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Abstract

:

Red pears are appreciated for their abundant nutritional benefits and visually striking red hue, rendering them a favored option among consumers and stimulating substantial market demand. The present study employs the flesh of a red pear as the explant, subjecting the flesh callus to varying sugar sources, MS concentrations, light qualities, and temperatures to investigate the alterations in secondary metabolites, including anthocyanins, within the callus. It was found that sucrose can induce more anthocyanins, and its related metabolites and genes also increase as the sucrose and MS concentrations increase. Under the conditions of red-blue light and a temperature of 15 °C, it can further induce the production of more anthocyanins and secondary metabolites and can also upregulate the synthesis of anthocyanin-related genes. As such, this investigation serves to elucidate the factors that contribute to anthocyanin accumulation in red pears, thereby providing a theoretical foundation for understanding the mechanisms underlying color change.
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1. Introduction


The process of coloration in most fruits involves the degradation of chlorophyll and the accumulation of anthocyanins, which are naturally occurring water-soluble pigments that are found in various plant tissues and organs [1,2]. Anthocyanins contribute to the red, purple, and blue colors that are observed in plants [3]. The specific coloration of a plant is influenced by various factors, including the type of anthocyanin present, the plant species, and environmental conditions such as light exposure [4]. Anthocyanins can play a crucial role in promoting fruit coloration, enhancing fruit quality, providing resistance to UV damage and pathogens, and improving resistance to adverse environmental conditions and challenges [5]. Furthermore, anthocyanins exhibit antioxidant properties and are capable of scavenging free radicals, thus slowing down the aging process [6]. Available evidence suggests that anthocyanins may also decrease the incidence of several chronic diseases, such as cardiovascular disease and type 2 diabetes, while enhancing visual function, memory, and preventing Alzheimer’s disease [7,8,9,10]. Consequently, increasing the anthocyanin content in fruits can effectively enhance their commercial value.



Researchers have demonstrated that the concentration and type of anthocyanins significantly influence the red coloration of pears [11]. There is a relatively limited number of red-skinned pear varieties in China, with even fewer cultivars exhibiting bright coloring, superior quality, and large fruit sizes [12]. Due to their vibrant coloration and diverse nutritional benefits, red pears have gained immense popularity and tremendous demand among consumers, thereby boosting the market value of this fruit [13]. According to the available literature on fruit germplasm resources, there are records of 652 pear varieties, only 10% of which comprise red-skinned cultivars, accounting for a total of 89 varieties [14]. However, abiotic and biotic stresses pose significant threats to the synthesis and stability of anthocyanins in pears, leading to their degradation at any point during plant growth and development even before harvest. In red pears, high temperatures can substantially contribute to anthocyanin degradation, which often results in the loss of pre-harvest reddening [15]. Thus, it is crucial to explore and investigate various factors that impact the synthesis and degradation of anthocyanins to better understand the underlying mechanisms and implications for improving the commercial value of red pears.



Anthocyanins possess superior antioxidant activity in comparison to other flavonoids, owing to the presence of oxygen atoms carrying a positive charge [16]. Wang et al. conducted a comparative analysis of the active components and antioxidant activity in the juices of four small berries including raspberry, blueberry, lingonberry, and Lonicera cerulea. The study revealed a positive correlation between the levels of polyphenols, anthocyanins, SOD (superoxide dismutase), total flavonoids, and the corresponding clearance rates [17]. The biosynthesis of floral pigments initiates from phenylalanine in the cytoplasm and undergoes sequential hydroxylation, glycosylation, methylation, and acylation modifications, ultimately leading to their accumulation in vacuoles [18]. This intricate process is tightly regulated by a combination of structural and regulatory genes. The biosynthesis of flavonoid glycosides, on the other hand, is controlled by several key structural genes encoding specific enzymes, including CHI (Chalcone Isomerase), CHS (Chalcone Synthase), F3H (Flavanone 3-Hydroxylase), PAL (Phenylalanine Ammonia Lyase), DFR (Dihydroflavonol-4-Reductase), ANS (Anthocyanidin Synthase), and UFGT (UDP-glucose: flavonoid 3-O-glucosyltransferase) [19,20].



To improve the biosynthesis and accumulation of anthocyanins, it is crucial to develop biotechnologies that are capable of regulating experimental environmental conditions effectively [21]. In this study, we utilize callus material to investigate the changes in anthocyanin content in red pear. Notably, tissue culture can be initiated under controlled conditions, irrespective of seasonal variations [22]. Therefore, we conducted an experiment with the aim of exploring how different conditions, including varied sugar sources, light sources, and temperatures, influence anthocyanin synthesis. Our findings can serve as a theoretical foundation for enhancing the anthocyanin accumulation in red pears, and hold potential for applications in agricultural production, such as the promotion of fruit coloration and the genetic variations of fruit color.




2. Materials and Methods


2.1. Different Treatments of Induced Callus Anthocyanins


Mature 90 d ‘Red Zao Su’ red pear, sourced from Chongzhou base of Sichuan Agricultural University, were thoroughly rinsed with running water for two hours. Subsequently, they were disinfected with 75% ethanol on a culture bench for 30 s, followed by a 20 min treatment with 2% sodium hypochlorite solution. Finally, the fruits were rinsed three times with sterile water. Subsequently, the mature ‘Red Zao Su’ red pear pulp was placed in MS (Murashige and Skoog, 1962) medium containing 1.0 mg·L−1 BA (6-Benzyladenine), 1.0 mg·L−1 2,4-D (2,4-Dichlorophenoxyacetic acid), agar 7.0 g·L−1, pH = 6.0. After 30 d, the grown callus was cut off and transferred to 1.0 mg·L−1 BA and 0.5 mg·L−1 NAA (Naphthaleneacetic acid) medium for 3 weeks in dark culture. An amount of 1.0 g of callus was transferred to MS medium with the same hormone ratios. In the context of callus culture, the following five treatments were performed, with all treatments using MS medium supplemented with 7 g·L−1, pH = 6.0, and a light cycle of 16/8 h:



1. Treatment with different sugars (sucrose, glucose, fructose, maltose, mannitol) at a concentration of 3% in MS medium, under white light conditions at 25 °C;



2. Treatment with different concentrations of sucrose (1%, 3%, 5%, 7%, 9%) in MS medium, under white light conditions at 25 °C;



3. Treatment with different concentrations of MS medium (MS, 1/2MS, 1/3MS, 1/5MS, 0MS) in the presence of 3% sucrose, under white light conditions at 25 °C;



4. Treatment with MS medium supplemented with 3% sucrose, under different light qualities (white, blue at 461 nm, red at 620 nm, and 50% red + 50% blue) at 25 °C;



5. Treatment with MS medium supplemented with 3% sucrose, under white light conditions at different temperatures and lighting conditions (15 °C light, 25 °C light, 15 °C dark, 25 °C dark).



The control treatment consisted of MS medium supplemented with 3% sucrose, exposed to white light at 25 °C with a light cycle of 16/8 h and an intensity of 2500 Lux. All callus tissues were sampled on the 15th day of treatment for subsequent analysis of secondary metabolites and RNA extraction. Each treatment had three biological repetitions and three technical repetitions. For each repetition, 1g of callus tissue was placed in a single Petri dish, resulting in a total of nine Petri dishes used for each treatment.




2.2. Determination of the Anthocyanin Content


To prepare the sample for analysis, the fresh red pear callus was pulverized using liquid nitrogen and a mortar and pestle. Subsequently, 0.1 g of the sample was transferred to a 1.5 mL centrifuge tube and blended with 1 mL of 0.1 mol·L−1 hydrochloric ethanol solution. The mixture was incubated in a water bath at 65 °C for 30 min, centrifuged at 12,000× g for 10 min at 4 °C, and the supernatant was collected for further use. The experiment was conducted with three replicates.



The absorbance values of anthocyanin extracts at 530 nm, 620 nm, and 650 nm were measured, with 0.1 mol ethanolic hydrochloric acid solution used as a blank control. To accurately calculate the anthocyanin absorbance values, Greey’s formula OD = (OD530 − OD620) − 0.1 × (OD650 − OD620) was used. The anthocyanin content was then determined using the following formula: anthocyanin content [μg·g−1(FW)] = OD/ε*V/m*M*103. Here, OD represents the anthocyanin absorbance value, whereas ε denotes the molar extinction coefficient of anthocyanin, measured as 4.62 × 104. V represents the total volume of the extract (mL), m denotes the sample mass (g), and M represents the molar molecular weight of anthocyanin, measured as 287.24. Lastly, 103 signifies the conversion of the calculated result into μg [23].




2.3. Determination of Total Phenol and Total Flavonoids


The method by Singleton et al. [24] was used to determine the total phenols. A total of 200 μL of sample extract was combined with 1.8 mL of distilled water and 0.5 mL of Folin (Solarbio, Chengdu, China). After allowing the mixture to stand for 5 min at room temperature, 4 mL of a 15% sodium carbonate solution was added, and the absorbance of the extract was measured at a wavelength of 765 nm after standing for 1.5 h. The method by Kim et al. [25] was employed to determine the total flavonoids. An amount of 2 mL of sample extract was blended into 3.8 mL of distilled water, 0.6 mL of 5% NaNO2 solution, and 0.6 mL of 10% AlCl3 solution after standing for 5 min at ambient temperature. After another rest period of 6 min, 3 mL of 1 mol·L−1 NaOH solution was added. After a 15 min stand at ambient temperature, the absorbance was measured at 510 nm.




2.4. Determination of Antioxidant Activity


This analysis was based on the method by Barreca et al. [26]. To prepare the sample mixture, 0.1 mL of each extract was combined with 63 μmol·L−1 DPPH and 80% methanol, and the final volume was adjusted to 4.0 mL. The absorbance was determined at a wavelength of 517 nm following a 30 min incubation period. By following the method by Almeida et al. [27], the ABTS solution was prepared by combining 25 mL of 7 mol·L−1 ABTS solution with 440 μL of 140 mol·L−1 potassium persulfate solution. The solution was allowed to react for 12–16 h. The ABTS solution was subsequently diluted with ethanol to an absorbency value of 0.7 ± 0.02. A sample volume of 0.1 mol·L−1 was collected, and 4.9 m·L−1 ABTS was mixed with it for 10 min prior to detection at 734 nm. The method by Jang et al. [28] was used to conduct the FRAP assay. Specifically, 0.1 mL of callus extract was mixed with the FRAP reagent and deionized water. After a 30 min incubation period, the absorbance was measured at 593 nm. Results were compared to a standard curve generated using a Trolox standard solution.




2.5. RNA Extraction


The RNA extraction was carried out using the modified CTAB method by Chen et al. [29]. The extracted RNA solution was taken, its concentration and OD value were determined via protein-nucleic acid assay, and the purity of RNA was judged based on the ratio of OD260/280 as well as OD260/230. The integrity of RNA was detected via 1.0% agarose gel electrophoresis.




2.6. Design and Synthesis of the Primers


Based on the cloned gene sequences, a pair of specific quantitative primers (Table 1) was designed using SnapGene® 1.3.2 software while using the Pyrus bretschneideri Rehd Actin gene as the internal reference gene, and the primer sequences were sent to Sangong Biotech (Shanghai, China). ‘Red Zao Su’ is a red bud sport variety derived from ‘Zao Su’ and belongs to the white pear (Pyrus bretschneideri Rehd). Therefore, the genetic sequence of white pear was utilized.




2.7. cDNA Compose


The synthesis of the first strand of cDNA was performed according to the TakaRa PrimeScxipeTM (China, Shanghai) reagent kit with gDNA Erasex (PRT) for PCR instruction manual. The PCR procedure was as follows: 42 °C for 2 min (or 5–30 min at ambient temperature); lower the temperature to 40 °C and remove for reverse transcription (operated on ice).




2.8. Related Gene Expression Determination


In a 0.5 mL thin-walled PCR reaction tube, qPCR reaction solution was added sequentially, gently mixed, transiently centrifuged and then placed in a fluorescence quantification instrument for amplification. The reaction procedure consisted of pre-denaturation at 94 °C for 5 min, followed by 35 cycles of denaturation at 94 °C for 40 s, annealing at 58 °C for 40 s, and extension at 72 °C for 1 min. The reaction was completed with a final extension at 72 °C for 10 min.




2.9. Statistics and Analysis


Proliferation rate = (final fresh weight-initial fresh weight)/initial fresh weight.



IBM SPSS Statistics 20.0 was used to identify significant differences between treatments (p < 0.05). Subsequently, the data were processed and graphed using Microsoft Excel software and Origin 2023.





3. Results


3.1. Effect of Different Sugar Sources on the Callus


The sucrose treatment resulted in the highest anthocyanin content of 52.97 μg·g−1, followed by glucose and fructose, which induced similar levels of anthocyanin content. The anthocyanin content induced by the mannitol treatment was the lowest at only 34.80 μg·g−1 (Figure 1a). The sucrose treatment had the most significant impact on the callus proliferation rate, which was observed to be lower under maltose and mannitol treatments (Figure A1). The highest total phenol and total flavonoid contents of the callus were recorded under the sucrose, glucose, and fructose treatments, with no significant differences observed among them. Conversely, the lowest total phenol and total flavonoid contents were observed under the maltose and mannitol treatments (Figure 1b,c). In terms of the antioxidant capacity, the DPPH, ABTS, and FRAP values were highest for the sucrose treatment, followed by fructose and glucose, and then the mannitol and maltose treatments (Figure 1d–f).



Carbohydrates are known to be the primary drivers of plant metabolism, growth, and development [30]. Sugar uptake is critical for plant growth and development in tissue culture [31]. The results of this study are consistent with those of previous findings [32], demonstrating a strong correlation between all phenolics and antioxidant activity. The hydroxyl groups of phenolics are known to combat free radicals, making it a valuable antioxidant [33]. Different sugars have varying roles in anthocyanin biosynthesis, with sucrose playing the most significant regulatory role [34]. In a study by Kumar et al. [35], cotton hypocotyls were cultured in different sugar sources, and it was found that the sucrose and fructose cultures had a high phenolic content in the callus, while maltose reduced the phenolic content of the callus. Similarly, radish sprouts were also treated with different types of sugars, and the results show that sucrose treatment resulted in the highest anthocyanin content, followed by fructose, mannitol, and glucose [36]. Some sugars, such as sucrose, glucose, or mannitol, were shown to promote anthocyanin accumulation [37].



Through an analysis of the genes involved in anthocyanin synthesis, it was observed that PAL expression was lower in sucrose, fructose, and glucose compared to mannitol and maltose. Notably, PAL expression was the highest in the mannitol treatment, being ten times greater than that observed in the fructose treatment, which showed an opposing trend to the anthocyanin content (Figure 2a). The expressions of both CHS and DFR were similar, exhibiting little difference in the sucrose, fructose, and glucose, but both were significantly higher than the maltose and mannitol treatments (Figure 2b,e). Among all treatments, fructose exhibited the highest expression of CHI (Figure 2b). Both F3H and ANS displayed similar trends, with the highest expression observed under sucrose treatment, followed by glucose and fructose, with the first three treatments being significantly higher than maltose and mannitol (Figure 2d,f). The expressions of UFGT and MYB10 were the highest under mannitol treatment, being roughly twice as high as those observed for other treatments (Figure 2g,h). These results suggest that saccharides may increase anthocyanin levels by upregulating the expression levels of CHS, F3H, DFR, and ANS. Sugars are known to regulate the majority of the structural and regulatory genes involved in flavonoid metabolic pathways, including PAL, CHS, DFR, and UFGT [38]. Dai et al. [39] found that saccharides, acting as a carbon source, can enhance the accumulation of anthocyanin in cultures by directly affecting both anthocyanin regulation and the expression of various structural genes (such as CHS, CHI, F3H, DFR, LAR, LDOX, and ANR), while simultaneously decreasing the phenylalanine content.




3.2. Effect of Different Sucrose Concentrations on the Callus


We chose to use sucrose for our sugar concentration studies because it induced both anthocyanins and maximized the growth of the callus. An increase in the sucrose concentration led to an increase in anthocyanin content, with the highest anthocyanin content of 75.54 μg·g−1 being achieved with 9% sucrose treatment (Figure 3a). The callus proliferation rate increased initially and then decreased with the increase in the sucrose concentration, with the callus proliferation rate reaching its highest value under 5% sucrose treatment (Figure A2). Similar patterns were observed in the total phenol and total flavonoid contents as well as the antioxidant indicators, compared to the trends observed for the anthocyanin levels under different sucrose concentration treatments (Figure 3b–f). Specifically, an increase in the sucrose concentration resulted in a gradual rise in both the total phenol and total flavonoid contents, as well as in the antioxidant capacity. Sarmadi et al. [40] treated yew callus with different concentrations of glucose and found that the callus browning became more severe with an increasing glucose concentration, while the phenols and flavonoids also increased significantly. An increase in the sucrose concentration also resulted in an increased phenolic content in willow and camptotheca [41,42]. According to Ram et al. [43], rose callus was found to exhibit a rich reddish hue and a significant accumulation of anthocyanins when cultured with a sucrose content of 6–7% in the medium. It was also found that anthocyanins were induced in dandelion callus under 5.5% sucrose culture [22].



A gradual upregulation in the expression of PAL, CHS, CHI, F3H, DFR, and ANS was observed with the increasing sucrose concentration (Figure 4a–f). Studies conducted on plant species such as petunia and chrysanthemum revealed that the expression of relevant genes was found to be positively correlated with increasing concentrations of sucrose in the medium [44,45]. It was proposed that sucrose plays a key role in regulating the expression of biosynthetic genes involved in anthocyanin production, thereby leading to an increase in the production of these pigments [46]. Studies have demonstrated that the addition of exogenous sucrose to the growth medium can lead to a marked increase in the transcript levels of DFR and LDOX genes [47,48].




3.3. Effect of Different MS Concentrations on the Callus


As depicted in Figure 5a, a decrease in the concentration of MS in the growth medium resulted in a gradual increase in the anthocyanin content, with the highest level of 86.42 μg·g−1 being achieved in the absence of MS supplementation. The total phenolic content was the lowest under MS and 1/2 MS treatment, and as the MS concentration decreased, the total phenolic content gradually increased, with the highest value of 13.79 mg·g−1 observed in the medium without the addition of MS (Figure 5b). The highest level of total flavonoids was observed under 0MS treatment, followed by 1/3MS and 1/5MS, and the lowest level was observed under MS treatment (Figure 5c). Similar trends were observed for the three indicators of antioxidant capacity (Figure 5d–f). The results indicate that the deficiency of certain nutrients can stimulate the production of secondary metabolites and enhance the antioxidant capacity in callus cultures, as evidenced by the data obtained in this study. Despite the increase in the anthocyanin content achieved through nutrient deficiency, it was observed that the growth of callus was negatively impacted, as depicted in Figure A3, indicating the need to find a relatively reasonable concentration to increase anthocyanin production when nutrient deficiency is used. According to previous studies [49], nutrient deficiencies, particularly in nitrogen, phosphorus, and sulfur, can cause an accumulation of anthocyanins as a mechanism to prevent physiological disorders that arise from the excessive accumulation of carbohydrates in tissues. Furthermore, Landi et al. [50] reported that anthocyanins play a pivotal role in preventing premature aging in plants that are subjected to mineral deficiencies like nitrogen or phosphorus deficit. Simões et al. [51] lowered the MS salt concentration to a quarter, which increased the anthocyanin content of rose calli. Studies conducted on various plant species, including Arabidopsis, tomato, tobacco, rose, and grape plants, have demonstrated that a nitrogen deficiency can trigger a substantial increase in the anthocyanin accumulation [43,52]. At lower concentrations of growth compounds (NH4NO3 and KNO3), inhibitory effects on anthocyanin production can be effectively reversed [53]. When there is a nitrogen deficiency, the amount of sugar used to form amino acids decreases, and more sugars are used to form more anthocyanins, resulting in a red coloration [54].



The expressions of PAL, CHS, CHI, and DFR all showed a progressive increase with the decreasing MS concentration (Figure 6a–c,e), while the expressions of F3H and ANS were the highest at 1/2MS and 0MS treatment (Figure 6d,f). The expression of UFGT was the highest at 0MS (Figure 6g), and the other treatments had little effect on UFGT. It was established that nutrient deficiency is a key factor that can induce significant anthocyanin accumulation in plants, with the concomitant upregulation of genes being responsible for anthocyanin synthesis, as reported by Li et al. [55]. In this experiment, the expressions of PAL, CHS, CHI, and DFR showed similar trends to the anthocyanin content. Huang et al. [56] suggested that PAL is critical in the synthesis of anthocyanins starting from deamination.




3.4. Effect of Different Light Qualities on the Callus


Under red-blue light, the callus showed the highest content of anthocyanins at 83.21 μg·g−1, while the lowest content was 43.95 μg·g−1 under white light (Figure 7a). The callus growth was faster under white and red-blue lights, but slower under red and blue lights (Figure A4). The total phenolic content was also the highest under red-blue light and the lowest under white light (Figure 7b). The flavonoid content was the highest under red-blue light, while the remaining differences in the flavonoid content between red, white, and blue lights were not significant (Figure 7c). Similar trends were also found in the detection of antioxidant capacity, as with substances such as anthocyanins (Figure 7d–f). Overall, a correlation between anthocyanins and total phenols, total flavonoids, and antioxidant capacity was observed.



Different wavelengths of light have varying effects on plant growth, and light is crucial for the formation of anthocyanins in most plants [57]. Several research studies have suggested that specific light sources have the capacity to directly stimulate the synthesis of critical secondary metabolites, such as flavonoids, caffeic acid derivatives, artemisinins, and anthocyanins [58,59,60]. Fazal et al. [61] reported that in prunella, while yellow light was found to be the optimal light source for maximum biomass accumulation in leaf explants, violet light was the most effective for promoting biomass accumulation in petiole explants. Additionally, blue light was found to be the ideal light condition for inducing the highest total phenolic content and total flavonoid content in callus growth. Stevia rebaudiana exhibited elevated levels of total phenolic content, total flavonoid content, and overall antioxidant capacity in callus cultures exposed to blue light, whereas green and red lights enhanced the reducing power (RPA) and DPPH free radical scavenging activity [62]. Blue and red lights increased the phenolic and flavonoid contents, respectively, in the callus of Ocimum; blue light increased rosemary acid and eugenol, while citric acid increased under continuous white light, and anthocyanins increased under red light [63]. Blueberry root callus exhibited the greatest concentration of anthocyanins when cultivated under red light, showing approximately a five-fold increase compared to conditions of darkness [64]. Purple basil demonstrated optimal growth, as well as increased levels of biomass, total phenolic content, total flavonoid content, and antioxidant activities (DPPH, FRAP, and ABTS) when exposed to blue light [65]. The application of red-blue light to Dendrobium callus led to an enhancement in both the dry weight and the levels of secondary metabolites, specifically phenolic and flavonoid compounds. Conversely, white light exposure stimulated the production of phenolphthalein [66]. Similarly to our findings, the use of red-blue light had a beneficial effect on callus growth and the accumulation of secondary metabolites [67].



The expressions of PAL and DFR were lower in the red light treatment than in the other treatments (Figure 8a,e). Under both red and blue light treatments, the expressions of ANS and CHI were comparatively lower than the other two treatments (Figure 8c,f). Nevertheless, the red light treatment resulted in an increased expression of MYB10 and CHS (Figure 8b,h). Conversely, both the blue and white light treatments notably decreased the expression of CHS and MYB10 compared to the other treatments (Figure 8b,h). On the other hand, the white light treatment led to the lowest expression of F3H, whereas the blue light treatment enhanced the expression of F3H. These findings suggest that the signaling pathways involved in anthocyanin regulation may vary between blue light and white light conditions (Figure 8d). Under the combined influence of red-blue light, PAL, CHS, CHI, ANS, UFGT, and MYB10 exhibited the highest levels of expression, confirming the positive effect of red-blue light on anthocyanin content promotion. In kiwifruit, it was observed that the presence of red light led to a reduction in the anthocyanin content, along with the inhibition of key genes involved in anthocyanin synthesis, including CHS, DFR, ANS, UFGT, and CRY. On the other hand, blue light effectively increased the accumulation of anthocyanin in callus cultures and resulted in enhanced expression levels of genes such as CHS, F3H, DFR, CHI, UFGT, CRY, and F3′H [68]. In eggplant, the exposure to white light containing UV light resulted in an increase in the anthocyanin levels, CHS, and DFR [69]. Similarly, blue light was observed to elevate the expression levels of MYB, DFR, ANS, and UFGT genes in purple pepper [70]. It is worth noting that different plant species exhibit varying pathways induced by different light qualities. For instance, in lettuce, the genes CHI, F3H, DFR, and ANS are also induced by red-blue light [67].




3.5. Effect of Different Temperatures on Callus under Light


The light treatment at 15 °C exhibited the highest anthocyanin content, while the differences in the dark treatments at 25 °C and 15 °C were not significant but significantly lower than the light treatment (Figure 9a). The dark treatment at 25 °C resulted in the highest rate of callus proliferation, which was significantly higher than the rate under the light treatment. However, the growth amount was inhibited by the low temperature (Figure A5). The 15 °C light treatment showed the highest total phenolic content, whereas the lowest content was observed in the dark 25 °C treatment (Figure 9b). There was no significant difference in the flavonoid content between the dark treatments at 25 °C and 15 °C, while the light treatment at 15 °C exhibited a higher flavonoid content than the light treatment at 25 °C (Figure 9c). The antioxidant capacity indicators demonstrated similar trends to that of anthocyanins, total phenols, and total flavonoids (Figure 9d–f). Based on these findings, it can be concluded that light effectively increases the content of secondary metabolites in callus, and a low temperature also contributes to the increase in the secondary metabolite content.



According to Simões et al. [51], the optimal temperature for anthocyanin production in rose callus was found to be 24 ± 2 °C, as higher temperatures led to the browning of the callus. Grass coral callus demonstrated the fastest growth at temperatures within the range of 23–28 °C, while severe damage occurred at both 15 °C and 32 °C. The highest production of flavonoids was observed at 26 °C [71]. In potato callus culture, the anthocyanin content was lower at 4 °C compared to 25 °C, indicating that low temperatures negatively affected callus growth [72]. Optimal temperatures for anthocyanin biosynthesis in carrot callus cultures were determined to be 30 °C (in solid medium) and 25 °C (in liquid medium) [73]. Light exerts a crucial influence on primary and secondary metabolism, as well as various developmental processes in plants [74]. It is a pivotal physical factor, and the quality of light significantly impacts photosynthesis and morphogenesis, ultimately modulating plant growth and development [75]. Temperature also plays a vital role in influencing the secondary metabolism yield, and specific temperature requirements must be carefully regulated at different stages of plant tissue culture based on the specific needs of the cultivated tissues [76].



Light increased the expression of PAL and UFGT (Figure 10a,g), whereas the CHS, CHI, F3H, and DFR expression levels were all higher at 15 °C than at 25 °C under the treatment (Figure 10b–e). The expressions of ANS, UFGT, and MYB10 were highest in light at 15 °C, while in light at 25 °C and in the dark at 15 °C, the expressions of ANS and MYB10 did not differ much but were still higher than in the dark at 25 °C (Figure 10f–h). The synergistic effect of light and a low temperature may lead to the upregulation of these genes, which, in turn, regulates anthocyanin synthesis. Previous studies have demonstrated that higher temperatures lead to the downregulation of anthocyanin biosynthesis genes, including CHS, DFR, LDOX, UFGT, and MYB10. This downregulation is consistent with the increased expression of genes such as MYB15 [77]. In apple callus cultures, the interplay of light and temperature was observed. It was noted that under light conditions, low temperatures (16 °C) led to the upregulation of regulatory and structural genes, including CHI, F3H, CHS, DFR, UFGT, and MYB10. On the other hand, high temperatures (32 °C) induced the expression of MYB16, which had a detrimental impact on anthocyanin biosynthesis [76]. Previous studies have shown that the exposure to low temperatures can significantly stimulate the expression of CHS in Arabidopsis and in red orange [78,79]. Similarly, African chrysanthemums exhibited higher levels of CHS, F3H, and ANS expression at all developmental stages when subjected to a temperature of 6 °C compared to 22 °C [80]. These findings collectively emphasize the beneficial role of light and low temperature in regulating the production of anthocyanins.




3.6. Correlation Analysis of Different Treatments


From Table 2, it can be observed that there is a positive correlation among anthocyanins, total phenols, total flavonoids, and antioxidant index in all treatments. In some treatments, the positive correlation is even statistically significant. This indicates that despite the variations in the experimental conditions, the regulatory mechanisms and interactions among these substances remain relatively consistent. Interestingly, the treatments with different sugar sources showed a strong positive correlation between the callus accumulation rate and anthocyanin production. However, most of the other treatments exhibited negative correlations. This suggests that, in most cases, as the anthocyanin content increases, the growth rate of the callus tissue decreases. Moreover, genes involved in anthocyanin synthesis exhibited different correlations under various conditions. In the treatments with different sugar sources, it was found that CHS, F3H, DFR, and ANS showed a significant positive correlation with the anthocyanin content. In the treatments with different sugar concentrations, PAL, CHS, CHI, F3H, DFR, and ANS were significantly correlated with the anthocyanin content. However, in the treatments with different MS medium concentrations, only PAL showed a significant positive correlation. Under different light qualities, only F3H exhibited a positive correlation with the anthocyanin content. Similarly, in the treatments with different temperature and lighting conditions, only UFGT showed a significant positive correlation. These results indicate that a wide range of genes or regulatory pathways are involved in influencing anthocyanin synthesis. Different factors may utilize different genes to regulate this process, which warrants further investigation.





4. Conclusions


Plants serve as a significant source of secondary metabolites, which possess diverse roles in human welfare, including therapeutic implications. However, the yield of secondary metabolites obtained from natural populations of plants is insufficient to meet commercial demands due to their limited accumulation [81]. Various in vitro culture techniques, including callus, hairy root, shoot, and suspension cultures, can be utilized to enhance the biosynthesis of specific metabolites in commercially important plants [82]. Among these techniques, callus culture is regarded as a promising approach for the biosynthesis of bioactive compounds in endangered species of most medicinal plants [83]. The secondary metabolites derived from Dendrobium officinale exhibit pharmacological efficacy in alleviating acute alcoholic liver injury [84]. The secondary metabolites of plants, such as terpenoids, lignans, polyphenols, phenolic acids, alkaloids, lactones, and flavonoids, exhibit anti-HBV activity. These natural anti-HBV products can be considered as potential lead compounds or candidate drugs [85]. Fruit trees typically have a prolonged growth cycle, which, combined with the arduous and time-intensive process of inducing their metabolites and validating their gene functions, can present a substantial challenge. Nonetheless, tissue culture presents a viable solution to address this problem, offering a more efficient and effective means of analysis. The present study aims to establish an efficient approach for boosting the production of anthocyanins in the callus of pear fruit by subjecting it to various treatments. The results demonstrate that the composition and concentration of sugar, MS content, light quality, and temperature have a significant impact on the synthesis of secondary metabolites, including anthocyanins in red pear callus. Importantly, these phenolics were found to be closely associated with antioxidant capacity. Further, the analysis of genes related to anthocyanin synthesis was carried out, unveiling the intrinsic factors influencing the process under varying conditions. Overall, these findings provide a roadmap for natural anthocyanin production in red pear fruit, along with their potential applications in agricultural production, such as the promotion of fruit color and genetic variation studies in fruit color.
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Figure A1. Effect of different sugar sources on the proliferation rate of callus. Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 
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Figure A2. Effect of different sucrose concentrations on the proliferation rate of the callus. Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 
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Figure A3. Effect of different MS concentrations on the proliferation rate of the callus. Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 
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Figure A4. Effect of different light quality on the proliferation rate of the callus. Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 
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Figure A5. Effect of different temperature illumination on the proliferation rate of callus.Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 
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Table A1. Reagent information.
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	Reagent
	Catalog Number
	Company
	Country





	NAA
	N600
	Phyto Tech
	United States



	2,4-D
	D299
	Phyto Tech
	United States



	6-BA
	B800
	Phyto Tech
	United States



	MS Medium
	M519
	Phyto Tech
	United States
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Figure 1. Effects of different sugar sources on callus secondary metabolites ((a) anthocyanin content, (b) total phenolic content, (c) total flavonoid content, (d) DPPH, (e) ABTS, (f) FRAP, (g) sucrose, (h) glucose, (i) fructose, (j) maltose, (k) mannitol). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 






Figure 1. Effects of different sugar sources on callus secondary metabolites ((a) anthocyanin content, (b) total phenolic content, (c) total flavonoid content, (d) DPPH, (e) ABTS, (f) FRAP, (g) sucrose, (h) glucose, (i) fructose, (j) maltose, (k) mannitol). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test.
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Figure 2. Effect of different sugar sources on the callus anthocyanin gene ((a) PAL, (b) CHS, (c) CHI, (d) F3H, (e) DFR, (f) ANS, (g) UFGT, (h) MYB10). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 






Figure 2. Effect of different sugar sources on the callus anthocyanin gene ((a) PAL, (b) CHS, (c) CHI, (d) F3H, (e) DFR, (f) ANS, (g) UFGT, (h) MYB10). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test.
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Figure 3. Effect of different sucrose concentrations on callus secondary metabolites ((a) anthocyanin content, (b) total phenolic content, (c) total flavonoid content, (d) DPPH, (e) ABTS, (f) FRAP, (g) 1% sucrose, (h) 3% sucrose, (i) 5% sucrose, (j) 7% sucrose, (k) 9% sucrose). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 






Figure 3. Effect of different sucrose concentrations on callus secondary metabolites ((a) anthocyanin content, (b) total phenolic content, (c) total flavonoid content, (d) DPPH, (e) ABTS, (f) FRAP, (g) 1% sucrose, (h) 3% sucrose, (i) 5% sucrose, (j) 7% sucrose, (k) 9% sucrose). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test.
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Figure 4. Effect of different sucrose concentrations on callus anthocyanin genes ((a) PAL, (b) CHS, (c) CHI, (d) F3H, (e) DFR, (f) ANS, (g) UFGT, (h) MYB10). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 






Figure 4. Effect of different sucrose concentrations on callus anthocyanin genes ((a) PAL, (b) CHS, (c) CHI, (d) F3H, (e) DFR, (f) ANS, (g) UFGT, (h) MYB10). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test.
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Figure 5. Effect of different MS concentrations on callus secondary metabolites ((a) anthocyanin content, (b) total phenolic content, (c) total flavonoid content, (d) DPPH, (e) ABTS, (f) FRAP, (g) MS, (h) 1/2MS, (i) 1/3MS, (j) 1/5MS, (k) 0MS). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 






Figure 5. Effect of different MS concentrations on callus secondary metabolites ((a) anthocyanin content, (b) total phenolic content, (c) total flavonoid content, (d) DPPH, (e) ABTS, (f) FRAP, (g) MS, (h) 1/2MS, (i) 1/3MS, (j) 1/5MS, (k) 0MS). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test.
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Figure 6. Effect of different MS source concentrations on the callus anthocyanin gene ((a) PAL, (b) CHS, (c) CHI, (d) F3H, (e) DFR, (f) ANS, (g) UFGT, (h) MYB10). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 






Figure 6. Effect of different MS source concentrations on the callus anthocyanin gene ((a) PAL, (b) CHS, (c) CHI, (d) F3H, (e) DFR, (f) ANS, (g) UFGT, (h) MYB10). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test.
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Figure 7. Effect of different light qualities on callus secondary metabolites ((a) anthocyanin content, (b) total phenolic content, (c) total flavonoid content, (d) DPPH, (e) ABTS, (f) FRAP, (g) red, (h) blue, (i) white, (j) red/blue = 1:1). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 






Figure 7. Effect of different light qualities on callus secondary metabolites ((a) anthocyanin content, (b) total phenolic content, (c) total flavonoid content, (d) DPPH, (e) ABTS, (f) FRAP, (g) red, (h) blue, (i) white, (j) red/blue = 1:1). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test.
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Figure 8. Effect of different light matter on anthocyanin synthesis genes ((a) PAL, (b) CHS, (c) CHI, (d) F3H, (e) DFR, (f) ANS, (g) UFGT, (h) MYB10). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 






Figure 8. Effect of different light matter on anthocyanin synthesis genes ((a) PAL, (b) CHS, (c) CHI, (d) F3H, (e) DFR, (f) ANS, (g) UFGT, (h) MYB10). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test.
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Figure 9. Effect of different light temperatures on callus secondary metabolites ((a) anthocyanin content, (b) total phenolic content, (c) total flavonoid content, (d) DPPH, (e) ABTS, (f) FRAP, (g) light 15 °C, (h) light 25 °C, (i) dark 15 °C, (j) dark 25 °C). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 
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Figure 10. Effect of different light temperatures on anthocyanin synthesis genes ((a) PAL, (b) CHS, (c) CHI, (d) F3H, (e) DFR, (f) ANS, (g) UFGT, (h) MYB10). Note: Normal letters in every column indicate significant differences at 0.05 level by Duncan’s multiple range test. 
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Table 1. Design of primers for gene quantification.
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	Target Gene
	Primer Sequences (5′-3′)





	Actin
	Actin-F: CCATCCAGGCTGTTCTCTC

Actin-R: GCAAGGTCCAGACGAAGG



	PbANS
	PbANS-F: TGGTAAGATTCAAGGCTATGGAAGC

PbANS-R: TCACGCTTGTCCTCTGGGTATAC



	PbCHS
	PbCHS-F: ACCCAACTGTGTGCGAGTAC

PbCHS-R: TGGGTGATTTTGGACTTGGGC



	PbCHI
	PbCHI-F: TCGGAGTGTACTTGGAGGAAAACG

PbCHI-R: TCTCAAACGGACCTGTAACGATG



	PbDFR
	PbDFR-F: CAGGAACTGTGAACGTGGAGG

PbDFR-R: GAGACGAAGTACATCCAACCAGTC



	PbF3H
	PbF3H-F:TCGCTAGAGAGTTCTTTGCTTTGC

PbF3H-R: TTTCACGCCAATCTTGCACAG



	PbPAL
	PbPAL-F: ATCGCTACGCTCTCCGAAC

PbPAL-R: GTGCAAGGCCTTGTTCCTC



	PbUFGT
	PbUFGT-F: ACACTCTCTTCTCGTTCTTCAGC

PbUFGT-R: CATCGTACACCCTTAGGTTAGGC



	PbMYB10
	PbMYB10-F: CAGGAAGAACAGCGAATGATGTG

PbMYB10-R: GGGCTGAGGTCTTATCACATTGG
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Table 2. Correlation analysis of different treatments.






Table 2. Correlation analysis of different treatments.





	Different sugar source treatment
	Total phenolic content (mg·g−1)
	Total flavonoid content (mg·g−1)
	DPPH (μmol·g−1)
	ABTS (μmol·g−1)
	FRAP (μmol·g−1)
	Callus proliferation rate
	PAL
	CHS
	CHI
	F3H
	DFR
	ANS
	UFGT
	MYB10



	Anthocyanidin content (μg·g−1)
	0.889 *
	0.573
	0.953 *
	0.987 **
	0.946 *
	0.953 *
	−0.658
	0.932 *
	0.117
	0.959 **
	0.903 *
	0.973 **
	−0.586
	−0.756



	Different sucrose concentration treatments
	Total phenolic content (mg·g−1)
	Total flavonoid content (mg·g−1)
	DPPH (μmol·g−1)
	ABTS (μmol·g−1)
	FRAP (μmol·g−1)
	Callus proliferation rate
	PAL
	CHS
	CHI
	F3H
	DFR
	ANS
	UFGT
	MYB10



	Anthocyanidin content (μg·g−1)
	0.931 *
	0.889 *
	0.831
	0.858
	0.913 *
	−0.521
	0.888 *
	0.953 *
	0.917 *
	0.988 **
	0.935 *
	0.964 **
	0.719
	0.642



	Different MS concentration treatments
	Total phenolic content (mg·g−1)
	Total flavonoid content (mg·g−1)
	DPPH (μmol·g−1)
	ABTS (μmol·g−1)
	FRAP (μmol·g−1)
	Callus proliferation rate
	PAL
	CHS
	CHI
	F3H
	DFR
	ANS
	UFGT
	MYB10



	Anthocyanidin content (μg·g−1)
	0.922 *
	0.911 *
	0.739
	0.765
	0.946 *
	−0.948 *
	0.935 *
	0.823
	0.597
	0.458
	0.447
	0.641
	0.344
	−0.312



	Different light quality treatment
	Total phenolic content (mg·g−1)
	Total flavonoid content (mg·g−1)
	DPPH (μmol·g−1)
	ABTS (μmol·g−1)
	FRAP (μmol·g−1)
	Callus proliferation rate
	PAL
	CHS
	CHI
	F3H
	DFR
	ANS
	UFGT
	MYB10



	Anthocyanidin content (μg·g−1)
	0.938
	0.944
	0.457
	0.999 **
	0.938
	0.038
	0.602
	0.645
	−0.524
	0.968 *
	−0.25
	0.766
	0.76
	0.665



	Different temperature light treatment
	Total phenolic content (mg·g−1)
	Total flavonoid content (mg·g−1)
	DPPH (μmol·g−1)
	ABTS (μmol·g−1)
	FRAP (μmol·g−1)
	Callus proliferation rate
	PAL
	CHS
	CHI
	F3H
	DFR
	ANS
	UFGT
	MYB10



	Anthocyanidin content (μg·g−1)
	0.983 *
	0.974 *
	0.977 *
	0.957 *
	0.973 *
	−0.739
	0.875
	0.446
	0.351
	0.193
	0.227
	0.836
	0.960 *
	0.688







Note: ** At the 0.01 level (two-tailed), the correlation is significant. * At the 0.05 level (two-tailed), the correlation is significant.
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