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Abstract: Cymbidium goeringii is an economically important ornamental plant, and flower color is one of the main features of C. goeringii that contributes to its high economic value. To clarify the molecular mechanisms underlying the role of anthocyanins in mediating differences in color among varieties, liquid chromatography–tandem mass spectrometry was used to perform anthocyanin-targeted metabolomics of seven C. goeringii varieties, including ‘Jin Qian Yuan’ (JQY), ‘Jin Xiu Qian Yuan’ (JXQY), ‘Miao Jiang Su Die’ (MJSD), ‘Qian Ming Su’ (QMS), ‘Shi Chan’ (SC), and ‘Yang Ming Su’ (YMS), as well as the C. goeringii. We detected 64 anthocyanins, including cyanidins, delphinidins, malvidins, pelargonidins, peonidins, petunidins, procyanidins, and flavonoids. We identified six shared differentially accumulated metabolites (DAMs), including cyanidin-3-O-rutinoside, delphinidin-3-O-sophoroside, pelargonidin-3-O-rutinoside, peonidin-3-O-(6-O-malonyl-beta-D-glucoside), peonidin-3-O-sophoroside, and chalcone. Most DAMs were enriched in the anthocyanin biosynthesis pathway. Kyoto Encyclopedia of Genes and Genomes pathway analysis revealed that the differentially expressed metabolites were significantly enriched in the anthocyanin biosynthesis pathway. Analysis of the content of differentially expressed metabolites indicated that peonidin-3-O-(6-O-malonyl-beta-D-glucoside) was the key metabolite underlying color differences among C. goeringii varieties. Procyanidin B2, pelargonidin-3-O-galactoside, and naringenin might also affect the color formation of JQY and QMS, SC, and MJSD, respectively. The results of this study shed light on the metabolic mechanism underlying flower color differences in C. goeringii at the molecular level. Our findings will aid future studies of the mechanism of flower color regulation in C. goeringii and have implications for the breeding of new varieties.
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1  Introduction

Cymbidium goeringii is a perennial herb in the family Orchidaceae with diverse flowers, a faint fragrance, a tall and straight appearance, and high ornamental and medicinal value [1–3]. C. goeringii was first cultivated in China from the 6th to 10th century BC, and records of orchids are present in ancient works, such as The Book of Songs [4]. Whole herbs and roots of C. goeringii can be used as medicine, and C. goeringii is still used as medicine in Zhejiang, Jiangxi, and other provinces in China. C. goeringii can be used to moisten the lungs and relieve cough; it also has anti-inflammatory and dehumidifying effects, promotes circulation, prevents blood stasis, regulates Qi and the central nervous system, facilitates the removal of Ascaris, and enhances eyesight [5–7].

The color of flowers is determined by several factors, and the content of different pigments (e.g., flavonoids, carotenoids, and alkaloids) is the most important factor affecting flower color formation [8]. Anthocyanins are important secondary metabolites in plants because of their antioxidant activity and various health-promoting functions [9]. Anthocyanins are major contributors to diversity in plant color. Anthocyanins are diverse and can be classified into different types depending on whether they contain hydrogen-based, hydroxyl, and methoxy groups. Anthocyanins also vary in their substituents, including cyanidins, delphinidins, malvidins, pelargonidins, peonidins, and petunidins. Delphinidins are purple or blue, malvidins and petunidins are blue or red, pelargonidins are orange, and cyanidins and peonidins are orange-red [10,11]. Thus, these compounds can confer plants with pink to blue-purple colors [12]. Previous studies have shown that orchids are mainly yellow-green, and varieties can have pure or complex colors, such as red, pink, yellow, purple, brown, azure green, and white [13]; The color variation in orchids is primarily influenced by a range of pigments, including anthocyanins, a subgroup of flavonoids, as well as carotenoids and chlorophyll [14,15]. Among these pigments, anthocyanins are particularly significant due to their role in producing a variety of colors including reds, blues, and purples.

C. goeringii are important economic flowers with high ornamental value and application prospects. Research on C. goeringii both outside and within China has mainly focused on the analysis of germplasm resources, cultivation and planting technologies, and reproductive technologies, but the mechanism underlying the color formation of C. goeringii flowers has not been elucidated, which limits the use of genetic engineering for breeding and for the improvement of germplasm resources. Here, seven C. goeringii varieties, ‘Jin Qian Yuan’, ‘Jin Xiu Qian Yuan’, ‘Miao Jiang Su Die’, ‘Qian Ming Su Xin’, ‘Shi Chan’, and ‘Yang Ming Su’, were used in analyses; the common variety ‘PT11’ was used as the control. Color-forming substances underlying color differences were characterized; differences in anthocyanin metabolites and metabolic pathways in C. goeringii varieties with different colors were determined, and the possible causes of color differences between varieties were explored. The results of this study provide valuable information for future studies of the molecular regulation of flower color in C. goeringii varieties.

2  Materials and Methods

2.1 Plant Materials

Plant materials were collected from the orchid germplasm collection garden of Guizhou Academy of Forestry Sciences, including one common variety of C. goeringii (PT11) and six C. goeringii varieties with special flower colors (‘Jin Qian Yuan’, ‘Jin Xiu Qian Yuan’, ‘Miao Jiang Su Die’, ‘Qian Ming Su’, ‘Shi Chan’, and ‘Yang Ming Su’). The seven varieties of C. goeringii all had healthy flowers and experienced the same light, soil nutrient, and moisture conditions during the peak flowering stage (Fig. 1). Petals (5 g) were collected from each variety, placed in tin foil, and quick-frozen in liquid nitrogen; three replicate samples were collected. These samples were stored in a refrigerator at −80°C for targeted metabolomics analysis.
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Figure 1: Phenotypes of seven Cymbidium goeringii cultivars (JQY indicates ‘Jin Qian Yuan’, PT11 indicates the common C. goeringii variety, MJSD indicates ‘Miao Jiang Su Die’, SC indicates ‘Shi Chan’, YMS indicates ‘Yang Ming Su’, QMS indicates ‘Qian Ming Su’, and JXQY indicates ‘Jin Xiu Qian Yuan’)

2.2 Sample Preparation and Metabolite Extraction

After vacuum freeze-drying, samples were ground (30 Hz, 1.5 min) into powder, and 50 g of powder was dissolved in 0.5 mL of extract (50% methanol aqueous solution containing 0.1% hydrochloric acid). The extract was then vortexed for 5 min, subjected to ultrasound treatment for 5 min, and centrifuged for 3 min (12,000 r/min, 4°C); the supernatant was then collected. The above procedure was performed a total of two times. The supernatant was pooled, and the samples were filtered through a 0.22 μm microporous membrane and stored in an injection bottle for subsequent analysis.

2.3 Anthocyanin Content Determination

Anthocyanins were extracted following the method of Ferrars et al. [16]. Ultra-performance liquid chromatography (UPLC) and tandem mass spectrometry (MS/MS) were used to identify metabolites. UPLC was performed using an ACQUITY BEH C18 1.7 μm, 2.1 mm × 100 mm column. Mobile phase A was ultrapure water (0.1% formic acid), and mobile phase B was methanol (0.1% formic acid). The elution gradient was as follows: 0 min/5% B; an increase to 50% of B from 0 to 6 min; an increase to 95% B from 6 to 12 min, which was maintained for 2 min; and a decrease to 5% B at 14 min, which was left to reach equilibrium for 2 min. The flow rate was 0.35 mL/min; the column temperature was 40°C; and the size of the sample was 2 μL. Mass spectrometry was performed using an electrospray ionization (ESI) temperature of 550°C; the mass spectrometry voltage was 5500 V in positive ion mode, and the curtain gas was 35 psi. In the Q-Trap 6500+ instrument, each ion pair was scanned using the optimal declustering potential and collision energy.

2.4 Data Analysis

The metware database (MWDB) based on standard substances was built to qualitatively analyze the mass spectrometry data. Quantitative analysis was conducted using triple quadrupole mass spectrometry and multiple reaction monitoring analysis. The area of each chromatographic peak indicated the relative content of the corresponding substance, and these values were used in subsequent calculations with the linear equation. Qualitative and quantitative results of all samples were obtained using MultiQuant 3.0.3 software. Hierarchical cluster analysis (HCA) and principal component analysis (PCA) were performed on the accumulated metabolites in the different samples using R software (https://www.r-project.org/, accessed on 10/04/2024). The fold change and p-values were calculated, and differentially accumulated metabolites (DAMs) were those with p-values ≤ 0.5. The DAMs were mapped to the Kyoto Encyclopedia of Genes and Genomes database for subsequent analysis. The metabolite content in the sample (μg/g) was calculated using the following formula: metabolite content = c × V/1000000/m. In the formula, the concentration (ng/mL) is obtained by substituting the integral peak area into the standard curve; V is the volume of the solution used for extraction (μL); and m is the weight of the sample (g).

3  Results

3.1 Analysis of Petal Color Traits of Cymbidium goeringii

PT11 petals were lackluster green, and the labial petals were white with a few red spots; JQY petals were lackluster yellow; QMS petals were bright yellow; SC petals had red filaments on the labial petals, and the other petals were light yellow-white; YMS petals were milky white; JXQY petals were red, and the labial petals were light; and MJSD petals were bright green, and the labial petals were yellow.

3.2 Qualitative Analysis of Anthocyanin Metabolites

Targeted metabolomics was performed on seven C. goeringii flower samples. A total of 108 anthocyanin metabolites were identified, and the content of 64 metabolites was significantly above the detection threshold, including ten peonidins, nine cyanidins, seven malvidins, eight pelargonidins, ten petunidins, seven delphinidins, four procyanidines, and nine flavonoids (see supplementary materials).

3.3 PCA and HCA

PCA was conducted on the anthocyanin metabolites of seven C. goeringii samples (Fig. 2). The PCA yielded two principal components. The first principal component (PC1) explained 33.7% of the variance in the data, and the second principal component (PC2) explained 20.45% of the variance in the data; the cumulative variation explained by PC1 and PC2 was 54.15%. The principal component 1 distinguished QMS, SC, JXQY, PT11 from YMS, JQY, and MJSD, and the principal component 2 distinguished QMS, SC, and JQY from the other samples of C. goeringii. Metabolite groups were clearly separated in the PCA plot, and the repeatability within groups was high; these findings indicate that these data could be used in subsequent analyses of DAMs. The HCA (Fig. 3) revealed that the seven C. goeringii samples comprised two groups. PT11 was clustered with JXQY, and the metabolites of PT11 and JXQY were similar to those of QMS. MQSD and YMS were clustered, and JQY and SC were clustered, as the metabolites of these varieties were more similar to each other than to the other samples.
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Figure 2: PCA plot of anthocyanin metabolites
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Figure 3: Results of an HCA of anthocyanin metabolites

3.4 Analysis of DAMs

Anthocyanin DAMs were identified using the p-value ≤ 0.5 as a criterion, and the fold change indicates the relative accumulation of metabolites among samples. A total of 47 DAMs (19 up-regulated/28 down-regulated) were identified in the JQY_vs_PT11 comparison group, 20 DAMs (10 up-regulated/10 down-regulated) were identified in the JXQY_vs_PT11 comparison group, 46 DAMs (8 up-regulated/38 down-regulated) were identified in the MJSD_vs_PT11 comparison group, 31 DAMs (22 up-regulated/9 down-regulated) were identified in the QMS_vs_ PT11 comparison group, 27 DAMs (13 up-regulated/14 down-regulated) were identified in the SC_vs_PT11 comparison group, and 38 DAMs (10 up-regulated/28 down-regulated) were identified in the YMS_vs_PT11 comparison group. Six shared DAMs were identified via pairwise comparisons among groups (Fig. 4): cyanidin-3-O-rutinoside, delphinidin-3-O-sophoroside, pelargonidin-3-O-rutinoside, peonidin-3-O-(6-O-malonyl-beta-D-glucoside), peonidin-3-O-sophoroside, and chalcone.
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Figure 4: Venn diagram of DAMs

Comparisons of the fold change in metabolites among groups were made, and a bar chart of the 20 metabolites with the highest fold change was constructed. The most significantly up-regulated metabolite in the JQY_vs_PT11 comparison group was procyanidin B2, and the most significantly down-regulated metabolite was peonidin-3-O-rutinoside (Fig. 5); the most significantly up-regulated and down-regulated metabolite in the JXQY_vs_PT11 comparison group was peonidin-3,5-O-diglucoside and pelargonidin-3-O-rutinoside, respectively. The most significantly up-regulated and down-regulated metabolite in the MJSD_vs_PT11 comparison group was naringenin and cyanidin-3-O-glucoside, respectively. The most significantly up-regulated and down-regulated metabolites in the QMS_vs_PT11 comparison group were procyanidin B2 and pelargonidin-3-O-glucoside, respectively. The most significantly up-regulated and down-regulated metabolite in the SC_vs_PT11 comparison group was pelargonidin-3-O-galactoside and peonidin-3-O-sambubioside, respectively. The most significantly up-regulated and down-regulated metabolite in the YMS_vs_PT11 comparison group was delphinidin-3-O-(6-O-malonyl-beta-D-glucoside) and cyanidin-3-O-rutinoside, respectively.
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Figure 5: Bar chart of DAMs (Red indicates up-regulated metabolites, and green indicates down-regulated metabolites)

According to the content of differential metabolites (Fig. 6) and the multiples of metabolite differences in each group, in the six groups, paeoniflorin may be the important different metabolites of PT11, QMS, JXQY, SC, MJSD, YMS and JQY in forming different colors, and paeoniflorin-3-O-(6-O-malonic-β-D-glucoside) is the key influencing substance. Proanthocyanidin B2 was the most significantly up-regulated in the JQY_vs_PT11 and QMS_vs_PT11 comparison groups, which indicates that it might the key metabolite underlying changes in the color of JQY and QMS. Pelargonidin-3-O-galactoside was significantly up-regulated in the SC_vs_PT11 comparison group, and no significant change in this metabolite was observed in the other comparison groups, suggesting that it might be an important metabolite for mediating differences in the color of these two varieties and other varieties. Naringenin was the most significantly up-regulated in the MJSD_vs_PT11, and it was down-regulated in other groups, with the exception of YMS_vs_PT11; this indicates that it might be an important substance underlying the differences in flower color between MJSD and other varieties.
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Figure 6: Map of differential metabolite content (“A” represents the content of peonidin-3-O-(6-O-malonyl-beta-D-glucoside) in the sample; similarly, “B” represents procyanidin B2, “C” represents pelargonidin-3-O-galactoside, and “D” represents naringenin)

3.5 Analysis of Metabolic Pathways

KEGG pathway analysis was conducted to characterize the functions of the DAMs. The selected DAMs were mapped to the database, and a pathway map was made (Fig. 7). 64 DAMs were annotated to 5 metabolic pathways, including flavonoid biosynthesis, anthocyanin biosynthesis, biosynthesis of secondary metabolites, metabolic pathways, flavone and flavonol biosynthesis, etc. Twenty differentially expressed metabolites were significantly enriched in the anthocyanin biosynthesis pathway in JQY/PT11 (accounting for 76.92%), and 10, 21, 11, 9, and 16 DAMs were significantly enriched in the anthocyanin biosynthesis pathway in JXQY/PT11, MJSD/PT11, QMS/PT11, SC/PT11, and YMS/PT11, respectively (accounting for 83.33%, 77.78%, 84.62%, 64.29%, and 84.21%). The synthesis of anthocyanins was significantly up-regulated in SC, YMS, and JXQY, which suggests that anthocyanins play an important role in determining flower color in C. goeringii (Fig. 5).
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Figure 7: Pathway diagram of anthocyanin biosynthesis in C. goeringii (A is PT11, B is JQY, C is QMS, D is SC, E is MJSD, F is YMS, and G is JXQY)

4  Discussion

A total of 64 anthocyanins were detected in the seven C. goeringii varieties, and 54, 49, 56, 56, 46, 44, and 51 metabolites were detected in PT11, JQY, QMS, SC, MJSD, YMS, and JXQY, respectively. The rutin content was highest in PT11, JQY, QMS, SC, MJSD, and YMS; the kaempferol-3-O-rutinoside content was highest in JXQY, and this was consistent with the results of previous studies in Carthamus tinctorius and varieties with white flowers [17]. This suggests that the high content of kaempferol-3-O-rutinoside in the petal is one of the factors causing the white-red color.

To identify the metabolites associated with orchid color formation, We identified six key metabolites using the p-value ≤ 0.05 criterion, including two peonidins, one cyanidin, one delphinidin, one pelargonidin, and one flavonoid. Peonidin further formed the derivative peonidin-3-O-(6-O-malonyl-beta-D-glucoside) through methyltransferase; this substance was significantly changed in each group, and its metabolite content in QMS and JXQY was significantly higher than that in other groups, which may indicate that the formation of bright yellow in QMS and red in JXQY was more affected by paeoniflorin-3-O-(6-O-malonic-β-D-glucoside); while the content of paeoniflorin-3-O-(6-O-malonic-β-D-glucoside) was significantly lower in SC, MJSD, YMS and JQY, resulting in the change of light yellow, dark yellow, light green and dark green in color, which may also mean the importance of paeoniflorin-3-O-(6-O-malonic-β-D-glucoside) in the color change of C. goeringii. Wu et al.’s [18] study on the mechanism underlying flower color formation in Prunus mume and Kong et al.’s [19] study of differences in the flower color of Cymbidium hybrids revealed that peonidin were significantly up-regulated in varieties with different flower colors, which indicates that peonidin are important metabolites involved in anthocyanin synthesis; this also confirms the results of the metabolomics analysis in this study. In this study, the procyanidin B2 in JQY and QMS, the pelargonidin-3-O-galactoside in SC, and the naringenin in MJSD showed the most significant up-regulation. Compared with PT11, the petal color of JQY and QMS showed yellow color, and the color of QMS was brighter than that of JQY; there were obvious red stripes in the middle of SC petals, while PT11 petals did not show any red change; MJSD petals showed green color that was obviously different from PT11. According to the difference in metabolite content, we concluded that procyanidin B2 was closely related to the formation of green and yellow color of C. goeringii petals, and the content of metabolites had a great impact on the depth of yellow color; the content of pelargonidin-3-O-galactoside in SC was significantly higher than that of PT11, which may be related to the expression of red stripe in SC petals; MJSD showed obvious bright green color, and the naringenin showed the most significant up-regulation in the comparison with PT11, which was obviously different from the down-regulation of other groups. Therefore, naringenin may be the reason why MJSD showed extremely bright green color, and the higher the content of naringenin, the brighter the color. Zhong et al. [20] showed that the degree of peel browning in Litchi chinensis changed with the content of proanthocyanidin, suggesting that proanthocyanidin affects variation in flower color. Liu et al. [21] showed that pelargonidin mainly resulted in red coloration. We found that SC petals were red, and pelargonidin-3-O-galactoside was significantly up-regulated, which is consistent with the findings of previous studies. Cao et al. [22] found that naringenin was significantly accumulated in purple leaves of Cymbidium ensifolium compared with leaves of other colors; this might explain changes in the color of MJSD caused by the significant up-regulation of naringenin in this study. Anthocyanidin synthase (ANS) is the most important enzyme involved in the synthesis of anthocyanins. Thus, the deletion, mutation, down-regulation, or up-regulation of ANS can alter the color of plant tissues and organs. ANS catalyzes the conversion of colorless anthocyanins into anthocyanin glycosides, which are the most important enzymes involved in anthocyanin synthesis [23]. Although the gene encoding this enzyme has been successfully isolated from plants such as Cymbidium ensifolium [13] and Paphiopedilum micranthum [24], and the expression of this gene has been shown to have a major effect on flower color in these plants, whether this gene is present in C. goeringii varieties and has similar effects remains unclear. The pigment regulation mechanisms and structural genes among different species are specific, and there are mutual influence and competition between pathways. In order to explore the correlation between anthocyanins and downstream structural genes in C. goeringii, further exploration at the molecular level is still needed in the follow-up of this study.

Previous studies have shown that the anthocyanin biosynthesis pathway plays a key role in plant color formation, and analysis of the structural genes and transcription factors involved in anthocyanin synthesis is a major focus of current research [25]. In our study, five key metabolic pathways were enriched according to KEGG pathway analysis, and two metabolic pathways, the anthocyanin biosynthesis pathway and secondary metabolite biosynthesis pathway, were relatively enriched. Several metabolites were significantly enriched in the anthocyanin biosynthesis pathway, suggesting that this pathway might play a key role in regulating the color of C. goeringii flowers. Zhang et al. [26] previously found that changes in the flavonoid biosynthesis pathway were the most significant as Anacardium occidentale flowers changed from white to red; changes in the flavonoid biosynthesis pathway were most significant, and the content of anthocyanin metabolites such as delphinidin 3-O-glucoside and peonidin-3-O-glucoside was also significantly increased in the flowering stage. Similarly, the determination of pigment types and content in two flowers and colors of Ilex verticillata also found that the content of pelargonidin-3-O-glucoside related to the anthocyanin biosynthesis pathway was significantly increased in Ilex verticillata ‘winter red’, which was the main metabolite determining the color of Ilex verticillata ‘winter red’ [27]. The above conclusions indicate that the anthocyanin synthesis pathway plays a key role in determining the color of plant tissues. This study preliminarily explored the metabolic differences of anthocyanin in the C. goeringii color, and made some preliminary exploration at the metabolic level, but did not measure other typical pigments such as flavonoids, so the specific molecular mechanism affecting the color of C. goeringii is not clear. In the future research, it is necessary to further study the coloration mechanism of C. goeringii by using multi-omics.

5  Conclusion

In this study, a targeted metabolomics analysis method based on liquid chromatography-mass spectrometry was used to analyze the metabolome of 7 different varieties of C. goeringii and 64 anthocyanin substances were detected. Among them, peonidin-3-O-(6-O-malonyl-beta-D-glucoside) changed significantly in each comparison group, and the content of QMS and JXQY was significantly higher than that of other C. goeringii, which may be the reason why they presented bright yellow and red colors. Through the metabolic pathway enrichment analysis, it was found that peonidin and other anthocyanin substances were enriched in the anthocyanin biosynthesis pathway, which indicated that paeoniflorin-3-O-(6-O-malonic-β-D-glucoside) may be the key metabolite of different C. goeringii coloring. In addition, the inconsistent yellow shade of JQY and QMS petals may be affected by the content of procyanidin B2; pelargonidin-3-O-galactoside may be the factor that shows red lines in SC petals, which was not reflected in PT11; naringenin affects the formation of bright green in MJSD, and its content may also be the key factor for the shade of green. In summary, paeoniflorin-3-O-(6-O-malonic-β-D-glucoside), procyanidin B2, pelargonidin-3-O-galactoside, and naringenin may be the metabolites that change the color of some varieties of C. goeringii or between varieties. We identified six shared DAMs, and the functions of these DAMs were clarified in the KEGG analysis. The association between patterns of metabolite accumulation with differences in flower color was determined; the mechanism underlying the color formation of C. goeringii varieties was also clarified. Overall, our findings will aid future studies of the regulation of flower color in C. goeringii at the molecular level, as well as the breeding of new C. goeringii varieties.
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