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Abstract

:

The effect of 1-methylcyclopropene (1-MCP) treatment on improving the storability of four apple cultivars (‘Hwangok’, ‘Picnic’, ‘Gamhong’, and ‘Fuji’) was investigated by analyzing the physiological and biochemical factors associated with their postharvest quality attributes. The flesh firmness, titratable acidity, and soluble solids content of the cultivars were higher in treated fruits than untreated fruits, while the opposite results were observed for ethylene production. In the treated fruits, the traits affected by 1-MCP varied depending on the cultivars used. Higher firmness and lower ethylene production were observed in the ‘Hwangok’ and ‘Picnic’ than ‘Gamhong’ and ‘Fuji’ cultivars. However, 1-MCP only affected weight loss in the ‘Gamhong’ cultivar, while the sugar content was affected in all of the cultivars except ‘Hwangok’. When analyzing cell wall hydrolase activities, 1-MCP differently affected the activities (β-galactosidase, α-galactosidase, β-glucosidase, α-mannosidase, β-xylosidase, and β-arabinosidase), with greater effects in the ‘Fuji’ and ‘Picnic’ cultivars and moderate effects in the ‘Gamhong’ and ‘Hwangok’ cultivars. In this study, the suppression of ethylene production by 1-MCP was positively associated with a transcriptional decrease in the ethylene biosynthesis genes MdACS1 and MdACO1. Overall, this study suggests that 1-MCP distinctly enhanced the storability of all apple cultivars, with a greater effect on ‘Hwangok’.
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1. Introduction


Korea is a major producer of apples, and its areas under apple cultivation and apple production have steadily increased and reached 33,330 ha and 576,000 metric tons in 2016–2017 [1]. Of the cultivars grown in Korea, ‘Fuji’ has covered over 60% of the total cultivation area for several years, due to its good quality attributes that satisfy consumer preferences [2]. However, apple market prices have decreased gradually in recent years in Korea due to increased apple production and shifting consumer demand [2]. Hence, Korean producers are increasingly planting alternative apple varieties, such as early or medium maturing varieties, to satisfy diversifying consumer demand and to overcome increased market competition [2]. Therefore, new apple varieties have been developed, such as ‘Gamhong’, ‘Picnic’, and ‘Hwangok’, which have high-quality attributes with low ethylene production, were introduced to the market [3,4]. However, appropriate storage methods are necessary to supply these apple varieties to the market year-round. Unfortunately, the physiological and molecular mechanisms that underlie the deterioration of fruit quality during storage are not well known for these new varieties. Therefore, in this study, we investigated the postharvest physiological mechanism of the ‘Gamhong’, ‘Picnic’, and ‘Hwangok’ cultivars comparing their postharvest fruit quality attributes to the ‘Fuji’ cultivar.



Ethylene is well known as the regulator of many plants’ physiological and development processes, including seed growth and germination, ripening, and senescence [5,6]. In general, ethylene regulates the ripening process by coordinating gene expression of key enzymes that are involve in ethylene biosynthesis and perception [4]. In fruits, ethylene is primarily synthesized during the fruit ripening period by the transcriptional activation of ethylene biosynthesis genes (ACS and ACO) [7,8,9,10]. Then, ethylene signaling is initiated upon its binding to the ethylene receptors [7,11]. The overproduction of ethylene during storage negatively affects fruit quality attributes, such as texture, flesh firmness, soluble solids content, and fruit acidity content, especially for climacteric fruits [12], as they are associated with softening-related cell wall hydrolase enzyme activities that control the fruit quality attributes [13,14,15,16]. Therefore, ethylene production in fruits needs to be effectively reduced to delay the deterioration of their quality attributes.



In climacteric fruits, 1-methylcyclopropene (1-MCP) has been widely used to inhibit ethylene production and maintain fruit quality attributes during storage [17,18,19]. However, the positive effect of 1-MCP on ethylene reduction and fruit quality maintenance still varies depending on the genotype [20,21,22]. Therefore, further investigation of the role of 1-MCP is necessary for new cultivars that have not been well characterized. In this study, we treated four cultivars ‘Hwangok’, ‘Picnic’, ‘Fuji’, and ‘Gamhong’ with 1-MCP and investigated whether 1-MCP could effectively reduce ethylene production and maintain fruit quality attributes by determining their quality, cell wall components and hydrolase activities, and ethylene production and expression levels of ethylene biosynthesis genes in comparison with non-1-MCP treated fruits (controls) during cold storage at 0 °C. Additionally, the storage durability of the new cultivars was compared to that of the ‘Fuji’ and ‘Gamhong’ cultivars.




2. Materials and Methods


2.1. Plant Materials and Treatment


The fruit samples ‘Gamhong’ (M.9) and ‘Fuji’ (M.9) apples were harvested on 16 October and 3 November 2015 from a commercial orchard in Sangju, Gyeongsangbuk-do, Korea. The fruit samples of ‘Hwangok’ (M.9) and ‘Picnic’ (M.9) apples were harvested on 17 September and 24 September 2015 from Apple Research Institute, Gunwi, Gyeongsangbuk-do, Korea. Cornell starch-iodine index chart was used for predicting the harvest date of all apple cultivars for long-term storage [23]. The parentage, year released of the cultivars, phenotype, and physiological characteristics of the four apple cultivars used in this study are presented in Supplementary Table S1 [24] and Table S2, respectively.



A total of 780 uniform-size fruits (195 fruits each for four cultivars), which were free from visible damage and infection, was selected for this study. Then, the fruits from each cultivar were divided into two groups (90 fruits per group), and the remaining 15 fruits were used for fruit quality analysis of 0 month (harvest). One group was treated with 1 μL·L−1 1-MCP (SmartFreshTM, AgroFresh, Yakima, WA, USA) for 18 h at 20 °C in an enclosed container [17]. According to Zhang et al. [25], a 1-MCP concentration of 1 μL·L−1 affected most ripening physiological indicators of climacteric fruits. Thus, 1 μL·L−1 1-MCP concentration has been chosen for this study. The other fruit group was used as the untreated control group. The treated and untreated fruits were stored at 0 ± 1 °C at 90–95% relative humidity, and the assessments were evaluated at a one month interval for up to six months. At one interval, fifteen individual fruits per treatment from each cultivar (n = 15) were removed from storage and used for all assessments in this study.




2.2. Assessments of Fruit Quality Attributes


For ethylene production, fruits were placed individually into 1.6 L enclosed containers for 1 h, and 1 mL of headspace gas was taken and injected into a gas chromatograph (GC-2010, Shimadzu Co., Tokyo, Japan), which was activated with a capillary column and flame ionization detector. For internal ethylene concentration (IEC), a hypodermic needle (a stainless steel 18 gauge 3.8 cm long) was inserted into the core cavity through the calyx end of the apple fruit, and 1 mL sample of internal gas was taken into a syringe through the needle [26]. Then, the sample gas was injected into a chromatograph. Both IEC and ethylene production were analyzed isothermally at 90 °C oven temperature activated with injector and detector temperatures at 100 and 200 °C, respectively, with a 25 mL·min−1 He flow rate. The amount of ethylene was quantified by peak area using an internal standard for calibration.



Flesh firmness was measured using a Rheo-meter (Compac-100II, Sun Scientific Co., Tokyo, Japan), and three locations per fruit were sampled around the equator regions of the fruit, and the unit of measurement was expressed as newtons (N). Titratable acidity (TA) and the soluble solids content (SSC) were measured using a juice sample of individual fruit. The TA was measured using a mixture of 5 mL of juice sample and 45 mL of DDW, which was titrated at a titrator (DL-15, Mettler Toledo, Columbus, OH, USA), following the reduction method of malic acid equivalent [19]. SSC was measured using a refractometer (PR-201α, Atago Co., Ltd., Tokyo, Japan). The fruit weight loss was measured on the loss of fruit water content before and after storage of fifteen individual fruit throughout the storage period.



After the assessment of quality attributes, 10 g of each flesh tissue sample from fifteen individual fruits was frozen, divided into three groups, and stored at −80 °C for further analysis of cell wall materials, enzyme activities, and the expression of genes.




2.3. Extraction of Cell Wall Materials


Cell wall materials were extracted and determined using the methods of Yoo et al. [16] and Yamaki et al. [27]. Frozen tissue samples (of 10 g) were extracted with 100 mL of boiling ethanol for 40 min at 80 °C. The extracted residue was filtered through a filter paper (No. 4, Whatman International Ltd., Kent, UK), then washed successively with ethanol and acetone, and air-dried for 24 h at 30 °C. The air-dried powder was used as alcohol insoluble substances (AIS) for cell wall material and polysaccharide analysis. For the analysis of cell wall materials, the sample solution was prepared by extracting the AIS sample (10 mg) with sulfuric acid (2 mL) for 30 min and filling it up to 50 mL with distilled water.




2.4. Determination of Total Sugar and Uronic Acid Content


The amount of total sugar and uronic acid content was determined according to the method described by Yoo et al. [16].



The AIS sample (0.5 mL) and 5% phenol (0.5 mL) were added to a test tube to determine the total sugar content. After adding sulfuric acid (2.5 mL) into the mixture, the reaction was incubated for 30 min and read against a blank at 490 nm using a spectrophotometer (UV-1800 Shimadzu, Tokyo, Japan). A glucose standard curve was used to calculate the content of total sugar content, which was expressed as μg·mg−1 of AIS.



The uronic acid content was determined by using the AIS sample (0.5 mL) and sulfuric acid (3 mL), which were added to a test tube. Then, the mixture was activated for 30 min in boiling water, and it was cooled on ice. After adding 0.1% of carbazole (0.1 mL) into the mixture, the reaction was incubated at 30 °C for 2 h and read against a blank at 530 nm using a spectrophotometer. A D-galactruronic acid standard curve was used to calculate the content of uronic acid, which was expressed as μg·mg−1 of AIS.




2.5. Extraction of Cell Wall Hydrolase Enzyme Activities


Cell wall hydrolases were extracted and measured using the methods of Yoo et al. [16] and Pressey [28]. All of the extraction steps were conducted at approximately 4 °C. A frozen tissue sample (50 g) was homogenized with 100 mL of 10 mM sodium phosphate buffer (pH 7.0) containing polyvinylpolypyrrolidone (75 mg). Then, the homogenate was stirred for 3 h at 4 °C after adding NaCl (8.775 g). Next, the suspension was centrifuged for 1 h (12,000× g, at 4 °C), the supernatants were collected, and then it was stirred for 12 h after adding ammonium sulfate. Then, the suspension was centrifuged again for 1 h (12,000× g, at 4 °C), and the pellets were collected. The collected pellets were dialyzed for 2 d by dissolving them in 10 mM of sodium phosphate buffer. Lastly, the dialyzed solution was centrifuged for 1 h (22,000× g, at 4 °C), and the crude extract was collected and used to analyze the activities of cell wall hydrolase enzymes.




2.6. Determination of Cell Wall Hydrolase Enzyme Activities


The activities of β-Gal, α-Gal, β-Glc, α-Man, β-Ara, and β-Xyl were determined by measuring the amount of ρ-nitrophenol that was released from each ρ-nitrophenyl-pyranoside (Sigma-Aldrich Co., St. Louis, MO, USA). The crude extract (250 μL) and 10 mM sodium acetate buffer (250 μL; pH 4.0) were added to a test tube. Then, 2% of each ρ-nitrophenyl-pyranoside (125 μL) was added to the test tube, and the mixture was incubated for 1 h at 30 °C. After adding 1 M sodium carbonate (1 mL) into the reaction, the absorbance was read at 410 nm using a spectrophotometer. One unit of enzyme was defined as the quantity of activities released from 1 μmol of ρ-nitrophenyl per kg over 1 h at 30 °C on a fresh weight basis.




2.7. Transcriptional Analysis of Ethylene Biosynthesis and Receptor Genes


MdACS1, MdACO1, and MdETR2 genes were evaluated using real-time PCR [29]. First, RNA was extracted from untreated and treated flesh tissue samples (100 mg) following the manufacturer’s instructions (Robospin PlantTM Kit, GeneAll, Seoul, Korea). Untreated, harvested fruit was used as a positive control. Reverse transcription was performed using 1 μg of the total RNA and oligo dT18 primers following the manufacture’s protocol (Promega Corporation, Madison, WI, USA). The expression levels of genes were determined using a StepOnePlus real-time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) normalized to the actin gene in the cDNA template. The analysis was repeated three times. The PCR conditions and primer sequences were selected from previous studies [8,9,30], and they are reported in Supplementary Table S3.




2.8. Statistical Analysis


All data were analyzed using SPSS statistical software (IBM SPSS-25, SPSS Inc., Armonk, NY, USA). Analysis of variance (ANOVA) was used to perform on all variables to find statistical differences between treatments at 95% level of significance. An individual student T-test was used for mean separation between control and 1-MCP treatments at * p < 0.05 and ** p < 0.01 levels of significance. Pearson’s correlation coefficient was used to analyze the relationship between the analyses of four apple cultivars. The correlation analysis was performed with three replications (n = 3), and the results are presented at * p < 0.05 and ** p < 0.01 levels of significance.





3. Results


3.1. Fruit Quality Attributes


Of the four apple cultivars, the highest level of flesh firmness was observed in ‘Hwangok’ and ‘Picnic’ apples at their commercial harvest time (Figure 1A–D). However, during cold storage, the flesh firmness was reduced in all apple cultivars, especially in untreated fruits. In comparison with 1-MCP-treated fruits, there was a significant loss of flesh firmness in untreated fruits, especially during storage (from two to six months) in the ‘Picnic’ and ‘Gamhong’ cultivars, and during later storage (from four to six months) in ‘Hwangok’ and ‘Fuji’ apples (Figure 1A–D).



Similarly, like flesh firmness, TA reduced in all apple cultivars during storage. Of the four cultivars, ‘Hwangok’ had the highest acidity (Figure 1E–H). In comparison with 1-MCP treated fruits, there was a significant loss of TA in untreated fruit during storage (from two to six months) in ‘Picnic’ and ‘Gamhong’ cultivars, from three to six months in the ‘Fuji’ cultivar, and from four to six months in ‘Hwangok’ apples (Figure 1E–H). Of the four cultivars, ‘Fuji’ had the lowest SSC (Figure 1I–L). The SSC increased in all apple cultivars during storage, whereas the SSC of 1-MCP-treated fruits was higher than that of untreated control fruit in all apple cultivars (Figure 1I–L).



Compared with untreated fruits, 1-MCP significantly inhibited the increase in both the IEC and ethylene production in all apple cultivars during storage (Figure 2A–H). The ‘Fuji’ apples had high IECs and ethylene production, while ‘Hwangok’ and ‘Picnic’ apples had low IECs and ethylene production, especially in untreated fruits (Figure 2A–H). Weight loss was directly related to the storage duration (Figure 2I–L). However, the suppression of weight loss by 1-MCP varied by cultivar, and it was only shown in the ‘Gamhong’ apple cultivar. Of the four apple cultivars, weight loss was highest in the ‘Picnic’ apple cultivar (Figure 2I–L).




3.2. Total Sugar and Uronic Acid Contents


The total sugar and uronic acid contents are important for composition of cell wall polysaccharides which are solubilized during fruit softening. The total sugar content increased in ‘Hwangok’ and ‘Picnic’ apples, while it decreased in ‘Gamhong’ and ‘Picnic’ apples (Figure 3A–D). Compared with untreated fruits, the total sugar content in 1-MCP-treated fruits was higher in all the apple cultivars, especially at the end of storage, except in the ‘Hwangok’ cultivar (Figure 3A–D). However, in all four cultivars, the uronic acid content was not affected by 1-MCP (Figure 3E–H).




3.3. Cell Wall Hydrolase Enzyme Activities


Fruit softening is regulated by the activities of cell wall hydrolase enzymes, which contribute to the cell wall disassembly of fruit. The activities of hydrolase enzymes (β-Gal, α-Gal, β-Glc, α-Man, β-Xyl, and β-Ara) were higher in untreated fruits than 1-MCP-treated fruits (Figure 4). The hydrolase activities of untreated fruits were critically higher in ‘Fuji’ (Figure 4D,H,L,P,T,X) and ‘Picnic’ apples (Figure 4B,F,J,N,R,V) and moderately higher in ‘Hwangok’ (Figure 4A,E,I,M,Q,U) and ‘Gamhong’ (Figure 4C,G,K,O,S,W) apples than 1-MCP-treated fruits.




3.4. Expression Analysis of Ethylene Biosynthesis and Receptor Genes


The expression of ethylene biosynthesis (MdACS1 and MdACO1) and receptor (MdETR2) genes was further investigated to analyze the involvement of 1-MCP in the ethylene mechanism (Figure 5). In all apple cultivars, the expression level of MdACS1 genes was significantly higher in untreated fruits than 1-MCP-treated fruits (Figure 5A–D). A similar result was observed for the expression of the MdACO1 gene, which was significantly more expressed in untreated than treated fruits (Figure 5E–H). Notably, there were high expression levels of both MdACS1 and MdACO1 genes in ‘Gamhong’ apples (Figure 5A–H). However, in the receptor MdETR2 gene, the expression level of the gene was higher in untreated fruits than treated fruits in all cultivars, except the ‘Hwangok’ cultivar (Figure 5I–L).




3.5. Pearson’s Correlation Coefficient Analysis


Pearson’s correlation analysis was used to evaluate the relationship between the ethylene response genes and the fruit quality attributes, cell wall materials, and hydrolase activities. For all apple cultivars, there was a stronger correlation between these factors for untreated fruit than treated fruit (Figure 6). Flesh firmness, weight loss, TA, ethylene production, and IEC were strongly correlated with each other, especially in untreated fruits. Particularly, in untreated ‘Fuji’ apples, the ethylene response genes were strongly correlated with firmness and cell wall hydrolase activities (Figure 6).





4. Discussion


After harvest and during storage, the loss of fruit quality, which is associated with ethylene production, is a major challenge in the maintenance of quality attributes in apples. Therefore, 1-MCP has been widely used in many apple fruit industries to control ethylene production, which is associated with delaying the fruit ripening mechanism. However, the effect of 1-MCP highly depends on the cultivar used. Therefore, this study helps to understand differences in the physiological and biochemical characteristics of the apple cultivars and their responses to 1-MCP during fruit ripening.



Flesh firmness is an indicator of fruit maturity or softening. For long-term storage, combined storage in air or controlled atmosphere with 1-MCP can effectively maintain flesh firmness, and cold storage with 1-MCP can delay the loss of firmness in apple cultivars [17,31], as similarly observed in this study. Additionally, TA is important for taste, and the stability of the TA content in apples is associated with the fruit respiration rate and ethylene production [19,32,33]. Firmness and TA follow a similar trend, and the reduction of these factors during postharvest storage is a characteristic of fruit ripening. However, reductions in firmness and TA can be delayed by 1-MCP [19]. Similarly, firmness and TA were positively correlated in this study, and the correlation was more significant in untreated than treated fruit. The SSC is a factor that is important for consumer preferences, and it measures a marketable quality trait. Notably, previous research has found that during cold storage, SSC can be increased by 1-MCP [17,34], which is in agreement with our findings. Additionally, TA and SSC were negatively correlated in this study, indicating that the reduction of TA is associated with the increase in SSC during apple fruit ripening.



Climacteric fruits naturally produce large amounts of ethylene at the onset of ripening [35]. An increase in the level of endogenous ethylene is considered to be the immediate trigger of ripening in climacteric fruits [35]. Therefore, IEC is commonly used as a maturity index to determine commercial harvest dates for apple fruits [36]. Previous research has shown that ‘Hwangok’ and ‘Picnic’ are low ethylene cultivars compared with other apple cultivars [4], which is in agreement with our findings that the ‘Hwangok’ and ‘Picnic’ cultivars had a very low level of ethylene, while ‘Fuji’ apples had a high ethylene concentration during storage. Ethylene production is associated with the climacteric ripening stage of fruit, which occurs when untreated fruit ripen [37,38]. Additionally, ethylene production and the IEC were strongly negatively correlated with firmness and TA, indicating that fruit ripening is associated with ethylene production, resulting in a reduction in firmness and TA. This relationship was particularly observed in untreated fruit in this study. Therefore, the inhibition of ethylene by 1-MCP could delay fruit softening and fruit acidity, as reported in previous studies [18,19]. Additionally, the inhibition of ethylene by 1-MCP strongly depends on the apple cultivar and type of storage condition [17,39]. Fruit weight loss is associated with the fruit transpiration rate. However, the effect of 1-MCP fruit weight loss could also vary by cultivar [19]. Similarly, 1-MCP was only affected in ‘Gamhong’ apples in this study.



Neutral sugars are essential of the polymerization of the cell wall structure, and the solubilization of side-chain neutral sugar is an indicator of softening [40]. Cell wall pectin is bound with neutral sugars, and the loss of neutral sugars is highly associated with the reduction of flesh firmness [41,42,43]. In this study, the 1-MCP treatment slowed the solubilization of total sugars, especially at the end of storage. However, the middle lamella of the cell wall is rich in polyuronides, and the solubilization of uronic acid polymers could be due to the dissolution of the middle lamella, resulting in the loss of firmness [44]. Galacturonic acid is a sugar acid, which is the primary component of pectin, and it is used to determine the contents of uronic acid dissolution in the cell wall. Billy et al. [45] reported that the changes in galacturonic acid are strongly associated with changes in the crunchiness and firmness of the fruit. However, in this study, 1-MCP did not affect the uronic acid content of all cultivars.



The fruit softening mechanism is regulated by the activities of cell wall hydrolase enzymes, which are closely associated with ethylene production [13,14,15,16,46]. Hydrolase activities increase during storage, which is probably due to the changes in the mesocarp texture of the fruit [47,48]. Therefore, the increased activities of cell wall hydrolase enzymes could be due to the faster mechanism of fruit softening. Additionally, the cell wall hydrolase activities were positively correlated with IEC in all apple cultivars in this study. β-Ara and β-Gal are responsible for the removal of side-chain arabinosyl and galactosyl residues from cell wall pectin, resulting in the loss of firmness [13,43,49]. Additionally, Win et al. [19] reported on the relationship between ethylene and β-Ara and β-Gal enzymes during apple fruit softening. β-Glc and β-Xyl are responsible for the cellulose and hemicellulose network, and α-Gal and α-Man are involved in the oligosaccharides of pectin backbones [50]. Therefore, these hydrolase activities regulated the softening-related cell wall metabolism, and this mechanism was delayed by 1-MCP. The different hydrolase activities observed in this study could be due to the different cultivars and ripening mechanism of the fruit.



In ethylene metabolism, ACS and ACO are the key enzymes that catalyze the ethylene biosynthesis pathway [10,51]. However, ACS and ACO are encoded by multigene families [8,9,10]. Among them, the MdACS1 and MdACO1 genes are closely associated with climacteric ethylene production because of their higher expression patterns during ripening [10,52,53,54]. In this study, the expression levels of MdACS1 and MdACO1 were significantly higher in untreated fruit than treated fruit, and the different expression levels of these genes might be due to differences in cultivar [52]. ETR is a signal of ethylene receptor, which is also encoded with a multigene family. MdETR2 was selected to analyze the ethylene signal at the receptor level, and higher expression levels were found in untreated fruit of all the apple cultivars, except ‘Hwangok’. 1-MCP effectively blocks the ethylene response at the receptor level [55,56]. The function of the ethylene receptor is negatively regulated in the ethylene signaling pathway [57,58], and the increased expression of ethylene receptor genes in apple fruit could be due to the production of more proteins, which can repress the ethylene response [54]. The low level of expression of the MdETR2 gene in ‘Hwangok’ apple could be due to the low production of ethylene during ripening.




5. Conclusions


In conclusion, 1-MCP treatment delayed the ripening of all apple cultivars. However, the effects of 1-MCP on physiological and biochemical attributes were highly dependent on cultivar. Fruit ripening is associated with ethylene production, which influences changes in physiological attributes. The cell wall materials were solubilized when the fruit was softened, and this softening mechanism was regulated by the activities of cell wall hydrolase enzymes. Additionally, ethylene production is regulated by MdACO1 and MdACS1 genes, which is signaled by MdETR2. Therefore, this study suggests that 1-MCP treatment improved the storability of four apple cultivars, delaying the fruit ripening and softening mechanism. According to the results observed in this study, ‘Hwangok’ apple cultivar has a greater storability than other apple cultivars. Therefore, the new cultivar ‘Hwangok’ has the potential to become popular in the apple industry.
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Figure 1. Effects of 1-MCP treatment on flesh firmness, titratable acidity, and soluble solids content of ‘Hwangok’ (A,E,I), ‘Picnic’ (B,F,J), ‘Gamhong’ (C,G,K), and ‘Fuji’ (D,H,L) apple cultivars stored at 0 °C cold storage for up to six months. All values are expressed as mean standard error (n = 15). * p < 0.05 and ** p < 0.01 indicate the level of significant difference between the control and 1-MCP treatments. 
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Figure 2. Effects of 1-MCP treatment on internal ethylene concentration (IEC), ethylene production, and weight loss of ‘Hwangok’ (A,E,I), ‘Picnic’ (B,F,J), ‘Gamhong’ (C,G,K), and ‘Fuji’ (D,H,L) apple cultivars stored at 0 °C cold storage for up to six months. All values are expressed as mean standard error (n = 15). * p < 0.05 and ** p < 0.01 indicate the level of significant difference between the control and 1-MCP treatments. 
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Figure 3. Effects of 1-MCP treatment on total sugar content and uronic acid content of ‘Hwangok’ (A,E), ‘Picnic’ (B,F), ‘Gamhong’ (C,G), and ‘Fuji’ (D,H) apple cultivars stored at 0 °C cold storage for up to six months. All values are expressed as mean standard error (n = 3). * p < 0.05 and ** p < 0.01 indicate the level of significant difference between the control and 1-MCP treatments. 
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Figure 4. Effects of 1-MCP treatment on enzymatic activities of β-galactosidase (β-Gal), α-galactosidase (α-Gal), β-glucosidase (β-Glc), α-mannosidase (α-Man), β-xylosidase (β-Xyl), and β-arabinosidase (β-Ara) of ‘Hwangok’ (A,E,I,M,Q,U), ‘Picnic’ (B,F,J,N,R,V), ‘Gamhong’ (C,G,K,O,S,W), and ‘Fuji’ (D,H,L,P,T,X) apple cultivars stored at 0 °C cold storage for up to six months. All values are expressed as mean standard error (n = 3). * p < 0.05 and ** p < 0.01 indicate the level of significant difference between the control and 1-MCP treatments. 
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Figure 5. Effects of 1-MCP treatment on expression patterns of the ethylene biosynthesis (MdACS1 and MdACO1) and receptor (MdETR2) genes of ‘Hwangok’ (A,E,I), ‘Picnic’ (B,F,J), ‘Gamhong’ (C,G,K), and ‘Fuji’ (D,H,L) apple cultivars stored at 0 °C cold storage for up to six months. All values are expressed as mean standard error (n = 3). * p < 0.05 and ** p < 0.01 indicate the level of significant difference between the control and 1-MCP treatments. 
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Figure 6. Pearson’s correlation coefficient (r) for fruit quality attributes, cell wall components and hydrolase activities, and ethylene biosynthesis and receptor genes of control and 1-MCP-treated ‘Hwangok’, ‘Picnic’, ‘Gamhong’, and ‘Fuji’ apple cultivars stored at 0 °C cold storage for up to six months. Red and blue colors indicate positive and negative correlation whereas asterisks (* or **) indicate significant correlation between analyses at p < 0.05 or p < 0.01, respectively. 
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