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Potassium Sulfate Spray Promotes Fruit Color Preference via Regulation of Pigment Profile in Litchi Pericarp
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Fruit color is a decisive factor in consumers’ preference. The bright red color of litchi fruit is associated with its high anthocyanin; however, poor fruit coloration is a major obstacle in litchi plantation. The role of spraying mineral nutrient salts such as KH2PO4, KCl, K2SO4, and MgSO4 on litchi pericarp pigmentation was examined by a field trial, and the relation between human visual color preference versus pericarp pigments and hue-saturation-brightness (HSB) color parameters was investigated. K2SO4-sprayed litchi fruit gained the maximum popularity for its attractive red color. Spray of K and Mg salts decreased the buildup of yellowish pigments, but increased the accumulation of red ones, with the exception of slightly reduced anthocyanins in KH2PO4-sprayed fruit, by regulating the activities of enzymes involved in anthocyanidin metabolism and decreasing pericarp pH, leading to varied pericarp pigment composition. K2SO4 spray generated the highest percentage of cyanidin-3-glucoside over all pigments in pericarp. Correlation analysis shows the percent of cyanidin-3-glucoside, superior to anthocyanin concentration and HSB color parameters, was a reliable indicator to fruit color preference. This work demonstrates that spray of suitable mineral salt can regulate pericarp pigment profile, and is an effective approach to improve fruit pigmentation and promote its popularity.
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INTRODUCTION

Color typically plays a vital role in the evaluation of aesthetic quality, and has been emphasized in different fields, such as psychology, physics, chemistry, optics, vision, engineering, visual arts, graphic design, urban studies, architecture, and so on (Green-Armytage, 2006). Fruit color is a pivotal commercial quality trait for fruit and a decisive factor for consumer’s preference. Fruit pigmentation can affect the taste, flavor, and smell of the fruit as well (Lewinsohn et al., 2005; Paauw et al., 2019). Pigment accumulation is responsible for fruit color (Honda and Moriya, 2018; Hu et al., 2019). Flavonoids are well recognized as the characteristic pink, red, blue, and purple anthocyanin pigments of plant tissues. For example, the major pigments present in tomatoes are the carotenoids (Chattopadhyay et al., 2021), anthocyanin accumulation is responsible for the red color of the skin and flesh of apple fruits (Honda and Moriya, 2018), carotenoids, and anthocyanin jointly contribute to the diverse colors of citrus fruits (Rodrigo et al., 2013).

Litchi (Litchi chinensis Sonn.), a tropical and subtropical Sapindaceae fruit tree with a lifespan of centuries, is widely cultivated in China and Southeast Asia. Commercial litchi plantations are developed in Africa, America, Europe, and Oceania as well. Litchi fruit is popular for its bright red color, and succulent, sweet, and unique taste and health-related nutrients (Wall, 2006; Pareek, 2016). The red color of litchi pericarp is ascribed to high concentrations of anthocyanin accumulation (Lee and Wicker, 1991; Zhang et al., 2005). However, poor and/or uneven pigmentation of fruit pericarp is a common impact in litchi production. Improvement of litchi pericarp coloration is greatly beneficial to raise the market value of litchi.

Pigmentation enhancement of fruit and vegetable before harvest is highly affected by light (Yoo et al., 2020), temperature (Balcerowicz, 2020), and their interaction (Azuma et al., 2012), as well agronomic measures such as bagging (Ma et al., 2019), fertilization (Jezek et al., 2018), and so on. These environmental factors can regulate the expression of genes in biosynthesis of pigment, leading to altered fruit pigmentation. It is widely known that litchi loses its brilliant red appearance soon at ambient condition after harvest and extensive efforts are made to solve this phenomena (Zhang et al., 2005; Fang et al., 2015), however, the role of pericarp pigmentation enhancement through foliar nutrient application preharvest is scarcely investigated in litchi. Potassium (K) is frequently supplemented to enhance the pigmentation in plants due to its multiple reactive functions in higher plants (Nguyen et al., 2010; Sulistiani et al., 2020). Thus, this study is to evaluate the role of foliar nutrient spray on pericarp pigmentation, and explore the relation between human visual color preference and pigment composition in litchi fruit pericarp, with the objective to identify an effective mineral nutrient salt to improve litchi pericarp color.



MATERIALS AND METHODS


Nutrient Salts and Reference Materials

Four reagent grade (GR) mineral salts such as KH2PO4 (≥99.5%), KCl (≥99.5%), K2SO4 (≥99.0%), and MgSO4 (≥99.0%) were used as foliar nutrients in the field experiment.

All of the solvents and reagents used were GR or higher grade quality. The standard materials of gallic acid (≥99%), procyanidin B2, epicatechin (≥98%), 4-hydroxylbenzaldehyde (≥99%), rutin (≥98%), ferulic acid (≥99.5%), kaempferol-3-glucoside (97.0%), and quercetin-3-glucoside (≥98%) were purchased from Aladdin (Shanghai, China), and procyanidin A2 (≥98.0%) from Sigma–Aldrich (Saint Louis, United States). The reference materials of cyanidin-3-glucoside (≥98%) and cyanidin-3-rutinoside (≥90%) were obtained from Macklin-Lab (Shanghai, China).



Field Experiment

A spray experiment with five treatments (four mineral salts and the control) was conducted in a commercial litchi orchard in Haikou city, Hainan province southern China. The soil in this orchard was volcanic ash soil, with a pH of 6.1. Soil alkali-hydrolyzable N, available P, and K were 325.7, 32.2, and 439.0 mg/kg, respectively. The cultivar “Ziniangxi” was used in this trial. “Ziniangxi,” a unique litchi variety called “the king of litchi” in southern China, is well accepted for its great fruit size, but simultaneously castigated by its poor pigmentation. The litchi trees were planted at the spacing of 5 m × 5 m in the spring of 2015. Twenty uniform, healthy trees were selected and divided into five groups for the spray experiment. The three K salts were sprayed at the concentration of 900 mg/L (calculated as K), and MgSO4 was used at the same level with K2SO4 (calculated as S). Each salt solution was sprayed to four trees, with each tree as a repeat. Spraying water was used as the control. All the solutions were evenly sprayed to the leaves and the fruits in the afternoon. There was no surfactant to be used. These trees were treated four times during fruit swelling stage from early April (35 days after fruit set) to mid-May in 2021, with intervals of 8–9 days.



Fruit Sample Collection and Preparation

In the early morning, approximately 3 kg fruits with good quality and uniform maturity were harvested from each tree at economic ripening stage in late May. Four fruits were randomly collected from each 3 kg fruits and wrapped with paper tissues, then put into a plastic bag and sealed for color preference assessment. Then, all the fruits were immediately bagged into iced bubble chambers to keep cold, then delivered back to the laboratory on the same day by air transportation.

All the fruits for chemical analysis were rinsed with tap water and dried with a clean cotton tower in the afternoon of the same day in the laboratory. Then, the fruit epicarp (the endocarp was not included) was manually peeled and divided into four parts. The first part was frozen immediately in liquid nitrogen, and further lyophilized (Christ, Alpha 1–4 LD plus, German) and ground to a fine powder for phenolic compound detection. The epicarp powder samples were stored at −80°C till further analysis. The second part was frozen immediately in liquid nitrogen, and then stored at −80°C for enzyme activity assessment. The third part was oven-dried at 105°C for 30 min and then at 65°C to constant weight for nutrient (N, P, K, Ca, Mg, and S) analysis. The fourth part was used for epicarp pH determination immediately.



Visual Color Preference Evaluation on Litchi Fruit

Twenty fruits from four repetitions of each treatment, were placed into a porcelain dish laid with clean white cotton cloth for color preference assessment in a well-lighted and air-conditioned room. Five dishes were prepared and aligned for the five treatments. Thirty-two participants in the age of 19–49 (students and teachers in the university, none of them was color blind) were Chinese came from all over China, half male and half female. All participants were asked to assess the fruits in five dishes and then put the rated numbers in the front of the dishes to label their preference for fruit color one by one. The five rated numbers, 1, 2, 3, 4, and 5 were used as the color preference index, referring to the first-, the second-, the third-, the fourth-, and the fifth-favorite color, respectively. The choice of each participant was recorded.



Digital Measurement of Fruit Skin Color

After the color preference evaluation, the image of each fruit was immediately captured by a digital single-lens reflex camera (Cannon EOS-1D X, Japan). The imaging was taken under controlled and well-distributed light conditions in a mini photostudio to avoid color cast caused by environmental light. A total of 80 images were achieved. The colorimetric values of each image were extracted by Adobe Photoshop 2018 (Adobe Systems Inc., California, United States) by using hue-saturation-brightness (HSB) color model. HSB model, namely HSB space, a cylindrical coordinate system, is regarded as similar to human visual system (Jih-Gau and Yang, 2016; Agahchen and Albu, 2017), and more concordant with human perception, especially for surface with granular protuberance due to its ignorance of shading effect (Dal Grande et al., 2008). Litchi epicarp consists of tubercles, which make it more suitable for the HSB system. In HSB model, hue (H) values are defined as an angle from 0 to 360°, representing various colors. 0° stands for red, 45° refers to yellow, and 90 and 135° points to yellow-green and green, respectively. Saturation (S) is measured as a percent from 0 (white) to 100% (fully saturated color), and brightness (B) as percent from 0 (black) to 100% (fully bright color) (Cubukcu and Kahraman, 2008).



Extraction and Detection of Phenolic Compounds in Epicarp

Approximately 0.35 g of the lyophilized epicarp powder was mixed with 7 mL of pre-frozen methyl/water (70:30, v/v, pH 0.5) solution and sonicated at 5° for 30 min, then centrifugated with 4,000 rpm at 5° for 10 min, and the supernatants were collected. The residuals were re-extracted twice with 4 mL of methyl/water solution, respectively. All the three supernatants were combined and subjected to rotary evaporation to remove the methyl, then transferred to a 25 mL volumetric flask and diluted to the constant volume with ultrapure water. The extract solution was stored at 4° and filtered with a 0.22 μm film prior to phenol detection by HPLC.

The HPLC (Agilent 1260 Infinity II Quaternary Pump) was equipped with a Caprisil C18-X column and a DAD detector (G7115A). The 2% phosphoric acid (A) and acetonitrile (B) were used as the mobile phases at the speed of 0.8 mL/min. The gradient procedure was scheduled as: 0–5 min with 10% B, 5–10 min with 10–13% B, 10–20 min with 13–18% B, 20–25 min with 18% B, 25–30 min with 18–30% B, 30–31 min with 30–50% B, and 31–33 min with 50% B.



Enzyme Activity Essay

The activities of phenylalanine ammonialyase (PAL) and chalcone isomerase (CHI) were determined by the biochemical methods, and the kits were purchased from the Suzhou Keming Biological Technology Co., Ltd (China). PAL activity is defined as the absorbance variation of 0.1 units per mg tissue per minute in 1 mL reaction solution under 290 nm. CHI activity is measured as the absorbance variation of 0.1 units per mg tissue per hour in 1 mL reaction solution under 381 nm. The activities of both enzymes were expressed as U/g.



Epicarp pH and Nutrients

The epicarp was manually torn apart into pieces and placed into a beaker, and ultrapure water was added (epicarp:water = 1:5, w:w). The solution was stirred for 10 min using a magnetic stirrer, and then the supernatant pH was measured by a pH meter.

The epicarp sample was digested with concentrated H2SO4 + H2O2, then N content in the digested solution was detected by Kjeldahl determination. The epicarp sample was digested with concentrated HNO3 + HClO4, and P concentration in the digested solution was determined by Mo – Sb colorimetric method, and K concentration by flame photometer, and Ca and Mg concentrations by atomic absorption spectrophotometer and S concentration by ICP-OES (Varian 710-ES, United States) (Lu, 1999). Standard materials of GBW07603 were used to assure the analysis quality.



Data Analysis and Statistics

The mean of color preference rating score was calculated by the formula as follow.

[image: image]

Where P1, P2, P3, P4, and P5 refer to the numbers of person who give preference index 1, 2, 3, 4, and 5, respectively.

All the data are expressed as mean ± standard deviation. The color preference rating scores were compared by non-parametric analysis with Kruskal–Wallis test, and all the other data were subjected to analysis of variation, followed by Duncan’s multiple comparisons (P < 0.05) by SAS 9.2. The Pearson correlation analysis was conducted by SPSS 22.0.




RESULTS


Fruit Peel Color Preference Rating

Among all the participants, 50% (16/32) of them chose the K2SO4-sprayed fruit as their best preferred for their more attractive and even red color, and 37.5% (12/32) and 12.5% (4/32) of the participants preferred the fruit applied with KCl and KH2PO4 over all others, respectively (Table 1). None selected the control or MgSO4-sprayed fruit as their favorite.


TABLE 1. The numbers of participants who gave their preference rating for the pericarp color of litchi fruits sprayed with K and Mg salts and the means of color preference rating score (preference index 1–5 means the popularity from the best to the least).

[image: Table 1]
For preference rating scores, a significant discrepancy was observed among treatments (p < 0.0001). KCl- and K2SO4-sprayed fruits were calculated with similar preference scores (1.8 and 1.8, p = 0.9541), which were significantly higher than that of KH2PO4-treated fruit (p < 0.0001). The control- and MgSO4-sprayed fruits scored similarly (4.3 and 4.0, p < 0.1961) as well, and were significantly lower than those applied with KH2PO4 (3.0, p = 0.005). Totally, the control fruit was the least preferred by all the participants. The above indicates that spraying K salts, in particular K2SO4 was an effective approach to improve red color development in litchi fruit pericarp.



Color Parameters of Fruit Epicarp

Although it is well recognized that hue, saturation, and brightness positively affect human preference for color (Camgoz et al., 2002; Wilms and Oberfeld, 2018), frequently, hue is still the dominant for color choice, regardless of saturation and brightness (Camgoz et al., 2002; Cubukcu and Kahraman, 2008; Fortmann-Roe, 2013). Traditionally, commercially ripe litchi is highly recognized for its red fruit pericarp in China and Southeast Asia. No significant difference was observed for H and S values, and significant variation was found only for B values of litchi fruit pericarp among treatments (p < 0.05) (Table 2). However, K2SO4-sprayed fruit was characterized by the lowest H, S, and B values, indicating that hue might be the predominant factor for color preference in litchi fruit because the lower H value represents a redder color.


TABLE 2. Pericarp hue (H), saturation (S), and brightness (B) values of litchi fruits sprayed with K and Mg salts and the visible color simulated by hue-saturation-brightness (HSB) values.
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Phenolic Compounds in Litchi Epicarp

Five classes of phenolic compounds were identified in litchi epicarp (Table 3). Colorless flavanols such as epicatechin, procyanidin A2, and procyanidin B2 were the main phenolic compounds, with the concentrations ranging from 9241.7 ± 1097.5 to 11100.4 ± 700.7, 5959.9 ± 1106.2 to 8224.2 ± 369.3, and 2709.0 ± 294.9 to 3421.7 ± 49.3 mg/kg, respectively. Yellowish flavonols like rutin (613.5 ± 106.9–768.9 ± 50.1 mg/kg), quercetin-3-glucoside (103.2 ± 11.8–142.4 ± 5.8 mg/kg) and kaempferol-3-glucoside (43.8 ± 9.4–69.3 ± 1.3 mg/kg), and red pigments including cyanidin-3-glucoside (593.6 ± 140.6–1,194.1 ± 352.3 mg/kg) and cyanidin-3-O-rutinoside (1856.8 ± 221.2–4007.0 ± 1261.3 mg/kg) were determined. Cyanidin-3-galactoside appeared as a weak peak but could not be quantitatively determined in this study. Low levels of phenolic acids such as ferulic acid (98.4 ± 18.8–222.9 ± 61.6 mg/kg) and gallic acid and other phenol like 4-hydroxybenzaldehyde were observed as well. The primary phenol compounds were epicatechin and procyanidin A2 and the largest anthocyanin component was cyanidin-3-rutinoside in “Ziniangxi” fruit epicarp, which is in line with the observations in “Hong Huey” and “Chacapat” litchi (Reichel et al., 2011).


TABLE 3. Profile of phenolic compounds in epicarp of litchi fruits sprayed with K and Mg salts (Unit: mg/kg).
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A significant difference for the concentrations of all the detectable phenols, with the exception of gallic acid, was observed among treatments (p < 0.05). Spraying K and Mg salts, K2SO4 and MgSO4 in particular, significantly decreased epicarp flavanols compared to the control. Totally, the values of flavonols were reduced by the spray of the four salts as well. Spraying KH2PO4 significantly decreased rutin content in epicarp, and supplement of all the four salts significantly reduced epicarp quercetin-3-glucoside (p < 0.05). KH2PO4, superior to MgSO4, significantly reduced kaempferol-3-glucoside in epicarp (p < 0.05), while KCl and K2SO4 decreased it insignificantly. In contrast to the control, spraying K2SO4 significantly increased the values of both cyanidin-3-glucoside and cyanidin-3-O-rutinoside by approximately 2-folds (p < 0.05), while KCl spray insignificantly raised them. Spraying MgSO4 and KH2PO4 slightly elevated or reduced both derivates of cyanidin, respectively. The application of K2SO4 and KCl insignificantly increased ferulic acid in epicarp, whereas both KH2PO4 and MgSO4 supplement, significantly decreased it (p < 0.05). Epicarp 4-hydroxybenzaldehyde was reduced by spray of the four salts. Generally, the total phenolic compounds were decreased by foliar spray of the four salts, MgSO4 in particular.

Flavonols contribute to pale yellow to dark brown color, and anthocyanins endow colors from pink through red and to purple in a range of plants. The amalgamation of pigment endues versatile colors for plants. The pigment profile shows that although all the treated litchi fruits were characterized by a red tone in the epicarp; spray of K and Mg salts did alter the distribution of visible pigments in the epicarp (Figure 1). The allotment of cyanidin-3-glucoside with bright red color among treatments decreased in the order: K2SO4 (18.9%) > KCl (18.5%) > KH2PO4 (17.9%) > control (16.9%) > MgSO4 (16.7%), and that of cyanidin-3-O-rutinoside with dark red color was K2SO4 (63.4%) > MgSO4 (60.0%) > KCl (57.0%) > KH2PO4 (56.1%) > control (53.2%). Similarly, the allocation of yellowish pigments in the epicarp was decreased by the spray of the four salts. Rutin, an extremely pale yellow pigment, was the largest ingredient of the yellow-hue pigments in litchi fruit epicarp. The K2SO4 spray generated the lowest percentage of rutin (11.4%), followed by KCl (16.0%) and MgSO4 (16.5%). Further, K2SO4 spray reduced the allotment of quercetin-3-glucoside and kaempferol-3-glucoside as well.


[image: image]

FIGURE 1. Distribution of pigments in epicarp of litchi fruits sprayed with K and Mg salts. The different lowercase letters in the bars refer to significant at 0.05 level.




Activities of Enzymes Involving in Anthocyanin Synthesis

Phenylalanine ammonialyase is the first key enzyme in the phenylpropanoid pathway and plays a vital role in the synthesis of anthocyanins (Boudet, 2007). The expression of PAL increases from green to yellow and to red stages in litchi (Zhao et al., 2012), and epicatechin content, regulated by PAL activity, decreases during litchi fruit development (Sun et al., 2009) due to its polymerization to procyanidins (Liu et al., 2007). CHI is the key enzyme involved in anthocyanin biosynthesis in litchi pericarp as well (Qu et al., 2021). The spray of K and Mg salts, K2SO4 and MgSO4 in particular, significantly increased PAL activity (p < 0.05) (Figure 2A), which might lead to enhanced biosynthesis of epicatechin. Meanwhile, the application of the three K salts, superior to MgSO4 spray, significantly raised CHI activity (Figure 2B), which might promote the synthesis of cyanidins. However, epicatechin and both procyanidin derivates were decreased by spraying all the K and Mg salts (Table 3), irrespective of increased PAL activity. The discrepancy between increased PAL activity and decreased epicatechin and procyanidins might be explained that although more precursors of procyanidins were synthesized by increased PAL activity, and more of them were transformed to anthocyanidins owing to increased CHI activity, leading to lower accumulation of flavanols and higher buildup of cyanidins in litchi pericarp in the present study. The metabolism of colorants in litchi pericarp is not completely illustrated yet (Sun et al., 2009; Qu et al., 2021); however, it is well recognized that the color of litchi pericarp is determined by both synthesis and degradation or conversion of pigments; therefore, the phenolic profile in epicarp of litchi fruit sprayed with K and Mg salts is the joint effect of K and Mg salts on phenolic metabolism.


[image: image]

FIGURE 2. Activities of PAL (A) and CHI (B) in epicarp of litchi fruits sprayed with K and Mg salts. The different lowercase and uppercase letters attached to the bars are significantly different at 0.05 and 0.01 levels, respectively.




Epicarp pH and Nutrients

The spray of KH2PO4 increased litchi epicarp pH, whereas both MgSO4 and K2SO4 supplement significantly decreased it (p < 0.01), and KCl spray reduced it insignificantly (Figure 3).
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FIGURE 3. Epicarp pH of litchi fruits sprayed with K and Mg salts. The different lowercase and uppercase letters attached to the bars are significantly different at 0.05 and 0.01 levels, respectively.


The response of epicarp nutrient to spray of K and Mg salts differed greatly (Table 4), which was probably associated with varied mobility of mineral nutrients from pericarp to pulp and then to seed in litchi (Su et al., 2022). Epicarp N, K, and S in litchi fruits were slightly raised by spray of K and Mg salts, in contrast to the control. Spray of KH2PO4 and KCl significantly enhanced epicarp P (p < 0.05), and K2SO4 spray increased it insignificantly, while MgSO4 spray did not affect it. Spray of all K and Mg salts, with the exception of K2SO4, significantly increased epicarp Ca (p < 0.01). Spray of the three K salts had no effect on epicarp Mg and S, whereas MgSO4 spray slightly increased them.


TABLE 4. Mineral nutrient concentrations in epicarp of litchi fruits sprayed with K and Mg salts.
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DISCUSSION


Relation Between Visual Color Preference and Pigment Palette and pH in Litchi Fruit Skin

The attractive red color of litchi fruit is believed to be ascribed to high contents of anthocyanins (Lee and Wicker, 1991; Zhang et al., 2004). Amazingly, the color preference rating score was solely correlated to the percentage of cyanidin-3-glucoside over total visible pigments in the epicarp (r = −0.973**, p = 0.005) in the present study (Table 5). K2SO4 spray raised not only the concentration of cyanidin-3-glucoside, but also its allotment over total visible pigments, leading to a more attractive red color.


TABLE 5. Pearson correlation coefficients between visual pericarp color preference rating score versus epicarp phenol level, percent of a pigment over total visible pigment and HSB color parameter in litchi fruits sprayed with K and Mg salts (n = 5).
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Intriguingly, MgSO4-treated fruit has a higher skin H value than K2SO4-treated one but lower than KCl-treated one, but none of the participants make it as their best choice and only a fewer of them take it the second-like, leading to a similar preference rating score as the control fruit. The lower preference rating score of MgSO4-sprayed fruit with lower fruit pericarp H value, is probably associated with the lowest percentage of cyanidin-3-glucoside in the visible pigments (Figure 1). And the low epicarp H value in MgSO4-sprayed fruit might be ascribed to the high percentage of cyanidin-3-O-rutinoside with dark red color.

In addition, despite the advantage of the HSB color model, the human eye can sense the trace difference of pigment palette in litchi pericarp more subtly than a digital camera in the current investigation, as demonstrated by the discrepancies between the simulative pericarp color (Table 2) and the actual fruit color (Figure 1). It implies that the allotment of cyanidin-3-glucoside, rather than anthocyanin concentration or the HSB color parameter, is a more reliable indicator for visual color preference.

Correlation analysis shows that both derivatives of cyanidin were negatively correlated with epicarp pH (p < 0.05) (Table 6). The protection of red pigment in litchi pericarp conferred by low acidity (Zhang et al., 2005; Fang et al., 2013) and the color enhancement effect on cyanidin-3-glucoside by low acidity of plant cell sap (Mizuno et al., 2019) have been documented, therefore, the decreased epicarp pH in K2SO4-sprayed fruit promotes the display of red color of litchi fruit. Thus, the high percent of cyanidin-3-glucoside in epicarp and pigmentation enhancement by low epicarp pH, are jointly responsible for the popularity of K2SO4-sprayed fruit in the color preference evaluation.


TABLE 6. Pearson correlation coefficients between epicarp phenol concentration versus pH and mineral nutrient level in litchi fruits sprayed with K and Mg salts (n = 20).
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Meanwhile, a close relation between phenol compounds and mineral nutrients was observed as well. For example, epicatechin, and procyanidin A2 were negatively correlated with N, respectively (p < 0.05), and both Ca and Mg were negatively correlated with yellowish pigments like rutin, kaempferol-3-glucoside, and ferulic acid. The above indicates that mineral nutrients in the epicarp did alter the pigment profile in litchi fruit, leading to varied fruit color. Intriguingly, spraying of K salts, with the exception of K2SO4, significantly reduced epicarp Ca (p < 0.01). The antagonism between K versus Ca and Mg in higher plants (Garcia et al., 1999; Papadakis et al., 2004) and in litchi (Yang et al., 2015) implies that spraying of K salts might regulate the pigment composition by altering epicarp Ca and Mg, rather than by a sole and direct role of K itself. However, how the interaction between K, Ca, and Mg to affect the pigment development in litchi, needs to be further investigated.



Differential Role of K and Mg Salts on Litchi Fruit Skin Coloration

The role of K fertilizers on anthocyanin accumulation is described in a range of plants. However, the effect is highly plant species-dependent. For example, the positive effect is observed in apple (Solhjoo et al., 2017) and olive (Zivdar et al., 2016), whereas no effect is reported in red cabbage (Piccaglia et al., 2002), purple corncob (Jing et al., 2007), and Melastoma malabathricum (Koay et al., 2014). In addition, a quadratic function of K fertilizer to anthocyanin is documented in batatas (Sulistiani et al., 2020) as well. The discrepancy of anthocyanin accumulation for plants might be ascribed to the varied anthocyanin composition of a specific plant per se.

In the present work, spray of KCl, K2SO4, and MgSO4 decreased the concentrations of flavanols and flavonols, but increased the levels of anthocyanins as compared to the control, indicating that anthocyanin synthesis was enhanced because these both compounds were the precursors of the latter. Unlike KCl and K2SO4, KH2PO4 spray reduced not only the values of flavanols and flavonols as well, but also the concentrations of anthocyanins. Increased synthesis of anthocyanins is a typical response of plants to P deficiency and lead to dark-brown to purple color, while P supplementation induces primary metabolism and inhibits anthocyanin synthesis by regulation of enzymes like PAL, anthocyanidin synthase, and so on, in the phenolic and flavonoid synthesis pathways (Vance et al., 2003; Misson et al., 2005). It implies that the significantly increased epicarp P by KH2PO4 spray contributes to the reduced pericarp anthocyanins in the present study.

The influence of K forms on anthocyanins is compared in a few plants. No significant difference is found on anthocyanin concentrations of purple corncobs (Jing et al., 2007) and “Red delicious” apple (Solhjoo et al., 2017) receiving K2SO4, KNO3, and KCl, respectively. In the current work, K2SO4 spray, superior to KCl spray enhances the production of both red pigments, implying the role of accompanying anions on anthocyanin synthesis. However, to our knowledge, the mechanism has not been investigated to date and is worthy to be revealed in the future. In addition, K2SO4 addition does not affect the concentrations of most of the phenols in litchi epicarp, but increases the levels of both red pigments by approximately 2-folds as compared to MgSO4 spray, highlighting the role of K+ on synthesis and protection of anthocyanin. The significantly decreased flavanols and flavonols and slightly increased anthocyanins by MgSO4 spray show that Mg treatment not only promoted anthocyanin synthesis, but also inhibited its catabolism as observed in other plants (Shaked-Sachray et al., 2002; Sinilal et al., 2011). These results refer to the importance of combination suitability of mineral cation and anion.




CONCLUSION

A spray of K and Mg salts can alter the pigment profile in litchi fruit pericarp. K2SO4 spray leads to the maximum allotment of cyanidin-3-glucoside over all pigments and lower acidity in fruit epicarp, both of which jointly contributes to the highest visual color preference. This work highlights the role of spraying suitable mineral salt on improvement of fruit color and commercial value enhancement in litchi.
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