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Abstract: Cotton rose (Hibiscus mutabilis) is a well-known ornamental plant that produces large flowers of vibrant colors. However, metabolites in H. mutabilis flowers with vibrant color have not been fully understood. By performing a combined analysis of metabolomics and transcriptomics data, we here explored mechanisms for the production of primary active compounds in this plant. Multivariate statistics unveiled differences in flavonoid metabolism between white and pink flowers, with pink flowers exhibiting a greater flavonoid abundance. The white-to-pink transition of cotton rose flowers may be attributed to pelargonidin-3-O-glucoside formation. On examining the expression of genes related to the structure of flavonoids, pink flowers were found to have a higher number of upregulated genes than white flowers, which resulted in higher flavonoid accumulation in the pink flowers. These results underscore the potential applications and development value of cotton rose flowers. Our study provides relevant insights into the regulation of key active components and the theoretical basis for the efficient utilization of cotton rose flowers.
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Nomenclature



	UHPLC-MS
	Ultra high-performance chromatography-mass spectrometer



	DEG
	Differentially expressed genes



	PCA
	Principal component analysis



	OPLS-DA
	Orthogonal partial least squares-discriminant analysis





1  Introduction

Hibiscus mutabilis (family Malvaceae), also known as cotton rose, is a deciduous shrub or small tree species with a long cultivation history in China, Japan, and Southeast Asia [1,2]. According to Chinese Materia Medica, cotton rose is beneficial in lowering body temperatures (e.g., fevers), detoxifying blood, and decreasing swelling. It is used to treat coughs, carbuncles, boils, and burns in clinics [3]. Cotton rose contains abundant bioactive substances, including flavonoids, organic acids, coumarins, and lignans. Among them, flavonoids (e.g., kaempferol, quercetin, isorhamnetin, and their flavonol glycosides) are the key effective compounds [4–6]. These compounds exhibit diverse pharmacological activities including anti-inflammatory, bacteriostatic, antioxidative, hypoglycemic, and immunomodulatory [7,8]. These therapeutic properties make cotton rose a highly valuable plant species in the medicine industry.

In addition to possessing high medicinal value, cotton rose serves as a crucial ornamental plant as it produces intensely colored flowers with a long blooming period [9]. For example, flowers of certain cotton rose varieties are pink-white in the morning and pink at noon. The flowers of many ornamental plants also exhibit medicinal properties and offer health benefits because of their bioactive constituents. For centuries, chrysanthemum tea, a flower-based infusion, has been extensively used to treat various medical conditions, including chest pain, high blood pressure, diabetes, and headaches [10]. Flowers of Osmanthus fragrans and Chrysanthemum morifolium are often employed as folk medicine and tea and beverage additives in China [11]. Flowers are rich sources of novel drugs, from which natural medicines are derived. Although cotton rose extracts are known to have numerous biological functions, information regarding its flower metabolites and their effects remains limited. Moreover, the material basis for the effects of cotton rose flowers and high diversity in flower colors remains unclear.

Metabolomics technology facilitates a holistic analysis and quantification of metabolites in integrated tissue systems, and, therefore, is instrumental to systems biology-based research [12]. High-throughput technologies have facilitated detailed investigations into the complexity of plant secondary metabolism. For example, through a metabolomic analysis of anthocyanin accumulation in white and pink tea (Camellia sinensis) flowers, Zhou et al. revealed the exclusive accumulation of three specific anthocyanins in pink tea flowers [13]. This finding is relevant for breeding tea cultivars with anthocyanin-rich pink flowers. Furthermore, a combination of metabolomics and other omics-based technologies is widely used to identify functional genes and characterize complex secondary metabolic bioprocesses in plants. Based on transcriptome and metabolome data, Mao et al. identified terpenoid and flavonoid biosynthesis-related genes in Pinus taeda [14]. An integrated analysis of the Magnolia champaca metabolome and transcriptome clarified the biosynthesis pathways of floral volatile organic compounds [15]. The study added to the existing transcriptome data for M. champaca, potentially enhancing the commercial value of this plant species in the flavor and fragrance industry. Analyzing the metabolome and transcriptome in combination is crucial for identifying and analyzing the mechanism underlying active compound synthesis in plants. By applying metabolomics techniques, we identified cotton rose metabolites. Finally, the diversity in the identified metabolites of differentially colored cotton rose flowers as well as the associated regulatory mechanism were investigated. We also identified bioactive compounds in the flowers and preliminarily characterized their formation mechanisms. The data presented herein will aid in the future application of cotton rose flowers for medicinal purposes.

2  Materials and Methods

2.1 Experimental Materials

Cotton rose plants with different flower colors (i.e., pink and white) were selected at Chengdu University (Chengdu City, Sichuan Province, China) and grown under natural conditions at the university campus. Fully bloomed white flowers were collected in the morning, whereas pink flowers were collected in the afternoon. All study materials were frozen in liquid nitrogen and stored at −80°C until use for the subsequent transcriptome sequencing analysis and metabolite extraction. These analyses were completed using three independent biological replicates to achieve reproducible results.

2.2 Extraction and Determination of Metabolites

Freeze-dried samples were ground using a mixer mill (60 Hz for 30 s) and precisely weighed. Then, 50 mg samples were transferred to separate Eppendorf tubes, to which 700 µL extraction solution (methanol/water = 3:1; precooled at −40°C) was added. The samples were vortexed for 30 s, homogenized at 35 Hz for 4 min, and sonicated for 5 min in an ice-water bath. The homogenization and sonication steps were repeated three times. The samples were incubated overnight at 4°C on a shaker and centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant was filtered through a 0.22-µm microporous membrane, and the collected filtrate was diluted (1:10) in the methanol/water solution (3:1) containing the internal standard. After the diluted filtrate was vortexed for 30 s, the solution was transferred to 2-mL glass vials. Then, 50 µL aliquots of each sample were pooled from the vials to produce quality control samples. These samples were stored at −80°C and subjected to ultra high-performance chromatography–mass spectrometry (UHPLC–MS). The UHPLC separation was performed using an EXIONLC System (Sciex Technologies). A QTrap 6500+ system (Sciex Technologies) was used with the following typical ion source parameters: ion spray voltage: +5500/−4500 V; curtain gas: 35 psi; temperature: 400°C; ion source gas 1: 60 psi; ion source gas 2: 60 psi; and DP: ±100 V.

2.3 Transcriptome Data Assembly and Functional Annotation

After extracting total RNA from the frozen flowers by using the RNAprep Pure Plant Kit (Tiangen Biotech, Beijing, China), we generated sequencing libraries by using NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA). Employing the Trinity program, the reads were fragmented (i.e., K-mers), extended into contigs, and then combined according to the overlapping sequences. Unigene sequences served as queries for BLAST searches of NR, Swiss-Prot, GO, COG, KOG, and eggNOG databases. Among the unigenes obtained from the assembly, the enriched KEGG pathways were identified using KOBAS 2.0. The unigene-encoded amino acid sequences were predicted and annotated based on a BLAST search of the Pfam database, which was conducted using HMMER. To obtain high-quality clean reads, raw reads in the fastq format were processed using in-house Perl scripts. This step eliminated the adapters, poly-N sequences, and low-quality sequences among the raw reads. Then, downstream analyses were performed using the high-quality clean reads obtained. The genes differentially expressed between groups were analyzed using DESeq2.

2.4 Metabolome Data Analysis

Differentially abundant metabolites were screened on the basis of the following criteria: the VIP > 1 in the orthogonal partial least squares-discriminant analysis (OPLS-DA) model, and p value of <0.05 in Student’s t-test. Using the Benjamini-Hochberg method, the p value obtained from the original hypothesis test was corrected for analyzing the differentially expressed genes (DEGs). The corrected p value was used for identifying significant DEGs according to fold-change ≥ 2 and FDR < 0.01.

3  Results

3.1 Identification of Metabolites

The cotton rose flowers are large and showy and exhibit color transitions, turning white in the morning, and pink in the afternoon (Fig. 1). In the current study, a metabolomics analysis of the flowers yielded 872 metabolites, including flavonoids (136), alkaloids (112), coumarins (88), phenols (80), amino acids and derivatives (53), and other metabolites in the white and pink flower groups. The principal component analysis (PCA) reflected substantial diversity between the groups, with all samples within the 95% confidence interval (Hotelling’s T-squared ellipse). The three replicates for the two groups were located on either side of the PCA score scatter plot, whereas the quality control samples clustered in the center (Fig. 2A). The PCA indicated that the data were reproducible for the samples within the same group, and the metabolite contents differed between the two groups. Using the SIMCA software, we performed the OPLS-DA of the metabolites. The original model’s R2Y and Q2 were close to 1, which suggested that the established model was consistent with the sample data and thus can appropriately explain differences between the two groups. Moreover, the permuted model had a smaller Q2 value than the original model, indicating that the original model was robust and that no overfitting issue was present. In total, 124 differentially abundant metabolites were identified and ranked according to their log2 (fold-change) value. Of them, 93 and 31 metabolites were more and less abundant, respectively, in the pink flower samples than in the white flower samples (Fig. 2B). Adenosine, theaflavin, epigallocatechin, and epicatechin, the most variable differentially abundant metabolites, were more abundant in the pink flowers than in the white flowers. Following classification, the predominant differentially abundant metabolites were found to be flavonoids (31), amino acids (13), and alkaloids (10) (Fig. 2C). Furthermore, these metabolites were mapped to pathways in Arabidopsis, including 35 metabolic pathways. The pathways involving the most differentially abundant metabolites were related to flavonoid biosynthesis, amino acid biosynthesis, ABC transporters, aminoacyl-tRNA biosynthesis, and oxocarboxylic acid. The enriched pathways were closely related to the following biosynthesis processes: aminoacyl-tRNA biosynthesis, flavonoid biosynthesis, flavone and flavonol biosynthesis, and amino acid biosynthesis and metabolism (Fig. 3A). In total, 31 differentially abundant flavonoid metabolites were screened, namely 12 flavones, 7 catechin derivatives, 5 flavonols, 3 chalcones, 2 proanthocyanidins, 1 isoflavone, and 1 flavanone (Fig. 2C). Only Kuwanon H was less abundant in the pink flowers compared with the white flowers, whereas the other 30 flavonoid metabolites were more abundant. Hence, flavonoids are the key differentially abundant metabolites produced during pink cotton rose flower development. More specifically, the contents of these metabolites tended to increase as the flowers transitioned from white to pink.
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Figure 1: The different floral color stages of H. mutabilis. From left to right, the flower color gradually turned pink
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Figure 2: (A) PCA score plot for metabolite profiling. (B) Volcano plot of the differential metabolites between the pink and white flowers; up-regulated and down-regulated metabolites are shown in pink and blue colors, respectively. (C) Cluster heatmap of all differentially metabolites between the pink and white flowers; FP: pink flowers; FW: white flowers; QC: quality control samples
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Figure 3: Enrichment analysis of KEGG pathways for the differential metabolites (A) and differentially expressed genes (B)

3.2 Transcriptome Analysis

After eliminating low-quality data through the quality control procedure, 37.18 Gb clean data were obtained, with at least 5.93 Gb per sample. More than 93.23% of the bases had a quality score of Q30. The 129,028 unigenes obtained had an N50 of 1159 bp. These results confirmed that the transcriptome sequencing data were of high quality and thus appropriate for the subsequent analysis. Of the 19,121 DEGs identified, 8912 were upregulated and 10,209 were downregulated. Moreover, of the 16,792 annotated unigenes, 13,002 and 11,281 were annotated according to the GO and KEGG databases, respectively. According to the GO functional classification, the DEGs were enriched in 57 GO terms, with 20, 15, and 22 GO terms belonging to the cellular component, molecular function, and biological process categories, respectively. Among the DEGs, the top 10 GO terms were catalytic activity, cellular process, metabolic process, binding, cell, cell part, organelle, single organism process, membrane, and biological regulation. Furthermore, response to stimulus, oxidation-reduction process, and response to stress were found to be the three most enriched biological process subcategories, whereas the membrane, cell periphery, and obsolete cytoplasmic part were the three most enriched cellular component subcategories. Catalytic activity, transferase activity, and transporter activity were the three most significantly enriched molecular function subcategories. The DEGs identified in the flowers in different developmental stages were majorly related to cellular structures, enzyme activities, and processes mediating responses to external conditions. According to the KEGG pathway functional annotation and enrichment analysis, 11,281 DEGs were identified, and they were associated with 134 pathways. The key enriched KEGG pathways among the significant DEGs were carbon metabolism, plant hormone signal transduction, MAPK signaling pathway, plant-pathogen interaction, and ribosome (Fig. 3B). These enriched pathways were predominantly involved in the biosynthesis and metabolism of various compounds (e.g., phenylpropanoid, flavonoid, ubiquinone, and other terpenoid-quinone biosynthesis as well as starch, sucrose, linoleic acid, glycerolipid, alpha-linolenic acid, and amino acid metabolism). These KEGG results indicate that the genes related to the biosynthesis of certain compounds and metabolic regulation are crucial for the metabolite-based changes in the color of the cotton rose flowers from white to pink. Moreover, plant hormone signal transduction and brassinosteroid biosynthesis exert critical regulatory effects on the development of these flowers and the formation of their specific metabolites.

3.3 Association Analysis of Flavonoid Biosynthesis

We first mapped the differentially abundant flavonoid metabolites and DEGs identified in the white and pink cotton rose flowers to KEGG metabolic pathways, including flavonoid biosynthesis (ko00941), anthocyanin biosynthesis (ko00942), flavone and flavonol biosynthesis (ko00944), and phenylpropanoid biosynthesis (ko00940). The relationship between genes and flavonoid metabolites in the cotton rose flowers was examined by combining the results for the metabolites and genes and establishing a network (Fig. 4A). Overall, 78 DEGs were obtained, including those encoding 4-coumarate CoA ligase (4CL) (16), phenylalanine ammonia lyase (PAL) (13), cinnamate 4-hydroxylase (C4H) (7), and CHS (7), as well as 17 differentially accumulated flavonoids (Fig. 4B). According to the heatmap for the genes and metabolites, 65 and 13 of the 78 DEGs were upregulated and downregulated, respectively, in the pink flowers, which increased the flavonoid metabolite contents (Fig. 4C). Compared with the corresponding expression in the white flowers, the expression levels of all DEGs encoding phenylpropanoid biosynthesis-related PAL and C4H increased in the pink flowers, which promoted the formation of downstream secondary metabolites. Furthermore, the expression levels of seven CHS-encoding DEGs increased in the pink flowers. These changes in gene expression promoted the formation of the basic carbon structure of flavonoids and augmented the formation of flavonoids of different classes. Additionally, the increased expression of genes encoding F3’5’H, F3’H, F3H, and F3GT induced dihydroquercetin, quercetin, and rutin syntheses in the pink flowers. Two anthocyanin biosynthesis genes, BZ1 and UGT75C1, which were upregulated in the pink flowers, were associated with pelargonidin-3-O-glucoside formation.
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Figure 4: Combined analysis of gene expression and metabolite changes in the flavonoid pathway. (A) Mechanisms underlying flavonoid biosynthesis in H. mutabilis flowers with different colors; this pathway was constructed based on the KEGG pathways. Heatmap of differential metabolites (B) and differentially expressed genes (C) in the white and pink flowers. The degree of change is marked with different colors: red indicates upregulation, and green represents downregulation

4  Discussion

Multi-omics approaches involving transcriptome and metabolome analyses are widely used for mining plant metabolites and clarifying mechanisms underlying their formation. However, systematic research on compound formation in ornamental cotton rose flowers is lacking. In this study, we gathered data regarding metabolite contents and gene expression levels in cotton rose flowers by performing an integrated metabolome and transcriptome analysis. The study findings offer researchers reference materials to explore the potential utility of ornamental flowers in medicine.

The use of plants as medicines is influenced by certain factors, such as functional active ingredients, volatile aroma compounds, and essential oils present in their flowers [16]. For example, Lonicerae japonicae flower extracts contained chlorogenic acid, which exhibited potential as a novel therapeutic for preventing and treating heart failure [17]. Buckwheat flower extracts exerted antioxidant effects on brain and liver tissues [18]. In Eutrema japonicum, flavonoid glycosides were more abundant in the flowers than in the roots and leaves [19]. Therefore, E. japonicum floral extracts may possess effective antiaging compounds valuable for the cosmetics industry. Substantial amounts of phenolic compounds were detected in tree peony flowers, which imply that these flowers may be used as the raw material for producing functional foods and as a natural source of antioxidants [20]. In the current study examining active components in cotton rose flowers, flavonoids were identified as the most diverse class of metabolites. In total, 136 flavonoids, including rutin, quercetin, catechin, and naringenin, were identified. Moreover, 35 differentially abundant flavonoids accumulated more in the pink cotton rose flowers than in the white flowers, indicating that flavonoids may be the key active compounds in cotton rose flowers, especially in the pink flowers.

In addition to their other functions, flavonoids serve as determining factors mediating changes in plant colors. Fu et al. confirmed that the diversity in Camellia japonica flower colors is due to marked differences in the accumulation of various anthocyanins in their petals, including pelargonidin-3-O-glucoside, which is among the major anthocyanins responsible for dark coloration of petals [21]. According to Härtl et al., the red coloration of strawberry fruits, which is highly preferred by consumers, is caused by the accumulation of anthocyanins, especially pelargonidin-3-O-glucoside, 6’-O-malonated derivative, and cyanidin 3-O-glucoside [22]. In our study, the pelargonidin-3-O-glucoside content was significantly higher in the pink flowers than in the white flowers. This implied that its accumulation causes a change in the color of the cotton rose flowers from white to pink. In the flavonoid biosynthesis pathway, the first step involves phenylalanine and the reactions catalyzed by various enzymes, including PAL, C4H, CHS, and 4CL, which ultimately result in the production of various secondary metabolites [23–25]. CHS catalyzes the first step and produces naringenin chalcone, thus it is considered a gatekeeper in the regulation of flavonoid biosynthesis [23,26,27]. In this study, the upregulated DEGs in the pink flowers were associated with flavonoid accumulation. Additionally, DEGs encoding F3’5’H, F3’H, F3H, and F3GT were upregulated in the pink flowers, suggesting that they are the primary regulatory genes promoting flavonoid formation in the flowers. However, 13 DEGs encoding enzymes in the flavonoid biosynthesis pathway were downregulated in the pink flowers. This downregulation may be related to the functional redundancy induced by multi-copy genes and the effects of other regulators [9]. Although various flavonoids were detected in the cotton rose flowers, the genes encoding key enzymes in the flavonoid biosynthesis pathway were relatively conserved. These findings provide useful insights for future studies investigating the coloration mechanism of these flowers.

5  Conclusions

We combined metabolome and transcriptome data to decipher the molecular mechanisms underlying flower coloration in H. mutabilis. In total, 872 metabolites were identified, including flavonoids, alkaloids, coumarins, and phenols. Moreover, we screened 31 differentially abundant flavonoid metabolites. Except for one, all the identified metabolites were more abundant in the pink flowers than in the white flowers. Based on the integrated metabolomics and transcriptomics analysis, 78 DEGs were obtained, including those encoding flavonoid synthesis-mediating enzymes such as 4CL, PAL, C4H, and CHS. Our data showed that the accumulation of flavonoids correlated with strong up-regulation of flavonoids biosynthetic structural genes in the pink flower as compared to the white samples. Collectively, this study offers candidate genes for functional characterization and for manipulation of flower color in H. mutabilis.
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