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Evaluation of acetic acid treatment of fresh–cut water chestnuts using gray–correlation analysis based on the variation–coefficient weight
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Introduction: The demand for fresh–cut water chestnuts, a convenient and nutritive vegetable, is increasing in market. However, the slicing of water chestnuts can cause mechanical damage to tissue, which results in quality deterioration. We aimed to select the optimal treatment through a comprehensive comparison of the preservation effect of acetic acid, which could prolong the shelf life of fresh–cut water chestnuts and improve their storage quality.

Methods: A comprehensive evaluation was conducted using the gray–correlation method based on the variation–coefficient weight to observe the treatment of 0, 2 and 5% acetic acid. Their effects on color, weight loss rate, and the content of ascorbic acid, total sugar, reducing sugar, soluble protein, and free amino acid were determined.

Results: The color, weight loss rate, and nutritional content of fresh–cut chestnuts varied under different processing and storage times. When stored for more than 4 days, the b* value, and the content of total sugar and soluble protein in CK were higher than those in 2% or 5% acetic acid, but the weight loss rate, and the content of ascorbic acid and free amino acid in CK were less than those in acetic acid treatments. Considering various indicators, it was difficult to determine which treatment to choose for fresh–cut water chestnut preservation. The gray–correlation analysis results indicated that when stored for 8, 12, or 16 days, the gray–correlation degree of 5% acetic acid was the highest, while that of the control was the lowest. It could be directly concluded by the gray–correlation degree that when the storage time exceeded 4 days, acetic acid could be used to improve storage quality, and 5% acetic acid had a better preservation effect than 2%. Fresh–cut water chestnuts can be stored for 4 days without the need for acetic acid treatment.

Conclusion: These findings could provide information and comprehensive evaluation methods for the preservation of fresh–cut fruits and vegetables. The next step is to evaluate the preservation effect of acetic acid by measuring its effects on other indicators of fresh–cut water chestnuts (e.g., flavonoids, and microorganisms), providing ideas for the research of preservatives.
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1 Introduction

Water chestnut (Eleocharis tuberosa) belongs to the Cyperaceae family and is cultivated in China, India, the United States, Vietnam, and South Korea. It contains 68% water and 21.8% carbohydrates (1).Water chestnuts are also rich in vitamins, minerals, and other compounds, which have anticancer, antibacterial, laxative, and diuretic properties (1, 2). However, when eating water chestnuts, the skin should be peeled off. Fresh–cut water chestnuts can be eaten raw as fruits or processed together with other foods to meet the growing demand of consumers. However, the slicing of water chestnuts can cause mechanical damage to tissue, which results in quality deterioration, such as browning and nutrient loss. The edible and commercial values of fresh–cut chestnuts have been severely affected. Therefore, effectively controlling the deterioration of fresh–cut chestnuts to achieve preservation effect and ensure their nutritional content remains a challenge, which hinders the rapid development of the water chestnut industry.

The main preservation methods for fresh–cut water chestnuts include physical, chemical, and biological methods. Physical methods mainly include heat treatment (3), N2 (4) and high-pressure carbon dioxide treatment (5), etc., while exogenous salicylic acid (6) and hydrogen peroxide (7) are chemical methods. Chitosan coating (8), rice bran extracts (9) and eugenol (10) are biological methods. Composite preservation method can also be used, such as a combination of ultraviolet irradiation and ethanol (11). However, soaking and coating can easily lead to high residual levels of reagents in fresh–cut water chestnuts, and the effectiveness of air conditioning treatment and heat treatment is not as good as that of preservatives, or specialized equipment is required (12). Water chestnut, widely planted in Hubei, Guangxi, Zhejiang, Hunan, and other places, is one of the important aquatic vegetables in China, with a total area of 50,000 hm2, and the annual output of fresh fruit of water chestnut is 600,000–800,000 tons. Developing safe, effective, convenient, and low–cost preservatives will contribute to the development of the fresh–cut water chestnut industry.

Acetic acid is the active ingredient of vinegar, which has the advantages of easy volatility, low residue, and low cost; therefore, acetic acid is considered as an environmentally friendly liquid (13, 14).Anhydrous acetic acid, also known as glacial acetic acid, is a safe food additive approved for use in China (GB 2760–2014). Acetic acid is not only a sour and flavoring agent, but also an antibacterial component in vinegar and an effective preservative to prevent food spoilage (15). The reason why acetic acid prevents fruit and vegetable spoilage may be because it reduces the respiratory intensity of the product and inhibits the growth of surface microorganisms (16–18). Acetic acid could preserve fresh corn (19), maintain the post–harvest quality of tomatoes (20), and also serve as a substitute for sulfur dioxide to prevent Kyoho grapes decay (21). Fresh–cut water chestnuts gradually turn yellow during storage, and the discoloration is caused by non–enzymatic and enzymatic browning (22). According to report, Geotrichum, Streptococcus, and Staphylococcus seem to play a dominant role in causing severe yellowing of fresh–cut water chestnuts (23). Therefore, acetic acid may be able to maintain the freshness of fresh–cut water chestnut, but little is known about its application in the preservation of fresh–cut water chestnut.

In order to provide scientific basis for the application of acetic acid in preservation, it is necessary to measure multiple quality indicators of fresh–cut water chestnuts as much as possible. The large amount of data obtained may cause confusion in understanding the relationship between various indicators or their contribution to the evaluation of the preservation effect of acetic acid on fresh–cut water chestnuts. Therefore, it is necessary to establish a scientific comprehensive evaluation method for the quality of fresh–cut water chestnuts. Gray correlation method is a multivariate statistical analysis method that calculates the absolute value of data differences between sequences (24). The multi–objective optimization of the Q355C steel gas metal arc–welding process (25) and the process parameters for plastic injection molding (26) was performed by the gray–correlation method. The correlation degrees between the frost–penetration depths and some parameters, such as thermal characteristics and average annual temperatures, were also described by gray–correlation analysis (27). The method was also used in safety evaluation of chemical process (28), quality evaluation of Chinese medicinal materials (29), and food processing characteristics (30–33). The present study focused on determining the color, weight loss rate, and some nutritional components of fresh–cut water chestnuts exposed to different concentrations of acetic acid solutions. The experimental data were analyzed and compared. Then, the importance of different concentrations of acetic acid solutions affecting the quality indicators of fresh–cut water chestnuts was classified by using the gray–correlation method based on the variation–coefficient weight. Our findings may provide information and a comprehensive evaluation approach to the preservation of fresh–cut water chestnuts and other fresh–cut fruits and vegetables.



2 Materials and methods


2.1 Plant materials

Water chestnut was obtained from a commercial market in Xuchang. The fruit was processed in accordance with the method of Peng and Jiang (6), which was selected for uniformity and size, and any bruised or diseased fruit was discarded, washed, peeled, and cut into 5 mm–thick slices using a stainless–steel knife. The prepared slices were randomly divided into three groups. One group that served as the control was soaked in pure water for 5 min, and the other two groups that served as the test groups were soaked in 2 and 5% glacial acetic acid solutions for 5 min, respectively. After dripping water for 10 min, each of the three groups was initially divided into 15 parts, then, respectively, weighed and packaged through heat sealing using PE preservation bags, and finally stored at 4°C in a BCD–133EN Haier refrigerator (Qingdao Haier Co., Ltd., Qingdao, Shandong, China). Sampling and measuring of relevant indicators were performed at 0, 4, 8, 12, and 16 days. Each treatment was repeated three times.



2.2 Application of gray–correlation analysis based on the variation–coefficient weight in quality evaluate of fresh–cut water chestnuts

The color, weight loss rate, and content of nutritional components in fresh–cut water chestnuts were measured under different processing and storage times. A large amount of data was collected to conduct a scientific comprehensive evaluation for the quality and acetic acid preservation effect of fresh–cut water chestnut.


2.2.1 Quality determination

1. Color determination. The color of fresh–cut water chestnuts was determined using a NR200 colorimeter (Shenzhen Sanenchi Technology Co., Ltd., Shenzhen, China). L* (Lightness) and b* (yellow), the two color parameters, were used to indicate the color of fresh–cut water chestnuts. The colorimeter was standardized with a white plate before each test.

2. Weight loss rate. The weight loss rate is the difference in sample weight before and after storage. It was calculated using Equation 1.
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where [image: image] is the weight of fresh–cut water chestnuts before packaging; [image: image] is the weight of fresh–cut water chestnuts stored for i day; i refers to 0, 4, 8, 12, or 16 days.

1. Ascorbic acid. The total ascorbic acid was measured with a UV–visible photometer (T6 New Century, Beijing Puche General Instruments Co., Ltd., Beijing, China) at 500 nm using the colorimetric method described by GB/T 5009.86–2003 (China).

2. Total sugar. The content of total sugar was detected with a UV–visible photometer (T6 New Century, Beijing Puche General Instruments Co., Ltd., Beijing, China) at 620 nm using the Anthrone colorimetric method (34). Extraction was conducted as follows. One gram of fresh–cut water chestnuts was weighed in a mortar, ground evenly, and transferred to a 150 mL conical flask. The mortar was rinsed with 15 mL of pure water, and the washing liquid was transferred into the Erlenmeyer flask, added with 10 mL of 6 mol/L hydrochloric acid, immediately cooled in ice water after a 30–min boiling water bath, neutralized with 20% sodium hydroxide solution, transferred to a 100 mL volumetric flask at a constant volume, and filtrated. Afterward, 2 mL of the filtrate was sucked into another 100 mL volumetric flask at a constant volume. One milliliter of the diluted extract was pipetted into a stoppered test tube, and 4 mL of Anthrone reagent was added to the test tube. Finally, the absorbance value was measured.

3. Reducing sugar. The reducing sugar was detected with a UV–visible photometer (T6 New Century, Beijing Puche General Instruments Co., Ltd., Beijing, China) at 540 nm using the 3, 5–dinitrosalicylic acid method (35).

4. Soluble protein. The soluble protein was detected with a UV–visible photometer (T6 New Century, Beijing Puche General Instruments Co., Ltd., Beijing, China) at 595 nm using the Coomassie brilliant blue dye method (35).

5. Free amino acid. Free amino acid was detected with a UV–visible photometer (T6 New Century, Beijing Puche General Instruments Co., Ltd., Beijing, China) at 570 nm using the ninhydrin colorimetric method (35).



2.2.2 Variation–coefficient weighting method

Variation–coefficient method is a statistic to measure the variation degree of observed values in data. The standard deviation can be used directly if the unit of measurement is the same as the average. If the unit is different from average, the standard deviation cannot be used to compare the degree of variation, but the ratio of the standard deviation to the average should be used to compare the degree of variation (36). The coefficient of variation calculated by the steps below can avoid the equal division of weight and make the result more reasonable (37).

1. Calculating the coefficient of variation. The coefficient of variation of the indicator was calculated using Equation 2 (36).

[image: image]

where [image: image] is the coefficient of variation of the indicator Ci; [image: image] is the standard deviation of the indicator Ci; [image: image] is the mean value of the indicator Ci; i = 1, 2, …, n, and n is the number of indicators (n = 1, 2, …, 8).

1. Calculating the objective weight. The objective weight of the indicator was calculated using Equation 3 (36).

[image: image]

where Wi is the object weight of the indicator Ci; Vi is the variation coefficient of the indicator Ci, and n is the number of indicators (n = 1, 2, …, 8).



2.2.3 Gray–correlation analyses

Gray system theory is mainly applied to uncertain systems where certain information is known and unknown. It uses relatively small datasets and does not require observable values to strictly follow certain statistical laws (24, 38). Gray correlation analysis based on gray system theory is a multivariate statistical analysis used to evaluate the correlation between different sequences in design (27). In removing the dimensional differences of each indicator, the impact of different concentrations of acetic acid on the quality of fresh–cut water chestnuts was evaluated through gray–correlation analysis based on color, weight loss rate, ascorbic acid, total sugar, reducing sugar, soluble protein, and free amino acid. In the following, analysis procedure for gray correlation degree is described.

1. Normalizing raw data. To eliminate the impact of different dimensions and orders of magnitude on quality assessment, it is necessary to initialize quality indicators (39). That is, raw data is needed to be normalized. In order to standardize the raw data, the ideal concentration was selected as the reference sequence (X0), and other concentrations (CK, 2, and 5% acetic acid) were used as the comparison sequence (Xj). In addition to the weight loss rate, the minimum value of b* and the maximum value of other quality indicators in the comparison sequence were the corresponding values for ideal processing. The weight loss rate of the ideal processing was the smallest value among those values of weight loss rate in the comparison sequence except for 0. The raw data were preprocessed and converted into dimensionless data using Equation 4 (40).

[image: image]

where i is the number of samples (i = 0, 1, 2, …, 15), and k is the number of indicators (k = 1, 2, …, 8).

1. Determining the absolute difference between comparison and reference sequence. The absolute difference was calculated using Equation 5 (38).

[image: image]

The minimum absolute difference was measured using Equation 6.

[image: image]

The maximum absolute difference was calculated using Equation 7.

[image: image]

where i is the number of samples (i = 0, 1, 2, …, 15), and k is the number of indicators (k = 1, 2, …, 8).

1. Calculating the gray–correlation coefficient. The gray–correlation coefficient is considered as the correlation between the ideal and actual standardized value. This coefficient can be calculated using Equation 8 (38).

[image: image]

where i is the number of samples (i = 0, 1, 2, …, 15); k is the number of indicators (k = 1, 2, …, 8); [image: image] is the resolution ratio, which enlarges the difference among various coefficients.[image: image]=0.5 is generally used.

1. Calculating the gray–correlation degree. In obtaining the gray–relational degree, the following equation was used:

[image: image]

where [image: image] is the gray–correlation coefficient of the indicator Ci; [image: image] is the object weight of the indicator Ci; i is the number of samples, and i = 0, 1, 2, …, and 15; k is the number of indicators, and k = 1, 2, …, 8.




2.3 Statistical analyses

Each sample was made in three parallel. Microsoft Excel 2010 and SPSS 19 statistical analysis software were used for plotting and data analysis. The experimental results were analyzed by variance analysis and compared by using the Student–Newman–Keuls test. Bivariate correlation and Pearson correlation coefficients were used to analyze the correlation analysis. p ≤ 0.05 was considered significant, and p ≤ 0.01 was considered extremely significant.




3 Results


3.1 Effect of acetic acid on the storage quality of fresh–cut water chestnuts

The storage quality of fresh–cut water chestnuts exposed to different concentrations of acetic acid and stored for different time varied (Figure 1).

[image: Figure 1]

FIGURE 1
 Effect of acetic acid on the storage quality of fresh–cut water chestnuts. Each value represents the mean of three replicates ± standard deviation (SD). Columns with different letters are significantly different at the same storage time (p < 0.05). (A) Browning degree (L*); (B) Browning degree (b*); (C) Weight loss rate; (D) Ascorbic acid; (E) Total sugar; (F) Reducing sugar; (G) Soluble protein; (H) Free amino acids.



3.1.1 Color determination

Color is an important factor affecting the appearance quality of fruits and vegetables, and is an indicator for evaluating the quality of fresh–cut fruits and vegetables (41). L* represents the brightness of an object. The value of L * is between 0 and 100, and the lower the L * value, the more severe the browning. Positive b* represents the yellow color of an object, the higher the b* value, the more serious the yellowing of fruits and vegetables (41). During the storage process, the color changes of fresh–cut water chestnuts treated with 0, 2 and 5% acetic acid are shown in Figures 1A,B. As the storage time increased, the L * value usually decreased while the b * value increased. Different from the L * value, there was a significant difference in the b * value between CK treatment and acetic acid treatment when fresh–cut water chestnuts were stored for the same time. It was indicated that acetic acid can inhibit the browning and yellowing of fresh–cut water chestnuts during storage. In addition, there was almost no significant difference in the effects of 2 and 5% acetic acid on the L * and b * values of fresh–cut water chestnuts.



3.1.2 Weight loss rate

During storage, the weight of fruits and vegetables gradually decreases due to respiration and transpiration. Considering the mechanical damage during the processing, the quality deterioration of fresh–cut water chestnuts has intensified, resulting in a short shelf life and significant economic losses. The weight loss rate of fresh–cut water chestnuts treated with different concentrations of acetic acid is shown in Figure 1C, and increased with increasing storage time. At the same storage time, there was a significant difference in weight loss rates among different treatments, with 2% acetic acid, 5% acetic acid, and the control in descending order. It was indicated that acetic acid treatment caused severe weight loss in fresh–cut water chestnuts.



3.1.3 Nutritional ingredients

The respiration and transpiration intensity of fresh–cut water chestnuts changed continuously during storage and caused tissue internal nutrient unceasing transformation, which directly affected the content of soluble solids in fresh–cut water chestnuts (42). During the storage period of 0 to 8 days, the ascorbic acid content of fresh–cut water chestnuts treated with 0 and 2% acetic acid slightly changed, but the ascorbic acid content of 5% acetic acid treatment showed an upward trend (Figure 1D). During the storage period of 8 to 16 days, the ascorbic acid content of different treatments showed a trend of first decreasing and then increasing, while the ascorbic acid concentration of acetic acid treatment was significantly higher than that of the control. That is to say, if stored for more than 4 days, acetic acid treatment would lead to a higher content of ascorbic acid in fresh–cut water chestnuts. Meanwhile, 5% acetic acid was higher than 2% acetic acid.

During the storage process of fresh–cut water chestnuts, the total sugar of CK decreased but remained relatively constant, while the total sugar of acetic acid treatment showed a continuous downward trend (Figure 1E). When stored for the same time, compared with the control, acetic acid resulted in a lower total sugar content, but there was no significant difference between 2 and 5% acetic acid. In terms of reducing sugars, all treatments showed a trend of first rising and then falling (Figure 1F), and the maximum value occurred when the storage time was 4 days. When the storage time exceeded 4 days, the reducing sugar content in acetic acid treatment was basically lower than that in the control. For soluble protein, all treatments showed irregular changes (Figure 1G). Basically, the content had increased to varying degrees. When the storage time was the same, the reducing sugar content in acetic acid treatment was lower than that in the control. For free amino acid, all treatments showed a trend of first increasing and then decreasing (Figure 1H), and the maximum value occurred when the storage time was 4 days. When stored for the same time, the free amino acid content in acetic acid treatment was higher than that in the control. Meanwhile, the significant differences in soluble protein and free amino acid were usually observed between the treatments of 2 and 5% acetic acid.



3.1.4 Gray–correlation analyses

For fresh–cut water chestnuts exposed to 0, 2 and 5% acetic acid, the different changes in the color, weight loss rate, and content of nutritional components occurred during the storage (Figure 1). Taking into account the changing trends of various indicators, it was difficult to directly determine which treatment method to choose to extend the shelf life of fresh–cut water chestnuts and ensure their storage quality. Thus, it was necessary to conduct a comprehensive evaluation of fresh–cut water chestnuts treated with acetic acid.



3.1.5 Weight value of impact factors

The coefficient of variation method is an objective assignment method that calculates weights by utilizing the information contained in various indicators. It is widely used in comprehensive evaluation of multiple indicators (43). Using the coefficient of variation method to calculate the average, standard deviation, coefficient of variation, and weight of various indicators in fresh–cut water chestnuts treated with 0, 2 and 5% acetic acid and stored for different time, the results are listed in Table 1. The weights of L*, b*, weight loss rate, ascorbic acid, total sugar, reducing sugar, soluble protein, and free amino acid accounted for 1.3, 21.0, 19.9, 6.4, 8.0, 5.2, 16.5, and 21.8%, respectively. It was indicated that different indicators contributed differently to the quality of fresh–cut water chestnuts.



TABLE 1 Weights of various indicators used in the comprehensive evaluation of fresh–cut water chestnuts.
[image: Table1]



3.1.6 Normalization of raw data

Given the non–uniform dimension of the raw data shown in Figure 1, these data should be made dimensionless before comprehensive evaluation (39, 40). Selecting the preservative agent with excellent quality properties for fresh–cut water chestnuts was desirable to meet quality targets. Therefore, in the ideal process selected as the reference sequence (X0), the L*, ascorbic acid, total sugar, reducing sugar, soluble protein, and free amino acid were the highest values of the corresponding indicators in the comparison sequence, and the b* was the lowest value of the corresponding indicators in the comparison sequence. With regard to the weight loss rate, the lowest value in the comparison sequence was 0, and the following calculation cannot be performed using the value of 0. Thus, the weight loss rate in the ideal process was the minimum value of the corresponding indicators in the comparison sequence, excluding 0. All raw data were normalized using Equation 4. The standardized data of evaluation indices are listed in Table 2.



TABLE 2 Standardized data of evaluation indices.
[image: Table2]



3.1.7 Absolute difference between the comparison and reference sequence

The absolute difference between the comparison and reference sequence was calculated using Equation 5, and the results are shown in Table 3. In accordance with Equations 6, 7, the minimum absolute difference was 0.000, and the maximum absolute difference was 9.703.



TABLE 3 Absolute value between the reference sequence and comparative sequence.
[image: Table3]



3.1.8 Gray–correlation coefficient

Equation 8 was used to count the correlation coefficient between the treatments (CK, 2 and 5% acetic acid) and the quality indicators of fresh–cut water chestnuts. Then, the calculated correlation coefficients are given in Table 4.



TABLE 4 Gray–relational coefficient and gray–correlation degree between the reference sequence and comparative sequence.
[image: Table4]



3.1.9 Gray–correlation degree

Gray–correlation degree was calculated using Equation 9, and shown in Table 4 and Figure 2. It was found that the gray–correlation degrees of CK, 2% or 5% acetic acid decreased with the increase of storage time. When the storage time was the same, the comprehensive scores of the acetic acid treatments were higher than CK. Therefore, the fresh–cut water chestnuts could be preserved by acetic acid. With regard to the concentration of acetic acid, the gray–correlation degree of 5% acetic acid was higher than that of 2% at the same storage time. Based on the gray–correlation degree, it could be directly concluded that when the storage time was more than 4 days, acetic acid could be used to improve the storage quality, and the freshness–keeping effect of 5% acetic acid was better than 2%. And it was not necessary for fresh–cut water chestnuts stored for 4 days to be treated with acetic acid.

[image: Figure 2]

FIGURE 2
 Effect of acetic acid on the comprehensive score of fresh–cut water chestnuts.





3.2 Correlation analysis between measurement indicators and gray–correlation degree in fresh–cut water chestnuts

The correlation analysis between measurement indicators and gray–correlation degree in fresh–cut water chestnut is shown in Table 5 and Figure 3. It was shown that a significant negative correlation was between gray–correlation degree and storage time in treatments of 0 and 2% acetic acid. The significant negative correlation was also between gray–correlation degree and b*, and the weight loss in CK. The significant positive correlation was between gray–correlation degree and free amino acids content in 2% acetic acid treatment. The extreme significant positive correlation was between gray–correlation degree and reducing sugar, and free amino acids in 5% acetic acid treatment. However, the correlation between L*, ascorbic acid, total sugar, soluble protein, and gray–correlation degree was not significant in the treatments of 0, 2 and 5% acetic acid. Acetic acid treatment reduced the correlation levels between storage time, b–value, weight loss rate, and correlation degree, but increased the levels between reducing sugar, free amino acids, and correlation degree.



TABLE 5 Correlation analysis between measurement indicators and gray-correlation degree in fresh–cut water chestnuts.
[image: Table5]
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FIGURE 3
 Network correlation between parameter and gray-correlation degree. 1: Storage time; 2: L*; 3: b*; 4: Weight loss rate; 5: Ascorbic acid; 6: Total sugar; 7: Reducing sugar; 8: Soluble protein; 9: Free amino acid. Red line: Positive correlation; Blue line: Negative correlation; Thick line: Correlation coefficient ≥ 0.9 or ≤ −0.9; Thin line: Correlation coefficient between 0.5 and 0.9 or between −0.9 and − 0.5.





4 Discussion


4.1 Storage quality of fresh–cut water chestnuts

After fresh–cut processing, water chestnuts suffer serious mechanical damage. Due to their own stress resistance and a series of physiological reactions, fresh–cut water chestnuts are prone to discoloration during storage, which affects the shelf life and storage quality. The present results indicated that the discoloration of fresh–cut water chestnuts appeared gradually, and the color worsened during storage (Figures 1A,B). Meanwhile, the weight loss rate increased (Figure 1C) and the content of nutritional ingredients changed (Figures 1D,H).

Acetic acid can inhibit enzyme activity, intervene in nutrient transport, disrupt membrane systems, disrupt metabolism, and effectively inhibit the decay of post–harvest fruit caused by microorganisms (16). Currently, it has been tested for anti–corrosion and preservation of various foods (44). In the present study, the L* values representing the browning degree indicated that fresh–cut water chestnuts exhibited browning in both with and without acetic acid treatment (Figure 1A). Despite no significant difference, acetic acid treatment basically inhibited a little browning. It is consistent with the report in which the browning of fresh–cut water chestnuts soaked in white vinegar solution could be delayed (45). There might be two reasons for this based on the acidic pH value of acetic acid. Firstly, the solution induced microbial dehydration and death by adjusting osmotic pressure. Secondly, it also could inhibit enzymatic browning by reducing enzyme activity. To clarify the exact cause, the next step should focus on studying the effects of acetic acid on enzymatic browning and microorganisms during the storage process of fresh–cut water chestnuts.

During storage, fresh–cut water chestnuts not only exhibit common browning in fresh–cut products, but also gradually appear yellowing phenomenon (41). The significant differences in b* values among treatments indicated that the yellowing of fresh–cut water chestnuts could be inhibited by acetic acid, as well as ultraviolet irradiation (11), ethephon (41), and ethanol (46). It was reported that the yellowing phenomenon of fresh–cut water chestnuts was related to the oxidation of flavonoids in water chestnuts (47). And the metabolites produced by microorganisms may convert flavonoid glycosides into free flavonoids, also accelerating the yellowing phenomenon (46). Rice bran extracts effectively delayed the yellowing of fresh–cut water chestnuts during storage, with a significant inhibitory effect on the accumulation of flavonoids and flavonoid metabolism (9). The reason why acetic acid inhibits the yellowing of fresh–cut water chestnuts may be due to its dual inhibitory effects on flavonoids and microorganisms. To clarify the exact reason, the next step should focus on studying the effects of acetic acid on flavonoids, flavonoid related enzymes, and microorganisms in fresh–cut water chestnuts during storage.

Fresh–cutting processing not only affects the color of water chestnuts, but also affects their other storage quality. The weight loss of fruits and vegetables is caused by transpiration during storage and transportation, which leads to a decrease in water and nutrients in the tissues. The weight loss of fresh–cut water chestnuts easily occurred after peeling and seriously affected its sensory and edible quality (42). Appropriate intensity of pulsed light treatment could reduce damage to tissue cells, thereby reducing water loss and nutrient consumption, and improving the quality of fresh–cut water chestnuts (48). Unlike pulsed light, but similar to UV and ethanol (11), acetic acid treatment could not inhibit water loss and nutrient consumption in fresh–cut water chestnuts (Figure 1C). A higher weight loss rate indicated significant loss of water and nutrients, as well as stronger respiration and transpiration. Unlike acetaldehyde, acetic acid treatment may promote the activity of enzymes related to plant cell wall depolymerization (e.g., pectin methyl esterase, polygalacturonase, and β–galactosidase), thereby disrupting the integrity of fresh–cut water chestnut tissue cells, which is not conducive to maintaining the water–holding capacity of tissue cells (42).

Soluble solids continuously decreased during the storage process of fresh–cut water chestnuts, showing a trend of first fast and then slow (45). Perhaps the tissue cells provide energy for their respiration by consuming their own nutrients, leading to a gradual decrease in soluble solids content in the tissue. According to Figure 1C, the effect of acetic acid on the weight loss of fresh–cut water chestnuts showed that acetic acid enhanced the respiratory of fresh–cut water chestnuts, inducing significant loss of water and nutrients. Contrary to free amino acids, when stored for the same time, the total sugar and soluble protein content in CK was higher than those in acetic acid (Figures 1E,G,H). For ascorbic acid, when stored for 4 days, CK was higher than acetic acid treatment, and when stored for more than 4 days, acetic acid treatment was higher than CK (Figure 1D). Compared with other indicators, there was no significant difference in reducing sugar content between the control and acetic acid treatment with the same storage time (Figure 1F). The results also indicated that the respiration of fresh–cut water chestnuts was affected by acetic acid, so the nutritional content of CK and the acetic acid treatments was different. Based on the increase in weight loss rate and the decrease in total sugar and soluble protein content, it was inferred that acetic acid promoted the respiration of fresh–cut water chestnuts, and increased the content of VC and free amino acids.



4.2 Comprehensive evaluation

Undoubtedly, preservation treatment should not only maintain the good sensory quality of fresh–cut products, but also have good nutritional quality. 0, 2 and 5% acetic acid had different effects on the color, weight loss rate, and nutritional content of fresh–cut water chestnuts. Considering the changing trends of various indicators, it was difficult to directly determine which treatment method to choose to prolong the shelf life of fresh–cut water chestnuts and ensure their storage quality. Therefore, it is necessary to conduct a comprehensive evaluation of the preservation effect of fresh–cut water chestnuts. There are currently some comprehensive evaluation methods that can be applied in multiple industries. Principal component analysis was applied in the quality evaluation of fresh–cut cauliflower in different packaging methods (49), quality evaluation of fresh–cut lettuce (50), and the effect evaluation of composite coatings in preserving the quality of Wax apples (51). Entropy method and analytic hierarchy process was used to optimize the fresh–cut processing method of Gastrodiae Rhizoma (52). Fuzzy mathematics was used to evaluate the effect of natural preservatives on chilled pork preservation (53) and analyze the suitability of fresh–cut vegetable processing for South China ecotypic cucumber (54). These methods each have their own advantages and disadvantages.

Gray–correlation analysis is an evaluation method of determining the primary and secondary factors as well as the degree of their correlation in accordance with the gray system (27). It is reported (55) that the advantage of this method is: firstly, it can be directly calculated from raw data, is easy to master, has a small computational workload, and the results are objective and reliable; secondly, low data requirements, limited data or lack of clear distribution patterns can also be used for calculations. And the disadvantage of this method is: firstly, different values of comparison sequences, resolution coefficients, etc. can affect the evaluation unit, resulting in inconsistent results; secondly, there can be both positive and negative correlations between things, and using a correlation model when there is a negative correlation can lead to incorrect conclusions; thirdly, it is not suitable for situations where the evaluation indicator information is duplicated, so the selection of indicators has a significant impact on the evaluation results. Given the simple calculation and reasonable evaluation, gray–correlation analysis had been used to comprehensively evaluate the effects of processing methods on turnip chips (40), Chinese yam chips (30), Hypsizygus marmoreus (31), black sesame seeds (56), South China ecotypic cucumber (57), and fresh–peach (39). The application of gray correlation analysis in the preservation of fresh–cut water chestnuts has not been reported yet.

In order to provide scientific basis for acetic acid preservation, the color, weight loss rate, and content of ascorbic acid, total sugar, reducing sugar, soluble protein, and free amino acid in fresh–cut water chestnuts treated with acetic acid were measured. In addition, the experimental data were analyzed and compared (Figure 1). However, the information was too cumbersome and complex, making it difficult to determine which of the 0, 2 and 5% acetic acid treatments works well. Consequently, the importance of different concentrations of acetic acid solutions affecting the quality of fresh–cut water chestnuts was classified by gray–correlation analysis based on the variation–coefficient method. Firstly, the weights of the quality indicators of fresh–cut water chestnuts were calculated by using the variation–coefficient method (Table 1). Secondly, the gray–correlation degree of each factor was calculated through a series of data processing using gray correlation analysis (Tables 2–4). Then, the results of gray–correlation analysis were taken as the reference for the final comprehensive evaluation (Table 4; Figure 2).The gray–correlation degree of CK, 2% or 5% acetic acid, typically decreased with increasing storage time. Finally, acetic acid could be used to preserve fresh–cut water chestnuts stored for more than 4 days, and the preservation effect of 5% acetic acid was better than that of 2%. Our findings may provide information and a comprehensive evaluation approach to the preservation of fresh–cut water chestnuts and other fresh–cut fruits and vegetables.




5 Conclusion

Treatments with pure water and 2 and 5% acetic acid had varying degrees of impact on the color, weight loss rate, and nutritional ingredients of fresh–cut water chestnuts. In addition, the influences of various treatments on the quality indicators of fresh–cut water chestnuts could be compared and evaluated comprehensively using gray–correlation analysis by analyzing the color, weight loss rate, and content of ascorbic acid, total sugar, reducing sugar, soluble protein, and free amino acid. It was found that fresh–cut water chestnuts stored for 4 days did not require acetic acid treatment, but when the storage time was more than 4 days, acetic acid could be used to preserve, and the preservation effect of 5% acetic acid was better than that of 2%. These findings indicated that acetic acid, as a simple, safe, and economically effective preservative, was suitable for the preservation of fresh–cut water chestnuts. However, the effects of these treatments on other indicators (e.g., phenols, flavonoids, flavonoid related enzymes, and microorganisms) in fresh–cut water chestnuts have not been studied yet. Therefore, further research is needed to assess the fresh–keeping effect of fresh–cut water chestnuts by examining other components, such as total phenols, flavonoids, and microorganisms, to provide an idea for the study of preservatives. In summary, a comprehensive analysis method was established by analyzing multiple indicators to determine the preservation effect of acetic acid in fresh–cut water chestnuts.
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