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Abstract

:

The consumption of fresh-cut pomegranate fruits (arils) has risen recently due to their bioactive compounds and benefits for consumers. However, pomegranate arils have a limited shelf-life and vastly lose their valuable compounds. Therefore, in this study, we investigated the effects of exogenous postharvest treatment with salicylic acid (SA), methyl Jasmonate (MeJA), and their combination on the shelf-life and chemical composition of pomegranate arils under refrigerated storage (5 °C and 90 ± 2% relative humidity) for 15 days. The results indicated that individual or combined application of SA at 2 mM + MeJA at 0.5 mM decreased weight loss, respiration rate, hue angle (h°), and soluble solids content (SSC) compared to the control. All treatments maintained vitamin C, titratable acidity (TA), anthocyanin content, flavonoids, phenolic compounds, and antioxidant capacity under cold conditions compared to the control. The combined application was more effective than the individual application. In conclusion, SA + MeJA application could be applied during the preparation of fresh-cut pomegranate for maintaining quality and bioactive compounds.
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1. Introduction


Pomegranate (Punica granatum L.) is a fruit with significant commercial value, growing in tropical and subtropical climates [1]. It has been cultivated extensively in Spain, Egypt, Russia, India, France, China, Japan, South Africa, the United States, and Iran. Arils represent 52% of the weight and contain approximately 80% juice or 20% seed. Pomegranate arils contain water (85%), sugars, carbohydrates (10%), organic acids, anthocyanins (3–35 mg/100 g fw), vitamins, polysaccharides, polyphenols (0.2–1%), antioxidative phytochemicals, antimicrobial compounds, and vital minerals [2,3]. Thus, consuming pomegranate arils is ideal for reducing tumorigenesis, weight loss, heart disease, and cancer chemoprevention [4].



Minimal-processed (fresh-cut or ready-to-eat) pomegranate arils are now widely used and used as a healthy alternative to snacks. Fresh-cut pomegranate (arils used) is minimally processed by washing and sanitizing with chemicals to lower the initial microbial load, peeling, arils extract, pretreatments (adding antibrowning agents or others), dewatering, packaging, and refrigerated storage [5,6].



Pomegranate arils are highly perishable fruits, and significant loss of quality happens in arils and peels during postharvest storage, including firmness or aril color loss and reduction in acidity and vitamin C. On the other hand, they are sensitive to low temperatures and severely injured by chilling (between −3 °C and 5 °C for one month). In order to reduce chilling damage and protect the nutritional value of this fruit during cold storage, it is necessary to develop appropriate and effective approaches [7]. The shelf life and quality of pomegranate whole fruit or arils have been enhanced by the application of several treatments. Many previous applications were applied to extend the shelf-life of pomegranate arils, such as edible chitosan coatings with ascorbic acid [8], carboxymethyl cellulose [9], and Aloe vera gel [10], application with methyl Jasmonate [11], malic and oxalic acid treatments [12], arginine application [13], hypobaric treatment [14], methyl Jasmonate treatment [15], and melatonin application [7].



Salicylic acid (SA) is recognized as a plant growth regulator that consists of a phenolic compound. The process of SA controlling ethylene production in plants is well-known. Previous studies have investigated the impact of postharvest SA and its derivatives’ application on storage ability and pomegranate fruit quality [16,17].



Plant hormones such as methyl Jasmonate (MeJA) play a significant role in plant development by inducing defense systems against microbes and different abiotic stresses. They are also thought to regulate fruit ripening and growth [18]. According to the FDA-EPA, MeJA is a substance that is generally recognized as safe (GRAS). Postharvest treatment with MeJA improved pomegranate quality characteristics during storage [11]. There is rare literature about postharvest MeJA treatment’s effects on minimally processed pomegranate.



There are previous works that mentioned that either SA or MeJA has a role in extending the shelf-life of pomegranate arils. However, as far as we know, there is no available literature regarding the combination of postharvest SA and MeJA treatment on fresh-cut pomegranate (arils), and based on previous literature, we hypothesized that SA + MeJA treatment could conserve the bioactive compounds of arils better than the individual application of either SA and MeJA. Thus, this study evaluated the effects of postharvest treatments with SA, MeJA, and their combination on aril quality, shelf-life, and bioactive compounds during cold storage.




2. Materials and Methods


2.1. Plant Material and Arils Preparation


The pomegranate fruits were harvested from a private orchard at the ripening stage according to commercial practice (normally after 150 d from bloom), and the fruits were transferred to postharvest processing laboratory (Food Science Department) on the same day within 4 h. The fruits that had bruising, sunscald, and physical damage, such as cuts and cracking, were discarded. The remaining fruits were sanitized by soaking for 3 min in solution of 0.1% sodium hypochlorite followed by drying at ambient temperature. The dried fruit was cut precisely with sterile, sharp knives at the equatorial zone. In order to prevent contamination, the arils were manually removed for two hours within a laminar airflow hood that had undergone sterilization. The arils were gathered and separated into four groups in sterilized plastic crates.




2.2. Treatments and Storage Conditions


Four treatments were used in this study as follows: salicylic acid (SA) at a rate of 2 mM, methyl Jasmonate (MeJA) at a rate of 0.5 mM, salicylic acid (2 mM) + methyl Jasmonate (0.5 mM), and distilled water (served as a control) according to previous work [11,17]. Every aril batch (about 500 g) was dipped in 2 L of previous solutions containing 1 mL L−1 Tween-20 for 5 min, and they were allowed to fully dry at room temperature under laminar flow to avoid contamination. Arils, lots of about 200 g, were weighed into polyethylene trays (clamshells) and stored in a refrigerated room at 5 °C and 90 ± 2% relative humidity (RH) for 15 days according to Figure 1 [16]. Three replicates were utilized for every previous treatment, and the following parameters were evaluated at 0, 5, 10, and 15 days.




2.3. Weight Loss and Soluble Solids Content


The weight loss (WL) of arils was measured according to previous investigation by Abdelgawad et al. [19]. Each sample was weighed immediately after treatment, before refrigerated storage, and during each measurement point using a sensitive digital balance. The results are presented based on the percentage of weight loss. About 60 g of arils were squeezed from every sample to measure total soluble content (SSC) and titratable acidity (TA). The SSC was measured twice in juice using a digital refractometer (Model PR101, Atago Co., Ltd., Tokyo, Japan).




2.4. Titratable Acidity and Vitamin C


Titratable acidity was determined in the juice of every sample by diluting 1 mL of juice to 25 mL using distilled water and titrating with sodium hydroxide (0.1 N) up to pH 8.1 using a pH meter (EuTech, Instruments, pH 510, Singapore). Results are expressed as mg 100 g−1 fresh weight [20]. Vitamin C was determined according to the 2, 6-dichlorophenol indophenol titration method [21]. The results are expressed as a mg malic acid equivalent to 100 g−1 fresh weight.




2.5. Respiration Rate


The respiration rate of fresh arils was detected according to method of Singh et al. [10] with slight modification. Briefly, 50 g of fresh arils were weighed and incubated for one hour in a gas-tight jar (200 mL) to measure the released CO2. After that, 1 mL was absorbed by O2/CO2 gas analyzer (902D, MA, USA) from the headspace. The results of respiration rate are shown as mmol CO2 kg−1 FW h−1.




2.6. Arils Surface Color


The surface hue angle (h°) of arils was measured with colorimeter (Model CR-400, Konica Minolta, INC, Tokyo, Japan) as described before [22]. The colorimeter was calibrated before using a white stander plate. The mean of ten measurements for each replicate was calculated.




2.7. Total Anthocyanins and Total Phenolics


Lorente-Mento et al. [20] method was followed with simple modifications to determine the total anthocyanins. In brief, about 10 g of arils were homogenized with 30 mL of the methanol/formic acid/water solution (25:1:24, v/v/v), a homogenizer (Heidolph DGH Rundfunk- Fernsehen, Typ-DR 22054, Germany). Then, the extract was centrifuged at 10,000× g for 15 min (under cooling at 4 °C). Absorbance of the supernatant was read at 520 nm to measure total anthocyanins using spectrophotometer (model UV-2401 PC, Shimadzu, Milano, Italia). Total anthocyanins were calculated as cyanidin 3-glucoside equivalent in a fresh weight basis (molar absorption coefficient of 26,900 L cm−1 mol−1 and molecular weight of 449.2 g moL−1). Results are expressed as mg 100 g−1.



To measure the total phenolics, Folin–Ciocalteu spectrophotometric method was followed (with gallic acid as standard) as described previously by Zarbakhsh et al. [23] with minor modification. A total of 5 mL of diluted Folin–Ciocalteau reagent (1:10) was added to 1 mL of clear juice, then 4 mL of sodium carbonate (7.5% w/v) was added. The previous solution was completed up to 100 mL with distilled water. Previous mixtures were kept at room temperature for 2 h in dark. Then, the absorbance at 765 nm was measured by a spectrophotometer, and total phenolics are expressed as mg Gallic acid (GAE) per 100 g−1 FW.




2.8. Antioxidant Capacity and Total Flavonoids


Methanolic extract was prepared with homogenized 1 g of the samples in 10 mL of methanol (80%), then centrifuged at 4 °C for 15 min [24]. The extract was used to determine antioxidant capacity according to method of Molla et al. [7]. In brief, 0.025 g of 2,2-diphenyl-1-picrylhydrazyl (DPPH) was dissolved in 100 mL of 100% methanol to make the DPPH solution. Then, 950 µL of DPPH solution was mixed with 50 µL of the sample methanolic extract and kept in the dark for 30 min. Absorbance was measured using a spectrophotometer at 517 nm. Results are expressed as the DPPH scavenging activity (%) as follows:


((Absorbance of control − absorbance of sample)/absorbance of control) × 100



(1)







Total flavonoids were measured according to method of Shams Ardekani et al. [25] with minor modifications. Utilizing catechin (CE) as standard and quantifing as mg catechin/g FW, total flavonoid content of arils extract was determined. In brief, 0.25 mL of preceding extracts was added to 0.75 mL of methanol followed by 50 μL of 10% AlCl3 and 50 μL of CH3CO2K. After being diluted to 1.4 mL with distilled water, the liquid was left in dark for 30 min. At 430 nm, absorbance was measured.




2.9. Statistical Analysis


SPSS software (V.14) was used for statistical analysis, and three replicates of each treatment (n = 3) were used. The values were reported as mean ± SE treatment means and were compared at 0.05 using Duncan’s multiple range test. To investigate correlation between all tested parameters, Pearson’s correlation was performed utilizing SPSS software, and principal component analysis (PCA) was performed with Statistica 7 software.





3. Results and Discussions


3.1. Effect of Treatments on Weight Loss and Respiration Rate


As expected, the weight loss of all treatments increased continuously at the beginning of storage up to 15 days (Figure 2A). However, the applications of SA, MeJA, and their combination (SA + MeJA) significantly (p < 0.05) conserved moisture content in the arils compared to the control treatment by 35.22%, 31.87%, and 42.31%, respectively, at 15 d of cold storage. Additionally, the SA + MeJA treatment is the most effective in minimizing weight loss, especially at the end of the storage period. The most critical factor affecting the quality and shelf life of horticulture crops is weight loss. Therefore, the shelf-life of fresh products could be extended by reducing water loss. According to the previous report, water loss results in unfavorable metabolic changes in plant cells that activate the enzymes that speed up senescence and reduce nutritional value [26]. Evaporation and transpiration of moisture from the pomegranate aril surface and respiration could be the main reasons for increasing weight loss during storage [27]. The application of SA as exogenous postharvest treatment has been utilized to reduce water loss in other crops, such as papaya fruits [28], strawberries [22], or peaches [29]. The inhibition of ethylene production by SA application [30], which reduces respiration rate [31], may explain the reduced weight loss.



Furthermore, SA may prevent weight loss by pushing stoma closure [32]. The role of MeJA in maintaining the quality of fresh fruits after harvest was also reported in some previous works. For example, dipping strawberry fruits in 0.25 mM MeJA reduced weight loss compared to the control [22]. Table 1 shows a strong correlation between weight loss and color (h° angle), while a high negative correlation was found between weight loss against SSC, TA, vitamin C, and anthocyanin.



Our results in Figure 2B show that the respiration rate decreased after 5 days of storage until the end. The differences between the treatments after 5 days of storage were not significant. However, the control treatment (after 10 and 15 days) showed the highest respiration rate, while the individual treatment with SA and MeJA showed a lower respiration rate (without a significant difference). Additionally, the combined treatment with SA + MeJA showed the lowest respiratory rate after 10 and 15 days of storage compared with all treatments and the control. The role of SA in reducing respiration rate might be due to its role in reducing ethylene production [30]. Additionally, it has been reported that 5 µM MeJA application (dipping fruits) reduced the respiration rate of eggplant fruits during cold storage [33]. Moreover, MeJA application (dipping or vapor applications) reduced weight loss and shriveling as well as maintained the quality of radish roots during storage for 7 days [34].




3.2. Effect of Treatments on Hue Angle (h°) Soluble Solids Content (SSC)


The color of pomegranate arils is important because it influences consumer choice when purchasing minimally processed pomegranate arils. A higher h° represents less red of pomegranate arils. Figure 3A revealed that h° values increased by increasing storage time in all treatments. However, the control treatment showed higher h° values than all treatments. At the end of storage time, SA + MeJA treatment showed the lowest h° values. This result could be because SA and MeJA conserved the bioactive compounds, including anthocyanin; as a result, the arils retain more red color than the control. Our results in Table 1 support our hypothesis that a strong negative correlation exists between h° on one side and TA, Vitamin C, and anthocyanin on the other side. A previous study showed that preharvest MeJA application enhanced pomegranate arils’ red color (lower h°) during cold storage compared to untreated trees [1]. Additionally, García-Pastor et al. [35] found that h° in pomegranate arils was lower in all treated fruits compared to control fruits, which showed the deep red color of arils.



Our results in Figure 3B show that SSC in pomegranate arils increased during the storage periods for all treatments. However, all treatments recorded lowered SSC content than the control. The lower SSC values were obtained from SA + MeJA treatment followed by the individual application of every compound. The increase in SSC may be due to increased water loss from the pomegranate arils, which leads to an increase in the concentration of SSC. In disagreeing with our results, it has been found that MeJA did not affect SSC in cherry tomato fruits [36]. The difference between them in crop type, storage conditions, and MeJA concentration could be the main causes.




3.3. Effect of Treatments on Titratable Acidity (TA) and Vitamin C


There was a slight decrease in TA during the storage period (Figure 4A). However, all treatments remained higher TA (without a significant difference) than the control treatment. The reduction in TA observed during cold storage might have been caused by the metabolic activity of the arils during refrigerated storage [27]. In accordance with our results, Shaarawi et al. [37] found that TA in the pomegranate arils decreased with increasing storage periods during the cold storage, and SA treatment conserved the TA compared to the control. In accordance with our results, it has been found that TA was higher in blueberry fruits treated with MeJA compared to the control during cold storage [36]. However, our results are not matching with the results of Liu et al. [38] who found that MeJA did not affect TA in cherry tomatoes, which might be due to the differences with our study in plant type, storage conditions, and treatment concentration.



The results in Figure 4B show that vitamin C in arils decreased continuously during cold storage. However, all treatments conserved vitamin C from loss during the whole storage period. Moreover, SA + MeJA treatment showed higher vitamin C content than other treatments followed by the individual application of either SA or MeJA without significant difference. Vitamin C is considered the most important natural antioxidant in fruit and vegetables. However, it was rapidly degraded after processing harvested fruits and vegetables due to several factors, including enzymatic oxidation and exposure to high temperature, light, and oxygen [39]. The decline of vitamin C in pomegranate arils during cold storage was reported previously [37,39]. Some studies reported the role of postharvest SA treatment in maintaining vitamin C and extending the shelf-life of pomegranate arils [37,40].



Additionally, Sayyari et al. [41] found that exogenous application of SA (2 mM) reduced the loss in vitamin C of pomegranate arils. The effect of SA on reducing the decline of vitamin C might be related to its effects on reducing ethylene production [30]. In agreement with our results, exogenous MeJA treatment showed a high ability to reduce the loss of vitamin C during cold storage of strawberries [22] or cherry tomatoes [38]. Higher vitamin C content in pomegranate arils treated with MeJA might be due to the lower respiration rate of arils treated with MeJA, as presented in Figure 1B [36]. The same results were noticed by Huang et al. [37] and Jin et al. [42] who found that MeJA treatment conserved vitamin C in blueberries and peach fruits from loss during cold storage, respectively.




3.4. Effect of Treatments on Anthocyanin Content and Phenolic Content


In the control and SA treatments, the anthocyanin content of pomegranate arils decreased continuously during cold storage (Figure 5A). However, the treatments with MeJA and SA + MeJA conserved anthocyanin content higher than the control treatment during the storage period. Previous work also found a decline in the anthocyanin content in pomegranate arils during cold storage for all tested treatments [27,37]. Additionally, Dokhanieh et al. [40] and Shaarawi et al. [37] reported that SA treatment conserved anthocyanin content in pomegranate arils during cold storage compared to the control.



The results of this study indicated that phenolic content was increased until 10 days of storage and then decreased in all treatments except SA treatment, which remained increased (Figure 5B). The decrease in phenolic contents at the end of cold storage of pomegranate arils may be due to the degradation of the phenolic compound due to the enzyme activities [43]. At the end of the storage time, SA, MeJA, and SA + MeJA treatments showed higher phenolic compounds by 9.63%, 5.29%, and 11.37%, respectively, than the control. The previous study showed the role of SA in retarding the loss of phenolic content in arils during cold storage. The same results were noticed by Dokhanieh et al. [40]; the results are in agreement with our results. They found that SA treatment conserved phenolic compounds in pomegranate arils during cold storage.




3.5. Effect of Treatments on Flavonoids and Antioxidant Capacity


Flavonoid content in pomegranate arils increased after 5 days from the start and then slightly decreased during storage for 15 days (Figure 6A). The control treatment shows lower flavonoid content in stored arils than all other treatments. There were no significant differences between SA, MeJA, and SA + MeJA treatments during all storage periods.



Pomegranates display good antioxidant activity due to their high levels of phenolic, flavonoids, and anthocyanin [5]. As shown in Figure 6B, antioxidant capacity increased after 5 days from the start and then slightly decreased (in SA and control treatments) or remained (in MeJA and SA + MeJA treatments) during the storage for 15 days (Figure 6B). Additionally, the SA + MeJA treatment was the most effective in conserving the antioxidant capacity during all storage periods followed by the individual application of SA and MeJA. In accordance with our results, Dokhanieh et al. [40] found that antioxidant capacity decreased with an increasing storage period. Moreover, they mentioned that SA treatment conserved antioxidant capacity compared to the control.



Pomegranates have a high concentration of bioactive substances with antioxidant effects, including AA, flavonoids, and phenolic compounds. In this regard, phenylalanine ammonia-lyase (PAL), involved in the biosynthesis of phenolics, increased during storage in SA-treated sweet cherries [44]. This enzyme may cause the higher phenolic concentration found in SA-treated pomegranates, as has been reported for grapes [45]. On the other hand, SA applied to sour pomegranates, oranges, or broccoli [39,46,47] slowed the rate of reduction in ascorbic acid losses observed in the control fruit. Ascorbic acid and total phenolics are the principal substances contributing to the antioxidant activities of pomegranate arils. Additionally, as previously documented, the preservation of phenolic compounds might be responsible for the increase in antioxidant activity exposed to MeJA [33].




3.6. Correlation Study


The principal component analysis (PCA) biplots based on the physical, biochemical, and enzymatic properties of the pomegranate arils during cold storage presented that PC1 and PC2 together were 71% of the variance (Figure 7). Biplots allow us to visualize how parameters relate to each other. PCA also presents which parameters are similar and which are different. PC1 and PC2 accounted for 51.27% and 19.75 of total variability, respectively, showing that respiration rate, SSC, and vitamin C are located in the same group. TA, anthocyanin, phenolics, and flavonoids are in the same group. Moreover, weight loss is in the private group and h° in the other group.





4. Conclusions


Both 2 mM SA and 0.5 mM MeJA were found to be effective applications of maintaining the quality of pomegranate arils during 15 days of cold storage at 5 °C by reducing weight loss by 52% and respiration rate by 20.23% compared to the control. Additionally, the combined treatment maintains SSC, TA, vitamin C, flavonoids, anthocyanins, and phenolic compounds. As a result, it can be concluded that dipping pomegranate arils in SA + MeJA can be used safely by the minimal processing pomegranate industry (Figure 8) after extracting arils to increase shelf life up to 15 days with high quality under cold storage conditions at 5 °C.
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Figure 1. Preparation, treatments, and storage conditions of pomegranate arils. 
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Figure 2. Effects of salicylic acid (SA), methyl jasmonate (MeJA), and their combination postharvest treatments on (A) weight loss and (B) respiration rate of pomegranate arils stored at 5 °C for 15 days. The presented data are the mean of three replicates ± standard error. Different letters present significant differences between treatments at the same storage point according to Duncan test at p < 0.05. 
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Figure 3. Effects of salicylic acid (SA), methyl jasmonate (MeJA), or their combination postharvest treatments on (A) h° angle and (B) solid soluble content (SSC) of pomegranate arils stored at 5 °C for 15 days. The presented data are the mean of three replicates ± standard error. Different letters present significant differences between treatments at the same storage point according to the Duncan test at p < 0.05. 
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Figure 4. Effects of salicylic acid (SA), methyl jasmonate (MeJA), or their combination postharvest treatments on (A) titratable acidity (TA) and (B) vitamin C of pomegranate arils stored at 5 °C for 15 days. The presented data are the mean of three replicates ± standard error. Different letters present significant differences between treatments at the same storage point according to the Duncan test at p < 0.05. 
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Figure 5. Effects of salicylic acid (SA), methyl jasmonate (MeJA), or their combination postharvest treatments on (A) anthocyanin content and (B) phenolic content of pomegranate arils stored at 5 °C for 15 days. The presented data are the mean of three replicates ± standard error. Different letters present significant differences between treatments at the same storage point according to the Duncan test at p < 0.05. 
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Figure 6. Effects of salicylic acid (SA), methyl jasmonate (MeJA), or their combination postharvest treatments on (A) flavonoids content and (B) antioxidant capacity (DPPH) of pomegranate arils stored at 5 °C for 15 days. The presented data are the mean of three replicates ± standard error. Different letters present significant differences between treatments at same storage point according to the Duncan test at p < 0.05. 
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Figure 7. Principal component analysis (PCA) of tested parameters of pomegranate arils. 
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Figure 8. Flowchart of pomegranates processing and effective of SA + MeJA. 
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Table 1. Pearson’s correlation analysis between tested parameters of pomegranate arils.






Table 1. Pearson’s correlation analysis between tested parameters of pomegranate arils.


















	
	WL
	Respiration
	h°
	SSC
	TA
	Vitamin C
	Anthocyanin
	Phenolics
	Flavonoids
	Antioxidant





	WL
	
	−0.557 **
	0.789 **
	0.485 **
	−0.727 **
	−0.826 **
	−0.618 **
	0.012
	−0.341 **
	−0.323 *



	Respiration
	−0.557 **
	
	−0.253 *
	−0.073
	0.249 *
	0.509 **
	0.112
	−0.352 **
	−0.044
	−0.092



	h°
	0.789 **
	−0.253 *
	
	0.629 **
	−0.760 **
	−0.708 **
	−0.635 **
	−0.330 *
	−0.469 **
	−0.558 **



	SSC
	0.485 **
	−0.073
	0.629 **
	
	−0.611 **
	−0.533 **
	−0.464 **
	−0.339 **
	−0.467 **
	−0.624 **



	TA
	−0.727 **
	0.249 *
	−0.760 **
	−0.611 **
	
	0.602 **
	0.534 **
	0.111
	0.410 **
	0.523 **



	Vitamin C
	−0.826 **
	0.509 **
	−0.708 **
	−0.533 **
	0.602 **
	
	0.655 **
	0.171
	0.392 **
	0.435 **



	Anthocyanin
	−0.618 **
	0.112
	−0.635 **
	−0.464 **
	0.534 **
	0.655 **
	
	0.338 **
	0.390 **
	0.560 **



	Phenolics
	0.012
	−0.352 **
	−0.330 *
	−0.339 **
	0.111
	0.171
	0.338 **
	
	0.454 **
	0.587 **



	Flavonoids
	−0.341 **
	−0.044
	−0.469 **
	−0.467 **
	0.410 **
	0.392 **
	0.390 **
	0.454 **
	
	0.608 **



	Antioxidant
	−0.323 *
	−0.092
	−0.558 **
	−0.624 **
	0.523 **
	0.435 **
	0.560 **
	0.587 **
	0.608 **
	







* and **. Correlation is significant at 0.05 and 0.01 levels (2-tailed).
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