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Abstract

:

Fresh-cut fruits and vegetables are convenient and retain maximum nutrients. However, even minimal processing accelerates product deterioration and reduces food safety due to microbial infection. In this study, the effects of UV-C irradiation, low temperature treatment, and their combination on the microbial risk of fresh-cut bitter gourd were evaluated. Firstly, next-generation sequencing technology was utilized to identify microorganisms on the surface of fresh-cut bitter gourd after 12 h of exposure to room temperature, and a total of 34 bacterial species were identified. Subsequently, fresh-cut bitter gourd treated with UV-C or/and 4 °C and then kept at room temperature for 6 h was assessed for its viable bacterial count. The results showed that both 0.5 and 1.5 kJ·m−2 UV-C irradiation significantly inhibited microbial growth compared to 4 °C and the no treatment control. Meanwhile, no significant differences were observed between UV-C and the combined treatments. Lower doses of UV-C irradiation reduced hydrogen peroxide and malondialdehyde content, increased the proline level, and improved the activities of antioxidant enzymes such as superoxide dismutase, ascorbate peroxidase, catalase, and critical enzymes involved in the phenylpropanoid pathway, such as phenylalanine ammonia-lyase and polyphenol oxidase. This suggests that UV-C irradiation alone can effectively reduce bacterial contamination in fresh-cut bitter gourd to an acceptable level.
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1. Introduction


As one of the most important food crops in tropical countries, bitter gourd (Momordica charantia L.) is a widely grown and consumed vegetable in Asia, East Africa, India, and South America [1]. This vegetable is rich in fiber, calcium, potassium, iron, and vitamins C and A and possesses hypoglycemic properties for diabetes treatment [1]. In response to modern society’s fast-paced lifestyle, there has been a growing market trend for fresh-cut and ready-to-eat (RTE) produce. This market has grown by more than 30% in the last decade, due to the convenience, high utilization, and nutrition retention that these products provide [2]. Recently, RTE fresh-cut bitter gourd became popular [3] and captured consumers’ attention in school and corporate cafeterias, convenience stores, hotels, and other food service establishments. However, like other popular minimally processed fruits and vegetables, fresh-cut bitter gourd is susceptible to faster deterioration and reduced food safety due to microbial infection [4]. Therefore, a more efficient and safe control decontamination method must be applied to RTE fresh-cut vegetables to ensure the safety of consumers.



The increase in the consumption of fresh-cut produce has been correlated with a rise in the number of foodborne disease outbreaks [5]. Recently, there have been several reported foodborne illness outbreaks associated with fresh-cut fruits and vegetables in Korea due to the infection of the pathogenic strains of Escherichia coli and Staphylococcus aureus [6]. In addition, specific pathogenic strains of E. coli have been identified in the United States and Europe, causing foodborne illness outbreaks at homes and restaurants due to the consumption of fresh-cut fruits and vegetables [7,8,9]. Furthermore, S. aureus and pathogenic E. coli have been consistently detected at high levels in agricultural products and RTE fresh-cut vegetables [10,11].



Sodium hypochlorite (NaClO) was frequently employed as a critical control point (CCP) during the washing and disinfection of fresh-cut vegetables [12]. However, these chemicals can produce carcinogenic chlorinated compounds that may pose a risk to human health. While research on fresh-cut bitter gourd is limited, previous studies have utilized preservation techniques such as washing sanitizer (100 ppm NaOCl and 2% CaCl2) [3] and active modified atmospheric packaging (MAP) [13] to delay microbial contamination and prolong shelf life. Nonetheless, the use of chemical reagents may alter the taste and consumer acceptance of the product. To address these concerns, UV-C irradiation and low temperature treatment have been suggested as simple, safe, environmentally friendly, and effective treatments for reducing pathogenic microorganisms in fresh-cut vegetables.



The US Food and Drug Administration had recognized UV-C irradiation (200–280 nm) as a safe and effective treatment for food products [14]. This method has been extensively studied for its ability to inhibit microbial growth, delay ripening, extend shelf life, and maintain overall quality in fresh-cut products [15,16,17,18]. UV-C irradiation controlled microbial growth by damaging microorganism DNA and inducing resistance against phytopathogens in fruits and vegetables [19,20]. It has been shown to reduce pathogenic bacteria on fresh-cut lettuce and strawberry [21], delay senescence in Cucurbita pepo tissues [22], and suppress populations of pathogenic E. coli and S. aureus in fresh-cut cabbage, carrots, celery, and paprika [23].



Low-temperature treatment is a widely used method for preserving the quality of fresh-cut fruits and vegetables (FFVs) by reducing respiration rates, retarding microbial growth, and delaying deterioration. Fresh-cut items should be stored at 0–5 °C to maintain their quality, safety, and shelf life [24]. A study by Lee et al. [23] found that storage at 5 °C after UV-C treatment resulted in a lower survival rate of pathogenic E. coli and enterotoxin A-producing S. aureus on fresh-cut carrot, celery, cabbage, and paprika compared to storage at 15 °C for 7 d. This suggests that low temperatures play an important role in inhibiting pathogen growth in fresh-cut vegetables.



There is a lack of information on the presence of spoilage and pathogenic microorganisms on fresh-cut bitter gourd. This information is critical for developing food safety policies and preventing foodborne illness outbreaks. Therefore, the main objective of this study was to identify and quantify the microorganisms that grew on the surface of fresh-cut bitter gourd and determine the effects of UV-C irradiation or/and low-temperature treatments on the microbial populations. Understanding these effects could help optimize resources by reducing microbial risk and inducing natural resistance in fresh-cut vegetables in a more sustainable way than chemical-based crop protection strategies. Hence, the impacts of the best treatment on the activity of defense-related enzymes such as phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO), superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT), as well as defense-related compounds malondialdehyde (MDA) and proline, were also investigated.




2. Materials and Methods


2.1. Fruit Materials and Fresh-Cut Processing


White jade bitter gourd fruits (Momordica charantia L.) were obtained from a local supermarket in Taipei, Taiwan, and immediately brought to the Laboratory in the Transgenic Greenhouse, Department of Horticulture and Landscape Architecture, National Taiwan University (NTU) for processing. The fruits used in the experiments were selected for uniformity and free from defects. Prior to processing, the facility and equipment were thoroughly sanitized. To remove any dirt or soil attachments from the fruit, it was washed with water and air-dried for 30 min. The fresh-cut fruit was prepared by slicing two distal parts off with sharp stainless-steel knives, removing the inner part in the seed cavity, and cutting into slices approximately 2 cm thick along the longitudinal axis. After that, fresh-cut bitter gourd weighing 5 g (for protein extraction) and 10 g (for microbial count analysis) was placed on a plastic cling wrap for treatment application and microbiota analysis.




2.2. Microbiota Analysis


To separate and concentrate the pathogens from the surface of fresh-cut bitter gourd, the procedure used by Tatsika et al. [25] was followed with minor modifications. The fruit tissues weighed 25 g, were placed in a tray lined with aluminum foil and covered with plastic wrap, and then kept at room temperature for 12 h. Following that, the fruit tissue slices were collected and transferred into a 250 mL beaker containing 60 mL of phosphate-buffered saline (PBS) (pH 7.4), then sonicated for 10 min. After sonication, the supernatant solution was transferred into new centrifuge tubes. To increase the likelihood of recovering a microbial pellet, the collected supernatant solution was centrifuged at 9500 rpm for 20 min. The recovered pellet was transferred to a microfuge tube and centrifuged at 12,000 rpm for 10 min at 4 °C then sealed with parafilm and stored at −20 °C until use. Mixed microbial DNAs extracted from the recovered pellets were used to amplify full-length 16S rRNA gene and the amplicons were constructed into the SMRTbell library and conducted for sequencing by Illumina MiSeq (paired-end 300 bp). The experiment was performed twice. In the data analysis stage, CCS reads were subjected to processing with DADA2 to obtain single-nucleotide amplicons, followed by taxonomy annotation based on information retrieved from the NCBI database. Alpha and beta diversity analyses are employed to evaluate species complexity within and among samples, respectively.




2.3. Treatments Application


To determine the best treatment for microbial population reduction, 10 g (for microbial count analysis) and 5 g (for protein/RNA extraction) of fresh-cut bitter gourd samples were treated with UV-C and 4 °C, respectively, with three replications.



2.3.1. UV-C Treatment


To conduct UV-C irradiation treatment, a closed chamber (76 cm (W) × 58 cm (L) × 66 cm (H)) was evenly installed, with eight germicidal tubes on the top and bottom at 30 cm intervals (Philips S1-P, Yangyang Technology, Miaoli County, Taiwan) with a total power of 80 W and an intensity of 50 W·m−2. The chamber was lined with aluminum foil on the inside to ensure even light distribution. Before use, the UV-C chamber was turned on for 15 min to stabilize the UV-C dose. Fresh-cut bitter gourd with a constant weight of 5 g and 10 g in plastic film (for RNA/protein extraction and microbial count analysis) was placed at 30 cm distance from the light source. Fruit tissue samples were irradiated with germicidal lamps from the upper and lower surfaces. The first group was exposed to UV-C for a total dose of 0.5 kJ·m−2 (7 min, 51 s), the second for 1.5 kJ·m−2 (23 min, 34 s), and the third for 3 kJ·m−2 (47 min, 7 s). The samples without UV-C treatment were served as the control group. After treatment, samples kept at room temperature (22 °C) for 0, 0.5, 1, 3, and 6 h (supposed shelf life) were collected, frozen in liquid nitrogen, and then stored at −80 °C until used for RNA and protein extraction. On the other hand, samples after treatment were kept at room temperature (22 °C) for 0 and 6 h, respectively, and processed for microbial count analysis. The experiment was performed twice with three replications.




2.3.2. Low Temperature


To determine the effect of temperature on the microbial quality of fresh-cut bitter gourd, 10 g (for microbial count analysis) and 5 g (for protein/RNA extraction) samples were incubated at 4 and 22 °C, respectively, for 3, 6, and 12 h. Treated and control samples kept at room temperature (22 °C) for 0 and 6 h after treatment were collected and analyzed for microbial count. On the other hand, samples kept at room temperature (22 °C) for 0, 0.5, 1, 3, and 6 h after treatment were collected, frozen in liquid N2, and then stored at −80 °C for gene expression analysis and enzyme activity assay. The experiment was executed twice with three replications.




2.3.3. UV-C Combined with Low Temperature


This experiment was conducted using a similar UV-C treatment procedure as described in this study. Freshly cut bitter gourd was treated with 0.5, 1.5, and 3.0 kJ·m−2, respectively, while samples without UV-C treatment were used as the control. Following that, both treated and untreated samples were immediately incubated at 4 °C for 3 h. The microbial population reduction was assessed at 0 and 6 h after treatment. Meanwhile, samples after treatment were kept at room temperature (22 °C) for 0, 0.5, 1, 3, and 6 h, collected, frozen in liquid nitrogen, and then stored at −80 °C for further analysis. This experiment was carried out twice with three replications.





2.4. Microbiological Load Determinations


To investigate the effect of each treatment for reducing the microbial population on fresh-cut bitter gourd, viable cell count was measured using the aerobic plate count (APC) method. After treatments, 10 g of fresh-cut bitter gourd samples were placed in a tray lined with aluminum foil and covered with plastic wrap, then kept at room temperature (22 °C) for 6 h. Following that, fruit tissue slices were collected at 0 and 6 h after treatments and transferred to a 100 mL beaker containing 10 mL of PBS, which was then properly covered with plastic film and sonicated for 10 min. A ten-fold serial dilution of the microbial suspension for microbial counting was performed. One mL samples (inoculum) from different dilutions (stock solution, 10−1 to 10−5) were inoculated onto the 3M™ Petrifilm Aerobic Count Plates. Then, Petrifilm plates were incubated at 35 °C for 48 h. Finally, red-colored colonies were counted and calculated as colony-forming units CFU·g−1. The results are the average of three replicates ± standard error.




2.5. Determination of Reactive Oxygen Species (ROS) Production


2.5.1. H2O2 Content Analysis


The content of H2O2 was determined spectrophotometrically by reacting it with potassium iodide (KI), following the protocol of Jungle et al. [26], with minor modifications. A mass of 0.45 g of tissue powder was homogenized with a solution containing 0.75 mL of 0.1% trichloroacetic acid (TCA), 0.75 mL of 10 mM potassium phosphate buffer (pH 8), and 1.5 mL of 1 M KI (w/v in fresh, double-distilled water). A control was prepared for each sample by substituting KI with water to account for tissue coloration background. Precautions were taken to protect samples and solutions from light exposure. The homogenate was centrifuged at 12,000× g for 15 min at 4 °C and the reaction mixture was incubated at room temperature (22 °C) for 20 min. Absorbance was measured at 350 nm and a calibration curve obtained using H2O2 standard solutions prepared in 0.1% TCA was used for quantification. The concentration of H2O2 was calculated using a standard curve generated (y = 0.0661 + 0.0036, R2 = 0.995) with known concentrations of H2O2 and expressed as nmol·g−1 fresh weight (FW). The results are the average of three replicates ± standard error.




2.5.2. Analysis of O2•− and H2O2 and Scavenging Activity


The O2•− radical scavenging activity in UV-C-treated fresh-cut bitter gourd was measured using a modified version of the protocol described by Mathur et al. [27]. One gram of fresh-cut bitter gourd samples was ground using a mortar and pestle and then homogenized in 3 mL of PBS (pH 7.4). The suspension was then centrifuged at 13,200× g for 15 min at 4 °C. The supernatant was collected and used to determine the O2•− scavenging activity. To do this, 1 mL of the supernatant was mixed with 3 mL of phosphate-buffered solution (pH 7.4) containing 1.3 μM riboflavin, 0.02 M methionine, and 5.1 μM NBT. The reaction solution was then exposed to 28 W fluorescent lamps for 20 min and the absorbance was measured at 560 nm using a spectrophotometer. Ascorbic acid was used as a positive control and the reaction mixture without any samples was used as a negative control. The O2•− radical scavenging activity (%) was calculated using the following formula:


O2•− scavenging ability of samples (%) = [(A0 − As)/A0] × 100








where A0 = absorbance of positive control, As = absorbance of sample. Decreased absorbance of the reaction mixture indicated increased O2•− scavenging activity.



To gather sufficient data to prove the presence of ROS such as H2O2, we also determined its scavenging activity in UV-C-treated and untreated fresh-cut bitter gourd tissues. The method for determining the ability of UV-C irradiated fresh-cut bitter gourd to scavenge H2O2 was based on the protocol of Ruch et al. [28], as described by Hassan et al. [29]. A solution of 40 mM H2O2 was prepared in PBS (pH 7.4), and an extract of the fresh-cut bitter gourd was prepared at a concentration of 1 mg·mL−1 in sterilized distilled water. Subsequently, 1 mL of the extract was mixed with 3 mL of phosphate buffer and 1 mL of the 40 mM H2O2 solution. The mixture was incubated for 10 min at room temperature (22 °C) before measuring the absorbance of H2O2 at 230 nm against a blank solution containing only phosphate buffer without H2O2. The results are the average of three replicates ± standard error. The percentage scavenging of H2O2 was determined as follows:


H2O2 scavenging ability of samples (%) = [(Ab − As)/Ab)] × 100








where Ab is the absorbance of the control, and As is the absorbance of the sample.





2.6. Analysis of Antioxidant Enzymes Activities


To determine the effect of UV-C treatment on the activity of enzymes involved in ROS metabolism, we examined SOD, APX, and CAT activity in RTE bitter gourd samples kept at room temperature at 0, 1, 3, and 6 h after UV-C treatment.



To determine SOD activity, we used the procedures of Kant and Turan [30]. In a sterile mortar and pestle, 0.2 g of treated and untreated RTE bitter gourd samples were ground to powder using liquid nitrogen. Then, the powder was homogenized in 1.5 mL of 50 mM sodium phosphate buffer (pH 7.5), which contained 1% insoluble PVP, 0.1 mM EDTA, and 1 mM PMSF. After that, the homogenate was centrifuged at 13,200× g for 20 min at 4 °C. All steps in preparation were carried out at 0–4 °C. The collected supernatant solution was used as the enzyme extract for the activity assay. The reaction system contained 50 mM phosphate buffer (pH 7.8), 1 mL extract, 13 mM methionine, 75 μM NBT, 0.1 mM EDTA, and 2 μM riboflavin, with a total reaction volume of 1.5 mL. Riboflavin was added last, and the tubes were placed 20 cm below the light source of a 28-watt fluorescent lamp. The reaction ran for 15 min. The reaction was stopped by switching off the light and placing the tubes in the dark. A non-irradiated reaction mixture that was run in parallel and did not develop color served as a blank. The reaction mixture lacking enzymes developed the maximum color (control). The inhibition percentage at 560 nm was plotted as a function of the volume of enzyme extract in the reaction mixture. The results are the average of three replicates ± standard error. The readings at 560 nm were measured using a spectrophotometer, and one unit of enzyme activity was defined as a 50% inhibition of NBT photochemical reduction per minute, described as U·g−1.



The protocol used by Nakano and Asada [31] was adopted to measure the activity of APX enzyme on irradiated and non-irradiated fresh-cut bitter gourd samples. Samples (0.2 g FW) were ground to powder and homogenized in 1.5 mL of 50 mM sodium phosphate buffer (pH 6.8). The homogenate was centrifuged at 12,000× g for 20 min at 4 °C. The supernatant was then collected and used as the enzyme extract. A total of 100 μL of the extract was reacted with a mixture of 1 mL 150 mM potassium phosphate buffer (pH 7.0), 1 mL 1.5 mM ascorbate, 0.4 mL 0.75 mM EDTA, and 0.5 mL 6 mM H2O2, for a total reaction volume of 3 mL. The absorbance at 290 nm was read by a spectrophotometer for 1 min. The results are the average of three replicates ± standard error. One unit is defined as 1 μM of ascorbate consumed per minute. APX activity (units·g−1) = A290/2.8 (K, mM−1 cm−1) × 3 (reaction volume) × 40 (dilution rate)/min/g FW.



The method of Kato and Shimizu [32] was used to determine the activity of CAT. Treated and untreated fresh-cut bitter gourd samples weighing 0.2 g were ground to a fine powder and homogenized with 1.5 mL of 50 mM sodium phosphate buffer (pH 6.8). Homogenates were centrifuged at 4 °C for 20 min at 12,000× g. After centrifugation, the supernatant was collected and used as an enzyme extract. In a total volume of 3 mL, 0.2 mL of extracts were combined with 2.7 mL of 0.1 M sodium phosphate buffer (pH 7.0) and 0.1 mL 1 M H2O2. An absorbance at 240 nm is measured for one minute by a spectrophotometer. The results are the average of three replicates ± standard error. In CAT activity, 1 unit equals 1 nmol H2O2 consumed per minute. CAT activity (Units·g−1) = A240/40 (K, mM−1 cm−1) × 3 (reaction volume) × 20 (dilute rate)/min/g FW.




2.7. Determination of Defense-Related Compound Content


2.7.1. MDA Content Analysis


MDA content was determined using the method described by Promyou and Supapvanich [33], with minor modifications. In a sterile mortar and pestle, 1 g of treated and untreated samples were ground to powder using liquid nitrogen. The fruit tissue powder was homogenized in 4 mL of 10% (w/v) trichloroacetic acid and centrifuged at 10,000× g for 10 min. After centrifugation, 1 mL of supernatant was reacted with 2 mL of 15% TCA containing 0.5% thiobarbituric acid. The reaction mixture was incubated for 20 min at 95 °C (boiling water bath). The results are the average of three replicates ± standard error. After that, the sample was immediately placed in an ice bath for 10 min to stop the reaction. The absorbance at 532 (OD532) and 600 (OD600) nm wavelengths of the sample was measured and calculated as follows:


MDA content (nmol MDA·g−1 FW) = [(OD532 − OD600) × A × V]/(a × E × W)








A = Total volume of reaction solution and enzyme extract (mL). V = Total volume of buffer used for enzyme extract (mL). a = Volume of the enzyme extract used (mL). W = Fresh weight of the sample (g). E = The molar extinction coefficient of MDA (155 mM−1·cm−1).




2.7.2. Proline Content Analysis


The proline content was determined in accordance with Bates et al. [34]. Tissues of irradiated and non-irradiated samples weighing 0.5 g were homogenized in 10 mL of 3% sulfosalicylic acid and centrifuged at 10,000× g for 15 min. After centrifugation, supernatant was collected. Two mL of supernatant was added to two mL acid ninhydrin, two mL glacial acetic acid, and two mL 6 N phosphoric acid. The mixture was incubated for one hour at 95 °C (boiling water bath). Then, the reaction mixture was extracted with four mL toluene, and then mixed with a vortex. The chromophore containing toluene was carefully collected from the aqueous phase, warmed to room temperature, and the absorbance reads at 520 nm used toluene as a blank. The results are the average of three replicates ± standard error. The proline concentration was determined from an obtained standard curve (y = 0.0596x + 0.0266, R2 = 0.9937) and calculated on a fresh weight basis as follows:


µmoles proline·g−1 of fresh weight material = [(µg proline·mL−1 × mL toluene)/115.5 µg·µmole−1]/[(g sample)/5].













2.8. Analysis of PAL Activity


PAL activity was measured with the procedure of Li et al. [18], with minor modifications. A sample of 1 g was ground into powder using liquid nitrogen and a sterile mortar and pestle. The powder was homogenized with 2.5 mL 0.1 M Na2B4O7·10H2O buffer (pH 8.8), which contained 5 mM 2-mercaptoethanol and 2 mM EDTA, for 20 min at 4 °C. The suspension was centrifuged at 13,200× g for 15 min at 4 °C. The recovered supernatant was used to assay PAL activity. Following that, a total reaction volume of 2.5 mL containing 1.9 mL 0.1 M Na2B4O7·10H2O buffer (pH 8.8), 0.1 mL of extract, and 0.5 mL of 20 mM L-phenylalanine was mixed. After that, each tube was incubated at 37 °C for 1 h. The control was the system without L-phenylalanine, and the absence of extraction in the mixture was the blank. Finally, 0.1 mL 6 mM HCl was added to stop the reaction. One unit of PAL was defined as an increase of 0.1 in absorbance per gram of FW. The results are the average of three replicates ± standard error.




2.9. Analysis of PPO Activity


The activity of PPO was assayed based on the protocol of Moreno et al. [35]. Fresh-cut bitter gourds samples (1 g) were ground with a mortar and pestle and then homogenized in 3 mL 0.1 M phosphate buffer (pH 6.0) containing 10 g·L−1 PVPP and 10 μL 0.1% (v/v) Triton X-100 for 15 min at 4 °C. The suspension was centrifuged at 13,200× g for 15 min at 4 °C. After that, the supernatant was collected for the determination of PPO activity. The reaction mixture for PPO determination contained 0.1 M phosphate buffer (pH 6.0), 0.3 mL of extract, and 0.2 mL of 0.1 M catechol in a total volume of 3 mL. The reaction mixture was incubated for 2 h at 35 °C, and then the enzymatic activity was determined spectrophotometrically at 410 nm. One unit of PPO activity (U) was defined as an increase of 0.001 units of absorbance per min at 410. The results are the average of three replicates ± standard error.




2.10. Statistical Analysis


Data analysis was conducted using the statistical package SPSS software (IBM Corporation). Two-way analysis of variance (ANOVA) with shelf life and treatment as factors and Tukey’s range tests at p < 0.05 were performed to analyze the data, which was presented as the mean ± standard error (SE) of three replicates. Significance was considered when p < 0.05.





3. Results


3.1. Microorganisms Grew on the Surface of Fresh-Cut Bitter Gourd


As the first step to reduce the microbial risk, this study utilized next-generation sequencing (NGS) technology to determine the composition of the microbial community on the surface of fresh-cut bitter gourd. The findings revealed that 34 bacterial species had been identified (Table 1), with Buttiauxella izardii, Enterobacter mori, and Atlantibacter hermannii emerging as dominant, with 26%, 24%, and 9% species richness and abundance, respectively (Figure 1). Meanwhile, highly important and emerging human pathogen bacterial species such as Klebsiella pneumoniae, Klebsiella aerogenes, Pseudomonas monteilii, Enterobacter cloacae, Leclercia adecarboxylata, and Cedecea lapagei were also identified at low levels.




3.2. Effect of UV-C Irradiation Treatment on the Total Viable Bacterial Count of Fresh-Cut Bitter Gourd


The bactericidal effects of UV-C irradiation on fresh-cut bitter gourd after exposure to room temperature for 6 h are shown in Table 2. In general, the total viable bacterial count in fresh-cut bitter gourd treated with UV-C was significantly lower than that in the control throughout the shelf life. Immediately after treatment, treated samples with 0.5, 1.5, and 3.0 kJ·m−2 had 1.33 × 102, 1.26 × 102, and 1.07 × 102 CFU·g−1, respectively, compared to the control with 4.03 × 103 CFU·g−1. Six hours after treatment, the results indicated that the 0.5 and 1.5 kJ·m−2 UV-C irradiation suppressed microbial growth compared to the control (Table 2). In particular, the total bacterial count at 6 h after UV-C treatment in fresh-cut bitter gourd was found to be 100-fold lower than that in the control. There was no significant difference in reducing the bacterial population of bitter gourd between 0.5 and 1.5 kJ·m−2. It is also worth noting that exposing the samples to the higher dose of 3.0 kJ·m−2 resulted in a 10-fold higher total count of bacteria compared to the lower doses of 0.5 and 1.5 kJ·m−2, which exceeded the bacterial load limit based on EU Food Safety Regulations.




3.3. The Effect of Low-Temperature Treatment on the Total Viable Bacterial Count of Fresh-Cut Bitter Gourd


To determine the effects of temperature on the microbial quality of fresh-cut bitter gourd, samples were incubated at 4 °C and 22 °C for 3, 6, and 12 h, respectively. The bacterial population on fresh-cut bitter gourd treated at 4 °C or room temperature is depicted in Table 3. The data demonstrated a general trend in which the sample incubated at 4 °C, one of the most used refrigeration temperatures, showed slower bacterial growth than the other storage temperature. In low-temperature treatments, samples incubated at 4 °C for 3 h had the slowest bacterial growth as 1.47 × 102 CFU·g−1, while a higher number up to a maximum of 7.05 × 105 CFU·g−1 of bacteria were found at 22 °C.




3.4. The Effect of UV-C Followed by Low-Temperature Treatment on the Bacterial Population of Fresh-Cut Bitter Gourd


The bacterial population on fresh-cut bitter gourd treated with UV-C irradiation followed by 4 °C after exposure to room temperature is shown in Table 4. Compared with the control, UV-C combined with low-temperature treatments significantly reduced the initial number of bacterial colonies in fresh-cut bitter gourd after 6 h of exposure to room temperature. In particular, fresh-cut bitter gourd treated with UV-C of 1.5 and 0.5 kJ·m−2 incubated at 4 °C had the lowest number of colonies after 6 h of exposure to room temperature. There was no significant difference (p < 0.01) between two-dose treatments.




3.5. The Effect of UV-C on the Production of ROS in Fresh-Cut Bitter Gourd


3.5.1. H2O2 Content in RTE Fresh-Cut Bitter Gourd


Figure 2A shows the H2O2 levels in both UV-C-treated and untreated samples. The data indicated that the H2O2 levels increased over time for both groups. However, samples treated with UV-C irradiation had lower H2O2 levels than the control group. A significant decrease in H2O2 was observed 1 h after treatment with 0.5 and 1.5 kJ·m−2 of UV-C irradiation, with a 1.8 and 1.6-fold decrease, respectively, compared to the control and a higher dose of 3.0 kJ·m−2. This trend continued until 3 h, with a 2.13 and 2.23-fold decrease, and remained stable at 6 h with a 2.08 and 2.0-fold decrease. No significant difference was observed between the H2O2 production of 0.5 and 1.5 kJ·m−2 UV-C irradiation doses.




3.5.2. O2•− and H2O2 Scavenging Activity in UV-C-Treated RTE Fresh-Cut Bitter Gourd


Figure 2B demonstrates the capability of UV-C-treated fresh-cut bitter gourd to scavenge O2•−. In general, UV-C-treated samples showed a higher scavenging ability than the control during the shelf life period. A 27% higher O2•− inhibition percentage was recorded for 0.5 and 1.5 kJ·m−2 at 3 h after treatment compared to the control and 3.0 kJ·m−2. At the end of the shelf life period, the scavenging ability of lower doses of UV-C (0.5 and 1.5 kJ·m−2) increased to 56%, against the control and highest dose of 3.0 kJ·m−2. Consistently, there was no significant difference in terms of the O2•− scavenging ability between 0.5 and 1.5 kJ·m−2 of UV-C.



Meanwhile, the ability of UV-C-treated fresh-cut bitter gourd to scavenge H2O2 is shown in Figure 2C. Overall, UV-C-treated samples exhibited a superior H2O2 scavenging ability compared to the control over the shelf life period. Our results indicated that, at 1 h, the samples treated with UV-C irradiation at doses of 0.5 and 1.5 kJ·m−2 had the highest H2O2 scavenging ability, with 1.38 and 1.36-fold increases, respectively, compared to the control and a higher dose of 3.0 kJ·m−2. This trend of an increased H2O2 scavenging capability at lower UV-C doses was evident at 3 h and remained steady 6 h after treatment, with a 1.7-fold increase against the control and highest dose. The H2O2 scavenging ability of the control was observed to decline at the end of shelf life. Consistently, there was no significant difference in terms of the scavenging ability of lower doses (0.5 and 1.5 kJ·m−2) of UV-C were recorded.





3.6. The Effect of UV-C Irradiation on the Activity of Antioxidant Enzymes of Fresh-Cut Bitter Gourd


In this study, UV-C treatment effectively improved the enzyme activities of SOD, APX, and CAT involved in the ROS metabolism of fresh-cut bitter gourd (Figure 3).



As shown in Figure 3A, the SOD activity displayed a rising trend during shelf life. Compared with control, the SOD activity significantly increased immediately after treatment with UV-C irradiation and remained at a higher level after 6 h of exposure to room temperature. No significant difference in SOD activity was found between 0.5, 1.5, and 3.0 kJ·m−2 at each exposure time. Remarkably, UV-C of 0.5 kJ·m−2 recorded the highest level of SOD activity, reaching a maximum value of 1.75 U·g−1 at the end of the shelf life.



In the case of APX activity, an increasing trend of data was recorded for both the control and treated samples throughout the shelf life (Figure 3B). A significant increase was observed at 1, 3, and 6 h of exposure to room temperature after treatment. Our results have shown that the application of 0.5 and 1.5 kJ·m−2 significantly enhanced the activity of the APX enzyme with 63.64 and 60.35 U·g−1 at the end of the shelf life compared to the control and higher dose of 3.0 kJ·m−2 with 41.85 and 45.78 U·g−1. No significant difference between 0.5 and 1.5 kJ·m−2 was detected. However, at 6 h, a UV-C dose of 0.5 kJ·m−2 reached the highest value of 63.64 U·g−1.



Based on the analysis of CAT activity, both non-irradiated and irradiated samples showed an upward trend over the entire shelf life (Figure 3C). UV-C did not have an effect on the samples during the first hour of shelf life. However, after 3 h of CAT activity in irradiated samples significantly increased and remained stable at the end of shelf life. Notably, UV-C at 0.5 and 1.5 kJ·m−2 displayed very superior activity compared to the control and 3.0 kJ·m−2 in the whole shelf life. Like SOD and APX, CAT activity between 0.5 and 1.5 kJ·m−2 had no significant difference throughout the shelf life. Consistently, the UV-C of 0.5 kJ·m−2 produced the highest CAT activity up to 1.70 U·g−1.




3.7. The Effect of UV-C on the Defense-Related Compounds of Fresh-Cut Bitter Gourd


3.7.1. MDA Content


MDA is the main product of cell membrane lipid peroxidation. The MDA content steadily increased throughout the shelf life in both the control and treated samples (Figure 4A). It was found that the MDA content in the control samples increased more rapidly than in the UV-C-treated fresh-cut bitter gourd. In particular, the 0.5 and 1.5 kJ·m−2 of UV-C irradiation significantly reduced the MDA levels immediately after treatment and until the end of the shelf life compared to the higher dose of 3.0 kJ·m−2 and the control. The initial (0 h) and final (6 h) MDA contents at all the tested doses of UV-C (0, 0.5, 1.5, and 3.0 3.0 kJ·m−2) were 4.68, 2.32, 2.61, and 4.78 nmol·g−1 and 10.73, 5.60, 5.67, and 8.2 nmol·g−1, respectively. There was no significant difference in the MDA content between 0.5 and 1.5 kJ·m−2 of UV-C irradiation. Still, the shortest exposure to UV-C (0.5 kJ·m−2) suppressed MDA accumulation more effectively in freshly cut bitter gourd.




3.7.2. Proline Content


Proline is frequently used as an indicator for cell membrane degradation or oxidative stress. The proline content increased similarly to MDA during the entire shelf life (Figure 4B). However, the proline content of fresh-cut bitter gourd treated with UV-C irradiation was elevated with the prolonged shelf life. During the first hour of shelf life, UV-C had no positive effect on the proline values in the samples. After exposure to UV-C light at doses of 0.5 and 1.5 kJ·m−2, the proline levels increased significantly after 3 and 6 h of shelf life, reaching levels of 2.15 and 2.0 and 2.82 and 2.77 μM·g−1 FW, respectively. In contrast, a higher UV dose of 3.0 kJ·m−2 resulted in lower proline levels of 1.55 and 2.24 μM·g−1 FW, while the control group had the lowest levels of 1.04 and 1.72 μM·g−1 FW. Even though there was no significant difference in proline promotion between 0.5 and 1.5 kJ·m−2 over the shelf life, the lowest dose of UV-C (0.5 kJ·m−2) produced the highest level of proline compounds.





3.8. The Effect of UV-C on the Activity of Enzymes Involved in the Phenylpropanoid Pathway of Fresh-Cut Bitter Gourd


3.8.1. Phenylalanine Ammonia-Lyase (PAL)


The PAL in treated tissues increased initially and reached a peak value at 1 h and then decreased slightly in the subsequent period, while the control showed a steady but slow increase during the whole shelf life (Figure 5A). In the UV-C dose of 0.5 and 1.5 kJ·m−2 treatments, the activity level of PAL was elevated to the maximum values of 2.07 and 1.96 U·g−1 after 1 h of exposure to room temperature as compared to control and 3.0 kJ·m−2, with 0.74 and 1.51 U·g−1, respectively. At the end of the shelf life, PAL activity was significantly accelerated by UV-C treatment, which brought 2.73, 3.1, and 2.01-fold increases for 0.5, 1.5, and 3.0 kJ·m−2, respectively, compared to the control with a 1.55-fold increase. In this experiment, no significant difference was observed between short UV-C exposure (0.5 and 1.5 kJ·m−2) on the PAL activity of the samples. Still, the shortest exposure to UV-C (0.5 kJ·m−2) was found to improve the activity of this enzyme.




3.8.2. Polyphenol Oxidase (PPO)


The PPO activity presented a rising trend during shelf life (Figure 5B). It ranged from 17.33, 35, 35.66, and 33.33 U·g−1 to 37.33, 64, 60, and 49.66 U·g−1 in the control and 0.5, 1.5, and 3.0 kJ·m−2 in the UV-C-treated tissues, respectively. The activity of this enzyme increased sharply on samples treated with 0.5 and 1.5 kJ·m−2 UV-C irradiation than the control and 3.0 kJ·m−2. Changes in PPO activity in tissues irradiated by 0.5 and 1.5 kJ·m2 UV-C increased 53.46 and 47.2% compared to the control at the end of the shelf life. Meanwhile, no significant differences between 0.5 and 1.5 kJ·m−2 UV-C were detected. Interestingly, 0.5 kJ·m−2 showed superior enzyme values.






4. Discussion


In a typical restaurant buffet set-up, RTE fresh-cut fruits and vegetables are often prepared, served, or kept on the shelves (in the buffet food container) at room temperature with air conditioning immediately after being cut or sliced. Usually, this practice can result in microorganisms attaching to the surface of the produce during the shelf life period. However, to our knowledge, there are no published data or information on the presence of microorganisms on the surface of RTE fresh-cut bitter gourd fruit after cutting. In this study, we used molecular-based techniques to uncover the microbiota in RTE fresh-cut bitter gourd. Our findings revealed that, while the most dominant detected bacterial species were not classified as human pathogenic microorganisms, our data also showed the presence of commonly found foodborne pathogens in RTE fresh-cut fruits and vegetables. For instance, Klebsiella pneumoniae and other pathogenic Klebsiella species were also detected in fresh-cut fruit and vegetable salads served in restaurants in Taif City, Kingdom of Saudi Arabia [36]. Similarly, Klebsiella pneumoniae was identified in salad vegetables such as lettuce, parsley, cucumber, tomato, and carrot from hypermarkets and wet markets in Malaysia [37]. In a different scenario, Pseudomonas species, including Pseudomanas aeruginosa and Pseudomanas monteilii, were reportedly detected in raw cucumber and zucchini collected from the La Rioja region in Spain [38]. The detection of these pathogens can largely be attributed to the destruction of surface cells and exposure of the cytoplasm during the processing of fresh-cut produce, providing microorganisms with a richer source of nutrients than intact produce [39]. Although the analysis indicated that their numbers were low, these bacterial species still threaten human health if they are not contained within safe limits. These microorganisms can cause severe and often fatal infections, such as bloodstream infections and pneumonia [40]. Interestingly, the bacterium Cedecea lapagei was also identified in fresh-cut bitter gourd. This emerging pathogen has been found to cause serohematogenous bullae infections in humans [41]. Identifying Cedecea lapagei in this study provides valuable information, as this pathogen, which is currently under surveillance, has yet to be reported in either whole or fresh-cut fruits and vegetables. The microorganisms identified in this study compromise food safety and contribute significantly to the spoilage of fresh-cut products [42]. The identification of important and emerging pathogens with their compositions on RTE fresh-cut bitter gourd in this study is a crucial step in developing approaches to inhibit and control these organisms. Furthermore, this information is valuable in determining which sanitizing methods or practices should be implemented for fresh-cut fruits and vegetables to ensure their safety and quality.



UV-C irradiation was an effective tool for inhibiting microbial growth and improving the safety of fresh-cut produce [16,18,35,43]. In this study, UV-C alone was also the most effective treatment for decontaminating RTE fresh-cut bitter gourd compared to low temperature treatment and was more practical to use than UV-C combined with low temperature treatment. The bacterial population in the UV-C alone treated samples after 6 h of exposure to room temperature was below 6 × 103 CFU·g−1, demonstrating that the microbial quality met the acceptable standards set by EU food safety regulation (No. 2073/2005). Low-temperature treatment slowed down the growth of bacteria until 3 h; however, when the samples were removed from refrigeration during this time, the number of bacteria grew faster and exceeded the microbial load limit. On the other hand, the combination of UV-C and low temperature suppressed the microbial growth within the safe range at the end of the shelf life (6 h); however, the effect of this combined treatment did not outperform UV-C alone statistically. The responses of vegetables to UV-C mainly depend on the radiation dose and intensity of the commodity considered [44]. Previous studies have shown that a higher dose of 3.0 kJ·m−2 and above was more effective in reducing the microbial populations in fresh-cut strawberries [18], carambola [35], watermelon [43], and RTE salad [45]. Conversely, our results clearly showed that the shortest UV-C dose of 0.5 kJ·m−2 had a superior effect on inhibiting bacterial growth compared to the higher dose of 3.0 kJ·m−2 after 6 h of exposure to room temperature. Similarly, 0.5 kJ·m−2 has shown a significant reduction of decay caused by Penicillium sp. in star ruby grapefruit without causing damage to the tissues [46]. Similar results were also observed by Manzacco et al. [47], who found that short UV-C light (0.2 kJ·m−2) decreased the microbial growth of pineapple sticks during storage. The data obtained from our study confirmed the decontaminating efficacy of UV-C irradiation by controlling microbial growth through damaging microorganism DNA and inducing resistance against phytopathogens in fruits and vegetables [19,20]. The higher dose of 3.0 kJ·m−2 in this study might cause damage to the fruit tissue, which then creates an opening for microorganisms to grow and spread further. These results suggested that fresh-cut bitter gourd should be treated with a dose of 0.5 to 1.5 kJ·m−2 to preserve the microbial quality for 6 h at room temperature.



In fresh-cut fruit and vegetable processing, cutting is necessary to divide the intact products into smaller pieces. Usually, this operation inevitably results in wounding stress on the tissue, which can hasten deterioration processes and negatively impact the shelf life of fresh-cut produce [48]. In this study, we evaluated the effect of the best treatment (UV-C irradiation) on oxidative stress indicators such as H2O2, MDA, and proline. In addition to this, we also assessed the ability of UV-C treatment to scavenge or counter oxidative stress in fresh-cut bitter gourd by determining the antioxidant enzyme activity as the activity of the enzymes involved in the phenylpropanoid pathway.



Our data demonstrate that the UV-C irradiation (0.5 and 1.5 kJ·m−2) significantly reduced the content of H2O2 in fresh-cut bitter gourd throughout the end of the shelf life period. These findings were supported by the data that we gathered from the scavenging activity of O2•− in UV-C-treated fresh-cut bitter gourd, wherein samples with UV-C treatment of 0.5 to 1.5 kJ·m−2 were effective in scavenging O2•−, as indicated by the 74.22 and 74.94% increases compared to the control samples at the end of the shelf life period. O2•− is a primary biological source of ROS [49]; however, the O2•− itself is not a particularly strong oxidant; it can react with other molecules to produce more powerful and dangerous reactive oxygen species such as 1O2, H2O2, and OH• [50]. In this case, our results might contribute to the lower conversion of O2•− into H2O2. Additional experimental results from this study further confirmed the scavenging effect of UV-C treatment on H2O2 in fresh-cut bitter gourd, wherein we observed that the greatest H2O2 scavenging ability was exhibited by samples treated with lower doses of UV-C of 0.5 and 1.5 kJ·m−2. This observation of reduced or low levels of H2O2 is consistent with the findings reported in several previous studies published, such as in fresh-cut apples [51], fresh-cut Huangguan pear [52], lettuce [53], banana fruit peel [54], peach [55], and apricot fruit [56]. A transient increase or balance level of H2O2 might act as a signaling molecule to activate stress-related protective mechanisms [54]. The low levels of H2O2 were believed to have antimicrobial properties that can have toxic effects on microorganisms [48]. These results suggest that lower doses of UV-C could regulate H2O2 levels, thereby alleviating oxidative damage and activating protective mechanisms against pathogen invasion.



To deal with oxidative stress caused by the excessive accumulation of ROS such as O2•− and H2O2, plants possess ROS scavenging systems wherein CAT, SOD, and APX are considered critical enzymes in this system and are extremely important in improving plant antioxidant activity [57]. In our experiment, UV-C (0.5 and 1.5 kJ·m−2)-treated fresh-cut bitter gourd tissues significantly exhibited higher SOD, APX, and CAT activities in the entire shelf life compared to the control. Thus, the excess O2•− could be efficiently converted to H2O2 by SOD, and the H2O2 was then degraded into H2O by CAT and APX, as in Zhang et al. [57]. Also, researchers recently found that UV-C effectively promoted antioxidant enzyme activities in fresh-cut fruits and vegetables [57,58,59], implying that UV-C treatment could preserve high antioxidant enzyme activity while avoiding excessive ROS production. This finding was consistent with the observation of Jia et al. [60] that the ROS scavenging enzymes in jujube fruit were accelerated by UV-C irradiation treatment. Similar results were also reported in fresh-cut strawberries, potato tubers, and pears treated with UV-C [18,59,61]. In our case, the continuous increase in SOD and APX activity and the elevated levels of CAT in irradiated fresh-cut bitter gourd tissues prevented the excessive accumulation of H2O2. On the other hand, exposure to UV radiation at a high dose (3.0 kJ·m−2) or for extended periods (longer than 47 min) might cause cellular stress and damage, which could explain the observed reduction in antioxidant enzyme activity. Therefore, it can be concluded that short UV-C (0.5 and 1.5 kJ·m−2) exposure has a regulatory effect on ROS levels by enhancing the activity of antioxidant enzymes.



The enhancement of antioxidant enzyme activity, including SOD, APX, and CAT, in UV-C-treated fresh-cut potato tubers corresponded with a reduction in lipid peroxidation and MDA content. This facilitated the maintenance of cell membrane integrity and supported normal cellular metabolism [61]. In this study, it was observed that applying a lower dose of UV-C radiation resulted in a significant reduction in the MDA content of RTE fresh-cut bitter gourd. A UV-C dose of 0.5 kJ·m−2 reduced MDA content by 56.41 and 37.91%, respectively, compared to a control and a higher dose of 3.0 kJ·m−2 at the end of the shelf life. The monitoring of MDA levels indicates the degree to which membrane lipid peroxidation has occurred and the integrity of cellular membranes [62]. The excessive production of MDA can further damage cell membranes and accelerate the browning process in fruits and vegetables [63], providing a suitable environment for pathogen attack. Such a response could indicate that the lower doses of UV-C irradiation reduced membrane injury. Our results are consistent with the findings of Artes and Allende [64], who reported that the synthesis of defense-related compounds can be triggered by UV-C irradiation when applied at low doses for short periods. A similar reduction in MDA content was also observed in potato tubers treated with lower-dose UV-C irradiation [61,65]. In contrast, MDA content was higher in whole or intact bitter gourd fruits treated with 4.0 kJ·m−2 of UV-C than in untreated tissues because high doses might induce cell damage, which occurs due to impairment of the cell defense mechanism [19]. This indicated that the higher dose (3.0 kJ·m−2) of UV-C applied in this study might increase the production of lipid peroxidation, thus increasing membrane damage. Furthermore, low levels of MDA could play a positive role in plant defense and development by activating specific regulatory genes and protecting against oxidative stress [62]. These results indicated that a lower dose (0.5 kJ·m−2) of UV-C irradiation could effectively protect cell membranes from ROS attack and thus maintain cell membrane integrity.



Another important defense-related compound that is naturally secreted in plants is proline. Our data showed a significant increase in the proline content in fresh-cut bitter gourd fruit tissue exposed to lower doses of UV-C irradiation compared with the control and the higher dose. The proline content increased with prolonged shelf life, with the highest levels observed in UV-C-treated samples (0.5 and 1.5 kJ·m−2) on the sixth hour of exposure to room temperature, which resulted in a 1.5-fold increase compared to the control. A similar phenomenon was observed in bell peppers, where a significant increase in proline levels was observed as storage duration increased [66]. This indicated that short UV-C irradiation induced the accumulation of proline in fresh-cut bitter gourd fruit tissues. The proline accumulation in the plant cell was vital for maintaining cellular homeostasis, water uptake, osmotic adjustment, and redox balance to protect the cell structure from oxidative damage [67]. Moreover, the synthesis of proline removed excess H+ ions generated in response to UV irradiation and positively reduced damage caused by UV-C and UV-B radiation [68]. Therefore, the application of lower UV-C doses (0.5 and 1.5 kJ·m−2) increased proline levels in fresh-cut bitter gourd, which helped to maintain redox balance (ROS homeostasis) by scavenging ROS, thereby preserving the cell membrane structure and integrity of fresh-cut bitter gourd.



The phenylpropanoid metabolism is a critical pathway for plants to produce secondary metabolites. Exposure to UV-C radiation has been shown to stimulate the phenylpropanoid pathway in various fruits. This was mainly due to the induction of phenylalanine ammonia-lyase (PAL), a key enzyme in this pathway [18]. The induction of PAL was found to be directly related to the production and accumulation of phenolics and flavonoids [18,69], which are important secondary metabolites in the phenylpropanoid pathway. They can eliminate reactive oxygen species (ROS) and increase plant antioxidant capacity [59]. Furthermore, these compounds that are synthesized by the phenylpropanoid pathway protect plants against pathogens through the reinforcement of plant cell walls, the direct inhibition of growth, and/or the inactivation of enzymes that contribute to tissue maceration [70]. In our study, UV-C significantly increased PAL activity at all tested doses at 1 h and towards the end of the shelf life compared to the control. Notably, samples treated with 0.5 and 1.5 kJ·m−2 showed superior PAL activity and reached a peak value at 1 h with a 2-fold increase than the control. Similar phenomena were recorded as far as the elevation of PAL activity by UV-C is concerned in fresh-cut strawberries [18], fresh-cut broccoli [71], and peaches [55]. This could be potentially explained by the membrane damage caused by long-time exposure to UV-C. UV-C stimulation of PAL activity implies activating some defense mechanism in fruit tissues. Therefore, these results suggested that the UV-C treatment activated the phenylpropanoid pathway through the induction of a key enzyme (PAL), thus promoting the accumulation of phenolics as well as enhancing antioxidant capacity and preventing microbe invasion at the wound site by forming a mechanical barrier in fresh-cut bitter gourd tissues.



The indirect role of phenolic compounds in fruit protection might be attributed to their synthesis and accumulation following UV-C irradiation. These compounds act as natural substrates for polyphenol oxidase (PPO), whose reaction products, quinones, have been suggested to possess bactericidal and fungicidal properties in plant defense [72]. This was confirmed by the high bacterial resistance in transgenic tomato plants over-expressing PPO [73]. Similarly, UV-C-treated strawberry fruits escalated the activity of PPO from 10 h post-treatment until 48 h of storage at 20 °C, which contributes to the resistance against Botrytis cinerea [20]. To our knowledge, there is no available data on the role of PPO in pathogen defense in fresh-cut fruits and vegetables. In our case, the induction of PPO enzyme activity by UV-C (0.5 and 1.5 kJ·m−2) was evident throughout the shelf life, reaching its peak value after 6 h. This suggested that the increase in PPO activity after 0.5 and 1.5 kJ·m−2 of UV-C exposure may protect against pathogen invasion via the production of quinones in fresh-cut bitter gourd fruit tissues.




5. Conclusions


In conclusion, this study revealed the presence of nonpathogenic, opportunistic, and emerging human pathogens in fresh-cut bitter gourd through NGS. Interestingly, UV-C alone (0.5 and 1.5 kJ·m−2) was found to be a more effective treatment for decontaminating fresh-cut bitter gourd compared to low temperature treatment and was more practical to use than UV-C combined with low temperature treatment. In addition, UV-C irradiation enhanced the ROS scavenging system, as indicated by the low production of O2•− and H2O2, increased SOD, APX, and CAT activities, as well as elevated levels of proline and reduced MDA content. This response demonstrates that UV-C (optimal condition) can maintain the balance levels of ROS, thereby alleviating oxidative damage and preserving the cell membrane structure and integrity of fresh-cut bitter gourd. Moreover, UV-C treatment activated the phenylpropanoid pathway by inducing PAL and PPO activity, which are involved in the defense mechanism against pathogens. This suggests that 0.5 kJ·m−2 UV-C can be used effectively to maintain microbial safety and extend the shelf life of fresh-cut bitter gourd.
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Figure 1. Pie chart of species richness and abundance of microorganisms grew on the surface of fresh-cut bitter gourd after exposure to room temperature (22 °C) for 12 h. 
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Figure 2. Effect of UV-C treatments on the production of ROS in fresh-cut bitter gourd after exposure to room temperature. (A) Hydrogen peroxide content (H2O2); (B) superoxide anion (O2•−); and (C) H2O2 scavenging activity. The results are the average of three replicates ± standard error. Bars with different lower-case letters indicate a significant effect of UV-C irradiation within the same shelf life, and other upper-case letters indicate a significant effect on shelf life within the same UV-C dose (p < 0.05; Tukey’s HSD). 






Figure 2. Effect of UV-C treatments on the production of ROS in fresh-cut bitter gourd after exposure to room temperature. (A) Hydrogen peroxide content (H2O2); (B) superoxide anion (O2•−); and (C) H2O2 scavenging activity. The results are the average of three replicates ± standard error. Bars with different lower-case letters indicate a significant effect of UV-C irradiation within the same shelf life, and other upper-case letters indicate a significant effect on shelf life within the same UV-C dose (p < 0.05; Tukey’s HSD).



[image: Horticulturae 09 01068 g002]







[image: Horticulturae 09 01068 g003] 





Figure 3. Effect of UV-C treatments on the activity of antioxidant enzymes in fresh-cut bitter gourd activities after room temperature exposure. (A) superoxide dismutase (SOD); (B) ascorbate peroxidase (APX); and (C) catalase (CAT). The results are the average of three replicates ± standard error. Bars that have different lower-case letters indicate a significant effect of UV-C irradiation within the same shelf life, and different upper-case letters indicate a significant effect on shelf life within the same UV-C dose (p < 0.05; Tukey’s HSD). 
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Figure 4. Effect of UV-C treatments on the defense-related compounds in fresh-cut bitter gourd after exposure to room temperature (22 °C). (A) Malondialdehyde (MDA) and (B) proline contents. The results are the average of three replicates ± standard error. Bars that have different lower-case letters indicate a significant effect of UV-C irradiation within the same shelf life, and different upper-case letters indicate a significant effect on shelf life within the same UV-C dose (p < 0.05; Tukey’s HSD). 
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Figure 5. Effect of UV-C treatments on the activity of enzymes involved in phenylpropanoid pathway in fresh-cut bitter gourd after exposure to room temperature. (A) Phenylalanine ammonia-lyase (PAL) and (B) polyphenol oxidase (PPO). The results are the average of three replicates ± standard error. Bars that have different lower-case letters indicate a significant effect of UV-C irradiation within the same exposure time, and different upper-case letters indicate a significant effect on shelf life within the same UV-C dose (p < 0.05; Tukey’s HSD). 
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Table 1. Identified microorganisms grew on the surface of fresh-cut bitter gourd after exposure to room temperature (22 °C) for 12 h through full-length 16S rRNA analysis.
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	Reads
	Family
	Bacterial Isolates (Genus/Species) *





	8
	Sphingobacteriaceae
	Sphingobacterium multivorum



	2
	Acidaminococcaceae
	Phascolarctobacterium faecium



	14
	Xanthomonadaceae
	Xanthomonas hortorum pv. Gardneri



	10
	Xanthomonadaceae
	Stenotrophomonas maltophilia



	9
	Moraxellaceae
	Acinetobacter radioresistens



	4
	Moraxellaceae
	Acinetobacter proteolyticus



	560
	Moraxellaceae
	Acinetobacter soli



	624
	Moraxellaceae
	Acinetobacter calcoaceticus



	12
	Pseudomonadaceae
	Pseudomonas psychrotolerans



	20
	Pseudomonadaceae
	Pseudomonas straminea



	13
	Pseudomonadaceae
	Pseudomonas argentinensis



	115
	Pseudomonadaceae
	Pseudomonas parafulva NBRC 16,636 = DSM 17004



	37
	Pseudomonadaceae
	Pseudomonas fulva



	24
	Pseudomonadaceae
	Pseudomonas monteilii



	2
	Pseudomonadaceae
	Pseudomonas japonica NBRC 103,040 = DSM 22348



	73
	Pseudomonadaceae
	Pseudomonas plecoglossicida



	44
	Pseudomonadaceae
	Pseudomonas taiwanensis DSM 21245



	11
	Erwiniaceae
	Pantoea eucrina



	18
	Erwiniaceae
	Pantoea ananatis



	282
	Erwiniaceae
	Pantoea allii



	25
	Enterobacteriaceae
	Cronobacter sakazakii



	23
	Enterobacteriaceae
	Cronobacter turicensis z3032



	1017
	Enterobacteriaceae
	Atlantibacter hermannii



	824
	Enterobacteriaceae
	Enterobacter hormaechei subsp. xiangfangensis



	24
	Enterobacteriaceae
	Citrobacter cronae



	79
	Enterobacteriaceae
	Enterobacter cloacae subsp. Dissolvens



	7
	Enterobacteriaceae
	Klebsiella pneumoniae



	163
	Enterobacteriaceae
	Enterobacter ludwigii



	106
	Enterobacteriaceae
	Cedecea lapagei



	683
	Enterobacteriaceae
	Enterobacter soli ATCC BAA-2102



	297
	Enterobacteriaceae
	Klebsiella aerogenes KCTC 2190



	2826
	Enterobacteriaceae
	Enterobacter mori



	879
	Enterobacteriaceae
	Leclercia adecarboxylata



	3069
	Enterobacteriaceae
	Buttiauxella izardii







* Taxonomically annotated species name of amplicon sequences based on information retrieved from the NCBI.













 





Table 2. Bacterial population on UV-C-treated fresh-cut bitter gourd after exposure to room temperature (22 °C).
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Dose

(kJ·m−2)

	
Viable Bacterial Count after Exposure to Room Temperature (CFU·g−1)




	
0 h

	
6 h






	
0

	
4.03 × 103 ± 0.15 a

	
6.12 × 105 ± 0.15 a




	
0.5

	
1.33 × 102 ± 0.11 b

	
6.75 × 103 ± 0.07 c




	
1.5

	
1.26 × 102 ± 0.15 b

	
6.21 × 103 ± 0.11 c




	
3.0

	
1.07 × 102 ± 0.06 b

	
4.11 × 104 ± 0.03 b








The data represent the average of 3 replications. Different letters at the same column indicate significant differences among treatments for each exposure time. The difference among means ± standard error was determined by using Tukey’s range tests at p < 0.05.













 





Table 3. Bacterial population on low-temperature-treated fresh-cut bitter gourd after exposure to room temperature (22 °C).
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Treatment

	
Viable Bacterial Count after Exposure to Room Temperature




	
Temperature

	
Incubation Time

	
(CFU·g−1)




	
(°C)

	
(h)

	
0 h

	
6 h






	
22

	
0

	
3.47 × 103 ± 0.30 c

	
1.07 × 105 ± 0.05 a




	

	
3

	
6.33 × 103 ± 1.53 c

	
1.38 × 105 ± 0.74 a




	

	
6

	
1.08 × 105 ± 0.01 a

	
1.39 × 105 ± 0.09 a




	

	
12

	
1.69 × 105 ± 0.03 a

	
7.05 × 105 ± 0.08 a




	
4

	
3

	
1.47 × 102 ± 0.15 d

	
1.08 × 104 ± 0.21 b




	

	
6

	
9.20 × 103 ± 0.25 c

	
2.42 × 104 ± 0.08 b




	

	
12

	
6.13 × 104 ± 0.55 b

	
1.37 × 105 ± 0.04 a








The data represent the average of 3 replications. Different letters at the same column indicate significant differences among treatments for each exposure time. The difference among means ± standard error was determined by using Tukey’s range tests at p < 0.05.













 





Table 4. Bacterial population on UV-C followed by low-temperature-treated fresh-cut bitter gourd (4 °C for 3 h) after exposure to room temperature (22 °C).
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Dose

(kJ·m−2)

	
Viable Bacterial Count after Exposure to Room Temperature (CFU·g−1)




	
0 h

	
6 h






	
0

	
7.11 × 103 ± 0.31 a

	
7.74 × 104 ± 0.33 a




	
0.5

	
2.15 × 102 ± 0.5 b

	
6.20 × 103 ± 0.23 b




	
1.5

	
1.88 × 102 ± 0.23 b

	
5.84 × 103 ± 0.21 b








The data represent the average of 6 repeats. Different letters at the same column indicate significant differences among treatments for each exposure time. The difference among means ± standard error was determined by using Tukey’s range tests at p < 0.05.
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