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Abstract

:

Anthocyanin is the key factor that results in the attractive color of sweet cherry fruits. However, information regarding sweet cherry coloration and the potential mechanisms underlying anthocyanin biosynthesis is limited. In this study, we found that the anthocyanin accumulation varied in sweet cherry flesh and peel, while the anthocyanin content increased sharply in the dark red (DR) stage. Correlations between anthocyanin concentrations and RNA sequencing (RNA-seq), constructed with Weighted Gene Co-Expression Network Analysis (WGCNA), indicated that two structural genes (Pac4CL2, PacANS) and 11 transcription factors (PacbHLH13/74, PacDIV, PacERF109/115, PacGATA8, PacGT2, PacGTE10, PacMYB308, PacPosF21, and PacWRKY7) had similar expression patterns with the changes in anthocyanin content. Additionally, real-time PCR verified all of these gene expression patterns and revealed that PacANS exhibited the highest transcription level. In order to search for potential regulators for anthocyanin biosynthesis, a dual-luciferase assay was performed to investigate the regulatory activities of 11 transcription factors on the PacANS promoter. The results revealed that two novelty bHLHs, PacbHLH13 and PacbHLH74, can trans-activate the PacANS promoter and they might be the candidate genes for regulating anthocyanin synthesis in sweet cherry fruits. The present findings provide a novel viewpoint with regard to anthocyanin biosynthesis mechanisms and the regulatory transcriptional network of fruit coloration in sweet cherries.
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1. Introduction


Anthocyanin is an important water-soluble natural pigment, which belongs to the group of polyphenols and contributes to the scarlet, orange, violet, and blue coloration of various plant tissues [1,2]. The appealing coloration of flowers makes them attractive to pollinators and dispersers [1]. Moreover, the level of fruit coloration plays a pivotal role in evaluating their sensory and nutritional value, serving as an indicator of fruit ripeness and quality, and further influencing consumers’ desire to purchase fruits [3]. In addition to various colors, anthocyanins also have a series of positive effects on human health. There have been many studies revealing that anthocyanin accumulation can not only achieve antioxidant effects by scavenging free radicals [4], but that it can also act as a health-promoting factor preventing cardiovascular diseases, some cancers, and protecting the liver [5,6].



Anthocyanin has been reported to be synthesized via a specific branch of the phenylpropanoid pathway, and there are three main stages that are involved in anthocyanin biosynthesis [2,7]. In the primary stage, the phenylpropanoid metabolic pathway is responsible for the production of precursor substrates, being regulated by phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL). In the second step, the early biosynthesis genes, including chalcone synthase (CHS), chalcone isomerase (CHI), and flavanone 3-hydroxylase (F3H), are involved in the precursor synthesis for flavonol and anthocyanin. Regarding the final stage, the specific processes of anthocyanin coloration and modification are influenced by the late biosynthetic genes, such as dihydroflavonol 4-reductase (DFR), anthocyanidin synthase/leucoanthocyanidin dioxygenase (ANS/LDOX), and UDP-glucose: flavonoid-3-O-glucosyltransferase (UFGT). Many structural anthocyanin biosynthesis genes have been isolated and verified in different species; for example, the expression of DFR was significantly correlated with anthocyanin accumulation in tomato [8]. In kiwifruit, AaLDOX was identified as a pivotal gene controlling the accumulation of anthocyanin [9]. Moreover, in apple and red-skinned pear, the ANS and UFGT genes participated in anthocyanin biosynthesis, acting as the decisive genes [10,11].



Previous studies have demonstrated that the accumulation of anthocyanins is also highly correlated with the regulation of transcription factors (TFs), particularly the DNA-binding R2R3-MYB factors, such as MdMYB10 and MdMYB6 in apple [12,13], VvmybA1 and VvMYB114 in grape [14,15], and PavMYB10.1 in sweet cherry [16]. In addition, several bHLHs (basic helix–loop–helixes) have been demonstrated to control anthocyanin pigment synthesis. For example, FvbHLH9 functioned as a positive regulator of anthocyanin biosynthesis in strawberry [17]. MdbHLH3 bound to the promoters of MdDFR, MdUFGT, and MdMYB1 to activate their expression in apple [18]. Furthermore, MYBs often partner with bHLH to form the MBW (MYB–bHLH–WD40) complex and participate in anthocyanin production. In apple, MdMYB308L interacted with MdbHLH33 to enhance the binding to the MdDFR promoter [19]. The LcMYB1–LcbHLH complex regulated the expression of DFR and ANS during anthocyanin accumulation in litchi [20]. In kiwifruit, the combinatorial action of AcMYB123 and AcbHLH42 played an essential role in activating the AcANS and AcF3GT1 promoters [21]. In addition to the MYB, bHLH, and MBW complex, several other TFs have been reported to be involved in the synthesis of anthocyanin in fruit crops, such as DIV, GT2/5, and GTE7 in strawberry [22], PyWRKY26/PyWRKY31 in red-skinned pears [23], NAC in peach [24], MADS-box in bilberry fruits [25], and MdERF38 in apple [26].



Sweet cherry (Prunus avium L.) is an economically important horticultural crop, which is extensively distributed in temperate regions worldwide. Sweet cherry fruits are found in a range of hues, from green and yellow to initial red and dark red [27]. The red-colored flesh and skin of sweet cherry fruits are mostly attributed to anthocyanin accumulation [28]. In sweet cherry fruits, six biosynthetic anthocyanin genes (PacCHS, PacCHI, PacF3H, PacDFR, PacANS, and PacUFGT) were analyzed by real-time PCR, showing that they were significantly correlated with anthocyanin synthesis in ‘Hong Deng’ sweet cherry [28]. When compared to the bicolored cherry cultivar, the expression levels of ANS and CHS were much higher in the red cherry cultivar [28,29]. Regarding the transcriptional level, PacMYBA has been suggested to play an important role in anthocyanin biosynthesis in ‘Hong Deng’ sweet cherry, and PacMYBA can physically interact with bHLHs to activate the PacDFR, PacANS, and PacUFGT promoters [27]. Similarly, PabHLH3 was revealed to promote MYB-induced anthocyanin synthesis, while PabHLH33 had strong inhibitory properties [30]. Sooriyapathirana et al. [31] demonstrated that PavMYB10 may be a major determining factor for fruit coloration using quantitative trait locus (QTL) analysis. Jin et al. [16] further confirmed that PavMYB10.1, together with the PavbHLH and PavWD40 proteins, formed an MBW activation complex, activated PavANS and PavUFGT transcription, and controlled anthocyanin biosynthesis and fruit coloration in sweet cherry. PavMYB10.1 has been used as a reliable molecular DNA marker for selecting the skin color of sweet cherries [16].



The molecular mechanism of anthocyanin biosynthesis has been frequently and extensively studied in many fruits, including apple [12,13,19], grape [15], pear [11,23], and kiwifruit [21]. However, in sweet cherry, the molecular control of red coloration (anthocyanin) has rarely been investigated with regard to fruit skin and flesh color. With the exception of the MBW complex, few TFs have been involved in anthocyanin biosynthetic research, meaning that the biosynthetic and regulatory anthocyanin mechanisms that occur during the coloration of sweet cherry are still unclear. In this study, we determined the anthocyanin content in different tissues (peel and flesh) to analyze anthocyanin biosynthesis in the red-colored sweet cherry cultivar ‘Hong Deng’ during two ripening stages: initial red (IR, 33 days after full bloom, DAFB) and dark red (DR, 48 DAFB). Meanwhile, using RNA-seq (RNA sequencing) and WGCNA (Weighted Gene Co-Expression Network Analysis), we identified 13 differentially expressed genes (DEGs) that may be the key candidate genes that are involved in sweet cherry fruit coloration, including two anthocyanin synthesis genes (PacANS, Pac4CL2) and 11 TFs that belong to nine different families (bHLH, MYB, DIV, WRKY, ERF, GT, PosF, GTE, GATA). All of these DEGs were expressed significantly earlier and at higher concentrations in peel as compared with flesh, and they were positively and closely associated with anthocyanin accumulation during red color development in sweet cherry. Additionally, we found that PacbHLH13 and PacbHLH74 have both not been reported in sweet cherry, but that they can regulate the PacANS promoter. These results not only suggest that bHLHs are important regulators of anthocyanin biosynthesis in sweet cherry, but they also provide insights into the molecular mechanisms of anthocyanin biosynthesis.




2. Materials and Methods


2.1. Plant Material


The red-colored sweet cherry (Prunus avium L. cv. Hong Deng) used to study color traits in this work was collected in 2019. The cherries were cultivated under field conditions at Yantai Agricultural Science and Technology Institute, Shandong, China. Uniformly sized fruit samples without visible defects were harvested at different developmental stages (33 and 48 DAFB). The skin and flesh, as the samples, were separated in all of the experiments. The entire skin (approximately 1 mm) was peeled; meanwhile, the entirety of the flesh was cut and collected. Each sample point comprised 30 fruits in three replicates, while each replicate contained 10 fruits. Small pieces of flesh and skin were frozen in liquid nitrogen and then stored at −80 °C for further analysis.




2.2. Anthocyanin Determination


Total anthocyanins, which were calculated as cyanidin-3-galactoside, were measured using a differential pH method with two buffer systems, one with 0.4 M potassium chloride buffer (pH 1.0), and the other with 0.4 M dibasic sodium phosphate buffer (pH 4.5). The frozen samples were ground in liquid nitrogen and a total of 0.5 g was transferred to a 10 mL vial containing 2.5 mL 0.01% hydrochloric acid–methanol solution. After 24 h of extraction at 4 °C in the dark, the mixtures were centrifuged at 12000 rpm for 20 min. The absorbance of the solutions was measured with a UV-723N spectrophotometer (Youke, Shanghai, China) at 510 and 700 nm in buffers at pH 1.0 and 4.5. The total anthocyanin content was calculated using A = [(A510 − A700) pH 1.0 − (A5102013 − A700) pH 4.5] with a cyanidin-3-galactoside molar extinction coefficient of 30,200 (L/mol∙cm) and molecular weight of 445.2 (Da). The results are expressed as mg cyanidin-3-galactoside equivalents per 100 g fresh weight (FW). In total, three biological replicates from each of the stages and parts were analyzed.




2.3. RNA Extraction and RNA-Seq


The total RNA was extracted from various frozen samples according to the manufacturer’s instructions while using the RNAprep Pure Plant Plus Kit (TIANGEN, Beijing, China). Each reaction was performed in biological triplicate. RNA-seq and bioinformatics analyses were conducted by Personal Biotechnology Cp. Ltd. (Shanghai, China). The sequencing libraries were generated using the TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA), and the libraries were sequenced with the Illumina Hiseq X platform. The reference genome and gene annotation files were downloaded from a genome website (https://www.rosaceae.org/species/prunus_avium/genome_v1.0.a1, accessed date: 14 July 2017). The reference genome index was built using Bowtie2 (2.2.6) and the filtered reads were mapped to the reference genome using Tophat2 (2.0.14); the default mismatch was no more than 2. We used the HTSeq (0.9.1) statistics to compare the Read Count values of each gene as the original expression of the gene, and we then used FPKM (fragments per kilobase of exon model per million mapped reads) to standardize the expression. Subsequently, DESeq (1.30.0) was used to analyze the genes that displayed different transcription levels in screened conditions, as follows: the expression difference multiple |log2FoldChange| > 1, with a significant p-value < 0.05. At the same time, we used the R language Pheatmap (1.0.8) software package to perform a bi-directional clustering analysis of all the differentially expressed genes in the samples. We obtained a heatmap according to the transcription level of the same genes in different samples and the expression patterns of different genes in the same samples, using the Euclidean method to calculate the distance and Complete Linkage method of the cluster. RNA-seq was performed with three biological replicates. The raw data from RNA-seq were submitted to BioProject under the following ID number: PRJNA681747.




2.4. WGCNA Analysis


Co-expression networks were created using the WGCNA (v1.29) package in R [32]. The anthocyanin content in the cherry peel or flesh during two development stages and all RNA-seq genes, except genes that were not expressed (FPKM = 0), were used for WGCNA. In total, 16,674 genes were set as inputs for the signed WGCNA network construction. The automatic network construction function ‘blockwise’ was used to build the modules. In the standard WGCNA network, the soft power was set to 16, the minModuleSize was 30, and the mergeCutHeight value was 0.25. The initial clusters were merged with eigengenes. WGCNA is accomplished using soft thresholding to preserve the continuous nature of the data set and eliminate the need to set an arbitrary correlation score cutoff. Candidate hub genes in ‘’brown’’, “blue”, and “magenta” were picked by thresholding at a value of 0.85.




2.5. Gene Isolation, cDNA Synthesis, and Real-Time PCR


Based on the RNA-seq and WGCNA results, differentially expressed genes (DEGs), including two target genes and 11 TFs associated with anthocyanin biosynthesis, were identified, and their information is listed in Supplementary Table S1. The cDNAs were synthesized using the HiScript III-RT SuperMix for the qPCR kit (Vazyme, Nanjing, China), according to the manufacturer’s instructions. Real-time PCR analyses were carried out with a ChamQ Universal SYBR qPCR Master Mix kit (Vazyme, Nanjing, China) using a Bio-Rad CFX Connect Real-Time System to investigate the transcriptional patterns of various genes in the anthocyanin synthesis process at different fruit development stages and in different parts. The primers for TFs and structural genes were designed using primer3 (https://bioinfo.ut.ee/primer3-0.4.0/) and are shown in Supplementary Table S2. The specificity of various primers was double-checked by melting curve and PCR product resequencing. The sweet cherry actin gene (Genbank no. FJ560908) was used as the housekeeping gene. The reaction mixture had a total volume of 20 μL and it contained 10 μL SYBR Premix, 0.5 μL of forward primer (10 μM), 0.5 μL of reverse primer (10 μM), 1 μL of the cDNA template (20 ng), and 8.0 μL of ddH2O. The cycling conditions were, as follows: we initiated the PCR program with a preliminary step of 30 s at 95 °C, followed by 40 cycles at 95 °C for 10 s, and then 60 °C for 30 s. The data were analyzed with the 2−∆Ct method to calculate the genes’ relative transcription levels. Three biological replicates with three independent cDNA syntheses and real-time PCR were analyzed for each sampling point.




2.6. Promoter Cloning and Dual-Luciferase Assays


The dual-luciferase assays were performed in Nicotiana benthamiana to investigate the potential relationships between the transcription factors and PacANS promoter, according to Zhang et al. [33]. The promoter sequence of PacANS was amplified using the sweet cherry genome database (https://www.rosaceae.org/species/prunus_avium/genome_v1.0.a1, accessed date: 14 July 2017) for reference. Genomic DNA (gDNA) from ‘Hong Deng’ served as a template. Supplementary Table S3 lists the amplified promoter sequence. The full lengths of eleven transcription factors were integrated into the pGreen II 0029 62-SK vector (SK), while the promoter of PacANS was inserted into the pGreen II 0800-LUC vector (LUC). Information on the two vectors can be found in Hellens et al. [34]. Supplementary Table S4 lists the primers for the vector construction for the dual-luciferase assays. The empty SK vector was injected as the control. Three days after the infiltrations, the LUC and REN fluorescence intensities were analyzed with dual-luciferase assay reagents (Promega, Madison, WI, USA) and the GloMax96 luminometer (Promega, Madison, WI, USA), according to the manufacturer’s instructions. Four replicates were performed for each TF–promoter interaction.




2.7. Statistical Analysis


The statistical significance of two populations was calculated with Student’s t-test (* p < 0.05, ** p < 0.01, and *** p < 0.001). One-way ANOVA was carried out, which was followed by Tukey’s test, to compare the significance among four populations. The different letters above the error bars indicate the significance level. The heatmap was drawn with TBtools software. The figures were drawn using Origin 8.0 (Microcal Software Inc., Northampton, MA, USA).





3. Results


3.1. Anthocyanin Accumulation during Sweet Cherry Fruit Development Stages and in Different Parts


Based on the fruit skin color of ‘Hong Deng’, we defined two visual developmental stages: initial red (IR) and dark red (DR) at 33 and 48 DAFB, respectively. We observed that fruit in the two periods exhibited distinct physiological and morphological changes; meanwhile, the color of the fruit flesh was obviously lighter than the peel at both stages. The anthocyanin content was separately detected in the flesh and peel in both periods. It was 2.88 mg/100 g (FW) and 1.51 mg/100 g (FW) in the 33 DAFB peel and flesh, respectively, while the anthocyanin content was increased to 21.75 mg/100 g (FW) and 6.97 mg/100 g (FW) in the 48 DAFB peel and flesh. The anthocyanin content increased sharply as the skin color changed from 33 DAFB to 48 DAFB, and the anthocyanin content was higher in the peel than in the flesh at each stage (Figure 1).




3.2. RNA-Seq Data Revealed Differentially Expressed Genes (DEGss) and Analysis of Expression Trends


Principal component analysis (PCA) and Pearson’s correlation analysis showed that there were highly correlated transcriptome characteristics (r2 = 0.94−0.99) between three biological replicates at each stage and in each part (Figure 2A; Figure S1). PC1 contributed 73% and it was the dominant part. Two groups of flesh samples (FHD1/FHD2) were negatively correlated and their results deviated greatly from the two groups of peel samples (PHD1/PHD2) along the PC1 axis, as presented in Figure 2A. Furthermore, flesh and peel samples in stage 33 DAFB were separated from 48 DAFB along the PC2 axis.



The RNA-seq analysis of fruit peel and flesh samples in different development stages provided an overview of the differentially expressed genes. Among the different samples, there were 3370 DEGs in total between the flesh and peel in the 33 DAFB fruit, and 3357 DEGs in fruit at the 48 DAFB stage. Regarding DEGs in peels between 33 DAFB and 48 DAFB, there were 1248 up-regulated genes and 1673 down-regulated genes. Moreover, for the DEGs in flesh samples between the two stages, there were 874 up-regulated genes and 987 down-regulated genes (Figure 2B). All 6386 DEGs are shown in the heatmap depicted in Figure 2C. To investigate how the DEGs change at different development stages and in different parts of sweet cherry fruit, the 6386 DEGs were grouped into nine clusters based on their transcription levels (Figure 2D). The transcripts from Clusters 2 and 3 showed similar expression tendencies in different samples, which were generally consistent with the anthocyanin content. The transcription levels of DEGs from Cluster 1 were also higher in the peel than in flesh, while the transcription levels of DEGs were lower in both peel and flesh in 48 DAFB than in 33 DAFB fruit. On the contrary, the transcription levels of DEGs from Clusters 6 and 7 were lower in the peel than in flesh (Figure 2D).




3.3. WGCNA Network Analysis Revealed Anthocyanin-Related DEGs


To investigate the biosynthesis-related anthocyanin transcripts, we performed a WGCNA of all RNA-seq genes, except unexpressed genes, which showed high repeatability in each sample point (Figure 3A). The genes were comprised of 14 co-expression modules (Figure 3B,C), of which three (magenta, blue, and brown) showed a significant association with anthocyanin changes in different samples (Figure 3C). The anthocyanin content was highly positively correlated with gene expression in the ‘magenta’ module and negatively correlated with the ‘blue’ and ‘brown’ modules, with a coefficient of 0.88 (p = 2 × 10−4), −0.85 (p = 5 × 10−4), and −0.86 (p = 3 × 10−4), respectively. Based on the correlation (r > 0.85) between genes among the three modules and the anthocyanin content, we identified a total of 1021 genes (409 brown, 169 magenta, and 443 blue) that may be related to anthocyanin biosynthesis metabolism.




3.4. Identification and Expression of Anthocyanin Biosynthetic Genes and Tfs during Fruit Development Stages and in Different Parts


To characterize the structural genes and TFs that are associated with the formation of anthocyanin, 1021 genes were isolated based on WGCNA, which narrowed the scope of the DEGs, including two structural genes (Pac4CL2, PacANS) and 11 TFs (PacbHLH13/74, PacDIV, PacERF109/115, PacGATA8, PacGT2, PacGTE10, PacMYB308, PacPosF21, and PacWRKY7). A heatmap of these gene transcripts’ abundance was created using TBtools software, which exhibited a similarly expressed model and strongly corresponded with the color of the samples. In other words, these genes showed higher transcription levels in the 48 DAFB stage than in the 33 DAFB stage, as well as higher transcription levels in the peel than in flesh (Figure 4). With the exception of the Pac4CL2 gene (it was divided in Cluster 9), all of the other genes were involved in Cluster 2 and Cluster 3 according to Figure 2D. Among them, PacANS, PacbHLH13/74, PacERF109/115, PacGATA8, PacGT2, PacGTE10, PacPosF21, and PacWRKY7 were found in Cluster 2, while PacDIV, PacMYB308, and PacWRKY7 were found in Cluster 3. Therefore, the results were in agreement, which implied the reliability of the method used for selecting candidate DEGs.



Further experiments were performed to confirm the transcript abundance changes in these genes in sweet cherry fruit peel and flesh by real-time PCR. Primer verification confirmed all of the structural genes and TFs, and they were then analyzed using real-time PCR. Figure 5 shows the expression of two anthocyanin biosynthetic genes (Pac4CL2, PacANS) and of 11 TFs at each developmental stage and part. Among them, the transcription level of PacANS was the highest. In accordance with the pattern of anthocyanin accumulation, the transcription levels of these genes were significantly higher in peel than in flesh at each stage. In addition, the gene expression increased rapidly during the late developmental stage (48 DAFB, DR) as compared with the early stage (33 DAFB, IR) in both the peel and flesh, except for PacERF115, which only increased in peel. In general, the transcription levels of all these structural genes and regulatory genes are closely correlated with anthocyanin biosynthesis during fruit development, and they could be potential candidates involved in programming sweet cherry anthocyanin biosynthesis.




3.5. Regulation of bHLHs on PacANS


A dual-luciferase assay was performed with tobacco leaves to further analyze the correlation between the 11 transcription factors and the anthocyanin biosynthesis target gene PacANS. In the assay, we failed to observe the sequence of the promoter of Pac4CL2. An obvious induction was observed for the activation of the PacANS promoter by PacbHLH13 and PacbHLH74, with 1.97-fold and 2.61-fold inductions, respectively, as shown in Figure 6 (Figure 6). Furthermore, several bHLH core binding site G-boxes [C/G]ACGT[A/G] and/or E-boxes (CANNTG) were found based on our analysis of the cis-elements region in the PacANS promoter. These results demonstrated that PacbHLH13 and PacbHLH74 could be potential candidates for the regulation of the expression of PacANS in sweet cherry.





4. Discussion


An understanding of anthocyanin formation is critical for fruit quality and marketability, because fruit color preferences can directly inform consumers’ choices. Cherries contain bioactive anthocyanins that are reported to possess anticancer, antidiabetic, antioxidant, anti-inflammatory, and anti-obese properties [5,6,35]. A dynamic and close relation between anthocyanin content and fruit color variation has been found [2]. In sweet cherry, the anthocyanin content increases rapidly during fruit coloration. There are two periods of rapid development, with anthocyanin mainly accumulating after the yellow stage [27]. The anthocyanin pigmentation in dark red ‘Hong Deng’ cherries was slightly dependent on light, but closely related to the developmental stage [36]. Our study focused on the anthocyanin formation mechanism, so we began our study in the initial red (IR) stage of ‘Hong Deng’ sweet cherry, finding that the anthocyanin level significantly increased from 33 DAFB (IR) to 48 DAFB (DR) (Figure 1), which was consistent with the previous research results [27]. Furthermore, peel coloration occurred earlier, and it was darker than that of the flesh at both the 33 DAFB and 48 DAFB developmental stages, while the anthocyanin level was higher in the peel than in the flesh (Figure 1). A similar phenomenon has also been found in many fruit crops. In purple kiwifruit, the intense pigmentation on the skin and flesh depended on the accumulation of cyanidin-based and delphinidin-based anthocyanin [37]. In blueberry peel tissue, the anthocyanin content was found to be higher than in the flesh tissue [38]. Procyanidins are the main compounds in pear flesh and skins, and the polyphenol content in the skin is six times higher than that in the flesh [39]. In red-fleshed apple, the level of anthocyanin content in skin is generally higher than that in pulp [40]. Based on the present results, we also indicated that the discrepant pigmentation in the development stages and in both the peel and flesh of sweet cherry is due to the varying degrees of anthocyanin accumulation.



In sweet cherry, previous studies demonstrated that anthocyanin biosynthesis seems to be mostly regulated by the transcription levels, and PacCHS, PacUFGT, and PacANS were reported to be key candidates for anthocyanin biosynthesis [16,28]. In other species, a recent publication has shown that LDOX may have a critical role in anthocyanin biosynthesis in A. arguta [9]. Moreover, the overexpression of the StANS gene contributed to the accumulation of anthocyanin in potatoes [41], while ANS was required for anthocyanin formation in onions [42]. Equally, the expression of ANS increased the flavonoid accumulation, but decreased the content of anthocyanin in S. miltiorrhiza flowers [43]. Therefore, ANS, which is the main anthocyanin synthesis gene in the late biosynthesis pathway, is critical for plant anthocyanin biosynthesis. Previous studies confirmed that ANS can be regulated by many TFs, especially the MYB/bHLH/MBW complex (potato, [41]; sweet cherry, [27]; litchi, [20]; kiwifruit, [21]; and, apple, [13]). Additionally, the ANS gene can be positively regulated by WRKY-family transcription factors, such as PyWRKY26/PyWRKY31 in pears [23] and MdWRKY11 in apples [44]. The Arabidopsis transcription factor AtNAC032 has a negative effect on the transcriptional expression of ANS/LDOX and DFR [45]. In this study, we found an ANS and an 4CL gene, PacANS and Pac4CL2, which stood out in the RNA-seq and WGCNA (Figure 2 and Figure 3). Their transcription levels were strongly stimulated during fruit development, but they were expressed differently in the peel and flesh tissue (Figure 4 and Figure 5). Therefore, PacANS and Pac4CL2 might be the key candidate genes that are involved in the formation of anthocyanin in sweet cherry. Because WGCNA is based on correlations between quantitative variables, we should be aware of the limitations of it as a screening method and as a data exploratory technique [32]. In our RNA-seq results, many identified structural genes in sweet cherry, such as PacCHS (accession number, JF748833), PacCHI (JF740091), PacF3H (JF740092), PacDFR (JF740093), and PacUFGT (JF740090), as well as regulatory genes, for example, PavMYB10.1 (KP455680), were included in the list of DEGs, but not involved in our focus according to WGCNA and screening conditions. Therefore, many other genes may also participate in anthocyanin metabolism in sweet cherry besides all of the reported genes and these in our present results. In addition, 4CL is located in a key area upstream of the phenylalanine metabolism pathway, which may be involved in the synthesis and metabolism of other chemical substances, such as lignin, rutin, and proanthocyanins [46,47]. Thus, the highly correlated target genes and TFs may participate in the biosynthesis of other compounds.



In plants, bHLHs have been widely reported to be involved in many biological processes, such as lignin biosynthesis [48], organ development [49], and abiotic stress tolerance [50]. Among them, bHLHs are known to be one of the key transcription factors regulating anthocyanin biosynthesis [17,18]. In our study, we observed that the PacbHLH13 and PacbHLH74 transcription levels were up-regulated in the developmental stages and expressed more highly in peel than flesh (Figure 5). Further analyses proved that they could activate the PacANS promoter, which induces anthocyanin biosynthesis (Figure 6). However, phylogenetic tree analysis aligned the sequence of PacbHLH13 and PacbHLH74 with Arabidopsis thaliana bHLH sequences and reported anthocyanin synthesis-related bHLHs in other species, revealing that they are not in the same cluster, as the bHLHs participated in anthocyanin synthesis in other species (Figure S2). Of the two, PacbHLH13 was more closely located to the cluster. A recent publication in red pear has shown that PpbHLH64, from another subgroup, can also affect anthocyanin biosynthesis. PpbHLH64 can not only directly bind to the promoter of UFGT as a transcriptional activator, but it can also interact with PpMYB10 to form an MBW complex. [51]. Thus, the present results provided molecular evidence to demonstrate that PacbHLH13/PacbHLH74 are potentially positive regulators of anthocyanin biosynthesis in ‘Hong Deng’ sweet cherry.



Many other transcription factors have also been found and they act as key regulators of anthocyanin accumulation by regulating the structural genes or comprising the complicated regulatory network. An apple-based study revealed that MdERF38 may be a crucial factor influencing anthocyanin formation by regulating the expression of MdDFR and MdUF3GT [26]. In addition, MdHB1 can impact anthocyanin pigmentation by repressing the activation of MdDFR and MdUFGT [52], while MdNAC42 can interact with MdMYB10 to control the anthocyanin accumulation network in red-fleshed apples [53]. In red-skinned pears, PyWRKY26/PyWRKY31 can significantly enhance the transactivation activity of the PyDFR, PyANS, and PyUFGT promoters. Moreover, PyWRKY26 can activate the transcription of PyMYB114 directly or by interacting with PybHLH3 [23]. In this study, besides PacbHLH13/74, we also identified nine other TFs whose expression patterns were consistent with anthocyanin content in ‘Hong Deng’ (Figure 4), including one DIV, one GATA, one GT, one GTE, one PosF, one MYB, one WRKY, and two ERFs (Figure 4). Among them, the only one MYB, PacMYB308, is a typical R2R3-MYB. It is similar to previously known R2R3-MYBs that are involved in secondary metabolism regulation, including flavonoid biosynthesis [54]. All of these TFs have the possibility to participate in anthocyanin biosynthesis and metabolism by regulating other structural genes or forming a complex regulatory network, all of which contribute to improving the quality of the appearance of sweet cherry.




5. Conclusions


In summary, this work revealed that anthocyanin biosynthesis in sweet cherry seems to be mostly regulated by the transcription levels of synthetic anthocyanin genes and TFs. Our investigation, based on RNA-seq and WGCNA, unveiled two key structural genes (PacANS and Pac4CL2) and 11 TFs for anthocyanin synthesis. The expression of all these genes was verified by RT-qPCR. Furthermore, testing the role of TFs in transcriptional regulation characterized PacbHLH13/74 as transcriptional activators of the PacANS promoter. Overall, these findings provide novel insights into the accumulation of anthocyanin in sweet cherry fruit and the roles of specific structural genes and TFs in anthocyanin metabolism.
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Figure 1. Coloration and anthocyanin content during fruit development and in different parts of sweet cherry cultivar ‘Hong Deng’. Samples were analyzed at 33 days after full bloom (DAFB) and at 48 DAFB. PHD: peel of ‘Hong Deng’ sweet cherry, FHD: flesh of ‘Hong Deng’ sweet cherry. The error bars represent SEs from three replicates. The different letters above each column indicate significance at p < 0.05 according to Tukey’s test. 
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Figure 2. The RNA−seq expression profiles during ‘Hong Deng’ fruit development (33 DAFB and 44 DAFB) and in different parts (peel and flesh). (A) Principal component analysis of the RNA−seq data. (B) Numbers of differentially expressed genes (DEGs) in four groups. (C) Heatmap of transcriptome analysis of DEGs in ‘Hong Deng’. Red color indicates increased gene transcript levels; green color indicates decreased gene transcript levels. (D) Cluster trend analysis of significantly DEGs. 
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Figure 3. Co−expression network analysis of ‘Hong Deng’ transcriptomes with anthocyanin content. (A) Dendrogram plot of samples and heatmap with anthocyanin content. (B) Hierarchical cluster tree with color annotation showing 14 co−expression modules for co−expressed genes. (C) Module−color correlations and corresponding p-values. The left panel shows 14 modules, and the right color scale shows the modules’ correlations from −1 to 1. 
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Figure 4. Expression of structural genes and transcription factors (TFs) with putative functions in sweet cherry anthocyanin biosynthesis from RNA−seq. FPKM (fragments per kilobase of exon model per million mapped reads) values were used to draw the heatmap. Transcript abundance is indicated by color−the redder the square, the higher the expression. 
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Figure 5. Expression of putative anthocyanin biosynthetic genes during ‘Hong Deng’ development and in different parts, as evaluated by real-time PCR. (A) Gene expression of two structure genes. (B) Gene expression of 11 transcription factors. Error bars represent SEs from three replicates. The different letters above each column indicate significance at p < 0.05 according to Tukey’s test. 
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Figure 6. Regulatory effects of TFs on the PacANS promoter, as determined by dual-luciferase assay. The ratio of LUC/REN in the empty vector plus promoter was set as 1. SK refers to the empty pGreen II 0029 62-SK vector. Error bars represent SEs from three replicates. ‘***’ indicate significance levels at p < 0.001. 
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