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Abstract

:

‘Ganlv 1’ is a new cultivar of Actinidia eriantha selected from the wild natural population, which has the advantages of moderate taste, high yield, easy peeling and high ascorbic acid (AsA) content. In this study, ‘Ganlv 1’ was used to explore the changes in fruit quality, soluble sugar components, sucrose metabolism-related enzymes activities and sucrose metabolism-related enzyme genes’ expression during the fruit’s development. The results showed that, except for AsA, the changes in the fruit quality index and fruit growth and development during the development of ‘Ganlv 1’ basically exhibited the same trend. The fruit shape index was different in the different development stages of the fruit, and tended to be stable with fruit growth and development. The dynamic changes of the dry matter content indicated that the best time for fruit harvest was about 160 days after full bloom. The main sugar components in the fruit were fructose, glucose and sucrose, and sucrose and glucose were the main sugars in the soft-ripening stage. The trend of sucrose accumulation, the activities of the sucrose metabolism-related enzymes and the expression of the sucrose metabolism-related genes indicated that 130–145 days after full bloom (DAFB) might be the critical period of sucrose metabolism. The results are of great significance for clarifying the developmental characteristics and dynamic changes in the sugar components in A. eriantha fruits, and lay a foundation for further studying of the mechanism of sugar metabolism in A. eriantha.
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1. Introduction


Actinidia eriantha Benth. is a perennial deciduous vine of the genus, Actinidia. The surface of A. eriantha is covered with a layer of white fluff, and its emerald green flesh is rich in flavor and nutrients. Compared with A. chinensis and A. deliciosa, A. eriantha has stronger adaptability and stress resistance. Its high content of AsA is the most striking characteristic of A. eriantha, and 100 g of its fresh fruit contains as much as 596–1397 mg of AsA, which is three to four times that of A. chinensis [1]. Therefore, A. eriantha is a special germplasm resource for cultivating new varieties of kiwifruit with a high AsA content. In addition, A. eriantha has the characteristics of easy peeling after soft ripening, a long shelf life, and other characteristics which have high scientific research and economic value. China has abundant germplasm resources of A. eriantha, and many new cultivars of a good quality have been bred, such as ‘White’ and ‘Ganmi 6’ [2,3]. ‘Ganlv 1’ is a new cultivar selected from the natural population of wild A. eriantha by our group. It has the advantages of moderate taste, good yield and high AsA content, and has a high potential for development and utilization. However, the dynamic changes in the fruit quality and sugar components during the development of ‘Ganlv 1’ fruits are still unclear.



The fruit quality is mainly determined by the exterior and internal quality of the fruit. The exterior quality mainly includes the fruit color, fruit weight, freshness, fruit shape index and other indicators, while the internal quality is mainly determined by a variety of fruit inclusions, such as the soluble solids content, total acid, sugar components, nutrients, flavor and so on. At present, many studies have been carried out to determine and evaluate the fruit quality of A. eriantha. For example, by comparing the effects of different harvest maturity on the postharvest fruit quality and storage of A. eriantha ‘White’, the results showed that the fruit should be harvested, as far as possible, before 165 days after full bloom [4]. The three main components of the comprehensive evaluation of fruit quality were identified by analyzing the quality of wild A. eriantha, and the diversity of the fruit quality of different wild A. eriantha was revealed [5]. The comprehensive analysis of the fruit quality of wild A. eriantha showed that there were great differences in the fruit quality indexes, among which the coefficient of variation of single fruit weight was the largest (>33%), while the coefficient of fruit transverse and soluble solids was relatively small (11% and 11.91%, respectively), indicating that the fruit traits of wild A. eriantha had a rich genetic diversity [6,7]. Based on the BBCH (Biologische Bundesantalt, Bundessortenamt and Chemische Industrie) measurement method, a standard model for systematically describing the growth and development of the ‘White’ fruit was constructed, and the characteristics of fruit morphology, growth and development, as well as the accumulation and dynamic changes of the carbohydrate and organic acid in fruit, from anthesis to senescence, were studied [8]. In addition, the dynamic changes in the soluble sugars, titratable acid and ascorbic acid contents during the fruit development of ‘Ganmi 6’ and other A. eriantha fruits were also examined [9,10,11]. These studies are helpful to understand the growth and development characteristics and fruit quality of A. eriantha.



Sugar is an important basis for the formation of fruit flavor quality. The metabolism and accumulation of sugar in fruit are important factors affecting the fruit quality. The types and quantity of sugars determine the quality of the fruit to a large extent. The soluble sugars accumulated in the fruits of horticultural plants are mainly sucrose, fructose and glucose [12,13]. However, in the process of fruit growth and development, the types and contents of the sugars in the fruits of different horticultural plants are different to some extent. For example, the fruit of the wolfberry (Lycium barbarum L.) was rich in total sugars and fructose, and the predominant sugars at the maturity of the fruit were fructose and glucose [14]. In the determination of the sugar components of 86 apple varieties, it was found that the soluble sugar in the apple fruits was mainly fructose, and the content of sucrose (92.7%) in most of the varieties was higher than that of glucose [15]. The main components of sugar in grapes were glucose and fructose, and the content of sucrose was lower [16]. During the development of the ‘White’ fruit, the content of fructose was the highest, followed by glucose, and the content of sucrose was the lowest [8]. The sucrose content of ‘Ganmi 6’ was higher than that of glucose and fructose in the early stages of fruit development, while the content of fructose was the highest, followed by glucose and sucrose in the late stages of fruit development [17].



In this study, the fruit quality, sugar components and sugar metabolism-related enzyme activities of the new A. eriantha cultivar ‘Ganlv 1’ during fruit development were detected and analyzed to reveal the dynamic changes in fruit quality and sugar metabolism-related mechanism characteristics of ‘Ganlv 1’. The results will lay a foundation for further understanding the fruit development characteristics, fruit quality formation mechanisms and the development and utilization of the new varieties of A. eriantha.




2. Materials and Methods


2.1. Experimental Materials


The experimental material of A. eriantha ‘Ganlv 1’ was collected from the germplasm resource nursery of the Kiwifruit Research Institute of Fengxin County, Jiangxi Province. The fruit samples were picked on 3 June 2019, which was 25 days after full bloom (DAFB), and the fruits were collected every 15 days for a total of 13 times. Thirty fruits of the same size and with no damage were collected randomly at each time point. The samples at the soft-ripening stage (fruit firmness reached 1.0 kg·cm−2) were collected separately to the fruit ripening stage. The fruits collected each time were randomly divided into three groups, and each group contained 10 fruits, which represented the three repetitions of the experiment. After measuring the appearance quality, the collected fruit samples were placed at room temperature until naturally soft and ripe (fruit firmness reached 1.0 kg·cm−2). Then, the epidermis of the soft, ripe fruit samples was removed, and the outer and inner pericarps were chopped and immediately frozen with liquid nitrogen. Finally, the samples were stored in a refrigerator at −80 °C for later use.




2.2. Measurement of Fruit Physiological Quality


The fruit shape index and single fruit weight were measured immediately after the kiwifruit samples were collected, and other fruit quality indexes were determined after the natural soft ripening at room temperature. The appearance qualities during the fruit development, including longitudinal diameter, transverse diameter and lateral diameter, were measured using vernier calipers. The fruit shape index was obtained by calculating the ratio of the longitudinal and transverse diameters. The single fruit weight was measured using an analytical balance. The soluble solids content (SSC) was determined using a digital hand-held pocket refractometer (model PAL-1, ATAGO, Tokyo, Japan). The dry matter (DM) content was determined by drying a 5 mm slice from the equatorial central transverse section of the fruit at 55 °C for about 24 h until constant weight. The content of titratable acid (TA) was determined by acid-base titration [18]. The content of vitamin C was determined by the 2,6-dichloroindophenol titration method [18]. The soluble sugar content was determined by the anthrone colorimetry method [18].




2.3. Determination of Sugar Components


The sugar components were determined by improved high-performance liquid chromatography (HPLC). About 4 g of the frozen pulp was accurately weighed from each sample, ground into homogenate under liquid nitrogen, and then transferred into a 15 mL centrifuge tube. After adding 5 mL of 80% ethanol, the centrifuge tube was placed in a water bath at 35 °C for about 25 min, then centrifuged at 1000 rpm at room temperature for 15 min, and the supernatant was transferred to a volumetric flask. The residue was extracted repeatedly three times, and finally, the supernatant was combined and the volume was fixed to 25 mL. One mL of the supernatant was dried by rotary evaporation and then 1 mL of ddH2O was added to dissolve. Afterward, the fully dissolved solution was filtered by a filter with a diameter of 13 mm and an aperture of 0.44 μm. The obtained filtrate was used for the determination of the sugar content by HPLC. Each sample was repeated three times.



Analytical chromatographic separations were carried out on a Waters Spherisorb NH2 column (4.6 mm × 250 mm, 5.0 μm). The mobile phases were composed of acetonitrile and ddH2O (7.8:2.2, v/v). The injection volume was 20 μL and the flow rate was set at 1.0 mL/min. The temperature of the column was kept at 35 °C. The RID (differential refraction detector) was used for detection.




2.4. Determination of Enzymes Activities Related to Sugar Metabolism


The key enzymes of the plant fruit sugar metabolism pathways were selected to determine the activities of these enzymes, including vacuolar acid invertase (VIN), neutral invertase (NI), sucrose synthase (SS), sucrose phosphate synthase (SPS) and cell wall-bound invertase (CWIN). These enzyme activities were measured using plant Enzyme-Linked Immunosorbent Assay (ELISA) kits (MEIMIAN, Yancheng, China), in accordance with the manufacturer’s instructions.




2.5. Expression Analysis of Genes Related to Sugar Metabolism


The sugar metabolism-related genes NI, VIN, SS, SPS and CWIN of A. eriantha were searched from the Kiwifruit Genome Database (KGD) (http://kiwifruitgenome.org/, accessed on 8 October 2019) [19], and the corresponding gene sequences were found. The specific amplified primers were designed using Primer 3 (version 0.4.0), and synthesized by Tsingke Biological Technology (Beijing, China). The detailed information of the primers are shown in Table 1, and the kiwifruit Actin gene was used as a reference gene.



The total RNA of the ‘Ganlv 1’ fruit at each stage was extracted by the Quick RNA isolation kit of Waryong, according to the manufacturer’s instructions. The quality of RNA was detected by agarose gel electrophoresis, and the qualified RNA was used for subsequent reverse transcription. The total RNA was used as a template and the cDNA was synthesized using Takara reverse transcription kit (PrimeScriptTM RT reagent Kit with gDNA Eraser) (Takara, Dalian, China), according to the manufacturer’s instructions. The gene expression analysis was performed by real-time fluorescence quantitative PCR (qRT-PCR) on the Applied Biosystems StepOne RT-PCR system. The RT-PCR reaction system was 20 μL, including TB Green Premix Ex Taq (Tli RNaseH Plus) (Takara, Dalian, China) 10 μL, forward primer (10 μmol/L) 0.5 μL, reverse primer (10 μmol/L) 0.5 μL, RNase free water 8 μL and cDNA 1 μL. The procedure was performed as follows: pre-denaturation at 95 °C for 30 s; denaturation at 95 °C for 5 s; annealing at 60 °C for 30 s; return to step 2; 40 cycles completed. Finally, the melt curve was drawn at 95 °C for 5 s and 64 °C for 30 s. Each sample was repeated in three biological replicates. The relative expression of genes was calculated by the method of 2−ΔΔCT.




2.6. Data Analysis


Microsoft Excel 2010 software was used for the preliminary analysis of the experimental data and the corresponding trend chart was made. SPSS v23.0 software was used to analyze the difference significance of the data (one-way ANOVA, Duncan’s test).





3. Results


3.1. Dynamic Changes of Appearance Quality-Related Indexes of ‘Ganlv 1’ during Fruit Development


The measurement results of the appearance quality indexes of A. eriantha ‘Ganlv 1’ at the different development stages are shown in Table 2. The vertical diameter of the fruit began to increase rapidly 25 DAFB, and the growth trend slowed down after 40 DAFB, entering the slow growth stage (Table 2). The growth patterns of the fruits’ transverse diameter and lateral diameter were basically the same, and the rapid growth period of the fruits’ transverse diameter and lateral diameter was from 25 DAFB to 85 DAFB, and then entered the slow growth period (Table 2). The fruit shape index increased rapidly during the period of 25 DAFB to 40 DAFB, then decreased rapidly during the period of 40 DAFB to 85 DAFB, and the fruit shape index increased slowly after 85 DAFB and tended to be stable (Table 2). During the early stages of fruit growth (25–40 DAFB), the rate of vertical growth was much higher than that of transverse growth, indicating that the vertical growth of the fruit was faster at this time and the fruit became longer. With the growth of the fruit, the trend of vertical growth slowed down and the trend of transverse and lateral growth increased, indicating that the fruit was thickening rapidly during this period. During the whole process of the fruit growth, the length of the transverse and lateral diameters was much smaller than that of the vertical diameter, which was consistent with the long cylindrical shape of the A. eriantha.



As the volume of the fruit increased, the weight of the fruit also rapidly increased. The fruit weight of ‘Ganlv 1’ began to increase rapidly after 25 DAFB. During the period of 145–175 DAFB, the fruit entered a slow growth period (Table 2). At the late period of fruit growth (175–190 DAFB), the fruit entered the pre-harvest expansion stage, and the vertical diameter, transverse diameter and lateral diameter of the fruit increased in varying degrees, the fruit shape index decreased, and the fruit weight also increased significantly. In the soft-ripening stage, the vertical, transverse and lateral diameter of the fruit decreased significantly, the fruit shape index increased and fruit mass decreased significantly. This may be due to more evaporation of water during the soft-ripening stage, resulting in fruit shrinkage. In addition, it could also be due to either dry weather or nutrient decomposition.




3.2. Dynamic Changes in Dry Matter and Soluble Solid Content in A. eriantha ‘Ganlv 1’ during Fruit Development


The content of dry matter (DM) increased during the fruit development. The DM content increased slowly in the early stages of fruit growth (85–115 DAFB), but increased sharply from 115 DAFB to 145 DAFB (Figure 1a). The DM content increased slowly during the period from 145 DAFB to 160 DAFB but decreased briefly from 160 DAFB to 175 DAFB, and then increased again, and finally reached the maximum value of 19.55% at the soft-ripening stage (Figure 1a).



The soluble solid content (SSC) also maintained an increasing trend during the whole fruit development period. Although the SSC decreased briefly in the early stage (85–100 DAFB), the SSC increased after that (Figure 1b). The SSC increased slowly from 100 DAFB to 160 DAFB, then increased rapidly after 160 DAFB, and reached the maximum value of 15.91% in the soft-ripening stage (Figure 1b).




3.3. Determination of Titratable Acid and AsA Contents in ‘Ganlv 1’ during Fruit Development


The titratable acid content of ‘Ganlv 1’ during fruit development is shown in Figure 2a. The titratable acid content of the fruit increased gradually from 25 DAFB to 70 DAFB, and then decreased slightly from 70 DAFB to 100 DAFB. During the period of 100 DAFB to 115 DAFB, the titratable acid content began to rise again and fluctuated in a small range from 115 DAFB to 160 DAFB. After 160 DAFB, the titratable acid content showed a rapid upward trend and reached the maximum value in the soft-ripening stage (Figure 2a). In general, although the content of titratable acid fluctuated in a small range during the fruit development, the content of titratable acid was in an overall upward trend.



The changes in the AsA content in ‘Ganlv 1’ are shown in Figure 3b. The AsA content decreased continuously from 25 DAFB to 55 DAFB, and increased briefly from 55 DAFB to 70 DAFB, followed by a sharp decrease from 70 DAFB to 100 DAFB. During the period of 100 DAFB to 115 DAFB, the AsA content increased slightly, and then began to decrease until it gradually stabilized after 145 DAFB, and there was a slight increase in the AsA content in the soft-ripening stage (Figure 2b). During the fruit development of ‘Ganlv 1’, the content of AsA generally showed a downward trend, but overall it can still be seen that the AsA content of A. eriantha is very high.




3.4. Change of Soluble Sugar Components in ‘Ganlv 1’ during Fruit Development


During the fruit development, the soluble sugar content fluctuated slightly before 160 DAFB, but the overall trend was increasing. It began to grow rapidly after 160 DAFB, and reached the maximum in the soft-ripening stage (Figure 3a).



The changes in the soluble sugar components (glucose, sucrose and fructose) during fruit development were determined by HPLC. The content of glucose and fructose increased greatly from 25 DAFB to 40 DAFB, and then the fructose content increased slowly, while the glucose content decreased (Figure 3b). The fructose content began to increase rapidly after 160 DAFB and reached the maximum value in the soft-ripening stage. The glucose content increased slightly at about 100 DAFB, but then immediately decreased and tended to be stable. It began to increase rapidly after 160 DAFB, and the increase rate was much higher than the fructose, and the final glucose content was higher than fructose (Figure 3b). In the early stages of fruit development (25–40 DAFB), the sucrose content decreased slightly, then tended to be stable, and began to increase rapidly at about 130 DAFB. Finally, the sucrose content was close to the glucose content and higher than the fructose content (Figure 3b). On the whole, the content of glucose, fructose and sucrose were relatively low and changed little in the early stages of the fruit growth. The sucrose began to increase at about 130 DAFB, glucose and fructose began to increase at about 160 DAFB, at which time the fruit began to accumulate sugar rapidly.




3.5. Changes of Soluble Sugar-Related Metabolic Enzyme Activities during Fruit Development


The changes in the soluble sugar-related metabolic enzyme activities during the fruit development of ‘Ganlv 1’ are shown in Figure 4. The VIN activity underwent a process almost opposite to that of sucrose synthase (SS) and sucrose phosphate synthase (SPS). In the early stages of the fruit development, the activity of VIN decreased first and then increased, and reached the highest value at 130 DAFB. Then, it began to decline in a fluctuation pattern and reached the lowest value at about 190 DAFB, but there was a rapid upward trend in the soft-ripening period (Figure 4a). The activity of the soluble neutral invertase (NI) showed a gradual decline from 25 DAFB to 70 DAFB, and it then showed continuous fluctuations from 70 DAFB to 130 DAFB, and reached the lowest value at around 130 DAFB. Then, it began to fluctuate during the period of 130 DAFB to 190 DAFB, and increased significantly in the soft-ripening stage (Figure 4b). The SPS enzyme activity first increased and then decreased in the early stages of fruit development, forming a trough at 70 DAFB, and then began to rise again. It began to decrease at 100 DAFB and reached the lowest point at 130 DAFB. Then, it began to show an upward trend, and showed a slow downward trend again from 175 DAFB to the soft-ripening stage (Figure 4c). The SS enzyme activity maintained a relatively high level during the fruit growth period. From 25–130 DAFB, the SS enzyme activity showed a fluctuating downward trend and decreased to the lowest value at about 130 DAFB, and then increased rapidly from 130 DAFB to 145 DAFB. It showed a fluctuating upward trend during the period from 145 DAFB to 190 DAFB, and showed a downward trend in the soft-ripening stage (Figure 4d). The activity of CWIN decreased during the fruit development. The CWIN activity changed drastically during the 25–160 DAFB period and reached the lowest value at about 160 DAFB. During the period of 160 DAFB to the soft-ripening period, the CWIN activity increased slowly and then decreased gradually (Figure 4e).




3.6. Gene Expression Analysis of Soluble Sugar Metabolism-Related Enzymes during Fruit Development


The VIN3 and VIN5 are genes related to vacuolar acid invertase, which is also called soluble acid invertase (AI) [20]. The expression level of the VIN3 gene was extremely low in the early stages of fruit development (25–100 DAFB), but relatively high in the middle and late stages (115 DAFB to the soft-ripening stage), and reached the maximum at 175 DAFB (Figure 5a). The expression level of the Vin5 gene was the highest at 25 DAFB, then began to decline rapidly, followed by a rapid downward trend, and dropped to the lowest point at 55 DAFB. The expression of this gene increased slowly from 55 DAFB to 100 DAFB, then began to decrease and maintained a lower expression level in the following stages (Figure 5b).



The NIN1, NIN2 and NIN3 are the NI-related genes. The expression level of NIN1 was the highest at 25 DAFB, and then decreased rapidly afterward (Figure 5c). The NIN2 has a high level of expression in all of the stages of fruit development, with the highest expression level at 25 DAFB, and a relatively high expression level at 85 and 145 DAFB (Figure 5d). The expression of NIN3 was also the highest at 25 DAFB, and was relatively higher at 70 and 100 DAFB (Figure 5e).



The SPS1 had a higher expression level in the middle and late stages of fruit development, among which the expression level was the most prominent at 100 DAFB, 145 DAFB and the soft-ripening stage (Figure 5f). The expression level of SPS2 was the highest at 25 DAFB, then decreased rapidly, and increased in the later stages of fruit development (145 DAFB to the soft-ripening stage) (Figure 5g). The expression level of SPS5 was also the highest at 25 DAFB, and then decreased rapidly. The expression level of SPS5 remained relatively high at 70–115 DAFB, and then decreased rapidly (Figure 5h).



The expression level of the SS1 gene was higher at 25 DAFB and 85 DAFB, while the expression levels in the other stages were much lower than these two periods (Figure 6a). The expression patterns of SS2, SS4 and SS5 were basically the same (Figure 6b–d). They all had the highest expression level at 25 DAFB, and then the expression level decreased rapidly and remained at a very low expression level (Figure 6b–d).



The expression levels of the three CWIN genes were the highest at 25 DAFB, but the expression levels were different at subsequent stages. For example, for CWIN1, in addition to 25 DAFB, it also had a relatively high expression level at 85 DAFB, and then the expression level decreased (Figure 6e). The CWIN3 had a relatively high expression level at 40 DAFB, 55 DAFB, 70 DAFB and in the soft-ripening stage (Figure 6f). The expression level of CWIN4 reached its maximum only at 25 DAFB, and then decreased rapidly and leveled off (Figure 6g).





4. Discussion


A. eriantha has strong disease resistance, high-temperature resistance, easy peeling, a long shelf life, is rich in AsA, and thus has great economic character and nutritional value. In this study, the dynamic changes in the fruit quality, sugar composition and content, sucrose synthesis-related enzyme activities and the related gene expressions of the new A. eriantha cultivar ‘Ganlv 1’ during fruit development were detected and analyzed.



The detection results of the fruit appearance quality of ‘Ganlv 1’ showed that the ‘Ganlv 1’ fruit increased rapidly in the early stages of development, and, although there was a slow increase in the middle stages, it was not obvious (Table 2). The study of the development characteristics of ‘White’ showed that the development of ‘White’ showed a ‘double S’ curve [8]. However, in this study, the fruit development of ‘Ganlv 1’ presented an approximate ‘double S’ curve change. The difference may be caused by the different characteristics of the varieties, or by the difference in certain factors, such as the climate and environment during fruit development. The size and weight of the fruit decreased during the soft-ripening process after picking, which might be due to fruit water loss or nutrient decomposition, suggesting the importance of postharvest preservation of A. eriantha. The result of the fruit shape index showed that the fruit shape index of ‘Ganlv 1’ was basically stable between 1.7–2.5 during the fruit development period, and the fruit shape index was relatively high in the early stages. At this time, the fruit was relatively slender, and the fruit shape index tended to be stable with the development and maturity of the fruit.



The dry matter content is an important index to evaluate the flavor quality of fruit after ripening. By measuring the dry matter content of the fruit at different developmental stages, the ripeness of the fruit can be preliminarily judged and the optimal time for harvesting can be determined [21]. In addition, as an important indicator of fruit quality, the dry matter content also affects the fruit flavor and texture of kiwifruit [22]. The dry matter content of ‘Ganlv 1’ increased slowly in the early stages, and then sharply from 115 DAFB to 145 DAFB (Figure 1). In the later period (145–160 DAFB), it was in a relatively stable increasing trend and reached a peak of 18.26% at 160 DAFB (Figure 1). After 160 DAFB, it decreased briefly and then began to rise again, to reach the maximum value of 19.55% in the soft-ripening period. The changes in the dry matter content at different stages of ‘Ganlv 1’ fruit development indicated that the best harvesting time of the ‘Ganlv 1’ fruit was about 160 DAFB, which is consistent with that of ‘White’ and ‘Ganmi 6’. Previous studies have shown that ‘White’ harvested before 165 DAFB has a better nutritional and flavor quality [4,8], and the fruit growth period of ‘Ganmi 6’ fruit is 165 days [3]. The dry matter content of ‘White’ and ‘Ganmi 6’ were 17.9% and 17.3% [3,23], while the dry matter content of ‘Ganlv 1’ at 160 DAFB (18.26%) and the soft-ripening stage (19.55%) was higher than that of ‘White’ and ‘Ganmi 6’, indicating that ‘Ganlv 1’ has a very high dry matter content and its flavor and texture may also be better than these two varieties. Previous studies have shown that kiwifruit genotypes with high dry-matter content usually have higher SSC [22,24]. In this study, the SSC of ‘Ganlv 1’ was 15.91%, which was higher than that of ‘Ganmi 6’ (13.6%) [3], and was close to that of ‘White’ (16.0%) [23], which is consistent with the previous studies.



A. eriantha ‘Ganlv 1’ was rich in AsA. Although the content of the AsA decreased during fruit development, the AsA content increased in the soft-ripening stage. On the whole, the changing trend in the AsA content during the fruit development of ‘Ganlv 1’ was basically consistent with that of ‘Ganmi 6’ [9]. The content of AsA in the soft-ripening stage of ‘Ganlv 1’ was 7.09 mg/g, which was lower than that of ‘Ganmi 6’ (7.23 mg/g) [3], and higher than that of ‘White’ (6.28 mg/g) [23].



‘Ganlv 1’ had high soluble sugar content. The soluble sugar content of ‘Ganlv 1’ showed an overall upward trend during fruit development, but there was a large fluctuation in this process, which was somewhat inconsistent with the dynamic change trend of soluble sugar in ‘White’ and ‘Ganmi 6’ [8,9]. Before 160 DAFB, the content of the soluble sugar components in ‘Ganlv 1’ fruit remained at a low level with no obvious dynamic change, and the content of fructose was higher than that of sucrose and glucose during this period (Figure 3).After 160 DAFB, with the ripening of the fruit, the starch in the fruit began to degrade gradually, and the content of soluble sugar components (including sucrose, fructose and glucose) also began to accumulate gradually (Figure 3). In the soft-ripening stage, the content of glucose was the highest, followed by sucrose, and the content of fructose was the lowest. The changing trend in the soluble sugar content in ‘Ganlv 1’ during the fruit development and soft-ripening stage was basically similar to that of ‘White’ [8,25]. However, the content of total soluble sugar in ‘White’ and ‘Ganmi 6’ were 9.00% and 6.30% [3,23], respectively, which were lower than that of ‘Ganlv 1’ (9.74%). During the development of the ‘White’ fruit, the soluble sugar content was mainly accumulated by fructose and glucose, the sucrose content was always lower than glucose and fructose, and the fructose content was the highest [8]. Moreover, the study on the sugar metabolism of ‘White’ during storage showed that the glucose content was the highest, fructose was the second, and sucrose was the lowest [25]. However, the contents of these three sugars were relatively close, and the sucrose content was the highest in A. chinensis ‘Hort16A’ [26]. During the late growth stages of A. deliciosa ‘Hayward’, the starch began to degrade and the soluble sugar content increased rapidly, accumulating a large amount of sucrose, fructose and glucose in the late stages of the fruit development, mainly in fructose and glucose accumulation, the sucrose content was the lowest and the fructose content was the highest [27]. During the postharvest ripening process of A. delicia, the accumulation of glucose and fructose was always more than that of sucrose, and the accumulation of glucose was the highest [28]. The differences between the soluble sugar content and soluble sugar component content among the different varieties reflected the different sugar metabolism characteristics among the different varieties, which also reflected the diverse flavor of kiwifruit varieties.



The accumulation and changes in the sucrose content and the activities of sucrose-related metabolic enzymes and gene expression during fruit growth and development revealed the main period of sucrose metabolism in ‘Ganlv 1’. During the early stages of the fruit growth and development (25–130 DAFB), the sucrose content remained at a low level, while after 130 DAFB, the sucrose content began to increase rapidly (Figure 4b), indicating that the main period of sucrose accumulation began at 130 DAFB. The sucrose synthesis-related enzymes (SS and SPS) catalyze the synthesis of sucrose, among which SPS enzyme activity is highly positively correlated with sucrose content, while sucrose invertases (VIN, NI and CWIN) degrade sucrose into glucose and fructose [29,30]. In this study, the SS and SPS activities were all lowest at 130 DAFB, and then increased rapidly during 130–145 DAFB. The sucrose invertase VIN activity decreased significantly during 130–145 DAFB (Figure 4). Although the NI and CWIN enzyme activities showed an upward trend during this period, their enzyme activities were much lower than those of other enzymes (Figure 4). The changing trend of the sucrose metabolism-related enzyme activities suggested that the period of 130–145 DAFB was favorable for the accumulation of sucrose. The expression trend of some of the sucrose metabolism-related enzyme genes was correlated with the trend of the sucrose metabolism-related enzyme activity changes. For example, the expression levels of SPS1, SPS2, SPS5, NIN2 and NIN3 were all lower at 130 DAFB, but increased at 145 DAFB to varying degrees (Figure 5 and Figure 6).



Plant sugar metabolism-related genes mostly exist in the form of gene families. For example, 6, 5, 17 and 11 SS genes were identified in peach (Prunus persica) [31], grape (Vitis vinifera) [32], pear (Pyrus bretschneideri) [33] and apple (Malus domestica) [34], respectively. Two VIN genes and five CWIN genes were identified in peach [35] At present, seven SS genes have been identified in A. deliciosa ‘Hayward’ [36], but the number of SS genes in A. eriantha is not clear. This study only analyzed the expression of four SS genes in ‘Ganlv 1’, which could not fully clarify the role of SS genes in sucrose metabolism. In future work, clarifying the members of the SS gene family and other sugar metabolism-related gene families will play an important role in understanding the mechanism of sugar metabolism in A. eriantha.




5. Conclusions


In conclusion, the dynamic changes in the fruit quality, the activities of the sucrose metabolism-related enzymes and the expression of the sucrose metabolism-related genes during the development of A. eriantha ‘Ganlv 1’ were detected and analyzed. The results clarified the dynamic characteristics of the fruit development of ‘Ganlv 1’, indicating that the best harvest time for ‘Ganlv 1’ was at about 160 DAFB. The main sugar components in the ‘Ganlv 1’ fruit were fructose, glucose and sucrose, among which glucose and sucrose were the most important sugars in the soft-ripening stage of the fruit. The analysis of the sucrose accumulation trend, sucrose metabolism-related enzyme activities and sucrose metabolism-related genes expression analysis indicated that 130–145 DAFB was the critical period for fruit sugar accumulation and metabolism. The results laid a foundation for clarifying the growth and development characteristics of A. eriantha fruit and the related mechanism of sugar metabolism.
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Figure 1. Dynamic changes of dry matter content and soluble solid content during fruit development of A. eriantha ‘Ganlv 1’. (a) Changes of dry matter content during fruit development of ‘Ganlv 1’; (b) Changes of soluble solid content during fruit development of ‘Ganlv 1’. 
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Figure 2. Dynamic changes of titratable acid content and ascorbic acid content during fruit development of A. eriantha ‘Ganlv 1’. (a) Changes of titratable acid content during fruit development of ‘Ganlv 1’; (b) Changes of ascorbic acid content during fruit development of ‘Ganlv 1’. 
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Figure 3. Dynamic changes of soluble sugar content and sugar component content during fruit development of A. eriantha ‘Ganlv 1’. (a) Changes of soluble sugar content during fruit development of ‘Ganlv 1’; (b) Changes of sugar component content during fruit development of ‘Ganlv 1’. 
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Figure 4. Changes in activities of sugar metabolism relative enzyme during fruit development of A. eriantha ‘Ganlv 1’, including VIN (a); NI (b); SPS (c); SS (d); CWIN (e). 
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Figure 5. Expression patterns of sucrose metabolism-related genes over A. eriantha ‘Ganlv 1’ fruit development, including VIN3 (a); VIN5 (b); NIN1 (c); NIN2 (d); NIN3 (e); SPS1 (f); SPS2 (g) and SPS5 (h). 
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Figure 6. Expression patterns of sucrose metabolism-related genes over A. eriantha ‘Ganlv 1’ fruit development, including SS1 (a); SS2 (b); SS4 (c); SS5 (d); CWIN1 (e); CWIN3 (f) and CWIN4 (g). 
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Table 1. Primers used for quantitative real-time PCR.
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	Gene
	Forward Primer (5′→3′)
	Reverse Primer (5′→3′)





	CWIN1
	GCCGAAAGGCTACATCAGTCA
	TCACTGCACATAAGCACCACATAC



	CWIN3
	CAAGTCCAAAACCTAGCCGTG
	CAAGCAGTGGTGGGGTCTCT



	CWIN4
	GGCTAACCTTGAAGAGTACACACC
	AGCATCAGAGCACATGAGAACC



	VIN3
	TTCGGCAGAGAAATGGGCT
	GTCATAGAATGTCTTTGATGCGTAG



	VIN5
	CAAGTCCAAAACCTAGCCGTG
	CAAGCAGTGGTGGGGTCTCT



	NIN1
	ACTTTATCGGTAATGTCGGTCCT
	CGGGAGTTGCCAATGACG



	NIN2
	TGCCGAGAGCCGTTTACTG
	AGCATCTTCGCCACCAAATAG



	NIN3
	GGAATGTCAGCCCTGCGAG
	TCAGGAGTTGCCAAAGATGCTA



	SPS1
	AAGCGGGGACACTGACTACG
	GAAAGAGGGTAGGTTCTGTTGGC



	SPS2
	TTGTCTGAAGGAGAGAAGGGAG
	ATTGGAAAAGTTACGCTGGAA



	SPS5
	CAAAGCCGAGATGAAGAAGATG
	CCTCCACCACTGTCAACCCA



	SS1
	GCATTGCTGATACGAAGGG
	CGACTATGATTTCCGCTGGT



	SS2
	GGGAAAACGGGTTAGAGCAG
	AAACACCACGAAGAGCAGGG



	SS4
	TCAGAGATATTCCAGGCACCG
	TCAGAGATATTCCAGGCACCG



	SS5
	CAAGAATCATCGCAGACGGA
	GAGTGAGGGCAAGAAGTGTAAGC



	Actin
	GCTCCACCTGAGAGGAAATAC
	CGAAATCCACATCTGTTGAAAG
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Table 2. Dynamic changes of fruit appearance quality-related indexes of A. eriantha ‘Ganlv 1’.
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	Stages

(DAFB)
	Vertical Diameter (mm)
	Transverse Diameter (mm)
	Lateral Diameter (mm)
	Single Fruit Weight

(g)
	Fruit Shape Index





	25
	28.77 ± 2.34 i
	15.14 ± 2.9 h
	14.7 ± 2.42 g
	2.320 ± 0.841 j
	1.9 ± 0.18 c



	40
	40.17 ± 3.58 h
	17.3 ± 1.09 g
	16.53 ± 0.65 f
	6.597 ± 1.158 i
	2.32 ± 0.28 a



	55
	41.56 ± 2.65 gh
	19.05 ± 1.56 f
	18.3 ± 1.54 e
	8.538 ± 1.362 h
	2.18 ± 0.13 b



	70
	41.27 ± 2.82 gh
	22.62 ± 3.14 e
	21.52 ± 2.47 d
	10.349 ± 1.362 g
	1.82 ± 0.22 cdef



	85
	42.22 ± 3.48 g
	24.2 ± 3.54 cd
	22.76 ± 3.40 cd
	11.580 ± 2.252 g
	1.74 ± 0.34 fg



	100
	42.59 ± 3.44 fg
	24.82 ± 1.20 bcd
	23.81 ± 1.39 abc
	13.066 ± 2.695 f
	1.72 ± 1.60 g



	115
	44.11 ± 2.71 ef
	25.26 ± 1.69 bc
	24.62 ± 2.52 ab
	15.809 ± 2.223 e
	1.75 ± 0.17 efg



	130
	44.62 ± 4.31 de
	24.91 ± 2.27 bcd
	23.43 ± 1.71 bc
	16.555 ± 2.976 de
	1.79 ± 0.24 defg



	145
	46.46 ± 4.46 cd
	24.94 ± 2.56 bcd
	23.82 ± 1.90 abc
	17.560 ± 3.901 bcd
	1.86 ± 0.29 cde



	160
	47.84 ± 2.84 bc
	26.04 ± 2.52 ab
	24.07 ± 1.37 abc
	18.132 ± 1.196 bc
	1.84 ± 0.26 cdef



	175
	48.5 ± 2.01 b
	25.46 ± 2.32 bc
	23.27 ± 2.32 bc
	18.363 ± 2.832 b
	1.91 ± 0.17 cd



	190
	51.24 ± 4.91 a
	27.18 ± 1.94 a
	25.16 ± 3.29 a
	21.982 ± 5.741 a
	1.89 ± 0.13 cd



	Soft-ripening stage
	49.05 ± 3.20 b
	25.8 ± 2.29 bc
	23.14 ± 2.11 c
	19.695 ± 2.702 ab
	1.93 ± 0.13 c







Letters in the table indicate the level of difference significance.
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