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Abstract

:

To investigate the effect of calcium (Ca) application on post-harvest fruit quality in Nanfeng tangerines, this study sprayed three calcium fertilizers (Calbit, Larry 8 Calcium, and Suspended Calcium) before harvesting. The fruit quality was assessed over a storage period of 0–60 d at a controlled room temperature of 20 ± 5 °C. The evaluation methods included principal component analysis (PCA) and linearly weighted summation. Pre-harvest calcium treatments increased the fruit calcium content and maintained higher firmness and shear. Compared to the control group, fruits treated with Calbit exhibited decreased levels of decay, weight loss, and respiration rates. Additionally, they demonstrated higher values of L*, b*, C*, and H° and lower values of a* and CCI. Moreover, the Larry 8 Calcium and Calbit treatments increased the levels of soluble solids, total soluble sugars, titratable acids, and VC content in the fruit. They accelerated the decomposition of tartaric, oxalic, and citric acids in the pulp, promoting the accumulation of sucrose and glucose. PCA and comprehensive evaluation scores indicated that the comprehensive scores assessing the storage quality of Nanfeng tangerine fruits treated with pre-harvest Larry 8 Calcium and Calbit were higher than those of the control group. The highest composite quality scores for Calbit-treated fruits were observed at 40 and 60 d, and the highest scores for Larry 8 Calcium were recorded at other intervals. These findings suggest that pre-harvest calcium application improved the post-harvest fruit quality of Nanfeng tangerines, with Larry 8 Calcium and Calbit emerging as favorable options.
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1. Introduction


The Nanfeng tangerine (Citrus reticulata Blanco cv. ‘Kinokuni’) is renowned as one of the best citrus varieties, with a cultivation legacy spanning over 1300 years in the Jiangxi Province, China [1]. Nanfeng tangerine fruit is important in the citrus fruit market because of its vibrant golden color, thin skin, tender flesh, and delightfully sweet flavor [2]. However, Nanfeng tangerine fruit is susceptible to fungal infections after harvest, leading to various physiological disorders, such as stem rot, green mold, and blue mold [3]. These infections significantly diminish the fruit quality and present challenges for transportation and storage. This leads to considerable financial losses and a reduction in commercial value [4]. Therefore, the primary considerations lie in enhancing the fruit quality and delaying the deterioration of the storage quality.



The maturity and development of fruits relies significantly on calcium (Ca), an essential mineral for fruit tree growth and development [5]. Furthermore, Ca regulates the physiological and metabolic functions of fruits as a counterion of organic and inorganic anions in vacuoles and a cytoplasmic second messenger associated with developmental or environmental events. This regulation is crucial for preserving the integrity and functionality of cell walls and membranes, thus enhancing the quality of the harvested fruits [6]. Fruits with higher Ca content may exhibit shorter shelf lives due to calcium binding to pectin in the cell wall, inhibiting enzymes such as polygalacturonase from breaking down the fruit [7]. High Ca levels can benefit fruit coloration, protein synthesis, membrane system integrity, and fruit cell structure stiffness [8], directly influencing the texture and flavor after harvest. Furthermore, numerous studies have established a connection between fruit storage-related physiological and pathological diseases and pericarp cell wall structure [9]. The stability of the cell wall structure is also associated with the synergistic interaction between calcium ions and the polygalacturonic acid chain. By impeding polygalacturonase-mediated pectin breakdown, various calcium treatments may affect pectin quantity in plant cell walls [10]. In addition to delaying fruit ripening and softening and avoiding physiological diseases and pests, this method facilitates the preservation of the cell membrane and cell wall structure, ensuring high fruit firmness and reducing rot [11]. Therefore, adjusting the Ca content effectively controls certain diseases [12].



Red soil utilized in citrus production typically exhibits acidic pH levels, leading to low Ca availability. Although Ca is the most common exchangeable cation in calcareous soils, citrus fruits often contain low levels of Ca [13]. This deficiency is primarily attributed to the restricted mobility of Ca in plants, resulting in inadequate transportation to organs with low transpiration rates, such as fruits, compared to shoots [14]. Hence, to augment fruit Ca content during cultivation, Ca cultivation can be commonly applied by spraying it onto fruit trees before harvesting. Although Ca treatment has been extensively researched in post-harvest fruit storage [11,12,13,14,15], there is a dearth of studies comparing the effects of various calcium preparations on Nanfeng tangerine post-harvest preservation. Therefore, this study aimed to evaluate the impact of pre-harvest calcium treatment on the post-harvest physiology, storability, and quality properties of Nanfeng tangerine fruit. Such investigations can establish foundational knowledge for future environment-friendly preservation technologies and fruit quality enhancement.




2. Materials and Methods


2.1. Plant Materials and Treatments


The experimental materials for this study comprised 18-year-old Nanfeng tangerine trees grafted onto trifoliate oranges. These plants were cultivated in the same plot at the Mingcheng Orchard, situated in Nanfeng County, Jiangxi Province (27°02′ N, 116°38′ E). The fruits were harvested on 31 October 2021, followed by immediate transfer to a ventilated storehouse for preservation at the Jiangxi Key Laboratory for Post-harvest Technology and Nondestructive Testing of Fruits and Vegetables, completed within 3 h.



This study employed three treatments: Larry 8 Calcium 1000× solution (Purchased from Wuhan city, China; Greencare Agricultural Science and Technology Co., Ltd., Ca + Mg ≥ 10.0%), Calbit 1000× solution (Purchased from Jiangmen City, China; Italy Valagro Co., Ltd., Ca ≥ 150 g/L), and Suspended Calcium 3000× solution (Purchased from Fuzhou City, China; Italy SCL group, CaO ≥ 600 g/L). Water spray (CK) served as the control. Six plants with similar yields, crown sizes, and tree vigor were selected. Each tree received two sprays, which were administered 60 and 30 d before harvesting.




2.2. Sample Collection and Post-Harvest Storage


After harvesting, fruits of identical maturity (based on the citrus color index and TSS content), uniform size, and free from mechanical damage were selected and stored for two days. Subsequently, 1000 fruits per treatment were placed in polyethylene plastic film bags (d = 0.03 mm) and stored at room temperature (20 ± 5 °C) with a relative humidity of 85–90%. Sample collection and data measurements were performed every 10 d during the storage period, which extended up to 60 d. At each time point, 20 fruits were sampled for each treatment. The fruits were then separated into peel and pulp, frozen in liquid nitrogen, and stored at −80 °C for further application. Before determination, frozen fruit flesh tissue samples were thoroughly ground into a powder using a refrigerated mixing mill (Retsch-MM 400, Retsch Inc.; Shanghai, China).




2.3. Fruit Quality Measurements


2.3.1. Measurement of Calcium Content


The Ca content was analyzed using inductively coupled plasma mass spectrometry (Agilent ICP OES, Santa Clara, CA, USA), with the specific mass-to-charge ratio (m/z) of the element utilized for qualitative analysis [16].




2.3.2. Measurement of Fruit Texture Index


Fruit firmness and shear force were assessed using a texture analyzer (FTC, TMS-Touch, Sterling, VA, USA). The flesh firmness was measured with a P/100 probe at a test speed of 120 mm  ·  min−1, test and post-test speeds of 280 mm  ·  min−1, a compression degree of 30%, and an initial force of 0.05 N. The flesh shear force was evaluated using the HDP/BS probe at a velocity of 90 mm  ·  min−1 prior to the test and 280 mm  ·  min−1 during and after the test, with a distance of 30 mm and an initial force of 0.5 N.




2.3.3. Measurement of Citrus Color Index, Decay Rate, Weight Loss Rate, and Respiration Rate


Twenty fruits were selected from each treatment group and organized into groups of five fruits each. After washing, colorimetric measurements, including L*, a*, b*, chroma (C*), hue angle (H°), and citrus color index (CCI), were conducted on the peels. Measurements were taken in two diagonal directions at the equator of the fruit epidermis using a colorimeter, and the average value was recorded. CCI was calculated as 1000 × a*/(L* × b*).



A total of 1200 fruits were allocated evenly across the four groups, with 300 fruits assigned to each treatment for decay rate assessment. Visible lesions on the fruit surface, approximately 1 mm in diameter, were indicative of rot. Subsequently, the decay rate (%) was calculated.



The weight loss rates of 33 randomly selected fruits were determined by calculating the percentage difference between the initial and final weights compared to the initial weight.



The fruit respiration rate was assessed using a fruit and vegetable respiration-measuring instrument (GXH-3051H, Junfanglihua Technology Research Institute, Beijing, China). Fifteen fruits were sampled from each group for each measurement, and the respiration rate was determined using the following equation:


  R e s p i r a t i o n   r a t e =     ∆ C O   2     100   ×   V   h e a d s p a c e   ×   1000   m   ×   60   t   ,  



(1)




where m is the mass of the Nanfeng tangerines (g), Vheadspace is the empty volume of the jar (mL),   ∆   C O   2     is the difference between the initial and final concentration of     C O   2    , and t is the recording time (min).




2.3.4. Measurement of Total Soluble Solids (TSS), Titratable Acidity (TA), Ascorbic Acid (VC) Content, and Solid–Acid Ratio (TSS/TA)


The nine fruits were divided into three groups. The pulp juice was combined, and the soluble solid content was measured using a handheld sugar meter (Atago Company, Tokyo, Japan, model PAL-1).



The titratable acidity content (%) in the fruits was determined through sodium hydroxide neutralization titration. The ascorbic acid content was assessed via 2,6-dichlorophenol indophenol titration, with each test conducted three times. The results were reported as mg/100 g [15]. The solid–acid ratio (%) was calculated as the ratio of the soluble solid content to the titratable acid content.




2.3.5. Measurement of Organic Acid and Sugar Component


Organic acids and sugars were extracted [17] with minor adjustments. The frozen fruit pulp samples were pulverized into powder using liquid nitrogen, and 4.0 g of the powdered sample was precisely weighed. Subsequently, the samples were incubated in a 35 °C water bath for 20 min, followed by centrifugation at 10,000 rpm for 15 min at room temperature (4000 rpm for 30 min in a 50 mL centrifuge tube). The resulting supernatant was collected in a 25 mL volumetric flask, combined, and diluted with 80% ethanol to a final volume of 25 mL. Finally, 1 mL of the extract was dried via rotary evaporation, followed by reconstitution with 1 mL of ultrapure water. The reconstituted extract was then filtered using a 13 mm aqueous filter head with a pore size of 0.44 μm for subsequent sample analysis.



The organic acid and sugar content of the fruit were analyzed using high-performance liquid chromatography (Shimadzu Malaysia Factory, Negeri Sembilan, Malaysia, Model LC-2030 Plus). For the determination of sugar components, chromatographic conditions were set as follows: Waters Spherisorb NH2 column (4.6 mm × 250 mm, 5.0 μm) maintained at a column temperature of 35 °C. The mobile phase consisted of an acetonitrile: ultrapure water ratio of 8.5:1.5, a flow rate of 0.8 mL/min, and an injection volume of 20 μL. The detection was performed using a refractive index detector (RID).



The chromatographic conditions for determining acid components were as follows: C18 column (4.6 mm × 250 mm) maintained at a column temperature of 30 °C. The mobile phase comprised 0.01 mol/L H2SO4 (pH 2.6), with a flow rate of 0.5 mL/min and an injection volume of 20 μL. The detection was conducted using a diode array detector (PDA) (Shimadzu, Kyoto, Japan, SPD-M20A).





2.4. Statistical Analysis


All data were statistically processed in Microsoft Excel and analyzed using SPSS 25.0. Graphs were generated using the Graphpad Prism 8.0.





3. Results


3.1. Effects of Pre-Harvest Calcium Treatment on Calcium Content


Pre-harvest Ca treatment significantly increased the Ca content in the pulp of Nanfeng tangerine fruit (Figure 1). The highest concentration was observed in fruits subjected to Suspended Ca treatment, followed by Calbit and Larry 8 Calcium. However, after 60 days of storage, the Ca content sharply declined, with the most substantial reduction observed in fruits treated with Suspended Ca, decreasing by 91.12% in the pulp (Figure 1A) and 49.80% in the peel (Figure 1B) compared to that on day 0.



In the fruit pulp, the Suspended Ca treatment exhibited the highest Ca content at 8.368 g/kg, and the control group showed the lowest Ca content at 3.084 g/kg. Regarding the peel, both the Larry 8 Calcium and Suspended calcium treatments demonstrated significantly higher Ca content than the CK. Among the treatments, the control group experienced the greatest reduction in Ca content in the pulp, whereas the Calbit treatment presented the lowest reduction in calcium content in the peel, decreasing by 52.89% and 35.76%, respectively, compared to day 0.




3.2. Effects of Pre-Harvest Calcium Treatment on Fruit Texture Quality


As illustrated in Figure 2A, the firmness of Nanfeng tangerines exhibited an initial increase, followed by a peak, subsequent decrease, and eventual stabilization with prolonged storage time. The fruit firmness peaked at day 10 for Calbit at 6.00 N, while Larry 8 Calcium, Suspended Calcium, and CK reached peaks of 6.30 N, 5.87 N, and 5.86 N, respectively, at day 20. Pre-harvest Ca treatment significantly mitigated the firmness decrease, resulting in 33.56%, 43.92%, and 61.18% higher firmness at day 30 than the CK. At the end of storage, Calbit fruit exhibited a firmness of 2.81 N, which was significantly higher than that of the other treatment groups and 28.90% greater than that of the CK.



The shear forces exhibited fluctuating changes (Figure 2B). At the end of the storage period, the maximum shear force of CK was 20.07 N, which was significantly lower than that of the other three treatment groups.




3.3. Effects of Pre-Harvest Calcium Treatment on Fruit Color Index


Throughout the storage period, the a* value generally exhibited an upward trend (Table 1). Calbit initially showed the lowest a* value of 5.72 on day 0. However, by day 60, CK displayed the smallest a* value of 31.87, which was significantly lower than those of the other three treatment groups. This suggested that pre-harvest Ca treatment enhanced the reddening of Nanfeng tangerine peels. The overall trend of peel b* values initially increased and then decreased. On day 60, the b* value of the Larry 8 Calcium treatment was 59.45, which was significantly lower than that of the Calbit and CK treatments. Calbit and Suspended Calcium increased, starting at 63.66 and 62.17 and decreasing to 60.65 and 60.10, respectively, by day 60, while CK decreased from 62.22 to 60.77 before storage.



The C* values of Nanfeng tangerines displayed a minor fluctuation pattern, initially increasing and then decreasing during storage. There were no significant differences in the C* values of the pericarp among the four treatment groups before or after storage. Larry 8 Calcium reached its maximum value of 68.41 after 30 days of storage. Calbit peaked at 69.73 after 50 days of storage, decreasing slightly to 69.44 by the end of storage; it remained higher than the other treatment groups. Suspended Calcium reached a peak of 70.64 after 50 d, whereas CK increased to 68.77 after 40 days of storage. The H° value exhibited a decreasing trend during storage, decreasing from 78.94, 85.05, 82.23, and 80.79 before storage to 61.00, 60.93, 60.86, and 62.34, respectively. After 60 days of storage, the CK color tone angle H° value was 62.34, which was significantly higher than that of other treatment groups. The L* values decreased with the storage time. Larry 8 Calcium exhibited the largest change, from 68.20 to 62.25; the smallest change occurred in CK, with the L* value decreasing from 66.19 to 63.08. On day 0, the peel color of Larry 8 Calcium was the highest, significantly higher than that of other three treatment groups, indicating the effectiveness of pre-harvest Larry 8 Calcium application in improving peel brightness.



The CCI values of the fruits exhibited an upward trend. At 0 and 50 d, the CCI values of Larry 8 Calcium were 2.56 and 9.07, respectively, significantly higher than those of other three treatment groups. During the initial 50 days of storage, the CCI value of Calbit remained consistently lower than that of the other treatments. These findings suggest that pre-harvest Calbit treatment had a suppressing effect on the increase in CCI value in Nanfeng tangerines stored at room temperature.




3.4. Effects of Pre-Harvest Calcium Treatment on Decay Rates, Weight Loss Rate, and Respiratory Rate


Both the Larry 8 Calcium and Calbit treatments notably reduced the decay rate of Nanfeng tangerine fruit, whereas the Suspended Calcium treatment increased it compared to the control. The highest decay rate (14.67%) was observed in fruits treated with Suspended Calcium, and the lowest decay rate (5.67%) occurred in those treated with Larry 8 Calcium after 60 days of storage.



Pre-harvest Ca treatments, particularly Larry 8 Ca and Calbit, reduced the weight loss rate of Nanfeng tangerine fruit during 60 days of storage (Figure 3B). After 60 d, the weight loss rate of CK was 27.08%, 21.17%, and 16.75% higher than that of the Calbit, Larry 8, and Suspended Calcium treatments, respectively.



Figure 3C illustrates that the overall trend of respiration intensity during storage was similar across different Ca treatments, displaying an initial decrease, followed by an increase, and then a gradual decrease. On day 30, the Calbit treatment group reached its lowest respiratory rate, notably lower than those of other treatment groups, at 78.86% of CK. The respiration rates of Larry 8 Calcium, Suspended Calcium, and CK were minimized at 60 d and did not present significant differences.




3.5. Effects of Pre-Harvest Calcium Treatment on TSS, TA, VC Content, and TSS/TA


Figure 4 depicts the changes in the TSS, TA, VC, and TSS/TA ratios. The TSS content gradually increased during storage. Before 40-day storage, the pre-harvest Ca treatment significantly increased the TSS content (Figure 4A), and no differences were observed after 50 d. After 60 d, both the Calbit and Larry 8 Ca treatments showed significantly higher TSS contents than CK. The TA contents (Figure 4B) initially increased, and then decreased within 60 d. The Larry 8 Ca and Suspended Ca treatments exhibited significantly higher TA contents than CK in the initial phase of storage. Subsequently, from 20 d onwards, the TA content began to decline continuously, decreasing by 7.21%, 23.44%, 1.69%, and 12.22%, respectively. On day 60, the VC content in the Calbit and Larry 8 Ca treatments was significantly higher than that in the CK.



Pre-harvest Ca treatment delayed the increase in TSS/TA value, resulting in significantly lower values than in CK during the initial storage period, similar to the trend observed in TSS content. However, after 10 days of storage, the TSS/TA value for Suspended Calcium was 27.19%, which was significantly higher than that of the CK. The Larry 8 Ca treatment exhibited the highest TSS/TA value of 33.60% On day 50, it significantly surpassed CK and Calbit. These findings suggest that pre-harvest Ca treatment effectively hindered the reduction in the sugar and acid content, thereby influencing the flavor.



The VC content initially decreased and then gradually increased within 60 d, reaching its lowest value after 40 days of storage (Figure 4D). In the initial stage, the VC contents of Calbit and Larry 8 Calcium were 62.00% and 56.29% higher than those of CK, respectively. By the end of storage, the VC content in Calbit was 19.35% higher than that in the control.



This indicates that pre-harvest Ca treatment effectively enhanced the TSS, TA, and VC levels of Nanfeng tangerines, maintaining them at relatively high levels during storage. Consequently, it inhibited the decline in fruit quality and the occurrence of fruit diseases.




3.6. Effects of Pre-Harvest Calcium Treatment on Organic Acid and Sugar Components


Further analysis of sucrose, fructose, and glucose revealed that the sucrose content was the highest, accounting for 64.68%, 62.25%, 66.88%, and 64.68% in Larry 8 Ca, Calbit, Suspended Ca, and CK, respectively. Throughout the storage period, the sucrose content in Nanfeng tangerine fruit exhibited an overall upward trend (Figure 5A). On day 0, the sucrose content of the pre-harvest Ca treatments was significantly higher than that of the control by 6.58%, 5.66%, and 4.11%, respectively. From 30 to 60 d of storage, there was no significant difference in sucrose content between Larry 8 Ca and Suspended Ca, but it was significantly higher than in other treatments. Moreover, the sucrose content of the Ca treatment groups did not significantly differ from that of the control group after 30 d. The glucose and fructose content initially increased and then decreased during storage (Figure 5B,C). On day 20, the fructose content of the Larry 8 Ca and Calbit treatments peaked at 21.43 mg/g and 21.53 mg/g, respectively, significantly higher than the CK and Suspended Ca treatments. The glucose content of Calbit reached its highest value of 21.61 mg/g on day 40, which was significantly higher than that of the other treatments. However, on day 60, the glucose content of the control group was significantly higher than that of Larry 8 Ca and Suspended Ca groups.



As depicted in Figure 5D–F, the oxalic acid and tartaric acid contents exhibited a similar trend, initially increasing and then gradually decreasing. By 40 days of storage, the tartaric acid content of the pre-harvest Ca treatment group was significantly higher than that of the CK. The content of CK and Calbit peaked on day 50, with the Calbit treatment showing a significantly higher content than other three treatments (0.13 mg/g). The citric acid content demonstrated a general downward trend (Figure 5E). From days 0 to 40, the citric acid content of the Larry 8 Ca and Calbit treatments was significantly higher than that of the CK, averaging 27.87% and 40% higher than that of the CK, respectively. However, on day 60 of storage, the citric acid content of CK was significantly higher than that of Larry 8 Ca and Suspended Ca (4.37 mg/g).




3.7. Principal Component Analysis (PCA) of Storage Quality of Nanfeng Tangerine


Before the comprehensive evaluation of various Ca treatments, the inconsistencies in the quantitative profiles of each indicator were acknowledged. To mitigate differences in the quantitative profiles and magnitude of the raw data across the 16 indicators detected, the raw data from 28 groups (4 treatments × 7 storage periods) underwent initial preprocessing for homogenization using the Z-Score method in SPSS 25.0. The homogenization formula X = (raw value − mean value)/standard deviation was applied, resulting in a mean of zero and a standard deviation of 1 for each index.



To assess the suitability of the homogenized 16 sets of raw data for principal component analysis (PCA), KMO and Bartlett’s tests were initially conducted. The results, presented in Table 2, revealed a KMO value of 0.598, falling below the threshold of 0.600. To enhance the reliability of the data model, indicators with minimal statistical variance, including “citric acid”, “firmness”, and “shear force”, were excluded, and the remaining 13 indicators underwent a subsequent PCA step. The KMO and Bartlett’s test results for these 13 quality indicators are also displayed in Table 2, yielding a KMO value of 0.673 with a significance of 0.000, suggesting improved suitability for PCA. Utilizing PCA dimensionality reduction, the cumulative changes in quality across different treatment storage periods were divided into principal components based on eigenvalues exceeding 1. Table 3 illustrates three principal components with eigenvalues of 5.719, 3.454, and 1.070, explaining 43.990%, 70.555%, and 8.234% of the total variance in the information. This cumulative explanation accounted for 78.789% of the total information variance, effectively summarizing and reflecting most of the initial variables.



To visualize the advantages and drawbacks of various Ca treatments concerning the ambient storage quality of Nanfeng tangerine, the composite scores were calculated based on PCA-derived data. First, the eigenvectors for the 13 factors were derived from the loading coefficients and eigenvalues of 13 quality indices. Subsequently, the scores for the three principal components were constructed using these eigenvectors as weights:


Y1 = 0.340 X1 + 0.369 X2 − 0.337 X3 + 0.330 X4 − 0.320 X5 + 0.297 X6 + 0.287 X7 + 0.261 X8 + 0.255 X9 − 0.034 X10 + 0.108 X11 − 0.212 X12 + 0.132 X13










Y2 = 0.058 X1 − 0.157 X2 + 0.086 X3 + 0.171 X4 + 0.068 X5 − 0.255 X6 + 0.102 X7 + 0.327 X8 + 0.166 X9 + 0.479 X10 + 0.464 X11 + 0.399 X12 + 0.342 X13










Y3 = 0.03 X1 + 0.234 X2 + 0.306 X3 + 0.065 X4 + 0.208 X5 + 0.247 X6 − 0.509 X7 − 0.295 X8 + 0.544 X9 + 0.188 X10 + 0.14 X11 − 0.192 X12 + 0.087 X13











Utilizing the variance contribution rates corresponding to the three principal components as weights, a comprehensive evaluation model for the different Ca treatments was established: Y = 0.558 Y1 + 0.337 Y2 + 0.105 Y3. Subsequently, the measured values of ambient storage quality indices of Nanfeng tangerines with different Ca treatments were standardized and substituted into the above equations. The model was then employed to compute the comprehensive scores of various varieties and rankings, as depicted in Figure 6. The overall storage quality composite scores of Nanfeng tangerines with different Ca treatments exhibited an increasing trend, with the scores of the four treatment groups initially being negative on day 0. Larry Calcium and Calbit rose to positive values of 0.8 and 0.43, respectively, while Suspended Calcium and CK reached positive values on day 20, indicating a post-ripening process in Nanfeng tangerine after harvesting. The composite scores of Nanfeng tangerines treated with pre-harvest Ca peaked at 3.55, 3.16, and 2.8, respectively, on day 40. The CK reached its maximum value of 2.65 on day 50, suggesting that the quality of Nanfeng tangerine treated with pre-harvest Ca achieved optimal quality at approximately 40 to 50 d of storage. However, considering the increasing rate of rotting over extended storage periods, timely warehousing and sales after 50 days storage were advisable. Except for day 40 of storage, the scores of the Larry 8 Calcium treatment group were significantly higher than those of other three treatments from days 0 to 50. Furthermore, except for days 40 and 60 of storage, the scores of pre-harvest Larry 8 Calcium treatment surpassed those of other three treatments, indicating that the storage performance of Nanfeng tangerines treated with Larry 8 Calcium was generally superior.





4. Discussion and Conclusions


Ca plays a vital role in both plant growth and development and serves as a crucial component of the cell wall. Pre-harvest Ca treatment of fruits may effectively delay softening by preserving the tissue structure and cell wall constituents while also reducing the activities of cell-wall-degrading enzymes. Additionally, the foliar application of Ca fertilizer is an environmentally friendly method for preserving freshness, enhancing firmness, increasing Ca content in fruit [18], delaying senescence and ripening [19], reducing physiological and pathological diseases [20], improving fruit quality, and extending storage time [21]. Hence, pre-harvest Ca treatment is a prevalent and efficient agricultural practice [22]. This study aimed to assess the impact of various Ca fertilizers on the post-harvest quality and storage characteristics of Nanfeng tangerines. The findings revealed that pre-harvest Ca treatment significantly enhanced the Ca content, firmness, and maximum shear force of the fruits. It notably decelerated fruit softening and upheld high fruit hardness throughout storage, with Suspended Ca treatment yielding the most favorable results. Moreover, pre-harvest treatments with Calbit and Larry 8 Ca effectively mitigated dehydration and decay in Nanfeng tangerines while boosting sugar, acid, and VC levels in the fruit, maintaining them at relatively high levels during storage. Consequently, these treatments delayed fruit ripening and senescence, thus extending the fruit storage duration.



Fruit firmness and maximum shear force are crucial indicators of post-harvest fruit quality, reflecting fruit senescence and deterioration, and are often positively associated with Ca content [23]. Ca fertilizer application enhances fruit calcium content at harvest, improving flesh firmness and shear force, which is indicative of improved storage performance. Specifically, Ca2+ plays a role in maintaining or reinforcing cell membrane and cell wall integrity, inhibiting cell wall component degradation, reducing fruit respiration and ethylene synthesis, and regulating senescence-related enzyme activities and metabolism [24]. Additionally, Ca facilitates reducing fruit hydraulic conductivity and minimizing weight loss, primarily due to water loss during storage [25]. However, excessive cytoplasmic Ca2+ can damage membranes and elevate respiratory rates, leading to increased weight loss, as observed when CaCl2 concentrations exceeded 1.0%. For example, Guo et al. [26] demonstrated that post-harvest treatment of lychee with Ca chloride strengthened the cell wall structure, delaying enzymatic browning of the pericarp, pulp softening, and disease development.



Peel color significantly influences the overall quality of citrus fruits during post-harvest storage and marketing [27]. Parameters such as a*, b*, L*, C*, H°, and CCI values were utilized to characterize the surface color changes in Nanfeng tangerines post-harvest. The a* values represent red (positive) and green (negative), whereas the b* values represent yellow (positive) and blue (negative). C* indicates the color saturation degree and H° denotes the hue angle, where color transitions from yellow (90°) to fuchsia (0°). L* values indicate peel glossiness, and CCI values represent a comprehensive color difference index, with positive values indicating red and negative values indicating blue-green [28]. Zydlik et al. [29] demonstrated that pre-harvest Ca treatment significantly enhanced blueberry fruit color. Similarly, as observed in this study, pre-harvest Ca treatment effectively increased the peel brightness and color saturation indices during storage while delaying the increase in fruit CCI values. This effect may result from Ca treatment promoting carotenoid accumulation, thereby hastening fruit coloring [30].



The decay rate and weight loss are crucial indicators of fruit storage quality [31]. Ca treatment reduces free pectic acid content, increases Ca pectin content, and mitigates changes in fruit membrane permeability, enhancing resistance to decay and storage. Ultimately, this prolongs storage and shelf life and enhances fruit and vegetable quality [32]. Previous studies have demonstrated that pre-harvest spray treatment with 1% CaCl2 effectively increases fruit Ca2+ concentration and reduces enzyme activity, weight loss, and decay during storage [33]. Mostafa et al. [34] suggested that pre-harvest calcium treatment of loquat decreased post-harvest decay and improved storage quality, possibly due to Ca pectate hydrogels enhancing water retention and delaying dehydration [35]. Respiratory behavior significantly affects post-harvest fruit and vegetable metabolisms, with higher respiration intensities consuming more nutrients and energy and accelerating fruit senescence [36]. Therefore, lower respiration rates are favorable for maintaining the post-harvest fruit storage quality [37].



The degradation of nutrients in fruits during storage directly affects their flavor and quality. Hence, nutrients such as TSS, TA, VC, and TSS/TA serve as indicators of fruit aging and storage quality, with the taste of citrus fruits being primarily reliant on the sugar–acid ratio in the pulp [38]. Wang et al. [21] discovered that spraying Ca fertilizer during the young fruit, expansion, and coloring stages enhanced the individual fruit weight, firmness, TSS, and VC content in apples. Sabir et al. [39] demonstrated that post-harvest treatment of blackberries with 2% CaCl2 extended their storage life and delayed changes in TA, TSS, VC, and total phenol content. Similarly, Wang et al. [40] reported that applying different concentrations of Ca fertilizer to wine grapes resulted in an optimal concentration of 30 kg/ha, effectively enhancing the sugar–acid ratio, total phenol, reducing sugar, and soluble sugar content of the fruits, which was consistent with the findings of this study. These results highlight the varying effects of different calcium preparations and treatment durations on the intrinsic quality and flavor of fruits. Notably, organic acids generally decrease during ripening as they respire or are converted to sugars. Hence, the higher TSS content observed in the Calbit and Larry 8 Ca treatments at the end of the storage period may be attributed to the earlier conversion of TA during the initial storage period. VC, comprising AsA and dehydroascorbic acid, is among the most important nutritional constituents of fresh fruits and vegetables. In this study, pre-harvest Ca application was identified to inhibit the decline in VC in Nanfeng tangerines. Correspondingly, Erbaş et al. [41] documented that pre- and post-harvest treatments with Ca-Gluconate reduced the weight loss and decay rate while preserving the titratable acidity, fruit firmness, and sensory quality in sweet cherries.



Sugars and organic acids are vital components of citrus pulp and are commercially utilized as indicators of harvest ripeness. The composition, content, and ratio of soluble sugars and organic acids significantly influence fruit flavor development, thus affecting its inherent quality. Carbohydrates, which constitute the primary soluble fraction of citrus pulp (75–80%), predominantly determine the juice’s sweetness, with sucrose, glucose, and fructose typically in a 2:1:1 ratio. According to Goldenberg et al. [42], high polymeric sugars such as starch and pectin serve as substrates for respiratory metabolism, continuously converting into monosaccharides by enzymes and thereby augmenting fruit soluble sugar content [43]. The comparison of chemical composition and sensory profiles highlights a significant correlation between sweetness and the sugar-to-acid ratio, total organic acid concentration, and citric and shikimic acid levels [44]. Variations in organic acid composition among citrus varieties have been observed, with citric acid typically being predominant, constituting 70–90% of the total acid content [45]. Additionally, Ca influences organic acid accumulation because Ca2+ can form insoluble Ca salts with organic acids, thereby contributing to sugar accumulation in the pulp [46]. Li et al. [5] demonstrated that the application of 600 mg/L Prohexadione-Ca in grape berries increased the soluble sugar content by 11.28% and significantly elevated citric acid by 97.80% and malic acid by 68.86%. He et al. [47] indicated that calcium spraying one week before harvest reduced the decay rate of Olea europaea fruit during storage and notably enhanced the contents of sucrose, glucose, sorbitol, malic acid, succinic acid, tartaric acid, citric acid, and oxalic acid. Similarly, in this study, pre-harvest Larry 8 Ca and Calbit treatments augmented fructose, glucose, citric acid, and sucrose levels in Nanfeng tangerines at harvest, thereby promoting their synthesis throughout storage. We also noticed that the citric acid content of CK fruits increased rapidly after the 50 d of storage. It was higher than that of fruits treated with pre-harvest Larry 8 Calcium and Calbit. The reason for this remains to be studied further, but one possibility is that the weight loss was higher in the CK fruits during the late stage of storage.



PCA facilitates the transformation of numerous related indicators into a concise set with low correlations, enabling the computation of comprehensive scores for each treatment while mitigating information loss [48]. Yang et al. [49] employed citric acid content and gene expression in citric acid degradation pathways across control and treated samples at four intervals to explore sample classification and physiological parameters using PCA. They proposed that ACLα1/β in the acetyl-CoA pathway is a potential key gene for 2,4-D-induced citric acid degradation. Zhang et al. [50] utilized PCA and correlation analysis to reveal that short-term temperature treatments changed the metabolic flow, with GABA indicating positive correlations with sugars and organic acids. Peng et al. [51] conducted a comprehensive evaluation of 15 quality indices using PCA, determining that a 300 µmol/L MT treatment significantly enhanced disease resistance and preserved kiwifruit quality. The PCA results in this study demonstrated that the first three principal components collectively contributed to 78.789% of the variance. The efficacy of each pre-harvest Ca treatment in improving Nanfeng tangerine fruit quality was assessed based on score rankings, with Larry 8 Ca consistently exhibiting the highest comprehensive score during storage, thus indicating its superior effect in enhancing Nanfeng tangerine fruit quality.




5. Conclusions


Based on the PCA and the findings outlined above, pre-harvest Larry 8 Ca treatment demonstrated the most favorable effects during most of the storage period for Nanfeng tangerines, followed by Calbit and Suspended Ca. These treatments effectively extended the post-harvest room-temperature storage duration and elevated the Ca content, fruit firmness, and maximum shear forces. Moreover, they enhanced the fruit brightness and delayed the fruit respiration rate, decay, and weight loss while increasing the contents of TSS, TA, VC, organic acid, and soluble sugar in the flesh at harvest. This study can offer valuable insights into the selection of suitable calcium fertilizers for Nanfeng tangerine pre-harvest applications.
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Figure 1. Calcium content in the pulp (A) and peel (B) of post-harvest Nanfeng tangerines during storage. Vertical bars represent mean ± SE (n + 3). Different letters indicate significant differences according to t-test (p < 0.05) at the same storage stage; the same below. 
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Figure 2. Effects of different calcium treatments on firmness (A) and maximum shear force (B) of Nanfeng tangerine during storage. Different letters indicate significant differences according to t-test (p < 0.05) at the same storage stage. 
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Figure 3. Effects of different calcium treatments on decay rate (A), weight loss rate (B), and respiration rate (C) of Nanfeng tangerine during storage. Different letters indicate significant differences according to t-test (p < 0.05) at the same storage stage. 
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Figure 4. Effects of different calcium treatments on soluble solids (A), titratable acid (B), TSS-TA ratio (C), and ascorbic acid (D) in Nanfeng tangerine during storage. Different letters indicate significant differences according to t-test (p < 0.05) at the same storage stage. 






Figure 4. Effects of different calcium treatments on soluble solids (A), titratable acid (B), TSS-TA ratio (C), and ascorbic acid (D) in Nanfeng tangerine during storage. Different letters indicate significant differences according to t-test (p < 0.05) at the same storage stage.



[image: Horticulturae 10 00381 g004]







[image: Horticulturae 10 00381 g005] 





Figure 5. Effects of different calcium treatments on sucrose (A), glucose (B), fructose (C), oxalic acid (D), citric acid (E), tartaric acid (F), and organic acid content of Nanfeng tangerine during storage. Different letters indicate significant differences according to t-test (p < 0.05) at the same storage stage. 
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Figure 6. Comprehensive score of Nanfeng tangerines treated with different calcium during storage. 
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Table 1. Color difference index of Nanfeng tangerine fruit treated with different pre-harvest calcium during storage at room temperature.
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Storage Time

	
0 d

	
10 d

	
20 d

	
30 d

	
40 d

	
50 d

	
60 d






	
a*

	
Larry 8 Calcium

	
12.45 ± 4.85 a

	
19.39 ± 5.38 a

	
24.58 ± 3.62 ac

	
30.58 ± 3.10 a

	
30.92 ± 2.54 a

	
33.02 ± 2.81 a

	
32.96 ± 2.04 a




	
Calbit

	
5.72 ± 5.13 c

	
12.65 ± 6.72 b

	
20.76 ± 4.22 c

	
24.11 ± 4.30 d

	
29.65 ± 2.89 ab

	
30.94 ± 3.49 b

	
33.71 ± 2.24 a




	
Suspended Calcium

	
8.77 ± 6.23 bc

	
14.60 ± 5.92 b

	
23.64 ± 3.84 b

	
26.60 ± 4.33 c

	
30.31 ± 3.25 a

	
33.41 ± 2.12 a

	
33.51 ± 2.10 a




	
CK

	
10.33 ± 5.78 ab

	
19.80 ± 4.97 a

	
26.06 ± 3.54 a

	
28.27 ± 3.00 b

	
28.95 ± 3.01 b

	
32.78 ± 2.03 a

	
31.87 ± 2.40 b




	
b*

	
Larry 8 Calcium

	
63.04 ± 2.53 a

	
63.38 ± 2.50 a

	
62.13 ± 2.47 b

	
61.10 ± 2.76 c

	
59.85 ± 2.24 c

	
59.26 ± 2.13 b

	
59.45 ± 1.91 b




	
Calbit

	
63.66 ± 3.89 a

	
62.99 ± 3.67 ab

	
64.66 ± 2.32 a

	
64.66 ± 2.07 a

	
62.41 ± 1.83 a

	
62.36 ± 3.26 a

	
60.65 ± 2.23 a




	
Suspended Calcium

	
62.17 ± 3.18 a

	
61.78 ± 3.06 b

	
64.44 ± 1.88 ac

	
62.69 ± 2.91 b

	
60.74 ± 1.98 b

	
62.20 ± 2.22 a

	
60.10 ± 1.89 b




	
CK

	
62.22 ± 3.19 a

	
63.93 ± 1.89 a

	
62.60 ± 1.88 b

	
62.07 ± 1.73 bc

	
62.30 ± 1.88 a

	
60.27 ± 1.99 b

	
60.77 ± 2.15 ac




	
C*

	
Larry 8 Calcium

	
64.43 ± 2.97 a

	
66.50 ± 2.56 a

	
66.93 ± 2.13 a

	
68.41 ± 2.31 a

	
67.42 ± 1.97 c

	
67.91 ± 1.69 b

	
68.00 ± 1.92 b




	
Calbit

	
64.11 ± 4.14 a

	
64.57 ± 4.08 bc

	
68.05 ± 2.13 b

	
69.15 ± 1.80 a

	
69.16 ± 1.77 a

	
69.73 ± 2.72 a

	
69.44 ± 1.95 a




	
Suspended Calcium

	
63.06 ± 3.78 a

	
63.73 ± 3.65 c

	
68.74 ± 1.84 b

	
68.25 ± 2.68 a

	
67.97 ± 1.73 c

	
70.64 ± 2.28 a

	
68.84 ± 1.89 ab




	
CK

	
63.30 ± 3.86 a

	
67.10 ± 2.34 a

	
67.91 ± 1.75 b

	
68.26 ± 2.03 a

	
68.77 ± 1.73 b

	
68.64 ± 1.86 b

	
68.65 ± 2.44 ab




	
H°

	
Larry 8 Calcium

	
78.94 ± 4.10 c

	
73.05 ± 4.63 c

	
68.41 ± 3.27 c

	
63.40 ± 2.90 d

	
62.67 ± 2.34 b

	
60.87 ± 2.62 b

	
61.00 ± 1.71 b




	
Calbit

	
85.05 ± 4.42 a

	
78.88 ± 5.96 ab

	
72.22 ± 3.66 a

	
69.57 ± 3.66 a

	
64.60 ± 2.42 a

	
63.58 ± 3.24 a

	
60.93 ± 2.05 b




	
Suspended Calcium

	
82.23 ± 5.38 b

	
76.88 ± 5.08 b

	
69.88 ± 3.23 b

	
67.01 ± 3.76 b

	
63.49 ± 2.85 ab

	
61.76 ± 1.66 b

	
60.86 ± 1.75 b




	
CK

	
80.79 ± 4.85 bc

	
72.87 ± 4.11 bc

	
67.42 ± 3.05 c

	
65.55 ± 2.36 c

	
65.09 ± 2.58 a

	
61.45 ± 1.79 b

	
62.34 ± 1.76 a




	
L*

	
Larry 8 Calcium

	
68.20 ± 1.96 a

	
66.93 ± 2.25 a

	
65.13 ± 1.61 b

	
63.11 ± 1.84 bc

	
63.09 ± 1.49 b

	
62.16 ± 1.64 b

	
62.25 ± 1.39 b




	
Calbit

	
66.86 ± 3.09 b

	
66.47 ± 3.02 b

	
66.11 ± 1.80 a

	
65.56 ± 1.62 a

	
63.98 ± 1.33 a

	
62.97 ± 1.99 a

	
62.41 ± 1.44 ab




	
Suspended Calcium

	
65.82 ± 2.38 b

	
64.87 ± 2.28 a

	
65.66 ± 1.45 ab

	
63.78 ± 1.88 cd

	
62.74 ± 1.42 b

	
62.36 ± 1.38 ab

	
62.19 ± 1.39 b




	
CK

	
66.19 ± 2.53 b

	
66.12 ± 1.80 b

	
65.24 ± 1.72 b

	
64.40 ± 1.36 d

	
66.02 ± 1.42 c

	
62.25 ± 1.32 b

	
63.08 ± 1.35 a




	
CCI

	
Larry 8 Calcium

	
2.56 ± 0.83 a

	
4.57 ± 1.34 a

	
6.27 ± 0.9 a

	
7.94 ± 1.12 a

	
8.01 ± 0.67 a

	
9.07 ± 1.08 a

	
8.93 ± 0.79 a




	
Calbit

	
1.23 ± 0.63 c

	
3.44 ± 0.96 b

	
4.82 ± 1.08 c

	
5.91 ± 1.11 c

	
7.44 ± 0.88 b

	
7.98 ± 1.16 c

	
8.94 ± 0.91 a




	
Suspended Calcium

	
1.76 ± 0.82 bc

	
3.67 ± 1.31 b

	
5.63 ± 0.93 b

	
6.8 ± 1.14 b

	
8.03 ± 0.97 a

	
8.62 ± 0.68 b

	
8.99 ± 0.78 a




	
CK

	
2.09 ± 0.83 b

	
4.39 ± 1.09 a

	
6.42 ± 0.9 a

	
7.23 ± 0.63 b

	
7.25 ± 0.72 b

	
8.72 ± 0.7a b

	
8.33 ± 0.73 b








Note: There was a significant difference between different lowercase letters (p < 0.05); the same below.













 





Table 2. KMO and Bartlett tests.






Table 2. KMO and Bartlett tests.





	
KMO and Bartlett Tests of 16 Indicators

	
KMO and Bartlett Tests of 13 Indicators






	
KMO sampling suitability number

	

	
0.598

	
KMO sampling suitability number

	

	
0.673




	
Bartlett sphericity test

	
Approximate chi-square

	
438.457

	
Bartlett sphericity test

	
Approximate chi-square

	
340.730




	

	
Degree of freedom

	
120

	

	
Degree of freedom

	
78




	

	
Significance

	
0.000

	

	
Significance

	
0.000











 





Table 3. Eigenvalues of the principal components and their contributions and cumulative contributions.






Table 3. Eigenvalues of the principal components and their contributions and cumulative contributions.





	Principal

Component
	Eigenvalue
	Variance Contribution Rate/%
	Accumulative Contribution Rate %





	1
	5.719
	43.990
	43.990



	2
	3.454
	26.565
	70.555



	3
	1.070
	8.234
	78.789
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