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Abstract

:

Sweet cherry (Prunus avium L.) is a popular fruit tree grown for its juicy fruit and pleasing appearance. The fruit pf the sweet cherry contains active antioxidants and other chemical compounds essential for human health. For this study, we performed the transcriptomics and metabolomics analysis using young Green Peel (GP) and mature Red Peel (RP) from sweet cherries to understand the underlying genetic mechanism regulating fruit development and ripening. Using high-throughput RNA sequencing and ultra-performance liquid chromatography, with quadrupole time-of-flight tandem mass spectrometry, respectively, metabolic and transcript profiling was obtained. Relative to GP, there were equal quantities of pronouncedly varied metabolites in RP (n = 3564). Differentially expressed genes (DEGs, n = 3564), containing 45 transcription factor (TF) families, were recorded in RP. Meanwhile, 182 differentially expressed TF (DETF) members of 37 TF families, were displayed in abundance in RP compared to GP sweet cherries. The largest quantities of DETFs were members of the ERF (25) and basic helix–loop–helix (bHLH) (19) families, followed by the MYB (18), WRKY (18), and C2H2 (12) families. Interestingly, most ERF genes were down-regulated, whereas CCCH genes were mainly up-regulated in RP. Other DETFs exhibited significant variations. In addition, RT-QPCR results and metabolomics data together with transcriptomic data revealed that the abundance of catechin, epicatechin, rhoifolin, myricetin, keracyanin, and the other six glycosyltransferase genes was highly increased in RP when compared to GP sweet cherries. The relatively higher expression of DETFs, metabolite, and flavonoid biosynthesis in RP sweet cherries suggests the accumulation of distinct metabolites that cause red coloring during fruit development and ripening. Thus, the metabolomics and transcriptomic analysis of the current study are powerful tools for providing more valuable information for the metabolic engineering of flavonoids biosynthesis in sweet cherries. They are also helpful in understanding the relationship between genotype and phenotype.
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1. Introduction


Sweet cherry (Prunus avium L.) is a non-climacteric, economically significant horticultural crop that is produced all over the world for its flesh fruit. The sweet cheery reproductive phase is short as it only takes two months from bloom to mature fruit [1]. Apart from its attractive color, the fruit of the sweet cherry is rich in antioxidants, vitamins, and minerals, and the tree is also suitable for cultivation in temperate regions. Sweet cherry fruits can have different colors, such as yellow, dark red, or blush [2]. Sweet cherry fruit goes through multiple developmental phases, from flower bud to fruit set. Following that, the ripening process begins, defining the quality of the final fruit. Various metabolic and genetic pathways control the fruit’s development and ripening process. Some of the genetic and metabolic regulators of fruit development and ripening have been found in several other horticultural crops [3,4,5,6,7,8]. Anthocyanins is vital in the ripening process as it is involved in skin color pigmentation [9,10].



Flavonoids, the key secondary metabolites of plants, are sub-classed into anthocyanins, flavones, and flavanols [11]. Flavonoids have been found in numerous colored fruits and flowers and are involved in multiple plant functions. For example, they prevent plants from dormancy, ultraviolet light and phytopathogens-caused injury and modulate responses to other environmental stresses [12]. In humans, some reports highlighted flavonoid suppression in patients with chronic and cardiovascular diseases [13]. Furthermore, flavonoids and anthocyanins are the primary determinants of color in fruits and flowers. Six widely accepted anthocyanins (cyanidin, delphinidin, petunidin, pelargonin, peonidin, and malvidin) exist in plants. The peonidin is synthesized by the methylation of cyanidin, malvidin, and delphinium to variousdegrees [14]. In Arabidopsis thaliana, the structural genes in the biosynthetic pathway of anthocyanins can be classified as either “early” or “late” types [15]. Early biosynthetic genes, such as CHS and CHI, are mediated in a coordinated manner and encode enzymes that play a prominent role in the initial process of biosynthesis [16]. Late biosynthetic genes, such as DFR and ANS, participate in the late biosynthesis process [17].



In sweet cherry fruit, the role of flavonoids has previously been reported by study [18]. The study presented the involvement of flavonoids in postharvest sweet cherry fruits in response to UV-C light [18]. In PavMADS7-silenced plants, the level of anthocyanins decreased significantly, affecting fruit skin’s reddening [19]. Several transcription factors (TFs) have been investigated for their role in the development and ripening of sweet cherry fruit. For instance, MIKC-type MADS-box TF PavAGL15 regulates the size of sweet cherryfruits. Virus-induced gene silencing (VIGS) of PavAGL15 significantly increased the size of sweet cherry fruits [20]. The PavFUL gene, when overexpressed, resulted in the formation of multi-silique and double fruits [21]. However, there is no body of research which relates the role of flavonoids and key TFs in regulating fruit development and ripening in sweet cherries.



The interpretation of metabolomics data offers an efficient method that may be used for the functional characterization of genes [22,23]. Metabolomics data can provide a plethora of information on the biochemical status of tissues. Metabolomics studies can also be used as a technical tool for association analysis. This can be used in conjunction with other data to examine the role of particular genes in a metabolic pathway of interest and to facilitate gene mining [24]. Systems biology research is now unable to function without the latest advancements and applications of high-throughput sequencing, high-resolution mass spectrometry, and information processing technologies [25,26]. Through the use of correlation and clustering analyses, transcript and metabolite datasets have been combined and can be visualized as connection networks between genes and metabolites [27]. These networks can show the response mechanism of rice to high nighttime temperatures [28], the regulation mechanism of delphinidin in flower color in grape hyacinths [29], the mechanism of potato pigmentation [30], the mechanism of blue flower formation in waterlilies [31], and catechin production in albino tea. The merging of transcriptomics and metabolomics offers substantial benefits for uncovering the biosynthetic mechanisms of important metabolic pathways [32,33,34]. The combined study of transcriptomics and metabolomics data has not yet been used to investigate the biosynthesis of phenolic chemicals.



In this study, we used a novel sweet cherry cultivar called “Hongmanao” which was developed by the Shanxi Academy of Agriculture Sciences’ Institute of Pomology. For analysis, samples of the fruits’ young green peel (GP) and mature red peel (RP) were taken. Young “GP” and mature “RP” sweet cherry fruit were used for the omics data analysis of extensively targeted metabolome and transcriptome. It was discovered that several significant TFs, including MYB, WRKY, and bHLH, control the biosynthesis of flavonoids. These findings will be beneficial for producing sweet and healthy plants, especially in the area of fruit quality.




2. Materials and Methods


2.1. Plant Materials


Sweet cherry trees (fifteen years old) were selected for this experiment. The orchard is located at the Fruit Research Institute of Shanxi Agricultural University (37°23′42″ N, 112°32′42″ E), Taigu District, Jinzhong City, Shanxi Province, China. The spacing between trees and rows was 2.5 m × 4.0 m. The same methods of cultivation and care were used on all the trees. Fruit samples were taken on 21 May 2021 (green peel), and 31 May 2021 (red peel) (RP). Eighteen tagged fruits were randomly selected, and three biological duplicates were selected at each stage. The fruit samples were cut into cross sections during sampling, frozen in liquid nitrogen, and kept at −80 °C for further studies. For the metabolome and transcriptome investigations, two developmental stages of the sweet cherry, C1 GP and C2 RP, were chosen and examined.




2.2. RNA Extraction, Library Preparation


Following the manufacturer’s instructions, total RNA was extracted and purified using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Using the NanoDrop ND-1000, each sample’s RNA concentration and purity were measured (NanoDrop, Wilmington, DE, USA). The Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) used a RIN score of >7.0 to determine the integrity of the RNA, and denaturing agarose gel electrophoresis was used to corroborate the results. Using Dynabeads Oligo (dT)25-61005 (Thermo Fisher, Waltham, CA, USA), poly (A) RNA waspurified twice from 1 g of total RNA. Then, under 94 °C for 5–7 min, the poly(A) RNA was fragmented into tiny bits using a magnesium RNA fragmentation module (NEB, cat. e6150, San Francisco, CA, USA). Following the reverse transcription of the cleaved RNA fragments to produce the cDNA, E. coli DNA polymerase I (NEB, cat.m0209, USA), RNase H (NEB, cat.m0297, USA), and dUTP Solution (Thermo Fisher, cat. R0133, USA) were used to synthesize U-labeled second-stranded DNAs. The blunt ends of each strand were then given an A-base to help them ligate to the indexed adapters. Each adaptor had a T-base overhang that was used to ligate it to the DNA fragments with an A tail. The fragments were ligated to single- or dual-index adapters, and AMPureXP beads were used for size selection. After the heat-labile UDG enzyme (NEB, cat.m0280, USA) treatment of the U-labeled second-stranded DNAs, the ligated products were amplified with PCR underthe following conditions: initial denaturation at 95 °C for 3 min; 8 cycles of denaturation at 98 °C for 15 s, annealing at 60 °C for 15 s, and extension at 72 °C for 30 s; and then final ex-tension at 72 °C for 5 min. The resultant cDNA collection had an average insert size of 30,050 bp. Finally, using an illumine NovaseqTM 6000 (LC-Bio Technology Co., Ltd., Hangzhou, China), we carried out 2150bp paired-end sequencing (PE150) in accordance with the vendor’s suggested procedure. Following RNA extraction, we used the Agilent 2100 device (Agilent Technologies, Beijing, China), Qubit v. 2.0 (Thermo Fisher Scientific), and the NanoDrop device (Thermo Fisher Scientific, Shanghai, China) to assess RNA purity, concentration, and integrity for the ensuing transcriptome sequencing. Using Qubit v. 2.0 and Agilent 2100 equipment, we evaluated and precisely measured the library concentration and insert size after library formation. Quantitative real-time PCR was used to check the quality of the library (qRT-PCR). With the help of a No-vaseq6000, high-throughput sequencing was carried out (Illumina, Beijing, China).




2.3. Bioinformatics Analysis of RNA-seq


Reads with adapter contamination, low quality bases, and indeterminate bases with default parameters were removed using the Fastp program (https://github.com/OpenGene/fastp accessed on 19 November 2021). Then, using fastp, the sequence quality was also confirmed. We utilized HISAT2 to map reads to the reference genome of Homo sapiens GRCh38 (https://ccb.jhu.edu/software/hisat2 accessed on 19 November 2021) (Prunus avium L.). The mapped readings of each sample were put together using StringTie (https://ccb.jhu.edu/software/stringtie accesse on 19 November 2021) using the default settings. Subsequently, gffcompare (https://github.com/gpertea/gffcompare/ accessed on 19 November 2021) was used to combine the transcriptomes from each sample to create a comprehensive transcriptome. Following the creation of the final transcriptome, all the expression levels of each transcript were estimated using StringTie. By using the formula FPKM (FPKM = [total exon fragments/mapped reads (millions) exon length (kB)]), StringTie was utilized to determine the expression level for mRNAs. With a parametric F-test comparing nested linear models (p value 0.05) and the R package edgeR (https://bioconductor.org/packages/release/bioc/html/edgeR.html accessed on 23 November 2021), the differentially expressed mRNAs were identified. Also, we assessed the read quality using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ accessed on 23 November 2021), which is based on Q30 and GC levels. After acquiring high-quality sequencing data, Trinity [22], we constructed sequences. Functional annotation was aligned with the NR (RefSeq non-redundant proteins), and gene ontology GO and KEGG enrichment analysis were performed on the genes using the DAVID software (https://david.ncifcrf.gov accessed on 29 November 2021) [35,36,37]. Using fragments per kilobase of transcript per million mapped reads (FPKM) [38], we estimated gene expression.




2.4. Sample Preparation and Metabolite Extraction


The freeze-dried materials were ground in a mixer mill at 45 Hz for two minutes. Next, we added 100 mg of powder from each sample into a 5-mL EP tube and finished the extraction by adding 2000 L of a 3:1 v/v methanol and water solution. The samples were vortexed for 30 s, subjected to 15 min of ultrasonication in an ice bath, vibrated at 4 °C overnight, and then centrifuged for 15 min at 12,000 rpm and 4 °C. Afterwards, each supernatant (500 L) was dried while being gently blown by nitrogen. In 250 L of a 1:1 v/v solution of methanol and water, all residues were reconstituted using a 30-min vortexing and 15-min ultrasonication procedure in an ice bath. We preserved the supernatants in 2 mL glass vials at −80 °C for UHPLC-mass spectrometry (MS)/MS after centrifuging the samples for 15 min at 12,000 rpm and 4 °C. Finally, we made samples for quality control by combining equal aliquots of the supernatants from the sample.




2.5. Analyzing Wide-Target Metabolomics Data Qualitatively and Quantitatively


Following the implementation of qualitative metabolite assessment utilizing secondary spectrum data from the in-house metware database (MWDB) and metabolite data from a public database, metabolite quantification using multiple reaction monitoring (MRM) in triple quadrupole MS was carried out (TQMS). With the use of the TQMS, the required fragment ion was chosen, reducing interference from non-target ions and enhancing quantification accuracy and reproducibility. For inconsistent samples, metabolite MS data were collected, and the integration of MS peaks was put into practice to correct the same metabolite [39].



We also used TQMS to screen different ions from each drug. The signal intensities of these ions (measured in cps) were identified, and MULTIAQUANT software was used to open and read the sample MS file. The integrated data for the site were reserved, and the area of each chromatographic peak represented the relative concentrations of the respective metabolites. In order to ensure the accuracy of qualitative and quantitative analyses on the strength of the peak type and the reservation time of metabolites, contributing to the comparison of each metabolite level in disparate samples, correction of the mass spectrum peaks was later implemented for each metabolite in disparate samples.



As previously mentioned [40], we used principal component analysis (PCA) and partial least squares-discriminant analysis to identify cultivar-specific metabolite accumulation. To find the significantly different metabolites, fold change (FC) 2 or 0.5 and variable relevance in projection 1 were used as the selection criterion. Between DEGs and DEMs, Pearson correlation (PCA) analysis was carried out using R program.



Additionally, using the Roche LightCycler® 480 II Real-Time System, eight TFs in a 96-well plate were validated using qRT-PCR (Shanghai, China). The PCR amplification procedure used a thermal cycling schedule that consisted of 95 °C for 5 min, 95 °C for 10 s 40 cycles, and 60 °C for 30 s 40 cycles. All of the PCRs were carried out using the Hieff® qPCR SYBR Green Master Mix (No Rox) provided by Yeasen Biotech Co., Ltd., in accordance with the instructions’ protocol (Shanghai, China). We established three technical and three biological replicates for each qRT-RCR.




2.6. Data Processing and Analysis


We utilized the 95% confidence interval (p < 0.05) and SPSS software (version 25.0, SPSS Inc., Chicago, IL, USA) to examine the data in this paper for statistical analysis (ANOVA) and statistical significance. For all measured parameters, the data are reported as the mean standard deviation (SD) of three biologically separate replicates; GraphPad Prism (version 8.0.2) (GraphPad Software, Inc., LA Jolla, CA, USA) was then used for graphical representations.





3. Results


3.1. Transcriptomic Analysis of Two Developmental Stages of Sweet Cheery Fruit


We implemented a transcriptomic analysis of the green and red peel cherries to confirm DEGs at two different developmental stages (Figure 1A). In agreement with FC ≤ 2.0 and FDR < 0.05, we filtered out 3812 DEGs in RP and GP sweet cherries, of which 1897 and 1915 genes showed an upward trend and a downward trend, respectively (Figure 1B,C). The GO was classified into molecular, biological, and cellular functions. The GO terms enriched in the cellular component classification were amino sugars and photosynthesis, while flavone and flavonol biosynthesis were the GO terms which were most enriched in the molecular function. DEGs regulating key molecular processes, such as ATP binding, RNA, and DNA binding, accumulated in abundance (Figure 2A). High numbers of DEGs reside in the nucleus and are key in the chloroplast thylakoid membrane, as shown in the cellular processes category (Figure 2A). Several key biological processes were also on display, such as flavonoid biosynthesis, response to abscisic acid, and auxin responsiveness. The KEGG pathway enrichment analysis highlighted that the majority of the DEGs are involved in photosynthesis–antenna proteins, circadian rhythm, amino sugars, photosynthesis, and flavone and flavonol biosynthesis (Figure 2B).




3.2. Metabolic Differences in Two Developmental Stages


We implemented LC-ESI-MS/MS sample analysis to compare the differences in two metabolite pathways. PCA analysis showed that GP (C1) and RP (C2) sweet cherry trees were distinct in the PC1 ×PC2 score plots (Figure 3A). In this work, we clarified 1942 up-regulated and 1622 down-regulated differentially expressed metabolites (DEMs) (3564 in total) in both groups (Figure 3B). As illustrated by the volcano plot (Figure 3C), the metabolite contents differed significantly between the two developmental stages. Based on the annotation information, the DEMs fell into 16 categories: pyrenes, flavonoids, prenol lipids, benzene and substituted derivatives, organ oxygen compounds, isobenzofurans, and indoles and their derivatives. From these, 25 flavonoids were screened, in 11 of which flavonoids accumulated in abundance, and14 were poorly enriched.




3.3. TFs Are Relevant to Differential Accumulation of Metabolites in “Red Peel” (C2) Sweet Cherries


The highly important TFs, including MYBs and bHLH, are instrumental in the biosynthesis and homeostasis of flavonoids [29,30]. Our data unveiled that 182 differentially expressed TFs (DETFs) from 37 TF families were discovered in the RP sweet cherries and this percentage is shown in Figure 4. The DETFs found in the largest quantities were members of the ERF (25) and bHLH (19) families, followed by the MYB (18), WRKY (18), and C2H2 (12) families. Interestingly, most ERF genes showed down-regulated expression, whereas CCCH genes were mainly up-regulated in C2. Apart from that, other DETFs displayed high expression variation among the tested samples.




3.4. Anthocyanin, Flavonoid, and Flavonol Biosynthesis Pathways


Omics data integration of transcriptomics and metabolomics analysis showed 44 DEGs genes (Table 1) and a total of 3564 DEMs and 7 genes which were involved in anthocyanin, flavonoid, flavone, and flavanol biosynthesis pathways are shown in (Table 2). Among the 7 DEMs, the levels of catechin, epicatechin, myricetin, rhoifolin, myricetin, and keracyanin were significantly higher in the C2, and only rutin was also up-regulated.



The flavonoid biosynthesis pathway genes, such as anthocyanidin 3-O-glucosyltransferase 2 (3GT2) and four UDP-glycosyltransferase 88F5 (UGT 88f5), were all up-regulated in the C2 group. From the 30 DEGs in flavonoid biosynthesis, 11 DEGs were found to be highly expressed in C2, and 19 were down-regulated. In the flavone and flavanol biosynthesis pathway, four phenolic glucoside malonyl transferases (PMATs) and one flavonoid 3-O-glucosyltransferase (Pav_sc0000308.1_g350.1.mk) (3GT) were up-regulated. On the other hand, flavonoid 3-O-glucosyltransferase (Pav_sc0000308.1_g360.1.mk) (F3GT), flavonoid-3′-hydroxylase (F3’H), UDP-glycosyltransferase (UGT), and flavonoid 3′-monooxygenase were down-regulated in C2 vs. C1.




3.5. Correlation Analysis between DEGs and DEMs in Anthocyanin, Flavonoid, Flavone, and Flavanol Biosynthesis Pathways Reveals the Differential Regulatory Network


A correlation analysis was conducted between DEGs and DEMs in anthocyanin, flavonoid, flavone, and flavanol biosynthesis pathways. In total, 7 flavonoids and 44 genes underwent Pearson correlation analysis. As unveiled by the results, 20 genes were inextricably associated with 6 metabolites (r2 > 0.9, Figure 5A). The network analysis was divided into two clusters. Keracyanin was found to be abundant in cluster 1, and highly correlated with 5 genes. Myricetin, epicatechin, and catechin were more predominantly enriched in cluster 2, and highly connected to 15 genes (Figure 5B).




3.6. Verification of the Expression of Genes Relevant to the Route of Flavonoid Biosynthesis


We used qRT-PCR verification with eight TF genes to assess the precision and reproducibility of RNA-Seq data. All the genes’ levels of expression were analyzed at every step, from development to ripening. Figure 6 displayed the expression level of specific genes. During the fruits’ development through theirripening stages, the expression of the majority of genes was considerably altered. In light of these results, we can thus hypothesize that up-regulation of these genes may aid in fruit development up to the point of ripening.





4. Discussion


Similar to genomics and proteomics, the new omics technique known as metabolomics can be used to identify and measure small-molecular-weight compounds that are present in an organism’s cells [41]. In the post-genome era, a new area called plant metabolomics been extensively used for examining patterns of metabolite accumulation [42]. Furthermore, by identifying the genes involved in the metabolism, a subject of interest in contemporary plant biology, this approach was used to examine the underlying genetic basis of these patterns. Metabolites are the byproducts of acell’s biological regulating process, and their concentrations can be viewed as the way a plant responds to genetic and environmental changes as it grows [43]. In this study, omics data assessment of metabolome and transcriptome provides extensive data about the transferred product profiles in secondary metabolism and the underlying variations in gene-expression networks. In the present study, 3812 DEGs were identified in RP sweet cherries, of which 1897 and 1915 genes were up-regulated and down-regulated, respectively. Meanwhile, in metabolome analysis, 3564 DEMs including 1942 up-regulated and 1622 down-regulatedmetabolites were also screened. The DEGs and DEMs are expected to be crucial in exploring the color change mechanism insweet cherries.



Flavonoids, which dominatesecondary metabolites, exist in heterogeneous plants [44,45]. They are determinants of the color of flowers, fruits, and leaves and are crucial for plant growth, development, and environmental adaptation. In particular, Flavonols, flavanones, and isoflavones, which are the distinct subclasses of flavonoids, are present in common vegetables and fruits [46]. For instance, catechin and epicatechin content was suppressed significantly in melatonin-treated bananas [47]. The bananas treated with melatonin showed delayed skin browning under cold temperature stress [48]. Augmented level of flavonoids and anthocyanins not only displayed the red color phenotype in mango, but they also enhanced resistance against cold stress and anthracnose disease [49]. A higher accumulation of carotenoid and flavonol was recorded in damaged-peel-colored apples [50]. In the present study, enrichment of 7 DEMs was unveiled in anthocyanin, flavonoid, and flavone and flavonol biosynthesis pathways. In particular, levels of catechin, epicatechin, rhoifolin, myricetin, and keracyanin were increased significantly in mature fruits, indicating the substances were responsible for the change of color.



The progression in fruit ripening initiates the colorful pathway which controls peel color. As a critical player, flavonoid regulates the pigmentation of peel color during fruit development and the ripening stage [51]. In the complex flavonoid pathway, anthocyanidin 3-O-galactosyltransferase is instrumental in catalyzing the galactosylation of anthocyanidin [52]. Higher transcriptional activity of galactosyltransferase and glucosyltransferase genes regulate the peel color in various horticultural crops [53,54]. In our study, one anthocyanidin 3GT2, four UGT 88f5, and one 3GT showed up-regulated expression in the RP sweet cherry group, indicating they are involvedt in the pigmentation of red peel sweet cherries (Table 1) [55].



TFs, namely transacting factors, initiate or impede gene expression to achieve regulations in response to environmental stresses, secondary metabolite biosynthesis, and plant growth and development [32,56]. In the present study, 182 DETFs, classified into 37 TF families, were found in RP indicating that the DETFs play a crucial role in the flavonoid-mediated peel pigmentation of sweet cherries. Previously, the MYB and bHLH (basic he-lix-loop-helix) TFs, the two largest TF families inplants, were intensively discussed in relation totheir role in flavonoid biosynthesis [57,58]. For instance, a bHLH3, when overexpressed, disturbed the flavonoid metabolic network by altering the levels of anthocyanins, flavonoids, and flavonols in mulberry fruits with discrepant colors [59]. In order to control the accumulation of plant flavonoids, MYB and bHLH collaborate with WDR protein to produce the ternary complex MBW [60,61]. The complex ternary MYB-113, a key regulator of flavonoid production in pepper [62], has no effect on how the MBW module functions. According to a study conducted on the plant Arabidopsis thaliana, the zinc finger protein TT1 (MYB TF) interacts with TT2 (MYB TF) to modify the expression of the genes involved in structural flavonoid biosynthesis [63].



In our research, bHLH (19) and MYB (18) account for high proportions of the TFs that have been discovered, including bHLH30, bHLH35, bHLH128, bHLH143, MYB8, MYB4, and MYB44 (Figure 4). Plants infiltrated with the MYB+bHLH combination construct showed specificity and significant accumulation of flavonoid pathway intermediates [64]. AtWRKY23 in A. thaliana impels flavonoid bio-synthesis by elevating enzyme-encoding genes in the flavonoid biosynthesis pathway [65]. In our study,18 WRKY genes significantly changed the expression levels in C2, which might play a significant role in the flavonoid synthesis that could induce fruit ripening. Over-expression of MdWRKY11 gears up the expressions of F3H, FLS, DFR, ANS, and UFGT, and facilitates anthocyanin and flavonoid accumulation in apple callus [66].




5. Conclusions


The present study involves combined metabolomics and transcriptomic assessments at two different stages, i.e., GP (young) and RP (mature), of fruit development and ripeningin sweet cherries. Our metabolome and transcriptome analyses provide a clear view of the participatory role of anthocyanin, flavonoid, flavone, and flavonol expression during the transition from young GP to mature RP sweet cherries. The candidate genes and metabolomics include six genes: catechin, epicatechin, rhoifolin, myricetin, keracyanin, and glycosyltransferase. These candidate genes give important information and useful references so we can better understand the regulation of the flavonoid biosynthesis pathway and the accumulation of metabolites in GP (young) and RP (mature) sweet cherries during distinct developmental stages. Even though these genes were predicted by the bioinformatics analysis, the validation of the transcriptome expression was verified by qRT-PCR. During fruit development and ripening, there is a greater accumulation of important TFs that control the pathway for secondary metabolites. However, the particular mechanism sill requires future research.
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Figure 1. DEGs between young “Green Peel” and mature “Red Peel” sweet cherries. (A) Photograph of red peel, yellow peel and red peel sweet cherries; (B) Bar plot of DEGs; (C) As illustrated in the volcano plot, the difference in the expression level of genes displays statistical significance between the two groups of samples. 
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Figure 2. GO enrichment analysis (A) and KEGG enrichment analysis (B) of DEGs. The modules only illustrate the top 20 pathways showing the most pronounced enrichment. 
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Figure 3. DEM profile. (A) PCA score map; (B) Comparison of DEMs between young “Green Peel” and mature “Red Peel” sweet cherry trees; (C) Volcano plot of DEMs. 
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Figure 4. The pie chart shows the number of transcription factors. 
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Figure 5. Principal component analysis (PCA) analysis of RNA−seq between the cultivars. Co-expression analysis of structural genes of anthocyanin, flavonoid, flavone, and flavanol biosynthesis pathways and transcription factors (TFs) in the RP and GP. (A) Clustering correlation heatmap with structural genes and metabolites using the OmicStudio tools; (B)The correlation networks of structural genes and metabolites anthocyanin, flavonoid, flavone, and flavanol biosynthesis. 
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Figure 6. The qRT-PCR validation for 8 TFs. (A) Pav_sc0000465.1-g950.1.mk; (B) Pav_sc0000376.1-g510.1.mk; (C) Pav_sc0000507.1-g030.1.mk; (D) Pav_sc0001621.1-g010.1.mk; (E) Pav_sc0000143.1-g500.1.mk; (F) Pav_sc0003094.1-g080.1.mk; (G) Pav_sc0000094.1-g220.1.mk; (H) Pav_sc0004290.1-g270.1.mk. The histogram bars represent the means ± SE. All the data were calculated with three technical replicates, and the statistical significance was set at p < 0.05. 
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Table 1. Omics data integration of transcriptome and metabolome yields 44 DEGs in anthocyanin, flavonoid, and flavone and flavonol biosynthesis pathways.
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	Pathway_id
	Pathway_Name
	Gene_ID
	Description
	Regulation





	ko00942
	Anthocyanin biosynthesis
	Pav_sc0000138.1_g030.1.mk
	anthocyanidin 3-O-glucosyltransferase 2-like [Prunus avium]
	down



	ko00942
	Anthocyanin biosynthesis
	Pav_sc0001323.1_g080.1.br
	UDP-glycosyltransferase 88F5-like [Prunus avium]
	down



	ko00942
	Anthocyanin biosynthesis
	Pav_sc0001323.1_g100.1.br
	UDP-glycosyltransferase 88F5-like [Prunus avium]
	down



	ko00942
	Anthocyanin biosynthesis
	Pav_sc0001323.1_g110.1.br
	UDP-glycosyltransferase 88F5-like [Prunus avium]
	down



	ko00942
	Anthocyanin biosynthesis
	Pav_sc0001323.1_g140.1.mk
	LOW QUALITY PROTEIN: UDP-glycosyltransferase 88F5-like [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000030.1_g1340.1.mk
	flavonol synthase/flavanone 3-hydroxylase-like [Prunus avium]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000044.1_g550.1.mk
	naringenin,2-oxoglutarate 3-dioxygenase [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000045.1_g280.1.mk
	chalcone synthase [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000091.1_g560.1.mk
	ELMO domain-containing protein A [Prunus avium]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000100.1_g580.1.mk
	protein ECERIFERUM 26-like [Prunus avium]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000107.1_g100.1.mk
	leucoanthocyanidin dioxygenase [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000143.1_g510.1.mk
	probable 2-oxoglutarate-dependent dioxygenase At5g05600 [Prunus avium]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000206.1_g540.1.mk
	trans-cinnamate 4-monooxygenase [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000358.1_g010.1.mk
	flavonoid-3′-hydroxylase, partial [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000398.1_g280.1.mk
	putative anthocyanidin reductase [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000465.1_g590.1.mk
	codeine O-demethylase-like [Prunus avium]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000465.1_g880.1.br
	codeine O-demethylase-like [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000554.1_g2230.1.mk
	probable LRR receptor-like serine/threonine-protein kinase MEE39 [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000791.1_g230.1.br
	BAHD acyltransferase At5g47980-like [Prunus avium]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0000877.1_g1900.1.br
	flavonoid 3′-monooxygenase [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0001003.1_g370.1.mk
	vacuolar-sorting receptor 7 isoform X2 [Prunus avium]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0001196.1_g1060.1.mk
	cytochrome P450 98A2-like isoform X1 [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0001196.1_g1070.1.br
	cytochrome P450 98A2-like isoform X1 [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0001196.1_g1090.1.mk
	cytochrome P450 98A2-like [Prunus avium]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0001196.1_g1100.1.mk
	cytochrome P450 98A2 [Prunus persica]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0001217.1_g200.1.mk
	protein DMR6-LIKE OXYGENASE 2-like [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0001345.1_g040.1.mk
	probable 2-oxoglutarate-dependent dioxygenase At3g111800 [Prunus avium]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0001545.1_g080.1.mk
	hypothetical protein PRUPE_4G029700 [Prunus persica]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0002208.1_g840.1.mk
	bifunctional dihydroflavonol 4-reductase/flavanone 4-reductase [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0002479.1_g160.1.br
	vinorine synthase-like [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0002479.1_g170.1.br
	uncharacterized protein Pyn_04376 [Prunus yedoensis var. nudiflora]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0002479.1_g520.1.br
	vinorine synthase-like [Prunus avium]
	up



	ko00941
	Flavonoid biosynthesis
	Pav_sc0003685.1_g130.1.mk
	leucoanthocyanidin reductase [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0005746.1_g030.1.mk
	probable chalcone—flavonone isomerase 3 [Prunus avium]
	down



	ko00941
	Flavonoid biosynthesis
	Pav_sc0009537.1_g010.1.mk
	chalcone synthase [Prunus yedoensis var. nudiflora]
	down



	ko00944
	Flavone and flavonol biosynthesis
	Pav_sc0000023.1_g010.1.br
	phenolic glucoside malonyltransferase 1-like [Prunus avium]
	up



	ko00944
	Flavone and flavonol biosynthesis
	Pav_sc0000023.1_g130.1.br
	phenolic glucoside malonyltransferase 1-like [Prunus avium]
	up



	ko00944
	Flavone and flavonol biosynthesis
	Pav_sc0000023.1_g140.1.br
	phenolic glucoside malonyltransferase 1-like [Prunus avium]
	up



	ko00944
	Flavone and flavonol biosynthesis
	Pav_sc0000308.1_g350.1.mk
	flavonoid 3-O-glucosyltransferase-like [Prunus avium]
	up



	ko00944
	Flavone and flavonol biosynthesis
	Pav_sc0000308.1_g360.1.mk
	flavonoid 3-O-glucosyltransferase-like [Prunus avium]
	down



	ko00944
	Flavone and flavonol biosynthesis
	Pav_sc0000358.1_g010.1.mk
	flavonoid-3′-hydroxylase, partial [Prunus avium]
	down



	ko00944
	Flavone and flavonol biosynthesis
	Pav_sc0000588.1_g030.1.mk
	UDP-glycosyltransferase 89A2-like [Prunus avium]
	down



	ko00944
	Flavone and flavonol biosynthesis
	Pav_sc0000877.1_g1900.1.br
	flavonoid 3′-monooxygenase [Prunus avium]
	down



	ko00944
	Flavone and flavonol biosynthesis
	Pav_sc0002358.1_g100.1.br
	phenolic glucoside malonyltransferase 1-like [Prunus avium]
	up
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Table 2. Omics data integration of transcriptome and metabolome yielded DEMs in anthocyanin, flavonoid, and flavone and flavanol biosynthesis pathways.






Table 2. Omics data integration of transcriptome and metabolome yielded DEMs in anthocyanin, flavonoid, and flavone and flavanol biosynthesis pathways.





	Pathway ID
	Regulated
	MS2 Metabolite
	MS2 Superclass
	MS2 Class
	MS2 KEGG





	map00941
	down
	(+)-Catechin
	Phenylpropanoids and polyketides
	Flavonoids
	C06562



	map00941
	down
	Epicatechin
	Phenylpropanoids and polyketides
	Flavonoids
	C09727



	map00941
	down
	Myricetin
	Phenylpropanoids and polyketides
	Flavonoids
	C10107



	map00944
	down
	Rhoifolin
	Phenylpropanoids and polyketides
	Flavonoids
	C12627



	map00944
	up
	RUTIN
	Phenylpropanoids and polyketides
	Flavonoids
	C05625



	map00944
	down
	Myricetin
	Phenylpropanoids and polyketides
	Flavonoids
	C10107



	map00942
	down
	Keracyanin
	Phenylpropanoids and polyketides
	Flavonoids
	C08620
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