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Abstract

:

In fruit storage, new methods are being sought to extend the distribution period while maintaining the highest quality parameters of the fruit, i.e., the physical and chemical characteristics of the fruit, but also the health-promoting properties. One method is to treat the fruit with 1-MCP, which effectively inhibits fruit ripening, since the main reasons for limiting the distribution of minikiwi fruit are rapid ripening and the loss of firmness. It is also highlighted that minikiwi is a source of antioxidants, which, as highly reactive compounds, are quickly degraded during storage. This study evaluates the effectiveness of using 1-MCP to reduce minikiwi softening and maintain the high antioxidant properties of the fruit. In the experiment, minikiwi fruits of the ‘Ananasnaya’ cultivar were used. After harvesting, the fruits were treated with 1-methylcyclopropene at a concentration of 0.65 µL/L. Fruits treated in this way were stored in ordinary cold storage (NA) and under low oxygen concentration (ULO) conditions for a period of 12 weeks. The fruits’ physicochemical properties, sugar and acid contents and antioxidant potential, which consisted of ascorbic acid, polyphenols, phenolic acids, flavonols and flavan-3-ols, were evaluated. The application of 1-MCP is effective in reducing the loss of firmness in the minikiwi during storage, but the blocking of minikiwi ripening by 1-MCP makes the fruit less sweet and more acidic. Fruits treated with 1-MCP had higher antioxidant activity and a higher content of biologically active compounds. The effect of 1-MCP is stronger for flavan-3-ols, but slightly weaker for phenolic acids. Fruits treated with 1-MCP have a higher antioxidant potential than untreated fruit after a long period of storage.
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1. Introduction


The climate warming observed in the past decade has favoured the cultivation of ‘warm-loving’ species that were previously impossible to cultivate in colder regions of the world. An example is the minikiwi (Actinidia arguta (Sieb. & Zucc.) Planch. ex Miq.) species, which has been winning not only the hearts of growers, but also the tables of consumers for more than 20 years [1,2]. Current consumer preferences focus on fruits that are distinctive in appearance, taste and nutritional properties [3,4]. Minikiwi, unlike the popular kiwifruit, can be eaten with the peel, which enhances the nutritional value of this fruit because, as in other species, the peel of the fruit contains more health-promoting compounds than the pulp itself [5,6,7]. The nutraceutical content of the fruit is mainly dependent on the genetic factor [8,9]. However, environmental conditions, i.e., the cultivation location, the climatic conditions or the agrotechnical or soil treatments, modify the contents of biologically active compounds [10,11,12,13,14]. A strong determinant of the intrinsic quality of the fruit is the maturity stage, which is determined by the ripeness of the fruit at harvest [15,16,17,18] or the conditions under which the fruit ripens [19,20]. The harvest date and new technologies can improve the storability of fresh strawberry fruit [21].



The high nutraceutical content of minikiwi is causing it to win more and more fans worldwide. Cultivars with larger sizes, but also with higher nutrient contents or storability, are being sought [22]. It is the short distribution period of the fruit that is still the main problem in plantation development and fruit distribution [19,23,24]. Therefore, the attention of scientific centres is focused on the search for new technological solutions that can improve the storability of fresh fruit [20,25,26], as well as their use as a source of biologically active compounds in the production of food additives or cosmetics [7,27,28].



A commonly used inhibitor of the ripening processes in apples is 1-methylcyclopropene (1-MCP). Hoang et al. [29] and Kolniak-Ostek et al. [30] claim that 1-MCP treatment delays the loss of phenolic compounds in apples during storage. Also, according to MacLean et al. [31] the application of 1-MCP prevents anthocyanin degradation in apples, but does not affect changes in flavonols and flavan-3-ols. 1-MCP reduces the loss of antioxidant potential in pears and, in combination with controlled atmosphere conditions, may even increase the antioxidant potential [32]. The use of inhibitors, i.e., aminoethoxyvinylglycine (AVG) or 1-methylcyclopropene (1-MCP), effectively blocks ageing or oxidation processes [33,34]. The loss of general antioxidant capacity begins when the integrity of the cell associated with mechanical damage or the natural ageing process is broken. The initiation of catalysis of the metabolism and the degradation of phenolic compounds via enzymes such as esterases, glycosidases and decarboxylases result in a significant loss of the fruit’s health-promoting properties. 1-Methylcyclopropene (1-MCP) blocks the binding of ethylene to its receptor, which results in a slowdown in the ethylene production and inhibits the ripening processes that determine this phytohormone [35]. The efficacy of using 1-MCP treatment to improve storability has been widely demonstrated for ‘Hayward’ kiwifruit [36,37,38], but despite the promising results, few studies have evaluated the effect of 1-MCP treatment on minikiwi [39,40,41]. Still unexplained is the blocking of aroma synthesis and the deterioration of flavour in fruit treated with 1-MCP. Previous studies have shown the high effectiveness of 1-MCP in reducing the softening of fruit, even when harvested at a more advanced stage of ripeness [41]. The issue of the effect of 1-MCP on the intrinsic quality traits determined by a group of bioactive compounds needs clarification.



The aim of this study is to evaluate the effect of the post-harvest application of 1-methylcyclopropene on the intrinsic quality of minikiwi fruit during storage under conventional versus controlled-atmosphere cold storage conditions. In the study, the fruit quality is described by physicochemical characteristics as well as changes in the contents of the biologically active compounds that are valuable to human health.




2. Materials and Methods


2.1. Outline of the Experiment


The fruit originated from the experimental field of the Department of Pomology and Horticultural Economics, Warsaw University of Life Sciences (WULS-SGGW), located in Warsaw, central Poland (52.259° N, 21.020° E). The fruits used in the experiment were Actinidia arguta ((Sieb. & Zucc.) Planch. ex Miq.), commonly known as minikiwi (in Poland), hardy kiwi, baby kiwi, etc. The ‘Ananasnaya’ cultivar was used to evaluate the physical and chemical properties of the fruit, which is the basic cultivar grown in the United States and is the most widely grown minikiwi fruit in the world [42]. Minikiwi plants were grown in a T shape with a spacing of 4 m × 4 m. The plants were planted in 2009, and managed according to good agricultural practice. The fruit was harvested on September 24 in 2015 (the first year of the study) and September 17 in 2017 (the second year of the study). Fruits were hand-harvested into well-ventilated PVC containers (500 g) (Best Opakowania, Pniewy, Poland) when the fruits reached harvest maturity (6–7 °Brix) based on guidelines from the literature and our own previous research [43,44]. Immediately after harvesting, the fruit packages were transported to the cold store of the WULS-SGGW, Institute of Horticultural Sciences, where they were placed under refrigeration at 1 °C, Rh = 75–80%, to cool the berries. After approximately 24 h of refrigeration, half of the fruits were treated with 1-MCP (1-methylcyclopropene) (SmartFresh ProTabs™, AgroFresh Solutions Inc., Philadelphia, PA, USA). A 24 h treatment of the fruit with 1-MCP at a concentration of 0.65 µL/L under refrigerated conditions (1 °C, Rh = 75–80%) was applied as recommended in the literature [25]. Fruits that were not treated with 1-MCP were also left under refrigerated conditions for 24 h. The two fruit batches were then divided into two groups (separately for 1-MCP-treated and untreated fruits) and placed in two experimental containers (1 m3 in area) equipped with an Oxystat 200 automatic gas control system (David Bishop Ltd., Heathfield, UK), providing monitoring of CO2 and O2 contents every 4 h. The following refrigerated conditions were maintained in the experimental containers:




	
Suitable for conventional cold storage (0.1% CO2:21% O2)—NA;



	
Ultra-low oxygen (1.5% CO2:1.5% O2)—ULO.








In the experimental containers, the temperature was maintained at 1 °C (±0.5 °C), and the relative humidity was approximately 95% (±3%). In the first season of the study, the fruit was stored for 8 weeks as recommended in the literature [19,25]. In the second season of the study, the storage period was extended to 12 weeks due to the positive effects of 1-MCP application. Fruit samples were taken for physicochemical analyses every 2 weeks in both storage seasons. Laboratory analyses were repeated three times, using 20–30 fruits for each test.




2.2. Chemicals and Reagents


All reagents used for HPLC were of HPLC grade and purchased from Sigma-Aldrich (Poznań, Poland) and Merck (Warsaw, Poland). Other chemicals were of analytical purity grade and purchased from Alchem (Warsaw, Poland).




2.3. Analytical Methods


Physicochemical indicators (firmness, extract content and acidity) describing the parameters most relevant to consumer preferences and indicators describing the nutritional and biological active compounds of the fruit (sugars and acids, vitamin C, polyphenols, flavonoids, phenolic acids, etc.) were used to assess the fruit. Analyses were carried out immediately after fruit harvest and at specific dates after storage.



Fruit firmness (FF), according to a previously described method [16], was determined as the value of the force required to penetrate the fruit with a 4.5 mm diameter probe. FF was determined using an Instron 5542 penetrometer (Instron, High Wycombe, UK) on 20 fruits. Each fruit was subjected to compression twice (on opposite sides). The probe speed was 240 mm−1, and the fruits were penetrated to a depth of 5 mm. FF is expressed in Newton (N).



The soluble solids content (SSC) was determined refractometrically, in accordance with Polish Standard PN-EN 12,143:2000 [45] (developed by the Polish Committee for Standardisation) according to the previously described method [44]. Determinations were performed in juice squeezed from 20 fruits. SSC was measured on an Atago Palette PR-32 alpha digital refractometer (Atago, Tokyo, Japan) at 20 °C. The results are expressed in °Brix. Similarly, in the juice obtained from the previously used 20 fruits, the titratable acidity (TA) was determined according to Polish Standard PN-EN 12,147:2000 [46]. Acidity was assessed via titration with 0.1 N sodium hydroxide (NaOH) of a 10-fold diluted aqueous extract of the fruit juice (1:10, v:v) to an end point of pH 8.1. A TitroLine 5000 system (Si Analytics, Mainz, Germany) was used for the analysis. Results are expressed as a percentage of anhydrous citric acid.



Sugars and organic acids were determined via HPLC-RI, as described previously by Zielinski et al. [47], and are expressed as grams of total sugar content or organic acid per 100 g F.W. We determined the antioxidant activity according to the method of Saint Criq de Gaulejac et al. [48], which is based on the reduction in free radicals derived from DPPH+ (1,1-diphenyl-2-picrylhydrazine, Sigma-Aldrich, Poznań, Poland). The antioxidant activity was calculated from absorbance measurements for the corresponding sample (fruit extract + DPPH+) taken after 20 min at λ = 517 nm relative to the control sample (H2O). Results are expressed as mg ascorbic acid equivalent per g−1 FW (fresh weight). Determination of ascorbic acid content was performed according to the method described in an earlier study [20]. Identification and quantitative analysis of ascorbic acid were performed with a 200-series HPLC system (Perkin Elmer Ing, Waltham, MA, USA) equipped with a diode array detector (UV-DAD), using a Spheri-5 RP-18 column (5 µm, 220 mm × 4.6 mm, Brownlee Columns, Waltham, MA, USA) at a flow rate of 1.0 mL/min and detection at 245 nm. Total phenolic content (TPC) was determined spectrophotometrically [49] using the Folin–Ciocalteu reagent. A Marcel 330S PRO spectrophotometer (Marcel, Zielonka, Poland) was used to measure the absorbance of the solution, and the measurement was performed at λ = 700 nm. The results presented were converted to gallic acid. Separation of phenolic compounds was performed using the HPLC technique described in our previous study [20]. The separation and contents of phenolic compounds were analysed using a Perkin-Elmer 200 series HPLC kit with a diode array detector (DAD). Separation was performed using a LiChroCART 125-3 column (Merck KGaA, Darmstadt, Germany) at a flow rate of 1 mL/min. Phenolic compounds were detected at 254, 280, 320, and 360 nm wavelengths by comparing retention times on achieved chromatograms with those of standards. The total phenolic acids consisted of identified derivatives of chlorogenic, neochlorogenic, caffeic, p-coumaric and other derivative acids. In the flavonols group, quercetin derivatives (quercetin-galactoside, quercetin-rutinoside, quercetin-glucoside, etc.) and keampferol derivatives (keampferol-rutinoside and keampferol-galactoside) were identified. The sum of compounds in the flavan-3-ol group was (+)-catechin and L-epicatechin.




2.4. Statistical Analysis


The results were analysed statistically in the Statistica 12.5 program (StatSoft Polska, Krakow, Poland). The effect of experimental variables, i.e., the post-harvest treatment of fruit with 1-MCP (+/−1-MCP), storage conditions (NA, ULO), and storage duration, on quality parameters of minikiwi were analysed using multifactor analysis of variance (ANOVA). A Newman–Keuls test was used to evaluate the significance of differences between the means, accepting the significance level as 5% or 1%. Mean and standard deviation were also reported for all measured parameters.





3. Results and Discussion


3.1. Characteristics of the Fruit after Harvesting


The characteristics of the physicochemical indices and the values of the bioactive compounds immediately after fruit harvest are shown in Table 1.



The fruit harvested in the first season was characterised by a slightly more advanced degree of post-harvest ripeness than the fruit from the second season. This was clearly evidenced by the physicochemical characteristics of the fruit in 2015, i.e., slightly lower firmness and acidity but a higher soluble solids content (SSC). The glucose and fructose contents of the fruit harvested in both years were at fairly similar levels, but the sucrose content was higher in the post-harvest fruit in 2015. Similar relationships apply to the acidity and individual acid contents. The titratable acidity as well as the citric acid content in the fruit from the first year of the study were lower than in the second year. Unexpectedly, the malic acid content was characterised inversely. In 2015, the post-harvest fruit was characterised by a higher ascorbic acid content and higher antioxidant activity. The levels of individual groups of phenolic compounds were variable depending on the year of the study. The total polyphenol content and phenolic acid content were distinguished by lower values in the first year than in the second year of the study. In contrast, the contents of flavonol and flavan-3-ol derivatives were higher in the fruit from the first season than from the second season. The different levels of fruit quality are related to a number of factors affecting the physical characteristics of the fruits as well as their antioxidant profiles. The occurrence of year-to-year variations is becoming the rule in long-term studies, especially in years with numerous weather ‘anomalies’ associated with climate change. Many reports point out that annual weather variability very strongly determines the quality and nutritional characteristics of the fruits of different species [50,51,52,53]. In-season weather conditions can significantly alter the quantitative and/or qualitative characteristics of internal fruit quality [50]. The external and internal qualities of fruit are made up of many variables (weather components and soil conditions); therefore, it is difficult to estimate whether the level of an individual indicator was influenced by one or many factors. The physiological state of the fruit, understood as the degree of ripeness, is an important factor influencing fruit characteristics. In more mature fruit, the firmness and acidity will be distinguished by lower values, and the soluble matter content will be distinguished by a higher value [22,36,41]. Similar changes occurring during fruit ripening will affect biologically active compounds [20,22,39].




3.2. Physical and Chemical Properties


The softening of minikiwi is an important cause of fruit storage and distribution problems [54]. One of the causes of fruit softening is the activation of the enzymes responsible for the softening process, i.e., polygalacturonase, esterase, pectin and endo-1,4β-D-glucanase, by ethylene [33]. The inactivation of the enzymes by 1-methylcyclopropene makes it possible, on the one hand, to inhibit fruit softening processes, and on the other hand, to slow down the synthesis of ethylene from ACC (1-aminocyclopropane-1-carboxylic acid) [37,38,55]. The effect of post-harvest treatment with 1-MCP on the fruit firmness of minikiwi is shown in Table 2 and Table S1. The use of 1-methylcyclopropene strongly inhibited fruit softening regardless of the conditions under which the fruits were stored. Beneficial effects of 1-MCP were recorded throughout the entire storage period of the minikiwi. The fruits treated with 1-MCP were characterised by firmness that was 2–4 times higher than the untreated fruit, and the differences increased with the increasing storage period. The inhibition of ethylene synthesis is possible under refrigerated conditions by lowering the air temperature [15], reducing the oxygen concentration or increasing the carbon dioxide levels [20]. Our research as well as reports in the literature [2,16,19,54] indicate that low-temperature storage (0–1 °C) is not sufficiently effective in maintaining the high quality of minikiwi, and new technologies are still being sought to efficiently inhibit respiration processes in the fruit and the loss of quality during the post-harvest life of the fruit. The methods evaluated so far, such as the post-harvest treatment of minikiwi [56], modified atmosphere packaging technology [26,57], the use of ozone [24] or dynamically controlled atmosphere technology [20], have proven to be insufficiently effective. In our study, the interaction between the use of 1-MCP and the storage conditions was demonstrated, illustrated by the synergistic effect of ULO conditions and 1-MCP treatment (Table S1). Similarly, the synergistic interaction of all the experimental factors was proven; the highest firmness throughout the experiment was characterised by the fruit treated with 1-MCP and stored under ULO conditions. Synergistic effects of two and more factors limiting the softening of kiwifruit and other species were observed in studies on 1-MCP in recent years [29,38,41,58] The binding of 1-MCP (ethylene homologue) to the ethylene receptors of enzymes results in the prolonged storage of products with almost unchanged quality parameters in different fruit species [35,58,59].



Among the instrumental distinguishing features of fruit quality are often their internal characteristics related to sweetness and acidity, i.e., the soluble solids content and titratable acidity. The ratio between these indicators is particularly emphasised. There is a lack of information in the literature on the effect of post-harvest treatment with 1-MCP on the soluble solids content or acidity of minikiwi fruit. Based on studies on the use of 1-MCP in the storage of other species, it can be shown that the effect of 1-MCP is not clear-cut and depends on the year of study and the species, and that the soluble solids content increases in the fruit regardless of the application of 1-MCP [30,36,41]. In our study, we found that the effect of 1-MCP on the SSC in fruit depended on the year of study (Table 3 and Table S1). The effect of the ripening inhibitor was proven only in the second storage season; however, the 1-MCP-treated fruit were characterised by a lower SSC in both seasons. When considering the SSC at individual storage dates, it was found that only a few dates showed no significant effect of 1-MCP, and often, the effect was at a very high level of significance (Table 3). In our earlier studies, the effect of 1-MCP on the soluble solids content of fruit stored under conventional cold storage (NA) conditions was reported, but it was only reported in a few cases of storage under ULO [41]. An analysis of the results showed an interaction between the use of 1-MCP and the other experimental factors (Table S1). The fruits that were treated post harvest and stored in ULO were characterised by a lower SSC, irrespective of the date of analysis. A steady increase in the soluble solids content was recorded throughout the experiment, and it was slower in the fruit treated with 1-MCP. Unexpectedly, extending the storage period from 8 to 12 weeks revealed a change in the upward trend of the SSC. Namely, a decrease in the soluble solids content was found after 12 weeks of storage for the fruit that was not treated with 1-MCP, regardless of the storage conditions. A similar relationship was not observed for the fruit treated with 1-MCP. It should be noted that the fruit treated with 1-MCP, regardless of the length of the storage period, did not obtain such a high SSC value as the untreated fruit, with the exception of the fruit stored in NA in 2015. An increase in the SSC during the storage period is observed in most species. Many authors evaluating the effect of 1-MCP emphasise that fruits treated with this inhibitor often do not achieve as high SSCs as untreated fruits [25,30,59]. This is particularly true for climacteric fruits such as kiwi, apple, pear, etc. It is extremely rare to observe a decrease in the SSC towards the end of the storage period, which is related to the consumption of sugars during respiration, and which can already be interpreted as the beginning of the fruit’s over-ripening process. In the case of kiwifruit or minikiwi, the loss of monosaccharides may occur more rapidly, as these fruits do not contain significant amounts of starch, a polysaccharide whose breakdown via hydrolysis leads to an increase in the contents of monosaccharides and sucrose in the plants [60,61]. The second indicator that is responsible for fruit palatability is acidity. In our study, we showed a highly significant effect of 1-MCP on the acidity of minikiwi in both years of the study; however, this effect was only observed for the minikiwi stored in NA (Table 4 and Table S1). The storage conditions were not shown to have an effect in the experiment. Many authors emphasise that the use of 1-MCP determines the rate of fruit acidity loss, in favour of the use of 1-MCP—such fruits have a higher acidity [34,62]. It is interesting to note that the effect of the storage period was only proven for the fruit that was not treated with 1-MCP, regardless of the storage conditions. Comparing the results obtained from both years of the study with those of the previously described studies [41,54], it can be concluded that the effect of 1-MCP on the acidity stabilisation of minikiwi depends on a number of additional factors, i.e., the year of study, the storage conditions and the fruit maturity status.



Simple sugars are among the basic ingredients that provide energy to the human body, but the polysaccharides contained in A. arguta inhibit the oxidation of polyunsaturated fatty acids in food [63]. Sucrose as well as fructose and glucose are found in the highest amounts in the fruits of various Actinidia species. In our study, we found that the glucose content was not determined by the post-harvest application of 1-MCP (Table S2). The storage period appeared to be a significant determinant of the glucose content, as there was a consistent increase in the glucose content over successive analysis dates. Additionally, an interaction of the effect of 1-MCP and the storage period was noted. It turned out that on individual analysis dates, the fruit treated with 1-MCP had a lower glucose content than the untreated fruit (Table 5). Also, technology and, especially, storage at ULO influenced the lower glucose values recorded in the 1-MCP-treated fruit. The interaction of all three factors of the experiment determined the changes in the glucose content of the fruit. It appeared that an upward trend was recorded up to the eighth week of storage in all evaluated combinations of the experiment. In contrast, after 10 and 12 weeks of storage, the glucose content decreased in the untreated fruit, while a further increase in the glucose content was observed in the 1-MCP-treated fruit. The fructose content was determined by 1-MCP (Table 6 and Table S2). By evaluating the changes in the fructose content during the experiment, we can conclude that the amount of fructose fluctuated similarly to the glucose content. On most of the analysis dates, it was proven that the fruits treated with 1-MCP were characterised by lower contents of both simple sugars. As in the case of glucose, a steady increase in the fructose content was observed up to week 8, while after weeks 10 and 12, a stabilisation of its content was found in the fruit that was not treated with 1-MCP. In addition, the fruit stored in ULO technology and treated with 1-MCP had the lowest fructose levels.



Different trends were observed for the sucrose content. The disaccharide content was determined by the effect of 1-MCP (Table 7 and Table S2). On most evaluation dates, higher sucrose contents were found in the fruit treated with this inhibitor than in the fruit that was not treated with 1-MCP. Changes in the sucrose content occurred in the fruit in the opposite direction to that of monosaccharides, and sucrose loss was particularly observed in the fruit that was not treated with 1-MCP. An analysis of the data showed that in the second season of storage, sucrose loss in the fruits treated with 1-MCP was not determined by the storage period, which may indicate a higher stability of this disaccharide in these fruits. As in the case of the SSC, the sucrose content was higher in the fruit stored in ULO and treated with 1-MCP than in the other combinations of the experiment. The results obtained in the experiment harmonise with the reports by other authors [64,65,66]. Wojdyło et al. [65] found a fructose content of 1.16–2.14 g·100 g−1 FW, a glucose content of 1.57–2.99 g·100 g−1 FW and a sucrose content of 2.41–5.94 g·100 g−1 FW. Most reports in the literature report that the contents of monosaccharides in kiwi (A. deliciosa and A. chinensis) increase during cold storage. Barbonii et al. [67] even found an increase of more than 2-fold in the monosaccharides assessed. There is no information in the literature about the effect of 1-MCP on the content of individual sugars in minikiwi fruit. The content of total sugars and the proportions of these sugars vary not only with the fruit maturity, but also with the cultivar. In a study of kiwifruit (A. deliciosa and A. chinensis), Nishiyama et al. [66] observed a range of total sugar concentrations from 6150.86 to 10,470.60 g/100 g FW. As can be seen, there is a clear contrast with kiwifruit compared to minikiwi, where the glucose and fructose levels are lower and there is a two- to six-fold predominance of sucrose. The sugar content of the fruit has a significant impact on the management of blood sugar levels after consumption. The glycaemic index (GI) values for the different species of actinidia (A. deliciosa, A. chinensis, A. arguta and A. rufa) are relatively low, and low GI values are observed in both healthy people and in people with type II diabetes [68,69].



In the ready-to-eat fruit, sugars provide the attractive sweet taste of the kiwifruit, which is balanced by the acid composition. In this study, two primary organic acids, citric and malic acids, were assessed to determine the acidity of minikiwi, with citric acid being several times higher than malic acid (Table 8, Table 9 and Table S2). 1-MCP implied the content of both acids, and the treated fruit were characterised by a higher acid content. As with the previous indicators, the longer storage of minikiwi exacerbated the differences in the contents of both acids between the 1-MCP treated and untreated fruits. This indicates a more rapid loss of acids in the fruit that was not treated with 1-MCP. Although the storage conditions alone did not have an effect on this indicator, the effect of the inhibitor also interacted with the storage technology. The study confirmed the reports in the literature stating that under ULO conditions, the ripening process is slower [23,25], and the additional inhibition of enzyme activity [33,62] contributes to a synergistic reduction in acid loss by both agents.




3.3. Antioxidant Properties


The antioxidant properties of minikiwi are related to the high content of ascorbic acid [7,16,18]. Changes in the content of antioxidant compounds and their direction occurring during storage are determined by the fruit maturity [22,41], the conditions under which the fruit was stored [20,23] and the post-harvest treatment [39]. Most authors report a reduction in the ascorbic acid content during storage [45,70]. The application of 1-MCP definitely delayed the decrease in the ascorbic acid content during storage (Table 10 and Table S3). The positive effect of 1-MCP was particularly evident in the second season of the study. The inhibitory effect of 1-MCP is confirmed by the absence of significant changes in the ascorbic acid content in the fruit treated with 1-MCP as well as an increase in the disparity in the acid content between the untreated fruit and the fruit treated with 1-MCP during storage. Also, Lim et al. [39] report that the application of 1-MCP effectively inhibits the loss of ascorbic acid during conventional cold storage. The application of 1-MCP may contribute to maintaining the high antioxidant properties of minikiwi during the fruit distribution period. The experiment did not show any effect of the storage technology on the ascorbic acid content, and the effect of the storage time was only detected in the second year of the study. The second season also showed interactions between 1-MCP and the storage technology and between 1-MCP and the storage time, which may be related to the extension of the storage period in 2017. Notably, the application of the inhibitor also had the effect of inhibiting the loss of total polyphenols (TPC). Again, the results of the study indicate that the application of 1-MCP, irrespective of the conditions under which the minikiwi was stored, works well in reducing TPC loss. In both storage seasons, significantly higher TPC values were recorded for the 1-MCP-treated fruit than for the untreated fruit, and even extending the storage period to 12 weeks exacerbated the differences in the TPC content between the treated and untreated fruits. The experiment showed a positive interaction between 1-MCP and the storage technology, but only in the first storage season. The use of ULO in combination with 1-MCP proved to be the most effective solution to maintain a high total polyphenol content. Many authors report that the use of advanced technologies such as ULO or a controlled atmosphere, by lowering the O2 and raising the CO2, inhibits TPC loss in various fruit species [19,23,29]. Also, the results of our own research indicate that the use of ULO technology is significantly more efficient than conventional cold storage (NA). However, the information in the literature is inconclusive, as few researchers have observed an increase in the TPC content during minikiwi storage [19]. Previous information in the literature suggests that the use of 1-MCP is highly effective in maintaining high fruit potential [5,39], which is supported by the results of our own study. The inhibitory character of 1-MCP on the derivatives of phenolic acids, flavonols and flavan-3-ols was demonstrated in the experiment, but the obtained results were slightly modified in the different storage seasons (Table 11, Table 12, Table 13, Table 14 and Table S3). The strongest effect of 1-MCP was found for flavonol and flavan-3-ol derivatives, as this effect was proven in both years of the study. For phenolic acid, the analysis showed a significant effect in only one of the two storage seasons. Nevertheless, in each case, the effect of 1-MCP on the fruit was in one direction—it inhibited the loss of compounds from the different phenolic groups compared to the fruit that was not treated with 1-MCP. As mentioned, the influence of the experimental factors depended on the year of the study. In the first storage season, it appeared that only the storage technology determined the changes in the phenolic acid derivatives, while in the following season, the effects of 1-MCP and the storage period was shown. In the case of flavonols, only 1-MCP was a factor that determined the changes in their content in both years, while the flavan-3-ols were affected by the influences of 1-MCP and the storage period, without the contribution of the storage technology. The variable influence of the individual factors observed in the study years is often related to other causes, such as the weather conditions of a given year [8,51,63] or the state of fruit maturity [22,41]. Regardless of the year of study, 1-MCP was the main factor limiting the loss of compounds from the polyphenol group, as was the case with the flavan-3-ol content, which was not reduced in the fruit treated with 1-MCP. Many authors signal that fruits after 1-MCP treatment show high values of compounds from the phenolic group [5,29,31,39].



The application of 1-MCP inhibited fruit ripening and reduced the loss of ascorbic acid and other compounds from the phenolic group, which influenced the antioxidant activity of minikiwi. The analysis of the test results shows a significant dependence of antioxidant activity on the application of 1-MCP (Table S3). However, the results from the individual analyses only show the significance of this relationship on a few assessment dates (Table 15). This may be related to the slight decrease in AA during the first season studies. Extending the storage period to 12 weeks allowed for the efficacy of 1-MCP to be demonstrated, but only during the additional storage period. The antioxidant activity is determined by the different compounds that are present in the fruit. In minikiwi, ascorbic acid has a high effect on AA [16], but the phenolic content also determines, although to a lesser extent, the antioxidant potential of the fruit [54]. The results obtained are partly consistent with the previous reports on the effect of 1-MCP on the AA of minikiwi [70]. There is a view that AA is reduced during minikiwi ripening under refrigerated conditions, but the rate of this process is dependent on many factors, i.e., the storage temperature [16,19,22], the storage technology [20,23] as well as the use of pre- and post-harvest fruit ripening inhibitors [29,39,56].





4. Conclusions


The use of 1-MCP in fruit storage has been the research focus of recent years, and the results so far are promising. The loss of firmness is the main cause limiting the distribution time of minikiwi fruit. The application of 1-MCP effectively reduces the loss of fruit firmness during storage. The results indicate that by applying this inhibitor after fruit harvest, we can extend the fruit distribution period up to 12 weeks and perhaps longer. The minikiwi fruits treated with 1-MCP were still characterised by a high firmness even after 12 weeks of storage. It should be noted that blocking the ripening of minikiwi by 1-MCP leads, on the one hand, to the preservation of fruit firmness, but the fruit is less sweet and more sour, which may be less acceptable to consumers. In order to obtain higher flavour parameters of minikiwi treated with 1-MCP, it would probably be necessary to extend the storage period. This is probably possible, since minikiwi treated with 1-MCP even after 12 weeks of storage did not reach maximum sweetening, as evidenced by the steady increase in simple sugars. Minikiwi, like most fruits of the actinidia genus, is considered a fruit with a high antioxidant potential. Minikiwi and other fruits lose their potential during storage. 1-Methylcyclopropene proved to be a fairly effective inhibitor of this process, although its effectiveness depended on the season as well as the length of storage. The influence of the year is a strong determinant of the antioxidant properties of fruit, as highlighted by many researchers. Proper fruit handling methodology should prevent a drastic loss of phenolic compounds and vitamin C. The results show that the decomposition inhibitory effect of 1-MCP is stronger for flavan-3-ols, while it is slightly weaker for phenolic acids. However, fruit treated with 1-MCP has a higher antioxidant potential than untreated fruit, and the differences increase with the length of storage. An alternative to 1-MCP is modern storage technologies, but the costliness of such technologies is too high to use them widely for minikiwi storage. The use of 1-MCP is equally effective in blocking fruit ripening while keeping the antioxidant potential of the fruit high. Expanding knowledge and developing a proper procedure for the use of 1-methylcyclopropene in minikiwi storage could enable the fruit to be distributed over a longer period and contribute to its wider use by both consumers and the processing industry.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/agriculture13091665/s1, Table S1: The p-value of the influence of individual experimental factors and interactions on the physicochemical properties of fruits; Table S2: The p-value of the influence of individual experimental factors and interactions on the content of mono and disaccharides in fruits; Table S3: The p-value of the influence of individual experimental factors and interactions on antioxidant properties of minikiwi.





Author Contributions


Conceptualisation, T.K.; methodology, T.K.; software, T.K. and A.K.; formal analysis, T.K. and A.K.; investigation, T.K. and A.K.; data curation, T.K.; writing—original draft preparation, T.K. and K.T.; writing—review and editing, T.K. and K.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Latocha, P.; Debersaques, F.; Hale, I. Actinidia arguta (Kiwiberry): Botany, Production, Genetics, Nutritional Value, and Postharvest Handling. Hortic. Rev. 2021, 48, 37–151. [Google Scholar] [CrossRef]

	



Williams, M.H.; Boyd, L.M.; McNeilage, M.A.; MacRae, E.A.; Ferguson, A.R.; Beatson, R.A.; Martin, P.J. Development and commercialization of ‘Baby Kiwi’ Actinidia arguta Planch. Acta Hortic. 2003, 610, 8–16. [Google Scholar] [CrossRef]

	



Teh, S.L.; Kostick, S.; Brutcher, L.; Schonberg, B.; Barritt, B.; Evans, K. Trends in fruit quality improvement from 15 years of selection in the apple breeding program of Washington State University. Front. Plant Sci. 2021, 18, 714325. [Google Scholar] [CrossRef]

	



Głąbska, D.; Guzek, D.; Groele, B.; Gutkowska, K. Fruit and Vegetable Intake and Mental Health in Adults: A Systematic Review. Nutrients 2020, 12, 115. [Google Scholar] [CrossRef] [PubMed]

	



Krupa, T.; Zaraś-Januszkiewicz, E.; Kistechok, A. Influence of 1-Methylcyclopropene on the Antioxidants of ‘Red Cap’ Apples during Transportation and Shelf Life. Agronomy 2021, 11, 341. [Google Scholar] [CrossRef]

	



Zielińska, D.; Turemko, M. Electroactive Phenolic Contributors and Antioxidant Capacity of Flesh and Peel of 11 Apple Cultivars Measured by Cyclic Voltammetry and HPLC–DAD–MS/MS. Antioxidants 2020, 9, 1054. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Herrera, P.; Maieves, H.A.; Vega, E.N.; Perez-Rodriguez, M.L.; Fernandez-Ruiz, V.; Iriondo-DeHond, A.; Castillo, M.D.d.; Sanchez-Mata, M.C. Dwarf Kiwi (Actinidia arguta Miq.), a Source of Antioxidants for a Healthy and Sustainable Diet. Molecules 2022, 27, 5495. [Google Scholar] [CrossRef]

	



Latocha, P.; Łata, B.; Jankowski, P. Variation of Chemical Composition and Antioxidant Properties of Kiwiberry (Actinidia arguta) in a Three-Year Study. Molecules 2023, 28, 455. [Google Scholar] [CrossRef]

	



Latocha, P.; Krupa, T. The evaluation of the new Actinidia (hardy kiwifruit) genotypes. Acta Hortic. Et Regiotect. 2007, 10, 49–52. Available online: http://pribina.savba.sk/ugbr/tl_files/download/book%20of%20abstracts%20Nitra%202007.pdf#page=19 (accessed on 22 July 2023).

	



Bieniek, A.; Draganska, E.; Pranckietis, V. Assessment of climatic conditions for Actinidia argute cultivation in north-eastern Poland. Zemdirb. Agric. 2016, 103, 311–318. [Google Scholar] [CrossRef]

	



Gitea, M.A.; Gitea, D.; Tit, D.M.; Purza, L.; Samuel, A.D.; Bungau, S.; Badea, G.E.; Aleya, L. Orchard management under the effects of climate change: Implications for apple, plum, and almond growing. Environ. Sci. Pollut. Res. 2019, 26, 9908–9915. [Google Scholar] [CrossRef]

	



Markuszewski, B.; Bieniek, A.A.; Wachowska, U.; Bieniek, A.; Krzymińska, I. Effect of biological treatment used before harvesting and storage methods on the quality, health and microbial characteristics of unripe hazelnut in the husk (Corylus avellana L.). PeerJ 2022, 10, e12760. [Google Scholar] [CrossRef] [PubMed]

	



Unal, N.; Okatan, V.; Bilgin, J.; Kahramanoğlu, I.; Hajizadeh, H.S. Impacts of different planting times on fruit quality and some bioactive contents of different strawberry cultivars. Folia Hortic. 2023, 35, 221–231. [Google Scholar] [CrossRef]

	



Ojeda-Barrios, D.L.; Cruz-Alvarez, O.; Sánchez-Chavez, E.; Ciscomani-Larios, J.P. Effect of foliar application of zinc on annual productivity, foliar nutrients, bioactive compounds and oxidative metabolism in pecan. Folia Hortic. 2023, 35, 179–192. [Google Scholar] [CrossRef]

	



Oh, S.B.; Muneer, S.; Kwack, Y.B.; Shin, M.H.; Kim, J.G. Characteristic of fruit development for optimal harvest date and postharvest storability in ‘Skinny Green’ baby kiwifruit. Sci. Hortic. 2017, 222, 57–61. [Google Scholar] [CrossRef]

	



Krupa, T.; Latocha, P.; Liwińska, A. Changes of physicochemical quality, phenolics and vitamin C content in hardy kiwifruit (Actinidia arguta and its hybrid) during storage. Sci. Hortic. 2011, 130, 410–417. [Google Scholar] [CrossRef]

	



Mendes da Silva, T.; Briano, R.; Peano, C.; Giuggioli, N.R. The use of a new explanatory methodology to assess maturity and ripening indices for kiwiberry (Actinidia arguta): Preliminary results. Postharvest Biol. Technol. 2020, 163, 111–122. [Google Scholar] [CrossRef]

	



Park, Y. Antioxidant Activity, Total Phenolics and Vitamin C Contents of the Unripe and Ripe Fruit of Hardy Kiwi (Actinidia arguta) ‘Saehan’ as Honey Plant. J. Apic. 2017, 32, 133–138. [Google Scholar] [CrossRef]

	



Fisk, C.L.; Silver, A.M.; Strik, B.C.; Zhao, Y. Postharvest quality of hardy kiwifruit (Actinidia arguta ‘Ananasnaya’) associated with packaging and storage conditions. Postharvest Biol. Technol. 2008, 47, 338–345. [Google Scholar] [CrossRef]

	



Krupa, T.; Klimek, K.; Zaraś-Januszkiewicz, E. Nutritional values of Minikiwi fruit (Actinidia arguta) after storage: Comparison between DCA new technology and ULO and CA. Molecules. 2022, 27, 4313. [Google Scholar] [CrossRef]

	



Błaszczyk, J.; Bieniasz, M.; Nawrocki, J.; Kopeć, M.; Mierzwa-Hersztek, M.; Gondek, K.; Zaleski, T.; Knaga, J.; Bogdał, S. The Effect of Harvest Date and Storage Conditions on the Quality of Remontant Strawberry Cultivars Grown in a Gutter System under Covers. Agriculture 2022, 12, 1193. [Google Scholar] [CrossRef]

	



Park, Y. Morphological characteristics and antioxidant activity changes in ‘Autumn Sense’ hardy kiwi (Actinidia arguta) as honey plant during fruit ripening. J. Apic. 2017, 32, 327–332. [Google Scholar] [CrossRef]

	



Paulauskienė, A.; Tarasevičienė, Ž.; Žebrauskienė, A.; Pranckietienė, I. Effect of Controlled Atmosphere Storage Conditions on the Chemical Composition of Super Hardy Kiwifruit. Agronomy 2020, 10, 822. [Google Scholar] [CrossRef]

	



Minas, I.S.; Tanou, G.; Belghazi, M.; Job, D.; Manganaris, G.A.; Moassiotis, A.; Vasilakakis, M. Physiological and proteomic approaches to address the active role of ozone in kiwifruit post-harvest ripening. J. Exp. Bot. 2012, 63, 2449–2464. [Google Scholar] [CrossRef] [PubMed]

	



Cornacchia, R.; Amodio, M.L.; Rinaldi, R.; Colelli, G. Effect of 1-Methylcyclopropene and Controlled Atmosphere on Storage of Kiwifruits. Fresh Prod. 2008, 2, 22–25. Available online: http://www.globalsciencebooks.info/Online/GSBOnline/images/0812/FP_2(1&2)/FP_2(1)22-25o.pdf (accessed on 22 July 2023).

	



Rebeaud, S.G.; Varone, V.; Cotter, P.Y.; Ançay, A.; Danilo, C. Influence of 1-MCP and modified atmosphere on quality of hardy kiwifruit. Acta Hortic. 2018, 1194, 713–720. [Google Scholar] [CrossRef]

	



Silva, A.M.; Costa, P.M.; Delerue-Matos, C.; Latocha, P.; Rodrigues, F. Extraordinary composition of Actinidia arguta by-products as skin ingredients: A new challenge for cosmetic and medical skincare industries. Trends Food Sci. Technol. 2021, 116, 842–853. [Google Scholar] [CrossRef]

	



Marangi, F.; Pinto, D.; de Francisco, L.; Alves, R.C.; Puga, H.; Sut, S.; Dall’Acqua, S.; Rodrigues, F.; Oliveira, M.B.P.P. Hardy kiwi leaves extracted by multi-frequency multimode modulated technology: A sustainable and promising by-product for industry. Food Res. Int. 2018, 112, 184–191. [Google Scholar] [CrossRef]

	



Hoang, N.T.T.; Golding, J.B.; Wilkes, M.A. The effect of postharvest 1-MCP treatment and storage atmosphere on ‘Cripps Pink’ apple phenolics and antioxidant activity. Food Chem. 2011, 127, 1249–1256. [Google Scholar] [CrossRef]

	



Kolniak-Ostek, J.; Wojdyło, A.; Markowski, J.; Siucińska, K. 1-Methylcyclopropene postharvest treatment and their effect on apple quality during long-term storage time. Eur. Food Res. Technol. 2014, 239, 603–612. [Google Scholar] [CrossRef]

	



MacLean, D.D.; Murr, D.P.; DeEll, J.R.; Horvath, C.R. Postharvest variation in apple (Malus×domestica Borkh.) flavonoids follow in harvest, storage, and 1-MCP treatment. J. Agric. Food Chem. 2006, 54, 870–878. [Google Scholar] [CrossRef] [PubMed]

	



Łysiak, G.P.; Rutkowski, K.; Walkowiak-Tomczak, D. Effect of Storage Conditions on Storability and Antioxidant Potential of Pears cv. ‘Conference’. Agriculture 2021, 11, 545. [Google Scholar] [CrossRef]

	



Kucuker, E.; Ozturk, B.; Yildiz, K.; Ozkan, Y. Effect of aminoethoxyvinylglycine (avg) on the quality of japanese plum (Prunus salicina Lindell cv. ‘Fortune’) fruits. Acta Sci. Pol. Hortorum Cultus 2015, 14, 3–17. Available online: http://www.acta.media.pl/pl/action/getfull.php?id=4539 (accessed on 19 June 2023).

	



Tomala, K.; Guzek, D.; Głąbska, D.; Małachowska, M.; Krupa, T.; Gutkowska, K. The influence of 1-Methylcyclopropene on the quality parameters of Idared apples after 8 weeks of storage simulating long-distance transportation. Agronomy 2021, 11, 528. [Google Scholar] [CrossRef]

	



Blankenship, S.M.; Dole, J.M. 1-methylcyclopropene: A review. Postharvest Biol. Technol. 2003, 28, 1–25. [Google Scholar] [CrossRef]

	



Boquete, E.J.; Trinchero, G.D.; Fraschina, A.A.; Vilella, F.; Sozzi, G.O. Ripening of ‘Hayward’ kiwifruit treated with 1-methylcyclopropene after cold storage. Postharvest Biol. Technol. 2004, 32, 57–65. [Google Scholar] [CrossRef]

	



Kim, H.O.; Hewett, E.; Lallu, N. Softening and ethylene production of kiwifruit reduced with 1-methylcyclopropene. Acta Hortic. 2001, 553, 167–170. [Google Scholar] [CrossRef]

	



Koukounaras, A.; Sfakiotakis, E. Effect of 1-MCP prestorage treatment on ethylene and CO2 production and quality of ‘Hayward’ kiwifruit during shelf-life after short, medium- and long-term cold storage. Postharvest Biol. Technol. 2007, 46, 174–180. [Google Scholar] [CrossRef]

	



Lim, S.; Han, S.H.; Kim, J.; Lee, H.J.; Lee, J.G.; Lee, E.J. Inhibition of hardy kiwifruit (Actinidia arguta) ripening by 1-methylcyclopropene during cold storage and anticancer properties of the fruit extract. Food Chem. 2016, 190, 150–157. [Google Scholar] [CrossRef]

	



Wang, Y.; Xu, F.; Feng, X.; MacArthur, R.L. Modulation of Actinidia arguta fruit ripening by three ethylene biosynthesis inhibitors. Food Chem. 2015, 173, 405–413. [Google Scholar] [CrossRef]

	



Krupa, T.; Tomala, K.; Zaraś-Januszkiewicz, E. Evaluation of storage quality of hardy kiwifruit (Actinidia arguta): Effect of 1-MCP and maturity stage. Agriculture 2022, 12, 2062. [Google Scholar] [CrossRef]

	



Strik, B.; Hummer, K. ‘Ananasnaya’ hardy kiwifruit. J. Am. Pomol. Soc. 2006, 60, 106–112. Available online: https://horticulture.oregonstate.edu/sites/agscid7/files/horticulture/attachments/54_ananasnaya_japs_60106-112_2006_strik_hummer.pdf (accessed on 22 July 2023).

	



Strik, B. Growing Kiwifruit; PNW Ext. Bull. 507; Extension Service, Oregon State University: Corvallis, OR, USA, 2005; pp. 21–23. [Google Scholar]

	



Szpadzik, E.; Zaras-Januszkiewicz, E.; Krupa, T. Storage Quality Characteristic of Two Minikiwi Fruit (Actinidia arguta (Siebold & Zucc.) Planch. ex Miq.) Cultivars: “Ananasnaya” and “Bingo”—A New One Selected in Poland. Agronomy 2021, 11, 134. [Google Scholar]

	



PN-EN 12143; Soki Owocowe i Warzywne—Oznaczanie Zawartosci Substancji Rozpuszczalnych Metoda Refraktometryczna. Polish Committee of Standardization: Warsaw, Poland, 2000. (In Polish)

	



PN-EN 12147; Soki Owocowe i Warzywne—Oznaczanie Kwasowosci Miareczkowej. Polish Committee of Standardization: Warsaw, Poland, 2000. (In Polish)

	



Zielinski, A.A.F.; Braga, C.M.; Demiate, I.M.; Beltrame, F.L.; Nogueira, A.; Wosiacki, G. Development and optimization of a HPLC-RI method for the determination of major sugars in apple juice and evaluation of the effect of the ripening stage. Food Sci. Technol. 2014, 34, 38–44. [Google Scholar] [CrossRef]

	



Saint-Cricq De Gaulejac, N.; Provost, C.; Vivas, N. Comparative study of polyphenol scavenging activities assessed by different methods. J. Agric. Food Chem. 1999, 47, 425–431. [Google Scholar] [CrossRef] [PubMed]

	



Singleton, V.L.; Orthofer, R.; Lamuela-Raventos, R.M. Analysis of total phenols and other oxidation substrates and antioxidants by means of Folin-Ciocalteu reagent. Methods Enzymol. 1999, 299, 152–158. [Google Scholar] [CrossRef]

	



Sawicka, M.; Latocha, P.; Łata, B. Peel to Flesh Bioactive Compounds Ratio Affect Apple Antioxidant Potential and Cultivar Functional Properties. Agriculture 2023, 13, 478. [Google Scholar] [CrossRef]

	



Łata, B.; Przeradzka, M.; Bińkowska, M. Great Differences in Antioxidant Properties Exist between 56 Apple Cultivars and Vegetation Seasons. J. Agric. Food Chem. 2005, 53, 8970–8978. [Google Scholar] [CrossRef]

	



Warrington, I.J.; Fulton, T.A.; Halligan, E.A.; de Silva, H.N. Apple fruit growth and maturity are affected by early season temperatures. J. Am. Soc. Hortic. Sci. 1999, 124, 468–477. [Google Scholar] [CrossRef]

	



Łysiak, G.P.; Michalska-Ciechanowska, A.; Wojdyło, A. Postharvest changes in phenolic compounds and antioxidant capacity of apples cv. Jonagold growing in different locations in Europe. Food Chem. 2020, 310, 125912. [Google Scholar] [CrossRef]

	



Latocha, P.; Krupa, T.; Janakowski, P.; Radzanowska, J. Changes in postharvest physicochemical and sensory characteristics of hardy kiwifruit (Actinidia arguta and its hybrid) after cold storage under normal versus controlled atmosphere. Postharv. Biol. Technol. 2014, 88, 21–33. [Google Scholar] [CrossRef]

	



Stefaniak, J.; Sawicka, M.; Krupa, T.; Latocha, P.; Łata, B. Effect of kiwiberry pre-storage treatments on the fruit quality during cold storage. Zemdirb. Agric. 2017, 104, 235–242. [Google Scholar] [CrossRef]

	



Watkins, C.B. Responses of horticultural commodities to high carbon dioxide as related to modified atmosphere packaging. Horttechnology 2000, 10, 501–506. [Google Scholar] [CrossRef]

	



Tomala, K.; Guzek, D.; Głąbska, D.; Małachowska, M.; Widłak, Ł.; Krupa, T.; Gutkowska, K. Assessment of the Quality of ‘Red Jonaprince’ Apples during Storage after Delayed Harvesting and 1-Methylcyclopropene (1-MCP) Preharvest and Postharvest Treatment. Agronomy 2023, 13, 1730. [Google Scholar] [CrossRef]

	



Watkins, C.B. The use of 1-methylcyclopropene (1-MCP) on fruits and vegetables. Biotechnol. Adv. 2006, 24, 389–409. [Google Scholar] [CrossRef]

	



Atkinson, R.G.; Gunaseelan, K.; Wang, M.Y.; Luo, L.; Wang, T.; Norling, C.L.; Johnston, S.L.; Maddumage, R.; Schröder, R.; Schaffer, R.J. Dissecting the role of climacteric ethylene in kiwifruit (Actinidia chinensis) ripening using a 1-aminocyclopropane-1-carboxylic acid oxidase knockdown line. J. Exp. Bot. 2011, 62, 3821–3835. [Google Scholar] [CrossRef]

	



Tetlow, I.J.; Morell, M.K.; Emes, M.J. Recent developments in understanding the regulation of starch metabolism in higher plants. J. Exp. Bot. 2004, 55, 2131–2145. [Google Scholar] [CrossRef]

	



Dąbrowska, A. Drogi rozkładu skrobi w roślinach. Kosm. Probl. Nauk. Biol. 2009, 58, 211–220. Available online: https://kosmos.ptpk.org/index.php/Kosmos/article/view/1367/1346 (accessed on 22 July 2023). (In Polish).

	



Lurie, S. 1-MCP in post-harvest: Physiological mechanisms of action and applications. Fresh Prod. 2007, 1, 4–15. Available online: http://www.globalsciencebooks.info/Online/GSBOnline/images/0706/FP_1(1)/FP_1(1)4-15o.pdf (accessed on 10 June 2023).

	



Zhu, R.; Zhanga, X.; Wanga, Y.; Zhanga, L.; Zhaoa, J.; Chenc, G.; Fanc, J.; Jiaa, Y.; Yana, F.; Ning, C. Characterization of polysaccharide fractions from fruit of Actinidia arguta and assessment of their antioxidant and antiglycated activities. Carbohydr. Polym. 2019, 210, 73–84. [Google Scholar] [CrossRef]

	



Park, K.L.; Hong, S.W.; Kim, Y.J.; Kim, S.J.; Chung, K.S. Manufacturing and physicochemical properties of wine using hardy kiwi fruit (Actinidia arguta). Microbiol. Biotechnol. Let. 2013, 41, 327–334. [Google Scholar] [CrossRef]

	



Wojdyło, A.; Nowicka, P.; Oszmiański, J.; Golis, T. Phytochemical compounds and biological effects of Actinidia fruits. J. Funct. Foods 2017, 30, 194–202. [Google Scholar] [CrossRef]

	



Nishiyama, I.; Fukuda, T.; Shimohashi, A.; Oota, T. Sugar and organic acid composition in the fruit juice of different Actinidia varieties. Food Sci. Technol. Res. 2008, 14, 67–73. [Google Scholar] [CrossRef]

	



Barboni, T.; Cannac, M.; Chiaramonti, N. Effect of cold storage and ozone treatment on physicochemical parameters soluble sugars and organic acids in Actinidia deliciosa. Food Chem. 2010, 121, 946–951. [Google Scholar] [CrossRef]

	



Rush, E.; Drummond, O.N. The glycaemic index of kiwifruit. N. Z. Kiwifruit J. 2009, 192, 29–33. [Google Scholar]

	



Chen, Y.Y.; Wu, P.C.; Weng, S.F.; Liu, J.F. Glycemia and peak incremental indices of six popular fruits in Taiwan: Healthy and Type 2 diabetes subjects compared. J. Clin. Biochem. Nutr. 2011, 49, 195–199. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, H.; Cho, H.; Cho, Y.; Kim, D. Changes in phenolics, soluble solids, vitamin C, and antioxidant capacity of various cultivars of hardy kiwifruits during cold storage. Food Sci. Biotechnol. 2020, 29, 1763–1770. [Google Scholar] [CrossRef] [PubMed]








 





Table 1. Characteristics of internal and external fruit quality indicators after harvesting.






Table 1. Characteristics of internal and external fruit quality indicators after harvesting.





	Characteristics
	2015
	2017





	Firmness (N)
	50.2 ± 2.4
	52.4 ± 2.6



	Soluble solids content (°Brix)
	7.0 ± 0.3
	6.6 ± 0.2



	Acidity (% citric acid)
	0.98 ± 0.05
	1.08 ± 0.07



	Glucose (mg·100 g−1 FW)
	1.86 ± 0.04
	1.73 ± 0.04



	Fructose (mg·100 g−1 FW)
	2.18 ± 0.07
	2.25 ± 0.02



	Sucrose (mg·100 g−1 FW)
	6.70 ± 0.03
	6.34 ± 0.13



	Citric acid (mg·100 g−1 FW)
	0.69 ± 0.01
	0.88 ± 0.02



	Malic acid (mg·100 g−1 FW)
	0.167 ± 0.002
	0.129 ± 0.05



	Ascorbic acid (mg·100 g g−1 FW)
	85.2 ± 6.4
	76.6 ± 7.1



	TPC (mg·100 g−1 FW)
	101.5 ± 8.1
	106.0 ± 7.6



	Phenolic acids (mg·100 g−1 FW)
	1.71 ± 0.11
	2.04 ± 0.09



	Flavonols (mg·100 g−1 FW)
	5.41 ± 0.62
	4.12 ± 0.29



	Flavan-3-ol (mg·100 g−1 FW)
	0.62 ± 0.02
	0.52 ± 0.02



	AA (mg EAA g−1 FW)
	0.98 ± 0.11
	0.82 ± 0.03







AA, antioxidant activity; EAA, ascorbic acid equivalent; TPC, total polyphenol content; ±, standard deviation; N, Newton; FW, fresh weight.













 





Table 2. Estimation of the effects of 1-MCP treatment and storage technology on the firmness (N) of minikiwi after storage.
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Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
27.6 ± 4.8

	
18.5 ± 1.4

	
11.5 ± 1.2

	
7.1 ± 0.2

	
-

	
-

	
<0.001




	
NA

	
−1-MCP

	
15.7 ± 1.2

	
9.5 ± 0.7

	
5.9 ± 0.6

	
4.2 ± 0.2

	

	

	
<0.001




	

	
p-value

	
0.026

	
0.001

	
0.003

	
<0.001

	

	

	




	

	
+1-MCP

	
37.3 ± 0.9

	
32.7 ± 0.2

	
27.1 ± 1.9

	
23.8 ± 1.0

	
-

	
-

	
<0.001




	
ULO

	
−1-MCP

	
28.5 ± 2.0

	
15.7 ± 1.4

	
8.8 ± 1.4

	
5.3 ± 0.7

	
-

	
-

	
<0.001




	

	
p-value

	
0.004

	
<0.001

	
<0.001

	
<0.001

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
32.5 ± 3.8

	
22.4 ± 1.5

	
17.1 ± 0.6

	
11.5 ± 1.3

	
7.5 ± 1.4

	
6.8 ± 0.6

	
<0.001




	
NA

	
−1-MCP

	
21.9 ± 0.9

	
12.9 ± 0.3

	
7.5 ± 0.4

	
3.4 ± 0.5

	
2.4 ± 0.1

	
1.5 ± 0.2

	
<0.001




	

	
p-value

	
0.0185

	
<0.001

	
<0.001

	
0.001

	
0.006

	
<0.001

	




	

	
+1-MCP

	
40.6 ± 0.9

	
32.8 ± 0.9

	
29.6 ± 1.5

	
24.8 ± 1.1

	
18.1 ± 1.1

	
14.2 ± 1.3

	
<0.001




	
ULO

	
−1-MCP

	
30.7 ± 2.0

	
15.2 ± 2.1

	
9.0 ± 0.2

	
5.4 ± 1.0

	
2.9 ± 0.1

	
2.9 ± 0.6

	
<0.001




	

	
p-value

	
0.002

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; N, Newton; ±, standard deviation.













 





Table 3. Estimation of the effects of 1-MCP treatment and storage technology on the soluble solids content (°Brix) of minikiwi after storage.






Table 3. Estimation of the effects of 1-MCP treatment and storage technology on the soluble solids content (°Brix) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
10.3 ± 0.3

	
13.1 ± 0.2

	
14.8 ± 0.1

	
15.3 ± 0.2

	
-

	
-

	
<0.001




	
NA

	
−1-MCP

	
12.0 ± 0.2

	
14.5 ± 0.1

	
15.6 ± 0.1

	
15.2 ± 0.2

	

	

	
<0.001




	

	
p-value

	
0.002

	
<0.001

	
<0.001

	
0.872

	

	

	




	

	
+1-MCP

	
9.7 ± 0.4

	
10.7 ± 0.2

	
12.4 ± 0.4

	
13.3 ± 0.4

	
-

	
-

	
<0.001




	
ULO

	
−1-MCP

	
9.8 ± 0.7

	
12.5 ± 0.3

	
14.1 ± 0.2

	
14.4 ± 0.4

	
-

	
-

	
<0.001




	

	
p-value

	
0.857

	
0.002

	
0.007

	
0.050

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
11.6 ± 0.5

	
13.3 ± 0.4

	
14.6 ± 0.3

	
14.9 ± 0.5

	
15.9 ± 0.2

	
15.8 ± 0.3

	
<0.001




	
NA

	
−1-MCP

	
11.8 ± 0.5

	
14.9 ± 0.6

	
17.2 ± 0.4

	
17.4 ± 0.2

	
16.5 ± 0.1

	
14.7 ± 0.4

	
<0.001




	

	
p-value

	
0.718

	
0.034

	
<0.001

	
<0.001

	
0.026

	
0.040

	




	

	
+1-MCP

	
9.7 ± 0.5

	
11.6 ± 0.5

	
12.4 ± 0.2

	
13.9 ± 0.3

	
14.0 ± 0.2

	
14.1 ± 0.3

	
<0.001




	
ULO

	
−1-MCP

	
11.0 ± 0.2

	
13.2 ± 0.9

	
14.8 ± 0.5

	
16.6 ± 0.3

	
16.0 ± 0.1

	
15.4 ± 0.3

	
<0.001




	

	
p-value

	
0.031

	
0.092

	
0.003

	
<0.001

	
<0.001

	
0.013

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; ±, standard deviation.













 





Table 4. Estimation of the effects of 1-MCP treatment and storage technology on the acidity (% citric acid) of minikiwi after storage.






Table 4. Estimation of the effects of 1-MCP treatment and storage technology on the acidity (% citric acid) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
0.93 ± 0.02

	
0.96 ± 0.02

	
0.90 ± 0.03

	
0.86 ± 0.04

	
-

	
-

	
0.064




	
NA

	
−1-MCP

	
0.92 ± 0.03

	
0.86 ± 0.03

	
0.79 ± 0.04

	
0.69 ± 0.04

	
-

	
-

	
<0.001




	

	
p-value

	
0.714

	
0.026

	
0.031

	
0.010

	

	

	




	

	
+1-MCP

	
0.93 ± 0.03

	
0.96 ± 0.04

	
0.95 ± 0.06

	
0.84 ± 0.02

	
-

	
-

	
0.060




	
ULO

	
−1-MCP

	
0.88 ± 0.03

	
0.90 ± 0.02

	
0.83 ± 0.02

	
0.80 ± 0.04

	
-

	
-

	
0.019




	

	
p-value

	
0.200

	
0.119

	
0.058

	
0.231

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
0.96 ± 0.05

	
0.90 ± 0.05

	
0.86 ± 0.10

	
0.81 ± 0.03

	
0.77 ± 0.06

	
0.72 ± 0.01

	
0.013




	
NA

	
−1-MCP

	
0.91 ± 0.03

	
0.82 ± 0.04

	
0.80 ± 0.09

	
0.65 ± 0.04

	
0.57 ± 0.01

	
0.46 ± 0.06

	
<0.001




	

	
p-value

	
0.333

	
0.140

	
0.567

	
0.010

	
0.010

	
0.003

	




	

	
+1-MCP

	
0.89 ± 0.07

	
0.89 ± 0.02

	
0.89 ± 0.10

	
0.80 ± 0.06

	
0.78 ± 0.06

	
0.78 ± 0.04

	
0.272




	
ULO

	
−1-MCP

	
0.92 ± 0.08

	
0.84 ± 0.03

	
0.76 ± 0.02

	
0.76 ± 0.05

	
0.65 ± 0.07

	
0.53 ± 0.03

	
<0.001




	

	
p-value

	
0.658

	
0.131

	
0.159

	
0.555

	
0.121

	
<0.001

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; ±, standard deviation.













 





Table 5. Estimation of the effects of 1-MCP treatment and storage technology on the glucose content (mg·100 g−1 FW) of minikiwi after storage.






Table 5. Estimation of the effects of 1-MCP treatment and storage technology on the glucose content (mg·100 g−1 FW) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
1.88 ± 0.05

	
2.10 ± 0.03

	
2.38 ± 0.02

	
3.18 ± 0.09

	
-

	
-

	
<0.001




	
NA

	
−1-MCP

	
2.01 ± 0.02

	
2.28 ± 0.07

	
2.64 ± 0.04

	
3.50 ± 0.04

	
-

	
-

	
<0.001




	

	
p-value

	
0.026

	
0.027

	
<0.001

	
0.010

	

	

	




	

	
+1-MCP

	
1.86 ± 0.05

	
2.00 ± 0.02

	
2.31 ± 0.08

	
2.71 ± 0.04

	
-

	
-

	
<0.001




	
ULO

	
−1-MCP

	
1.90 ± 0.04

	
2.05 ± 0.04

	
2.51 ± 0.02

	
3.10 ± 0.03

	
-

	
-

	
<0.001




	

	
p-value

	
0.446

	
0.162

	
0.025

	
<0.001

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
2.11 ± 0.04

	
2.39 ± 0.06

	
2.64 ± 0.04

	
3.12 ± 0.03

	
3.28 ± 0.01

	
3.34 ± 0.04

	
<0.001




	
NA

	
−1-MCP

	
2.21 ± 0.05

	
2.61 ± 0.11

	
2.98 ± 0.03

	
3.24 ± 0.02

	
3.15 ± 0.01

	
3.02 ± 0.03

	
<0.001




	

	
p-value

	
0.098

	
0.078

	
<0.001

	
0.012

	
<0.001

	
<0.001

	




	

	
+1-MCP

	
1.96 ± 0.02

	
2.18 ± 0.05

	
2.43 ± 0.06

	
2.77 ± 0.04

	
2.95 ± 0.07

	
3.13 ± 0.07

	
<0.001




	
ULO

	
−1-MCP

	
2.10 ± 0.01

	
2.35 ± 0.06

	
2.73 ± 0.01

	
3.23 ± 0.02

	
3.11 ± 0.02

	
3.00 ± 0.02

	
<0.001




	

	
p-value

	
0.001

	
0.037

	
0.002

	
<0.001

	
0.035

	
0.060

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; FW, fresh weight; ±, standard deviation.













 





Table 6. Estimation of the effects of 1-MCP treatment and storage technology on the fructose content (mg·100 g−1 FW) of minikiwi after storage.






Table 6. Estimation of the effects of 1-MCP treatment and storage technology on the fructose content (mg·100 g−1 FW) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
2.36 ± 0.04

	
2.43 ± 0.07

	
2.64 ± 0.08

	
3.32 ± 0.09

	
-

	
-

	
<0.001




	
NA

	
−1-MCP

	
2.48 ± 0.01

	
2.87 ± 0.04

	
3.18 ± 0.07

	
3.71 ± 0.09

	
-

	
-

	
<0.001




	

	
p-value

	
0.010

	
0.001

	
0.001

	
0.012

	

	

	




	

	
+1-MCP

	
2.28 ± 0.05

	
2.34 ± 0.04

	
2.50 ± 0.06

	
2.92 ± 0.10

	
-

	
-

	
<0.001




	
ULO

	
−1-MCP

	
2.33 ± 0.04

	
2.55 ± 0.03

	
2.70 ± 0.11

	
3.23 ± 0.10

	
-

	
-

	
<0.001




	

	
p-value

	
0.316

	
0.005

	
0.072

	
0.039

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
2.72 ± 0.03

	
2.88 ± 0.02

	
3.10 ± 0.05

	
3.59 ± 0.03

	
3.76 ± 0.05

	
3.92 ± 0.06

	
<0.001




	
NA

	
−1-MCP

	
2.66 ± 0.07

	
3.08 ± 0.07

	
3.46 ± 0.06

	
3.74 ± 0.07

	
3.71 ± 0.05

	
3.67 ± 0.04

	
<0.001




	

	
p-value

	
0.269

	
0.013

	
0.002

	
0.041

	
0.396

	
0.009

	




	

	
+1-MCP

	
2.59 ± 0.07

	
2.78 ± 0.05

	
2.96 ± 0.06

	
3.25 ± 0.09

	
3.33 ± 0.05

	
3.46 ± 0.05

	
<0.001




	
ULO

	
−1-MCP

	
2.65 ± 0.03

	
2.91 ± 0.10

	
3.14 ± 0.06

	
3.60 ± 0.07

	
3.55 ± 0.01

	
3.53 ± 0.02

	
<0.001




	

	
p-value

	
0.327

	
0.183

	
0.036

	
0.012

	
0.002

	
0.143

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; FW, fresh weight; ±, standard deviation.













 





Table 7. Estimation of the effects of 1-MCP treatment and storage technology on the sucrose content (mg·100 g−1 FW) of minikiwi after storage.






Table 7. Estimation of the effects of 1-MCP treatment and storage technology on the sucrose content (mg·100 g−1 FW) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
6.52 ± 0.18

	
6.57 ± 0.09

	
6.12 ± 0.17

	
5.84 ± 0.12

	
-

	
-

	
<0.001




	
NA

	
−1-MCP

	
5.87 ± 0.14

	
5.93 ± 0.08

	
5.61 ± 0.10

	
5.25 ± 0.09

	
-

	
-

	
<0.001




	

	
p-value

	
0.016

	
0.001

	
0.021

	
0.004

	

	

	




	

	
+1-MCP

	
6.75 ± 0.10

	
6.39 ± 0.13

	
6.31 ± 0.18

	
6.18 ± 0.16

	
-

	
-

	
0.021




	
ULO

	
−1-MCP

	
6.49 ± 0.06

	
6.32 ± 0.16

	
5.93 ± 0.04

	
5.72 ± 0.17

	
-

	
-

	
<0.001




	

	
p-value

	
0.036

	
0.676

	
0.043

	
0.051

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
5.68 ± 0.37

	
5.69 ± 0.09

	
5.63 ± 0.18

	
5.55 ± 0.08

	
5.38 ± 0.09

	
5.05 ± 0.23

	
0.055




	
NA

	
−1-MCP

	
4.91 ± 0.15

	
4.53 ± 0.18

	
4.59± 0.04

	
4.53 ± 0.24

	
4.20 ± 0.14

	
3.74 ± 0.22

	
<0.001




	

	
p-value

	
0.051

	
0.001

	
0.001

	
0.004

	
<0.001

	
0.004

	




	

	
+1-MCP

	
5.98 ± 0.23

	
5.81 ± 0.20

	
5.73 ± 0.26

	
5.80 ± 0.13

	
5.67 ± 0.10

	
5.55 ± 0.11

	
0.348




	
ULO

	
−1-MCP

	
5.39 ± 0.24

	
5.05 ± 0.24

	
5.16 ± 0.06

	
4.90 ± 0.13

	
4.75 ± 0.12

	
4.81 ± 0.24

	
0.039




	

	
p-value

	
0.066

	
0.026

	
0.041

	
0.002

	
0.001

	
0.016

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; FW, fresh weight; ±, standard deviation.













 





Table 8. Estimation of the effects of 1-MCP treatment and storage technology on the citric acid content (mg·100 g−1 FW) of minikiwi after storage.






Table 8. Estimation of the effects of 1-MCP treatment and storage technology on the citric acid content (mg·100 g−1 FW) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
0.65 ± 0.02

	
0.63 ± 0.00

	
0.61 ± 0.01

	
0.61 ± 0.01

	
-

	
-

	
0.034




	
NA

	
−1-MCP

	
0.64 ± 0.01

	
0.54 ± 0.01

	
0.53 ± 0.00

	
0.50 ± 0.01

	
-

	
-

	
<0.001




	

	
p-value

	
0.759

	
<0.001

	
<0.001

	
<0.001

	

	

	




	

	
+1-MCP

	
0.64 ± 0.01

	
0.65 ± 0.02

	
0.59 ± 0.02

	
0.59 ± 0.02

	
-

	
-

	
0.017




	
ULO

	
−1-MCP

	
0.63 ± 0.02

	
0.59 ± 0.01

	
0.56 ± 0.01

	
0.54 ± 0.01

	
-

	
-

	
0.001




	

	
p-value

	
0.611

	
0.008

	
0.111

	
0.030

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
0.81 ± 0.03

	
0.79 ± 0.01

	
0.76 ± 0.06

	
0.70 ± 0.03

	
0.70 ± 0.03

	
0.67 ± 0.01

	
0.007




	
NA

	
−1-MCP

	
0.77 ± 0.01

	
0.70 ± 0.01

	
0.68 ± 0.04

	
0.59 ± 0.03

	
0.53 ± 0.01

	
0.47 ± 0.04

	
<0.001




	

	
p-value

	
0.177

	
0.002

	
0.215

	
0.013

	
0.003

	
0.001

	




	

	
+1-MCP

	
0.77 ± 0.03

	
0.76 ± 0.01

	
0.74 ± 0.05

	
0.71 ± 0.04

	
0.70 ± 0.02

	
0.69 ± 0.01

	
0.083




	
ULO

	
−1-MCP

	
0.78 ± 0.03

	
0.73 ± 0.01

	
0.68 ± 0.02

	
0.68 ± 0.03

	
0.62 ± 0.04

	
0.53 ± 0.01

	
<0.001




	

	
p-value

	
0.844

	
0.063

	
0.158

	
0.356

	
0.067

	
<0.001

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; FW, fresh weight; ±, standard deviation.













 





Table 9. Estimation of the effects of 1-MCP treatment and storage technology on the malic acid content (mg·100 g−1 FW) of minikiwi after storage.






Table 9. Estimation of the effects of 1-MCP treatment and storage technology on the malic acid content (mg·100 g−1 FW) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
0.150 ± 0.00

	
0.146 ± 0.01

	
0.143 ± 0.01

	
0.137 ± 0.01

	
-

	
-

	
0.002




	
NA

	
−1-MCP

	
0.151 ± 0.01

	
0.136 ± 0.01

	
0.116 ± 0.01

	
0.095 ± 0.01

	
-

	
-

	
<0.001




	

	
p-value

	
0.576

	
0.018

	
<0.001

	
<0.001

	

	

	




	

	
+1-MCP

	
0.159 ± 0.01

	
0.149 ± 0.01

	
0.145 ± 0.01

	
0.136 ± 0.01

	
-

	
-

	
0.001




	
ULO

	
−1-MCP

	
0.154 ± 0.00

	
0.166 ± 0.01

	
0.139 ± 0.01

	
0.108 ± 0.01

	
-

	
-

	
<0.001




	

	
p-value

	
0.177

	
<0.001

	
0.162

	
<0.001

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
0.124 ± 0.01

	
0.122 ± 0.01

	
0.128 ± 0.01

	
0.103 ± 0.01

	
0.103 ± 0.01

	
0.100 ± 0.04

	
<0.001




	
NA

	
−1-MCP

	
0.119 ± 0.01

	
0.103 ± 0.01

	
0.094 ± 0.01

	
0.088 ± 0.01

	
0.071 ± 0.01

	
0.057 ± 0.04

	
<0.001




	

	
p-value

	
0.236

	
0.037

	
<0.001

	
0.005

	
0.017

	
<0.001

	




	

	
+1-MCP

	
0.125 ± 0.01

	
0.117 ± 0.01

	
0.114 ± 0.01

	
0.105 ± 0.01

	
0.106 ± 0.01

	
0.103 ± 0.01

	
0.011




	
ULO

	
−1-MCP

	
0.124 ± 0.01

	
0.117 ± 0.01

	
0.109 ± 0.01

	
0.096 ± 0.01

	
0.089 ± 0.01

	
0.076 ± 0.01

	
<0.001




	

	
p-value

	
0.901

	
0.978

	
0.260

	
0.062

	
0.016

	
0.018

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; FW, fresh weight; ±, standard deviation.













 





Table 10. Estimation of the effects of 1-MCP treatment and storage technology on the ascorbic acid content (mg·100 g−1 FW) of minikiwi after storage.






Table 10. Estimation of the effects of 1-MCP treatment and storage technology on the ascorbic acid content (mg·100 g−1 FW) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
87.9 ± 7.0

	
81.0 ± 4.3

	
84.4 ± 9.0

	
78.0 ± 5.4

	
-

	
-

	
0.515




	
NA

	
−1-MCP

	
76.2 ± 5.1

	
67.2 ± 4.1

	
67.0 ± 6.3

	
63.2 ± 1.6

	
-

	
-

	
0.094




	

	
p-value

	
0.136

	
0.031

	
0.088

	
0.020

	

	

	




	

	
+1-MCP

	
84.0 ± 5.8

	
82.6 ± 3.3

	
83.2 ± 4.8

	
80.0 ± 4.1

	
-

	
-

	
0.832




	
ULO

	
−1-MCP

	
78.8 ± 1.5

	
73.7 ± 4.6

	
70.6 ± 2.5

	
67.8 ± 3.7

	
-

	
-

	
0.049




	

	
p-value

	
0.284

	
0.090

	
0.030

	
0.034

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
79.7 ± 3.9

	
75.8 ± 2.6

	
70.6 ± 4.2

	
75.5 ± 4.7

	
72.9 ± 0.2

	
72.0 ± 0.3

	
0.133




	
NA

	
−1-MCP

	
67.4 ± 2.1

	
66.3 ± 2.7

	
60.4 ± 1.2

	
60.2 ± 3.6

	
54.7 ± 1.0

	
50.9 ± 1.0

	
<0.001




	

	
p-value

	
0.017

	
0.023

	
0.028

	
0.021

	
<0.001

	
<0.001

	




	

	
+1-MCP

	
76.6 ± 3.8

	
74.0 ± 2.8

	
72.4 ± 1.8

	
72.9 ± 1.8

	
70.9 ± 0.3

	
69.7 ± 0.3

	
0.101




	
ULO

	
−1-MCP

	
71.4 ± 2.1

	
65.2 ± 3.2

	
65.0 ± 2.0

	
66.1 ± 0.9

	
59.5 ± 0.8

	
56.4 ± 0.8

	
<0.001




	

	
p-value

	
0.166

	
0.043

	
0.016

	
0.008

	
<0.001

	
<0.001

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; FW, fresh weight; ±, standard deviation.













 





Table 11. Estimation of the effects of 1-MCP treatment and storage technology on the total polyphenol content (mg·100 g−1 FW) of minikiwi after storage.






Table 11. Estimation of the effects of 1-MCP treatment and storage technology on the total polyphenol content (mg·100 g−1 FW) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
97.7 ± 3.4

	
94.1 ± 3.8

	
94.2 ± 2.4

	
90.7 ± 3.0

	
-

	
-

	
0.259




	
NA

	
−1-MCP

	
91.2 ± 2.9

	
84.5 ± 2.4

	
81.3 ± 3.5

	
78.2 ± 1.9

	
-

	
-

	
0.008




	

	
p-value

	
0.108

	
0.039

	
0.012

	
0.007

	

	

	




	

	
+1-MCP

	
102.2 ± 6.8

	
100.1 ± 2.2

	
101.7 ± 2.5

	
101.9 ± 2.3

	
-

	
-

	
0.949




	
ULO

	
−1-MCP

	
92.2 ± 4.9

	
81.6 ± 6.1

	
77.8 ± 6.8

	
75.7 ± 3.0

	
-

	
-

	
0.060




	

	
p-value

	
0.165

	
0.015

	
0.009

	
<0.001

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
113.5 ± 3.0

	
108.2 ± 6.0

	
105.6 ± 7.2

	
107.7 ± 5.4

	
100.5 ± 0.1

	
99.8 ± 0.3

	
0.085




	
NA

	
−1-MCP

	
95.6 ± 2.4

	
88.7 ± 2.1

	
84.5 ± 7.1

	
95.3 ± 2.3

	
74.4 ± 1.3

	
69.1 ± 1.0

	
<0.001




	

	
p-value

	
0.002

	
0.012

	
0.014

	
0.040

	
<0.001

	
<0.001

	




	

	
+1-MCP

	
111.8 ± 7.6

	
111.9 ± 3.8

	
106.7 ± 5.4

	
106.8 ± 5.7

	
103.3 ± 0.5

	
104.9 ± 2.3

	
0.414




	
ULO

	
−1-MCP

	
97.0 ± 7.3

	
87.7 ± 4.0

	
80.8 ± 2.3

	
83.4 ± 4.1

	
84.1 ± 3.6

	
79.9 ± 1.6

	
0.016




	

	
p-value

	
0.117

	
0.003

	
0.003

	
0.008

	
0.001

	
<0.001

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; FW, fresh weight; ±, standard deviation.













 





Table 12. Estimation of the effects of 1-MCP treatment and storage technology on the phenolic acid content (mg·100 g−1 FW) of minikiwi after storage.






Table 12. Estimation of the effects of 1-MCP treatment and storage technology on the phenolic acid content (mg·100 g−1 FW) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
1.66 ± 0.13

	
1.57 ± 0.27

	
1.52 ± 0.31

	
1.49 ± 0.29

	
-

	
-

	
0.916




	
NA

	
−1-MCP

	
1.61 ± 0.05

	
1.55 ± 0.09

	
1.38 ± 0.10

	
1.36 ± 0.19

	

	

	
0.170




	

	
p-value

	
0.630

	
0.951

	
0.574

	
0.611

	

	

	




	

	
+1-MCP

	
1.68 ± 0.13

	
1.73 ± 0.10

	
1.66 ± 0.28

	
1.67 ± 0.09

	
-

	
-

	
0.974




	
ULO

	
−1-MCP

	
1.74 ± 0.05

	
1.69 ± 0.11

	
1.54 ± 0.19

	
1.53 ± 0.16

	
-

	
-

	
0.377




	

	
p-value

	
0.662

	
0.725

	
0.638

	
0.317

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
2.21 ± 0.05

	
2.10 ± 0.08

	
2.15 ± 0.05

	
2.17 ± 0.12

	
2.14 ± 0.04

	
2.04 ± 0.02

	
0.270




	
NA

	
−1-MCP

	
1.98 ± 0.08

	
1.81 ± 0.10

	
1.54 ± 0.09

	
1.65 ± 0.04

	
1.56 ± 0.07

	
1.51 ± 0.02

	
<0.001




	

	
p-value

	
0.026

	
0.033

	
<0.001

	
0.005

	
<0.001

	
<0.001

	




	

	
+1-MCP

	
2.30 ± 0.07

	
2.22 ± 0.03

	
2.16 ± 0.08

	
2.02 ± 0.09

	
2.05 ± 0.02

	
2.11 ± 0.06

	
0.010




	
ULO

	
−1-MCP

	
2.08 ± 0.02

	
1.91 ± 0.11

	
1.75 ± 0.06

	
1.79 ± 0.09

	
1.59 ± 0.04

	
1.42 ± 0.03

	
<0.001




	

	
p-value

	
0.016

	
0.021

	
0.005

	
0.067

	
<0.001

	
<0.001

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; FW, fresh weight; ±, standard deviation.













 





Table 13. Estimation of the effects of 1-MCP treatment and storage technology on the flavonol content (mg·100 g−1 FW) of minikiwi after storage.






Table 13. Estimation of the effects of 1-MCP treatment and storage technology on the flavonol content (mg·100 g−1 FW) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
5.36 ± 0.48

	
5.38 ± 0.35

	
5.23 ± 0.16

	
5.45 ± 0.30

	
-

	
-

	
0.930




	
NA

	
−1-MCP

	
4.75 ± 0.28

	
4.61 ± 0.07

	
4.01 ± 0.21

	
3.91 ± 0.19

	

	

	
0.006




	

	
p-value

	
0.188

	
0.036

	
0.003

	
0.003

	

	

	




	

	
+1-MCP

	
5.52 ± 0.15

	
5.50 ± 0.24

	
5.34 ± 0.19

	
5.38 ± 0.31

	
-

	
-

	
0.826




	
ULO

	
−1-MCP

	
5.10 ± 0.61

	
4.42 ± 0.32

	
4.08 ± 0.23

	
4.18 ± 0.22

	
-

	
-

	
0.098




	

	
p-value

	
0.390

	
0.018

	
0.003

	
0.010

	

	

	




	

	

	
2017

	




	

	
+1-MCP

	
4.64 ± 0.19

	
4.13 ± 0.22

	
4.06 ± 0.28

	
4.24 ± 0.23

	
4.08 ± 0.07

	
3.99 ± 0.10

	
0.060




	
NA

	
−1-MCP

	
3.90 ± 0.17

	
3.49 ± 0.26

	
3.14 ± 0.13

	
3.35 ± 0.12

	
3.15 ± 0.06

	
2.94 ± 0.02

	
<0.001




	

	
p-value

	
0.015

	
0.056

	
0.014

	
0.008

	
<0.001

	
<0.001

	




	

	
+1-MCP

	
4.44 ± 0.28

	
4.47 ± 0.28

	
4.34 ± 0.21

	
4.35 ± 0.08

	
4.19 ± 0.06

	
4.30 ± 0.06

	
0.754




	
ULO

	
−1-MCP

	
3.83 ± 0.12

	
3.69 ± 0.11

	
3.34 ± 0.21

	
3.88 ± 0.19

	
3.37 ± 0.07

	
3.29 ± 0.05

	
0.002




	

	
p-value

	
0.046

	
0.022

	
0.009

	
0.030

	
0.001

	
<0.001

	








NA, conventional cold storage, 0.1% CO2:21.0% O2; ULO, ultra-low oxygen, 1.5% CO2:1.5% O2; +1-MCP, with 1-methylcyclopropene; −1-MCP, without 1-methylcyclopropene; FW, fresh weight; ±, standard deviation.













 





Table 14. Estimation of the effects of 1-MCP treatment and storage technology on the flavan-3-ol content (mg·100 g−1 FW) of minikiwi after storage.






Table 14. Estimation of the effects of 1-MCP treatment and storage technology on the flavan-3-ol content (mg·100 g−1 FW) of minikiwi after storage.





	
Storage Technology

	
Post-Harvest Treatment

	
Time of Storage (Weeks)

	
p-Value




	
2

	
4

	
6

	
8

	
10

	
12




	
2015

	






	

	
+1-MCP

	
0.61 ± 0.02

	
0.