intybus accumulated higher contents of phenolic compounds than control plants [57]. In colchicine-induced polyploid Artemisia annua, tetraploid plants have increased artemisinin contents compared with that of diploid plants [58]. Although chromosome doubling-induced accumulation of active ingredients in medicinal plants is widely recognized, some species may present exceptions [56]. Tartary buckwheat is an important minor grain crop and is progressively becoming a model system to study the regulatory mechanism of flavonoid biosynthesis. Previous research has demonstrated that the expansion of key genes involved in secondary metabolite biosynthesis can be beneficial to the synthesis and accumulation of bioactive components [59]. A similar result was found in golden buckwheat (Fagopyrum dibotrys or Fagopyrum cymosum), in which the multiple duplicate genes were associated with flavonoid biosynthesis [26]. Some gene families essential for flavonoid biosynthesis, including FtCHS and FtCHI, were up-regulated in tetraploid Tartary buckwheat. And whole genome doubling has repercussions that reverberate throughout the transcriptome and downstream, ultimately generating altered the metabolite levels. The concentration of secondary metabolites in plants may be affected by phytohormone contents as well as endogenous physiological changes. Thus, the use of polyploid material in conjunction with exogenous hormone application may be an effective strategy for improving the accumulation of targeted metabolites. Future research will aim to develop an approach using a hormone-mediated system (e.g., hairy root or cell suspension) based on polyploid germplasm resources to produce valuable flavonoids, for example in Tartary buckwheat. This provides further evidence that the expansion of these structural and regulatory genes may be responsible for the increased flavonoid accumulation in tetraploid Tartary buckwheat.

5  Conclusions

In this study, transcriptome and metabolome analyses were conducted to investigate the metabolic differences between diploid and tetraploid Tartary buckwheat, with particular focus on the flavonoid biosynthetic pathway. Applying an UHPLC-MS procedure, 127 flavonoid metabolites were detected, of which 27 metabolites were significantly different. KEGG pathway enrichment analysis revealed that diverse primary and secondary metabolite pathways were significantly enriched. Chromosome doubling altered the expression of certain genes (such as genes involved in plant hormone signaling and the phenylpropanoid biosynthesis pathway) that ultimately led to changes in metabolite accumulation. Integrated metabolomics and transcriptome analysis showed that polyploidization up-regulated the expression of upstream genes in the flavonoid biosynthesis pathway, thus promoting flavone biosynthesis. However, the responses of other regulators and fine regulatory networks to chromosome doubling require further exploration.
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Supplementary Figure S1: The total ion current chromatograms of the different quality-control samples
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