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Abstract

:

Rhododendron pulchrum Sweet is a traditional ornamental plant cultivated in China and presents a great variation in petal coloration. However, few studies have been performed to reveal the genes involved and the regulatory mechanism of flower color formation in this plant. In this study, to explore the underlying genetic basis of flower color formation, transcriptome analysis was performed by high-throughput sequencing techniques on four petal samples of different colors: purple, pink, light pink, and white. Results show that a total of 35.55 to 40.56 million high-quality clean reads were obtained, of which 28.56 to 32.65 million reads were mapped to the reference genome. For their annotation, 28,273, 18,054, 24,301, 19,099, and 11,507 genes were allocated to Nr, Swiss-Prot, Pfam, GO, and KEGG databases, correspondingly. There were differentially expressed genes among the four different petal samples, including signal-transduction-related genes, anthocyanin biosynthesis genes, and transcription factors. We found that the higher expressed levels of genes associated with flavonol synthase (FLS) might be the key to white formation, and the formation of red color may be related to the higher expression of flavanone 4-reductase (DFR) families. Overall, our study provides some valuable information for exploring and understanding the flower color intensity variation in R. pulchrum.
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1. Introduction


Rhododendron is the largest genus belonging to the family Ericaceae, which is known for colorful flowers [1]. In recent years, varieties of Rhododendron have been grown as ornamental plants, making them become the most popular evergreen shrubs all over the world [2]. As one of the important characteristics of Rhododendron, color has long been a concern of breeders and consumers. The author (N.Z.) and her team found that there were a few white and pink flowers in the purple Rhododendron pulchrum Sweet community. Petals are an extremely essential part of numerous ornamental plants, and differences in petal color, tones, and intensity directly influence the ornamental value of a plant [3]. Previous studies have shown that flower color is attributed to specific pigments in petal cells, including flavonoids, carotenoids, and alkaloids [4,5]. In addition, flavonoids are major pigments in flowers that are responsible for the coloration of plant petals [6,7]. Flavonoids are naturally occurring polyphenols in plants. According to their structural characteristics, flavonoids are usually classified into anthocyanins and flavonoid alcohols [8,9]. Among them, anthocyanins are the main water-soluble pigments in flowers that constitute the color of plant petals. They are mainly accumulated in the vacuoles of petal epidermal cells and impart to the petals a colorful appearance from light pink to purple [10]. Color modification of flowers can be achieved by enhancing the accumulation of anthocyanins [11]. Flavonoids, on the other hand, have auxiliary effects on anthocyanins. The petals of plants with a higher concentration of flavonoids usually show bright colors [12]. In general, anthocyanins are synthesized through the secondary metabolic pathway, which occurs in a wide range of plants, such as Gerbera hybrida and Triticum aestivum [13,14]. However, the molecular mechanisms regulating anthocyanin synthesis have not been elucidated in R. pulchrum due to the structural diversity of anthocyanins among the different plant species [15].



Anthocyanins are derived from the branches of the flavonoid biosynthesis pathway, which also leads to the production of isoflavonoids and flavonols. The anthocyanin biosynthesis pathway has been extensively studied in a range of plant species and involves several enzymes encoded by different structural genes [16,17]. First, phenylalanine ammonia-Lyase (PAL) catalyzes the deamination of phenylalanine to cinnamic acid in the initial step of the flavonoid pathway [18], while chalcone synthase (CHS) catalyzes the synthesis of naringenin chalcone with 4-coumaroyl CoA and malonyl CoA as substrates in the first committed step of flavonoid biosynthesis [19]. Subsequently, chalcone isomerase (CHI) catalyzes the conversion of naringenin chalcone to naringenin [20,21]. The naringenin is then catalyzed to dihydrokaempferol (DHK) via flavanone-3-hydroxylase (F3H). Moreover, DHK can be further hydroxylated by flavonoid 3′-hydroxylase (F3′H) to produce dihydroquercetin (DHQ). In the third stage, all obtained DHQ are reduced to leucocyanidin by dihydroflavonol 4-reductase (DFR) and then are further converted into anthocyanidins by anthocyanidin synthase (ANS). Of the main key enzymes discovered, CHS catalyzes the first step of flavonoid biosynthesis, and DFR is the first committed enzyme of anthocyanin biosynthesis [22].



It is known that the MBW complexes (MYB-bHLH-WD40) consist of the MYB transcription factors (TFs), bHLH TFs, and one WD-40 repeat factor (WDR) [23], which play important roles in regulation of the expression of the genes involved in the anthocyanin biosynthetic pathway at the transcriptional level [24]. The MYB regulator is a large family of proteins with diverse functions, and most of the MYB genes in plants belong to R2R3-MYB TFs. Several studies have shown that R2R3-MYB TFs control the transcriptional regulation of anthocyanin structural genes [25]. Another crucial TF regulating anthocyanin biosynthesis is the bHLH protein, which is critical for the activity of R2R3-MYB. For example, the bHLH TF in Arabidopsis interacts with the R2R3-MYB protein to regulate DFR gene expression in anthocyanin biosynthesis [26]. It was considered that the WDR proteins could interact with different R2R3-MYB and bHLH to form transcription complexes, which play vital roles in anthocyanin accumulation in vegetative tissues [27].



Currently, to our best knowledge, research on flower coloration in R. pulchrum is very limited, and the molecular mechanism regulating the flower coloration remains unknown. It would help to clarify the mechanisms controlling anthocyanin accumulation through the analysis of the expression pattern of the key genes related to color formation in Rhododendron. In recent years, with the development of next-generation sequencing, transcriptome sequencing (RNA-seq) has been widely used to identify differentially expressed genes (DEGs) in many plants [28,29]. Therefore, transcriptome sequencing of R. pulchrum flowers will provide meaningful knowledge to unravel the molecular mechanism of color formation. In this current study, four varieties with different petal colors were used as the experimental materials to determine the genotypic difference at the transcriptional level using RNA-seq technology. Our findings will provide a useful resource for further analyzing the molecular mechanism of color formation and intensity of R. pulchrum.




2. Results


2.1. The Contents of Anthocyanins Components and Total Flavonoids


The petals of R. pulchrum have deep-color blotches in the center. The components and contents of anthocyanins both in petals and blotches were analyzed by HPLC and compared with the standard. The results show that the peak value of pigments appeared in samples A, B, and C around 7.32, 9.07, 10.55, 12.30, and 15.6 min, which is consistent with the detection time of five pigment standards (delphinidin, 6.95; cyanidin, 8.91; pelargonidin, 10.82; peonidin, 11.95; malvidin, 14.80 min) (Figure 1). In petal samples, peonidin was the main anthocyanin in sample A. The content of peonidin in B and C decreased significantly, and pelargonidin pigment became the main anthocyanin that determined the color of samples B and C (Table S1). The main anthocyanins in the deep-color blotches were peonidin. Anthocyanin components were not detected in the petals of D, and only a small amount of anthocyanins were detected in the blotches. The analysis of flavonoid content in sample petals significantly showed that the lighter the color of the petals, the higher the flavonoid content, and there was no significant difference in the flavonoid content in the dark spots of the petals (Table 1).




2.2. Overview of RNA-Seq Data and Sequence Assembly


To further research the molecular mechanism of R. pulchrum petal coloration, transcriptome analysis was performed via RNA-seq. Libraries were prepared from three biological replicates of each variety, and twelve libraries were established. The cDNA libraries were then submitted for transcriptome sequencing analysis on the Illumina HiSeq 2000 platform. A total of 38.67 to 43.72 million raw sequencing reads were generated for each variety (Table 2). After removing low-quality reads, 35.55 to 40.56 million high-quality clean reads were obtained, which accounted for over 90% of the raw reads. The percentage of bases with Q30 (high sequencing quality) was not less than 89.80%. The clean reads were then aligned to the corresponding reference genome using Hisat2 (version 2.1.0) software. The number of mapped reads ranged from 28.56 to 32.65 million, and the mapping ratio of each sample ranged between 79.32 and 80.66%. In addition, the percentage of reads that were only aligned to one position (uniquely mapped reads) was greater than 94.70% (Table 2).



The abundance of each gene was calculated based on the fragments per kb per million reads (FPKM) method. Moreover, Pearson’s correlation test was applied to calculate the relation of expression patterns among the different samples. The gene expression levels showed similar patterns within sample groups and differences between groups (Figure 2a), indicating that the analysis results are reliable. Principal component analysis (PCA) was used to further explore the differences and similarities, which showed a clear separation among the four varieties with different colors. Meanwhile, the biological replicates of each sample were clustered together, indicating a high degree of transcriptional similarity (Figure 2b). Collectively, these results show that the RNA sequencing quality was suitable for further analysis.




2.3. Annotation of R. pulchrum Transcriptome


Five public databases were used for annotation of the unigenes in R. pulchrum. The results show that a total of 32,999 unigenes were annotated according to the BLASTx results, of which 28,273, 18,054, 24,301, 19,099, and 11,507 genes could be annotated using the Nr database (85.68%), Swiss-Prot database (54.71%), Pfam database (73.64%), GO database (57.88%), and KEGG database (34.87%), respectively (Table 3).




2.4. Differentially Expressed Genes Analysis


In the current study, differentially expressed genes (DEGs) were selected using a cut-off value of |log2FoldChange| ≥ 1 and an adjusted p-value < 0.05. Thousands of DEGs were identified through pairwise comparisons (Figure 3a). Among them, the B vs. A group had the largest number of DEGs, followed by the D vs. A and C vs. A groups. It is worth noting that the number of up-regulated genes was significantly higher than that of down-regulated genes, with only one exception: the C vs. B comparison. Interestingly, the largest difference between the numbers of DEGs was observed in the D vs. A comparison, reaching a total of 1003 genes. Furthermore, the common DEGs among the D vs. A, C vs. A, and B vs. A groups were selected using the Venn Diagram Plotter tool (http://omics.pnl.gov/software/venn-diagram-plotter (accessed on 22 January 2022)). The results indicate that there were 1684 genes found to be differentially expressed in the three-way comparisons (Figure 3b), which suggests that these DEGs might have different functions, resulting in different petal color pattern forms.



To explore the differences in gene expression patterns, we performed a hierarchical clustering analysis in a heatmap. Overall, three main clusters of samples were identified (Figure 4). The first cluster mainly consisted of A samples, and cluster two mainly consisted of D samples, whereas cluster three comprised B and C samples. The smallest number of up- and down- regulated DEGs was identified in the C vs. B comparison (Figure 3a), which implied transcriptional similarity between B and C samples. However, the contents of anthocyanins between B and C were distinctly different (Table S1). Therefore, we may assume that the 167 unique up-regulated genes in B samples might be related to the anthocyanin biosynthetic pathway. Meanwhile, we found that the expression patterns of most DEGs were opposite between A and D samples.



To verify the reliability of the RNA-seq analysis, we randomly selected several genes for validation using quantitative RT-PCR (qRT-PCR). All the primers used in this study are provided in Table S2, and these genes are responsible for L-ascorbate oxidase, pectin esterase, and beta-glucuronosyltransferase. The results show that the coefficient of determination (R2) between the qRT-PCR data and RNA-seq data was 0.82 (Figure 5), which indicates the high reliability of the RNA-seq results in our study.




2.5. Classification of GO and KEGG Terms


With gene ontology (GO) annotation, DEGs were classified into three major functional categories: biological process (BP), cellular component (CC), and molecular function (MF). The three types of comparisons presented similar distribution patterns, while the numbers and types of enriched pathways were different (Figures S1 and S2). For the category of BP, the pathway “localization” (GO: 0051179)–“oligosaccharide transport” (GO: 0015772)–“sucrose transport” (GO: 0015770) had a higher number of genes than others (Figure S2a–c). Among the CC functions, the pathway “cell periphery” (GO: 0071944)–“plasma membrane” (GO: 0005886)–“obsolete intrinsic component of plasma membrane” (GO: 0031226) presents the higher number of DEGs (Figure S2d–f). In the MF category, most of the DEGs were mapped to “nutrient reservoir activity” (GO: 0045735) and “catalytic activity” (GO: 003824) (Figure S2g–i).



GO terms with a corrected p-value < 0.05 were considered to be significantly enriched. For simplicity, only the top twenty most significant GO terms were selectively presented in each pairwise comparison. GO analysis revealed that most enriched GO terms were assigned to molecular function, followed by biological process (Figure S3 and Table S3). In the D vs. A comparison, these DEGs were associated with six BP terms, five CC terms, and nine MF terms. Comparison of the C sample with the A sample revealed that there were six, five, and nine functional terms assigned to the main categories of three ontologies. Among the 20 GO terms, 2, 3 and 15 GO terms belonged to these 3 functional terms in the B vs. A comparison. Notably, we found that most of the significantly enriched GO MF terms contain genes involved in “sucrose transmembrane transporter activity” (GO: 008515) and “disaccharide transmembrane transporter activity” (GO: 0015154).



The KEGG enrichment analysis was performed to further explore the various metabolic and biosynthesis pathways of the DEGs obtained in different comparisons. The top 20 most significantly enriched pathways that were associated with the DEGs are listed in Figure 6. For example, “Plant hormone signal transduction”, “Phenylpropanoid biosynthesis”, and “Anthocyanin biosynthesis” were significantly enriched in the D vs. A comparison. “Biosynthesis of secondary metabolites” and “Anthocyanin biosynthesis” were most highly enriched in the C vs. A comparison. “Glutathione metabolism”, “Anthocyanin biosynthesis”, and “Phenylpropanoid biosynthesis” were detected in the B vs. A comparison. In particular, pathways related to “phenylpropanoid biosynthesis” (ko00940), and “Anthocyanin biosynthesis” (ko00942) were all significantly enriched in the three pairwise comparisons.




2.6. The Key DEGs Involved in Anthocyanin Biosynthesis Pathway


Since the contents of anthocyanin components in four peals were correlated with color intensity (Table S1), to investigate the differences in anthocyanin biosynthesis in the petals of the four varieties, DEGs in the anthocyanin biosynthesis pathway were detected, including the phenylpropanoid biosynthesis, flavonoid biosynthesis, and anthocyanin biosynthesis pathways (Table 4). Phenylalanine is the major amino acid precursor for phenylpropanoids. In our study, the gene (Rhsim04G0145800) encoding phenylalanine ammonia-Lyase (PAL) was down-regulated in the A sample relative to the B and D samples. Similarly, one gene (Rhsim01G0211600) linked to 4-coumarateCoA ligase (4CL) in converting 4-coumaric acid to 4-coumaroyl-CoA was down-regulated in the A sample, as compared to the C and D samples. Additionally, several enzymes were identified, such as flavonoid 3′,5′-hydroxylase (F3′5′H), flavonol synthase (FLS), flavanone 4-reductase (DFR), and anthocyanidin synthase (ANS), which were associated with two, six, three, and one DEGs, respectively. It has been noticed that six genes (RhsimUnG0095500, RhsimUnG0143300, RhsimUnG0134400, Rhsim04G0219900, RhsimUnG0007900, RhsimUnG0105700) encoding FLS were highly expressed in the B, C, and D samples, especially in the D sample. These results suggest that the genes encoding FLS might be the key to absence of pigments in white petals, leading to more dihydroflavonol entering the flavonols branch. In contrast, three genes in the A sample associated with DFR (Rhsim06G0030600, Rhsim06G0030500, and Rhsim06G0030400) were more highly expressed than in the B, C, or D samples (Table 4). These results indicate that the genes encoding DFR might be critical for color formation, due to causing more dihydroflavonols to enter into the anthocyanin pathway. Interestingly, DFR in the B sample compared to the A sample showed a greater degree of up-regulation than in the C sample, and the high expression of ANS (Rhsim07G0096600) in the B sample may explain the similarity of anthocyanins content between A and B samples.



As we know, anthocyanins and flavonoids are mainly pigments in flowers. In this current study, DEGs involved in the anthocyanin biosynthesis pathway were detected according to KEGG pathway analysis. In total, 17 genes were detected in the D vs. A comparison. Compared with the D sample, 12 genes were up-regulated and 5 genes were down-regulated in the A sample. Correspondingly, 19 DEGs were detected between C and A samples, including 14 up-regulated genes and 5 down-regulated genes in the A sample. Additionally, 22 genes were identified in the B vs. A comparison, of which 15 genes were up-regulated and 7 genes down-regulated in the A sample (Table S4). The overlaps among the three pairwise comparisons were calculated, and 11 DEGs were found in the overlapping regions. In addition, eight genes were up-regulated in the A sample relative to the B, C, and D samples, including one, two, and five DEGs encoding UGAT, 5AT, and UGT75C1, respectively (Table S4).




2.7. Identification of Transcription Factors Regulating Petal Color Formation


Transcription factors (TFs) are important regulators that play key roles in regulating the expression of the genes during anthocyanin biosynthesis in flowering plants [30]. According to the annotation in Plant TF Database v4.0, a total of 302 TFs from 36 families were identified in the R. pulchrum, of which 162, 139, and 179 TFs were found in the comparisons of D vs. A, C vs. A, and B vs. A (Figure 7a and Table S5). Most of the genes encoding TFs were down-regulated in the A sample relative to the B, C, and D samples. In the D vs. A comparison, 101 TFs were up-regulated and 61TFs were down-regulated. In the C vs. A comparison, 95 TFs were up-regulated and 44 TFs were down-regulated. In the B vs. A comparison, 96 TFs were up-regulated and 83 TFs were down-regulated. Moreover, 11 TF families containing more than 10 DEGs were identified: ERF (42), MYB (29), bHLH (24), WRKY (20), MYB related (16), FAR1 (15), NAC (14), LBD (12), C2H2 (12), bZIP (12), and TCP (11) (Figure 7b). Notably, the ERF, MYB, bHLH, and WRKY families were relatively large TF families in the three pairwise groups (Table S5).



Furthermore, we investigated ERF, MYB, and bHLH TFs to enhance our understanding of their involvement in regulating color formation in R. pulchrum. The overlaps among the three pairwise comparisons were calculated, and 56 TFs were found in the overlapping regions (Table S5). In our present study, five DEGs (Rhsim02G0040100, Rhsim03G0176600, Rhsim07G0072500, Rhsim08G0214100, Rhsim12G0192100) encoding ERF and three DEGs (Rhsim03G0180500, Rhsim06G0163100, Rhsim09G0042000) encoding MYB were up-regulated in the D vs. A, C vs. A, and B vs. A comparisons. Moreover, the expression level of one gene (Rhsim08G0230000) linked to bHLH was up-regulated in the A sample, as compared to the B, C, and D samples (Table S5).




2.8. DEGs Related to Hormone Signaling


Plant hormones (IAA, abscisic acid, ethylene, brassinosteroids, etc.) play a direct role in the biosynthesis of anthocyanins [31,32]. KEGG analysis showed that there were differences in phytohormone signaling transduction in the three pairwise comparisons. To thoroughly analyze the molecular mechanism of anthocyanin transformation, we investigated the gene expression differences in hormone signaling in the three pairwise groups. The results show that most of the genes involved in phytohormone metabolic pathways were down-regulated in the A sample relative to the B, C, and D samples. In the D vs. A comparison, 42 hormone-signaling-related DEGs were up-regulated and 17 DEGs were down-regulated. Meanwhile, 38 DEGs were screened in the C vs. A comparison, with 22 up-regulated and 16 down-regulated. For the comparison of B vs. A, 52 DEGs revealed differences, including 30 up-regulated and 22 down-regulated genes. (Table S6).



The overlapping DEGs among the three pairwise comparisons were screened using a Venn diagram (Figure S4). The results indicate that 21 genes were differentially expressed, and we found that the genes involved in auxin (IAA) or brassinosteroid (BR) signaling were the most enriched (Table S6). Three DEGs (RhsimUnG0255100, Rhsim06G0190800, Rhsim13G0033000) involved in IAA signaling were identified, and the abundance of these transcripts was significantly decreased in the A sample relative to the B, C, and D samples (Table S6). Moreover, one (Rhsim07G022810) and eight DEGs (Rhsim09G0181000, Rhsim07G0028200, RhsimUnG0200100, etc.) involved in ABA and BR signaling, respectively, were found in the three comparison groups. Interestingly, these genes were more lowly expressed in the A sample relative to the B, C, and D samples.





3. Discussion


Anthocyanins and flavonoids are the key pigments that determine flower colors. In general, cyanidin, pelargonidin, and paeoniflorin are beneficial to the formation of red color; delphinium and malvidin are conducive to the formation of blue color [9,33]. The combined effect of these pigments makes the flowers of Rhododendron present white, pink, red, purple, and other colorful colors. The results of HPLC show that the main anthocyanins in different samples were the same, but the content of each pigment was significantly different. It is inferred that the color depth of R. pulchrum is related to the content of main anthocyanins in the petals. The high content of peonidin in sample A may be an important factor in the formation of deep color. Peng et al. also put forward a similar conclusion that the anthocyanin biosynthesis pathway is the main metabolic pathway of flower color formation in their study on Hydrangea macrophylla cv. ‘Forever Summer’ [34]. The biosynthesis and floral color regulation mechanism of flavonoids in R. pulchrum was elaborated in Xia et al.’s research [12]. In the four samples of this experiment, flavonoid content was negatively correlated with colors. This shows that the color depth of R. pulchrum is produced by the combined action of anthocyanins and flavonoids, which is consistent with the research results of Liu et al. [35].



The intensity of petal color change was correlated with the concentration of anthocyanin in plants [36]. Xue [37] reported that the anthocyanin content increased as the flower color deepened, and the expression of key structural genes was significantly increased in red-flowered strawberry in comparison with white-flowered strawberry. Previous results suggested that the competition expression of FLS and DFR genes led to the redirection of flavonol and anthocyanin accumulation [38,39]. In this study, the difference in gene expression was consistent with the accumulation of anthocyanins in different samples. This discovery is like that of blueberry fruit development, in which a partial correlation between anthocyanin-related gene expression and anthocyanin concentration was found [40]. Meanwhile, transcriptome analysis revealed that the FLS and DFR genes were differentially expressed in the flower color of the four different varieties. Six genes encoding FLS were highly expressed, especially in the D sample, and three genes in the A sample associated with DFR were more highly expressed than in the B, C, or D samples. These results indicate that the expression levels of genes encoding DFR were higher in deeper color flowers, which significantly promoted the conversion of dihydroflavonols to anthocyanins. On the contrary, the increased expression of FLS in the white flowers promoted the conversion of dihydroflavonols into flavonols (Table 4). There may be substrate competition between FLS and DFR, controlling the metabolic flux via the branching of the flavonoid biosynthetic pathway, resulting in changes in flower color intensity in R. pulchrum.



Transcription factors perform important roles in all plants. In the current study, most of the TFs were enriched in ERF, MYB, bHLH, WRKY, MYB related, FAR1, and NAC families during anthocyanin transformation (Figure 7b). ERF plays a particularly important role in the color expression of light petals, especially pink petals, by affecting the upstream pathway of anthocyanin biosynthesis [41]. The class of TFs was previously involved in the regulation of petal color formation [42]. The bHLH proteins, forming one of the largest TF families, play vital roles in various metabolic, physiological, and developmental processes in plants [43]. In our study, one gene (Rhsim08G0230000) encoding bHLH was more highly expressed in the A sample, indicating that this bHLH was a positive regulator of anthocyanins biosynthesis in R. pulchrum. It has been reported that MYB is closely related to flavonoid metabolic pathways [44]. However, some studies showed that there were also inhibitory factors in the MYB family that inhibit anthocyanin biosynthesis [45]. In our study, one gene (Rhsim09G0042000) encoding the MYB family members was significantly down-regulated in the D vs. A, C vs. A, and B vs. A comparisons (Table S5), which suggested it inhibited the anthocyanin accumulation.



Phytohormones are also critical internal factors affecting anthocyanin biosynthesis in many plant species. Wang et al. [46] reported that auxin inhibits anthocyanin accumulation and reduces the expression of genes linked to anthocyanin biosynthesis in apples. Based on our transcriptome data (Table S6), six genes associated with auxin-mediated signaling pathways were detected in the three groups, four of which were down-regulated in the A sample. In addition, the transcript level of two genes (Rhsim09G0181000 and Rhsim07G0028200) encoding brassinosteroid was increased in the A sample. Similarly, Peng et al. [47] found that BR affects anthocyanin accumulation by regulating the anthocyanin biosynthesis genes in Arabidopsis seedlings. In addition, the response proteins in signal transduction of IAA and ABA were prominently regulated during anthocyanin transformation, and the functions of these hormone-responsive proteins deserve further investigation.



The results for anthocyanin composition in petals and deep-color blotches obtained by HPLC show that the accumulation of delphinidin and peonidin may be the pigment basis for the formation of deep-color blotches (Table S1). In the four samples, the down-regulation of DFR genes related to anthocyanin synthesis (Table 4) was inconsistent with the decreasing trend in anthocyanin contents. This is possibly due to the defect that petals and deep-color blotches were not sequenced separately for RNA-seq. The presence of deep-color blotches resulted in high expression of DFR genes in B and C samples. Studies of tree peony (Paeonia suffruticosa) have already shown that petal coloration and spot coloration are differentially regulated by MYB transcription factor [25,48]. Separating petals and deep-color blotches for independent analysis, revealing the transcriptional and metabolic regulatory mechanisms of petal and deep-color blotches formation, will be the focus of our subsequent research.




4. Materials and Methods


4.1. Plant Materials


Rhododendron pulchrum Sweet used in this study was cultivated at Yangzhou University (32°23′ N, 119°25′ E), which located in Jiangsu Province, China. The purple (purple petals, purple blotches) flower variety of R. pulchrum is “Zihe”, the pink (pink petals, purple blotches) and light pink (light pink petals, purple blotches) flower varieties are “Fenhe”, and the white (white petals, no or very few blotches) flower variety is “Baihe”. To explore the petal color regulation mechanism of R. pulchrum, we selected well-grown plants that had been planted for more than three years and collected full-bloom flowers having four different petal colors. The samples of purple, pink, light pink and white petals are labeled as A, B, C, and D, respectively (Figure 8). Fresh petals were collected on 24 April 2021, and flowers of the same color gradient from three individual plants were pooled as one sample. They were then frozen and ground in liquid nitrogen and subsequently stored in ultralow-temperature freezer under −80 °C for subsequent analysis.




4.2. Determination of Contents of Anthocyanins Components and Total Flavonoids


The frozen petal tissue (0.5 g) was added to 1.5 mL of 2 M HCl in methanol solution for grinding and homogenization, and low-temperature ultrasound for 15 min was followed by centrifugation [49]. The supernatant was used for anthocyanin extract. The contents and components of anthocyanins in the four samples were determined by high-performance liquid chromatography (HPLC), and chromatograms were mapped by chromatographic workstation software (LC-WS100) [50]. The total flavonoid content in each sample was measured by UV spectrophotometry [51]. The results are expressed as mg quercetin equivalent per g of dry weight (QE mg/g DW).




4.3. RNA Extraction and Transcriptome Sequencing


For the RNA-seq study, the petals of each variety were completely cut and mixed (including the deep-color blotches in the centers of the petals), and three biological replicates were conducted. Total RNA extraction was completed using the RNA simple Total RNA Kit (Tiangen, Shanghai, China) from petals following the manufacturer’s instructions. Extracted RNA purity was determined in a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA, USA), and RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA-seq libraries were generated using the TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA). After preparation, twelve libraries were sequenced on the Illumina HiSeq platform [52]. The RNA-seq analysis was performed by Panomix Biomedical Tech Co., Ltd. (Suzhou, China).




4.4. RNA-Seq Data Analysis


After removing adapter sequences, ploy-N-containing reads, and low-quality sequences from the raw data, the remaining clean reads were mapped to the reference genome via Hisat2 (version 2.1.0) software [53]. The expression levels of each gene were calculated and normalized as fragments per kilobase million (FPKM) measurements. Functional annotations of the identified transcripts were then aligned against various databases, including NR [54], Swiss-Prot [55], protein family (Pfam) [56], Gene Ontology (GO) [57], and Kyoto Encyclopedia of Genes and Genomes (KEGG) [58]. Differential gene expression analysis across varieties was performed using the DESeq2 package (version 1.16.1) [59], and genes with an adjusted p-value < 0.05 and absolute log2 fold changes (FC)  ≥  1 were set as the screening criteria for significantly differential expression. Based on the identified DEGs, three types of GO categories were obtained, including biological processes (BP), cellular components (CC), and molecular function (MF). Additionally, the functional enrichment analysis of GO and KEGG was implemented to identify which genes were significantly enriched. GO terms and KEGG pathway with a threshold of false discovery rate (FDR) < 0.05 were considered as the significance level.




4.5. Verification of RNA-Seq by qRT-PCR


To confirm the reliability of RNA-seq data, we randomly selected several genes and tested their expression profiles using qRT-PCR. Total RNA was isolated from petals as already described above. The first strand of complementary DNA (cDNA) was synthesized from total RNA using the cDNA synthesis kit (Vazyme Biotech, Nanjing, China). Finally, qRT-PCR was performed on the CFX96 real-time PCR system (Bio-Rad, Hercules, CA, USA) using the ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China) according to the manufacture recommended protocol. The amplification reaction volume was 20 µL, containing 10 µL of 2 × SYBR qPCR Master Mix and 10 µM of forward and reverse primers. All reactions were run in triplicate assays using the following cycling conditions: initial denaturation at 95 °C for 30 s followed by 40 cycles of PCR consisting of denaturation at 95 °C for 10 s and annealing at 60 °C for 30 s. All gene-specific primers for qRT-PCR were designed using the online primer design software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/ (accessed on 22 January 2022)), and all the primers used in this study are presented in Table S2. The relative gene expression levels were calculated using the 2−∆∆CT method [60].




4.6. Statistical Analyses and Bioinformatics


Data on the contents of anthocyanins and flavonoids were subjected to analysis of variance (one-way ANOVA) using SPSS 20.0 software (IBM Corp, Armonk, NY, USA), while graphs were produced using Microsoft Excel (v2013, Microsoft Corp., USA) and Origin 8.0 (Origin Lab Corporation, Northampton, MA, USA) [61]. Treatment means were presented as the mean ± standard deviations of the mean using the three replicates [62]. Bioinformatics data were analyzed using R statistical software package in R Studio version 0.99.446 (RStudio, Inc. 2015) [63].





5. Conclusions


In summary, we used transcriptome approaches to study the molecular mechanism of petal coloration of four varieties of R. pulchrum. Our results show that variation in the flower color was related to the expression level of anthocyanin biosynthesis genes. The higher expression levels of genes associated with FLS might be the key to white formation, leading to more dihydroflavonol entering the flavonols branch. The formation of red color may be related to the higher expression of DFR genes, which promoted the accumulation of anthocyanin. The structural genes and their regulators (TFs) in this research provided valuable molecular information on the flower color intensity variation in R. pulchrum.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/plants12142656/s1. Figure S1: The distribution and number of DEGs in three main categories in the three pairwise comparisons; Figure S2: Enrichment of top 10 GO pathways; Figure S3: GO enrichment analysis of DEGs in the three pairwise comparison groups; Figure S4: Distribution of the genes involved in phytohormone metabolic pathways in the three pairwise comparisons. Table S1: The contents of anthocyanin components; Table S2: Primer sequences of genes used in qRT-PCR validation; Table S3: Significantly enriched GO terms in the three pairwise comparison groups; Table S4: Genes involved in the anthocyanin biosynthesis pathway showing genotypic difference expression; Table S5: List of differentially expressed TFs identified in the three pairwise comparisons; Table S6: List of phytohormone signal-transduction- and biosynthesis-related DEGs.





Author Contributions


Conceptualization, N.Z. and C.Z.; methodology, C.Z.; software, N.Z.; validation, C.Z.; formal analysis, N.Z.; writing—original draft preparation, N.Z.; writing—review and editing, C.Z.; project administration, C.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Jiangsu Modern agricultural industrial technology system construction project, grant number JATS [2022] 489.




Data Availability Statement


The data is contained within the article and Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chang, Y.H.; Yao, G.; Neilsen, J.; Liu, D.T.; Zhang, L.; Ma, Y.P. Rhododendron kuomeianum (Ericaceae), a new species from northeastern Yunnan (China), based on morphological and genomic data. Plant Divers. 2021, 43, 292–298. [Google Scholar] [CrossRef] [PubMed]

	



Shuzhen, W.; Zhiliang, L.; Weibin, J.; Yuanping, F.; Qiaofeng, Y.; Jun, X. Transcriptome analysis and identification of genes associated with flower development in Rhododendron pulchrum Sweet (Ericaceae). Gene 2018, 679, 108–118. [Google Scholar]

	



Alappat, B.; Alappat, J. Anthocyanin Pigments: Beyond Aesthetics. Molecules 2020, 25, 5500. [Google Scholar] [CrossRef] [PubMed]

	



Grotewold, E. The genetics and biochemistry of floral pigments. Annu. Rev. Plant Biol. 2006, 57, 761. [Google Scholar] [CrossRef]

	



Noman, A.; Aqeel, M.; Deng, J.; Khalid, N.; Sanaullah, T.; Shuilin, H. Biotechnological advancements for improving floral attributes in ornamental plants. Front. Plant Sci. 2017, 8, 530. [Google Scholar] [CrossRef]

	



Yang, F.-S.; Nie, S.; Liu, H.; Shi, T.-L.; Tian, X.-C.; Zhou, S.-S.; Bao, Y.-T.; Jia, K.-H.; Guo, J.-F.; Zhao, W.; et al. Chromosome-level genome assembly of a parent species of widely cultivated azaleas. Nat. Commun. 2020, 11, 5269. [Google Scholar] [CrossRef]

	



Dong, X.M.; Zhang, W.; Zhang, S.B. Selection and validation of reference genes for quantitative real-time PCR analysis of development and tissue-dependent flower color formation in Cymbidium lowianum. Int. J. Mol. Sci. 2022, 23, 738. [Google Scholar] [CrossRef]

	



Liu, Q.; Liaquat, F.; He, Y.; Munis, M.F.H.; Zhang, C. Functional annotation of a full-length transcriptome and identification of genes associated with flower development in Rhododendron simsii (Ericaceae). Plants 2021, 10, 649. [Google Scholar] [CrossRef]

	



Du, H.; Lai, L.; Wang, F.; Sun, W.; Zhang, L.; Li, X.; Wang, L.; Jiang, L.; Zheng, Y. Characterisation of flower colouration in 30 Rhododendron species via anthocyanin and flavonol identification and quantitative traits. Plant Biol. 2018, 20, 121–129. [Google Scholar] [CrossRef]

	



Fleschhut, J.; Kratzer, F.; Rechkemmer, G.; Kulling, S.E. Stability and biotransformation of various dietary anthocyanins in vitro. Eur. J. Nutr. 2006, 45, 7–18. [Google Scholar] [CrossRef]

	



Naing, A.H.; Kang, H.H.; Jeong, H.Y.; Soe, M.T.; Kim, C.K. Overexpression of the Raphanus sativus RsMYB1 using the flower-specific promoter (InMYB1) enhances anthocyanin accumulation in flowers of transgenic Petunia and their hybrids. Mol. Breed. 2020, 40, 97. [Google Scholar] [CrossRef]

	



Xia, X.; Gong, R.; Zhang, C.Y. Integrative analysis of transcriptome and metabolome reveals flavonoid biosynthesis regulation in Rhododendron pulchrum petals. BMC Plant Biol. 2022, 22, 401. [Google Scholar] [CrossRef]

	



Deng, X.; Bashandy, H.; Ainasoja, M.; Kontturi, J.; Pietiäinen, M.; Laitinen, R.A.E.; Albert, V.A.; Valkonen, J.P.T.; Elomaa, P.; Teeri, T.H. Functional diversification of duplicated chalcone synthase genes in anthocyanin biosynthesis of Gerbera hybrida. New Phytol. 2014, 201, 1469–1483. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, W.; Liu, T.; Nan, W.; Jeewani, D.C.; Niu, Y.; Li, C.; Wang, Y.; Shi, X.; Wang, C.; Wang, J.; et al. Two transcription factors TaPpm1 and TaPpb1 co-regulate anthocyanin biosynthesis in purple pericarps of wheat. J. Exp. Bot. 2018, 69, 2555–2567. [Google Scholar] [CrossRef]

	



Fujino, N.; Tenma, N.; Waki, T.; Ito, K.; Komatsuzaki, Y.; Sugiyama, K.; Yamazaki, T.; Yoshida, S.; Hatayama, M.; Yamashita, S.; et al. Physical interactions among flavonoid enzymes in snapdragon and torenia reveal the diversity in the flavonoid metabolon organization of different plant species. Plant J. 2018, 94, 372–392. [Google Scholar] [CrossRef] [PubMed]

	



Springob, K.; Nakajima, J.; Yamazaki, M.; Saito, K. Recent advances in the biosynthesis and accumulation of anthocyanins. Nat. Prod. Rep. 2003, 20, 288–303. [Google Scholar] [CrossRef]

	



Cazzonelli, C.; Pogson, B.J. Source to sink: Regulation of carotenoid biosynthesis in plants. Trends Plant Sci. 2010, 15, 266. [Google Scholar] [CrossRef] [PubMed]

	



Vogt, T. Phenylpropanoid biosynthesis. Mol. Plant 2010, 3, 2–20. [Google Scholar] [CrossRef]

	



Dao, T.T.; Linthorst, H.J.; Verpoorte, R. Chalcone synthase and its functions in plant resistance. Phytochem. Rev. 2011, 10, 397–412. [Google Scholar] [CrossRef]

	



Jaakola, L. New insights into the regulation of anthocyanin biosynthesis in fruits. Trends Plant Sci. 2013, 18, 477–483. [Google Scholar] [CrossRef]

	



Sun, Y.; Zhang, D.; Zheng, H.; Wu, Y.; Mei, J.; Ke, L.; Yu, D.; Sun, Y. Biochemical and expression analyses revealed the involvement of proanthocyanidins and/or their derivatives in fiber pigmentation of Gossypium stocksii. Int. J. Mol. Sci. 2022, 23, 1008. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, Y.; Sasaki, N.; Ohmiya, A. Biosynthesis of plant pigments: Anthocyanins, betalains and carotenoids. Plant J. 2008, 54, 733–749. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.; Dubos, C.; Lepiniec, L. Transcriptional control of flavonoid biosynthesis by MYB-bHLH-WDR complexes. Trends Plant Sci. 2015, 20, 176–185. [Google Scholar] [CrossRef] [PubMed]

	



Lloyd, A.; Brockman, A.; Aguirre, L.; Campbell, A.; Bean, A.; Cantero, A.; Gonzalez, A. Advances in the MYB-bHLH-WD repeat (MBW) pigment regulatory model: Addition of a WRKY factor and co-option of an anthocyanin MYB for betalain regulation. Plant Cell Physiol. 2017, 58, 1431–1441. [Google Scholar] [CrossRef]

	



Yuting, L.; Yuhan, T.; Xin, W.; Cong, X.; Jun, T.; Daqiu, Z. Tree peony R2R3-MYB transcription factor PsMYB30 promotes petal blotch formation by activating the transcription of the anthocyanin synthase gene. Plant Cell Physiol. 2022, 63, 1101–1116. [Google Scholar]

	



Zimmermann, I.M.; Heim, M.A.; Weisshaar, B.; Uhrig, J.F. Comprehensive identification of Arabidopsis thaliana MYB transcription factors interacting with R/B-like BHLH proteins. Plant J. 2004, 40, 22–34. [Google Scholar] [CrossRef]

	



Koes, R.; Verweij, W.; Quattrocchio, F. Flavonoids: A colorful model for the regulation and evolution of biochemical pathways. Trends Plant Sci. 2005, 10, 236–242. [Google Scholar] [CrossRef]

	



He, C.; Liu, X.; Da Silva, J.A.T.; Liu, N.; Zhang, M.; Duan, J. Transcriptome sequencing and metabolite profiling analyses provide comprehensive insight into molecular mechanisms of flower development in Dendrobium officinale (Orchidaceae). Plant Mol. Biol. 2020, 104, 529–548. [Google Scholar] [CrossRef]

	



Mei, J.; Wu, Y.; Niu, Q.; Miao, M.; Zhang, D.; Zhao, Y.; Cai, F.; Yu, D.; Ke, L.; Feng, H.; et al. Integrative analysis of expression profiles of mRNA and microRNA provides insights of cotton response to Verticillium dahliae. Int. J. Mol. Sci. 2022, 23, 4702. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C (T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Hichri, I.; Barrieu, F.; Bogs, J.; Kappel, C.; Delrot, S.; Lauvergeat, V. Recent advances in the transcriptional regulation of the flavonoid biosynthetic pathway. J. Exp. Bot. 2011, 62, 2465–2483. [Google Scholar] [CrossRef] [PubMed]

	



Holton, T.A.; Cornish, E.C. Genetics and biochemistry of anthocyanin biosynthesis. Plant Cell 1995, 7, 1071–1083. [Google Scholar] [CrossRef] [PubMed]

	



Katja, K.; Declan, J.L.; Nick, W.A.; Nelli, M.; Tony, M.; Andrew, C.A.; Bilal, M.A.; Hely, H.; Richard, V.E.; Laura, J. MYBA and MYBPA transcription factors co-regulate anthocyanin biosynthesis in blue-coloured berries. New Phytol. 2021, 232, 1350–1367. [Google Scholar]

	



Peng, J.Q.; Dong, X.J.; Xue, C.; Liu, Z.M.; Cao, F.X. Exploring the molecular mechanism of blue flower color formation in Hydrangea macrophylla cv. “Forever Summer”. Front. Plant Sci. 2021, 12, 585665. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Zhang, L.Y.; Wang, S.L.; Niu, X.Y. Analysis of anthocyanins and flavonols in petals of 10 Rhododendron species from the Sygera Mountains in Southeast Tibet. Plant Physiol. Bioch. 2016, 104, 250–256. [Google Scholar] [CrossRef]

	



Gichuki, D.K.; Li, Q.; Hou, Y.; Liu, Y.; Ma, M.; Zhou, H.; Xu, C.; Zhu, Z.; Wang, L.; Musila, F.M.; et al. Characterization of flavonoids and transcripts involved in their biosynthesis in different organs of Cissus rotundifolia Lam. Metabolites 2021, 11, 741. [Google Scholar] [CrossRef]

	



Peng, Q.Z.; Zhu, Y.; Liu, Z.; Du, C.; Li, K.G.; Xie, D.Y. An integrated approach to demonstrating the ANR pathway of proanthocyanidin biosynthesis in plants. Planta 2012, 236, 901–918. [Google Scholar] [CrossRef]

	



Petroni, K.; Tonelli, C. Recent advances on the regulation of anthocyanin synthesis in reproductive organs. Plant Sci. 2011, 181, 219–229. [Google Scholar] [CrossRef]

	



Davies, K.M.; Schwinn, K.E.; Deroles, S.C.; Manson, D.G.; Lewis, D.H.; Bloor, S.J. Enhancing anthocyanin production by altering competition for substrate between flavonol synthase and dihydroflavonol 4-reductase. Euphytica 2003, 131, 259–268. [Google Scholar] [CrossRef]

	



Jaakola, L.; Määttä, K.; Pirttilä, A.M.; Törrönen, R.; Kärenlampi, S.; Hohtola, A. Expression of genes involved in anthocyanin biosynthesis in relation to anthocyanin, proanthocyanidin, and flavonol levels during bilberry fruit development. Plant Physiol. 2002, 130, 729–739. [Google Scholar] [CrossRef]

	



Xia, Y.; Chen, W.; Xiang, W.; Wang, D.; Xue, B.; Liu, X.; Xing, L.; Wu, D.; Wang, S.; Guo, Q.; et al. Integrated metabolic profiling and transcriptome analysis of pigment accumulation in Lonicera japonica flower petals during colour-transition. BMC Plant Biol. 2021, 21, 98. [Google Scholar] [CrossRef]

	



Lu, J.; Zhang, Q.; Lang, L.; Jiang, C.; Wang, X.; Sun, H. Integrated metabolome and transcriptome analyses reveal the molecular mechanism of a color mutation in Miniature Roses. BMC Plant Biol. 2019, 20, 611. [Google Scholar]

	



Pires, N.; Dolan, L. Early evolution of bHLH proteins in plants. Plant Signal Behav. 2010, 5, 911–912. [Google Scholar] [CrossRef]

	



Bogs, J.; Jaffe, F.W.; Takos, A.M.; Walker, A.R.; Robinson, S.P. The grapevine transcription factor VvMYBPA1 regulates proanthocyanidin synthesis during fruit development. Plant Physiol. 2007, 143, 1347–1361. [Google Scholar] [CrossRef]

	



Yoshida, K.; Ma, D.; Constabel, C.P. The MYB182 protein down-regulates proanthocyanidin and anthocyanin biosynthesis in poplar by repressing both structural and regulatory flavonoid genes. Plant Physiol. 2015, 3, 693–710. [Google Scholar] [CrossRef]

	



Wang, C.K.; Han, P.L.; Zhao, Y.W.; Ji, X.L.; Yu, J.Q.; You, C.X.; Hu, D.G.; Hao, Y.J. Auxin regulates anthocyanin biosynthesis through the auxin repressor protein MdIAA26. Biochem. Biophys. Res. Commun. 2020, 533, 717–722. [Google Scholar] [CrossRef]

	



Peng, Z.; Han, C.; Yuan, L.; Zhang, K.; Huang, H.; Ren, C. Brassinosteroid enhances jasmonate-induced anthocyanin accumulation in Arabidopsis seedlings. J. Integr. Plant Biol. 2011, 53, 632–640. [Google Scholar] [CrossRef]

	



Gu, Z.Y.; Zhu, J.; Hao, Q.; Yuan, Y.W.; Duan, Y.W.; Men, S.Q.; Wang, Q.Y.; Hou, Q.Z.; Liu, Z.A.; Shu, Q.Y.; et al. A novel R2R3-MYB transcription factor contributes to petal blotch formation by regulating organ-specific expression of PsCHS in tree peony (Paeonia suffruticosa). Plant Cell Physiol. 2019, 60, 599–611. [Google Scholar] [CrossRef] [PubMed]

	



Daria, N.; Robert, B.; Thomas, D.; Rares, C.L.; Heidi, H. First genome edited poinsettias: Targeted mutagenesis of flavonoid 3′-hydroxylase using CRISPR/Cas9 results in a colour shift. Plant Cell 2021, 147, 49–60. [Google Scholar]

	



Tang, Y.C.; Liu, Y.J.; He, G.R.; Cao, Y.W.; Bi, M.M.; Song, M.; Yang, P.P.; Xu, L.F.; Ming, J. Comprehensive analysis of secondary metabolites in the extracts from different lily bulbs and their antioxidant ability. Antioxidants 2021, 10, 1634. [Google Scholar] [CrossRef] [PubMed]

	



Wan, H.; He, Y.; He, Z.; He, F. Determination of quercetin, plumbagin and total flavonoids in Drosera peltata Smith var. glabrata Y.Z.Ruan. Phcog Mag. 2012, 8, 263. [Google Scholar] [CrossRef] [PubMed]

	



Qi, S.; Yang, L.; Wen, X.; Hong, Y.; Song, X.; Zhang, M.; Dai, S. Reference gene selection for RT-qPCR analysis of flower development in Chrysanthemum morifolium and Chrysanthemum lavandulifolium. Front. Plant Sci. 2016, 7, 287. [Google Scholar] [CrossRef]

	



Wang, M.; Ren, T.; Marowa, P.; Du, H.; Xu, Z. Identification and selection of reference genes for gene expression analysis by quantitative real-time PCR in Suaeda glauca’s response to salinity. Sci. Rep. 2021, 11, 8569. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12, 357–360. [Google Scholar] [CrossRef] [PubMed]

	



Yu, K.; Zhang, T. Construction of customized sub-databases from NCBI-nr database for rapid annotation of huge metagenomic datasets using a combined BLAST and MEGAN approach. PLoS ONE 2013, 8, e59831. [Google Scholar] [CrossRef] [PubMed]

	



Gasteiger, E.; Jung, E.; Bairoch, A. SWISS-PROT: Connecting biomolecular knowledge via a protein database. Curr. Issues Mol. Biol. 2001, 3, 47–55. [Google Scholar] [PubMed]

	



Mistry, J.; Chuguransky, S.; Williams, L.; Qureshi, M.; Salazar, G.A. Pfam: The protein families database in 2021. Nucleic Acids Res. 2021, 49, 412–419. [Google Scholar] [CrossRef] [PubMed]

	



The Gene Ontology Consortium. Expansion of the gene ontology knowledgebase and resources. Nucleic Acids Res. 2017, 45, 331–338. [Google Scholar] [CrossRef] [PubMed]

	



Kanehisa, M.; Sato, Y.; Kawashima, M.; Furumichi, M.; Tanabe, M. KEGG as a reference resource for gene and protein annotation. Genet. Epidemiol. 2016, 44, 457–462. [Google Scholar] [CrossRef]

	



Liu, Y.; Lv, J.; Liu, Z.; Wang, J.; Yang, B.; Chen, W.; Ou, L.; Dai, X.; Zhang, Z.; Zou, X. Integrative analysis of metabolome and transcriptome reveals the mechanism of color formation in pepper fruit (Capsicum Annuum L.). Food Chem. 2020, 306, 125629. [Google Scholar] [CrossRef]

	



Wu, B.S.; Mansoori, M.; Trumpler, K.; Addo, P.W.; MacPherson, S.; Lefsrud, M. Effect of amber (595 nm) light supplemented with narrow blue (430 nm) light on tomato biomass. Plants 2023, 12, 2457. [Google Scholar] [CrossRef] [PubMed]

	



Villagra, J.; Sancho, L.G.; Alors, D. Macrolichen communities depend on phorophyte in Conguillío national park, Chile. Plants 2023, 12, 2452. [Google Scholar] [CrossRef] [PubMed]

	



Papadopoulos, E.I.; Petraki, C.; Gregorakis, A.; Fragoulis, E.G.; Scorilas, A. Clinical evaluation of microRNA-145 expression in renal cell carcinoma: A promising molecular marker for discriminating and staging the clear cell histological subtype. Biol. Chem. 2016, 397, 529–539. [Google Scholar] [CrossRef] [PubMed]








[image: Plants 12 02656 g001 550] 





Figure 1. High-performance liquid chromatograms (HPLC) of mixed anthocyanins in petals. The y-axis represents the peak area. DP, delphinidin; CY, cyanidin; PG, pelargonidin; PN, peonidin; MV, malvidin. 
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Figure 2. Different samples analysis. (a) Pearson correlation coefficient of biological replicates of different samples. The correlation coefficient between two samples was calculated based on the FPKM values of those samples. The left and upper sides of the figure show sample clustering, and the right and lower sides show sample names. (b) Principal component analysis (PCA) of the similarities and differences between the four samples used for RNA-seq. 
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Figure 3. Number of differentially expressed genes (DEGs) in pairwise comparisons of the four varieties. (a) The total number of DEGs is up-regulated and down-regulated. The red and cyan colors indicate the up-regulated and down-regulated genes, respectively. (b) Venn diagram of DEGs for making a comparison among the three groups. 
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Figure 4. Heatmap showing the relative expression profiles of DEGs by Euclidean distance among the four samples. A selection of genes is shown in rows, and each column represents an individual sample. The upper dendrogram showed gene clustering by complete linkage, while the left showed clustering of gene expression quantity. The filled colors indicate the gene expression levels (from low—green to high—red). 
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Figure 5. Regressions of gene expression ratio between RNA-seq and qRT-PCR with GAPDH as a reference. The x-axis represents relative gene expression fold change obtained by qRT-PCR, and the y-axis represents relative gene expression fold change obtained by RNA-seq. Each point represents the average of the three biological replicates. 
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Figure 6. KEGG pathway enrichment analysis of the identified DEGs among the three comparison groups. The x-axis represents the rich factor, the y-axis indicates the name of the KEGG pathway. The size of the dot indicates the number of DEGs in each pathway, while dot color represents the q-value of the enrichment. 
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Figure 7. Differentially expressed TFs in the three pairwise comparisons. (a) Distribution of the TF families that include more than 10 DEGs. (b) Venn diagram of differentially expressed TFs in D vs. A, C vs. A, B vs. A comparisons. 
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Figure 8. Color comparison among four phenotypes of Rhododendron pulchrum Sweet. The samples of purple, pink, light pink and white petals are labeled as (A–D). 
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Table 1. The content of total flavonoids.
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Sample

	
Total Flavonoids (QE mg/g DW)




	
Petal

	
Spot






	
A

	
1.14 ± 0.12 d

	
1.03 ± 0.07 b




	
B

	
1.71 ± 0.06 c

	
1.03 ± 0.03 b




	
C

	
1.97 ± 0.06 b

	
1.44 ± 0.10 a




	
D

	
2.24 ± 0.06 a

	
1.57 ± 0.08 a








Means are followed by ± standard deviations. Different lowercase letters indicate significant difference between treatments based on one-way ANOVA (p < 0.05). QE mg/g DW, mg quercetin equivalent per g of dry weight.
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Table 2. Summary of the transcriptome sequencing dataset.
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	Sample
	Raw Reads
	Clean Reads
	Q30 (%)
	Total Mapped
	Unique Mapped





	A1
	42,949,574
	38,765,084 (90.25%)
	91.04
	31,266,555 (80.66%)
	29,622,723 (94.74%)



	A2
	39,308,136
	36,123,834 (91.89%)
	90.85
	29,098,513 (80.55%)
	27,596,151 (94.84%)



	A3
	38,671,858
	35,545,248 (91.91%)
	90.84
	28,562,447 (80.36%)
	27,047,544 (94.70%)



	B1
	40,011,542
	36,950,600 (92.34%)
	91.08
	29,530,300 (79.92%)
	28,227,592 (95.59%)



	B2
	42,082,072
	38,694,198 (91.94%)
	89.80
	30,691,892 (79.32%)
	29,280,727 (95.40%)



	B3
	43,723,232
	40,563,542 (92.77%)
	91.24
	32,648,377 (80.49%)
	31,192,551 (95.54%)



	C1
	42,767,546
	39,166,056 (91.57%)
	91.52
	31,415,529 (80.21%)
	29,824,376 (94.94%)



	C2
	43,187,530
	39,626,174 (91.75%)
	91.14
	31,744,384 (80.11%)
	30,137,984 (94.94%)



	C3
	41,563,920
	38,298,794 (92.14%)
	90.59
	30,513,325 (79.67%)
	28,991,127 (95.01%)



	D1
	42,163,278
	38,866,774 (92.18%)
	91.29
	31,243,679 (80.39%)
	29,832,406 (95.48%)



	D2
	41,325,128
	38,027,950 (92.02%)
	91.07
	30,559,996 (80.36%)
	29,179,418 (95.48%)



	D3
	40,312,100
	37,029,356 (91.85%)
	91.05
	29,625,922 (80.01%)
	28,282,098 (95.46%)







Sample: petal sample’s name; Raw Reads: the total number of original reads before filtering; Clean Reads: the remaining reads after filtering, where the percentage in parentheses represents clean reads relative to raw reads; Q30 (%): the proportion of bases with a base recognition error rate of 0.1% or less; Total Mapped: the total number of reads mapped to the reference genome, where the proportion in parentheses is total mapped/clean reads; Uniquely Mapped: the reads which can be mapped to the reference genome at only one site, where the proportion in parentheses is uniquely mapped/total mapped.
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Table 3. Summary of functional annotation of transcripts in the five public databases searched.
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	Annotated Databases
	Gene Number
	Matching Proportion (%)





	Nr
	28,273
	85.68



	Swiss-Prot
	18,054
	54.71



	Pfam
	24,301
	73.64



	GO
	19,099
	57.88



	KEGG
	11,507
	34.87
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Table 4. Gene expression levels of anthocyanin biosynthesis in pairwise comparisons.
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Id

	
log2(Fold Change)

	
Description




	
D vs. A

	
C vs. A

	
B vs. A






	
Rhsim04G0145800

	
1.02

	

	
1.00

	
PAL




	
Rhsim01G0211600

	
1.44

	
1.68

	

	
4CL




	
Rhsim07G0135800

	

	

	
−1.08

	
4CL




	
Rhsim13G0208200

	

	
−5.79

	

	
F3′5′H




	
Rhsim04G0208200

	

	
−2.05

	

	
F3′5′H




	
RhsimUnG0095500

	
2.12

	
1.75

	
1.52

	
FLS




	
RhsimUnG0143300

	
3.35

	
2.01

	
3.29

	
FLS




	
RhsimUnG0134400

	
2.97

	

	
1.68

	
FLS




	
Rhsim04G0219900

	

	
3.64

	

	
FLS




	
RhsimUnG0007900

	
1.18

	

	
2.15

	
FLS




	
RhsimUnG0105700

	

	

	
3.54

	
FLS




	
Rhsim12G0144700

	
2.70

	
2.94

	
3.48

	
Leucoanthocyanidin reductase




	
Rhsim06G0030600

	
−4.36

	
−4.22

	
−6.99

	
DFR




	
Rhsim06G0030500

	
−1.22

	
−2.45

	
−2.55

	
DFR




	
Rhsim06G0030400

	

	
−1.15

	
−1.30

	
DFR




	
Rhsim07G0096600

	

	

	
1.33

	
ANS








Note: Blank present in the table indicates that there is no significant difference in gene expression.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  plants-12-02656


  
    		
      plants-12-02656
    


  




  





media/file8.jpg
y=22262x-03837 (R®=0.8204)

Log, FC (RNA-Seq)
IS

Log, FC (qRT-PCR)






media/file11.png
Starch and sucrose metabolism{ «
Phosphatidylinositol signaling system
Diterpenoid biosynthesis
Phagosome

MAPK signaling pathway| «
Brassinosteroid biosynthesis

One carbon pool by folate
Ascorbate and aldarate metabolism
alpha—Linolenic acid metabolism
Linoleic acid metabolism
Glycosphingolipid biosynthesis
Sulfur metabolism
Phenylpropanoid biosynthesis{ »
Glycosaminoglycan degradation
Anthocyanin biosynthesis
Monoterpenoid biosynthesis
Nitrogen metabolism

Plant hormone signal transduction
Pentose and gluc interconversions
Plant—pathogen interaction

Biosynthesis of secondary metabolites
One carbon pool by folate

Cysteine and methionine metabolism
Flavonoid biosynthesis
Monoterpenoid biosynthesis
Glycosaminoglycan degradation
Glycosphingolipid biosynthesis
MAPK signaling pathway

Plant hormone signal transduction
Isoquinoline alkaloid biosynthesis
Brassinosteroid biosynthesis

Starch and sucrose metabolism
Nitrogen metabolism
Phenylpropanoid biosynthesis
Cyanoamino acid metabolism
Pentose and glucuronate interconversions
Anthocyanin biosynthesis
Glutathione metabolism

Diterpenoid biosynthesis
Plant—pathogen interaction

Cvs. A

Terpenoid backbone biosynthesis
Other glycan degradation

MAPK signaling pathway| «

Sulfur metabolism

Plant hormone signal transduction| »

Glycosaminoglycan degradation
Flavone and flavonol biosynthesis
Cyanoamino acid metabolism
Flavonoid biosynthesis

Glutathione metabolism
Monoterpenoid biosynthesis
Ascorbate and aldarate metabolism
Phenylpropanoid biosynthesis
Diterpenoid biosynthesis

One carbon pool by folate
Anthocyanin biosynthesis
Biosynthesis of secondary metabolites
Nitrogen metabolism

Pentose and glucuronate interconversion
Plant—pathogen interaction

0.1

rich

Dvs. A
@
@
@
0.2 0.3
rich
B vs. A
©
L ]
=
®
@
L J
El
B
@
2
@
0.2 0.3 0.4 0.5

0.2

0.3
rich

0.4

Number





media/file6.jpg
T group

: A






media/file1.png
50 -

PG =
PN _é
30 — — D
>
< - DP
= 20
W] e ﬁl A A
Solvent m
O— | | ) | | ] | ] .-ll’ [ 1 | ] | )
0 2 8 10 12 14 16





media/file13.png
(b)

(a)

C vs.A

D vs. A

L L)

g M M E

Jquinu ydudsuea |,

A

B vs.

Transcription factor family





media/file10.jpg
Dvs.A Cv.A

et [E—
T e
TR fee-r R
: .
- oS
i e
i o .
et S
e e
e o] . Ghusnemtmesobon| +
x| [ vemivere
P )
R : e
ot R et ;
i ; ot .
o= N p— ¢
e i :
rme S
e e N
[

i kool
[ ot P
N et -
Prcypopmovonmin |+
Coamanisod i 3
Prtoend g menersion| +
peee—— .
Ghmcecmcmoin|
[r— 3
s et BN

w2 w e e






media/file7.png
group

—

group






media/file12.jpg
@ ®
s A Cvs.h

Transcript number

QRXFFREREXERIIAF ERRN
oy sy

Transcription factor family





media/file9.png
y=22262x-0.3837 (R2 =0.8204)

=)
%
<
2
O
9
&
—

Log, FC (qQRT-PCR)

-8 L





media/file14.jpg





media/file5.png
(a)

Number of DEGs

2000

1500 ¢

1000

500 +

- up

2174

(b)

D vs A

B _vs A

C vs A






media/file15.png





media/file3.png
(b)

!
0.995
0.99 : Replication
o.
0985 . ® repl
<
098 E 5. : “’Pi
0975 & a *
-
e 0 02t
N L condition
-
(A = A
098 | 0.98 iu.t)u 8 ® B
- &
098 | 098 -10' . ¢ C
| D
-30 -20 -10 0 10

PC1: 75% variance






media/file4.jpg
@ 20 L ® DA Cvs A

-,

1000

Number of DEGs

00

Bvs A






media/file0.jpg
50
40
30

2

T2
10

Solvent

DP

o

PN

2

tmin

10

12

i

16





media/file2.jpg
©

Replcaton
o
A
"

i






