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Abstract

:

This study investigated the effect of preharvest treatment of 0.25 mM methyl jasmonate (MeJA) and 0.5 mM salicylic acid (SA) on quality parameters, most important secondary metabolites (lycopene, β-carotene, ascorbic acid, total phenolics, and flavonoids), antioxidant activities, and amino acid contents of ‘Kumato’ tomato. Treatments with MeJA and SA led to an increase of total yield per plant and were effective in maintaining the fruit quality attributes such as firmness, total soluble solids, titratable acidity, and Brix acid ratio at two maturity stages (S1 and S2). In addition, lycopene, β-carotene, ascorbic acid, total phenolics, and flavonoids were significantly higher in the treated fruit than in the control. Moreover, γ-aminobutyric acid (GABA), essential amino acids, and antioxidant activity increased due to MeJA and SA treatments at both stages, especially with MeJA treatment at S2. Overall results also showed the effectiveness of MeJA treatment than SA on improving the yield and nutritional quality of ‘Kumato’ tomato.
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1. Introduction


Tomato (Solanum lycopersicum L.) is one of the most popular vegetables that belong to the Solanaceae (nightshade) family. According to FAOSTAT [1], the world production of the crop is 180.77 million tons from 5.03 million ha, and Asia holds 112.10 million tons (62%) of the production share. The production in the Republic of Korea in 2019 was 420,573 tons from 6460 ha of land [1].



Ripening of tomato fruit involves the transformation of chloroplasts to chromoplasts [2] which result in the accumulation of linear carotene (lycopene) and its orange cyclization pro-vitamin A product (β-carotene) [2]. These pigments play a major role in the protection of plants against photo-oxidative processes and they are efficient antioxidants scavenging singlet molecular oxygen and peroxyl radicals [3]. Tomatoes also contain phenolic compounds which enhance their antioxidant properties [4]; and flavonoids are the major phenolics in tomatoes [5]. Moreover, tomato fruit contains moderate amounts of ascorbic acid that contribute to the recommended daily allowance of vitamin C [4].



γ-Aminobutyric acid (GABA) is a four-carbon non-proteinogenic amino acid that is widely found in plants, animals, and bacteria [6]. GABA has received much attention as a health-promoting functional compound due to its roles as an inhibitory neurotransmitter in the central nervous system [7] and it reduces blood pressure, induces relaxation, and improves immunity when administered orally [8]. In plants, GABA is primarily metabolized through the GABA shunt pathway which is involved in many physiological responses such as defense against insects, protection from oxidative stresses, and response to diverse stimuli including heat shock and phytohormones [8]. A high level of GABA was found to accumulate in tomato fruit before the breaker stage and catabolized rapidly thereafter [6]. Nevertheless, the color of ‘Kumato’ that we used for this study is ranging from green to reddish-brown or purple after ripening and assumed to retain a high level of GABA after breaker stages.



Abiotic factors such as rainfall, solar radiation, and temperature and biotic factors like herbivore or pathogen attacks can influence the phytochemical composition [9]. Recent studies also reported that the exogenous preharvest treatment of methyl jasmonate (MeJA) and salicylic acid (SA) mimic biotic stress and increase the phytochemical compounds in different crops [9,10,11]. MeJA is a certified safe compound for all food commodities when applied before harvest [12]. Similarly, SA concentrations ranging from micromolar (~100 µM) to low millimolar (<2 mM) are safe, and effective concentrations need to be determined for specific crops [13].



Generally, the response of plants to the stress caused by the exogenous treatments of elicitors like MeJA and SA increases the synthesis of phytochemical compounds and improves nutraceutical attributes [10,14]. Besides, the bioactive compounds and synergistic interactions between them influence the antioxidant activity and disease-preventing potential of tomatoes [4]. Daily intake of tomatoes and their derivatives has the potential to lower the risk of many forms of cancer and cardiovascular diseases because of the protective effect of the antioxidants [15]. Based on these previous reports, we hypothesized that nutritional quality of tomatoes could be improved with the exogenous preharvest application of MeJA and SA. Therefore, the present study sought to determine whether these treatments enhance the antioxidant properties (lycopene, β-carotene, ascorbic acid, total phenolics, and flavonoids), antioxidant activities, and amino acid contents (mainly GABA) of ‘Kumato’ tomato.




2. Materials and Methods


2.1. Plant Material and Harvesting Stages


‘Kumato’ tomato that assumed to retain a high level of GABA after maturity was grown in a climate-controlled greenhouse with hydroponics growing system in Gangwon province, Republic of Korea, in spring/summer 2020. The electrical conductivity (EC) of fertigation solution was adjusted at 2.0 to 2.2 deci Siemens per meter (dS m−1) with pH ranging from 5.5 to 5.8 depending on the growth stages. Based on the previous suggestions on different crops and our preliminary tests on tomato, an aqueous solution of 0.25 mM MeJA (Sigma-Aldrich, Seoul, Korea) in 0.1% ethanol solution [9,11] and 0.5 mM SA (Sigma-Aldrich, Seoul, Korea) in distilled water [10] were sprayed on all aerial plant parts to saturation starting from the 30th day after transplanting for 4 rounds with 7 days intervals. Harvest maturity was attained after 72 days from transplanting. Uniform-sized fruits free from any physical defects were harvested at two maturity stages (S1 and S2) (Figure 1) from the control and the treatment groups from the third cluster of each plant and the fruit at the edge of the cluster have not been included in the experiment. Sorting of S1 and S2 stages was made again in the laboratory using the color chart developed by our laboratory based on the growers’ standard harvesting stages (Figure 1). The color of fruit was determined using the Hunter a* (redness), b* (yellowness), and L* (brightness) values [16] by a CR-400 Chroma meter (Minolta, Tokyo, Japan). Color variables were measured three times from each tomato close to the equatorial section and the average value was calculated for five sample fruit. After selection, the physicochemical data were taken immediately and samples for further analysis of important secondary metabolites that responsible for providing their bioactive profile (lycopene, β-carotene, ascorbic acid, total phenolics, and flavonoids) and anti-oxidant activity were sliced and freeze dried with a vacuum freeze dryer (FDT-8650, Operon, Korea) and dried samples were then ground to powder. The powdered tomato samples were filtered with 40-µm mesh, packed in LDPE pouches and then stored at −20 °C until extraction.




2.2. Crop Yield and Firmness


Harvesting was done continuously for 2 months until the end of one growing cycle to compare production per plant in the treated groups and the control. The firmness measurements were made from five sample fruit as described by Tilahun et al. [17] at the equator of the fruit using a Rheometer (Sun Scientific Co. Ltd., Tokyo, Japan) fitted with a 3 mm diameter round stainless-steel probe having a flat end. The results were expressed in N.




2.3. Total Soluble Solids (TSS), Titratable Acidity (TA), and Brix Acid Ratio (BAR)


TSS and TA were determined following the method described by Tilahun et al. [18]. The TSS was measured from five sample fruit at 20 °C using digital refractometer (Atago Co. Ltd., Tokyo, Japan) and expressed in degree Brix (°Brix). TA was determined after titrating diluted tomato juice (1 mL tomato juice: 19 mL distilled water) with 0.1 N NaOH till pH of 8.1 using a DL22 Food and Beverage Analyzer (Mettler Toledo Ltd., Zurich, Switzerland). The citric acid (mg 100 g−1) of fresh tomato weight was used to express the TA result. BAR was determined by dividing the TSS with TA.




2.4. Lycopene and β-Carotene Content


The lycopene content was measured from three tomato samples based on the Fish et al. [19] method with some adjustments as stated by Tilahun et al. [2]. The β-carotene content was also measured from three tomato samples as described by Tilahun et al. [2] and a similar procedure used for lycopene was implemented. Freeze dried tomato samples (1 g of each) were placed in to vials, to which was added 5 mL acetone, 5 mL of ethanol, and 10.0 mL of hexane. The vials were then centrifuged at 6000× g for 15 min. Afterwards, 3 mL of deionized water was added to each vial, and the samples were shaken for another 5 min. Vials were left at room temperature for 5 min without agitation to allow phase separation. Hexane layer absorbance was measured by spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) at 503 and 448 nm versus blank hexane solvent for lycopene and β-carotene, respectively. The lycopene content of the samples was then expressed as mg 100 g−1 of dry weight according to the method reported by Fish et al. [19] and the β-carotene content was quantified and expressed as mg 100 g−1 by comparing the sample readings with the standard curve.




2.5. Total Phenolics and Flavonoids


Total polyphenol content was measured from three tomato samples using Folin-Ciocalteu colorimetric method described previously by Sokół-Łętowska et al. [20] Freeze dried tomato samples (1 g) were weighed in to test tubes. A total of 10 mL of 70% aqueous methanol was added, and vortexed. Tubes were sonicated twice for 15 min at room temperature (22 °C). The extract was centrifuged at 8000× g for 10 min, and supernatants were used to determine the total phenolics content. The sample extracts (0.1 mL) were mixed with 0.2 mL of Folin-Ciocalteu’s reagent and 2 mL of distilled water, and incubated at room temperature for 3 min. Then, 1 mL of 20% (w/v) Na2CO3 was added to the mixture and total phenolics were determined after 1 h of incubation. A microplate reader (Spectramax i3, Molecular Devices, Sunnyvale, CA, USA) was used to measure the absorbance of the reaction mixture at 750 nm against a blank sample containing the same mixture solution without the sample extract. Total phenolics content was expressed as mg of gallic acid equivalents (GAE) 100 g−1 dry weight of the sample.



The total flavonoid content was determined from three tomato samples using a method described by Zhishen et al. [21] with some modifications. Sample solution (0.5 mL) containing 10 mg of the freeze-dried extract was mixed with 1.5 mL of ethanol, 0.1 mL of 10% aluminum nitrite solution, 0.1 mL of 1 M potassium acetate solution, and 2.8 mL distilled water. The mixture was stirred and allowed to react for 30 min. The absorbance was then measured at 415 nm using a microplate reader (Spectramax i3, Molecular Devices, Sunnyvale, CA, USA). The measurements were compared to a calibration curve of rutin and the results expressed as mg of rutin equivalents (RE) per 100 g−1 dry weight of the sample.




2.6. Ascorbic Acid


Three freeze dried tomato fruit samples (1 g) was mixed with 10 mL of 5% metaphosphoric acid and homogenized for 1 min. The homogenized sample was centrifuged (14,000× g for 10 min), the liquid layer of extracts was membrane-filtered (0.22 µm) and analyzed by HPLC as described by Kim et al. [22] using a ZORBAX Eclipse XDB-C18 (4.6 × 250 mm, 5 µm, Agilent, Santa Clara, CA, USA) column and detector (UV-2075, Jasco, Tokyo, Japan) at 265 nm, with a 20 µL injection of MeOH: 0.1 M KH2PO4 (1:9 ratio) at 1 mL min−1 as the mobile phase.




2.7. Amino Acids and γ-Aminobutyric Acid (GABA)


Three samples of freeze dried tomato fruit were extracted by 75% ethanol with ultrasonic extraction for 1 h followed by extraction at room temperature for 24 h. Analysis was made after filtering the extract with 0.2 µL filter. The amino acids content was measured by Dionex Ultimate 3000 HPLC using the method described by Henderson et al. [23].




2.8. Antioxidant Activities


Two extracts corresponding to the hydrophilic and hydrophobic portions from three tomato samples were prepared according to Borguini et al. [15] with some modifications from freeze dried and ground samples for the determination of antioxidant activity. To extract the hydrophilic portion, 20 mL of 50% methanol was added to 5 g of freeze dried powder, and the mixture was vortexed and incubated for 1 h at room temperature. Then, the mixture was centrifuged at 8000× g for 15 min. After collecting the supernatant, 20 mL of 70% acetone was added to the residue. The sample was then incubated for 1 h followed by centrifugation at 8000× g for 15 min. The supernatant was collected again and added to the first supernatant, and distilled water was added to the collected supernatant to reach a final volume of 50 mL. To obtain the hydrophobic extract, 20 mL of ethyl ether was added to the hydrophilic extract residue. The mixture was vortexed and incubated for 1 h at room temperature followed by centrifugation at 8000× g for 15 min, and the supernatant was collected. This procedure was repeated, and ethyl ether was added to reach a final volume of 50 mL supernatant.



The antioxidant activity of the hydrophilic and hydrophobic extracts were done separately and their sum was reported as the total antioxidant activity. The 2, 2-di-phenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity, trolox-equivalent antioxidant capacity (ABTS), and ferric reducing antioxidant power (FRAP) were measured in triplicate according to the methodology implemented previously in the laboratory and described by Baek et al. [11] The reducing power assay was performed according to the method reported by Choi et al. [24].




2.9. Experimental Design and Statistical Analysis


The experiment was conducted in a randomized complete block design. The data were subjected to analysis of variance (ANOVA) to determine the significance of differences between treatments at p < 0.05 using SAS statistical software (SAS/STAT ® 9.1; SAS Institute Inc., Cary, NC, USA). Heat map analysis was used to visualize the differences in amino acids content between the treatments and principal component analysis (PCA) was analyzed using XLSTA version 2015.1 (Addinsoft Inc., 244 Fifth Avenue, Suite E100, New York, NY, USA).





3. Results and Discussion


3.1. Effect of Preharvest MeJA and SA Treatments on Crop Yield and Firmness


Harvesting was done continuously from 8 May to 10 July 2020 for one growing cycle and the results for the total yield (kg) per plant are shown in Figure 1. The data obtained from 72 plants (MeJA-treated, SA-treated, and control; 24 plants each) were used to calculate the average yield values. The average yield of MeJA-treated, SA-treated, and control tomato plants were 5.63, 5.01, and 4.64 kg plant−1, respectively. Thus, crop yield was significantly higher (p < 0.05) in preharvest MeJA-treated tomato plants, and followed by the preharvest SA-treated and control plants, respectively (Figure 1). As the treatments were applied during the active growing phase of tomato plants, higher yield from the treated plants could be attributed to the effect of MeJA and SA on alleviating biotic and abiotic stress in plants which in turn could increase net photosynthesis rate and productivity. Similar to our results, Asghari et al. [25] reported higher yield of pomegranate fruit with preharvest application of MeJA. Jahan et al. [26] also reported the enhancement of photosynthesis and water-use efficiency of tomato seedlings treated with SA.



Firmness was recorded immediately after harvest at S1 and S2 stages and the results are presented in Table 1. Generally, ‘Kumato’ tomato at S2 showed lower firmness than S1, irrespective of treatments. MeJA and SA treated fruit were statistically similar with the control at S1 maturity stage. The highest value (12.02 N) and the lowest value (8.91 N) of firmness were recorded from MeJA treated S1 and control S2, respectively. In this study, MeJA treatment was effective to maintain tomato fruit firmness at S2 compared to SA and the control (Table 1). The underlying mechanism involved in maintaining the firmness at S2 could be related to the regulation of cell wall metabolism associated genes. For instance, MeJA application in peach fruit increased the activity of phenylalanine ammonia-lyase (PAL) and peroxidase (POD) enzymes [27] that are involved in lignin biosynthesis [28,29], which could, in turn, increase fruit firmness. In addition, MeJA application could reduce the expression of polygalacturonase genes and their associated enzyme activity, and delay cell wall softening [27]. Serna-Escolano et al. [30] also reported reduction in weight loss and maintenance of firmness in lemon by preharvest MeJA and SA treatments, which were related with maintenance of cell integrity and reduction of fruit respiration rate. Firmness of tomato fruit is an important indicator for its resistance against mechanical injury during harvesting or postharvest operations [17]. Also, firmness is one of the pivotal factors that consumers use to evaluate the quality of fresh tomato fruit [31] and it depends on cultivars and maturity stages [17]. However, the results obtained in this study at both S1 and S2 stages are firmer than the lowest recommended firmness limits for home consumption (1.28 N) and at the retailers (1.46 N) [32]. In summary, fruit of ‘Kumato’ tomato at both S1 and S2 stages were very firm and resist impacts during harvesting and postharvest operations which makes them the best choice as fresh market tomatoes. Moreover, MeJA treated fruit were significantly firmer than SA treated and the control at S2 maturity stage, indicating the advantage of using preharvest MeJA treatment for maintaining firmness and improving postharvest distribution of tomato.




3.2. Effect of Preharvest MeJA and SA Treatments on TSS, TA and BAR


The current study results have shown non-significant differences among treatments in terms of TSS, except MeJA treated fruit at S1 which revealed the lowest (5.72 °Brix) and significantly different from MeJA treated fruit at S2. On the other hand, BAR was inversely related to TA and fruit at S2 showed higher BAR and lower TA in all treatments (Table 1). Citric acid is the major contributor to TA in tomato and low TA is assumed to be due to loss of citric acid during maturity [17]. The conversion of organic acid into sugar and their derivatives or their utilization in respiration might be the reason for the reduction in acidity as the fruit ripened [17,33].The TSS (5.72–5.96 °Brix) in this study is higher than the range (5.16–5.20, and 5.22–5.78 °Brix) reported by Tilahun et al. [33] for ‘Yureka’ and ‘TY-megaton’ tomato cultivars, respectively, implying the effect of cultivar on TSS of tomato. Similarly, the previous reports also support our current results that show an increases in TSS of tomato fruit as the maturity stage proceeds [17].



Even if the absolute TSS and TA values are considered to be determining factors, the relative proportions of TSS and TA can also be important indicator of flavor of tomato fruit. So, BAR data could be better in the estimation of flavor intensity and palatability of fruits [34]. Hence, increasing BAR could contribute to improving the flavor of tomatoes as lack of flavor is the common complaint about fresh market tomatoes. In this study, higher BAR data were recorded from S2 stage, irrespective of treatments (Table 1). Hence, preharvest MeJA and SA treatment did not affect the overall flavor intensity compared to the control.




3.3. Effect of Preharvest MeJA and SA Treatments on Lycopene and β-Carotene Contents


As shown in Figure 2A,B, preharvest MeJA and SA treatments increased both lycopene and β-carotene contents as compared with the control. Lycopene is one of the most active antioxidants among dietary carotenoids which is responsible for the redness of tomato fruit [2], and responsible for the biosynthesis of many carotenoids like β-carotene [35]. The present study has shown that there were significant differences (p < 0.05) between maturity stages and elicitors treatment in lycopene content. MeJA treated fruit exhibited the highest (91.73 mg 100 g−1) lycopene content at S2 stage and was followed by SA treated fruit at S2 (89.08 mg 100 g−1). Similar trends but lower content of lycopene was observed on fruit at S1 stage. The lowest (52.83 mg 100 g−1) was recorded from control fruit at S1 stage (Figure 2A). In line with our results, Tilahun et al. [17] also reported maturity stage dependent variation of lycopene content in breaker, pink, and red stages of two tomato cultivars. The transformation of chloroplasts to chromoplasts results in the characteristic pigmentation of tomato fruit due to the synthesis of carotenoids [2]. As the ripe tomato fruit accumulates lycopene (red linear carotene), it also accumulates its orange cyclization pro-vitamin A product (β-carotene) [2]. Higher lycopene content in MeJA treated fruit at both S1 and S2 strongly support the finding proposed by Liu et al. [36] that states jasmonic acid might function independently of ethylene to promote lycopene biosynthesis. The range of lycopene content (52.83–91.73 mg 100 g−1) in this study is also in agreement with previous reports. Sahin et al. [37] reported lycopene content ranging from 51.12–59.84 mg 100 g−1 from freeze dried ‘8354′ cultivar during their study about the influence of pretreatments and different drying methods on lycopene content of dried tomato. Similarly, Mendelová et al. [38] reported lycopene content ranging from 64.01 to 146.74 mg 100 g−1 DM during their evaluation of the lycopene content from eight tomato cultivars.



In the present study, significant differences (p < 0.05) between maturity stages and elicitors treatment were also observed in β-carotene content and showed the same trend as lycopene (Figure 2B). Preharvest MeJA and SA treated fruit showed statistically similar and highest (9.92 and 9.85 mg 100 g−1, respectively) β-carotene content at S2 while the control at S1 exhibited the lowest β-carotene content (7.61 mg 100 g−1). Similarly, [2] reported maturity stage dependent β-carotene content from ‘244’ tomato cultivar. The range of β-carotene (7.61–9.92 mg 100 g−1) in the present study is lower than the results reported by Farooq et al. [39]. They obtained β-carotene contents ranging from 10.89 to 17.12 mg 100 g−1 from freeze-dried tomato powder, indicating the effect of cultivar and maturity stage at harvest. Taken together, the response of tomato plants to the stress caused by the preharvest MeJA and SA treatment could be the reason for the increased lycopene and β-carotene content in the treated fruit compared to the control [10].




3.4. Effect of Preharvest MeJA and SA Treatments on Total Phenolics and Flavonoids


Phenolic compounds are important secondary metabolites in plants that function as natural antioxidants and prevent chronic diseases related to excess free radicals by reducing oxidative stress [40,41]. Total phenolics correspond to the mean response of all major phenolic compounds present in fruits and vegetables [42]. Previous reports have shown that quality of fruits and vegetables could be improved by elicitors treatments by inducing accumulation of total phenolics in artichoke [43], pack choi [11] and lemon fruit [30], as a result of enhanced phenylalanine ammonia lyase (PAL) activity and reduced activity of polyphenol oxidase (PPO) [44]. Accordingly, the present results show that preharvest MeJA and SA treatments have significantly (p < 0.05) increased the total phenolics content at both S1 and S2 stages compared to the controls (Figure 2C). Also, fruit at S2 have shown higher total phenolics content, regardless of treatments, implying S2 could be an appropriate stage of harvesting for ‘Kumato’ to benefit from its higher total phenolics content. MeJA treated fruit exhibited the highest total phenolics content (273.35 mg GAE 100 g−1) at S2, and followed by SA treated fruit at S2 (Figure 2C). Bhandari et al. [42] have assessed twenty Korean commercial tomato cultivars and reported significantly varied total phenolics content ranging from 168.20 to 290.70 mg GAE 100 g−1. The range of total phenolics content in the present study (241.58–273.35 mg GAE 100 g−1) is higher than most cultivars studied by Bhandari et al. [42].



Flavonoids are the main component of total phenolics and possess strong antioxidant activity that significantly contributes to the health benefits [45]. Tomatoes have been recognized as an important source of dietary flavonoids due to a high consumption worldwide [46]. Hence, efforts have been made to elevate flavonoids concentration in different tomato cultivars [46]. In the present study, preharvest MeJA and SA treatments have significantly (p < 0.05) increased the total flavonoids content at both S1 and S2 stages compared to the controls (Figure 2D). Similar to total phenolics, fruit at S2 have shown higher total flavonoids content, regardless of treatments, implying S2 could be an appropriate stage of harvesting for ‘Kumato’ to benefit from its higher total flavonoids content. Previous results of flavonoids ranging from 197–211 mg RE 100 g−1 DM were also reported by Toor and Savage [47] for tomatoes of three cultivars during their investigation of the effect of semi-drying on antioxidant components of tomatoes. Taken together, all the treatments in the present study have shown higher contents of total phenolics and flavonoids as compared to the previous reports, suggesting superior quality and higher nutritional value of ‘Kumato’ tomato. Moreover, MeJA was more effective than SA on improving total phenolics and flavonoids of ‘Kumato’ tomato as indicated in Figure 3C,D. The improvement in total phenolics and flavonoids content of preharvest MeJA and SA treated fruit could be due to the regulation of various physiological and metabolic processes [10], which in turn affect the nutritional quality of crops.




3.5. Effect of Preharvest MeJA and SA Treatments on Ascorbic Acid Content


Tomato fruit contains ascorbic acid (vitamin C) [4,40] which is easily absorbed by the body. It has a lot of health benefits like preventing low-density lipoprotein oxidation, fighting scurvy, maintain collagen and ameliorate neurodegenerative disease Yahia et al. [48]. Preharvest MeJA and SA treatments have significantly (p < 0.05) increased the vitamin C content at both S1 and S2 stages compared to the control. The lowest ascorbic acid content (125.98 mg 100 g−1) was obtained from the control at S2 (Figure 2E). Similarly, Tilahun et al. [17] reported the decreasing trend of ascorbic acid in ‘TY Megaton’ and ‘Yureka’ tomato cultivars as maturity stages proceed from breaker to red. However, the range of ascorbic acid content in the present study (125.98–142.59 mg 100 g−1) was higher than previous reports, indicating higher ascorbic acid content of ‘Kumato’ tomato. Farooq et al. [39] reported ascorbic acid contents ranging from 33.53 to 42.19 mg 100 g−1 from freeze-dried tomato powder. The improvement in ascorbic acid content of preharvest MeJA and SA treated fruit could be due to the regulation of various physiological and metabolic processes [10], which in turn affect the nutritional quality of crops.




3.6. Effect of Preharvest MeJA and SA Treatments on Contents of Free Amino Acids


The content of total free amino acids was significantly (p < 0.05) different among the treatments. From all treatments, the total free amino acid content of MeJA treated tomato was the highest at S2 (68.10 g kg−1) followed by MeJA treated tomato at S1 (47.51 g kg−1), SA treated at S2 (43.04 g kg−1), and control at S2 (38.44 g kg−1), respectively (Table 2 and Figure S1). In agreement with the current results, Junbae Ahn [49] tested ‘Rafito’, ‘Momotaro’, and ‘Medison’ tomato cultivars and reported total free amino acid content ranging from 38.10 to 45.94 g kg−1 dry weight. In this study, glutamine was the most abundant free amino acid in all treatments, ranging from 24.61 g kg−1 in preharvest MeJA treated fruit at S2 to 10.98 g kg−1 in control at S1. Glutamic acid was the second most abundant free amino acid in all treatments and the contents ranged from 16.84 g kg−1 in preharvest MeJA treated fruit at S2 to 5.72 g kg−1 in SA treated at S1. Sorrequieta et al. [50] also reported glutamine and glutamate as the most abundant free amino acid during ripening of tomato fruit. The relative proportions of GABA, aspartic acid, serine, and asparagine were also higher than the other amino acids in all treatments (Table 2 and Figure S1). Similarly, Pratta et al. [51] and Boggio et al. [52] also obtained higher relative content of glutamine, glutamate, GABA, asparagine, serine, and aspartic acid in various cultivars of tomatoes at different maturity stages.



The levels of nine essential amino acids (histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine) can be used to measure the quality of the protein in a foodstuff [49]. The results of this study also showed a significant difference (p < 0.05) among treatments in the contents of essential amino acids. Of the total free amino acids, the essential amino acid content ranged from 3.52 g kg−1 in control at S1 to 5.98 g kg−1 in preharvest MeJA treated fruit at S2 (Table 2). Preharvest MeJA treated fruit at S1 showed the second most abundant essential amino acids followed by the control and preharvest SA treated fruit at S2, respectively. Hence, MeJA was more effective than SA on improving the contents of essential amino acids at both S1 and S2. A high level of GABA was found to accumulate in tomato fruit before the breaker stage and catabolized rapidly thereafter [6]. Sorrequieta et al. [50] also emphasized that GABA contents reduced significantly during the ripening transition. However, in the present study, preharvest MeJA treated ‘Kumato’ tomato significantly dominates the other treatments in terms of GABA content at S2 (Table 2 and Figure S2), and followed by preharvest MeJA treated at S1. Similarly, preharvest SA treatment improved GABA content at both S1 and S2 as compared to the control fruit. Hence, preharvest MeJA and SA treatment could assist in improving the nutritional quality of ‘Kumato’ tomato as the treatments maintain GABA at both S1 and S2 stages. In addition to the preharvest MeJA and SA treatments, nature of the cultivar could be one of the reasons for maintaining GABA at S2 stage (Figure 1). Ahn [47] evaluated three tomato cultivars at full maturity and observed significant differences in GABA content among the cultivars, and reported 8.68, 7.60, and 6.67 g kg−1 DW GABA contents for ‘Rafito’, ‘Momotaro TY’, and ‘Medison’, respectively. In this study, the highest GABA content (8.07 and 6.63 g kg−1) were recorded from preharvest MeJA treated tomato at S2 and S1 stages, respectively, while the lowest (3.90 and 3.69 g kg−1) were recorded from control at S1 and S2 stages, respectively (Table 2 and Figure S2). Preharvest SA treatment lies in between and revealed 4.71 and 4.89 g kg−1 GABA contents at S1 and S2 stages, respectively. Therefore, MeJA was more effective than SA on improving GABA content of ‘Kumato’ tomato.




3.7. Effect of Preharvest MeJA and SA Treatments of Antioxidant Activity


The results of the present study showed the significant (p < 0.05) differences in antioxidant activities in response to preharvest MeJA and SA treatments at both S1 and S2 stages (Table 3). Nutritional quality of tomato fruit is strongly dependent on the antioxidants [45]. The DPPH scavenging capacity of the treatments in the present study was significantly different ranging from 88.08% in preharvest MeJA treated fruit at S2 to 79.73% in control fruit at S2 (Table 3). Similarly, FRAP and reducing power absorbance values exhibited significantly higher values in preharvest MeJA treated fruit at both S1 and S2 stages as compared to preharvest SA treated and the control. From the antioxidant determination methods used in this study, ABTS showed statistically similar reducing power except preharvest MeJA treated fruit at S1 which exhibited statistically higher ABTS reducing capacity. Generally, the highest scavenging capacity was recorded from preharvest MeJA-treated ‘Kumato’ tomato, followed by preharvest SA treated and the control, respectively, at both S1 and S2 stages (Table 3).




3.8. Principal Component Analysis


Principal component analysis explains the difference between the treatments and the observed parameters that largely affect the spatial distribution, and the correlation of the observed parameters [11]. The PCA of the observed parameters in this study is presented in Figure 3. TSS, TA, BAR, contents of lycopene, β-carotene, total phenolics, flavonoids, vitamin C, total amino acids, total essential amino acids, GABA, and antioxidant activities were used as variables to perform the PCA. The treatments were separated based on the above parameters, and factor 1 (F1) and factor 2 (F2) comprised about 85.25% of the total variance. F1 showed about 49.20% of the total variance and positively correlated to the total amino acids, total essential amino acids, GABA, vitamin C, the antioxidant activities (FRAP, DPPH, and reducing power), total phenolics and flavonoids, lycopene and β-carotene, BAR and TSS. As shown in Figure 3, the above parameters were also higher at S2 in preharvest MeJA-treated ‘Kumato’ tomato fruit followed by preharvest SA-treated and the control, respectively. The F2 accounted for about 36.05% of the total variance and mainly represented variances in firmness, TA and ABTS. The parameters represented in F2 were also higher in preharvest MeJA-treated ‘Kumato’ tomato fruit at S1. Taken together, the preharvest MeJA treatment showed a great impact on the measured parameters, mainly at S2 (Figure 3).





4. Conclusions


The current study indicated the improvement of the yield and quality of tomato fruit through the preharvest MeJA and SA treatment. From the results, preharvest MeJA treatment was more effective than SA on improving secondary bioactive substances, essential amino acids, GABA, and antioxidant activity of ‘Kumato’ tomato. Further investigation on additional cultivars could be necessary to recommend the use of preharvest MeJA treatment as a tool for responding to the growing demand of consumers for high quality tomato for healthy eating.
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Figure 1. Harvesting stages (A) and total yield plant−1 (B) of ‘Kumato’ tomato cultivar in the control and treatment (0.25 mM MeJA and 0.5 mM SA) groups. The color of fruit was determined using the Hunter a* (redness), b* (yellowness), and L* (brightness) values. 
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Figure 2. Lycopene (A), β-carotene (B), total phenolics (C), total flavonoids (D), and vitamin C (E) contents of ‘Kumato’ tomato cultivar in the control and treatment (0.25 mM MeJA and 0.5 mM SA) groups at two maturity stages. The bars with different letters indicate a significant difference (p < 0.05) between treatments. The vertical bars represent the standard error of the means (n = 5). CS1, CS2, MeJAS1, MeJAS2, SAS1, and SAS2 represent control, preharvest MeJA and SA treatments at S1 and S2 maturity stages, respectively. 
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Figure 3. Biplot of the principal component analysis of the observed parameters of ‘Kumato’ tomato cultivar in the control and treatment (0.25 mM MeJA and 0.5 mM SA) groups at two maturity stages. CS1, CS2, MeJAS1, MeJAS2, SAS1, and SAS2 represent control, preharvest MeJA and SA treatments at S1 and S2 maturity stages, respectively. TSS, TA, BAR, TP, TF, TAA, TEAA, GABA, Vit. C, DPPH, ABTS, FRAP and Red. power represent total soluble solids, titratable Acidity, Brix acid ratio, total phenolics, total flavonoids, total amino acids, total essential amino acids, γ-aminobutyric acid, vitamin C, 2, 2-di-phenyl-1-picrylhydrazyl radical scavenging capacity, Trolox-equivalent antioxidant capacity, and ferric-reducing antioxidant power, and reducing power, respectively. 
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Table 1. Firmness, TSS, TA, and BAR of ‘Kumato’ tomato cultivar in the control and treatment (0.25 mM MeJA and 0.5 mM SA) groups at two maturity stages.
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	Treatments
	Firmness (N)
	TSS (°Brix)
	TA (mg 100 g−1)
	BAR





	CS1
	11.33 ± 0.88 ab
	5.81 ± 0.38 ab
	0.80 ± 0.02 a
	7.20 ± 0.84 c



	CS2
	8.91 ± 0.90 c
	5.89 ± 0.36 ab
	0.66 ± 0.07 c
	9.05 ± 1.12 a



	MeJAS1
	12.02 ± 1.34 a
	5.72 ± 0.41 b
	0.75 ± 0.13 ab
	7.60 ± 1.38 c



	MeJAS2
	10.57 ± 1.29 b
	5.96 ± 0.36 a
	0.65 ± 0.05 c
	9.00 ± 0.67 a



	SAS1
	11.35 ± 1.49 ab
	5.97 ± 0.45 a
	0.73 ± 0.11 b
	8.02 ± 1.03 bc



	SAS2
	9.53 ± 1.65 c
	5.92 ± 0.53 ab
	0.66 ± 0.04 c
	8.74 ± 0.88 ab







CS1, CS2, MeJAS1, MeJAS2, SAS1, and SAS2 represent control, preharvest MeJA and SA treatments at stages 1 and 2, respectively. Results are presented as the mean ± SD (n = 5) and means with different letters within the same column are significantly different at p < 0.05.
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Table 2. Free amino acids content in the preharvest MeJA and SA treated and control fruit of ‘Kumato’ tomato cultivar at two maturity stages.
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Amino Acids

	
CS1

	
CS2

	
MeJAS1

	
MeJAS2

	
SAS1

	
SAS2




	
mg kg−1

	
%

	
mg kg−1

	
%

	
mg kg−1

	
%

	
mg kg−1

	
%

	
mg kg−1

	
%

	
mg kg−1

	
%






	
Aspartic acid

	
1825.59 c

	
5.91

	
2594.13 b

	
6.75

	
2466.38 b

	
5.19

	
4125.27 a

	
6.06

	
1800.91 c

	
5.15

	
2632.83 b

	
6.12




	
Glutamic acid

	
5999.00 d

	
19.41

	
10,765.44 b

	
28.00

	
8680.55 c

	
18.27

	
16,839.05 a

	
24.73

	
5720.51 d

	
16.37

	
10,660.70 b

	
24.77




	
Asparagine

	
1371.58 e

	
4.44

	
1602.25 d

	
4.17

	
2270.39 b

	
4.78

	
3130.00 a

	
4.60

	
1858.46 c

	
5.32

	
2079.48 b

	
4.83




	
Serine

	
2267.48 c

	
7.34

	
2323.83 c

	
6.05

	
2779.89 b

	
5.85

	
3448.83 a

	
5.06

	
2166.29 c

	
6.20

	
2218.57 c

	
5.15




	
Glutamine

	
10,980.84 d

	
35.53

	
12,448.05 d

	
32.38

	
18,627.28 b

	
39.21

	
24,606.23 a

	
36.14

	
14,470.59 c

	
41.41

	
15,803.62 c

	
36.71




	
Histidine (EAA)

	
326.77 c

	
1.06

	
426.96 b

	
1.11

	
399.39 b

	
0.84

	
550.79 a

	
0.81

	
307.96 c

	
0.88

	
440.25 b

	
1.02




	
Glycine

	
134.74 c

	
0.44

	
144.08 c

	
0.37

	
164.93 b

	
0.35

	
202.93 a

	
0.30

	
126.30 c

	
0.36

	
135.23 c

	
0.31




	
Threonine (EAA)

	
952.08 cd

	
3.08

	
1080.18 b

	
2.81

	
1021.90 bc

	
2.15

	
1398.58 a

	
2.05

	
858.75 d

	
2.46

	
939.56 cd

	
2.18




	
Arginine

	
288.71 cd

	
0.34

	
360.56 b

	
0.34

	
353.24 b

	
0.34

	
550.16 a

	
0.34

	
250.58 d

	
0.34

	
329.97 bc

	
0.34




	
Citrulline

	
30.05 d

	
0.10

	
25.10 d

	
0.07

	
65.02 b

	
0.14

	
76.67 a

	
0.11

	
53.57 c

	
0.15

	
46.95 c

	
0.11




	
Alanine

	
239.28 c

	
0.77

	
200.77 d

	
0.52

	
300.54 b

	
0.63

	
362.37 a

	
0.53

	
221.88 cd

	
0.63

	
219.72 cd

	
0.51




	
GABA

	
3903.29 d

	
12.63

	
3694.15 d

	
9.61

	
6627.36 b

	
13.95

	
8070.42 a

	
11.85

	
4710.94 c

	
13.48

	
4893.20 c

	
11.37




	
Tyrosine

	
152.71 c

	
0.49

	
145.65 c

	
0.38

	
235.14 b

	
0.49

	
286.23 a

	
0.42

	
139.70 c

	
0.40

	
142.60 c

	
0.33




	
Valine (EAA)

	
370.07 cd

	
1.20

	
406.47 bc

	
1.06

	
438.58 b

	
0.92

	
554.34 a

	
0.81

	
359.99 d

	
1.03

	
374.56 cd

	
0.87




	
Methionine (EAA)

	
33.64 c

	
0.11

	
45.92 bc

	
0.12

	
45.69 bc

	
0.10

	
73.45 a

	
0.11

	
33.18 c

	
0.09

	
50.36 b

	
0.12




	
Tryptophane (EAA)

	
87.61 d

	
0.28

	
97.91 d

	
0.25

	
204.35 b

	
0.43

	
265.92 a

	
0.39

	
127.76 c

	
0.37

	
147.58 c

	
0.34




	
Phenylalanine (EAA)

	
751.41 c

	
2.43

	
737.16 c

	
1.92

	
1281.04 b

	
2.70

	
1532.55 a

	
2.25

	
670.30 c

	
1.92

	
769.83 c

	
1.79




	
Isoleucine (EAA)

	
404.63 c

	
1.31

	
414.51 c

	
1.08

	
499.34 b

	
1.05

	
655.90 a

	
0.96

	
373.34 c

	
1.07

	
395.24 c

	
0.92




	
Leucine (EAA)

	
293.61 c

	
0.95

	
319.85 bc

	
0.83

	
354.15 b

	
0.75

	
449.93 a

	
0.66

	
267.60 c

	
0.77

	
274.02 c

	
0.64




	
Lysine (EAA)

	
299.05 c

	
0.97

	
386.07 b

	
1.00

	
390.60 b

	
0.82

	
496.85 a

	
0.73

	
248.84 d

	
0.71

	
281.22 cd

	
0.65




	
Proline

	
197.99 c

	
0.64

	
222.77 c

	
0.58

	
305.38 b

	
0.64

	
415.18 a

	
0.61

	
176.44 c

	
0.50

	
208.67 c

	
0.48




	
Total EAA

	
3518.87 f

	
11.38

	
3915.03 c

	
10.18

	
4635.02 b

	
9.76

	
5978.30 a

	
8.78

	
3247.72 e

	
9.29

	
3672.61 d

	
8.53




	
Total

	
30,910.13 e

	

	
38,441.80 cd

	

	
47,511.12 b

	

	
68,091.61 a

	

	
34,943.89 de

	

	
43,044.13 bc

	








CS1, CS2, MeJAS1, MeJAS2, SAS1, and SAS2 represent control, preharvest MeJA and SA treatments at stages 1 and 2, respectively. EAA: Essential amino acid, mean values (n = 3) in the same row with different letters are significantly different at p < 0.05.
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Table 3. The DPPH (2,2-di-phenyl-1-picrylhydrazyl) radical scavenging capacity, Trolox-equivalent antioxidant capacity (ABTS), ferric-reducing antioxidant power (FRAP), and reducing power of ‘Kumato’ tomato cultivar in the control and treatment (0.25 mM MeJA and 0.5 mM SA) groups at two maturity stages.
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	Treatments
	DPPH (%)
	ABTS (%)
	FRAP (Absorbance)
	Reducing Power (Absorbance)





	CS1
	80.88 ± 1.87 c
	21.78 ± 3.72 ab
	0.044 ± 0.004 b
	0.281 ± 0.000 d



	CS2
	79.73 ± 1.05 c
	19.95 ± 2.43 b
	0.046 ± 0.008 b
	0.272 ± 0.000 e



	MeJAS1
	86.78 ± 1.19 a
	23.71 ± 0.92 a
	0.074 ± 0.007 a
	0.297 ± 0.001 a



	MeJAS2
	88.08 ± 1.43 a
	20.81 ± 1.31 b
	0.085 ± 0.023 a
	0.291 ± 0.001 b



	SAS1
	83.62 ± 1.49 b
	20.11 ± 1.17 b
	0.063 ± 0.023 ab
	0.289 ± 0.003 bc



	SAS2
	79.77 ± 1.12 c
	20.76 ± 0.97 b
	0.035 ± 0.001 b
	0.287 ± 0.003 c







Results are presented as the mean ± SD from triplicate independent values. Means with different letters within the same column are significantly different at p < 0.05. CS1, CS2, MeJAS1, MeJAS2, SAS1, and SAS2 represent control, preharvest MeJA and SA treatments at S1 and S2 maturity stages, respectively. All data were detected at 10 mg mL−1 methanol extracts of tomatoes.
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