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Abstract

:

Herbaceous peony (Paeonia lactiflora Pall.) is an ornamental plant with huge potential in the international flower market. Similar to the flowers of most other ornamental plants, the top sellers of P. lactiflora are those with red or pink flowers. However, most studies on flower colors have focused on the novel colors and have neglected the most common red flowers. In this study, a red cultivar of P. lactiflora (‘Dafugui’) and a pink cultivar (‘Qingwen’) were selected in order to study the discrepancy in the red color of the flowers. The results demonstrate that these two cultivars have the same compositions as anthocyanins, flavones, and flavonols but different contents. ‘Dafugui’ was found to have a high accumulation of upstream substances due to the higher expression of the early genes encoding phenylalanine ammonialyase (PlPAL) and flavonoid 3′-hydroxylase (PlF3′H). Moreover, the anthocyanidin synthase gene (PlANS) and UDP-glucose flavonoid 3-O-glucosyltransferase gene (PlUF3GT) encoding enzymes catalyze these upstream substances into anthocyanins, resulting in more redness in ‘Dafugui’ than in ‘Qingwen’. Our study thus provides a better understanding of the anthocyanin accumulation and coloring mechanism of P. lactiflora and can serve as a theoretical basis for breeding more red flowers using genetic engineering techniques to cater to consumers’ preferences.
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1. Introduction


The herbaceous peony (Paeonia lactiflora Pall.), belonging to Paeoniaceae, is a herbaceous perennial plant widely cultivated in many countries such as the United States, European countries, China, and Russia. It bears large flowers of various colors and shapes [1]. It has been cultivated in China for a long time, and more than 600 cultivars had been reported in China by 2005. These cultivars can be divided into nine flower color categories, including red, pink, white, blue, purple, green, yellow, black, and double color [2]. An important ornamental plant, P. lactiflora can be used as potted flowers, dry flowers, and garden flowers and is also considered as a wedding flower and a high-end cut flower popular among high-income consumers [3,4,5].



Flower color is one of the most dominant attributes of flowering plants that can affect the sales of floral products. Investigations into the color preferences among the consumers have indicated red and pink as the most popular colors of flowers [6,7]. Red and pink are eye-catching in contrast with the green leaves and have significant aesthetic values (red symbolizes passion and affection; pink symbolizes grace, gentility, and happiness) [8]. Therefore, red and pink flowers are indispensable for both flower shops and gardens. An investigation into consumers’ preferences for cut herbaceous peonies conducted by Kansas State University revealed that the red ‘Shawnee Chief’ and the pink ‘Sara Bernhardt’ are the two most popular cultivars.



Anthocyanins are the principal compounds contributing to flower color, conferring pink, red, purple, and blue cyanic colors to the petals [9,10]. There are six main anthocyanidins in plants: pelargonidin (Pg), peonidin (Pn), cyanidin (Cy), malvidin (Mv), petunidin (Pt), and delphinidin (Dp) [11,12,13]. Previous studies have already identified anthocyanins in various plant species, many of which have red flowers. Mizuta et al. [14] performed high-performance liquid chromatography (HPLC) and identified only Cy and Pn in Rhododendron red flowers and Cy, Dp, Pn, Mv, and Pt in purple flowers. Tatsuzawa et al. [15] found that cyanidin-3,5-di-O-glucoside (Cy3G5G), pelargonidin-3,5-di-O-glucoside (Pg3G5G), and pelargonidin-3-di-O-glucoside (Pg3G) were the major anthocyanins in red-purple, red, and peach flowers of Matthiola incana. The derivatives of Dp and Cy in the red Nymphaea were more complicated than the blue ones [16]. Jia et al. [17] found that in P. lactiflora, the deep purple or reddish-purple cultivars contained 4–5 anthocyanins, whereas pink cultivars only contained Cy3G5G and peonidin-3,5-di-O-glucoside (Pn3G5G) at much lower contents than those in purple cultivars. These results have preliminarily established that the red or pink color of flowers was a result of anthocyanin accumulation.



The anthocyanin biosynthetic pathway has been well-established to date [12]. It is usually divided into the early section and the late section. The early section involves the production of dihydro-flavonols after a series of actions catalyzed by phenylalanine ammonialyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate: CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), and flavonoid 3′-hydroxylase (F3′H). On the other hand, the late section involves anthocyanins catalyzed by dihydroflavonol reductase (DFR), anthocyanidin synthase (ANS), UDP-Glucose: flavonoid 3-O-glucosyltransferase (UF3GT), and UDP-Glucose: flavonoid 5-O-glucosyltransferase (UF5GT) (Figure S1) [18]. Reports on cloning the structural genes and analysis of their expression levels in the anthocyanin biosynthetic pathway have shown that these genes are related to the redness of fruits and leaves in many species, such as pepper [19], strawberry [20], mango [21], tea [22], P. lactiflora [23], and Pelargonium crispum [24]. Nevertheless, most studies on flower color have focused on the novel color or the diversity of the flower color, but the most common red-flowered forms are often disregarded in research. There are almost no studies focusing on the discrepancy in the red color of the flowers. However, it is unknown how anthocyanin accumulation occurs and which gene is dominant in the process of determining the different color depths of red flowers.



Previously, we identified that PlDFR, PlANS, and PlUF3GT were highly expressed in a purplish-red P. lactiflora cv. ‘Hongyan Zhenghui’ [25]. In order to elucidate how anthocyanins affect the different color depths of red flowers and which gene is dominant in the process, a red cultivar of P. lactiflora (‘Dafugui’) and a pink cultivar (‘Qingwen’) (Figure 1) were selected to study the discrepancy in the red color of the flowers in this study. Firstly, the floral qualities and plant morphological parameters of these two cultivars were compared. In addition, the anthocyanins, as well as the flavones and flavonols, were quantified in the petals of the two cultivars using high-performance liquid chromatography–electrospray ionization-mass spectrometry (HPLC–ESI-MSn), and the expression levels of anthocyanin biosynthetic genes, including PlPAL, PlC4H, PlCHS, PlCHI, PlF3H, PlF3′H, PlANS, PlDFR, PlUF3GT, and PlUF5GT, were detected. These results can provide a further understanding of the discrepancy in the red color of the flowers.




2. Materials and Methods


2.1. Plant Materials


P. lactiflora was cultivated in the National Herbaceous Peony Germplasm Repository of Yangzhou University, Jiangsu Province, China (32°39′ N, 119°42′ E). A red cultivar ‘Dafugui’ and a pink cultivar ‘Qingwen’ were selected for study, and the plants’ morphological parameters and photosynthetic characteristics in the full-bloom stage were measured. During the development of the plants, fresh petals at four different developmental stages (Figure 1), including a flower-bud stage (S1), an initiating bloom stage (S2), a full-bloom stage (S3), and a withering stage (S4), were considered in order to measuring the flower quality and to analyze the anthocyanins, flavones, and flavonols. All the samples were frozen immediately in liquid nitrogen and stored at −80 °C. Then, the frozen petals at four stages were used for analyzing the gene expression.




2.2. Measurement of the Morphological Parameters


The plant height and crown width were measured with a meter stick (Zhejiang Yuyao Sanxin Measuring Tools Co., Ltd., Yuyao, China); the stem diameter was measured with a micrometer scale (Taizhou Xinshangliang Measuring Tools Co., Ltd., Taizhou, China), and the leaf area was determined using the method of paper weighing [26] (Table S1).




2.3. Measurements of the Floral Quality and Color Indices


The weight of fresh flowers was measured using a balance (Gandg Testing Instrument Factory, Suzhou, China), and their diameters were measured using a micrometer scale. The flower color of the two cultivars was measured using the Royal Horticultural Society Color Chart (RHSCC) colorimetric method. In addition, a TC-P2A chroma meter (Beijing Optical Instrument Factory, Beijing, China) was used to measure the indices of flower color and to obtain three color parameters, including L* (lightness), a*, and b* values. The hue angle (H°, H° = arctan b*/a*) and a*/b* were calculated according to the previously reported methods [27,28].




2.4. Analysis of the Anthocyanins, Flavones, and Flavonols


The anthocyanins, flavones, and flavonols were analyzed according to Zhu et al. [16] method, with some modifications. Briefly, 0.5 g fresh flower petals were ground in liquid nitrogen and extracted for the first time with a 3 mL solution of acidic methanol solution (70:29.9:0.1; by volume, CH3OH:H2O:HCl). Then, the mixture was shaken in an XW-80A vortex (Shanghai Huxi Analysis Instruments Factory Co., Ltd., Shanghai, China), sonicated in a KQ-200VDB ultrasonic generator (Kunshan Ultrasonic Instruments Co., Ltd., Kunshan, China) at 20 °C for 30 min, and centrifuged in an HC-2518 R centrifugal machine (USTC Chuangxin Co., Ltd., Hefei, China) (12,000 rpm, 10 min), and the supernatant was collected. The operation was repeated for a second and third time with 2 mL and 1 mL extraction solution separately supplemented with the residue, and finally, the merged extract was filtered through 0.22 μm reinforced nylon membrane filters (Shanghai ANPEL scientific, Instruments Co., Ltd., Shanghai, China). Then, the filtrate was diluted 5-fold and transferred into a 2 mL vial for analyzing the anthocyanins and the flavones and flavonols.



The anthocyanins, flavones, and flavonols were analyzed using high-performance liquid chromatography coupled to the photodiode array and mass spectrometry detectors (HPLC–PDA–MS) with a three-dimensional quadrupole ion trap mass spectrometer (model LCQ Deca XP MAX, Thermo Fisher Scientific, Waltham, MA, USA). The HPLC column was an Agilent C18 column (150 mm × 4.6 mm, 5 μm, Thermo Fisher Scientific, Waltham, MA, USA). Eluent A was a 0.1% formic acid aqueous solution, and eluent B was a 0.1% formic acid in acetonitrile. The flow rate was 0.8 mL·min−1, and the injected sample size was 10 μL. The gradient elution was as follows: 10% B at 0 min, 20% B at 30 min, 30% B at 50 min, 40% B at 60 min, 50% B at 80 min, 50% B at 85 min, and 10% B at 90 min. The column temperature was 35 °C. The chromatograms were acquired at 525 for anthocyanins and 350 for flavones and flavonols and PDA data were recorded from 200 to 700 nm.



For HPLC-ESI-MS2 analysis, the HPLC separation conditions were the same as mentioned above. The MS conditions were as follows: positive mode, capillary voltage, 3500 V; capillary exit, 120.4 V; dry gas (N2) temperature, 350 °C; flow, 6.0 L/min; nebulizer, 241.3 kPa; scan range, m/z 100–1200 u.



The total anthocyanin content (TA (mg per 100 mg fresh weight)) was detected semi-quantitatively from the peak area according to a simple linear regression using cyanidin-3-O-glucoside (Cy3G) at 525 nm as standards, and total flavone and flavonol contents (TF (mg per 100 mg fresh weight)) were detected using rutin at 350 nm. The co-pigmentation index (CI) was obtained by dividing TF by TA [29].




2.5. Gene Expression Analysis


Expressions of the genes were quantified using real-time quantitative polymerase chain reaction (qRT-PCR) using a BIO-RAD CFX96TM Real-Time System (C1000TM Thermal Cycler) (Bio-Rad, Hercules, CA, USA). The first-strand cDNAs were reverse-transcribed from RNA isolated from the petals with PrimeScript® RT reagent Kit (TaKaRa, Kusatsu, Japan). P. lactiflora actin (JN105299) was chosen as the internal control. qRT-PCR was carried out using the SYBR® Premix Ex TaqTM (Perfect Real Time) (TaKaRa). The thermocycler program was 50 °C for 2 min, 95 °C for 5 min, 40 cycles at 95 °C for 15 s, 51 °C for 15 s, and 72 °C for 40 s. The relative expression levels were calculated using the 2−△△Ct comparative threshold cycle (Ct), and the expression level of PlPAL in S1 of ‘Dafugui’ was used as the control. The results were gathered using the Bio-Rad CFX Manager V1.6.541.1028 software.




2.6. Statistical Analysis


All data are represented as means of at least three replicates with standard deviations. Data were subjected to analysis of variance (ANOVA) using the SAS/STAT statistical analysis package (version 6.12, SAS Institute, Cary, NC, USA), and the differences were compared by Duncan’s test with a significance level of p < 0.05. The figures were drawn using SigmaPlot 10.0 (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Flower Quality and Color Indices


The flower diameters of ‘Qingwen’ were somewhat bigger than those of ‘Dafugui’ during S1 and S2, but the difference was not significant; however, in S3 and S4, the flower diameters of ‘Qingwen’ were 3.34 and 2.85 mm larger than those of ‘Dafugui’ (Figure 2). There was a gradual increase in the fresh weight of the flowers from S1 to S3 followed by a decline in S4 in both cultivars. Moreover, the flower weights were significantly larger in ‘Qingwen’ than in ‘Dafugui’ in all four stages.



Figure 1 displays the flowers of red ‘Dafugui’ and pink ‘Qingwen’ in the four stages. The RHSCCs of ‘Dafugui’ and ‘Qingwen’ in S3 were 64A and 73B, respectively. To avoid the effects of differences in color perception among human observers and to achieve a more objective notation of flower color, a chromameter was used to measure the color indices (Figure 3). According to the CIELAB color space system (the Commission Internationale de l’Eclairage (CIE)), H° was as follows: 0° for reddish-purple, 90° for yellow, 180° for bluish-green, and 270° for blue [20]. The larger the value of a*/b*, the redder the petals would appear [27,28]. The pink ‘Qingwen’ had higher H° values and lower a*/b* values than the red ‘Dafugui’. The H° values of both the cultivars were found to gradually increase with the development of the flowers, whereas the a*/b* values decreased, indicating that the flowers’ colors faded as they developed. These data describing the color difference between the flowers of two cultivars at different developmental stages were consistent with the visual results.




3.2. Analysis of the Anthocyanins, Flavones, and Flavonols


All eight of the chromatograms less than 525 nm, which detected anthocyanins, were found to possess the same number of peaks, with almost the same retention time but different intensity (Figure 4A), and the same phenomenon appeared in the chromatograms less than 350 nm, which detected flavones and flavonols (Figure 4B). These results indicate that the two cultivars had the same composition of anthocyanins, flavones, and flavonols. There were two peaks, a1 and a2, in the chromatograms of anthocyanins in both the cultivars, with the solvent peak (the peak appeared before a1) deducted. The molecular ion of a1 was m/z 611.2 [M+H]+, with two major fragments at m/z 448.9 [M+H-162]+ and 287.2 [M+H-162-162]+ (m/z 449 for cyanidin glucoside and m/z 287 for cyanidin). Based on other papers [18,29], a1 was identified as Cy3G5G. Similarly, a2 was identified as Pn3G5G. Fourteen flavones and flavonols were detected under 350 nm, and five were detected. Peak f1 with the [M+H]+ molecular ion at m/z 627.03 and two major fragments at m/z 464.9 [M+H-162]+ and 303.3 [M+H-162-162]+ were identified as quercetin di-hexoside [30]. Likewise, f2, f3, f4, and f5 were identified as kaempferol di-hexoside, isorhamnetin di-hexoside, quercetin-3-O-rhamnoside, and luteolin-7-O-glucoside, respectively (Table 1).



Both the composition of the pigments and their contents in the petals need consideration. Therefore, TA, TF, and CI were calculated to examine whether they were related to the color depth of the petals (Figure 5). The TA of ‘Dafugui’ was approximately four to five times that of ‘Qingwen’ in S1 to S3 and almost two times that in S4, in which stage the anthocyanin content was the least. Conversely, the TF of ‘Qingwen’ was about two to three times that of ‘Dafugui’ in the four stages. When compared with TA and TF, both these two cultivars were found to have much higher TF than TA. As the CI indicated, the TF was approximately 16–40 times that of TA in ‘Qingwen’ and 1.5–7 times that in ‘Dafugui’. In terms of development of the flowers, the TA of both the cultivars, as well as TF of ‘Dafugui’, was found to demonstrate obvious downtrends from S1 to S4, while the TF of ‘Qingwen’ was irregular.




3.3. Anthocyanin Biosynthetic Genes Expression Analysis


To examine whether anthocyanin accumulation in the flower during its development is related to the expression patterns of the anthocyanin biosynthetic genes, the expression levels of 11 genes involved in the pathway during four stages were analyzed in the flower petals (Figure 6), which included PlPAL, PlC4H, PlCHS, PlCHI, PlF3H, PlF3′H, PlANS, PlFLS, PlDFR, PlUF3GT, and PlUF5GT. Briefly, the expression of PlCHS was the highest among the 11 genes in both the cultivars, and that of PlUF5GT was the lowest. The expression pattern of the 11 genes differed between the two cultivars: the early genes PlPAL and PlF3′H, as well as the late genes PlANS and PlUF3GT, were found to have distinctly higher overall expression levels in ‘Dafugui’ than in ‘Qingwen’. However, the expression of PlCHI, PlFLS and PlUF5GT was found to be opposite. During the development of the flowers, the genes were all expressed with a certain regularity except PlUF3GT. PlPAL and PlF3′H were expressed in abundance initially and then gradually expressed at lower levels, followed by a final mild increase in the levels in S4. In general, the expression levels of PlPAL, PlCHS, PlF3H, PlDFR, PlANS, and PlUF5GT declined with the flower development; however, the expression levels of PlCHI, PlC4H, and PlFLS increased.





4. Discussion


Flowers are important organs in ornamental plants; their quality changes with certain regularity during its development. The petal color of red cotton flower deepens dramatically after blooming [33]. In P. lactiflora, the petal color in different blooming stages was measured by the Royal Horticultural Society Colour Chart (RHSCC), and its color changed from red-purple to violet [30], which has been previously proved by Zhao et al. [17]. In this study, the color of P. suffruticosa petals with white and red flowers presented a contrary tendency with P. lactiflora; that is, its color deepened gradually as the flower developed, which was in line with the report by Zhou et al. [18]. This result shows that the law of growth and development differed between plants, and even closely related plants had certain specificity in their development.



The coloration of flowers critically depends on the composition and contents of pigments in their petals. Among the various natural pigments, anthocyanins chiefly contribute to the pink, red, purple, and blue cyanic colors of petals [9,10]. In certain species, some anthocyanins have been identified in red flowers. In the tree peony, only one composition of anthocyanin, Pn3G5G, was found in red flowers, whereas no anthocyanins were found in white flowers [34]. Additionally, in P. lactiflora, Jia et al. [17] identified deep purple or reddish-purple cultivars containing 4–5 anthocyanins, whereas pink cultivars only contained two anthocyanins (Cy3G5G and Pn3G5G), with much lower contents than those of the purple cultivars. This study identified two kinds of anthocyanins, Cy3G5G and Pn3G5G, from both the cultivars of P. lactiflora. The statistics from the HPLC chromatograms indicated that the two cultivars in all four developmental stages had the same kinds of pigments but different contents.



When the contents of the anthocyanins and the flavones and flavonols were considered, both TA and TF of ‘Dafugui’ were found to be higher than those of ‘Qingwen’; TF was higher than TA in both ‘Dafugui’ and ‘Qingwen’. In the study by Jia et al. [17], the TA of the pink cultivars was identified to be always lower than that of the purple ones in P. lactiflora, but for TF, it was not absolute. TF was found to be higher than TA in the pink cultivars, but for the purple ones, this was not absolute. In conclusion, the lower TA in ‘Qingwen’ resulted in a light pink color of flowers, and on the contrary, the higher TA in ‘Dafugui’ resulted in deep red color of flowers. The depth of the red color in P. lactiflora flowers depended on the anthocyanin content, such that the redness of the flowers is indicative of more anthocyanins in the petals. Although TF was much higher than TA, the colorless or pale yellow flavones and flavonols [9] could only account for the color of anthocyanins to a small extent. This could also be deduced from the phenomenon in which the color of ‘Qingwen’ lightened from S1 to S4, with the TA reducing regularly but the TF fluctuating irregularly.



A series of structural and regulatory genes are related to the anthocyanin biosynthetic pathway, and the expression of the structural genes is directly associated with the accumulation of anthocyanins [35]. In tree peony, the expression levels of DFR and ANS in red flowers were much higher than those in white flowers, which changed the proportion of anthoxanthins to anthocyanins and brought about a red color [34]. Meanwhile in P. lactiflora, the expression levels of PlPAL, PlCHS, PlCHI, PlF3H, PlF3′H, PlDFR, PlANS, PlUF3GT, and PlUF5GT in white flowers were all lower than those in red flowers, especially PlDFR, PlANS, and PlUF3GT, which induced the formation of a large amount of colored anthocyanins from anthoxanthins [25]. In this study, the expression levels of all 10 genes were analyzed, and the results showed that the early genes PlPAL and PlF3′H, as well as the late genes PlANS and PlUF3GT, had higher overall expression in ‘Dafugui’ than in ‘Qingwen’, while the results for PlCHI and PlUF5GT were opposite. These results suggest that the expression of the structural genes in the anthocyanin biosynthetic pathway is directly associated with the accumulation of anthocyanins. ‘Dafugui’ was found to accumulate a high amount of the initial precursor for anthocyanins due to the higher expression level of PlPAL. Subsequently, a large number of intermediate products were produced, although with lower expression levels of PlC4H, PlCHS, PlCHI, and PlF3H. Finally, with higher expression levels of PlDFR, PlANS, and PlUF3GT, the substances above were found to be catalyzed by these enzymes step-by-step and formed colored anthocyanins. In this process, the leucoanthocyanidins were converted by PlANS into the corresponding anthocyanidins. Then, the glucosylation reaction was catalyzed by PlUF3GT and PlUF5GT such that anthocyanidins could be converted into stable anthocyanins [9]. However, in ‘Qingwen’, the upstream substances were insufficient because of the low expression levels of the early genes PlPAL and PlF3′H. Additionally, the formation of anthocyanins was inhibited by the low expression levels of the late genes PlANS and PlUF3GT, which resulted in a light pink color of petals. It could be seen that PlPAL, PlF3′H, PlANS, and PlUF3GT were identified as critical genes in anthocyanin accumulation, contributing to the discrepancy in the red color of the flowers of the ‘Dafugui’ and ‘Qingwen’ cultivars. However, this result is not in accordance with studies of other species. In litchi, only the late genes in the anthocyanin biosynthetic pathway are coordinately expressed in red-colored pericarp, and the regulating genes affect the anthocyanin accumulation to produce different colors of the pericarp in different cultivars [19]. In addition, expressions of DFR and UFGT were consistent with the anthocyanin contents in different color genotypes of litchi [19], apple [36], and bayberry [37], while in grapes [38], only UFGT accounted for the difference in the coloration between the white and the red varieties. This difference might be due to the difference in the genetic background of the materials studied.




5. Conclusions


In P. lactiflora cultivars ‘Dafugui’ and ‘Qingwen’, the same compositions of anthocyanins were found, and the depth of the red color was determined by the anthocyanin contents. Low expressions of the early genes (especially PlPAL and PlF3′H) resulted in insufficient upstream substances, and the formation of anthocyanins was inhibited by low expression levels of the late genes (especially PlANS and PlUF3GT), which resulted in a light pink color of petals. This study can serve as a theoretical basis for breeding more red flowers using genetic engineering techniques to cater to the preferences of consumers.
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Figure 1. Flowers of P. lactiflora cv. ‘Dafugui’ and ‘Qingwen’ in four developmental stages. S1: flower-bud stage; S2: initiating bloom; S3: bloom stage; S4: withering stage. Bar: 2 cm. 
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Figure 2. Flower diameter and fresh weight of P. lactiflora cv. ‘Dafugui’ and ‘Qingwen’. S1: flower-bud stage; S2: initiating bloom; S3: bloom stage; S4: withering stage. The values represent the mean ± SDs, and different letters indicate significant differences (p < 0.05). 
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Figure 3. Flower color indices of P. lactiflora cv. ‘Dafugui’ and ‘Qingwen’. For stage designations, see Figure 2. The values represent the mean ± SDs, and different letters indicate significant differences (p < 0.05). 
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Figure 4. HPLC–PDA–MS profiles of P. lactiflora cv. ‘ Dafugui’ and ‘Qingwen’. (A) Chromatograms under 525 nm, detecting anthocyanins; (B) chromatograms under 350 nm, detecting flavones and flavonols. For stage designations, see Figure 2. Peaks a1–a2 and f1–f5 are listed in Table 1. 
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Figure 5. TA and TF in the different developmental stages of flower in P. lactiflora cv. ‘Dafugui’ and ‘Qingwen’. TA: total anthocyanin content; TF: total flavone and flavonol contents; CI: copigmentation index (CI = TF/TA). For stage designations, see Figure 2. The values represent the mean ± SDs, and different letters indicate significant differences (p < 0.05). 
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Figure 6. Expression analysis of the anthocyanin biosynthetic genes in the flower of P. lactiflora cv. ‘Dafugui’ and ‘Qingwen’. PlPAL: phenylalanine ammonialyase gene; PlC4H: cinnamate 4-hydroxylase gene; PlCHS: chalcone synthase gene; PlCHI: chalcone isomerase gene; PlF3H: flavanone 3-hydroxylase gene; PlF3′H: flavonoid 3′-hydroxylase gene; PlDFR: dihydroflavonol reductase gene; PlANS: anthocyanidin synthase gene; PlFLS: flavonol synthase gene; PlUF3GT: UDP-Glucose: flavonoid 3-O-glucosyltransferase gene; PlUF5GT: UDP-Glucose: flavonoid 5-O-glucosyltransferase gene. For stage designations, see Figure 2. The values represent the mean ± SDs, and different letters indicate significant differences (p < 0.05). 
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Table 1. Anthocyanins and flavonols identified in the petals of P. lactiflora cv. ‘Dafugui’ and ‘Qingwen’. tR: retention time (min); λmax: maximum absorption wavelength (nm); MS1: molecular ion; MS2: fragment ions of secondary ion mass spectrum.
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	Peak
	tR (min)
	λmax (nm)
	MS1 (m/z)
	MS2 (m/z)
	Identification





	a1
	3.01
	235, 275, 515
	611.2
	448.9, 287.2
	Cyanidin-3,5-di-O-glucoside [17,29]



	a2
	4.80
	275, 510
	625.2
	462.9, 301.1
	Peonidin-3,5-di-O-glucoside [17]



	f1
	7.31
	235, 315
	627.0
	464.9, 303.3
	Quercetin di-hexoside [30]



	f2
	10.32
	265, 345
	611.1
	449.1, 287.3
	Kaempferol di-hexoside [31]



	f3
	11.57
	255, 355
	641.0
	478.9, 317.0
	Isorhamnetin di-hexoside [31]



	f4
	21.75
	235, 370
	465.1
	303.2
	Quercetin-3-O-rhamnoside [32]



	f5
	29.19
	230, 265, 365
	449.1
	287.2
	Luteolin-7-O-glucoside [32]
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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


  horticulturae-08-00349


  
    		
      horticulturae-08-00349
    


  




  





media/file8.jpg
50

40

st

i

$2

—Dafigui
= Qingwen

[ i
s s

Developmental stage

TF (my/g fresh weight





media/file11.png
[9AD] UOISSAIAXD JANRIY HpPDId  [PAJ] UOISSAIAXD JANR[I JHDId  [9Ad] UOISSAIAX dANRIAI /1, €./1d  [PAJ] UO0ISSAIAXD AR SNFId  [2Ad] uoissaidxa danejds 1 H¢4N1d

ol ox O <t (o2 ol — S
% — <t r~ o, "M N e o < < b o o0 << <> < < <
1 ol y— o oo O O O o O ) ol — - SO - S S =
, [ T T T ] T I | T | I 1 T 1
<H _ <H | “H >l o
- o A -17
ol | <H | CD <~ l .
> I oI ol ]
~ . = <l “
ol | ol | 3 _ < ™
-xm | 2l < | a.| bI (7))
//// ////
-
5 O
& 2
2
Dl.. S dD o o LH | ] ol
_ : o — - ot o o <
= 2H | ) <H 1 off o |
< <H = | =o < I
< < _ =l = N ol

< o o
|

T

| 1 | 1 N | 1

N\
.

A

g
SN

L | | 1 1 |
— e
(o] =) \O N = =) O ag =l v S e ol x = S \© e v— (=) v <t ol S
= > = = =B o — - = s o = - — S oo o < S
S S’ - - _—

[9AJ] uOISSAIAXd dANRIAI T JId  [2Ad] uoIssaidxd danedr SHOId [9AQ] uoISSAIAXd dANRI /€7 Id [9A3] UOISSAIAXD dANRII ST.7/d [9AD] UOISSAIAXD DANRII Y J(TId  [2AJ] uoIssaxdxa daneRI 1 HE1N1d

Developmental stages

S1





media/file6.jpg
200

oo

A
xJﬂ — A :w,,.
L 1 S
: S DU R
Eo i
s R
s e e lb
el






media/file1.png





media/file10.jpg
;|||I il
||| i
II..,|||»‘
Ll |I.‘
e oy,
0L





media/file7.png
A a2 B =
20000 Dafugui-S1 Dafugui-S1 - 400000
f5 -
100004 3 £1 £4 :200000
| f3 u -
0 - A | Aa e 7 [ 0
- l f2 G
3 aZ Dafugui-S2 Dafugui-S2 |-
10000 - 200000
1 al £4 f5 B
g f1 |f3 “ l -
0 2 2 P AA, E 0
1 a2 Dafugui-S3 f2 Dafugui-S3 -300000
100003 - 200000
50003 ol £1 g3 £4 A ff’ - 100000
0 E K i 1 2 Aa N LA and-0
100004 Dafugui-S4 e Dafugui-S4 -300000
. - 200000
5 5000 al a2 o | £4 e - 100000
0 41 = A Aa .&* A kL -
10000 Qingwen-S1 f2 Qingwen-S1 [
50004 al 22 ” " - 200000
i1 f1 |f3 \ ! »
e - s A " a. ' fl 0
10000-: Qingwen—S2 f2 Qingwen-S2 :400000
50003 al a2 £5 -200000
1,1 f1 | ¢3 f4 | .
04 A o & A - 0
10000 Qingwen-S3 f2 Qingwen-S3 E
= 200000
50004 al a2 £5 i
0 o i At 2 -
10000‘: Qingwen—S54 £2 Qingwen—S4 300000
. 9 ~ 200000
50004 al @ £5
= £1 £3 f4 ~- 100000
1P P L - 1 A ia Lo 0
o L] L) L] l L] L] L) L) ' L] L] LI ' L] A ] L] L] ' ¥ L] L] l L] g 9 L) 5 v 9.5 l NE. B A 5099 l ¥ SN0 l 9.9 V. N ' 'S U'e l LB ) l %N BN
0 20 30 40 50 ) 5 10 15 20 25 3 35 40
Time (min) Time (min)

uAll






media/file9.png
(JySrom ysaxy 3/3w) 1,

o FT AN O
— —

— -— 0 O T O o
O | <t
a U1
oo I
C_ on
s N
« I
(qv]
4 O
)]
o I
b— I1
- I
= 5
By =2
< 2 < | s
aled ol
—: O[] en
a U
o I
fﬂ.&
o I
s
~ I -

Developmental stage

S4

S3

S2

S1

noo N o n o n o o @@ o
NN AN AN = — o OO n <

(JySrom ysaxy 3/3w) V1.

10 ¢

30 1
20 1





media/file5.png
160

120

40

0.8

B Dafugu
a a 1 Qingwen
a b 1 04
T oL Za
b T
C *
d T d 1- 0.0 &
N
C \T\
d
. e 4 -04
f
] ] l | ! 1 ! _08
S1 S2 S3 S4 S1 S2 S3 S4

Different developmental stage

Different developmental stage





media/file3.png
40

(3) 1ys1om ysa1g

S4

S3

S2

EE Dafugui

S1

Developmental stage

S4

= S = -
T T T
©f
- ]
S -
a_|_
o—
B
~ -
oH
-
<H
<
<SH

S3

1 Qingwen

20

|
o = o
(o) IjoWRIp MO

S2

S1

0





media/file4.jpg
160

20

0

o

s

st

52

- i
=3 Qngwen

g Ty
T
s s

Different developmental stage

08

04

0%

04

08





media/file0.jpg
Qingwen






media/file2.jpg
i





