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Abstract

:

The aim of the research was to determine selected biochemical and physical characteristics and yielding of fruits in apple varieties (Malus domestica Borkh) such as Gala Schniga, Beni Shogun (Fuji) and Ligol, M.9 rootstock growing in the Wielkopolska region, Poland. high-performance liquid chromatography (HPLC) analysis revealed differences both in the profile and contents of soluble sugars and other metabolites detected in fruits of the tested apple varieties. The highest total saccharide content was found in fruits of cv. Gala Schniga, while leaves and shoots of this variety showed the lowest contents. Electron paramagnetic resonance (EPR) spectroscopy revealed the lowest contents of semiquinone radicals in apple fruits and the highest in leaves of apple trees. All organs of Schniga Gala apple trees were characterized by the highest levels of these radicals. Besides, gas chromatography-mass spectrometry (GC-MS) analysis of abscisic acid (ABA) revealed the highest levels of this molecule in shoots of apple trees, especially the Beni Shogun variety, while in fruits the levels were the lowest. Ligol fruits had the highest content of ABA. The percentage of injury observed after a low-temperature treatment and estimated on the basis of electrolyte leakage, was shown to be the lowest in fruits of the Beni Shogun variety. In turn, the lowest average yield of apple fruits was recorded for the Ligol and Fuji varieties, with the highest in the case of the Gala Schniga variety. At the same time, a significant variability in the average weight of fruits was observed; the highest average mass of fruits was recorded for the Ligol variety, while it was lowest for Gala Schniga. Additionally, firmness evaluation of the fruits revealed that the firmest fruits were harvested from Gala apple trees, before the Beni Shogun and Ligol varieties. A significant variability was recorded in the red blush on fruit surfaces of the tested varieties, with Ligol fruits having the weakest blush. Altogether, these results indicate that fruits of the analyzed apple varieties differed both in terms of their biochemical composition and physical characteristics.






Keywords:


Malus domestica; sugars; organic acids; sorbitol; semiquinone radicals; membrane injury index; abscisic acid; fruit yielding












1. Introduction


Biological properties of apple varieties are the basic factors determining the growth of trees, production and economic effects of their cultivation [1,2,3,4,5,6,7]. Therefore, the main goal of apple breeding programs is to obtain new apple genotypes characterized by high yields and good fruit qualities (shape, size, acidity, juiciness, sweetness, color) and low susceptibility/resistance of trees to fungal pathogens, as well as adaptation to climatic conditions of a given area [8,9,10,11,12,13]. In view of the above classical hybridizations performed, which involve not only major commercial cultivars but also some old local varieties and wild Malus species, the aim of apple breeding is to efficiently produce higher quality apples [9,14]. For example, advanced rootstock breeding programs combine molecular and conventional techniques to produce rootstocks that are dwarfing, productive, and tolerant to biotic and abiotic stresses. Foster et al. [15] showed how differing growing environments may modify the first expression of rootstock-induced scion dwarfing. It should be emphasized that among fruit trees, apples (Malus species) are important crops both in Poland and other countries worldwide, with an annual production in Poland in 2018 amounting to 3999.523 tons from 161.790 ha (data from FAOSTAT, Production of agricultural and horticultural crops in 2017, Warszawa 2018 https://stat.gov.pl/en/topics/agriculture-forestry/agricultural-and-horticultural-crops/). In turn, the total world production of apples in 2018 was 86142192 tons, an increase from approximately 4904305 ha (data from FAOSTAT). China, the United States, Turkey, Iran and Poland are the largest apple producers in the world, the latter country being the leading producer in Europe.



This paper highlights biochemical (profile and amounts of some metabolites, semiquinone radicals and abscisic acid levels and the release of electrolytes) and physical properties of apple fruits (mass and size), from Poland and those obtained in other countries, i.e., New Zealand and Japan.



Tang et al. [16] reported that the sugar content is one of the most important characteristics of fruits to ensure better customer experience, repeat purchases and it is one of the main attributes in quality grading of fruits [17]. Moreover, Aprea et al. [18] demonstrated that the search for increasing sweetness in apple breeding programs must take into account not only the sugar content, but also factors such as volatile compounds, texture parameters and polyphenols. Besides, due to the complexity of sweetness evaluation, malic acid and soluble solid content (SSC) are commonly used when assessing this trait. Different techniques have been proposed for sugar detection in apple fruits, e.g., chromatographic techniques such as gas chromatography (GC), high-performance liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), attenuated total reflectance spectroscopy in the mid-infrared region (ATR-MIR) coupled with chemometry [19,20], high-pressure capillary ion chromatography with pulsed amperometric detection [18] and, more recently, multispectral imaging [16]. In this study, metabolites (sugars, organic acids and total soluble solid contents) in fruits of various apple trees were identified and quantified using HPLC. In turn, sorbitol was determined by GC-MS. An important indicator ensuring a better definition of sweetness is provided by the ratio between single sugars (mainly sucrose, glucose and fructose), sorbitol and organic acids rather than the ratio between total sugar and organic acid content [18]. Apart from the above-mentioned metabolites, we also determined the level of abscisic acid (ABA). As reported by Krost et al. [21], different levels of growth-regulating hormones seem to be present in apples for a specified phenotype. For example, in Columnar apple trees, levels of ABA and gibberellin are low, whereas the ratio of auxins/cytokinins is high. It is known that ABA plays an essential role in various aspects of the plant growth [22] and that it regulates plant responses to environmental stresses [23], while also regulating organic substance translocation and metabolism in plants [24,25]. Numerous reports showed that ABA enhances the assimilate unloading in the phloem of economic sink organs such as fleshy fruits and crop grains [26]. It has been demonstrated that ABA significantly promotes sugar unloading into the fruits [27]. Besides, ABA strongly activates ATPases especially those in the phloem cells of apple fruits [26].



Moreover, this work is the first report revealing the generation of semiquinone radicals (of organic origin) in the organs of apple trees. Semiquinone and phenoxyl radicals in plant cells are formed as a result of the oxidation of hydroxyl groups of phenols and polyphenols [28] and their generation is positively associated with other markers of oxidation, such as protein carbonyls and total peroxides [28]. Additionally, incorporation of these radicals in polymers such as lignin by combining with reactive oxygen species as well as their many other functions in plant defense response to biotic stresses has been well-documented [29,30,31,32,33,34,35,36,37]. Otherwise, determination and comparison of the macro- and microelement contents in fruits the apple varieties analyzed here, have been presented in our previous work [38].



The present study was thus undertaken to investigate and compare biochemical and physical indicators of organs in M. domestica varieties such as Gala Schniga, Beni Shogun (Fuji) and Ligol, grafted onto M.9 rootstock growing in the Wielkopolska region (Poland). ‘М9’ is still the main rootstock used in European apple fruit growing. In parallel, the yield and fruit quality of the above apple varieties were estimated.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


This study was conducted in 2017 in an orchard at the Agricultural and Pomiculture Experimental Farm in Przybroda (geographical location: 52°31′ northern latitude and 16°38′ eastern longitude). The farm is located in the Wielkopolska Plateau, where proper lessive soils formed of loamy sands are found lying over light boulder clay, with the floatable fraction content of 17–20%. The groundwater table for most of the vegetation season was 180–220 cm below the ground. The study was conducted on Ligol, Gala Schniga and Beni Shogun (Fuji) apple trees grafted on the M.9 virus-free rootstock, planted in 2009 at a 3.5 × 1 m spacing (number of trees: 2857 trees·ha−1). The soil management system applied was herbicide fallow in rows of trees, which were 1.25 m wide, and sward in the interrows of 2.25 m in width. Apple trees were trained as spindles on an espalier with annual pruning as recommended. Fertilization and plant protection procedures were performed in accordance with the recommendations for commercial orchards. Due to poor fruit setting in the vegetation season of 2017, no fruitlet thinning was applied.




2.2. Description of Climatic Conditions


Climatic conditions were characterized based on data recorded at the weather station located in the Przybroda orchard. It results from these data that the winter of 2016/2017 was mild. The lowest real minimum temperature recorded in January was −15.5 °C. January was also the coldest winter month with a mean temperature of −2.7 °C, which was by 1.9 °C lower in comparison to the multiannual mean for that month (Table 1).



The spring of 2017 was cool, as indicated by lower mean temperatures in April and May (Figure 1). This contributed to poor bee flights and lesser fruit setting. The summer was also cold, as shown by lower mean temperatures in comparison to the multiannual mean. Lower temperatures were accompanied by greater rainfall. July was the month with the most abundant rainfall. In that month the total precipitation was by as much as 103.6 mm greater in comparison to the mean total precipitation for that month in the years 1982–2012 (Table 1). Despite considerable rainfall, as it results from Figure 1, in the vegetation period the so-called dry spells were experienced in April and May as well as August and September.



Moreover, as reported by Sofla et al. [14], other important objectives in apple breeding include adaptation to climatic conditions, tree growth habit and tree vigor, duration of juvenility and time of flowering. To ensure the greatest possible cropping, high and consistent yields of fruits uniform in size, shape and color for many years, fruit producers not only strive to improve tree training and orchard nutrition, but also use scion-rootstock combinations [39,40,41]. For example, Webster [42] reported that many rootstocks are used to propagate temperate fruit trees and improve tree vigor, beginning of fruit-bearing, tree productivity, fruit quality and adaptability to different environmental conditions. For over two thousand years, superior fruit tree genotypes have been grafted onto rootstocks thus ensuring the genetic identity of desirable scions [43]. Recently, molecular techniques have been used to identify genes controlling interactions between scions and rootstocks.




2.3. Determination of Total Saccharide Content


Fruits (a total of 50) were collected from each experimental variant. 1-cm fragments were cut, from the skin deep into the mesocarp of pulp. Plant material (500 mg) was homogenized in 1.5 mL distilled water at 4 °C. The homogenate was centrifuged at 15,000 g and 4 °C for 15 minutes. 1 mL of the supernatant was added to 2 mL of cooled 0.02 anthrone reagent in sulfuric acid and heated at 90 °C for 14 minutes [44]. Under the influence of sulfuric acid, saccharides are converted into furfural derivatives, which together with anthrone, yield blue and green products. After incubation, the mixture was stirred and cooled. Absorbance was measured at 620 nm with a Jasco V-530 UV- spectrophotometer (JASCO Corp., Tokyo, Japan). The content of saccharides was calculated from a standard curve prepared for glucose. The final results, which were the means of four replicates for each experimental variant from one experiment, were expressed in mg of glucose per g of fresh weight.




2.4. Determination of Soluble Sugars and Organic Acids by HPLC


For the determination of sugars and organic acids, lyophilized and homogenized apple fruits (approximately 500 mg) were used and for each replicate. For the extraction of sugars, the plant material was boiled in 80% ethanol (v/v) according to the Miron and Schaffer method [45]. In turn, in the case of the extraction of organic acids, meta-phosphoric acid (3%) was used according to the method by Bozan et al. [46].



Sugars and organic acids were identified and quantified by high-performance liquid chromatography (HPLC) (Shimadzu LC 10A vp) consisting of an RID and UV detector. Individual sugars were detected using a Nucleosil NH2 analytical column (150 mm × 4.6mm i.d., 5 µm) (Shimadzu, Japan) at room temperature with a flow rate of 1 mL/min using 75% aqueous acetonitrile. For organic acids, a 250 mm × 4.6 mm i.d., 5 µm, reversed-phase Ultrasphere ODS analytical column (Beckman) operating at room temperature with a flow rate of 1 ml/min was used with 0.5% aqueous meta-phosphoric acid as the eluent.



Sugars and acids, together with small amounts of dissolved vitamins as well as fructans, proteins, pigments, phenolics, and minerals, are commonly referred to as soluble solids. The Total Soluble Solid (TSS) contents of samples were detected using a hand refractometer as “degrees Brix” (◦Brix), which is equivalent to the percentage (%). In these experiments, TSS contents (%) of apple samples were measured using the same samples as those dedicated to HPLC experiments after extraction. 1 g of homogenized samples were weighed and shaken with 10 mL double-distilled water using horizontal shaker for 5 minutes at room temperature. Supernatants were filtered using 0.45 µm nylon HPLC filter and measured using an ATAGO PAL 1digital refractometer.




2.5. Determination of Sorbitol by Gas Chromatography Coupled with Mass Spectrometry


2.5.1. Extraction


Plant material (150 mg) was ground in liquid nitrogen using a 30 Hz laboratory ball mill (1 min, 2 balls per 2 mL Eppendorf tube) and flooded with 1.4 mL 80% cooled methanol (MeOH, HPLC) [29,47]. Next, the samples were supplemented with 25 µL ribitol (1 mg/1 mL). Test tube contents were vortex-mixed in a thermomixer at 950 rpm for 10 min at room temperature, followed by centrifugation at 11.000× g for 10 min at 4 °C. The produced supernatant (250 µL) was transferred to Eppendorf tubes and evaporated in a speedvac at room temperature.




2.5.2. Derivatization


After sample desiccation in a desiccator, each sample was supplemented with 50 µL methoxyamine (20 mg/mL in dry pyridine) and vortex-mixed in a thermomixer for 1.5 h at 37 °C, afterwards it was centrifuged for 10 s (short spin). Following centrifugation, the samples were supplemented with 80 µL MSTFA, again vortex-mixed in a thermomixer (30 min, 37 °C) and centrifuged at 11.000× g for 10 min. Prepared samples were transferred to inserts at 200 µL.




2.5.3. GC-MS Analyses


Sorbitol was identified and quantified using gas chromatography coupled with mass spectrometry (GC-MS) (TRACE 1310 GC oven with TSQ8000 triplequad MS from Thermo Scientific, USA) using a DB-5MS column (30 m × 0.25 mm × 0.25 µm, J&W Scientific, Agilent Technologies, Palo Alto, CA, USA). Gradient: 70 °C for 2 min, followed by 10 °C/min up to 300 °C (10 min). Injector 250 °C, interface 250 °C, source 250 °C, m/z range: 50–850, EI+, electron energy 70 eV. Sorbitol content was expressed as µg·g−1FW.





2.6. Determination of Semiquinone Radicals


Radicals were detected directly in apple tree organs (fruits, leaves and stems) using the electron paramagnetic resonance (EPR) technique [29,30,31,32,48]. Samples of 1 g fresh weight of apple fruits, stems and leaves were frozen in liquid nitrogen and lyophilized in a Jouan LP3 freeze dryer. The lyophilized material was transferred to EPR-type quartz tubes (diameter 4 mm). Electron paramagnetic resonance was measured at room temperature with a Bruker ELEXSYS X-band spectrometer (Rheinstetten, Germany). The EPR spectra were recorded as the first derivatives of microwave absorption. Microwave power of 2 mW and a 2 G magnetic field modulation were applied in all the experiments to avoid signal saturation and deformation. The EPR spectra were recorded for free radicals and Mn2+ ions in the magnetic field range of 3300–3360 G and with 4096 data points. To determine the number of paramagnetic centers in the samples the spectra were double-integrated and compared with the intensity of the standard Al2O3:Cr3+ single crystal with a known spin concentration [29,30,32,48,49,50,51]. Some background corrections of the spectra were introduced before and after the first integration to obtain a reliable absorption signal before the second integration. Concentrations of semiquinone radicals were calculated as the number of spins per 1 g of dry weight sample and the concentration of copper ions as the number of copper ions per 1 g of dry weight sample, respectively.




2.7. Detection of Abscisic Acid (ABA)


Frozen organs of apple trees (fruits, leaves and stems) were homogenized in liquid nitrogen and mixed with 20 mL of 80 % (v/v) methanol. Next, the mixture was transferred to Erlenmeyer flasks and a small amount of an anti-oxidant (BHT, butylhydroxytoluene) was added. Subsequently, 100 ng of deuterated ABA, [2H6]ABA, were added as the internal standard. The mixture was shaken overnight. The extract was then centrifuged and the supernatant was collected in evaporation flasks. For an additional centrifugation step, the remaining pellet was resolved two times in 10 mL of 80% (v/v) methanol, shaken for two hours and centrifuged again. This supernatant was then added to the evaporation flasks. Next, the extract was evaporated until all methanol was removed. The flasks were washed with additional H2O and the extract was collected into centrifugation tubes. An appropriate amount of HCl was added for acidification until pH 2 was reached. Next, the extract was centrifuged and the supernatant was collected into Erlenmeyer flasks for solvent partition. The supernatant was partitioned three times against ethyl acetate. The organic phase was collected into evaporation flasks and dried under vacuum. The dry residue was then resolved in 5 mL 1 M formic acid (FA) and loaded on a Discovery® DSC-18 SPE cartridge (Supelco Inc., Bellefonte, PA, USA). These cartridges (columns) were preconditioned with 4 mL methanol and allowed to equilibrate with 4 mL of 1 M FA. The columns were subsequently washed with 4 mL 1 M FA, 4 mL of 20 % methanol in 1 M FA and finally phytohormones were eluted with 4 mL of 80% methanol in water. The eluate was evaporated to dryness, resolved in 200 µL of 20% acetonitrile in water and applied to HPLC for further sample purification. HPLC was run in a SUPELCOSIL ABZ+ PLUS column (250 x 4.5 mm, 5 µm particle size; Supelco). The samples were chromatographed with a linear gradient of 20-80% acetonitrile in 0.1 M FA for 20 min, flow rate 1.0 mL/min at 22 °C. The fractions collected at 12 ± 0.5 min were evaporated to dryness and transferred to appropriate small glass tubes with 100% methanol. The methanol was then evaporated using N2. Next, the residue was methylated with diazomethane dissolved in ethyl ether. Afterwards, ethyl ether was evaporated with N2 and the residue was dissolved in 30 µL of 100% methanol. 1 µL of this sample was analyzed by GC/MS–SIM (Auto-System XL coupled to a TurboMass, Perkin-Elmer, Walthman, MA, USA) using a MDN-5 column (30 mm x 0.25 mm, 0.25 µm phase thickness; Supelco). The GC temperature program was set at 60 °C for 1 min, 60−250 °C at 10 °C/min, flow rate 1.5 mL/min, injection port was 280 °C, electron potential 70 eV. The retention times of ABA and [2H6]ABA were 14.07 and 14.3 min, respectively. The GC/MS was performed by monitoring mass/charge (m/z) 190 for endogenous ABA and 194 for [2H6]ABA according to the method described by Vine et al. [52].




2.8. Determination of Membrane Injury Index


Fruits, leaves and stems (10 pieces) were collected from each experimental variant and 1-cm fragments were cut. Then, 5 pieces from these organs were selected, each in 5 repetitions. After collecting the material, leaf, stem and apple pieces were washed three times in 10 mL of deionized water, then immersed in 20 mL of deionized water and kept for 24 h at 10 °C. The electrical conductivity of the effusate was measured. Then, the tissues were killed by autoclaving for 15 min, cooled down to 25 °C and electrical conductivity of the effusate was measured once again [53,54]. The same procedure was used for samples after 24 h treatment with negative temperature (−20 °C). Membrane injury was evaluated as an injury index in percentages, according to the formula proposed by Sullivan [55]:


I = [1−(1−TI/T2 )/(1−C1/C2 )] × 100 %,



(1)




where C1 and C2 represent conductivity values of the samples (directly after plant material collection) before and after autoclaving, respectively; T1 and T2 represent the conductivity values of the samples after negative temperature treatment before and after autoclaving, respectively.




2.9. Yield and Determination of Fruit Quality


Apple trees matured in the orchard in the following order: Gala Schniga, Beni Shogun (Fuji) and Ligol. Fruit harvest dates were determined based on the starch decomposition rate and fruit firmness. When assessing yielding, the unit yield per tree (kg∙tree−1) was used and converted to yield per hectare (t∙ha−1).



The fruit yield quality was evaluated directly after harvesting, taking into account:




	-

	
fruit weight: 100 fruits were collected from each experimental variant and weighed accurate to 1 g;




	-

	
fruit firmness: measurements were taken on 100 fruits per four replication (a total of 400 fruits) for each experimental variant on the shaded side and intensive blush using a Fruit Hardness Tester (FHT-803) by Silverado Company, China;









This test is referred to as the Magness-Taylor test and consists in the penetration of apple fruit flesh to a depth of 8 mm with a plunger of 11 mm with a rounded tip. Values of measurements were given in kg·cm−2;




	-

	
Soluble solid content was measured on the same fruits, on which firmness was measured. Soluble solid contents were evaluated using a Digital Handheld Refractometer DR 101-60 (A. KRUSS Optronic GmbH, Hamburg Germany). Slices of fruit flesh were cut from apples on opposite sides of fruits, from which juice was pressed on a refractometer plate. Values of measurements were expressed in % oBrix;




	-

	
Potential acidity was measured using a pH-meter. The juice was pressed from apples, from which 5 mL samples were collected, 45 mL distilled water was added and 0.1 N NaOH were titrated until pH 7.4 was reached. Based on the amount of used NaOH, the acid percentage content was given in malic acid;




	-

	
Fruit size was determined based on their calibration. A total of 100 fruits from each experimental variant were evaluated. Fruit diameter was measured using a template ruler graduated to 0.5 cm in a 5-point scale: 1–below 6.5 cm; 2–6.6–7.0 cm; 3–7.1–7.5 cm; 4–7.6–8.0 cm; 5–over 8.1 cm;




	-

	
Fruit color was assessed using a 5-point scale, taking into account the blush area. Evaluation was performed on 100 fruits from each experimental variant immediately after fruit harvest as a relative number (percentage of all assessed fruits). For color assessment, the percentage area of the skin blush was analyzed, i.e., 0–fruits with no blush; 1–<25% skin area covered by blush; 2–26–50% skin area covered by blush; 3–51–75% skin area covered by blush; 4–>75% skin area covered by blush; 5—100% skin area covered by blush.










2.10. Statistical Analysis


All determinations were conducted within three independent biological replicates per experimental variant, i.e., apple tree variety. Two-way analysis of variance (ANOVA) was used to verify the significance of means from independent replicates within a given experimental variant. Moreover, comparisons were related to the plant material variants. The significance of differences between the combinations was estimated based on Tukey’s test at the significance level of α = 0.05. The figures present data obtained as means of triplicates for each variant along with the standard deviation of the mean (SD). All biochemical analyses were conducted using the GenStat v. 18 statistical software package.





3. Results


3.1. Sugar Levels in Organs of Apple Trees


3.1.1. Total Saccharide Content in Organs of Apple Trees


The highest total sugar content was found in fruits of the Gala Schniga variety. In turn, the total sugar contents were similar in the fruits of Beni Shogun (Fuji) and Ligol. Moreover, in leaves and shoots, the highest sugar content was noted in the Ligol variety and the lowest in Gala Schniga (Figure 2).




3.1.2. Soluble Sugars in Fruits of Apple Trees


HPLC analysis showed the highest concentration of sucrose in apple fruits of the Gala Schniga variety, although Tukey’s test showed no statistically significant differences (at α = 0.05) between the combinations. Moreover, apple fruits of the Beni Shogun (Fuji) variety were characterized by the highest amounts of glucose and fructose in comparison to the other varieties. The concentration of glucose in Beni Shogun (Fuji) apples was the above or about two times higher than in the Gala Schniga and Ligol varieties, respectively. Tukey’s test revealed statistically significant differences between the combinations (Figure 3).





3.2. Concentration of Organic Acids in Fruits of Apple Trees


HPLC analysis revealed the highest amounts of malic and L-ascorbic acids in apple fruits of the Ligol variety; statistically significant differences in comparison to other variants were noted. In turn, apple fruits of the Beni Shogun (Fuji) variety were characterized by a slightly higher level of malic acid than in the Gala Schniga variety (Figure 4).




3.3. Amounts of Sorbitol in Fruits of Apple Trees


The highest sorbitol level was noted in Beni Shogun (Fuji) fruits. In turn, similar contents of sorbitol were found in the Gala Schniga and Ligol variety fruits, which were significantly lower than in fruits of the Fuji variety (Figure 5).




3.4. Total Solid Substance (TSS) Contents in Fruits of Apple Trees


Fruits of Beni Shogun (Fuji) contained the highest amounts of total solid substances (TSS), while the lowest amount of TSS was detected in Ligol fruits. However, these differences between variants were not statistically significant, as was estimated based on Tukey’s test at the significance level of α = 0.05 (Figure 6).




3.5. Concentration of Semiquinone Radicals in Organs of Apple Trees


EPR analysis showed generally the highest level of semiquinone radicals (of organic origin) in all organs of Gala Schniga and the lowest in Ligol. Moreover, an overall comparison shows that the lowest contents of these radicals were found in fruits and the highest ones in leaves of apple trees (Figure 7).




3.6. Abscisic Acid Levels in Organs of Apple Trees


Ligol fruits were characterized by the highest ABA level, while marked differences were observed in fruits of Gala Schniga and Fuji Benishogun, but significantly lower than for the Ligol variety. In turn, in leaves, the highest ABA levels were recorded in the Schniga Gala variety, while in stems, ABA levels were highest for the Fuji Benishogun variety. Besides, when comparing the ABA concentration in apple tree organs, the highest levels were recorded in shoots (Figure 8).




3.7. Release of Electrolytes from Organs of Apple Trees


The percentage of injury following a low-temperature treatment (−20°C) estimated on the basis of electrolyte leakage was lowest in the fruits of Fuji Benishogun. In turn, the highest electrolyte leakage was observed in fruits of the Polish variety, i.e., Ligol. The release of electrolytes from apple shoots was also highest in the Ligol variety (Figure 9).




3.8. Yields and Quality of Fruits


Analysis of the yields accomplished in 2017 showed a significant variability (Table 2). The highest yield was recorded for the Gala Schniga variety. In turn, both Fuji Benishogun and Ligol varieties showed comparable yields though being two-fold lower than for Gala Schniga. The lowest yield was recorded for Ligol trees, as it was 2.5 and 8.5-fold lower than those obtained from Fuji Benishogun and Gala Schniga trees, respectively. Moreover, fruit quality evaluation also showed significant variation among the varieties studied. The highest average weight of fruits was recorded for Ligol, while it was lowest for Gala Schniga. This latter variety was also characterized by the lowest weight among 100 fruits from the evaluated varieties. In contrast, the Ligol fruits were the heaviest among 100 fruits from all the evaluated varieties. Moreover, the maximum weight of 1 fruit in the Gala Schniga and Fuji Benishogun varieties did not differ significantly. Additionally, firmness evaluation showed that the firmest fruits were harvested from Gala apple trees, before that recorded for the Fuji Benishogun and Ligol varieties. The lowest minimum fruit firmness among all the varieties examined, was found in Ligol. Additionally, analysis of the soluble solid contents displayed no significant variations between all the analyzed varieties though a slight trend towards an increase in the soluble solid contents was observed in the fruits of Fuji Benishogun. The maximum soluble solid content was highest in Fuji Benishogun, while it was lowest in Gala Schniga. In turn, blush in fruit skin analysis revealed the most extensive blush in fruits of Gala Schniga, in which blush exceeded 75% area in all fruits. Ligol fruits showed the weakest color development, as the area covered by blush was max. 50% in 63% fruits (Table 3). Irrespective of the above, an apple fruit size analysis was also performed taking into account their diameter (Table 4). Size class over 7.0 cm in diameter was found in 59% Gala Schniga fruits, while it was assigned to 100% for Fuji Benishogun fruits. In the case of Ligol, 100 % fruits had a diameter of min. 7.5 cm, while 58 % had a diameter exceeding 9.0 cm.





4. Discussion


The present study is the first to investigate and compare biochemical and physical indicators and yields of fruits in M. domestica Borkh such as Gala Schniga, Beni Shogun (Fuji), i.e., varieties originating from various countries (New Zealand and Japan) and the Polish variety Ligol, M.9 rootstock. In this study, we focused mainly on apple fruits, but additionally, analyses for some indicators were also performed on leaves and shoots of apple trees in order to obtain comprehensive information on the relationships between the organs of a given apple variety. The results showed that these apple varieties differ in terms of biochemical composition, physical properties and accomplished yields.



Namely, spectrophotometric measurements of the total saccharide contents showed the highest levels of these metabolites in fruits of Gala Schniga, while leaves and shoots of this apple variety had the lowest total sugar contents (Figure 2). In parallel, Gala Shniga contained the highest sucrose content as it was recorded by HPLC (Figure 3). In turn, the Ligol variety was characterized by the lowest saccharide levels in fruits and their highest contents in leaves and shoots (Figure 2). HPLC analysis made it also possible to assess the profile of these sugars (Figure 3) as well as those of other metabolites (organic acids) (Figure 4) found in apple tree fruits. It has been demonstrated that fruits of the tested apple varieties contained various concentrations of sugars (Figure 2) Fuji fruits being characterized by their highest contents of glucose and fructose among the apple varieties.



In this study, we found a positive interdependence between the total saccharide content of fruits and yields (expressed as kg fruits per tree) in the case of the Gala Schniga variety (Figure 1 and Table 3). At the same time, these fruits were also the firmest. In turn, the low total saccharide content in Ligol fruits was accompanied by a two-fold lower yield in comparison to the Schniga Gala. Moreover, our study showed that the yield harvested from Ligol trees was many times lower than those of the Gala Schniga and Beni Shogun (Fuji) varieties (Table 3). At the same time, the highest total saccharide content in Gala Schniga fruits was accompanied by the lowest acidity of fruits (expressed as the percentage of malic acid content) among the apple varieties. The Polish Ligol variety which showed the highest acidity of fruits was indeed characterized by its greatest content in organic acids such as malic acid and L-ascorbic acid (Figure 4). In addition, organic acid levels in Gala Schniga and Beni Shogun did not differ significantly. Moreover, these varieties were characterized by a similar mean value of juice pH. In conclusion, analysis of the sugar contents and profiles in fruits revealed above all significant quantitative differences between the apple varieties studied. As reported by Wosiacki et al. [56], a significant change in the sugar contents of fruit results from differences in varieties, maturity, climate, growing regions, seasons and storage conditions. Analysis of the concentration of the total reducing sugars in authentic Brazilian apple juices has revealed that clarified juices contained high contents of fructose, followed by sucrose and glucose [56]. In our study, the highest fructose content was recorded in Fuji fruits, notwithstanding the fact that it was estimated based on Tukey’s test at the significance level of α = 0.05. Sweetness and sourness have been recognized as important drivers of apple consumer preferences [57,58]. For this reason, the sweetness is one of the most important fruit sensory quality traits which is taken into account in breeding programs. Aprea et al. [18] found that the sorbitol content correlates with perceived sweetness better than any other single sugar or even the total sugar content. In the present study, GC-MS analysis revealed the highest sorbitol content in Fuji fruits compared to the other varieties (Figure 5). In Fuji fruits, we need to stress the highest concentrations of total solid substances (TSS) (Figure 6), while the lowest TSS content was found in Ligol fruits. Fuzfai et al [59] have developed a GC-MS gas method for the simultaneous quantitation of mono-, di- and trisaccharides, sugar alcohols, carboxylic and amino acids found in apple fruits, measured as their trimethylsilyl-(oxime) ether/ester derivatives. Moreover, as reported by Hu et al. [19], among the spectroscopic techniques, nuclear magnetic resonance (NMR) and near-infrared (NIR) spectroscopy are also useful tools for characterizing sugars. For example, NMR analysis provides exhaustive information concerning the number of sugar residues, monosaccharide composition, anomer configuration, glycofraction bonds and substituent position, among others.



A positive interdependence between the concentration of semiquinone radicals (Figure 7) and the level of Mn was reported in Gala Shinga fruits [38]. In turn, fruits of this Polish variety also contained a high level of this microelement [38], whereas the concentration of semiquinone radicals was the lowest. A positive correlation was found between the total sugar contents in Gala Schniga fruits and the levels of semiquinone radicals detected using EPR. A similar trend was noted in our earlier studies [29]. In turn, no relationship between the ABA level and the total sugar content was found in fruits of the apple varieties studied in this work. A negative interdependence between glucose and ABA was found in fruits of the Beni Shogun (Fuji) variety. We detected low ABA levels in Fuji Benishogun and Gala Schniga fruits, while the highest content was recorded in Ligol fruits. Additionally, the highest electrolyte leakage after a low-temperature treatment (−20 °C) was observed in fruits of the Polish variety Ligol and the highest ABA content. High ABA levels are found in aging tissues and in plants growing under stress conditions [60,61]. The phytohormone ABA also plays a crucial role in fruit development and ripening [62]. Some authors reported that a mechanism occurs in plants to coordinate multiple ABA sources and signaling pathways as well as to regulate transport in order to provide appropriate cellular ABA levels under variable developmental stages and environmental conditions. ABA is degraded by the oxidation of one of the methyl groups in the 6-position and cyclization to phaseic acid [63]. The concentration of ABA in tissues is also regulated by the intensity of synthesis and the formation of glucosyl conjugates [64]. Data reported by Onik et al. [65] suggested that in addition to ethylene, ABA and other hormones also play key roles in regulating apple fruit ripening and that they may interact with the ethylene signaling pathway. Plant hormones are reportedly considered to be closely linked with fruit development as well as ripening [66]. Through the response of different hormones, significant ripening regulations seem to be controlled primarily by ethylene and ABA [67,68]. In the present study, our attention also draws to lowest the percentage of injury after −20 °C treatment and the highest level of monosaccharides (glucose and fructose) in fruits of Fuji Benishogun, which may indicate the protective role of these sugars to low temperature.



Moreover, the cool spring in 2017 contributed to the weak flight of bees. Apple blossoms are adapted to insect-dustiness [69]. The limited presence of bees contributed to poor pollination of flowers, which was reflected in a significant reduction in yields (Table 2). According to Lech [69], in the case of non-fertilization of ovules at the stage of effective pollination by insects, degeneration of embryo sacs and their descent are observed. The lowest yields were collected from Ligol and Fuji Benishogun trees (the average tree yield was 6.21 kg and 6.49 kg, respectively), which gives 17.7 and 18.5 t · ha−1, respectively). The highest yield was collected from Gala Schniga trees, amounting to 12.86 kg/tree, which is equivalent to 36.7 t ha−1. The level of tree yielding in the growing season of 2017 may not be considered as satisfactory. According to economic analyses, the average apple yield from 1 ha should be around 60 tons. Poor yielding in the growing season of 2017 was also connected with a significant variation in the weight of fruit (Table 2). The largest fruits with an average weight of 295.9 g were collected from trees of the Ligol variety. Beni Shogun (Fuji) fruits were lighter by an average of 100 g. The smallest fruits with an average weight of 156.4 g were collected from trees of the Gala variety, which is classified as small-fruited [70].



An important element of fruit quality is its firmness. Among the tested varieties, the firmest fruits were harvested from Gala Schniga trees (Table 2). Fruit firmness of the Beni Shogun variety was the lowest. Fruit firmness is a feature very often associated with fruit size and calcium content, which in the growing season was low due to unfavorable climatic conditions, despite the use of foliar fertilization. The influence of weather conditions on the quality and storage stability of fruit was underlined by Failla et al. [71], while Ahmadi-Afzadi [72] draws attention to the great importance of genetic characters of the variety.



Fruits of the tested varieties did not significantly differ in terms of their soluble solid contents (Figure 6, Table 2). However, a significant relationship was found between apple varieties and juice pH (Table 2). The lowest juice pH was recorded in the Ligol variety. Hydrolytic acidity of fruits based on malic acid levels showed the highest content of that acid in fruits of the Ligol variety and the lowest in Gala Schniga and Fuji (Table 2, Figure 4). Acid and soluble solid contents in fruits largely determine their suitability for consumption or industrial purposes. During the ripening of fruits, their acidity is reduced. Additionally, the course of weather conditions also has an impact on fruit color (Table 3). Analysis of fruit blush demonstrated the largest blush surface in fruits of the Gala Schniga variety. In turn, Ligol fruits were characterized by the smallest blush surface, which did not exceed 50% of the surface in 63% of fruits. As can be seen from our results, the Schniga Gala variety was characterized by a total dark red color. These data may confirm the results of Mizani and Hajnajari [73], who showed that the genetic stability of mutants is threatened by different degrees of climate adaptation, which may affect changes in firmness, weight or color of their fruits. In addition, the size of fruits, especially their diameter, is one of the criteria taken into account when assessing the marketability of fruit. Retail operators demand fruit of apple varieties with large fruits (Ligol) with a minimum diameter of 7.5 cm, while for varieties classified as small-fruited (Gala Schniga and Fuji) this minimum is of 7.0 cm [74]. In Schniga Gala 59% of the fruits evaluated qualified as the size class above 7.0 cm, while in the Fuji variety it was 100% (Table 4). For Ligol 100% of fruits had a diameter of minimum. 7.5 cm, while 58% had a diameter of more than 9.0 cm.




5. Conclusions


The obtained results showed that the investigated apple varieties differed in their biochemical composition, physical properties and yields. The analyzed apple varieties differed in the profiles of sugars and their respective contents. Moreover, the highest levels of glucose and the lowest percentages of injury as a result of low-temperature impact in fruits of Beni Shogun (Fuji) were observed. Monosaccharide accumulation in Fuji fruits might have a protective action. Additionally, the highest concentration of sorbitol as the sugar alcohol and the lowest organic acid contents in fruits of Beni Shogun variety were found. Moreover, a positive interdependence was noted between the total saccharide content in Gala Schniga fruits and the level of semiquinone radicals. There was no relationship between ABA levels and the total saccharide contents in fruits of the analyzed apple varieties. Besides, a positive interdependence between D-glucose and ABA was observed in Ligol fruits, where the percentage of injury after a low-temperature treatment was the highest. Besides, fruit weight and firmness were dependent on the variety. The largest fruits were harvested from Ligol trees, while Gala Schniga trees produced the firmest fruits. Soluble solid contents did not vary significantly between the analyzed varieties.
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Figure 1. Climatogram for climatic conditions in Przybroda. 
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Figure 2. Total saccharide levels in organs of apple trees. Data were obtained within three independent biological replicates per experimental variant (apple trees variety) and two-way analysis of variance (ANOVA) was used. Statistically significant differences between the combinations were estimated based on Tukey’s test at the significance level of α = 0.05. Note.* Different letters in the fruits, leaves and stems represent significant differences at α = 0.05 level of significance. 
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Figure 3. Sugar amounts in fruits of apple trees (a–c). The data were obtained within three independent biological replicates per experimental variant (apple trees variety) and two-way analysis of variance (ANOVA) was used. Statistically significant differences between the combinations was estimated based on Tukey’s test at the significance level of α = 0.05. Note:* Different letters in the fruits represent significant differences at α = 0.05 level of significance. 
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Figure 4. Concentration of organic acids in fruits of apple trees. The data were obtained within three independent biological replicates per experimental variant (apple trees variety) and two-way analysis of variance (ANOVA) was used. Statistically significant differences between the combinations were estimated based on Tukey’s test at the significance level of α = 0.05. Note:* Different letters in the fruits represent significant differences at α = 0.05 level of significance. 
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Figure 5. Relative amounts of sorbitol in fruits of apple trees. The data were obtained within three independent biological replicates per experimental variant (apple trees variety) and two-way analysis of variance (ANOVA) was used. Statistically significant differences between the combinations were estimated based on Tukey’s test at the significance level of α = 0.05. Note:* Different letters in the fruits represent significant differences at α = 0.05 level of significance. 
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Figure 6. Total solid substance (TSS) contents in fruits of apple trees. The data were obtained within three independent biological replicates per experimental variant (apple trees variety) and two-way analysis of variance (ANOVA) was used. Statistically significant differences between the combinations were estimated based on Tukey’s test at the significance level of α = 0.05. Note:* Different letters in the fruits represent significant differences at α = 0.05 level of significance. 
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Figure 7. Concentration of semiquinone radicals in organs of apple trees. The data were obtained within three independent biological replicates per experimental variant (apple trees variety) and two-way analysis of variance (ANOVA) was used. Statistically significant differences between the combinations were estimated based on Tukey’s test at the significance level of α = 0.05. Note:* Different letters in the fruits, leaves and stems represent significant differences at α = 0.05 level of significance. 
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Figure 8. Concentration of abscisic acid (ABA) in organs of apple trees. The data were obtained within three independent biological replicates per experimental variant (apple trees variety) and two-way analysis of variance (ANOVA) was used. Statistically significant differences between the combinations were estimated based on Tukey’s test at the significance level of α = 0.05. Note:* Different letters in the fruits, leaves and stems represent significant differences at α = 0.05 level of significance. 
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Figure 9. The percentage of injury (based on electrolyte leakage) in organs of apple trees after low-temperature treatment (−20°C). The data were obtained within three independent biological replicates per experimental variant (apple trees variety) and two-way analysis of variance (ANOVA) was used. Statistically significant differences between the combinations were estimated based on Tukey’s test at the significance level of α = 0.05. Note:* Different letters in the fruits, leaves and stems represent significant differences at α = 0.05 level of significance. 
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Table 1. Course of temperatures and rainfall in the growing season in the area of Przybroda.
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Month

	
The Sum of Rainfall in mm

	
Average Temperature in °C




	
Average from 1982–2012

	
In 2017

	
Change in Relation to the Long-Term Average

	
Average from 1982–2012

	
In 2017

	
Change in Relation to the Long-Term Average






	
January

	
31.1

	
17.6

	
−13.5

	
−0.8

	
−2.7

	
−1.9




	
February

	
26.3

	
28.0

	
+1.7

	
−0.1

	
0.0

	
+0.1




	
March

	
34.3

	
35.0

	
+0.7

	
3.6

	
5.9

	
+2.3




	
April

	
28.0

	
36.4

	
+8.4

	
9.3

	
7.0

	
−2.3




	
May

	
48.0

	
31.2

	
−16.8

	
14.6

	
13.3

	
−1,3




	
June

	
63.5

	
85.6

	
+22.1

	
17.2

	
17.5

	
+0.3




	
July

	
78.8

	
182.4

	
+103.6

	
19.5

	
17.8

	
−1.7




	
August

	
61.9

	
80.0

	
+18.1

	
18.9

	
18.2

	
−0.7




	
September

	
41.0

	
47.2

	
+6.2

	
14.1

	
12.9

	
−1.2




	
October

	
32.0

	
56.8

	
+24.8

	
9.0

	
10.2

	
+1.2




	
November

	
37.2

	
35.0

	
−2.2

	
3.7

	
2.7

	
−1.0




	
December

	
39.0

	
40.6

	
+1.6

	
0.2

	
2.2

	
+2.0




	
Total/ Average

	
520.1

	
644.6

	
+124.5

	
9.1

	
8.8

	
-0.3
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Table 2. Yields and quality of fruit.
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Variety

	
Mean

	
Minimum

	
Maximum

	
Standard Deviation






	
Yield (kg per tree)




	
Gala Schniga

	
12.86 b

	
3.50

	
28.40

	
4.71




	
Fuji Benishogun

	
6.49 a

	
1.00

	
19.50

	
4.21




	
Ligol

	
6.21 a

	
0.40

	
18.30

	
4.30




	
Average fruit weight (g)




	
Gala Schniga

	
156.4 a

	
121.2

	
242.6

	
24.9




	
Fuji Benishogun

	
194.9 b

	
151.4

	
263.1

	
30.6




	
Ligol

	
295.9 c

	
208.6

	
420.9

	
45.2




	
Firmness kg/cm2




	
Gala Schniga

	
7.18 c

	
5.50

	
8.90

	
0.60




	
Fuji Benishogun

	
6.02 a

	
4.90

	
7.60

	
0.54




	
Ligol

	
6.22 b

	
4.50

	
7.90

	
0.65




	
Total soluble solid content °Brix




	
Gala Schniga

	
12.13 a

	
10.30

	
13.80

	
0.66




	
Fuji Benishogun

	
12.86 b

	
10.90

	
15.80

	
1.01




	
Ligol

	
12.63 b

	
10.60

	
15.50

	
0.89




	
pH of juice




	
Gala Schniga

	
4.10 c

	
4.13

	
4.07

	
5.50




	
Fuji Benishogun

	
4.01 b

	
4.03

	
3.99

	
5.56




	
Ligol

	
3.70 a

	
3.72

	
3.69

	
5.40




	
Acidity as malic acid content %




	
Gala Schniga

	
0.33 a

	
0.31

	
0.37

	
0.02




	
Fuji Benishogun

	
0.37 b

	
0.33

	
0.43

	
0.03




	
Ligol

	
0.52 c

	
0.49

	
0.54

	
0.02
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Table 3. Blush in fruit skin (% area).
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Variety

	
No Blush

	
<25%

	
26–50%

	
51–75%

	
>75%

	
100%




	
%






	
Gala Schniga

	
0

	
0

	
0

	
0

	
25

	
75




	
Fuji Benishogun

	
0

	
2

	
17

	
61

	
20

	
0




	
Ligol

	
0

	
24

	
39

	
31

	
6

	
0
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Table 4. Size classes according to fruit diameter.






Table 4. Size classes according to fruit diameter.





	
Variety

	
6.5 cm

	
7.0 cm

	
7.5 cm

	
8.0 cm

	
8.5 cm

	
9.0 cm

	
>9.0 cm




	
%






	
Gala Schniga

	
41

	
46

	
8

	
5

	
0

	
0

	
0




	
Fuji Benishogun

	
0

	
12

	
53

	
24

	
11

	
0

	
0




	
Ligol

	
0

	
0

	
5

	
15

	
11

	
11

	
58
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