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Abstract

:

The quality of fruit as a source of bioactive ingredients is related to the genetic characteristics of plants, but it can also be modified by growing conditions. Therefore, long-term research can be extremely valuable in evaluating various crop plants, especially novel ones. The aim of the research was to test four popular European kiwiberry (Actinidia arguta) cultivars (‘Geneva’, ‘Bingo’, ‘Weiki’, ‘Anna’) in terms of selected morphological features, yield, and chemical composition as well as their variability over 3 years. It can be concluded that the studied genotypes were very diverse in terms of the biochemical compounds’ concentration in individual seasons. The cultivars ‘Anna’ and ‘Weiki’ were the most similar ones with respect to each other in terms of morphology and chemical composition. The cultivars ‘Bingo’ and ‘Geneva’ were definitely different. ‘Bingo’ was characterized by the largest and most uniform fruits in each season and had the highest concentration of vitamin C but the lowest carotenoid concentration. In turn, ‘Geneva’ produced the smallest fruit in each season with the highest concentration of polyphenols and a high concentration of carotenoids and displayed the highest antioxidant capacity regardless of the determination method. The research was performed with the application of computer-supported statistical analysis.
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1. Introduction


The fruit’s internal quality is one of the most important criteria determining interest in the species/cultivar of future producers and consumers alike. Internal quality traits are determined by a group of phytochemicals with different functions and activities [1]. The high dynamics of the bioactive compound metabolism is related to their function for the plants themselves as signaling and protective molecules in response to biotic and abiotic stress [2]. To a large extent, the concentration of bioactive compounds is determined by the genetic factor, but external factors, such as soil physicochemical properties, weather conditions during fruit development and ripening, and even the way of plantation running (plant management and pruning method), may also have a strong influence. The fruit’s chemical composition between growing seasons may vary within wide limits [3]. The analysis of the impact of soil environment characteristics and climatic conditions is particularly difficult due to their complexity.



Kiwiberry is still a new, promising species with a growing cultivation area worldwide [4,5]. The resistance of kiwiberry plants to low temperatures in winter, due to which they can be grown in countries with cooler climates where conditions do not allow the cultivation of “fuzzy” kiwifruit, is one of their main advantages [6]. Compared with the commonly known kiwifruit, kiwiberry fruits are about 10 times smaller; have delicate, edible skin; and can be eaten whole, and hence serve as a “convenient snack”. Containing over 20 different bioactive compounds in chemical structure and capacity, kiwiberry is commonly considered the most nutrition-dense fruit and presented as a healthy fruit or functional food [7,8]. Kiwiberry’s prohealth values have been the subject of many studies. Kiwiberries have a protective effect on the cardiovascular [9] and digestive systems and exhibit antiglycemic, antihypertensive, and anticholinergic activities, and also after processing [10]. Kiwiberries, unlike kiwifruit, have a relatively short storage potential and limited transportability and so are usually eaten locally in the area where they are produced, which in effect reduces carbon footprint [11]. In recent years, interest has also increased in by-products from the production of kiwiberry as it was found to be a rich source of bioactive compounds used in the manufacture of food additives [12] or cosmetics [13].



As previously mentioned, the chemical composition of the fruit can be strongly modified by environmental factors [14]. In the case of kiwiberry, there is still a limited amount of data on the range of variability in the fruit chemical composition and yield in the context of climate change, notably the instability of weather conditions in consecutive years and extreme weather events. Most of the available reports on this species and various factors affecting fruit quality are based on the analysis of one growing season [15,16]. Hence, the fruit stability in terms of the bioactive compound concentration, including the cultivar context recommended for cultivation, is relatively inadequately recognized. Knowledge of these is no doubt important in recommending cultivars for cultivation or for breeding purposes.



Therefore, the aim of this research carried out over 3 years was to assess the stability of the chemical composition and antioxidant capacity of the four most popular Actinidia arguta cultivars in Europe: ‘Geneva’, ‘Bingo’, ‘Weiki’, and ‘Ananasnaya’ (abbreviation: ‘Anna’). It was also an attempt to link them with selected morphological and physiological parameters.




2. Results and Discussion


2.1. The Weather Conditions during the Experimental Seasons


The weather conditions in 2015, 2016, 2017, and 2018 differed compared with long-term averages (Figure 1). All in all, the driest March–September season was recorded in 2015, and subsequently in 2018. In both years, the total precipitation was below 80% of the mean one observed between 1981 and 2010. In the 2018 season, the cumulative rainfall was over 115% of the long-term mean. In the 2017 season, the highest precipitation was recorded. The distribution of precipitation in each year was not even. The 2015 season could be divided into three periods: wet March–April, dry May–August, and average August–September. Similarly, the four periods in 2016 were: wet March–April, dry May–June, wet July–August, and very dry September. In 2017, wet March–June and dry August–September were observed. The strongest rainfall variability in 2018 could be summarized in four phases: dry March–June, very wet July, very dry August, and wet September. In all the experimental seasons, the average temperatures were higher than the long-term means. In the years 2016, 2017, and 2018, they were constantly above the long-term averages (apart from April 2017 and March 2018). In comparison with the 2016 and 2018 seasons, two periods could be distinguished in the 2015 season: hot March–June and cold July–September. Strong spring frost on 17 April and 10 May destroyed young shoots, resulting in no yield this season.




2.2. The Fruit and Plant Morphology and Its Year-to-Year Variability


The examined cultivars differed in the average berry weight, which ranged from 6.8 g (‘Geneva’) to 9.1 g (‘Bingo’) (Table 1). The two other cultivars—‘Weiki’ and ‘Anna’—produced medium-sized fruits of similar average weight. The differences in the yield results were much less distinct than in the case of the average fruit weight, partly due to much higher variances of the mean results for both years and cultivars (Table 1). The highest average fruit yield was obtained from vines of the ‘Anna’, ‘Weiki’, and ‘Geneva’ cultivars, 41.0, 42.0, and 42.1 kg/plant, respectively. The ‘Bingo’ cultivar, characterized by the biggest fruits, had the lowest average yield, 28.7 kg/plant, on average. Still, because of the high variances, the only significant difference was noticed between ‘Bingo’ and ‘Weiki’.



Apart from the influence of the genetic differences between the cultivars, the size of the fruit and the final yield per plant are determined by the number of flower buds formed in spring and the pollination effectiveness. As the vines in each experimental block and pollinators did not vary, the variation of the flower bud formation and the pollination effectiveness may be related to changing weather conditions during and before each season. That, however, was beyond the scope of this study.



Significant differences in fruit weight between seasons were observed. On average, the largest fruit was harvested in 2016, and the smallest in 2015. The mean fruit weight in 2018 was slightly higher than in 2015 but with the largest variance between samples. Apart from differences in seasonal flower bud formation and pollination effectiveness, such ordering was probably due to the differences in weather conditions observed in the summer months of July and August, the period of intensive fruit growth. In the 2016 season, July and August were rainy and warm, providing very good conditions for fruit growth. In contrast, July in 2015 was dry, and both July and August in 2015 were relatively cold. Finally, the year 2018 was characterized by warm summer but a very wet July and an extremely dry August.



In the case of 2015 and 2016, the years with ‘stable’ weather in the summer months, the difference between the mean weights of the fruit of individual cultivars was the same as the discussed average differences. For each cultivar, the fruit weights were higher in favorable 2016 than in adverse 2015 (in the case of ‘Bingo’, the difference was not statistically significant due to the high variability of fruit size in 2016). The highest between-cultivar variability was recorded in 2018. The average weight of ‘Geneva’ fruit was the smallest, that of ‘Weiki’ and ‘Anna’ medium, and that of ‘Bingo’ the biggest (same as in 2016) in that year, in comparison with the fruit of the same cultivars collected in other years.



During three seasons of research, ‘Bingo’ (two homogeneous groups) was the most stable one in terms of fruit size, while each of the other cultivars formed three homogenous groups. Moreover, the lowest seasonal average ‘Bingo’ fruit weight equaled 91% of the highest weight, while the lowest kiwifruit weights amounted to only 71%, 73%, and 76% for ‘Geneva’, ‘Weiki’, and ‘Anna’, respectively.



The largest average yield was obtained in 2018. The harvests in 2015 and 2016 did not differ significantly, though in 2016 when the biggest fruit was collected, the total yield was numerically lowest during all the experimental years. The highest average yield per plant for each cultivar was recorded in 2018. Apart from ‘Bingo’, the next to the biggest yield was collected in 2015. It was statistically indistinguishable from the year 2016 for ‘Anna’ and ‘Geneva’, and in the case of ‘Weiki’, that yield was not significantly different from 2018. Again, ‘Bingo’ was the most stable cultivar, giving the most similar yield in all three seasons (no statistical differences between years were observed), and the lowest yield accounted for 61% of the largest. In comparison, the lowest harvests amounted to only 35%, 43%, and 49% of the highest ones recorded for ‘Geneva’, ‘Weiki’, and ‘Anna’, respectively.



The average area of the leaf blades of the cultivars studied varied between 4573 mm2 (‘Bingo’) and 6973 mm2 (‘Geneva’) (Table 1). The ‘Geneva’ cultivar had the significantly largest average leaf blade area compared with other cultivars, the leaves of which were of similar statistically undistinguishable size. In light of the obtained results, the size of the leaves of individual cultivars of Actinidia appears to have a genetic basis and was not modified significantly by weather conditions. No statistical differences in leaf blade area for each cultivar in subsequent years of this study were observed (Table 1).



The lowest average concentration of chlorophyll was found in leaves of the ‘Bingo’ cultivar (17.1 a. u.). It was at a higher and even on the same level (22.3–24.3 a. u.) in the other cultivars. All growing seasons differed significantly as regards the mean leaf chlorophyll concentration. Irrespective of cultivars, the highest chlorophyll concentration in leaves was measured in 2018 and 2016, and the lowest one in 2015. Except for ‘Geneva’, other cultivars achieved similar chlorophyll concentrations in leaves in 2015 and 2016.




2.3. The Fruit Chemical Composition, Antioxidant Capacity, and Its Year-to-Year Variability


Kiwiberry fruit is considered to be a rich source of bioactive compounds with significant prohealth effects, as was confirmed by many earlier studies [8,15,17]. Similar to A. chinensis var. deliciosa and A. eriantha, the most important bioactive compounds in A. arguta fruit consist of phenolic compounds, ascorbate, thiol compounds, pigments, and minerals [18,19,20].



Global phenolic concentrations calculated as gallic acid equivalents (GAE) ranged from 685 (‘Weiki’) to 1222 (‘Geneva’) mg GAE/kg FW and differed in individual seasons, which is clearly visible in high SD values for global cultivar effect (Table 1). Fruit sampled in the 2015 and 2016 growing seasons exhibited significantly more phenolic compounds than those harvested in 2018. That was probably due to the more favorable weather conditions in that season. ‘Geneva’ was characterized by the highest concentration of polyphenols each year. Our findings confirm previous results showing that ‘Geneva’ is richer in polyphenols than other popular cultivars grown in Europe [17]. Among the cultivars tested, ‘Bingo’ expressed the greatest variation and lower concentration of phenolics depending on the growing seasons. There may be several reasons for this. The first is the greater sensitivity of this cultivar genetically. Second, the concentration of polyphenols in the fruit may be related to their size (skin-to-flesh ratio) because, according to previous studies, the concentration of polyphenols in the kiwiberry peel is much higher than in the pulp [21,22]. Finally, a higher concentration of phenolic compounds in fruits, regardless of the genetic factor, is usually associated with stress factor occurrence, of biotic and/or abiotic nature, in plant surroundings [2].



The average ascorbate concentration ranged from 552 mg/kg FW (‘Weiki’) to 796 mg/kg FW (‘Bingo’) (Table 1). Three cultivars (‘Anna’, ‘Geneva’, ‘Weiki’) accumulated a similar amount of ascorbate, and in contrast to them, ‘Bingo’ fruit exhibited significantly higher ascorbate concentration. As in the case of phenolic compounds, the fruits of most cultivars accumulated the least ascorbate in the 2018 season. The average concentration of ascorbate in fruit in the 2015 and 2016 seasons did not differ significantly. ‘Anna’ and ‘Weiki’ were the most stable ones in seasonal ascorbate concentration, while ‘Bingo’ the most variable (Table 1). Ascorbate concentration, similar to phenolics, has a stress background and can be explained similarly as in the case of polyphenol concentration. The negative impact of some environmental conditions, mainly high temperatures and the period of its occurrence, on the concentration of vitamin C and carbohydrates was observed in previous studies on kiwifruit [23]. Our results, independent of seasonal fluctuations, confirm the previous opinion that A. arguta is a valuable source of vitamin C [15,16].



In kiwiberry fruit, 1.69–3.26 mg/kg FW L-cysteine and 145–208 mg/kg FW total glutathione (tGSH) concentrations were recorded depending on the cultivar (Table 1). The ‘Geneva’ and ‘Anna’ cultivars were the richest sources of glutathione, while ‘Bingo’ and ‘Weiki’ had a significantly lower concentration of this tripeptide. Smaller differences were observed in the case of L-cysteine, where its concentration was significantly higher in ‘Anna’, while the other cultivars constituted one homogeneous group in terms of this compound concentration. With the exception of ‘Geneva’, the differences in glutathione concentration in individual years for the tested cultivars reflect the average concentrations recorded in the years studied.



Significant amounts of carotenoids and chlorophylls were also determined in kiwiberry fruit. On average, for three seasons of research in fruits, 1.25 mg (‘Bingo’)—2.69 mg (‘Geneva’)/kg FW lutein and 1.67 mg (‘Bingo’)—2.86 mg (‘Weiki’)/kg FW beta-carotene were determined (Table 2). In addition, 9.12 mg (‘Bingo’)—20.0 mg (‘Geneva’)/kg FW of chlorophyll a and 3.10 mg (‘Bingo’)—7.32 mg (‘Weiki’)/kg FW chlorophyll b were also found (Table 2). The highest average concentration of both carotenoids and chlorophylls was found in the fruit of the ‘Weiki’ and ‘Geneva’ cultivars, followed by ‘Anna’. An almost two times lower concentration of carotenoids and chlorophylls was recorded in the ‘Bingo’ fruit. Similar cultivar differences in carotenoids and chlorophyll concentrations in A. arguta were found by Hishiyama et al. [24]. According to these authors, kiwiberry fruit is one of the richest sources of lutein among commonly consumed fruits. Overall, the growth conditions in 2016 favored the accumulation of carotenoids and chlorophylls. Similar (LUT, Chl_b) or much lower (B-car, chl_a), compared to 2016, concentrations were obtained in 2015. The cultivars tested, especially the ‘Anna’ and ‘Weiki’ fruits, were characterized by having a relatively stable level of lutein in the years examined. In the case of other pigments, their concentration varied strongly depending on the cultivar and the year of the study. Similarly to TPC, the lowest concentration of pigments was found in all cultivars in the 2018 season. This was probably due not only to milder weather conditions in 2018, but also to the lack of yield in 2017, and thus to lower plant loads and their overall better condition.



One of the most frequently used measures for assessing the fruit’s health-promoting value is the ability of its extracts to scavenge free radicals. In order to elucidate the potential differences in fruit antioxidant capacity as fully as possible in this study, the determinations were carried out using three tests (DPPH, ABTS, FRAP). The antioxidant capacity of kiwiberry extracts on average, depending on the cultivar, stood at 18.7–28.9 mmol TE/kg (ABTS), 19.3–24.4 mmol TE/kg (DPPH), and 18.0–28.9 mmol TE/kg (FRAP). The fruit of the ‘Geneva’ cultivar was characterized by the highest antioxidant potential, although the results did not differ significantly from those for the ‘Bingo’ (Table 2). Irrespective of the test used, the ‘Weiki’ cultivar was characterized by the lowest antioxidant capacity, although against ABTS and DPPH radicals, similar results were obtained for ‘Anna’. The mean results of antioxidant capacity determinations in individual research seasons were distributed in a diversified and not very logical manner (Table 2). When analyzing individual seasons and cultivars, the highest capacity measured by the ABTS method was shown by all cultivars in the 2016 season, and by the FRAP method in the 2015 season. In turn, the DPPH analysis divided the cultivars tested in this respect as ‘Anna’ and ‘Bingo’ had the highest results in 2018, and ‘Geneva’ and ‘Weiki’ in 2015. The significant differentiation obtained was probably related, among others, to the different structures of phenolic compounds in kiwiberry and the diversity of the remaining antioxidant compounds, directly related to their different antioxidant capacity. A large variation of antioxidant capacity between seasons is visible in high SD values for the global cultivar effect, similar to the concentration of phenolics (Table 1 and Table 2). These results may suggest a more complicated influence of individual groups of bioactive compounds, and even individual compounds, the concentration of which changed in each season, on individual methods of antioxidant capacity determination. It is well known that various substances occurring in plant organisms show a different ability to scavenge free radicals; therefore, their changing concentration in fruits strongly modifies the results of determinations by individual methods. The weather conditions could influence not only quantitative but also qualitative changes in characteristics of the internal quality of kiwiberry fruit as confirmed in our previous multiseason studies [25] and proven in the case of apples [26].



The variation of the macro- and microelement concentrations in the cultivars under study was smaller compared with bioactive compound concentrations, although in some cases, significant differences between cultivars and research seasons were also found (Table 3 and Table 4). The dominant macronutrients consisted of potassium (0.95–1.27% DW), nitrogen (0.75–0.93% DW), and calcium (0.30–0.37% DW) as well as micronutrients—iron (21.6–35.2 mg/kg DW), boron (17.3–17.6 mg/kg DW), and manganese (8.8–15.4 mg/kg DW).



These findings coincide with the results of other studies [18,27]. The fruits of the ‘Bingo’ cultivar contained significantly less P, K, Cu, and Mn, while ‘Geneva’ was distinguished by the highest concentration of calcium, and ‘Weiki’ of iron. Such differences in mineral composition between kiwiberry cultivars were also described by Gralak et al. [28]. The authors indicate ‘Weiki’ as being the most abundant one in the analyzed microelements. Additionally, the Bieniek and Dragańska [29] research demonstrated that the macroelement concentration in some Ukrainian cultivars depends on weather conditions during specific phenophases. In the 2015 season, all cultivars showed the highest accumulation of calcium and magnesium, but the lowest of potassium. On the other hand, the 2018 season was characterized by the highest concentration of nitrogen (except for ‘Bingo’) and phosphorus in fruits of all cultivars.



The concentration of micronutrients in fruit was less regularly distributed. The highest concentration of iron, zinc, and manganese (except for ‘Geneva’) was found in the 2015 season, and that of copper and boron (except for ‘Bingo’) in the 2018 season. Overall, the 2016 season was characterized by a lower concentration of minerals in the fruit than the other growing seasons. In the case of the concentration of Fe, Ca, and Zn, there were no interactions between the cultivar and the harvest year. The variability of the concentration of these minerals and Mn was weak compared with that of other characteristics. On average, the concentration of macronutrients in the fruits of the cultivars studied in three research seasons was found in the following order: K > N > Ca > P > Mg and microelements Fe > B > Mn > Zn > Cu.



It can be concluded that the studied genotypes were most diverse in terms of the biochemical compounds’ concentration in individual seasons, which is clearly visible in the high SD values for the global cultivar effect, especially for phenolics (Table 1). The cultivars ‘Anna’ and ‘Weiki’ were the most similar to each other in terms of morphology and chemical composition—somewhere between the other two cultivars and exhibiting the lowest antioxidant capacity. The characteristics of the ‘Anna’ and ‘Weiki’ cultivars in the 2018 season were clearly different from that in the other two seasons. The cultivars ‘Bingo’ and ‘Geneva’ were definitely different. The first was characterized by the largest and most uniform fruits in each season with the highest concentration of vitamin C but the lowest carotenoid concentration. In turn, ‘Geneva’ produced the smallest fruit in each season with the highest concentration of polyphenols and a high concentration of carotenoids as well as the highest antioxidant capacity, regardless of the method of determination. These features of ‘Geneva’ confirm the previously obtained results of research on this cultivar [9,17,25]. Despite many biochemical differences, it can be seen that smaller fruits were characterized by the highest antioxidant capacity. Regardless of the genetically determined concentration of antioxidants in a given cultivar, that could be related to the higher peel-to-pulp ratio. Similar conclusions were reached by Gündüz et al. [30] in their research on blueberry.



Plants are complex organisms in which all the body elements influence each other. That may apply to the biochemical components as well as morphological features. The plant feature that has a significant impact on the vigor and rate of physiological processes and thus on the concentration of bioactive compounds is the size of the leaf blades and their chlorophyll concentration [31]. The concentration of chlorophyll in leaves and the accumulation of macro- and micronutrients in fruits, apart from the genetic factor, may also be influenced by agrotechnical factors, such as mineral fertilization, mainly nitrogen nutrition [32,33]. The obtained results show that genetic factors and conditions of growing seasons play a key role in the accumulation of bioactive compounds in the kiwiberry fruit. Moreover, a significant interaction also takes place between the cultivar and the conditions during the growing season, and relationship differs from compound to compound. In practice, this means greater or lesser variability in the health properties of a given cultivar in subsequent years. Therefore, multiseason research in order to assess the stability of cultivars in terms of the concentration of bioactive compounds in fruits of various plant genotypes is essential for the selection of the most valuable cultivars. One-year experiments can often lead to wrong conclusions.




2.4. Interrelationships between Chemical Components and Physical and Physiological Properties


The analyses of relations between chemical components, morphological features, and antioxidant capacity of kiwiberry were performed using Pearson correlation and PCA. Figure 2 shows a correlogram of all significant relations between the examined attributes at the level of significance of 0.05 (the correlations at the level of significance 0.1 are presented in Supplementary Figure S1). The results proved a very complex and multilateral influence of various plant and fruit attributes on each other. As can be seen in Figure 2, the content of ascorbate was negatively correlated with the height of yield and the content of chlorophyll in leaves, and the content of polyphenols, lutein, and chlorophyll in fruits was positively correlated with the leaf blade area. Moreover, it is interesting that some minerals were strongly positively correlated with each other (e.g., Zn with Mg, Fe, Mn, or Cu with N, P, K). The PCA plot (see Figure 3) explains about 60% of sample variability and allowed us to distinguish four groups of the examined attributes. Finally, Figure 4 presents the strongest (with values above 0.7 or below −0.7, significance level of 0.05) correlations between members of the described groups in the plot obtained using correlation-based network analyses.



According to the analysis, the first group of traits (Group 1) consisted of the macronutrients N, P, and K and Mg, Cu, and B micronutrients, Leaf_chl, and yield. Group 2 was formed by the ascorbate concentration (tASC) and the average fruit weight, which, according to network plots (Figure 3 and Figure 5), were not significantly correlated. Groups 1 and 2 were most strongly associated with the PC1 component, which accounted for approximately 34% of the variability between the tested samples of four kiwiberry cultivars over 3 years. These are two opposite groups: the increase in the concentration of ascorbate and the average fruit weight was accompanied by a decrease in the concentration of the mentioned micro- and macroelements and a decrease in yield. Let us note that some of these relations are significant at a level below 0.1—see Supplementary Figure S1.



Chlorophyll is the primary pigment used in photosynthesis [34]. It is, therefore, natural that its concentration within the kiwiberry plant leaves is positively correlated with the total fruit yield. A similar correlation between chlorophyll concentration and grain yield has been observed before in different cultivars of wheat, barley, and oat [35] and maize [36] and aromatic rice [37].



A study by Smith et al. [38] showed that the annual uptake of nutrients by mature kiwi vines is greatest for nitrogen (N), potassium (K), and calcium (Ca), followed by chlorine (Cl), phosphorus (P), magnesium (Mg), sulfur (S), and micronutrients. This set contains the N, P, and K macronutrients and Mg from the first group of the kiwiberry traits. Nitrogen, phosphorus, and potassium fertilizers are the three main plant nutrients used worldwide [39]. It has been shown that they are also important components of kiwifruit vines needed for increasing yields [40]. It is commonly known that nitrogen and phosphorus are essential macronutrients for plant growth and development. Potassium, together with magnesium, is required to synthesize chlorophyll and critically contribute to the process of photosynthesis and the subsequent long-distance transport of photoassimilates [41]. Copper is required in the process of photosynthetic electron transport [42]. Finally, the foliar application of boron has been observed to increase crops of such fruits as sour cherry, hazelnut, and almonds [43].



Hence, the increase in the concentration of the N, P, K, Mg, and Cu elements in the kiwiberry plants should lead to an increase in the chlorophyll concentration of the leaves and the total fruit yield. Such a relation may further explain a proportional increase in the concentration of the nutrients in the kiwiberry fruit, though that should be examined in further studies.



The number of fruits is usually negatively correlated with the average fruit size and weight [44]. Crop load is therefore usually reduced via pruning and thinning. Though a higher crop load leads to a decline in average fruit weight, it may still bring a greater total yield due to an increased number of fruits [45]. In such a case, the correlation between the average fruit weight and yield is negative, as observed for kiwiberry in the presented study (at a significance level of 0.1). A similar relation has been noticed for kiwi fruit, for instance, by Testolin [46]. The decrease in fruit weight should additionally lead to an increased concentration of micro- and macronutrients. That can be another reason for the positive relation between nutrients contained within Group 1 and the total yield of fruit.



As can be seen in the correlation diagram (Figure 4), the ‘center’ of Group 1 consisted of the P, K, and Cu concentrations and the yield. The average values of these features can be arranged according to the ‘Weiki’, ‘Anna’, ‘Geneva’, and ‘Bingo’ cultivars, with differences between the successive cultivars being statistically significant or insignificant, depending on the feature, with the distinction of the ‘Bingo’ cultivar, which represented the lowest values of each of these features. In the case of features included in Group 1, the average values in the years can be arranged as follows: 2018, 2015, 2016 (and 2018, 2016, 2015 only in the case of Leaf_chl.). As can be seen in the graph in Figure 2, this general order of years was repeated in each of the tested cultivars. The ascorbate concentration was opposite to that in Group 1, while the average fruit weight was significantly the highest in 2016 and the lowest in 2015. The smallest between summer variability in terms of the features from Groups 1 and 2 is shown by ‘Bingo’.



According to the PCA and correlation-based network analyses, Group 3 of the examined traits concentrated on the concentration of carotenoids (LUT and beta-carotene), chlorophylls (Chl_a and Chl_b), and the size of the leaves. Group 4 consisted of AA (ABTS radicals) and phenolics (TPC). These groups were most strongly associated with the PC2 component, which accounted for approximately 26% of the variability between the samples tested. However, they are also related to the PC1 component, negatively Group 3 and positively Group 4, which explains the lack of strong correlations between these groups of features. Looking at the additional rotated axes PC1 and PC2, it can be seen that features from Group 3 are arranged orthogonally to features from Groups 1 and 2; that is, they are not related to them. Similarly, Group 4 features lie along the PC1 axis more opposite the plot center than Group 1 features. This illustrates their significant negative correlations with the B, N, and Mg concentrations. The positive correlation between the concentrations of chlorophyll and carotenoids has been also reported for other crop species, such as kale [47], Swiss chard [48], lettuce [49], and peas [50]. In the case of apples, it has been shown that the green cultivars had the highest pigment concentration in both the peel and the flesh, which were followed in decreasing order by the peel of some red-skinned cultivars and the flesh of the yellow ones [51]. The general ranking of the attributes included in Group 3 by kiwiberry cultivar was as follows: ‘Geneva’ (with pure green skin), ‘Weiki’ and ‘Anna’ (with slightly reddish skin), ‘Bingo’ (with the most reddish skin and slightly yellowish flesh), and by the years 2016, 2015, and 2018.



The AA (ABTS) and polyphenol concentration (Group 4) were similar due to the cultivars ‘Geneva’, ‘Bingo’, ‘Anna’, and ‘Weiki’ but different due to the years. This explains the weaker correlation between these features. The rest of the examined attributes showed weaker links with other features.





3. Materials and Methods


3.1. Chemicals


2,2-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), 1,1-diphenyl-2-picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), FBBB, lanthanum (III) chloride heptahydrate, FeCl3·6H2O, CuCl2·2H2O, and 2,9-dimethyl-1 and 10-phenanthroline (neocuproine) were purchased from Sigma Chemical Co., St. Louis, MO, USA. Chlorophyll a and b, lutein and β-carotene standards, and 2,4,6-tripyridyl-s-triazine (TPTZ) were purchased from Fluka Chemie, Buchs, Switzerland. All reagents were of analytical grade. Deionized and distilled water was used throughout.




3.2. Experimental Design, Plant Material and Weather Conditions


The research was carried out in the 2015, 2016, and 2018 growing seasons (severe spring frosts in 2017 severely damaged the developing shrubs, and no yield was achieved). The research was carried out on fully fruiting kiwiberry plants (4-, 5-, and 7-year-old vines) in a commercial plantation in Bodzew, Mazovian Voivodeship, in central Poland (6B USDA Plant Hardiness Zone). The habitat conditions and the plantation methods were described in detail in our earlier publication [20]. Therefore, briefly, the vines on the plantation grew 4 × 4 m apart, were guided by T-bar supports, and were pruned in the standard way for this form of guidance [52]. The research covered four cultivars of kiwiberry, important in commercial cultivation in Europe and morphologically different, namely, ‘Geneva’ (an early cultivar with green fruit), ‘Bingo’ (a cultivar with medium ripening time and elongated fruit with a pink blush), ‘Weiki’, and ‘Ananasnaya’ (‘Anna’) (late ripening time, oval fruit with a red blush) (Figure 5). The experiment was set up in a random block design. Each of the cultivars was represented by 3 blocks of 4 vines each. At the beginning and the end of each block, buffer vines were applied, followed by male plants (pollinators). The vines in each block were of similar size and vigor for each cultivar. The vines grew on soil characterized by approximately 1.8% of organic matter concentration, and pH in the soil suspension in distilled water was in the range of 6–6.5. Fertilization was performed on the basis of a chemical analysis performed in the spring of each growing season in accordance with recommendations applicable to berry plants [53]. The rows were kept free of weeds in herbicide fallow.





[image: Molecules 28 00455 g005 550] 





Figure 5. The fruit appearance of the A. arguta cultivars used in the study. 
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The Davis Vantage Pro2 Plus meteorological station (Davis Instruments, Hayward, CA, USA) set up on the plantation was used to record the temperature and rainfall. Comparative long-term averages for this region come from the years 1981–2010.




3.3. Plant Morphological and Chemical Measurements


The leaf area was measured with the Digishape ver. 1.9 computer program (Cortex Nova 2005, Poland). Ten fully developed leaves from terminating shoots (July) were collected from each block. The leaves were scanned immediately after harvesting, and the scan was measured (only leaf blades). The leaf area was averaged over a block and reported in mm2. In order to establish the yield of each cultivar, all fruits from each block were harvested separately and then weighed (total yield). After harvest, the fruit of each cultivar was weighed to record the total yield per replication (block). The yield was expressed in kg per vine (plant). The chlorophyll concentration in the leaves was measured five times during the growing season at intervals of about 3 weeks, starting as of the end of May, using the CL-1 apparatus from Hansatech Instruments Ltd., Norfolk, UK, and expressed in agreed units (a. u.). At each time of sampling, 20 leaves from each treatment’s replication were measured, and the result was averaged. For each cultivar, 60 measurements were made on each date (delivered from 3 blocks of 20 measurements each). The result for each cultivar in consecutive growing seasons was expressed as an average of all measurements in that season.




3.4. Fruit Sample Preparation and Measurements


The fruits of each cultivar were harvested at the harvest maturity stage (firm fruit with black seeds, 6.5°–7° Brix). The ‘Geneva’ fruit was collected first (at the beginning of September), followed by ‘Bingo’, and finally by the ‘Weiki’ and ‘Anna’ cultivars (in mid-September). Fruit weight determination was performed on 30 fruits for each cultivar in the season (3 repetitions of 10 fruits for each cultivar). Every repetition covered similar-sized fruits free of any damage or deformations. The result is presented as the average weight of individual fruit +/− standard deviation (SD). For further analysis, harvested and sorted fruit was stored in a cold chamber (temperature of 1 °C and 90% RH) for 3 weeks, and then for a few days at 20 °C until eating maturity (soft fruit, ~18° Brix) was reached. Afterward, 60 similar-sized fruits with no damage (3 repetitions of 20 fruits for each cultivar) were selected for chemical analysis. Next, the fruit was frozen in liquid nitrogen and transferred to a deep freeze at −80 °C until analysis.




3.5. Determination of Bioactive Compounds


The concentrations of ascorbate (L-AA + DHAA, reduced and oxidized forms, respectively), thiol compounds (total glutathione, e.g., GSH and GSSG, reduced and oxidized forms, respectively, and L-cysteine), and carotenoids (lutein and β-carotene) were determined by using high-performance liquid chromatography (HPLC), as described in detail in our previous study [20]. The results were expressed in mg per kilogram on a fresh weight (FW) basis.



The total phenolic concentration (TPC) was measured after two-step extraction with methanol in an ultrasonic bath [54] using Fast Blue BB (4-benzoylamino-2,5-dimethoxybenzenediazonium chloride hemi[zinc chloride] salt, FBBB) reagent, a new method recently developed by Medina [55] and described there in detail. The results were expressed as gallic acid equivalents (GAE) in mg/kg FW.




3.6. Antioxidant Capacity Measurements


Antioxidant capacity was determined with three different tests: FRAP (ferric reducing antioxidant power), ABTS (2.2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid), and DPPH (1,1-diphenyl-2-picrylhydrazyl) assay, as described in detail by Łata [56], Re et al. [57], and Brand-Wiliams et al. [58], respectively. The results were calculated using a calibration curve and expressed as millimole Trolox equivalents (TE) per kilogram of fresh weight (mmol TE/kg FW).




3.7. Determination of Fruit Macro- and Micronutrients


Fruit samples (10 fruits per cultivar and repetition) were washed, oven-dried at 70 °C, and ground to a fine powder. Dry weight was recorded after drying at 105 °C. The concentrations of macronutrients (N, P, K, Ca, and Mg) and micronutrients (Cu, Fe, Mn, Zn, and B) were conducted in an accredited laboratory, the Chemical and Agricultural Station in Warsaw (Poland, Mazowieckie Voivodeship, accreditation number AB 312, http://www.oschr-warszawa.pl, accessed on 5 July 2021), which meets the requirements of the PN-EN ISO/lEC 17.025:2005 standard. Standard procedures were used to analyze the total nutrient concentrations in fruit tissues. The plant material was mineralized using H2SO4 and H2O2. N concentration was determined by the Kjeldahl method. Phosphorus concentration was determined at a 470 nm wavelength with a spectrophotometric method using ammonium molybdate, HNO3, and ammonium metavanadate. Flame atomic absorption spectroscopy (FAAS) at 766.5, 285.2, and 422.7 nm was used to determine the K, Mg, and Ca concentrations, respectively. The results were expressed as a percentage of dry weight (% DW). Flame atomic absorption spectroscopy (FAAS) at 324.8, 248.3, 279.5, and 213.9 nm was used to determine the Cu, Fe, Mn, and Zn concentrations, respectively. The boron concentration was evaluated by inductively coupled plasma optical emission spectrometry (ICP-OES) at 249.678 nm. The results were expressed as mg/kg of dry weight (DW).




3.8. Statistical Analysis


The histograms and plots presenting the monthly precipitation and temperature at the experimental site during the years under study, in relation to the long-term average, were prepared in Microsoft Excel 2019.



The repeated measure ANOVA was applied to assess the effect of the cultivar, the year, and their interactions on tested fruit components. The cultivar was considered a between-subjects factor and the year as a within-subjects factor. The analysis was performed separately for each of the examined fruit parameters. Assumptions of sphericity, homogeneity of covariances, and equality of variances were assessed using Box’s M, Mauchly’s, and Levene’s tests, respectively. The data for each combination of cultivar and the year were visually examined for symmetry and lack of outliers. When significant interactions between the factors were observed, the effect of year was analyzed separately for each cultivar. The homogenous groups of years and cultivars were established via pairwise comparisons with Tukey adjustment for the familywise error rate. The Pearson correlations between the examined fruit parameters were presented in a graph of correlation matrix (correlogram) and a network plot. The correlations were computed for the data averaged for each combination of the year and cultivar. Principal component analysis was carried out to graphically summarize the dispersion of morphological, chemical, and antioxidant properties of the examined kiwiberry cultivars in 3 years of the experiment and the interaction between them. The above analyses were performed in the R program version 4.2.1 [59].





4. Conclusions


The results of the research and analyses carried out lead to the following conclusions: Kiwiberry (A. arguta) is a valuable source of different bioactive ingredients and can be considered a healthy fruit. ‘Bingo’ has the biggest fruit and the lowest crop among the examined cultivars. Importantly, both the average fruit weight and the yield per plant are most stable in the case of ‘Bingo’. The fruit weight varies by only 10% in comparison with about 30% for other cultivars, and the lowest yield constitutes about 60% of the largest in comparison with 35–50% for other cultivars. The overall biocapacity of the kiwiberry cultivars is ‘Geneva’ > ‘Bingo’ > ‘Anna’ > ‘Weiki’. Both the genetic characteristics of the cultivars and weather conditions strongly modify the chemical composition and antioxidant capacity of kiwiberry, which resulted in its high year-to-year differences. The morphological features of plants influence the chemical composition and antioxidant properties of the fruit to a lesser extent than weather conditions. Multiseason studies show to what extent fruit quality can change from one growing season to the next, as well as how much these changes can depend on the cultivar. This information is valuable both for the cultivar selection for production purposes and for breeding.
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Figure 1. Data on the sum of monthly rainfall (left graph) and average temperature (right graph) in examined growing seasons at the experimental site in relation to the long-term average. 
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Figure 2. A graph of the Pearson correlation matrix (correlogram) of the morphological, chemical, and antioxidant properties of the fruits. The significance level is equal to 0.05. The blue color represents the positive correlations, and the red color the negative ones. Each number shows a value of significant correlation. The color intensity represents the correlation strength, according to the legend. 
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Figure 3. PCA biplot (PC1 vs. PC2) for four cultivars examined in 3 years of the experiment and their morphological, chemical, and antioxidant properties. Only the traits with high correlation to PC1 and PC2 (at squared cosine greater than 0.6) are presented. 
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Figure 4. The strongest (with values above 0.7 or below −0.7, significance level of 0.05) correlations between members of the described groups in the plot were obtained using correlation-based network analyses. Colors define groups of the morphological, chemical, and antioxidant properties of the fruits related to each other, as described in the manuscript. 
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Table 1. Variation in selected morphological and chemical A. arguta plant and fruit traits. Data are means (±standard deviation—SD, n = 3) in the subsequent years depending on the cultivar.
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Group

	
Average Fruit Weight (g)

	
Total Yield

(kg/plant)

	
Leaf Blade Area (mm2)

	
Leaf Chlorophyll Concentration (a. u.)

	
Fruit Chemical Composition




	
Phenolic Compounds(TPC)

	
Ascorbate

(tASC)

	
Thiol Compounds




	
L-Cys

	
tGSH




	
mg/kg FW






	
Geneva




	
2015

	
6.5 ± 0.1 b

	
27.8 ± 7.6 b

	
7196 ± 83

	
18.7 ± 1.9 c

	
1462 ± 21 a

	
750 ± 134 a

	
2.04 ± 0.03 a

	
197 ± 2 a




	
2016

	
8.1 ± 0.4 a

	
25.4 ± 3.7 b

	
7333 ± 687

	
23.8 ± 3.3 b

	
1353 ± 190 a

	
650 ± 68 a

	
1.34 ± 0.19 c

	
219 ± 9 a




	
2018

	
5.8 ± 0.3 c

	
72.8 ± 7.0 a

	
6389 ± 984

	
28.0 ± 3.6 a

	
851 ± 96 b

	
484 ± 25 b

	
1.69 ± 0.10 b

	
208 ± 1 a




	
Weiki




	
2015

	
6.9 ± 0.2 c

	
40.7 ± 6.8 a

	
5102 ± 282

	
21.6 ± 0.9 b

	
815 ± 174 a

	
610 ± 63 a

	
2.00 ± 0.71 a

	
113 ± 26 c




	
2016

	
9.5 ± 0.7 a

	
25.6 ± 3.8 b

	
5259 ± 263

	
22.6 ± 1.6 b

	
873 ± 74 a

	
561 ± 81 a

	
2.31 ± 0.01 a

	
189 ± 14 a




	
2018

	
7.9 ± 0.2 b

	
60.1 ± 19.2 a

	
5281 ± 432

	
28.8 ± 2.5 a

	
367 ± 76 b

	
484 ± 18 a

	
2.15 ± 0.36 a

	
151 ± 6 b




	
Bingo




	
2015

	
8.6 ± 0.8 b

	
21.0 ± 4.7

	
4371 ± 217

	
15.8 ± 2.5 b

	
681 ± 133 b

	
986 ± 56 a

	
1.48 ± 0.33 c

	
117 ± 14 c




	
2016

	
9.4 ± 1.4 ab

	
30.6 ± 7.5

	
5020 ± 429

	
16.1 ± 1.4 ab

	
1305 ± 137 a

	
758 ± 69 b

	
2.56 ± 0.15 a

	
174 ± 25 a




	
2018

	
9.4 ± 0.5 a

	
34.4 ± 8.7

	
4329 ± 182

	
19.5 ± 0.8 a

	
374 ± 95 c

	
643 ± 16 c

	
2.01 ± 0.24 b

	
145 ± 19 b




	
Anna




	
2015

	
6.7 ± 0.1 c

	
33.1 ± 3.5 b

	
4722 ± 31

	
20.0 ± 1.4 b

	
1157 ± 54 a

	
552 ± 84

	
5.11 ± 0.34 a

	
178 ± 5 c




	
2016

	
8.9 ± 0.3 a

	
29.6 ± 2.0 b

	
5050 ± 434

	
22.0 ± 1.0 ab

	
1093 ± 132 a

	
656 ± 30

	
1.41 ± 0.19 c

	
227 ± 7 a




	
2018

	
7.2 ± 0.3 b

	
60.4 ± 9.1 a

	
4950 ± 823

	
24.8 ± 2.3 a

	
372 ± 82 b

	
575 ± 21

	
3.26 ± 0.23 b

	
202 ± 6 b




	
Global cultivar effect (2015, 2016, and 2018)




	
Geneva

	
6.8 ± 1.1 C

	
42.0 ± 23.8 AB

	
6973 ± 746 A

	
23.5 ± 4.8 A

	
1222± 302 A

	
628 ± 139 B

	
1.69 ± 0.32 B

	
208 ± 14 A




	
Weiki

	
8.1 ± 1.2 B

	
42.1 ± 18.2 A

	
5214 ± 302 B

	
24.3 ± 3.7 A

	
685 ± 261 C

	
552 ± 76 B

	
2.15 ± 0.42 B

	
151 ± 36 B




	
Bingo

	
9.1 ± 0.9 A

	
28.7 ± 8.6 B

	
4573 ± 423 B

	
17.1 ± 2.3 B

	
787 ± 424 BC

	
796 ± 158 A

	
2.02 ± 0.52 B

	
145 ± 30 B




	
Anna

	
7.6 ± 1.0 BC

	
41.0 ± 15.4 AB

	
4907 ± 488 B

	
22.3 ± 2.6 A

	
874 ± 386 B

	
594 ± 66 B

	
3.26 ± 1.52 A

	
202 ± 22 A




	
Year effect




	
2015

	
7.2 ± 0.9 C

	
30.6 ± 9.0 B

	
5347 ± 1158

	
19.0 ± 2.7 C

	
1029 ± 332 A

	
724 ± 191 A

	
2.66 ± 1.54 A

	
151 ± 41 C




	
2016

	
9.0 ± 0.9 A

	
27.8 ± 4.7 B

	
5665 ± 1089

	
21.1 ± 3.6 B

	
1156 ± 232 A

	
656 ± 91 A

	
1.91 ± 0.58 C

	
202 ± 26 A




	
2018

	
7.6 ± 1.4 B

	
56.9 ± 17.8 A

	
5237 ± 974

	
25.3 ± 4.4 A

	
491 ± 230 B

	
547 ± 72 B

	
2.28 ± 0.65 B

	
177 ± 32 B




	
Interaction

	
<0.05

	
<0.01

	
Ns

	
<0.05

	
<0.01

	
<0.001

	
<0.001

	
<0.05








TPC: total phenolic concentration expressed in gallic acid (GAE) equivalents; tASC (total ascorbate): L-AA + DHAA; tGSH (total glutathione): GSH + GSSG; L-Cys: L-cysteine; a. u.: agreed units. In each subcolumn, data marked with different lowercase or uppercase superscript letters differ significantly at p ≤ 0.05 according to the post hoc pairwise comparisons with Tukey adjustment for the familywise error.
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Table 2. Variation in A. arguta antioxidant concentration and capacity depending on cultivar and growing seasons. Data are means (±SD, n = 3) obtained in the subsequent years depending on the cultivar.






Table 2. Variation in A. arguta antioxidant concentration and capacity depending on cultivar and growing seasons. Data are means (±SD, n = 3) obtained in the subsequent years depending on the cultivar.





	
Component

	
Fruit Pigment Composition

	
Antioxidant Capacity




	

	
Lutein (LUT)

	
βeta-Carotene

(B-Car)

	
Chlorophyll_a

(Chl_a)

	
Chlorophyll_b

(Chl_b)

	
ABTS

	
DPPH

	
FRAP




	
mg/kg FW

	
mmol TE/kg FW






	
Geneva




	
2015

	
2.99 ± 0.37 a

	
2.62 ± 0.38 b

	
20.34 ± 2.46 b

	
7.58 ± 0.78 a

	
21.7 ± 1.7 b

	
35.5 ± 2.8 a

	
47.3 ± 1.4 a




	
2016

	
3.12 ± 0.18 a

	
3.69 ± 0.05 a

	
24.67 ± 1.32 a

	
8.01 ± 0.79 a

	
43.0 ± 5.5 a

	
19.2 ± 4.0 b

	
21.4 ± 3.6 b




	
2018

	
1.97 ± 0.02 b

	
1.70 ± 0.07 c

	
14.95 ± 0.15 c

	
5.47 ± 0.04 b

	
21.5 ± 2.3 b

	
31.9 ± 3.1 a

	
17.9 ± 1.8 c




	
Weiki




	
2015

	
2.72 ± 0.20

	
2.75 ± 0.09 b

	
20.16 ± 0.99 a

	
7.86 ± 0.16 a

	
12.2 ± 2.4 b

	
24.4 ± 1.4 a

	
27.5 ± 4.6 a




	
2016

	
2.51 ± 0.09

	
3.44 ± 0.04 a

	
20.09 ± 0.85 a

	
7.17 ± 0.10 ab

	
28.6 ± 1.8 a

	
11.0 ± 2.3 b

	
14.5 ± 1.6 b




	
2018

	
2.45 ± 0.09

	
2.40 ± 0.06 b

	
18.57 ± 0.20 b

	
6.93 ± 0.13 b

	
15.4 ± 1.2 b

	
22.4 ± 1.2 a

	
12.0 ± 0.3 b




	
Bingo




	
2015

	
1.31 ± 0.06 a

	
1.44 ± 0.10 b

	
9.12 ± 0.52 ab

	
3.31 ± 0.15 a

	
15.1 ± 0.9 c

	
21.9 ± 0.5 b

	
35.6 ± 2.6 a




	
2016

	
1.52 ± 0.02 a

	
2.26 ± 0.05 a

	
11.10 ± 0.26 a

	
3.70 ± 0.13 a

	
39.8 ± 3.3 a

	
21.8 ± 2.9 b

	
24.0 ± 0.8 b




	
2018

	
0.92 ± 0.03 b

	
1.30 ± 0.02 b

	
7.13 ± 0.27 b

	
2.27 ± 0.07 b

	
20.3 ± 2.5 b

	
29.4 ± 3.2 a

	
15.9 ± 2.5 c




	
Anna




	
2015

	
1.96 ± 0.03

	
2.65 ± 0.27 b

	
16.12 ± 0.48 b

	
6.07 ± 0.01 a

	
16.1 ± 0.4 b

	
17.3 ± 0.8 b

	
39.6 ± 0.7 a




	
2016

	
2.03 ± 0.25

	
3.10 ± 0.05 a

	
19.09 ± 0.86 a

	
6.95 ± 0.34 a

	
33.7 ± 5.4 a

	
17.1 ± 3.2 b

	
17.7 ± 2.6 b




	
2018

	
1.82 ± 0.05

	
2.25 ± 0.03 c

	
14.45 ± 0.53 b

	
5.12 ± 0.22 b

	
16.5 ± 2.4 b

	
24.8 ± 3.1 a

	
11.6 ± 0.9 c




	
Global cultivar effect (2015, 2016, and 2018)




	
Geneva

	
2.69 ± 0.59 A

	
2.67 ± 0.88 A

	
20.0 ± 4.4 A

	
7.02 ± 1.30 A

	
28.8 ± 11.1 A

	
28.9 ± 7.9 A

	
28.9 ± 14.1 A




	
Weiki

	
2.56 ± 0.17 A

	
2.86 ± 0.46 A

	
19.6 ± 1.0 A

	
7.32 ± 0.44 A

	
18.7 ± 7.7 C

	
19.3 ± 6.4 C

	
18.0 ± 7.6 C




	
Bingo

	
1.25 ± 0.27 C

	
1.67 ± 0.45 B

	
9.1 ± 1.8 C

	
3.10 ± 0.65 C

	
25.1 ± 11.5 AB

	
24.4 ± 4.4 AB

	
25.1 ± 8.8 AB




	
Anna

	
1.94 ± 0.15 B

	
2.67 ± 0.39 A

	
16.6 ± 2.1 B

	
6.05 ± 0.82 B

	
22.1 ± 9.2 BC

	
19.7 ± 4.4 BC

	
22.9 ± 12.8 B




	
Year effect




	
2015

	
2.25 ± 0.71 A

	
2.37 ± 0.60 B

	
16.4 ±4.9 B

	
6.21 ± 1.91 A

	
16.3 ± 3.8 C

	
24.8 ± 7.1 A

	
37.5 ± 7.8 A




	
2016

	
2.29 ± 0.63 A

	
3.12 ± 0.56 A

	
18.7 ± 5.2 A

	
6.46 ± 1.75 A

	
36.3 ± 6.9 A

	
17.3 ± 4.9 B

	
19.4 ± 4.3 B




	
2018

	
1.79 ± 0.58 B

	
1.92 ± 0.46 C

	
13.8 ± 4.3 C

	
4.94 ± 1.77 B

	
18.4 ± 3.2 B

	
27.1 ± 4.6 A

	
14.3 ± 3.1 C




	
Interaction

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
Ns

	
<0.001

	
<0.001








In each subcolumn, data marked with different lowercase or uppercase superscript letters differ significantly at p ≤ 0.05 according to the post hoc pairwise comparisons with Tukey adjustment for the familywise error.
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Table 3. Macronutrients in A. arguta fruit. Main effects of two-way ANOVA. Data present means (±SD, n = 3) obtained in the subsequent years depending on the cultivar.






Table 3. Macronutrients in A. arguta fruit. Main effects of two-way ANOVA. Data present means (±SD, n = 3) obtained in the subsequent years depending on the cultivar.





	
Group

	
Macronutrients (% DW)




	

	
N

	
P

	
K

	
Ca

	
Mg






	
Geneva




	
2015

	
0.71 ± 0.06

	
0.16 ± 0.01 b

	
1.04 ± 0.04 b

	
0.38 ± 0.04

	
0.10 ± 0.01




	
2016

	
0.34 ± 0.11

	
0.18 ± 0.00 b

	
1.17 ± 0.05 b

	
0.35 ± 0.03

	
0.07 ± 0.01




	
2018

	
1.19 ± 0.17

	
0.22 ± 0.01 a

	
1.47 ± 0.04 a

	
0.39 ± 0.04

	
0.10 ± 0.01




	
Weiki




	
2015

	
1.45 ± 0.20

	
0.21 ± 0.03 a

	
1.20 ± 0.14 ab

	
0.38 ± 0.02

	
0.10 ± 0.01




	
2016

	
0.67 ± 0.11

	
0.17 ± 0.01 b

	
1.19 ± 0.05 b

	
0.24 ± 0.03

	
0.06 ± 0.00




	
2018

	
1.52 ± 0.25

	
0.22 ± 0.03 a

	
1.41 ± 0.12 a

	
0.36 ± 0.03

	
0.10 ± 0.01




	
Bingo




	
2015

	
0.90 ± 0.68

	
0.12 ± 0.02 b

	
0.93 ± 0.06

	
0.33 ± 0.01

	
0.09 ± 0.01




	
2016

	
0.69 ± 0.11

	
0.16 ± 0.01 a

	
0.95 ± 0.02

	
0.26 ± 0.04

	
0.06 ± 0.01




	
2018

	
0.67 ± 0.11

	
0.17 ± 0.01 a

	
0.97 ± 0.12

	
0.30 ± 0.07

	
0.09 ± 0.01




	
Anna




	
2015

	
0.97 ± 0.06

	
0.17 ± 0.01

	
1.16 ± 0.04

	
0.35 ± 0.01

	
0.10 ± 0.01




	
2016

	
0.67 ± 0.19

	
0.19 ± 0.02

	
1.27 ± 0.13

	
0.27 ± 0.05

	
0.06 ± 0.01




	
2018

	
1.15 ± 0.23

	
0.21 ± 0.01

	
1.29 ± 0.17

	
0.29 ± 0.04

	
0.10 ± 0.01




	
Global cultivar effect (2015, 2016, and 2018)




	
Geneva

	
0.75 ± 0.38 B

	
0.19 ± 0.3 B

	
1.23 ± 0.20 A

	
0.37 ± 0.04 A

	
0.09 ± 0.02 A




	
Weiki

	
1.22 ± 0.44 A

	
0.20 ± 0.03 A

	
1.27 ± 0.15 A

	
0.32 ± 0.07 AB

	
0.09 ± 0.02 AB




	
Bingo

	
0.75 ± 0.37 B

	
0.15 ± 0.02 C

	
0.95 ± 0.07 B

	
0.30 ± 0.05 B

	
0.08 ± 0.02 B




	
Anna

	
0.93 ± 0.26 AB

	
0.19 ± 0.02 AB

	
1.24 ± 0.12 A

	
0.30 ± 0.05 B

	
0.09 ± 0.02 AB




	
Year effect




	
2015

	
1.01 ± 0.42 A

	
0.17 ± 0.01 B

	
1.08 ± 0.13 B

	
0.36 ± 0.03 A

	
0.10 ± 0.01 A




	
2016

	
0.59 ± 0.19 B

	
0.18 ± 0.01 B

	
1.14 ± 0.14 B

	
0.28 ± 0.05 B

	
0.06 ± 0.01 B




	
2018

	
1.13 ± 0.36 A

	
0.21 ± 0.01 A

	
1.29 ± 0.23 A

	
0.33 ± 0.06 A

	
0.10 ± 0.01 A




	
Interaction

	
Ns

	
<0.05

	
<0.05

	
Ns

	
Ns








In each subcolumn, data marked with different lowercase or uppercase superscript letters differ significantly at p ≤ 0.05 according to the post hoc pairwise comparisons with Tukey adjustment for the familywise error.
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Table 4. Micronutrients in A. arguta fruit. Main effects of two-way ANOVA. Data present means (±SD, n = 3) obtained in the subsequent years depending on the cultivar.






Table 4. Micronutrients in A. arguta fruit. Main effects of two-way ANOVA. Data present means (±SD, n = 3) obtained in the subsequent years depending on the cultivar.





	
Group

	
Micronutrients (mg/kg DW)




	

	
Fe

	
Mn

	
Zn

	
Cu

	
B






	
Geneva




	
2015

	
24.8 ± 0.9

	
13.3 ± 1.7

	
9.97 ± 1.68

	
5.42 ± 0.51 b

	
15.5 ± 0.6




	
2016

	
22.0 ± 1.0

	
18.0 ± 3.6

	
5.90 ± 1.21

	
4.97 ± 0.67 b

	
15.1 ± 0.5




	
2018

	
23.6 ± 1.1

	
15.0 ± 0.7

	
6.93 ± 0.46

	
8.50 ± 1.15 a

	
22.2 ± 0.6




	
Weiki




	
2015

	
41.8 ± 4.6

	
20.6 ± 1.1 a

	
13.27 ± 2.50

	
6.84 ± 0.71 b

	
17.4 ± 0.7




	
2016

	
35.1 ± 12.3

	
13.6 ± 2.4 b

	
7.17 ± 1.18

	
6.03 ± 1.15 b

	
13.8 ± 0.7




	
2018

	
28.7 ± 2.2

	
10.3 ± 0.1 b

	
8.22 ± 0.42

	
9.27 ± 0.98 a

	
21.6 ± 0.4




	
Bingo




	
2015

	
23.0 ± 0.6

	
9.2 ± 0.4

	
9.12 ± 0.56

	
4.35 ± 0.53

	
16.5 ± 0.6




	
2016

	
23.1 ± 4.3

	
9.1 ± 5.3

	
7.87 ± 4.56

	
4.47 ± 1.51

	
14.1 ± 0.7




	
2018

	
18.6 ± 0.9

	
8.3 ± 2.7

	
6.38 ± 0.65

	
4.35 ± 0.88

	
21.1 ± 3.0




	
Anna




	
2015

	
32.1 ± 2.4

	
22.1 ± 2.0 a

	
12.30 ± 0.10

	
5.80 ± 0.45 b

	
17.0 ± 0.5




	
2016

	
22.9 ± 3.8

	
9.6 ± 5.0 b

	
5.33 ± 2.68

	
5.87 ± 1.67 b

	
14.0 ± 0.8




	
2018

	
25.6 ± 1.7

	
14.2 ± 3.8 b

	
8.11 ± 0.96

	
9.97 ± 1.30 a

	
22.5 ± 0.6




	
Global cultivar effect (2015, 2016, and 2018)




	
Geneva

	
23.5 ± 1.5 B

	
15.4 ± 2.9 A

	
7.60 ± 2.12

	
6.30 ± 1.81 A

	
17.6 ± 3.5




	
Weiki

	
35.2 ± 8.7 A

	
14.8 ± 4.8 A

	
9.55 ± 3.15

	
7.38 ± 1.68 A

	
17.6 ± 3.4




	
Bingo

	
21.6 ± 3.1 B

	
8.8 ± 3.0 B

	
7.79 ± 2.61

	
4.39 ± 0.92 B

	
17.3 ± 3.5




	
Anna

	
26.9 ± 4.8 B

	
15.3 ± 6.4 A

	
8.58 ± 3.35

	
7.21 ± 2.33 A

	
17.8 ± 3.8




	
Year effect




	
2015

	
30.4 ± 8.0 A

	
16.3 ± 5.7 A

	
11.16 ± 2.19 A

	
5.60 ± 1.04 B

	
16.6 ± 0.9 B




	
2016

	
25.8 ± 8.1 AB

	
12.6 ± 5.2 B

	
6.57 ± 2.59 B

	
5.33 ± 1.30 B

	
14.3 ± 0.8 C




	
2018

	
24.1 ± 4.1 B

	
11.9 ± 3.5 B

	
7.41 ± 0.99 B

	
8.02 ± 2.46 A

	
21.9 ± 1.5 A




	
Interaction

	
Ns

	
<0.01

	
Ns

	
<0.05

	
Ns








In each subcolumn, data marked with different lowercase or uppercase superscript letters differ significantly at p ≤ 0.05 according to the post hoc pairwise comparisons with Tukey adjustment for the familywise error.
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