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Abstract

:

In this study, ultrasonication (US) (50 W, 30 kHz, 1–6 min) was used to increase the efficiency of Limosilactobacillus reuteri PTCC 1655 fermentation process (37 °C; 30 h) of Bakraei juice. Total sugars, pH, Brix, organic acids, vitamin C, polyphenols, antioxidant activity, α-amylase inhibition and anti-inflammatory properties were measured during the fermentation period. The results showed that by increasing the ultrasound time up to 5 min, pH, vitamin C, citric acid, and polyphenolic compounds decreased, while lactic acid, antioxidant capacity, α-amylase inhibition and anti-inflammatory properties were increased. When the ultrasound time was increased up to 6 min, compared to the non-ultrasound-treated sample, the efficiency of the fermentation process decreased and promoted a decrease in the microbial population, lactic acid levels, antioxidant activity, α-amylase inhibition, and anti-inflammatory properties of the juices. The initial anti-inflammatory activity (11.3%) of juice reached values of 33.4% and 19.5%, after US treatments of 5 and 6 min, respectively, compared to the non-sonicated juice (21.7%), after 30 h of fermentation. As a result, the use of ultrasound in the controlled fermentation process can increase the efficiency of fermentation process.
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1. Introduction


Over the last few years, a consumer’s growing interest in fermented foods and beverages has been observed all over the world. The use of fermented products has a long history in human daily diet [1]. Fermentation was originally used as a way to improve taste, extend food shelf life, and eliminate food toxins, but nowadays, it is used because of the health benefits attributed to fermented foods [2]. Fermentation is a phenomenon caused by a set of biological activities in which organic compounds with large molecules are broken into compounds with smaller and simpler molecules. The fermentation process is carried out by microorganisms including bacteria, molds and yeasts, and can be used on many food products such as vegetables, fruits, grains, dairy products, meat, fish, seeds, etc. [1].



Different studies have shown that the application of non-conventional technologies in the food fermentation industry not only leads to saving time and energy, but also produces safer and higher quality products [3,4]. In the modern fermentation industry, it is tried to use sub-lethal methods to create stress conditions in order to stimulate microbial growth and improving their metabolic activities without affecting cell viability [1]. Several innovative processing technologies, such as ultrasonication (US), have been studied to increase the efficiency and productivity of the fermentation process [5]. Ultrasonic waves refer to those with a frequency of more than 18–20 kHz, which are not audible by humans [6]. These waves are classified in two ranges: waves with high frequency (low power) and waves with low frequency (high power). Low power US is in the frequency range of 1 to 10 MHz, which is also called diagnostic US. High-frequency and low-energy waves are used as an analytical technique to ensure the quality of food and control the process [7,8].



These waves are considered as a nondestructive and non-invasive inspection method and are used in the food industry, including homogenization process evaluation, container filling control, fluid flow control, and foreign bodies’ location [9]. In contrast, low frequency, and high energy US have frequencies between 20 and 100 kHz which is typically applied as a process intensification tool. These waves can create cavitation which can cause chemical and physical changes in materials. They are used in various processes in the food industry, including surface decontamination, degassing, improvement of mass transfer, enhancing fermentation rates, enzymatic and microbial inactivation, and foam destruction [10,11].



The use of US to accelerate fermentation, reducing fermentation time, improving microorganism-fermenting cell growth and increasing biomass yields due the cavitation phenomena has been shown in some previous studies [12,13]. For instance, Sulaiman et al. [14] reported that US increased the production of ethanol during fermentation by Kluyveromyces marxianus. Faster lactic acid production was observed by other authors as a result of applying US technology (frequency of 20 kHz) on milk samples inoculated with various Bifidobacterium strains [15]. In addition, an increase in biomass production rate (by 52%) and a decrease in ethanol content (by 0.55% (v/v)) were observed in US-assisted fermentation of Lebanese apple juice for production of cider [16].



Plants belonging to the genus Citrus are cultivated in different regions of the world due to their special characteristics, including the production of essential oils with a pleasant aroma and having edible fruits [17]. According to Food and Agriculture Organization (FAO) data, in 2020, the amount of citrus fruit production in Iran was estimated approximately at 4 million tons [18]. Due to the properties and widespread cultivation of citrus fruits, various hybrids have been formed among Citrus species [19]. Bakraei (Citrus reticulata cv. Bakraei) is one of these hybrids that is obtained from mandarin and sweet lime (Citrus reticulata × Citrus limetta). This plant is native to North India, but it also exists in Iran, China, Indonesia, and Thailand. All parts of this plant (stem, peel, root, leaf, and fruit) have therapeutic effects and has a long history in traditional medicine [20]. Fruit pulp contains bioactive compounds such as carotenoids, phenols, alkaloids, coumarins, flavonoids, terpenes, and antioxidants [21]. It has been found that Bakraei juice has reduced serum glucose, triglyceride and cholesterol in diabetic rats [22].



Therefore, due to the demand of consumers for non-dairy beverages, especially for vegetarians and people with lactose intolerance, a lot of attention has been paid to fruit-based beverages. To the best of our knowledge, no study has been carried out before on Bakraei juice, so, it was decided to use this fruit in the present work. Hence, the current research aims are to investigate the impact of applying US on Bakraei juice at different time intervals in the fermentation process. The effects of US on viable cell count, physicochemical properties, contents of specific organic acids, antioxidant activity, polyphenols, and some enzyme inhibitory activity were evaluated.




2. Materials and Methods


2.1. Preparation of Strain


Limosilactobacillus reuteri PTCC 1655 was purchased from Iranian Research Organization for Science and Technology (Tehran, Iran). The strain was reactivated in the MRS broth (Oxoid, Hampshire, UK) at 37 °C for 24 h and the cell pellets were collected with centrifugation (Hettich, Westphalia, Germany) at 3500× g for 15 min at 4 °C. Low temperature was used to prevent cell damage.




2.2. Fermentation Process


About 12 kg of Backraei (Citrus reticulata cv. Bakraei) fruit were bought from a local fruit market in Shiraz (Fars province, Iran). Next, the fruits were washed with sterile water and peeled using a sterile knife. Peeled fruits were cut and after that, juiced using a juicer (Pars Khazar; JC-700P, Rasht, Iran). The seeds and pulps were separated using a cleaning cloth. Finally, the fruit juice was heated using a water bath (Memmert, WNE29, Schwabach, Germany) at 80 °C for 10 min. After cooling, in order to carry out the fermentation process, about 4.3 log CFU/mL of the strain was inoculated into the fruit juice and ultrasonicated 50 W, 30 kHz, 1–6 min) using a Hielscher UP50H equipment (Hattersheim am Main, Germany). The control sample was not sonicated. The fermentation process was performed in closed 250 mL Erlenmeyer flasks at 37 °C for 30 h.




2.3. Determination of Viable Cell Count


MRS agar (Oxoid, Hampshire, UK) was used to count the colonies and peptone water was utilized to obtain proper dilutions. Colonies were counted after keeping the plates at 37 °C for 48 h.




2.4. Determination of pH, Total Soluble Solids Content (TSS) and Total Sugars Content


The pH was determined by a pH meter (Milwaukee, Padua, Italy) while the TSS were measured using a digital refractometer (Atago, Tokyo, Japan) and expressed as °Brix. Total sugars content was measured as glucose equivalents using the phenol sulfuric acid method [23].




2.5. High Performance Liquid Chromatography (HPLC) Determination of Lactic and Citric Acids


Quantitative determinations of lactic and citric acids were carried out using an HPLC (Knauer, Azura, Berlin, Germany) equipped with a K-2600UV-visible detector. The separation column was an Ultrasep ES-FS special (250 mm × 30 mm, 5µm, Knauer column). The ChromGate Software A1493 was utilized as software to measure targeted compounds [24].




2.6. Polyphenols


In order to determine total phenolics content, briefly, 0.5 mL of the diluted juice (1:16) were mixed with 2.5 mL of Folin-Ciocalteu reagent (10%). After 3 min, 2 mL of Na2CO3 (7.5% w/v) were added to the solution and after that it was placed in the dark for 1 h. Finally, the absorbance was read at 765 nm (Hitachi U-3000, Tokyo, Japan). The results were expressed as gallic acid equivalent (GAE) (mg GAE/L) [25].



For total flavonoids content, briefly, 4 mL of the diluted juice (1:5) were added to 0.5 mL of NaNO2 (50 g/L). After 5 min, 1 mL of AlCl3 (100 g/L) was added to the solution and kept for 5 min. Subsequently, 2 mL of NaOH (2 mol/L) were mixed with the solution and the absorbance was read at 510 nm following 10 min. The results were expressed as rutin equivalent (RE) (mg RE/L) [26].




2.7. Determination of Antioxidant Activity


In order to determine the DPPH radical scavenging activity, a DPPH solution (0.1 mmol/L) was prepared using methanol and 100 μL of juice sample were mixed with 200 μL of DPPH. After keeping the mixture at 37 °C for 30 min, the absorbance was determined at 517 nm. Distilled water was utilized as a control [27].



For ABTS radical scavenging activity, the ABTS radical cation was prepared with K2S2O8 (2.45 mmol/L) and after that the mixture was diluted using ethanol (80%). Subsequently, 400 μL of the diluted juice (1:50) were mixed with 3.6 mL of the mixture and kept in the dark for 6 min. Finally, the absorbance was read at 734 nm [28].




2.8. High Performance Liquid Chromatography (HPLC) Vitamin C Determination


The HPLC system (Knauer, Azura, Berlin, Germany) with a C18 column (15 cm × 4.6 mm, pore size 5 µm) was used for determination of vitamin C of juice samples. The mobile phase was KH2PO4 (0.025 M) with a flow rate of 1 mL/min. An ultraviolet visible detector (UVD2.1L) was set at 245 nm [29].




2.9. α-Amylase Inhibition


Juice sample (50 μL) was mixed with α-amylase (50 μL; 0.2 U/mL) and kept at 25 °C for 10 min in 96-well. Soluble starch solution (50 μL; 1%) was added and afterward it was kept at 25 °C for 10 min. After that, 100 μL dinitrosalicylic acid color reagent were added, and the reaction was stopped using boiling water bath. After dilution using distilled water, the absorbance of each well was measured at 540 nm and the distilled water was utilized as a control [30].




2.10. Anti-Inflammatory Activity


The activity of 5-LOX enzyme was measured in a 96-well plate containing phosphate buffer (150 μL), 20 μL of the juice solution, 60 μL of linoleic acid, and 20 μL of 5-LOX enzyme. Afterward, the mixture was kept at 25 °C for 15 min and the absorbance was determined at 234 nm [31].




2.11. Statistical Analysis


All tests were performed in triplicate. First, the results were subjected to one-way analysis of variance (ANOVA), and then Duncan’s multiple range test was used at a confidence level of 95% to compare the means and check the significant difference between the treatments. Statistical analysis of data was carried out by SPSS version 20 software. The relevant graphs were drawn in EXCEL software version 2016 (Microsoft Office, Redmond, WA, USA, 2016).





3. Results


3.1. Viable Cell Counts


The effect of US on L. reuteri growth of in Bakraei juice during 30 h fermentation is depicted in Figure 1. As can be seen in the figure, the initial number of L. reuteri (4.3 CFU/mL) was significantly (p < 0.05) increased in both US-treated and control samples with the elapse of fermentation period. The highest cell counts were observed in the US-5 min treatment, followed by 4, 3, 2, and 1 min compared to the non-sonicated juice. In contrast, the US time increase up to 6 min negatively affected the bacterial growth and decreased the microbial population compared to the non-sonicated juice. The highest and lowest viable cell counts were observed in US-5 min (9.1 CFU/mL) and US-6 min (6.8 CFU/mL) treatments, respectively, compared to the control sample (7.3 CFU/mL). It is clear from the data that the bacterial population is mainly dependent on the duration of US treatment, in which short-term sonication (1-5 min) induced growth stimulation, while long-term treatment (6 min) induced growth inhibition compared to the control sample. These findings concur with the results of Hashemi et al. [5], who observed a growth intensification of Lactobacillus helveticus and Lactobacillus acidophilus after 10 and 20 min US treatment and a decreased cell viability after 30 min US treatment during date syrup fermentation. Growth stimulation under the influence of US can be attributed to the increase in the membrane permeability and the transfer rate of materials due to pore formation. For instance, US has the potential to create pores in the cell membrane and to form microcurrents inside the cell, promoting molecules transport from the boundary layers [3,32]. The effect of US on milk fermentation was previously investigated, observing the authors that some components were released from the ruptured cells that stimulated the growth of lactobacilli [33]. In contrast, the inhibition impact of US on microbial proliferation and cell viability has been reported by several studies [34,35,36]. Mechanical destruction of cells is the main reason for the inhibition impact of US on microbial cells. It is known that cavitation and mechanical impact caused by extreme pressure difference lead to the destruction of microbial cell wall [37]. In addition, the microbial inactivation by US is also related to the sonochemical effect. The very high temperature and pressure resulting from the collapse of microbubbles leads to the production of free radicals, causing oxidative damage [38].




3.2. pH, °Brix, and Total Sugars Content


The impact of US on pH, total soluble solids and total sugars of Bakraei juice during the fermentation process are presented in Figure 2. According to the Figure 2a, the content of total sugars notably (p < 0.05) decreased in all sonicated and unsonicated samples during 30 h of fermentation. The application of US in the fermentation process led to an increase in sugar consumption, while this increase was dependent on the duration of the US treatment. The initial amount of total sugars (144.4 g/L) reached 100.9 g/L and 115.4 g/L, in the treatments of US-5 min and US-6 min, respectively, compared to the unsonicated juice (112.7 g/L), at the end of the fermentation period. Generally, sugar is the main source of carbon and energy involved in the growth of microorganisms [39]. The greater reduction in total sugars in US-5 min treatment compared to the control sample indicates the greater growth of L. reuteri and the greater consumption of sugar during the fermentation process, which confirms the results of Figure 1. Similarly, US technology enhanced the carbohydrate metabolism in apple juice during fermentation by Lactobacillus plantarum [3]. Furthermore, an increase in lactose hydrolysis as a result of increasing the duration of US treatment from 5 min to 15 min was observed in fermented milk containing L. plantarum [40].



Changes in pH values of treated juices during fermentation are shown in Figure 2b. As can be seen, the pH value of the Bakraei juice samples markedly decreased after the fermentation period and altered by US processing (p < 0.05). US treatment for 1-5 min resulted in lower final pH, while US treatment for 6 min resulted in higher final pH values relative to the control sample. These changes are expected due to the impact of US treatment on the fermentation process. US treatment for 1-5 min, resulted in fermentation stimulation, promotion of microbial growth, production of lactic acid by lactobacilli, and thereby a decreased pH compared to the control juice. In contrast, the prolonged fermentation period (US-6 min), resulted in lower viable cells, decreased sugar consumption, lower lactic acid production and pH compared to control group. In this line, Nöbel et al. [41] reported that US treatment of raw skim milk during the fermentation period markedly reduced the pH compared to the unsonicated samples.



Total soluble solids (TSS) contents of the Bakraei juice samples under the influence of US during the fermentation period are illustrated in Figure 2c. Typically, TSS are related to the sugar contents in the fruit-based beverages [42]. Data revealed a significant decrease (p < 0.05) in TSS content for all treated samples, which is related to the consumption of sugars. The °Brix values were markedly decreased faster in US-treated (1–5 min) samples compared to the unsonicated samples. After 30 h of fermentation, the °Brix decreased by 51.22% and 12.73% for US-5 min and US-6 min treatments, respectively, compared to the control juice sample (15.89%). These results are consistent with the total sugars data, previously described (Figure 2b). This trend can be explained by the positive and negative effect of US on the microbial cell membrane. Short–term US may create temporary and reversible pores on the microbial cell membrane and improve the transport of substrates, leading to increased cell growth. In contrast, long-term US treatment may create irreversible pores leading to cell rupture and microbial death [32,43]. Our findings conform with the results of Al Daccache et al. [16], who indicated a faster °Brix depletion as well as glucose concentrations in US-treated samples compared to the control sample throughout the fermentation of apple juice.




3.3. Organic Acids


The impact of US on the concentration of organic acids (including lactic acid and citric acid) during the fermentation of Bakraei juice was analyzed by the HPLC method. Lactic acid was enhanced while citric acid decreased during the fermentation period (Figure 3). Moreover, as can be seen in Figure 3a, after 6 h of fermentation, no significant differences (p > 0.05) in the organic acids content were observed between the control, US-6 min, US-1 min, and US-2 min samples, while after 30 h, a significant difference (p < 0.05) for those compounds was noticed between the samples. Regarding lactic acid production, after 6 h of incubation, no significant differences (p > 0.05) were found between all treated samples, while at time 12, no significant differences were observed between the control, US-6 min, US-1 min, and US-2 min samples. However, after 30 h of incubation, there were observed significant differences (p < 0.05) between the samples.



By increasing US duration treatment from 1 to 5 min, the concentrations of lactic acid significantly increased while the citric acid values decreased, compared to the control samples (p < 0.05). However, US treatment (6 min) markedly (p < 0.05) decreased the production of lactic acid and increased the citric acid values, compared to control samples. Regarding the citric acid (Figure 3a), the initial amount (34.2 g/L) reached 15.1 g/L, 25.8 g/L, and 23.5 g/L for US-5 min, US-6 min, and control samples, respectively, at the end of the fermentation period. The declining trend in the values of citric acid during fermentation can be attributed to lactic acid bacteria (LAB) metabolism [44]. In this line, some previous studies have shown that Lactobacillus species can use citric acid as an available carbon source to produce acetic acid, lactic acid, and diacetyl [34,35]. Similar results were reported for increased utilization of citric acid in US-treated apple juice compared to the unsonicated sample during fermentation [3]. After 30 h-fermentation with L. reuteri, the production of lactic acid reached 9.02 g/L and 3.83 g/L for US-5 min and US-6 min treatments, which were the highest and lowest levels of lactic acid production, respectively, compared to the unsonicated sample (5.91 g/L) (Figure 3b). The lower production of lactic acid and higher retention of citric acid can be related to the negative effect of long-term US treatment (6 min) on cell viability and microbial growth. In contrast, short treatments of US (1–5 min) increased the fermentation activity. These heterogeneous impact of US can be attributed to the role of electroporation on the cell membrane, in which short treatments increase the membrane permeability and metabolite exchange, while longer treatments compromise the cell structure and even cause cell rupture [45]. Similarly to our findings, Gholamhosseinpour and Hashemi [40] reported that increasing the duration of US treatment resulted in higher lactose hydrolysis and higher lactic acid production. In addition, it has been indicated that the application of 10 and 20 min US treatment during fermentation increased the lactic acid production from date syrup, while treatment of 30 min led to a decrease in lactic acid concentration [5].




3.4. Bioactive Compounds


The changes of bioactive compounds including total phenolics, total flavonoids, and vitamin C in US-treated juice samples during fermentation are presented in Figure 4. As can be seen in Figure 4a,b, both total phenolics and total flavonoids significantly (p < 0.05) decreased with the elapse of fermentation time, and the highest and lowest reductions were observed in US-5 min and US-6 min samples, respectively, compared to the controls. There was no significant difference (p > 0.05) between the total phenolics and total flavonoids levels of the control, US-6 min, US-1 min, and US-2 min samples after 6 h of fermentation, but a significant difference was observed between all samples at the end of the fermentation period (p < 0.05). After 30 h of fermentation, 19.75%, 7.35%, and 13.43% reductions of total phenolics and 24.42%, 8.55%, and 11.96% reductions of total flavonoids were noticed in US-5 min, US-6 min, and control samples, respectively. Our results are in agreement with Hashemi et al. [24], who reported that fermentation of sweet lemon juice by L. plantarum LS5 resulted in an 8.28% reduction of total phenolic compounds. A similar decrease in total phenolic compounds and total flavonoid compounds was reported in olives, beans, and Saccharina japonica during fermentation [46,47,48]. It is speculated that the reduction in phenolic compounds may be related to their metabolism by starter microorganisms [46]. In addition, Adebo et al. [49] reported that notable losses of flavonoids may be related to the decomposition of phenolic compounds during fermentation. According to the findings, the increment in the losses of total phenols and flavonoids as a result of the US process (1 to 5 min) could be related to the increase in the activity of L. reuteri and the increase in the metabolism of phenolic compounds, whereas long-term US treatment (6 min) reduced the metabolism of these bioactive compounds due to the negative impact on cell growth. Similar results were reported by Wang et al. [3].



With respect to Figure 4c, there were insignificant (p > 0.05) differences in vitamin C content of US-treated samples and unsonicated juice, however it diminished markedly (p <0.05) throughout the fermentation time. These results are in good agreement with the findings of Hashemi and Jafarpour [11], who indicated a decline in vitamin C content of bergamot juice after 72 h fermentation with L. plantarum strains. This reduction may be related to the increase in the activity of ascorbate oxidase produced by the fermenting species [50]. Similarly, another research revealed that the oxidation process was the main cause of vitamin C loss [51].




3.5. Antioxidant Activity


The effect of US on the antioxidant activities of fermented Bakraei juice samples is shown in Figure 5. As can be seen, there was a notable enhancement in the inhibition percentage by ABTS and DPPH when the US time was increased from 1 to 5 min, while the 6-min US treatment led to a decrease in the inhibition percentage compared to the unsonicated juice (p < 0.05). There was no significant difference (p > 0.05) between the ABTS and DPPH levels of the control and US-6 min samples in the first 6 h of treatment, but from 12th h onwards, a significant difference was observed between all samples (p < 0.05). With respect to Figure 5a, b, the amount of DPPH increased from 56.4% to 92.3%, 75.4%, and 78.7%, and the initial level of ABTS (52.6%) enhanced to 88.2%, 71.3%, and 74.5% in US-5 min, US-6 min, and control samples, respectively, at the end of the fermentation time. The obtained results coincide with the findings of Wang et al. [3], who indicated that US treatment during apple juice fermentation led to a decrease in total phenolic compounds, while the ABTS radical scavenging activity of treated juices increased. Moreover, it has been demonstrated that fermentation of mulberry juice by Lactobacillus species for 36 h increased the antioxidant activity [26]. It has been found that the antiradical activities of fermented foods depends on various factors such as fermentation time, pH, microbial strains, dissolved oxygen, temperature, etc. [52]. Kim et al. [53] stated that certain metabolites produced by starter strains during fermentation may have a notable effect on enhancing the antioxidant activity of soybean paste. Meanwhile, some bioactive compounds produced during fermentation, such as peptides, xylooligosaccharides, etc. can play an important role in increasing the antioxidant properties of the final product [54]. Similarly, LAB has been shown to have antioxidant capacity [55]. Hence, in US-6 min treatment, lower number of viable cells resulted in less production of bioactive compounds and less antioxidant activity.




3.6. Biological Properties


The influence of US process on some biological properties of fermented Bakraei juice samples including α-amylase inhibition and anti-inflammatory activity was also evaluated. Figure 6a, shows the variations in anti-hyperglycemic properties of juice samples throughout the fermentation period. Accordingly, the inhibition of α-amylase significantly (p < 0.05) increased during the fermentation time. In addition, US-5 min and US-6 min showed the highest and lowest inhibition rate of α-amylase, respectively. Similarly, Peláez-Acero et al. [56] showed that the highest inhibition of α-amylase was at 20 min, while as the US duration increased to 30 min, the enzyme inhibition significantly decreased in honey samples. This could be related to the positive effect of US on cell growth and production of functional compounds to inhibit α-amylase activity, whilst longer application of US possessed a negative effect on cell viability and growth due to the cavitation phenomenon [57]. Moreover, Gholamhosseinpour et al. [58] indicated that α-amylaseinhibition was higher in fermented milks treated with US and microwave compared to other processing including autoclave, microwave and US + autoclave. They also reported an increase in enzyme inhibition with fermentation time. Bioactive exopolysaccharides secreted by LAB and production of bioactive peptides during lactic acid fermentation have been considered as the main factors of α-amylase inhibition [59,60].



With respect to Figure 6b, data showed that the anti-inflammatory activity of juice samples significantly enhanced (p < 0.05) during the fermentation process. After 6 h of fermentation, insignificant difference (p > 0.05) was observed between the US-6 min, US-1 min, and control samples, while after 30 h of incubation, a significant difference (p < 0.05) was noticed between all the samples. The initial (11.3%) anti-inflammatory activity of Bakraei juices reached 33.4% and 19.5%, in the treatments of US-5 min and US-6 min, respectively, compared to the unsonicated juice (21.7%), after 30 h of fermentation. These findings are conform with the previous work, in which the fermentation of peach juice with L. fermentum and L. acidophilus resulted in increased anti-inflammatory activity [61]. This increase may be related to the production of some metabolites with anti-inflammatory potential, such as bacteriocins and natural acids, which are produced during fermentation with Lactobacillus species [62]. Furthermore, another study has shown that enhanced anti-inflammatory activity are associated with enhanced antioxidant activity in fermented pomegranate juice [63].





4. Conclusions


In this study, it was shown that the fermentation process can cause changes in the nutritional value and biological characteristics of Bakraei fruit juice. Ultrasound can increase the efficiency of the fermentation process and promote some of the biological characteristics of fruit juice including antioxidant capacity, α-amylase inhibition, and anti-inflammatory properties during this process. Of course, this process must be controlled since increasing the ultrasound treatment time can decrease the fermentation efficiency. In this research, increasing the ultrasound time to 6 min decreased the efficiency of the fermentation process. In future research, the effect of ultrasound power and other microorganisms can be investigated in this fruit juice and increase the scarce existing research related to this fruit.
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Figure 1. Impact of US on viable cell count in Bakraei juice fermented with L. reuteri. Error bars reveal the standard deviation of viable count in Bakraei juice during 30 h of fermentation. US-1 min: ultrasound treatment for 1 min, Control: non-ultrasound treated juice. 
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Figure 2. Variations in total sugars (a), pH (b), and total soluble solids (c) in US-treated and non-US treated Bakraei juice during fermentation. Error bars reveal the standard deviation of each measurement in Bakraei juice during 30 h of fermentation. US-1 min: ultrasound treatment for 1 min, Control: non-ultrasound treated juice. 






Figure 2. Variations in total sugars (a), pH (b), and total soluble solids (c) in US-treated and non-US treated Bakraei juice during fermentation. Error bars reveal the standard deviation of each measurement in Bakraei juice during 30 h of fermentation. US-1 min: ultrasound treatment for 1 min, Control: non-ultrasound treated juice.
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Figure 3. Changes in the amount of citric acid (a) and lactic acid (b) in US-treated and non-US treated Bakraei juice during fermentation. Error bars reveal the standard deviation of each measurement in Bakraei juice during 30 h of fermentation. US-1 min: ultrasound treatment for 1 min, Control: non-ultrasound treated juice. 
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Figure 4. Changes in total phenols (a), total flavonoids (b), and vitamin C (c) content in US-treated and non-US treated Bakraei juice during fermentation. Error bars reveal the standard deviation of each measurement in Bakraei juice during 30 h of fermentation. US-1 min: ultrasound treatment for 1 min, Control: non-ultrasound treated juice. 
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Figure 5. Changes in antioxidant activity (DPPH (a), ABTS (b)) of US-treated and non-US treated Bakraei juice during fermentation. Error bars reveal the standard deviation of each measurement in Bakraei juice during 30 h of fermentation. US-1 min: ultrasound treatment for 1 min, Control: non-ultrasound treated juice. 
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Figure 6. Anti-hyperglycemic (a) and anti-inflammatory (b) activities of US-treated and non-US treated Bakraei juice during fermentation. Error bars reveal the standard deviation of each measurement in Bakraei juice during 30 h of fermentation. US-1 min: ultrasound treatment for 1 min, Control: non-ultrasound treated juice. 
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