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Abstract

:

In order to better understand the changes in fruit quality and soluble sugar components in wild Actinidia eriantha at the soft ripening stage, this study explored the fruit quality indexes, soluble sugar components, sucrose metabolism-related enzyme activities and the expression of sucrose metabolism-related enzyme genes in wild A. eriantha germplasm resources. The results showed that the fruit quality of wild A. eriantha at the soft ripening stage was quite different, and the coefficient of variation of fructose content was the largest, followed by sucrose and glucose. Principal component analysis and systematic clustering analysis showed that the comprehensive performance of fruit quality indexes of M28 and M10 was the most prominent. The accumulation and composition of soluble sugar components in different wild A. eriantha varieties (lines) were not consistent. The activities of sucrose metabolism enzymes among wild A. eriantha varieties (lines) were different to some extent. The sucrose metabolism-related enzyme genes among wild A. eriantha germplasm resources had different expression patterns. The results will contribute to understanding the fruit quality changes and the mechanism of sugar metabolism in wild A. eriantha at the soft ripening stage, and lay a foundation for the protection and utilization of wild A. eriantha germplasm resources.
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1. Introduction


Actinidia eriantha Benth., which belongs to the Actinidia genus of Actinidiaceae, is a perennial deciduous woody liana that is native to China [1]. The inflorescence and fruit surface of A. eriantha are densely covered with white or grayish-white short hairs, and is the most important morphological feature of A. eriantha that distinguishes it from other Actinidia species [2]. The fruit of A. eriantha is usually long and cylindrical, with dark green flesh that is easy to peel when the fruit is ripe [3]. Among the plants of the genus Actinidia, the size of A. eriantha fruit is only smaller than that of the main varieties of A. chinensis and A. deliciosa. The fruit of A. eriantha is rich in nutrition; the ascorbic acid (AsA) content is especially high. The AsA content in 100 g fresh flesh of the fruit is as high as 500–1379 mg, which is 3–4 times higher than that of commercial cultivars of A. chinensis [4]. In addition to its edible value, A. eriantha also has certain medicinal value. For example, its root extract has been shown to have anti-tumor, anti-oxidative and immune regulatory effects, and is used in traditional Chinese folk medicine [5,6]. In addition, compared with A. chinensis and A. deliciosa, A. eriantha has stronger adaptability, stress resistance, moisture resistance and heat resistance, with especially better resistance than the other varieties to Pseudomonas syringae PV. actinidiae (PSA) [7,8,9,10]. These excellent comprehensive characteristics indicate that A. eriantha is a kind of characteristic health fruit worthy of development and utilization.



A recent study has shown that A. eriantha originated from the hilly region of Zhejiang-Fujian, China. After repeated expansion and differentiation, the range of A. eriantha was expanded to the vast hilly areas south of the Yangtze River, such as Jiangxi, Hunan, Guizhou, Guangdong, Guangxi and Yunnan [11]. The wild A. eriantha population has been shown to have high genetic diversity, and contains abundant genetic variation [11,12,13], which can provide rich and valuable candidate materials for A. eriantha breeding. Therefore, the collection and evaluation of wild A. eriantha germplasm resources will be able to breed new varieties (lines) with excellent quality, and will also be beneficial to the protection and utilization of A. eriantha germplasm resources. At present, many studies have conducted a comprehensive evaluation of the fruit quality (including fruit appearance and flavor qualities) of wild A. eriantha germplasm resources [14,15,16,17,18]. On this basis, a number of new varieties (lines) of A. eriantha with excellent comprehensive quality have been screened and cultivated from wild A. eriantha germplasm resources, such as ‘Bidan’ [19], ‘White’ [20], ‘Ganmi 6’ [21] and ‘Ganlv 1’ [22].



Sugar is an important component of fruit flavor quality and nutrients, and also an important factor that affects fruit post-ripening quality. The fruit of A. eriantha is a typical respiratory climacteric fruit, and its photosynthetic products are mainly stored and accumulated in the fruit in the form of starch, which will gradually decompose and convert into soluble sugars during the process of post-harvest ripening [23]. Sucrose, fructose and glucose are the three main soluble sugars in fruit, which are the main components of fruit quality and sugar composition. Among them, sucrose is necessary to maintain cell metabolism and cell wall biosynthesis, and can be converted into starch for storage and subsequent use [24]. The main form of the photosynthetic product of most fruit trees (including Actinidia species) is sucrose, which is transported into the fruit through the phloem, and participates in the metabolism and accumulation of substances in fruit growth and development [24,25,26]. Sucrose metabolism is an important link in fruit sugar accumulation, and the activities of enzymes that are related to sucrose metabolism directly affect the accumulation, transportation and transformation of sugar in fruits, mainly including sucrose invertases and sucrose synthases. Sucrose invertases, including vacuolar acid invertase (VIN), neutral invertase (NI) and cell wall-bound invertase (CWIN), catalyze the degradation of sucrose to glucose and fructose; meanwhile, sucrose synthases, including sucrose synthase (SS) and sucrose phosphate synthase (SPS), catalyze the synthesis of sucrose [27]. Sucrose metabolism-related enzyme genes in plants usually exist in the form of gene families, and the number of gene family members varies in different species. For example, seven SS genes were identified in A. deliciosa ‘Hayward’, while only six SS genes were identified in A. chinensis ‘Hongyang’ and A. eriantha ‘White’ [28,29]. In addition, six and three SPS genes were also identified in ‘Hongyang’ and ‘White’, respectively [29].



In our previous study, we investigated the dynamic changes in fruit quality and sugar component content during fruit development in A. eriantha ‘Ganlv 1’ with high sucrose content [30]. In this study, ‘Ganlv 1’ was used as the control to further study the fruit quality characteristics, sugar content, sucrose metabolism-related enzyme activities and related gene expression patterns in different varieties (lines) of wild A. eriantha at the soft ripening stage. The results of this study will lay a solid foundation for the breeding of excellent A. erianha varieties (lines), as well as for the protection and utilization of wild A. eriantha germplasm resources.




2. Materials and Methods


2.1. Materials and Sample Collection


The experimental materials were wild A. eriantha varieties (lines) collected in Jiangxi Province, China, with relatively good comprehensive characters. These materials were grafted and preserved in a kiwifruit germplasm resource nursery in Fengxin County, Jiangxi Province, China. The excellent strain ‘Ganlv 1’ of A. eriantha, growing in the same germplasm resource nursery, was used as the control (CK). The fruits were sampled during the picking period in November 2020, and 15 to 20 pest- and disease-free fruits of the same size were randomly picked from each variety or line. The fruits were placed in the laboratory under normal temperature conditions until they were naturally soft-ripened. After soft ripening, the outer pericarp was removed, then the inner pericarp was chopped and quick-frozen with liquid nitrogen; finally, the chopped inner pericarp was stored at −80 °C for later use.




2.2. Determination of Fruit Quality


The single fruit weight, fruit vertical diameter, fruit horizontal diameter, fruit lateral diameter and fruit shape index were determined immediately after the fruit samples were picked. The determination of other fruit quality indexes was carried out when the fruit firmness reached 1.0~1.2 kg·cm−2 after ripening and softening at room temperature. Fruit firmness was determined using a TA-XT Plus texture analyzer. The single fruit weight was weighed using an electronic balance. The fruit vertical diameter, fruit horizontal diameter and fruit lateral diameter were measured using electronic digital calipers, and the ratio of vertical diameter to horizontal diameter was the fruit shape index. The dry matter content (DM) was determined by the drying-weighing method. Thin slices of peeled flesh were taken from the middle part of the fruit and laid flat in a dry petri dish. Fresh weight was weighed and dried at 65 °C until the weight was constant. The dry matter content is the percentage of dry weight to fresh weight. The content of soluble solids (SSC) was measured by an ATAGO (PAL-1) handheld digital glucometer. The content of titratable acid was determined by the acid-base neutralization titration method, and the ASA content was determined by the 2,6-dichloroindophenol method. The specific operation methods were referenced from the experimental manual [31].




2.3. Determination of Soluble Sugar and Sugar Components


The total soluble sugar content of the fruit was determined by the anthrone colorimetric method, and the specific operation protocols were shown in the operation manual [31]. The sugar components were determined by a modified HPLC method, and the sample preparation and chromatographic conditions were the same as described in the previous study [30].




2.4. Determination of Sucrose Metabolism-Related Enzyme Activities


Each sample was weighed for about two grams of flesh and ground with liquid nitrogen, then used for the determination of sucrose metabolism-related enzyme activities. The activities of sucrose metabolism-related enzymes, including VIN, NI, SS, SPS and CWIN, were determined using the plant enzyme-linked immunosorbent assay (ELISA) kits (MEIMIAN, Yancheng, China). The VIN was determined using a plant acid invertase kit (KT5045-B), NI by a plant neutral invertase kit (KT8107-B), SS by a plant sucrose synthase kit (KT5043-B), SPS by a plant sucrose phosphate synthase kit (KT5044-B) and CWIN using a plant cell wall invertase kit (KT50250-B). Each specific determination method was carried out in accordance with its respective manufacturer’s instructions.




2.5. Expression Analysis of Genes Related to Sucrose Metabolism


The sequences of sucrose metabolism enzyme-related genes (VIN, NI, SS, SPS and CWIN) were downloaded from the Kiwifruit Genome Database [32], and the qRT-PCR primers were designed using Primer 3 (v 0.4.0) and synthesized by Tsingke Biological Technology (Beijing, China). The kiwifruit Actin gene was used as an internal reference gene. The primer sequence information was the same as that used in the previous study [30]. Fruit RNA extraction and qRT-PCR procedures were also referred to from the previous study [30].




2.6. Data Processing and Analysis


Data processing and analysis were performed using Microsoft Excel 2010 (Redmond, DC, USA) and SPSS v23.0 (Chicago, IL, USA). Analyses of variance (one-way ANOVA and Duncan’s new complex range method) and principal component analysis were performed using SPSS software v23.0. The data were normalized by using the membership function method before the principal component analysis [33]. The comprehensive Dn score was calculated according to the previous calculation method [33].





3. Results


3.1. Analysis of Fruit Appearance Quality of Wild A. eriantha with Different Varieties (Lines)


The measurement results of fruit appearance indexes in wild A. eriantha of different varieties (lines) are shown in Table 1. The single fruit weight was distributed in the range of 7.37 g (M8) to 30.00 g (CK), with a mean value of 17.67 g and a coefficient of variation of 37.13% (Table 2). The single fruit weight of CK was the largest (Table 1). Compared with the control, the single fruit weight of wild A. eriantha was lower than that of CK. Among these wild A. eriantha, the single fruit weights of the three varieties (lines) of M10, M11 and M12 all exceeded 20.00 g, which were 23.34 g, 22.50 g and 21.82 g, respectively, and all were higher than the average (Table 1 and Table 2). The single fruit weights of other wild-type varieties (lines) were all less than 20.00 g. The fruit shape index ranged from 1.48 (M6) to 2.43 (M28). The fruit shape indexes were all greater than 1, with the average value being 1.83, and the coefficient of variation was 14.21% (Table 2). M10 and M28 were higher than the control (1.99), and were 2.08 and 2.43, respectively. The fruit shape indexes of other wild-type varieties (lines) were all lower than that of the control (Table 1). Based on indexes such as single fruit weight and fruit shape index, M10 performed better and was suitable to be reserved as a dominant resource. The appearance quality indexes of other varieties (lines) of wild A. eriantha showed no special performance.




3.2. Changes in SSC and DM Content in Different Wild A. eriantha Varieties (Lines)


The determination results of SSC and DM content in different varieties (lines) of A. eriantha are shown in Figure 1. In these A. eriantha varieties (lines), the SSC ranged from 7.12% (M6) to 16.31% (CK), with an average of 11.25% and a coefficient of variation of 23.29% (Table 2). Compared with the control, the SSC of the wild A. eriantha varieties (lines) was lower than that of the control. Among them, the SSC in both M10 and M30 was higher than those of other varieties (lines), while its content in M6 and M20 was relatively low (Figure 1a). In addition, the SSC content in other varieties (lines) showed little difference (Figure 1a).



The variation trends in DM for different varieties (lines) of wild A. eriantha were similar to those for SSC. The DM content of these varieties (lines) varied from 12.75% (M12) to 19.27% (CK), with an average of 15.20% and a coefficient of variation of 13.95% (Table 2). The DM content of the control was still the highest (19.27%), followed by the M10 and M30 varieties, and the DM content in M6 and M20 was still low (Figure 1b). The DM content in other varieties (lines) was similar (Figure 1b).




3.3. Changes in Titratable Acid and AsA Content in Wild A. eriantha Fruit of Different Varieties (Lines)


The variations in titratable acid content in wild A. eriantha of different varieties (lines) at the soft ripe stage are shown in Figure 2a. The titratable acid content in these varieties (lines) varied from 0.68% (M10) to 1.25% (M30), with an average of 1.05% and a coefficient of variation of 15.24% (Table 2). The titratable acid content in the M10 and M24 varieties was relatively low, while its content in M6, M8, M11 and M30 was relatively high; the titratable acid content in other varieties (lines) was relatively consistent.



The variations in AsA content in the soft ripe fruit of wild A. eriantha varieties (lines) are shown in Figure 2b. The content of AsA ranged from 4.47 mg/g (M8) to 7.70 mg/g (M7), with a mean value of 5.85 mg/g and a coefficient of variation of 16.75% (Table 2). Compared with the control, the AsA content in M8, M10 and M30 was relatively lower, while its content in M6, M7 and M28 was higher. The AsA content in the other samples was similar to that of the control.




3.4. Changes in Sugar Components in Wild A. eriantha of Different Varieties (Lines)


The changes in sugar components for wild A.eriantha of different varieties (lines) at the soft ripe stage are shown in Figure 3a. The content of fructose in the A. eriantha samples ranged from 12.12 mg/g (M6) to 116.81 mg/g (M28), with an average content of 52.02 mg/g and a coefficient of variation of 56.94% (Table 2). The fructose content in M6, M8 and M30 was relatively low, while the fructose content in the M10 and M28 varieties was relatively high. The variation range in glucose content was 8.70 mg/g (M6) to 63.53 mg/g (M10), with an average of 37.69 mg/g and a coefficient of variation of 38.95% (Table 2). The glucose content in M6, M28 and M30 was relatively low; the glucose content in M10 was the highest; and the glucose content of the remaining samples was similar. The sucrose content in the A. eriantha samples varied from 13.13 mg/g (M10) to 71.53 mg/g (M8), with an average value of 35.27 mg/g and a coefficient of variation of 54.27% (Table 2). The sucrose content in the M10, M11 and M28 varieties was relatively low, while that in M7 and M8 was relatively high. The two samples with the highest sum of the three main soluble sugar contents (fructose, glucose and sucrose) were M28 and M10, which were 160.23 mg/g and 159.58 mg/g, respectively, while M6 and M30 had the lowest total soluble sugar contents of 42.53 mg/g and 80.59 mg/g, respectively (Figure 3a). The soluble sugar content levels in the other samples were relatively close, all exceeding l10 mg/g (Figure 3a).



Distributions in the proportions of sugar components to the total soluble sugar content in the fruit of different wild A. erianth samples are shown in Figure 3b. The proportion of fructose to total soluble sugar ranged from 13% to 73%, among which M8 fructose had the lowest proportion (13%), while M28 fructose accounted for the highest proportion (73%). The proportion of fructose in the total soluble sugar of M10, M11, M12, M20, M28 and CK exceeded that of glucose and sucrose. The proportion of glucose in total soluble sugar ranged from 18% to 38%, with M28 (18%) being the lowest and M13 (38%) the highest. Only M13 had more glucose than fructose and sucrose. The proportion of sucrose in total soluble sugar ranged from 8% to 53%, with the lowest and highest values being M10 and M8, respectively. The proportion of sucrose in four samples (M6, M7, M8 and M30) exceeded that of fructose and glucose (Figure 3b).




3.5. Principal Component Analysis and Comprehensive Evaluation of Different Varieties (Lines) of Wild A. eriantha at the Soft Ripening Stage


Principal component analysis of fruit quality index data for different varieties (lines) of wild A. eriantha at the soft ripening stage was carried out after normalization by membership function. The results showed that the initial eigenvalues of the first three components were all greater than one, and their cumulative variance contribution rate reached 74.491%; that is, the information contained in the first three principal components reflected most of the information for fruit quality traits (Table 3). Among them, the contribution rate of the first principal component was 40.543%, and the main representative indexes were single fruit weight, fruit shape index, soluble solids content, dry matter, fructose and titratable acid. The contribution rate of the second principal component was 18.107%, and the main index was AsA. The contribution rate of the third principal component was 15.841%, and the third principal component was determined by glucose and sucrose (Table 3).



The contribution rate of each principal component was taken as the weight, and then the cumulative sum of the scores of the first three principal components for each sample and the product of the corresponding weight was calculated; finally, the comprehensive score value Dn was obtained. The higher the Dn value, the better the comprehensive quality performance. The comprehensive Dn score and ranking results of each wild A. eriantha sample are shown in Table 4. Among them, M28, M10 and CK ranked as the top three in the comprehensive score (Dn > 0.5) (Table 4), indicating that these three samples had better comprehensive fruit quality.




3.6. Systematic Cluster Analysis of Fruit Quality of Wild A. eriantha Samples


The fruit quality traits of the 11 wild A. eriantha samples were analyzed by systematic cluster analysis. The samples could be divided into four categories when the Euclidean distance was 16 (Figure 4). And the first category (I) mainly included CK, M11, M12, M13 and M20, which had higher single fruit weight, similar AsA content and higher sucrose content. The second category (II) mainly included M10 and M28, which had the most prominent comprehensive fruit quality traits. The third category (III) mainly included M6 and M30, which had lower single fruit weight and higher titratable acid content, with the comprehensive quality being poor. The fourth category (IV) mainly included M7 and M8, which had the highest sucrose content (Figure 4).




3.7. Analysis of Sucrose Metabolism-Related Enzyme Activities in Wild A. eriantha of Different Varieties (Lines)


The detection results of sucrose metabolism-related enzyme activities in different varieties (lines) of wild A. eriantha at the soft ripening stage are shown in Figure 5. For the VIN enzyme, the enzyme activities in M6 and M8 were higher, followed by M20, CK and M7, while the enzyme activities in other samples showed little difference (Figure 5a). The NI enzyme activities of the A. eriantha samples were generally low (enzyme activity was less than 0.4 U/g), among which M6, M7 and M8 enzyme activities were higher, followed by M13; M20 enzyme activity was the lowest, and the rest of the samples were relatively close (Figure 5b). The activity of M8 SPS enzyme was the highest, while that for other samples was basically the same (Figure 5c). The SS enzyme activity for different A. eriantha samples are shown in Figure 5d, from which it can be seen that the overall content of SS enzyme activity was high. Among them, the SS enzyme activities in M8, M7, M6 were relatively higher, while that in M13 was the lowest. The SS enzyme activity in other samples remained basically stable (Figure 5d). It can be seen from Figure 5e that the CWIN enzyme activity in A. eriantha samples was relatively low (all enzyme activities were lower than 0.8 U/g), in which M8 enzyme activity was the highest, while that in the M13 and CK varieties was the lowest.




3.8. Expression Analysis of Sucrose Metabolism-Related Enzyme Genes in Wild A. eriantha of Different Varieties (Lines)


The gene expressions of sucrose metabolism-related enzymes in fruits of different wild A. eriantha cultivars (lines) at the soft ripening stage are shown in Figure 6 and Figure 7. As shown in Figure 6a, the expression levels of the VIN3 gene in M6 and M10 were relatively high, followed by M13, while the expression levels in M8 and M28 were the lowest. The expression levels of VIN3 in other samples were relatively low and close. The expression level of the VIN5 gene in M20 was the highest, followed by M11 and M6, and the expression levels of the VIN5 gene in other samples remained at a relatively low level (Figure 6b). Both NIN1 and NIN2 genes had the highest expression levels in sample M10, while the expression levels of these two genes were lower in other samples (Figure 6c,d). The expression level of the NIN3 gene was the highest in M30, and the lowest in M8 and M20, and the expression level of this gene was more consistent in other samples (Figure 6e). The expression level of the SPS1 gene was the highest in CK, followed by M10, and was relatively low and consistent in the other samples (Figure 6f). The expression level of the SPS2 gene was the highest in M20, followed by M10 and CK, and the expression level was lower in the other samples (Figure 6g). The expression level of the SPS5 gene was higher in M6 and M7, followed by M13, M11, M12 and CK, while its expression level was lower in the remaining samples (Figure 6h). The four SS genes (SS1, SS2, SS4, SS5) had similar expression patterns. These four SS genes were all expressed at the highest level in the M20 sample, followed by M8 and M11, while their expression levels were lower in the remaining samples (Figure 7a–d). The expression of the CWIN1 gene was the highest in M12, followed by M20, M11 and M30, while the expression of the gene was lower in other samples (Figure 7e). The expression of the CWIN3 gene was the highest in M11 and M20, followed by M7, M8 and M10, and the expression of the CWIN3 gene was low in other samples (Figure 7f). The expression level of the CWIN4 gene was the highest in M11, followed by M20 and M30, while its expression was low in other samples (Figure 7g).





4. Discussion


A. eriantha has special economic properties and nutritional values such as extremely high AsA content, strong disease resistance, easy peeling and long shelf life, and has great potential for development and utilization. A. eriantha naturally originated and was distributed in China, with abundant germplasm resources. In recent years, through the exploitation and utilization of wild A. eriantha germplasm resources, a number of new varieties of A. eriantha with outstanding characteristics have been bred. For example, ‘White’, with its easy-to-peel large fruit, has been widely used in commercial cultivation [34], along with ‘Ganmi 6’ with its easy peeling fruit and ‘Ganlv 1’ with its high sucrose content fruit [21,22]. However, most of the wild A. eriantha fruit are small, low in sugar and high in acid, and the appearance quality of the fruit is poor. It is possible to select the varieties (lines) of A. eriantha that have excellent comprehensive characters through resource exploration and comprehensive evaluation of wild A. eriantha germplasm resources. In this study, different varieties (lines) of wild A. eriantha and the variety ‘Ganlv 1’ with its high sucrose content were used to study the fruit quality and sugar metabolism characteristics of different wild A. eriantha varieties (lines). The results will provide a reference for the selection and breeding of excellent wild A. eriantha varieties.



The coefficient of variation reflects the dispersion degree of traits, and is the concrete embodiment of the genetic diversity of traits. The larger the coefficient of variation of the trait, the greater the dispersion degree of the trait, indicating that the genetic background of the trait is richer, and that the selection space during breeding is also greater. On the contrary, the smaller the coefficient of variation, the smaller the discrete degree of the trait is, indicating that the stability of the trait is better [35]. The previous results of fruit quality determination and variation analysis of wild A. eriantha germplasm resources showed that the coefficients of variation among different fruit traits were quite different [15,16,17]. In this study, the variation coefficients of the 12 fruit traits of the selected wild A. eriantha varieties (lines) were all above 10.0%, with a variation of 11.74–56.94%, indicating that the fruit quality of these different A. eriantha varieties (lines) also had great variation. Among these fruit traits, the fructose content had the largest coefficient of variation, reaching 56.94%, followed by sucrose and glucose, which were 54.27% and 38.95%, respectively. The single fruit weight and soluble solids also had relatively large coefficients of variation, which were 37.13% and 23.29%, respectively. The coefficients of variation of other varieties were all less than 20%. The high coefficient of variation indicates that these wild A. eriantha germplasms have rich genetic diversity, which provides rich selection materials for the exploration of excellent germplasm resources, and could be expected to yield new varieties with excellent comprehensive traits through breeding.



The principal component analysis is a multivariate statistical analysis method that converts multiple indicators into a few irrelevant comprehensive indicators. Principal component analysis can be used to analyze important influencing factors from among multiple factors, which is suitable for the comprehensive analysis of multiple indicators [36]. At present, principal component analysis is widely used in the comprehensive evaluation of fruit quality [15,17,33,37,38]. In this study, principal component analysis was performed on nine fruit qualities. The principal component analysis results of the data transformed by the membership function method showed that the cumulative contribution rate of the first three principal components (eigenvalue > 1) was 74.491%, which basically reflects all the data. The first three principal components were transformed by the weighting method, and a comprehensive Dn score was obtained that could objectively reflect the fruit quality for different varieties (lines) of wild A. eriantha. The results showed that the samples with a Dn greater than 0.5 were M28, M10 and CK, indicating that the comprehensive fruit quality of these samples was excellent; this was consistent with the actual taste evaluation, and some characteristics of these samples were particularly prominent. For example, M28 had the highest fruit shape index of 2.43, and the highest fructose content of 93.79 mg/g. M10 had the lowest titratable acid and sucrose content (0.68% and 13.13 mg/g, respectively), while it had the highest glucose content (63.53 mg/g). The comprehensive quality of CK fruit was excellent in this study, which was consistent with previous results [22]. In addition, the wild A. eriantha samples in this study were divided into four categories by cluster analysis, and the clustering results may reflect the differences in fruit traits among different cultivars (lines) to a certain extent. Both principal component analysis and systematic cluster analysis indicated that M28 and M10 had excellent comprehensive traits, and could be used as breeding materials for continuous observation and evaluation.



Soluble sugar is an important component of fruit flavor quality and nutritional composition. The accumulation of sugar components in fruits has various types. For example, glucose content was the highest, followed by fructose and sucrose content being the lowest in A. eriantha ‘White’ after harvest [39]. The sucrose content of A. chinensis ‘Hort16A’ was the highest during the fruit ripening process, followed by fructose and glucose [40], while the A. deliciosa ‘Hayward’ mainly contained fructose and glucose, followed by sucrose in the later stage of fruit development [41]. Previous studies on pear [42], peach [43], wolfberry [44] and other fruits showed that the accumulation of soluble sugar components in fruits of different cultivated varieties was different to some extent. In this study, the results of the detection of soluble sugar components in the fruits for different varieties (lines) of wild A. eriantha at the soft ripe stage showed that the accumulation and composition of sugar components in the fruits of different varieties (lines) were not consistent. For example, M6, M7 and M8 mainly accumulated sucrose, followed by fructose and glucose; M10, M11 and M20 mainly accumulated fructose, followed by glucose and sucrose; and M13 mainly accumulated glucose, followed by fructose and sucrose (Figure 3).



Sucrose is an important nutrient element in fruit, and is also the main factor affecting fruit quality. The dynamic changes in sucrose content that occur during the fruit development in A. eriantha ‘Ganlv 1’ have been detected in previous research [30]. In this study, the changes in sucrose content for different varieties (lines) of wild A. eriantha were invested at the soft ripening stage. The results showed that M8 and M7 had the highest sucrose content, followed by M12, CK, M20 and M13. Sucrose content is closely related to the activity of sucrose-related metabolic enzymes. For example, the difference in SS enzyme activity during pear fruit development leads to differences in sucrose content among different cultivars of pear [42]. The activities of SS and SPS enzymes played a key role in sucrose accumulation in peach fruits [45]. Sucrose metabolism in apple fruit was mainly regulated by VIN and SS [46]. The activities of major enzymes (VIN, NI, SPS, SS and CWIN) involved in sucrose metabolism were examined in this study, and the results showed that these enzymes all had the highest activity in M8. Except for VIN, the enzyme activities of other enzymes in M7 were higher. The higher sucrose metabolism enzyme activity may be related to the high sucrose content of these two varieties. In addition, the activity of the SS enzyme was much higher than that of other enzymes, indicating that the SS enzyme may be an important enzyme in sucrose metabolism.



The expression levels of sucrose metabolism-related genes in different varieties (lines) of wild A. eriantha had certain differences. Previous studies have shown that kiwifruit begin to accumulate large amounts of sucrose, glucose and fructose at the late stage of fruit development. During this process, sugar metabolism-related enzyme genes showed different expression patterns [29,30,47]. This study examined the expression of sucrose metabolism-related enzyme genes in different wild A. eriantha cultivars (lines) at the soft ripening stage. The results showed that the expression patterns of sucrose metabolism-related enzyme genes were different in different varieties (lines). For example, the VIN3 gene was expressed at higher levels in M6 and M10, while the VIN5 gene was expressed at higher levels in M20 and M11. The expression levels of NIN1 and NIN2 in M10 were both high, while the expression level of NIN3 in M30 was high. The SPS1 gene was highly expressed in CK and M10, SPS was highly expressed in M20, CK and M10, and SPS5 was highly expressed in M6 and M7. The four SS genes (SS1, SS2, SS4 and SS5) had similar expression patterns, and all had higher expression levels in M20, M11 and M8. The expression level of CWIN1 was higher in M12 and M20, while the expression levels of CWIN3 and CWIN4 were higher in M11 and M20. The differences in gene expression levels of sucrose metabolism-related enzymes may be one of the reasons for the differences in sucrose accumulation in different wild A. eriantha fruits. The sucrose metabolism-related enzyme genes usually exist as gene families [28,29], but this study only analyzed the expression of some members of the gene family. Therefore, the expression patterns of all family members should be detected in future research, so that it is possible to identify the key genes affecting sucrose metabolism. In addition, the level of fruit sucrose accumulation involves the synergy of multiple pathways such as sucrose cleavage, resynthesis and transport [43]. In view of this, systematic identification and analysis of these pathway genes will improve the comprehensive understanding of sucrose metabolism in A. eriantha.




5. Conclusions


In conclusion, through the study of the fruit quality indexes for different varieties (lines) of wild A. eriantha at the soft ripening stage, it was found that the fruit quality of wild A. eriantha germplasm had rich diversity, and there were certain differences in fruit quality of different varieties (lines). The samples M10 and M28 with outstanding comprehensive characters were identified by principal component and comprehensive evaluation analyses, and these two samples were suitable for preservation for further research as high-quality wild planting resources. The contents of soluble sugar and the three main soluble sugar components (fructose, glucose and sucrose) were different among different varieties (lines) of wild A. eriantha. The detection of sucrose metabolism-related enzyme activity showed that the SS enzyme had higher activity, and may play an important role in sucrose metabolism. Different varieties (lines) of wild A. eriantha had different expression patterns of sucrose metabolism-related enzyme genes. The results of this study are of great significance to understanding fruit quality variation, soluble sugar accumulation characteristics, sucrose metabolism-related enzyme activity changes and related gene expression characteristics of wild A. eriantha resources at the soft ripening stage. These findings provide references for the analysis of fruit quality and identification of excellent germplasms of wild A. eriantha resources.
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Figure 1. Changes in soluble solid content (a) and dry matter content (b) in wild A. eriantha varieties (lines) at the ripening stage. The different letters in each figure indicate significant differences (p < 0.05), and the same letters indicate no significant difference (p > 0.05). 
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Figure 2. Changes in titratable acid content (a) and ascorbic acid (b) content in wild A. eriantha varieties (lines) at the ripening stage. The different letters in each figure indicate significant differences (p < 0.05), and the same letters indicate no significant difference (p > 0.05). 
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Figure 3. Changes in soluble sugar components (a) and the proportion of sugar components (b) in wild A. eriantha varieties (lines) at the ripening stage. The different letters shown in (a) indicate significant differences (p < 0.05), and the same letters indicate no significant difference (p > 0.05). 
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Figure 4. Cluster analysis of fruit quality for wild A. eriantha samples. 
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Figure 5. Changes in sucrose metabolism-related enzyme activities in wild A. eriantha of different varieties (lines) at the ripening stage, including VIN (a), NI (b), SPS (c), SS (d) and CWIN (e). The different letters in each figure indicate significant differences (p < 0.05), and the same letters indicate no significant difference (p > 0.05). 
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Figure 6. Expression analysis of sucrose metabolism-related enzyme genes in wild A. eriantha of different varieties (lines) at the soft ripening stage, including VIN3 (a), VIN5 (b), NIN1 (c), NIN2 (d), NIN3 (e), SPS1 (f), SPS2 (g) and SPS5 (h). The different letters in each figure indicate significant differences (p < 0.05), and the same letters indicate no significant difference (p > 0.05). 
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Figure 7. Expression analysis of sucrose metabolism-related enzyme genes in wild A. eriantha of different varieties (lines) at the soft ripening stage, including SS1 (a), SS2 (b), SS4 (c), SS5 (d), CWIN1 (e), CWIN3 (f) and CWIN4 (g). The different letters in each figure indicate significant difference (p < 0.05), and the same letters indicate no significant difference (p > 0.05). 
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Table 1. Fruit appearance quality indexes of wild A. eriantha of different varieties (lines).
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	Variety
	Longitudinal (mm)
	Transverse Diameter (mm)
	Lateral Diameter (mm)
	Single Fruit Weight (g)
	Fruit Shape Index





	M6
	36.11 g
	24.41 c
	22.11 def
	11.15 f
	1.48 g



	M7
	44.50 e
	25.17 c
	23.85 cd
	15.06 d
	1.77 e



	M8
	33.75 h
	20.2 e
	19.05 f
	7.37 g
	1.68 ef



	M10
	55.08 b
	26.51 b
	24.69 bcd
	23.34 b
	2.08 b



	M11
	49.67 c
	28.83 a
	26.66 abc
	22.50 b
	1.72 e



	M12
	50.38 c
	29.16 a
	26.94 ab
	21.82 b
	1.73 e



	M13
	46.87 d
	26.64 b
	29.01 a
	19.64 c
	1.76 e



	M20
	40.59 f
	25.39 bc
	22.86 de
	13.80 de
	1.6 f



	M28
	56.09 b
	23.09 d
	21.89 def
	17.67 c
	2.43 a



	M30
	40.90 f
	21.92 d
	20.70 ef
	12.04 ef
	1.87 d



	CK
	58.37 a
	29.37 a
	28.19 a
	30.00 a
	1.99 c







Note: the different letters in each column indicate significant differences (p < 0.05), and the same letters indicate no significant difference (p > 0.05).
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Table 2. The variation analysis of fruit quality indexes of wild A. eriantha.
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	Quality Index
	Minimum Value
	Maximum Value
	Average Value
	Standard Deviation
	Coefficient of Variation (%)





	Longitudinal (mm)
	33.75
	58.37
	46.57
	8.20
	17.61



	Transverse diameter (mm)
	20.2
	29.37
	25.52
	3.00
	11.76



	Lateral diameter (mm)
	19.05
	29.01
	24.18
	3.21
	13.28



	Single fruit weight (g)
	7.37
	30.00
	17.67
	6.56
	37.13



	Fruit shape index
	1.48
	2.43
	1.83
	0.26
	14.21



	Dry matter (%)
	12.75
	19.27
	15.20
	2.12
	13.95



	Soluble solids content (%)
	7.12
	16.31
	11.25
	2.62
	23.29



	Titratable acid content (%)
	0.68
	1.25
	1.05
	0.16
	15.24



	AsA (mg/g)
	4.47
	7.70
	5.85
	0.98
	16.75



	Fructose (mg/g)
	12.12
	116.81
	52.02
	29.62
	56.94



	Glucose (mg/g)
	8.70
	63.53
	37.69
	14.68
	38.95



	Sucrose (mg/g)
	13.13
	71.53
	35.27
	19.14
	54.27
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Table 3. Principal component analysis of fruit quality for different wild A. eriantha varieties (lines).
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	Quality Index
	Factor 1
	Factor 2
	Factor 3
	Factor 4
	Factor 5
	Factor 6
	Factor 7
	Factor 8
	Factor 9





	Fruit weight
	0.831
	0.226
	0.002
	−0.09
	0.238
	0.376
	−0.188
	0.068
	0.109



	Fruit shape index
	0.77
	0.301
	−0.003
	0.359
	−0.353
	−0.137
	0.067
	−0.135
	0.145



	Dry matter
	0.674
	−0.303
	−0.464
	0.07
	0.313
	−0.257
	0.125
	0.228
	0.042



	Soluble solids content
	0.741
	−0.339
	−0.43
	0.169
	0.102
	0.172
	0.083
	−0.24
	−0.133



	Titratable acid
	−0.738
	−0.004
	−0.32
	0.428
	−0.133
	0.311
	0.174
	0.159
	0.026



	AsA
	−0.046
	0.887
	0.115
	−0.087
	0.329
	0.003
	0.28
	−0.06
	−0.022



	Fructose
	0.695
	0.241
	0.528
	0.326
	−0.103
	−0.011
	−0.055
	0.19
	−0.156



	Glucose
	0.449
	−0.529
	0.543
	−0.302
	−0.156
	0.142
	0.291
	0.038
	0.037



	Sucrose
	−0.361
	−0.396
	0.579
	0.425
	0.425
	−0.033
	−0.019
	−0.105
	0.061



	Eigenvalues
	3.649
	1.63
	1.426
	0.739
	0.631
	0.374
	0.259
	0.21
	0.083



	Contribution rate (%)
	40.543
	18.107
	15.841
	8.215
	7.013
	4.155
	2.876
	2.328
	0.922



	Cumulative contribution rate (%)
	40.543
	58.65
	74.491
	82.706
	89.719
	93.874
	96.75
	99.078
	100
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Table 4. The principal component scores, comprehensive scores and ranking of fruit quality for wild A. eriantha.
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	Varieties (Lines)
	Factor 1
	Factor 2
	Factor 3
	Comprehensive Score
	Rank





	M28
	0.766
	1.809
	0.335
	0.928
	1



	M10
	1.617
	−0.814
	0.786
	0.850
	2



	CK
	1.659
	−0.394
	−0.831
	0.630
	3



	M8
	−0.093
	1.009
	0.022
	0.199
	4



	M12
	−0.131
	0.387
	0.460
	0.120
	5



	M13
	−0.042
	0.019
	0.194
	0.023
	6



	M11
	−0.183
	0.348
	0.061
	−0.002
	7



	M20
	−0.977
	−1.127
	1.870
	−0.408
	8



	M30
	−0.095
	−0.946
	−1.976
	−0.701
	9



	M6
	−1.602
	1.005
	−0.672
	−0.771
	10



	M7
	−0.920
	−1.296
	−0.249
	−0.869
	11
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