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The bacterial pathogen Pseudomonas syringae pv. actinidiae (Psa) adheres to the surface of kiwifruit and can spread over long distances during fruit transport and sales. It is crucial to investigate efficient approaches to eliminate Psa from the surface of kiwifruit, ensuring the prevention of Psa dissemination and maintaining the overall quality of kiwifruit. Vanillin is used for the preservation of agricultural products due to its antiseptic and bactericidal effect. In this paper, Psa was used to infect Cuiyu kiwifruits, and inhibition of exogenous vanillin on Psa and effects on the quality of the treated kiwifruits were investigated. According to the results of the inhibition of Psa through exposure to vanillin, the effectiveness of inhibition on the surface of kiwifruit was as follows: 61.29, 92.33, 96.79, and 100% for the concentrations of vanillin at 5.0 mg·mL−1, 6.0 mg·mL−1, 7.0 mg·mL−1, 8.0 mg·mL−1, 9.0 mg·mL−1, and 10.0 mg·mL−1, respectively. According to the quality results, kiwifruits treated with 8.0 mg·mL−1 vanillin exhibited a significant reduction in weight loss and rotting rate, with a decrease of 23.09 and 28.39% respectively, as compared to the control group. Additionally, thesetreated samples maintained a high level of total soluble solids, exhibited delayed degradation of total sugar content during a later period, inhibited an increase in respiratory intensity, and demonstrated increased firmness. Furthermore, vanillin treatment significantly increased the active values of superoxide, catalase, and peroxidase dismutase by 16.37, 28.75, and 23.92% respectively, compared to the control group. However, the levels of vitamin C and titratable acidity were not significantly affected by vanillin treatment. In conclusion, exogenous vanillin treatment exhibited potent inhibition capabilities against Psa, and effectively maintained the quality of kiwifruits during their shelf life. This study could provide reference basis for controlling the propagation of Psa and developing a new and natural kiwifruit preservative.
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1. Introduction

Kiwifruit bacterial canker is a highly destructive and invasive disease, primarily affecting the stems and leaves of kiwifruit plants, and is caused by the Pseudomonas syringae pv. actinidae (Psa) (Li et al., 2020). Psa is highly virulent and can rapidly reproduce and spread within infected plants, leading to a decline in tree vigor and death within a short period of 1–2 years (Donati et al., 2020). Previous studies have shown that Psa can be detected in tissues such as pollen and fruit samples of kiwifruit (Barrett-Manako et al., 2021). Stefani and Giovanardi demonstrated that Psa could be detected in kiwifruit fruits at the 3rd, 9th, and 15th weeks by PCR after pollination with Psa-contaminated pollen (Stefani and Giovanardi, 2011). Gallelli et al. tested 32 kiwifruit fruit samples for Psa using real-time PCR technology, and 22 samples were positive (Gallelli et al., 2011). Zhu et al. used nested PCR technology to detect Psa on the surface of Hayward kiwifruit during storage in Zhouzhi County, Shaanxi Province, and the results showed that Psa was found in eight of 40 kiwifruit samples (Zhu et al., 2017). In 2020, China imported a total of about 116,800 t of kiwifruit and exported a total of 12,600 t. As Psa will adhere to the fruit surface and spread with the transportation and sales of kiwifruit, international trade may become the main way for Psa to spread over a long distance in the world (Vanneste et al., 2014). Consequently, studying effective methods to eradicate Psa from the surface of kiwifruit is crucial in preventing the pathogen’s spread and reducing the incidence of kiwifruit canker, while also ensuring the overall quality of the fruit (Cao et al., 2019).

As a natural substance in plants, plant polyphenols are a type of secondary metabolic compounds containing phenolic groups, which are divided into five compounds (Meng et al., 2023), namely phenolic acid, stilbene, flavonoid, coumarin and tannin. Plant polyphenols and their active components have become natural bactericides to control fruit postharvest diseases (Gao et al., 2018; Li et al., 2019; Jia et al., 2021; Cheng et al., 2022). In addition, plant polyphenols are also natural antioxidants that have an important effect on the color, flavor and oxidative stress of fruits (Dróżdż and Pyrzynska, 2018). Vanillin, derived from the seeds of the Vanilla fragrans orchid plant, is a polyphenolic compound widely recognized as one of the most extensively employed food flavoring agents globally (Chen et al., 2014). In addition to its role as a flavor enhancer and fixative, vanillin also has antibacterial, antioxidant, and stabilizing effects (Zabka and Pavela, 2013; Lv et al., 2015; Wei et al., 2021). According to Pei et al. (2021), vanillin was observed to effectively inhibit the growth of fungi in milk, resulting in prolonged spore germination time, reduced growth rate, and decreased mycelia growth. A concentration of 100 mg/mL of vanillin was found to reduce the colony growth rate of Actinomyces elegans by 88.45%, increase the lag phase by 8.60 times, and inhibit hypha growth by 85.93%, leading to damaged hypha morphology. Safari et al. (2020) adopted the combination of vanillin and chitosan for tomato storage and fresh-keeping and concluded that the treatment with 15 mM vanillin, in combination with a 1.5% chitosan coating, can significantly reduce the disease incidence rate and severity during tomato storage, by 74.16 and 79% respectively, and that the coating treatment of “vanillin+ chitosan” can also reduce the rot rate, fruit firmness and respiratory rate of tomatoes, and extend the shelf-life of fruits for 25 d. Li et al. (2020) adopted the compound coating treatment of 2 mg/mL vanillin and 1% chitosan, which could prolong the shelf-life of frozen turbot for 6–7 days.

Currently, there is limited research on the use of vanillin to kill Psa on the surface of kiwifruit and regulate post-harvest physiology. In this study, various concentrations of vanillin solutions were employed to perform indoor antibacterial experiments on Psa, which revealed a substantial inhibitory effect of vanillin on the pathogen. Furthermore, the impact of vanillin solution treatment on the shelf-life quality of kiwifruit was analyzed to develop efficient, safe, and environmentally friendly plant-based preservatives, and to provide scientific and effective references for controlling the spread of Psa on kiwifruit and for the application of storage and preservation technology.



2. Materials and methods


2.1. Materials and reagents

The “Cuiyu” kiwifruit (Actinidia chinensis cv. Cuiyu) was harvested from the kiwifruit experimental base of Hunan Academy of Agricultural Sciences. The Psa strain JF8 was kindly provided by Professor Liu Pu of Anhui Agricultural University. Vanillin was purchased from Shanghai Macklin Biochemical Technology Co., Ltd. with a purity of 98%. All other reagents utilized in this study were domestically produced and of analytical grade quality.



2.2. Methods


2.2.1. Laboratory bacteriostatic test of vanillin against Psa

The method described by Shi et al. (2005) was used with slight modifications to determine the in vitro antibacterial activity of vanillin against Psa using a paper disk diffusion assay. The size of the paper disk was 5 mm. Vanillin solutions were prepared at concentrations of 1.0, 5.0, 10.0, 15.0, and 20.0 mg·mL−1, and the paper disks were soaked in the respective solutions. Psa was cultured in liquid luria-bertani (LB) medium, and its bacterial density was adjusted to 1 × 108 CFU·mL−1. Then, 100 μL of the bacterial suspension was spread evenly onto luria-bertani agar plates. Sterilized distilled water was used as a negative control (CK) instead of vanillin. The soaked paper disks were positioned onto the surface of the LB agar plates that had been previously inoculated with Psa and subsequently incubated at 25°C for 24 h. The diameter of the inhibition zone was measured with a caliper using the cross-intersection method.



2.2.2. Determination of the minimum inhibitory concentration of vanillin against Psa

According to the study by Pei et al. (2022), a gradient dilution method was employed to determine the minimum inhibitory concentration of vanillin, with some modifications. Initially, an appropriate amount of liquid luria-bertani medium was taken from the logarithmic growth phase of Psa culture, and the bacterial concentration was adjusted to 1 × 108 CFU·mL−1. Subsequently, vanillin solutions of different concentrations, ranging from 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 6.0 mg·mL−1, were added. After thorough mixing, the culture was incubated for 24 h at 25°C with agitation at 200 rpm. Following the guidelines of the Clinical and Laboratory Standards Institute (CLSI), the minimum inhibitory concentration was determined by visually examining the clarity of the liquid without agitation (CLSI, 2013). Subsequently, 100 μL of the culture medium was inoculated onto the agar plate and incubated at 25°C for 48 h to observe colony formation. The minimum bactericidal concentration (MBC) was determined based on the concentration at which no growth of colonies was observed.



2.2.3. Inhibition effect of vanillin on Psa on kiwifruit surface

Based on the experimental results outlined in Section 2.2.1, a starting concentration of 5.0 mg·mL−1 was selected to prepare a gradient of vanillin solutions at concentrations of 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 mg·mL−1. Fresh and undamaged kiwifruits of uniform size were randomly selected, with 10 kiwifruits per sample. The kiwifruits were treated with UV sterilization in a super-clean bench for 30 min to kill surface bacteria on the fruit. Psa (concentration of 1 × 108 CFU·mL−1) suspension was evenly sprayed onto the surface of the fruit using a micro-sprayer to ensure uniform bacterial adhesion. Sterile ddH2O was used for the control (CK1) and placed in a sterilized storage container. After 2 h, the vanillin solutions with concentrations of 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 mg·mL−1 were evenly sprayed onto the surface of the kiwifruit treated with bacterial spray using a micro-sprayer. Sterile ddH2O was used as a positive control (CK2). CK1 was treated with sterile ddH2O instead. Each treatment was set up with three replicates.



2.2.4. Analysis on the inhibition effect of vanillin solution on Psa of kiwifruit surface

With slight modifications to the method in Section 2.2.3, three fruits were randomly selected from each treatment, and a needle with a diameter of 1.6 mm was used to randomly sample the skin of the fruit to create small puncture wounds. The samples were immersed in 30 mL of liquid medium and subsequently incubated at a constant temperature of 25°C with shaking for 6 h. After dilution by 300 times, 100 μL of the solution was evenly spread onto an LB agar plate, and the number of single bacterial colonies was counted. This process was repeated three times. The inhibition rate was calculated using Formula 1.
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2.2.5. Effect of vanillin on fruit quality of kiwifruit

Randomly selected kiwifruit fruits of similar size and shape, without any mechanical damage, were used as samples, with a sample size of 150 kiwifruits per group. The kiwifruit was placed in a 50 L container, completely immersed in a solution of 8.0 mg·mL−1 of vanillin for 20 min. Following the treatment, the fruit was removed and left to air dry before being stored at room temperature with a humidity level of 90%. The negative control group was treated with sterile distilled water instead of vanillin solution and processed in the same manner. Sampling was conducted once every 3 days, with 6 randomly selected fruits measured for each physiological parameter of interest. Each treatment was replicated 3 times.



2.2.6. Determination of physiological indicators


2.2.6.1. Determination of weight loss and rotting rate

Following the method of Pan et al. (2019), the fruit weight and the number of rotten fruits were counted every 3 days. The weight loss and the rotting rate were calculated according to Formulas 2, 3, respectively.
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2.2.6.2. Determination of total soluble solids and titratable acidity

The ATAGO PAL-1 hand-held digital refractometer was used to measure the total soluble solids (TSS) of kiwifruit. Fruit pulp was squeezed to extract juice into a beaker, mixed thoroughly and measured, expressed as a percentage. Each sample was measured thrice, and the mean value was recorded. The acid–base titration method was utilized to determine the titratable acidity content (Gao, 2006), expressed as a percentage.



2.2.6.3. Determination of vitamin C and total sugar content

Vitamin C was determined by 2, 6-dichlorindophenol titration (Gao, 2006). Total sugar content was determined by Anthrone colorimetry (Gao, 2006).



2.2.6.4. Respiratory rate measurement

The FS-3080A fruit and vegetable respirometer was used to measure the respiratory rate, with a measurement temperature of 20°C and a gas flow rate of 1.0 L/min. Six fruits were measured at a time (approximately 0.4 kg), and the measurement time was 20 min, with three repetitions. Results were expressed in units of mg·kg−1·h−1 of CO2.



2.2.6.5. Determination of fruit firmness

The kiwifruit was peeled at the equator, and four points were randomly and evenly selected at the equator of the fruit for texture analysis using a texture analyzer (SMSTA XT Plus; StableMicro Systems Ltd., United Kingdom). A p/2 model probe, which had a diameter of 2 mm, was utilized for the test. The test parameters included a pre-test speed of 2 mm/s, a test speed of 2 mm/s, a post-test speed of 5 mm/s, a puncture depth of 8 mm, and a trigger force of 5 g, with the unit measured in N.



2.2.6.6. Determination of antioxidant enzyme activity

Superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) activities were evaluated using the SOD activity assay kit (BC0175), CAT activity assay kit (BC4785), and POD activity assay kit (BC009) respectively, provided by Beijing Solarbio Science and Technology Co., Ltd. Each assay was performed in triplicate, and the mean value was calculated.





2.3. Data processing

The data were statistically analyzed and plotted using Excel 2010 software. The collected data were analyzed using IBM SPSS Statistics 19.0 software and expressed as the mean ± standard deviation. The significance of differences (p < 0.05) was determined using a t-test.




3. Results and analysis


3.1. Laboratory bactericidal effect of vanillin on Psa

As shown in Figure 1, when the concentration of vanillin solution was 1.0 mg·mL−1, 5.0 mg·mL−1, 10.0 mg·mL−1, 15.0 mg·mL−1 and 20.0 mg·mL−1, the size of the inhibition zone was 0.00 ± 0.00 mm, 9.66 ± 0.46 mm, 13.53 ± 0.61 mm, 20.13 ± 1.41 mm, and 21.83 ± 1.64 mm, respectively, indicating that the inhibitory effect of vanillin on Psa was observed when the concentration of the vanillin solution was higher than 5.0 mg·mL−1.

[image: Figure 1]

FIGURE 1
 Effect of vanillin bactericidal on Psa. (A) ddH2O negative control; (B–F) The concentration of vanillin solution was respectively: 1.0 mg·mL−1, 5.0 mg·mL−1, 10.0 mg·mL−1, 15.0 mg·mL−1, and 20.0 mg·mL−1.




3.2. Assessment of the minimum inhibitory concentration and minimum bactericidal concentration values of vanillin against Psa

According to Table 1, it can be observed that different degrees of turbidity were observed in the medium when vanillin was administered at concentrations ranging from 0.0 mg·mL−1 to 3.5 mg·mL−1 against Psa. However, when the concentration was increased to 4.0 mg·mL−1 to 6.0 mg·mL−1, the medium became clear with no bacterial growth. Therefore, the minimum inhibitory concentration (MIC) of vanillin against Psa was determined to be 4.0 mg·mL−1. Results from plate coating experiments indicated that when the concentration of vanillin was 5.0 mg·mL−1 to 6.0 mg·mL−1, no bacterial colonies were observed when 100 μL of the culture medium was coated on the plate. In contrast, when the concentration was within the range of 0.0 mg·mL−1 to 4.5 mg·mL−1, bacterial colonies were present on the plate. Thus, the minimum bactericidal concentration (MBC) of vanillin against Psa was determined to be 5.0 mg·mL−1.



TABLE 1 Determination of the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of vanillin against Psa.
[image: Table1]



3.3. Effect of exogenous vanillin on the bactericidal effect of Psa

According to Figure 2, when the concentration of vanillin solution was 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 mg·mL−1, the colony forming units on the coated plate were 972.00 ± 79.49, 192.67 ± 8.18, 74.33 ± 6.80, 0.00 ± 0.00, 0.00 ± 0.00, and 0.00 ± 0.00, respectively. Figure 2A shows that the colony forming units in CK1 were 0, indicating no interference from other bacteria during the experiment; the positive control CK2 without vanillin treatment had a colony forming unit of 2,313 ± 158.12. According to Figure 3B, when the concentration of vanillin solution was 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 mg·mL−1, the bactericidal rates of Psa on the surface of kiwifruit were 61.29 ± 3.17%, 92.33 ± 0.33%, 96.79 ± 0.29%, 100.00 ± 0.00%, 100.00 ± 0.00%, and 100.00 ± 0.00%, respectively.

[image: Figure 2]

FIGURE 2
 Effect of vanillin bactericidal on Psa of kiwifruit surface. (A) CK1; (B) CK2; (C–H) The concentration of vanillin solution was respectively: 5.0 mg·mL−1, 6.0 mg·mL−1, 7.0 mg·mL−1, 8.0 mg·mL−1, 9.0 mg·mL−1, and 10.0 mg·mL−1.


[image: Figure 3]

FIGURE 3
 Colony forming units (A) and inhibition rate (B) with different concentrations of vanillin treating. Different lowercase letters indicate significant difference (p < 0.05).




3.4. Effects of exogenous vanillin on weight loss and rotting rate of kiwifruits

Figure 4A illustrates that both the treated and control groups experienced a considerable increase in fruit weight loss during storage. This outcome is attributed to the fruit’s respiration and transpiration processes, which result in the consumption of internal moisture. Over the storage duration, the treatment group displayed a relatively gradual and lower weight loss compared to the control group. A noticeable variation in weight loss between the treated and control groups was observed after day 6, with a significant difference (p < 0.05). The weight loss percentages of the treatment and control groups on day 18 were 1.23 and 1.47%, respectively. The above results reveal that soaking kiwifruit in a vanillin solution can effectively inhibit moisture loss in the fruit, thereby inhibiting the increase in kiwifruit weight loss.

[image: Figure 4]

FIGURE 4
 Effect of exogenous vanillin on the weight loss (A) and rotting rate (B) of kiwifruit. Significant differences (p < 0.05) between values within the same column are indicated by different lowercase letters.


Although both the treated and control groups had rotten fruits after the 6th day of storage, as depicted in Figure 4B, there was no significant difference observed between them. The rotting rate of both groups increased rapidly with the extension of the storage period. However, the rotting rate of the treatment group was lower than that of the control group, with significant differences observed (p < 0.05). The highest rotting rate was observed on the 18th day, with a rotting rate of 26.06% in the treatment group and 36.40% in the control group. The main cause of rotten kiwifruit during storage is the susceptibility to external microbial invasion. The lower rotting rate in the treatment group may be related to its antibacterial effect. These results indicate that the use of vanillin solution to soak kiwifruit can effectively inhibit the increase of rotting rate.



3.5. Effects of exogenous vanillin on the nutritional quality of kiwifruit

The taste, flavor, and nutritional quality of kiwifruit are predominantly determined by the levels of TSS, TA, Vc, and TSC. The increase in the TSS of kiwifruit during storage might be attributed to the breakdown of carbohydrates into simple sugars and glucose. As presented in Table 2, the TSS content of kiwifruit increased progressively with the extension of storage time, in accordance with the traits of post-ripening fruits. The growth rate of TSS in fruits was fast during the period of 0–9 days, and slow after 9 days. The TSS content of kiwifruit treated with vanillin was considerably higher throughout the entire storage duration compared to the control group, with significant differences observed (p < 0.05). The findings suggest that treating kiwifruit with vanillin can lead to a substantial improvement in the TSS content and nutritional quality of the fruit.



TABLE 2 Effects of exogenous vanillin on nutritional quality of kiwifruit.
[image: Table2]

TA is one of the important quality traits of fruit and a significant factor affecting fruit flavor quality. The decrease in the TA mass fraction of kiwifruit was generally observed with the increase in storage time, as depicted in Table 2. On the 18th day of storage, a notable difference (p < 0.05) was observed in the TA content between the control and treatment groups, where the former declined to 1.11%, and the latter to 1.16%. In the remaining time periods, no significant difference (p > 0.05) was observed between the two groups. The above results indicate that the effect of vanillin treatment on the TA content of kiwifruit is not significant, indicating a good retention effect.

The abundance of Vc content in kiwifruit is remarkable and considered to be one of the most critical quality characteristics of the fruit, with its concentration being several times or even tens of times higher than that in fruits like citrus or apple. The Vc content in kiwifruit followed an increasing-decreasing-increasing pattern during storage, as depicted in Table 2. However, the overall magnitude of change was relatively small. The Vc content in kiwifruit treated with vanillin solution did not significantly vary from the control group, except for the 3rd and 15th day of storage (p > 0.05). This suggests that vanillin treatment has a beneficial effect in maintaining and preserving the Vc content of kiwifruit.

According to Table 2, the TSC content of kiwifruit increased during storage, indicating that the sugar content of kiwifruit continuously accumulated and the fruit maturity increased. The TSC content in kiwifruit treated with vanillin was consistently lower than the control group during the entire storage period. No significant difference was observed between the two groups during the initial 0–9 days period (p > 0.05); however, from day 12 to 18, a significant difference was detected (p < 0.05), suggesting that vanillin treatment can effectively delay the production of TSC during the late storage period and consequently delay the ripening and senescence of kiwifruit.



3.6. Effects of exogenous vanillin on respiration and firmness of kiwifruit

As depicted in Figure 5A, vanillin treatment effectively inhibited the respiration rate of kiwifruit, resulting in significantly lower respiration compared to the control group. Exhibited a gradual increase, peaking at the 6th day, with the control group showing 1.32 times higher respiration than the treatment group. Subsequently, the respiration gradually decreased and then increased, with a second peak appearing on the 12th day for the treatment group and on the 15th day for the control group. During the entire storage period, the respiration rate of the treatment group was consistently lower than that of the control group. After the 6th day, the respiration rate of the treatment group exhibited a significant reduction compared to the control group (p < 0.05). Respiration can accelerate fruit softening and ripening, and the above results indicate that vanillin can delay fruit senescence.

[image: Figure 5]

FIGURE 5
 Effects of exogenous vanillin on the respiration (A) and firmness (B) of kiwifruit.


As illustrated in Figure 5B, while the firmness of both the control group and kiwifruit treated with vanillin decreased throughout the storage period, the latter group exhibited significantly higher firmness compared to the former (p < 0.05). Firmness showed a significant difference between the treated and control groups during the storage period from day 3 to day 18 (p < 0.05). After 18 days of storage, the firmness of kiwifruit in the vanillin-treated group was 2.67 times higher than that of the control group, with values of 0.8 N and 0.3 N, respectively. These findings suggest that the application of vanillin can effectively preserve the firmness of kiwifruit and prevent fruit softening.



3.7. Investigating the impact of exogenous vanillin on the activities of antioxidant enzymes in kiwifruit

The main function of superoxide dismutase (SOD) is to facilitate the dismutation of superoxide anions (O2−) into H2O2 and O2, playing an important role in the body’s antioxidant and anti-aging functions (Cai et al., 2018). According to Figure 6A, the application of external vanillin led to an increase in SOD activity, reaching its highest peak on the 9th day at 840.72 U/g, and then decreased, which was 16.37% higher than the control group with 722.46 U/g. Throughout the 0–18 day storage period, the vanillin-treated group exhibited significantly higher SOD activity compared to the control group (p < 0.05), indicating that vanillin treatment can effectively increase the activity of SOD, maintain O2− metabolism balance, reduce O2− damage to kiwifruit, and thus extend its storage performance.

[image: Figure 6]

FIGURE 6
 Effects of exogenous vanillin on antioxidant enzyme activity of kiwifruit. (A) SOD activity; (B) CAT activity; (C) POD activity.


Catalase (CAT) is an antioxidant enzyme that plays a crucial role in protecting plant cells from oxidative stress by catalyzing the decomposition of hydrogen peroxide (H2O2) into O2 and H2O, thereby reducing oxidative damage caused by H2O2 (Liu et al., 2016). As illustrated in Figure 6B, the kiwifruit’s CAT content exhibited an initial increase followed by a decrease throughout the entire storage period. Additionally, the vanillin-treated group had a higher CAT content than the control group at various time intervals. Both the treatment and control groups reached their highest values on day 12, with values of 18.36 U/g and 14.26 U/g, respectively. The CAT content in the vanillin-treated group was found to be 28.75% higher than the control group. The CAT content in the kiwifruit treated with vanillin did not show a significant difference compared to the control group on days 3, 6, and 9 of storage (p > 0.05). After day 12, the CAT content in kiwifruit in both groups decreased, with a significant difference in CAT content between the two groups (p < 0.05), indicating that vanillin treatment can increase the CAT content in kiwifruit, effectively clearing the accumulated H2O2 in the fruit, and prolonging the storage time and quality of the fruit.

Peroxidase (POD) can catalyze various oxidation reactions involving hydrogen peroxide to maintain the balance of oxidation–reduction reactions (Luo et al., 2015). There was an initial increase followed by a decrease in POD activity in both the vanillin-treated and control groups during storage, as depicted in Figure 6C. The vanillin-treated group exhibited significantly higher POD activity than the control group, except for day 6 (p < 0.05). Day 15 was when the vanillin-treated group had the highest activity of 8.60 U/g, surpassing the control group’s peak activity of 6.94 U/g observed on day 12. Vanillin treatment led to a 23.92% increase in POD activity in the fruit, which is significantly higher than the POD activity observed in the control group, demonstrating the positive effect of vanillin on the fruit’s antioxidant capacity.




4. Discussion

Although various copper compounds and antibiotics are widely used in China and abroad to prevent and control Psa, long-term and excessive use can lead to the development of drug resistance in the pathogen and also affect the safety and quality of fruit. Thus, the development of safe, efficient, and plant-based Psa bactericides has become an urgent priority, considering the challenges posed by conventional bactericides (Lin et al., 2020). Plant polyphenols, because of their diverse types, non-polluting nature, and absence of pesticide residue, are an effective alternative to copper-based and antibiotic pesticides (Pei et al., 2022). Previous studies have shown that plant polyphenols can enhance the antioxidant capacity of horticultural products, thus achieving the goal of controlling postharvest fruit diseases (Valverde et al., 2015; Chen et al., 2019). Kiwifruit is a climacteric fruit, and various factors such as postharvest diseases accelerate fruit ripening and senescence, leading to rapid decline in fruit quality during storage and shelf life. Therefore, there is an urgent need for safe and efficient preservatives to control postharvest diseases in kiwifruit. However, there are currently almost no reports on the antimicrobial effects of vanillin on Psa in postharvest kiwifruit, nor any reports on the impact of vanillin on fruit quality during the storage period of postharvest kiwifruit. In this study, it was shown that treatment with an 8.0 mg·mL−1 solution of vanillin on the surface of kiwifruit for 12 h resulted in a 100% killing rate of Psa on the surface of the fruit. Furthermore, vanillin can also regulate the postharvest physiology and quality of kiwifruit, enhancing fruit storage performance and preservation effects.

Not only does vanillin contain an aldehyde group, but it also possesses a phenol structure with eight carbon atoms, indicating its strong antibacterial activity (Lv et al., 2015). The main targets of vanillin’s antibacterial activity are primarily located at three sites: acting on cell membranes to disrupt their integrity, acting on enzymes to deactivate essential enzymes, and acting on DNA to render them inactive or structurally damaged (Fitzgerald et al., 2004). Vanillin exhibits broad-spectrum antibacterial effects and has been applied in the preservation and storage of fruits such as papaya, pineapple, cantaloupe, and apple (Rupasinghe et al., 2006; Sangsuwan et al., 2008; Wang et al., 2012). Studies by Moon et al. (2006) have demonstrated that the antibacterial activity of vanillin in apple juice is influenced by its concentration and pH value, with higher vanillin concentrations and lower pH values favoring increased antibacterial activity. Additionally, the antibacterial effects of vanillin vary among different bacterial species, with better efficacy against Escherichia coli compared to other strains. In vitro antibacterial assays have shown that the antibacterial efficacy of vanillin against Psa is concentration-dependent, with higher concentrations of vanillin enhancing its antibacterial effects (Figures 1, 3). This study indicates that when the concentration of vanillin is 8.0 mg·mL−1, it achieves a 100% bactericidal effect against Psa on the surface of kiwifruit, suggesting a potential correlation between the targets of vanillin’s antibacterial action and its effectiveness.

The storage properties and preservation effects of fruits are mainly evaluated through indicators of post-harvest physiology and quality changes (Xue et al., 2015). It is widely believed that important quality attributes affecting consumer acceptance of kiwifruit include fruit weight, hardness, color, aroma, and sweetness, etc. This study demonstrates that compared to the control, kiwifruit treated with vanillin showed a significant reduction in weight loss rate (Figure 4A) and decay rate (Figure 4B), inhibited the increase in respiration rate (Figure 5A), and improved fruit hardness (Figure 5B), thus delaying the ripening and senescence of kiwifruit after harvest and enhancing its storage tolerance. We believe that the vanillin-treated kiwifruit forms a thin layer of vanillin coating on the fruit surface, which enhances the structural integrity of the fruit surface, restricts the spread of pathogens, and helps maintain cell wall integrity against fungal attacks, thereby slowing down pathogenic infections and maintaining a lower decay rate. Respiration rate is an important parameter for evaluating postharvest metabolism and fruit quality. We speculate that the thin layer formed after vanillin treatment inhibits the respiration rate of fruit by blocking the stomata on the fruit peel and reducing water vapor and gas exchange, thus maintaining fruit hardness, restraining the increase in weight loss rate, and consequently delaying the postharvest senescence of kiwifruit. Previous studies using exogenous methyl jasmonate (MeJA) (Pan et al., 2019), citral (Wei et al., 2021), 2,4-epibrassinolide (Wang et al., 2020), and other treatments on kiwifruit have shown similar results, with reduced weight loss rate, decay rate, and controlled increase in respiration intensity, thereby extending fruit storage.

The process of plant maturation is considered as an oxidative phenomenon accompanied by reactive oxygen species (ROS) load (Xia et al., 2016). High levels of ROS can lead to oxidative stress-mediated damage in plant tissues. This study suggests that treatment with vanillin in kiwifruit resulted in lower O2− generation rates, indicating that vanillin treatment can protect kiwifruit from ROS-mediated oxidative damage. The elimination of ROS is related to the activity of antioxidant enzymes such as SOD, CAT, and POD in fruits and vegetables (Goffi et al., 2020). SOD plays a key role in the conversion of O2− to H2O2, while CAT clears H2O2, making CAT indispensable for detoxifying ROS (Zhu et al., 2014). POD is a key enzyme in the synthesis and oxidation of phenolic compounds (Foyer et al., 1994). Therefore, higher antioxidant enzyme activity and their synergistic effects may be potential mechanisms for reducing lipid peroxidation and delaying aging in fruit. Exogenous treatment with vanillin helps induce increased SOD, POD, and CAT activity in kiwifruit, thereby reducing oxidative damage and enhancing fruit storage performance.

Some studies have also reported an inseparable relationship between the content of phenolic compounds and the antioxidant capacity of postharvest fruits. Jin et al. (2012) found that yangmei (Myrica rubra) treated with linalool and cinnamaldehyde exhibited higher antioxidant capacity, primarily associated with higher phenolic compound content. High levels of antioxidants can delay physiological deterioration, thus slowing down the senescence of fruits. Tai et al. (2011) evaluated the antioxidant properties of vanillin using various methods and found that vanillin exhibited stronger antioxidant activity compared to vitamin C (Vc) and water-soluble Trolox (vitamin E analog). This indicates that vanillin also possesses a higher level of DPPH radical scavenging ability, thereby reducing damage caused by ROS. Therefore, the research results suggest that vanillin treatment effectively induces antioxidant enzyme activity, helping to balance the levels of ROS in kiwifruit. The interaction among these antioxidant enzymes triggers higher antioxidant activity, thereby maintaining the quality of postharvest kiwifruit and extending its storage time.

In summary, treatment of “Cuiyu” kiwifruit with vanillin at a concentration of 8.0 mg·mL−1 not only eliminates Psa on the fruit surface but also maintains the nutritional quality and commercial value of the fruit. Vanillin, as a secondary metabolite in plants, is a natural phenolic compound with safe and non-toxic biological characteristics. Taking advantage of this, we can explore its potential as a novel fruit preservative. The next step will focus on studying the antibacterial mechanism of vanillin against Psa, optimizing the optimal treatment concentration and duration of vanillin, investigating the synergistic antibacterial effects of vanillin in combination with other substances, and assessing the impact of vanillin on the quality of kiwifruit during cold storage.
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