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Abstract

:

This research investigates how different fermentation techniques using non-Saccharomyces yeast (Candida ethanolica Ce, Hanseniaspora guilliermondii Hg, Hanseniaspora thailandica Ht) and Saccharomyces cerevisiae (Sc) affect the synthesis of hesperidin, nobiletin, and other flavonoid and aromatic substances, which play a vital role in improving the overall quality of fruit wines due to their various biological properties. The combination of Sc:(Ce.Ht)-1:100 (Ce 0.5 × 107 CFU/mL, Ht 0.5 × 107 CFU/mL, Sc 1 × 105 CFU/mL) yielded the highest hesperidin content at 4.12 ± 0.08 mg/L, followed by the Sc:(Ce.Hg)-1:1 (Ce 0.5 × 107 CFU/mL, Hg 0.5 × 107 CFU/mL, Sc 1 × 107 CFU/mL) combination at 4.08 ± 0.06 mg/L. The highest nobiletin content was achieved by the (Hg.Ht)-10-Sc (Hg 0.5 × 107 CFU/mL, Ht 0.5 × 107 CFU/mL, Sc 1 × 107 CFU/mL) combination, reaching 1.04 ± 0.05 mg/L, which was significantly higher than other multi-strain combinations. Additionally, the hesperidin content produced by the (Hg.Ht)-10-Sc combination was relatively high at 4.04 ± 0.02 mg/L, demonstrating a richness and complexity of aroma superior to that of fermentation with commercial yeast strains alone. The findings suggest that the (Hg.Ht)-10-Sc combination is the most effective multi-strain combination for increasing the levels of nobiletin and hesperidin in citrus wine, thereby enhancing the overall quality of the wine. These experimental results offer a promising approach for enhancing the quality of citrus wines and other fruit wines.
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1. Introduction


Citrus fruits, being widely consumed and produced globally, are among the most popular fruit crops [1]. Consequently, the utilization of microbial fermentation in processing citrus fruits into wine products not only introduces new market opportunities in the citrus product processing industry but also addresses the increasing demand for a variety of citrus products. This methodology aids in alleviating challenges within the citrus industry, including concentrated ripening periods, inadequate storability, disconnect between production and sales, processing delays, and environmental pollution [2].



Presently, the predominant strains utilized for the production of citrus fruit wines are mature commercial wine yeasts commonly used in pure-culture fermentations, leading to fruit wines characterized by stable quality yet relatively simplistic flavor profiles [3]. Recent research has indicated that non-Saccharomyces yeast derived from the fruits themselves contributes significantly to the fermentation process of fruit wines [3]. The utilization of co-fermentation involving non-Saccharomyces and Saccharomyces cerevisiae (Sc) has been shown to significantly augment the synthesis of aroma compounds such as esters, phenolic acids, and flavonoids, while simultaneously decreasing ethanol levels and modifying the color profile of the resulting wine [4]. This trend is reflective of a burgeoning consumer preference for fruit wines exhibiting greater complexity in flavor profiles and unique regional attributes. Consequently, there is a rising demand for fruit wines that have been fermented using specific phenotypic non-Saccharomyces yeast in conjunction with commercially available wine yeasts, a practice that has the potential to enhance the marketability and competitiveness of fruit wines. Non-Saccharomyces yeast isolated from citrus is more adapted to the fermentation environment compared to exogenous non-Saccharomyces yeast, offering unique flavors and nutritional values [5].



Secondary metabolites found in citrus fruits, including flavonoids, alkaloids, limonoids, carotenoids, phenolic acids, and essential oils, are important for improving human health due to their diverse bioactive properties [6]. These include antioxidant, anti-inflammatory, and anticancer activities, as well as cardiovascular and neuroprotective effects. Research has shown that microbial fermentation can produce a variety of novel bioactive compounds, such as aromatic components, flavonoids, phenolic acids, lactic acid, ethyl esters, and tetramethylpyrazine, among other metabolites [7,8]. These newly synthesized bioactive substances have been found to possess enhanced biological activities, particularly in compounds like nobiletin and hesperidin [8]. Nobiletin, also known as nobiletine, tangeretin, and 5,6,7,8,3′,4′-hexamethoxyflavone, is a polymethoxyflavonoid compound primarily derived from the dried young or immature fruit of citrus plants and their cultivated varieties. It demonstrates a wide range of medicinal properties, supported by several research studies [9,10]. These properties encompass anti-cancer, anti-inflammatory, antioxidant, tissue fibrosis prevention, blood pressure regulation, blood sugar management, and cholesterol-lowering effects [9,10,11]. Hesperidin is mainly used in the central nervous system to treat delayed motor disorders like Parkinson’s disease [12]. Recent research indicates that hesperidin is instrumental in suppressing tumor growth and treating conditions that impact various vital physiological systems. Its mechanisms include inducing apoptosis with a wide-ranging anti-cancer effect, particularly in lung, stomach, breast, and oral cancers [13,14]. Additionally, hesperidin has been found to lower blood pressure, regulate blood lipids, address arrhythmias, and combat arteriosclerosis in the cardiovascular system [15].



The intricate process of fruit wine production via natural fermentation entails intricate interactions between multiple yeast strains [16], yielding a final product with elevated levels of bioactive compounds in comparison to those generated using commercial wine yeasts, albeit with unpredictable outcomes. Consequently, the amalgamation of non-Saccharomyces yeast with Sc to replicate the advantageous outcomes of natural fermentation has the potential to harness the unique functional attributes of individual strains for the production of premium-quality goods. Identifying combinations of fermentation methods that enhance fruit wine quality represents a promising avenue of research.



Our previous research identified non-Saccharomyces yeast with favorable characteristics in naturally fermented Nanfeng tangerine fruit vinegar, laying a solid foundation for this study. Furthermore, it was observed that co-fermentation of these non-Saccharomyces yeasts and Sc could enhance the flavor and total flavonoid content of fruit wine, although the levels of hesperidin and nobiletin did not show an increase [17]. It has been reported that multi-strain fermentation can elevate the flavonoid content in Goji Juice [18]. The aim of this research is to utilize three non-Saccharomyces yeast varieties (Candida ethanolica Ce, Hanseniaspora guilliermondii Hg, and Hanseniaspora thailandica Ht) obtained from the spontaneous fermentation of Nanfeng tangerine wine, known for their impressive fermentation abilities, along with commercial wine yeast, in various mixtures to ferment Nanfeng tangerines. The analysis of nobiletin and hesperidin content, as well as aromatic components, in fruit wines produced through various fermentation combinations will be conducted to establish a foundation for the creation of functional fruit wines with high levels of bioactive compounds.




2. Materials and Methods


2.1. Yeast Strains and Raw Materials


S. cerevisiae (Angel yeast) was obtained from Angel Yeast Co., Ltd. (Yichang, Hubei, China) and stored at −80 °C before usage in our laboratory. Three non-Saccharomyces yeast strains, Ce, Hg, and Ht, were isolated and identified from the natural fermentation of Nanfeng tangerine wine in preliminary laboratory experiments and were stored at −80 °C.



Nanfeng (NF) tangerines (Citrus reticulata Blanco) from NF county (N 27°12′48″ and E 116°31′31″), Jiangxi Province, China, were harvested at optimal maturity, washed three times with deionized water (Milli-Q Advantage A10 Water System, Millipore, Billerica, MA, USA), blotted dry with sterilized filter paper, and squeezed with a sterilized hand-press juicer (Guangzhou Onoke Food Equipment Co., Ltd., Guangzhou, China) to obtain the juice. A total of 2 L of tangerine juice was poured into a 5 L sterilized mechanical agitation tank fermenter (BIOTECH-5JG, Shanghai Baoxin Co., Ltd., Shanghai, China) for spontaneous alcoholic fermentation (SF), hermetically closed, and maintained at 26–28 °C for 5 days. The raw material was obtained from fresh Nanfeng tangerines, which were peeled and juiced. The basic physicochemical parameters of the mandarin juice were as follows: pH of 4.13, soluble solids content of 14.6 Brix, initial sugar content of 130.86 g/L, and total acidity of 8.96 g/L. K2S2O5 and sucrose were used to set the levels of SO2 and total sugar at 50 mg/L and 200 g/L, respectively. The Nanfeng tangerine juice was mixed thoroughly, pasteurized at 95 °C for 7 min, and then rapidly cooled to room temperature.




2.2. Fermentation Process


The inoculation rates and fermentation temperatures of the fermentation process were adapted from a previously described method [17]. Sc and three non-Saccharomyces yeast strains (Ce, Hg, and Ht) were cultured separately in aseptic YPD medium at 28 °C and 160 rpm (Shanghai Yiheng Scientific Instrument Co., Ltd., THZ-300, Shanghai, China) for 24 h by shock for two consecutive times. The seed culture was centrifuged at 4000 rpm for 5 min to collect the yeast cells, which were then used for sequential and mixed fermentation of Nanfeng tangerine wine. In the context of pure fermentation, a concentration of 107 CFU/mL of a singular yeast strain was introduced to Nanfeng tangerine juice. In the case of sequential fermentation, Sc was inoculated into the tangerine juice for 48 h subsequent to the introduction of non-Saccharomyces yeast. At this juncture, the residual sugar content measured 115 g/L. Four different combinations (Ce.Hg)-10-Sc, (Ce.Ht)-10-Sc, (Hg.Ht)-10-Sc, and (Ce.Hg.Ht)-10-Sc were used, with an inoculum ratio of 1:1 and a cell quantity of 107 CFU/mL, respectively. In mixed fermentation, Sc was inoculated concurrently with non-Saccharomyces yeast species at the same cell concentration of 107 CFU/mL (Sc:(Ce.Hg)-1:1, Sc:(Ce.Ht)-1:1, Sc:(Hg.Ht)-1:1, and Sc:(Ce.Hg.Ht)-1:1). To minimize Sc competition and the effect of high ethanol concentrations, as well as to reduce the workload in comparison with that of sequential fermentation, we performed mixed fermentation with an inoculum ratio of 1:100 105 CFU/mL Sc plus 107 CFU/mL non-Saccharomyces. Four combinations were grouped (Sc:(Ce.Hg)-1:100, Sc:(Ce.Ht)-1:100, Sc:(Hg.Ht)-1:100, and Sc:(Ce.Hg.Ht)-1:100). The experimental groups are listed in Table 1.



The experiment was conducted with three repetitions, maintaining a fermentation temperature of 28 °C. The progress of tangerine wine fermentation was monitored by daily measurements of residual sugar concentrations and yeast cell counts. Fermentation completion was determined by observing constant residual sugar concentrations. Following fermentation, both the tangerine juice and wines underwent centrifugation at 4500 rpm for 10 min to remove yeast cells and precipitates. The resulting supernatants were stored at 80 °C until further analysis.




2.3. Physicochemical Analysis


The determination of total sugars was performed with slight modifications to the method as described previously [17]. The anthrone colorimetric method was utilized to determine the remaining sugar levels in Nanfeng tangerine wine by diluting a 1 mL sample to the correct concentration, then placing it in an ice water bath for 5 min before adding 4 mL of anthrone reagent (0.1% anthrone in concentrated sulfuric acid, Sinopharm Group Chemical Reagent, Beijing, China). After being placed in a boiling water bath for 10 min, the mixture was cooled in cold water, and the absorbance was measured at 620 nm with a spectrophotometer (Perkin Elmer, Lambda365, Boston, MA, USA). The results were expressed in mg/mL of glucose. Monitoring the antioxidant activity and physicochemical properties.



The acidity level was measured through titration with sodium hydroxide (Xilong Chemical, Shantou, China) following the guidelines of GB 12456-2021, assessing the total acidity of Nanfeng tangerine juice and Nanfeng tangerine wine in terms of g/L citric acid. A pH meter (Shanghai Yi Electrical Scientific Instrument, PHS-3C, Shanghai, China) was used to measure the pH level. All experiments were conducted in triplicate.



Ethanol content was analyzed following the guidelines of the national standard GB/T 15038-2006 ‘Analytical methods of wine and fruit wine’ [19]. Anhydrous ethanol (chromatographic grade, Xilong Chemical Co., Ltd., Shantou, China) volumes of 2, 4, 7, 9, 11, and 15 mL were diluted to volume in 100 mL volumetric flasks with distilled water. Before injection into the GC system (Scion, GC 456C, Shanghai, China), a 1.5 mL ethanol standard sample was passed through a 0.22 µm pore-size filter membrane for filtration. The chromatographic parameters included an injector temperature of 210 °C, a column flow rate of 1.8 mL/min, and a split ratio of 20:1. The temperature protocol was established to maintain at 42 °C for 1 min, then rise to 70 °C with a speed of 3 °C per minute and maintain for 1 min, followed by an increase to 200 °C at a rate of 15 °C per minute and a hold for 4 min. The flame ionization detector was set to a temperature of 210 °C, with a flow rate of 40 mL/min for hydrogen and 400 mL/min for air.



DPPH radical scavenging activity was determined with minor adjustments to the techniques outlined as described previously [20]. After diluting the samples to the desired concentration using anhydrous methanol, a mixture of 200 µL of the diluted sample and 3.8 mL of 0.1 mM DPPH (Sinopharm Group Chemical Reagent, Beijing, China) solution was prepared. Following a 30-min incubation in darkness, the absorbance was recorded at a wavelength of 517 nm. Every sample underwent testing three times. To determine the percentage of the DPPH radical scavenging rate, the following formula was used:


DPPH radical scavenging rate (%) = (1 − AS/Ab) × 100%











AS represents the absorbance of the sample, while Ab represents the absorbance of the blank.



The determination of the ABTS radical scavenging method was carried out with slight modifications to the methods as described previously [20]. A mixture of ABTS solution (7.0 mM, 10 mL, Sinopharm Group Chemical Reagent, Beijing, China) and potassium persulfate (140 mM, 176 µL, Sinopharm Group Chemical Reagent, Beijing, China) was left to incubate at room temperature in the dark for 14 h. An appropriate quantity of ethanol was added to the ABTS solution to reach an absorbance of 0.70 ± 0.02 at 734 nm. After diluting the samples with anhydrous ethanol to the desired concentration, 200 µL of the diluted sample was mixed with 3.8 mL of the ABTS+·solution. Following a 6-min incubation period at ambient temperature, the absorption was recorded at a wavelength of 734 nm. Every sample underwent testing three times. To determine the rate of ABTS+·scavenging, use the following formula:


ABTS radical scavenging rate (%) = (1 − AS/Ab) × 100%











AS represents the absorbance of the sample, while Ab represents the absorbance of the blank.




2.4. Determination of Organic Acids and Polyphenolic Compounds


Nanfeng tangerine wine was analyzed for organic acids using HPLC (Agilent Technologies, 1260 Infinity, Palo Alto, CA, USA) and an Ultimate AQ-C18 column (4.6 mm × 250 mm, 5 µm), following a modified version of a previously established research protocol [17]. The mobile phase was a mixture of 0.025% trifluoroacetic acid solution and methanol in a ratio of 95:5 (V/V). A flow rate of 0.8 mL/min was established. The gradient elution protocol is described in Table 2, using a detection wavelength of 210 nm and injecting 10 µL. Nine organic acid standards—oxalic acid, malic acid, vitamin C, lactic acid, acetic acid, citric acid, succinic acid, and fumaric acid—were used to create standard curves for measuring organic acids in Nanfeng tangerine wine through the external standard technique.



Phenolic acid levels in Nanfeng tangerine wine were examined by utilizing an Ultimate AQ-C18 column (4.6 mm × 250 mm, 5 µm), following a previously established procedure with slight adjustments [17]. The HPLC flow rate was adjusted to 1.0 mL/min using a gradient elution program outlined in Table 2. The temperature of the column was kept at 40 degrees Celsius, with an injection volume of 10 microliters. Quantification wavelengths were 260 nm and 320 nm, with a scanning wavelength range of 200 to 400 nm. Retention time was utilized for qualitative analysis, while quantification was achieved through the external standard method. Protocatechuic acid and p-hydroxybenzoic acid were quantified at 260 nm, whereas chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid, and sinapic acid were quantified at 320 nm for their peak areas. HPLC chromatograms and standard curve equations for the phenolic acid standards were obtained using HPLC.



The level of flavonoids in Nanfeng tangerine wine was analyzed by HPLC using an Agilent Eclipse XDB-C18 column (4.6 mm × 250 mm, 5 µm), following a modified version of a previously established research protocol [17]. Table 3 indicates a gradient elution program was established with a flow rate of 1.0 mL/min. The temperature of the column was held constant at 30 °C, with measurement wavelengths set at 283 nm and 330 nm and a scan range from 200 to 400 nm. A 10 µL volume was injected for analysis. Retention time was used for qualitative analysis, while quantification was performed through the external standard method to generate chromatograms and standard curve equations for the flavonoid standards. At 283 nm, analysis included naringin, hesperidin, neohesperidin, eriocitrin, didymin, poncirin, and hesperetin, while at 330 nm, analysis included nobiletin, tangeretin, and sinensetin.




2.5. Electronic Nose Measurement


The aroma composition of Nanfeng tangerine wine was analyzed using a Gemini electronic nose (Alpha MOS, FOX4000, Toulouse, France). Following a modified research method [17], 5 mL of Nanfeng tangerine wine sample was transferred into a 20 mL headspace vial and closed with a PTFE rubber cap. The Nanfeng tangerine wine sample was left to enrich at ambient temperature for half an hour, allowing the volatile components to evenly disperse in the vial’s headspace. A syringe was then used to withdraw 2.5 mL of headspace gas for electronic nose measurement. Air was used as the carrier gas at a flow rate of 150 mL/min. Electronic nose settings: acquisition time was 90 s, sampling interval was 0.5 s, data acquisition delay was 250 s, and cleaning time was 300 s. Each sample was measured in triplicate. The data were recorded by the electronic nose software (Germany Airsense PEN 3.5) and used for subsequent principal component analysis.




2.6. Determination of Aroma Components


The volatile aroma components of Nanfeng tangerine wine were analyzed using HS-SPME-GC-MS (Supelco, Bellefonte, PA, USA), based on previous research methods with some modifications [17]. A precise 5 mL sample of Nanfeng tangerine wine was taken into a 20 mL headspace extraction vial, to which 1.5 g of NaCl and 5 µL of a 10 mg/mL cyclohexanone solution as an internal standard were added. Following a 20-min equilibration at 40 °C, a mature DVB/CAR/PDMS extraction fiber from Supelco in Bellefonte, PA, USA, was placed in the vial, with the fiber protruding 2 cm above the liquid sample, and absorbed at 40 °C for 52 min. The sample was gently vortexed at 750 rpm using a magnetic stirrer during the equilibration and adsorption phases. The extraction fiber was then quickly removed and inserted into the injection port of the gas chromatograph-mass spectrometer at 250 °C for desorption for 3 min, initiating data collection simultaneously. Gas chromatography was performed using an HP-5MS capillary column with dimensions of 30 m × 250 µm × 0.25 µm. The carrier gas used was high purity helium with a flow rate of 1.2 mL/min and a split ratio of 5:1. The temperature was initially set to 40 °C for 2 min, then increased to 180 °C at a rate of 4 °C per minute, where it was maintained for 2 min, before being raised to 250 °C at a rate of 10 °C per minute. The detector and ion source temperatures were adjusted to 250 °C and 200 °C, respectively, with an electron energy of 70 eV and a mass scan range of 30 to 500 amu. Retention indices (RI) were used to qualitatively identify volatile components by comparing them with the NIST 14.L database. Volatile components were quantified by utilizing cyclohexanone as an internal reference, determining the volatile compound content through normalization of GC peak areas compared to the internal standard, and calculating compound equivalents based on the internal standard concentration. The odor activity value (OAV), which is the ratio of the concentration of aroma compounds to their odor thresholds (OT), is widely used to quantify the contribution of aroma compounds. Aroma compounds with an OAV of 1 or higher are viewed as distinctive, with a higher OAV suggesting a more significant role in the aroma profile of Nanfeng tangerine wine.




2.7. Statistical Analysis


The experimental data underwent statistical analysis with SPSS 26.0 software to conduct one-way ANOVA and Duncan’s test (p < 0.05), identifying significant variances at p < 0.05. The data are displayed as the average plus or minus the standard deviation. SIMCA 13.0 was utilized to perform principal component analysis (PCA) on the chemical constituents throughout various fermentation procedures. Systematic cluster analysis and heatmap visualization analysis (Z-score) of the volatile aroma components of wines produced by different fermentation methods were performed using Origin 2021 software.





3. Results


3.1. Changes in Residual Sugar Content during the Fermentation of Nanfeng Tangerine Wine


The impact of the fermentation method and inoculation rate on sugar consumption during the fermentation process with multiple strains was evaluated by monitoring changes in residual sugar content. Sc exhibited good fermentation performance. As shown in Figure 1, pure culture fermentation with Sc maintained its excellent fermentation performance, with sugar in the juice being completely consumed within 72 h, reaching the endpoint of fermentation. The multi-strain combination fermentation methods, except for the sequential fermentation of Hg-10-Sc, which took 96 h, reached the fermentation endpoint after 48 or 72 h. This confirms previous research findings that non-Saccharomyces yeast have weaker fermentation performance compared to Sc [21]. The sugar consumption rate was faster in mixed fermentations with combinations of non-Saccharomyces and Sc than in pure culture and sequential fermentations; this result is consistent with previous reports [22]. This is due to the complex interactions and vigorous metabolism between microbes in combined fermentations, which accelerate sugar consumption. The reduced sugar consumption rate observed in the later stages of multi-strain combination fermentation can be attributed to the lower alcohol tolerance of non-Saccharomyces yeasts. Utilizing a blend of multiple yeast strains, including non-Saccharomyces varieties and Sc, the fermentation process was accelerated, possibly leading to a shorter duration for wine fermentation. In comparison to non-Saccharomyces yeast mixed fermentation, Sc demonstrated superior fermentation performance. Conversely, non-Saccharomyces yeast mixed fermentation exhibited a significantly higher fermentation rate when compared to non-Saccharomyces yeast fermentation alone. The fermentation rates were ranked as follows: Ce:Ht-1:1 > Ce:HG-1:1 > Ce:Hg:Ht-1:1:1.




3.2. Physicochemical Properties and Antioxidant Activity of Nanfeng Tangerine Wine


The diversity of microbial strains in the multi-strain combination fermentation system and the complex interactions between strains can produce Nanfeng tangerine wines with different characteristics. The physicochemical properties and antioxidant activities of different Nanfeng tangerine wines were obtained through chemical and instrumental analysis, as shown in Table 3. Pure culture fermentation with Sc exhibited the strongest fermentation performance and the highest ethanol production, reaching 11.13% (v/v), consistent with previous research findings [23,24]. The use of multiple strains in the fermentation process led to a notable decrease in the alcohol level of the mandarin wine, as non-Saccharomyces yeast have a less efficient fermentation ability for ethanol and a lower conversion efficiency of sugar into ethanol [25]. The ethanol levels from (Ce.Hg)-10-Sc, (Ce.Ht)-10-Sc, and (Hg.Ht)-10-Sc sequential fermentation methods were notably higher than other multi-strain combination fermentation methods, with similar results to Hg-10-Sc sequential fermentation (Table 3). This suggests that sequential fermentation methods enhanced ethanol production in this experiment. With the exception of Sc(Ce.Hg.Ht)-1:1, the remaining sugar levels in multi-strain combination fermentation techniques were notably lower compared to Sc and Hg-10-Sc groups. This could be attributed to the intricate microbial fermentation process that led to the conversion of sugar into substances other than ethanol. In comparison to fermentation using only Sc in pure culture, multi-strain combination fermentation methods showed a significant increase in total acidity content, which can be attributed to the metabolic processes of non-Saccharomyces yeast converting sugars into acidic compounds during fermentation. The antioxidant capacity of wines from multi-strain combination fermentation was not weakened compared to the juice, indicating that multi-strain fermentation does not affect the antioxidant capacity of the wine. The 1:1 multi-strain combination fermentation group had significantly lower ethanol content than Sc, making it suitable for the production of low-alcohol fruit wines, and the antioxidant activity was not significantly reduced, making it appealing to a broader audience.




3.3. Enhancement of Hesperidin and Nobiletin Content in Wine through Multi-Strain Combination Fermentation


Seven types of flavonoids were detected in the wine produced by multi-strain combination fermentation methods (Figure 2), including naringin, neohesperidin, hesperidin, neohesperidin, eriocitrin, hesperetin, and nobiletin. Notably, hesperetin and nobiletin are flavonoids newly formed after alcohol fermentation, not present in the juice, and are derived from the microbial transformation of flavonoids such as hesperidin. The highest content of hesperetin was produced by the Sc:(Ce.Ht)-1:100 combination, reaching 4.12 ± 0.08 mg/L, followed by the Sc:(Ce.Hg)-1:1 combination with a content of 4.08 ± 0.06 mg/L. The highest content of nobiletin was in the (Hg.Ht)-10-Sc combination, reaching 1.04 ± 0.05 mg/L, significantly higher than other multi-strain combinations, and the hesperetin content produced by the (Hg.Ht)-10-Sc combination was also relatively high (4.04 ± 0.02 mg/L), making it the optimal combination among these multi-strain fermentations for enhancing the content of hesperetin and nobiletin in wine. The potential mechanism involves the enzymatic deglucosidation of new hesperidin and hesperidin in fruit juice by strains during the multi-strain joint fermentation process of Nanfeng Tangerine fruit wine. The expression of these enzymes varies among different multi-strain combinations, leading to varying levels of hesperidin and hesperidin in the final product. Fermentation of alcohol has the potential to enhance the levels of beneficial active substances in citrus-based wine. Further PCA analysis of flavonoid compounds revealed that different fermentation processes produce unique concentrations of flavonoid compounds, presenting different functional characteristics in citrus wine (Figure 2C). The change in phenolic profile is the result of using different fermentation methods. This confirms that citrus wine’s flavonoid content can be increased through different microbes or fermentation methods, contributing to improved wine quality.



The overall amount of polyphenols in wines made using multi-strain combination fermentation techniques was notably less than in wines produced through Hg-10-Sc sequential fermentation. Among these methods, the Sc:(Ce.Hg)-1:100 fermentation resulted in the lowest total polyphenol content in Nanfeng tangerine wine (Figure 2A, Table 4). Seven phenolic acids were identified, including protocatechuic acid, p-hydroxybenzoic acid, chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid, and sinapic acid, with chlorogenic and caffeic acids being the most prevalent. Chlorogenic acid content significantly increased in multi-strain fermentation combinations, excluding pure culture fermentation with Sc. Studies have shown that chlorogenic acid (CGA) exhibits beneficial protective effects on liver diseases related to human signaling pathways [26,27,28]. The multi-strain combination of fermented wines (Figure 2D) contained eight different organic acids: oxalic acid, malic acid, vitamin C, lactic acid, acetic acid, citric acid, succinic acid, and fumaric acid. Table 5 demonstrates that the overall amount of organic acid in Sc:(Ce.Hg)-1:100 was notably less compared to the other fermentation groups, primarily because of its reduced lactic acid output. The citric acid content in wines from the 1:1 and 1:100 multi-strain combination fermentation methods was up to 3000 mg/L lower compared to the juice, and the reduction of citric acid can decrease the tartness of the wine. There was no production of acetic acid in the multi-strain combination fermentation methods. Notably, except for Sc:(Ce.Hg)-1:100, the lactic acid content in the 1:1 and 1:100 multi-strain combination fermentation methods was significantly higher than in all other fermentation groups in this study, with no significant change in malic acid content. This may be due to a more favorable environment for malolactic fermentation, suggesting that the 1:1 and 1:100 multi-strain combination fermentation methods promote malolactic fermentation, thereby improving the smoothness of Nanfeng tangerine wine. The succinic acid content significantly increased in the multi-strain combination fermented wines, which is beneficial for antibacterial and detoxification effects and enhancing human immune function. The multi-strain combination fermentation methods can exploit the advantages of non-Saccharomyces yeast in producing secondary metabolites, which are beneficial for increasing the content of beneficial components in the wine and improving wine quality by reducing undesirable substances.




3.4. Composition and Content Analysis of Volatile Aroma Components


Natural fermentation is the most traditional method in fruit wine brewing due to the complex interactions among diverse microbial communities in the fermentation system, which results in wine with rich and complex flavors [29]. This study aimed to simulate the complex fermentation system present in natural fermentation by using multi-strain combination fermentation methods to brew Nanfeng tangerine wine in hopes of achieving a wine with distinctive flavors. Nanfeng tangerine wine, created through fermentation with multiple strains, was examined for its volatile aromatic compounds and concentrations using HS-SPME-GC-MS and an electronic nose, as depicted in Figure 3A. In the fermented Nanfeng tangerine wine with multiple strains, 31 volatile substances were found, which is consistent with earlier studies that found numerous terpenes and aldehydes in citrus wine, such as d-limonene, linalool, terpineol, geraniol, and decanal [30,31,32]. In a prior investigation, it was discovered that the sequential fermentation of Hg-10-Sc (549.31 mg/L) had a beneficial impact on the aroma of Nanfeng tangerine wine. Compared to these, the multi-strain combination fermentation methods, Sc:(Ce.Hg.Ht)-1:1 (511.64 mg/L) and (Hg.Ht)-10-Sc (500.66 mg/L), had relatively higher richness in aroma compounds (Figure 3A, Table S1). Odor active compound and electronic nose PCA analysis results show that different combinations of multi-strain fermentation methods have distinct flavors and aroma characteristic compounds (Figure 3B,C, Table S2), thus producing Nanfeng tangerine wines with diverse sensory qualities.





4. Conclusions


This study demonstrated that multi-strain combination fermentation methods can effectively enhance the content of hesperidin and nobiletin in citrus wine, with the (Hg.Ht)-10-Sc combination emerging as the optimal multi-strain combination for increasing the content of these flavonoids. Compared to commercial yeast monoculture fermentation, the content of nobiletin was increased by 16% and hesperidin by 5%. Additionally, the alcohol level in Nanfeng tangerine wine created using a combination of multiple strains for fermentation was notably reduced compared to that made solely with Sc fermentation, rendering it better suited for today’s popular consumer market. The fermentation process involving multiple strains showcased a diverse microbiome, active metabolic processes, fast sugar utilization, and rapid fermentation speed, despite a slightly reduced efficiency in converting sugar to ethanol. However, this method has the potential to enhance the taste and beneficial compounds in the wine. The aroma richness and complexity were better in Sc:(Ce.Hg.Ht)-1:1 and (Hg.Ht)-10-Sc. During fermentation, Sc, Hg, and Ht are known to produce β-glucosidase, with non-Saccharomyces cerevisiae strains typically exhibiting higher enzymatic activity compared to Saccharomyces cerevisiae. Additionally, Ce displays tannase activity, facilitating the degradation of cell walls and promoting the release of compounds contained within. The utilization of a 1:1 and sequential multi-strain combination fermentation method may have the potential to enhance the co-fermentation process of multiple strains with minimal mutual influence compared to alternative fermentation approaches. This approach may effectively leverage the strengths of individual strains and ultimately enhance the flavor profile of Nanfeng tangerine wine to a considerable extent. The 1:1 and 1:100 multi-strain combination fermentation methods facilitated malolactic fermentation, significantly reducing the content of malic acid and increasing the content of lactic and succinic acids, enhancing the smoothness of Nanfeng tangerine wine and its health-promoting properties.



Overall, the simulated complex microbial system in this experiment requires further exploration, as it did not achieve the complexity and richness of aroma similar to natural fermentation. This may be due to inappropriate inoculation ratios or the selection of strains not suited for multi-strain combination fermentation. The co-fermentation of different strains produces complex metabolites, but the interactions between strains may also hinder their development and adversely affect wine fermentation. Therefore, selecting appropriate strains and fermentation methods is crucial. Further investigation into the metabolic and molecular mechanisms underlying the promotion of bioactive substances by different strain combinations during fruit wine fermentation could be achieved by monitoring the biotransformation process.
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Figure 1. Sugar consumption kinetics and growth kinetics of yeast strains during fermentations. Abbreviations: Sc, S. cerevisiae; Ce, C. ethanolica; Hg, H. guilliermondii; Ht, H. thailandica. Data shown are the mean ± SD of triplicates. 
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Figure 2. The content of polyphenols (phenolic acid and flavonoids) and organic acids in Nanfeng tangerine juice and Nanfeng tangerine wines. (A) is the content of total polyphenols; (B) is the content of phenolic acid. (C) is the content of flavonoids, and (D) is the content of organic acids detected by HPLC. Data shown are the mean ± SD of triplicate, values with different Roman letters in the same row indicating significant differences at p < 0.05 (Duncan’s test). 
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Figure 3. The volatile aroma compounds in Nanfeng tangerine wines. (A) is the hierarchical cluster analysis of volatile odor-active aroma compounds; (B) is the principal component analysis of volatile aroma compounds (OAV ≥ 1); and (C) is the principal component analysis of E-nose datasets. 






Figure 3. The volatile aroma compounds in Nanfeng tangerine wines. (A) is the hierarchical cluster analysis of volatile odor-active aroma compounds; (B) is the principal component analysis of volatile aroma compounds (OAV ≥ 1); and (C) is the principal component analysis of E-nose datasets.



[image: Fermentation 10 00238 g003]







 





Table 1. The fermentation groups.
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	Control
	Multi-Strain Combination Fermentation

(Sequential Fermentation)
	Multi-Strain Combination Fermentation

(1:1 Mixed Fermentation)
	Multi-Strain Combination Fermentation

(1:100 Mixed Fermentation)





	Sc
	(Ce.Hg)-10-Sc

(Ce 0.5 × 107 CFU/mL, Hg 0.5 × 107 CFU/mL, Sc 1 × 107 CFU/mL)
	Sc:(Ce.Hg)-1:1

(Ce 0.5 × 107 CFU/mL, Hg 0.5 × 107 CFU/mL, Sc 1 × 107 CFU/mL)
	Sc:(Ce.Hg)-1:100

(Ce 0.5 × 107 CFU/mL, Hg 0.5 × 107 CFU/mL, Sc 1 × 105 CFU/mL)



	Hg-10-Se
	(Ce.Ht)-10-Sc

(Ce 0.5 × 107 CFU/mL, Ht 0.5 × 107 CFU/mL, Sc 1 × 107 CFU/mL)
	Sc:(Ce.Ht)-1:1

(Ce 0.5 × 107 CFU/mL, Ht 0.5 × 107 CFU/mL, Sc 1 × 107 CFU/mL)
	Sc:(Ce.Ht)-1:100

(Ce 0.5 × 107 CFU/mL, Ht 0.5 × 107 CFU/mL, Sc 1 × 105 CFU/mL)



	
	(Hg.Ht)-10-Sc

(Hg 0.5 × 107 CFU/mL, Ht 0.5 × 107 CFU/mL, Sc 1 × 107 CFU/mL)
	Sc:(Hg.Ht)-1:1

(Hg 0.5 × 107 CFU/mL, Ht 0.5 × 107 CFU/mL, Sc 1 × 107 CFU/mL)
	Sc:(Hg.Ht)-1:100

(Hg 0.5 × 107 CFU/mL, Ht 0.5 × 107 CFU/mL, Sc 1 × 105 CFU/mL)



	
	(Ce.Hg.Ht)-10-Sc

(Ce 0.3 × 107 CFU/mL, Hg 0.3 × 107 CFU/mL, Ht 0.3 × 107 CFU/mL, Sc 1 × 107 CFU/mL)
	Sc:(Ce.Hg.Ht)-1:1

(Ce 0.3 × 107 CFU/mL, Hg 0.3 × 107 CFU/mL, Ht 0.3 × 107 CFU/mL, Sc 1 × 107 CFU/mL)
	Sc:(Ce.Hg.Ht)-1:100

(Ce 0.3 × 107 CFU/mL, Hg 0.3 × 107 CFU/mL, Ht 0.3 × 107 CFU/mL, Sc 1 × 105 CFU/mL)










 





Table 2. HPLC mobile phase gradient elution procedure.
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	Time
	0
	2
	8
	14
	20
	25
	30





	0.3% acetic acid solution
	80
	80
	75
	70
	60
	50
	80



	Acetonitrile
	20
	20
	25
	30
	40
	50
	20










 





Table 3. Analysis of conventional physical and chemical properties and antioxidant activity (ABTS and DPPH radical scavenging activity) of Nanfeng tangerine wine.
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	Ethanol (%)
	Amount of

Residual Sugar (g/L)
	pH
	Total Acid (g/L)
	DPPH Free

Radical Clearance
	ABTS Free

Radical Clearance





	Juice
	-
	-
	4.13 ± 0.02 b
	8.96 ± 0.16 f
	65.04% ± 0.02 a
	61.28% ± 0.01 abc



	Sc
	11.13 ± 0.02 a
	1.56 ± 0.13 ef
	4.14 ± 0.01 b
	9.97 ± 0.24 e
	64.12% ± 0.02 a
	60.05% ± 0.01 bc



	Hg-10-Sc
	10.73 ± 0.08 abc
	2.33 ± 0.08 a
	3.96 ± 0.00 h
	11.25 ± 0.09 a
	61.47% ± 0.02 abc
	56.65% ± 0.02 e



	(Ce.Hg)-10-Sc
	10.87 ± 0.03 ab
	0.68 ± 0.05 g
	4.03 ± 0.00 fg
	10.83 ± 0.51 ab
	62.89% ± 0.02 ab
	61.29% ± 0.01 abc



	(Ce.Ht)-10-Sc
	9.99 ± 0.76 abc
	0.87 ± 0.02 g
	4.03 ± 0.00 fg
	10.67 ± 0.18 bc
	63.48% ± 0.02 a
	61.50% ± 0.01 abc



	(Hg.Ht)-10-Sc
	9.95 ± 0.68 abc
	1.50 ± 0.02 f
	4.05 ± 0.01 def
	10.67 ± 0.33 bc
	63.42% ± 0.01 ab
	60.78% ± 0.01 abc



	(Ce.Hg.Ht)-10-Sc
	9.66 ± 0.95 bc
	0.83 ± 0.07 g
	4.02 ± 0.01 g
	10.19 ± 0.24 de
	62.55% ± 0.02 ab
	61.93% ± 0.01 ab



	Sc:(Ce.Hg)-1:1
	7.17 ± 0.84 e
	1.50 ± 0.07 f
	4.05 ± 0.00 def
	10.56 ± 0.00 bcd
	64.55% ± 0.02 a
	62.32% ± 0.01 a



	Sc:(Ce.Ht)-1:1
	7.72 ± 1.16 e
	1.50 ± 0.12 f
	4.07 ± 0.01 cd
	10.67 ± 0.18 bc
	63.19% ± 0.02 ab
	62.18% ± 0.01 ab



	Sc:(Hg.Ht)-1:1
	7.53 ± 0.51 e
	1.64 ± 0.05 def
	4.09 ± 0.01 c
	10.88 ± 0.32 ab
	62.81% ± 0.01 ab
	61.74% ± 0.01 abc



	Sc:(Ce.Hg.Ht)-1:1
	7.16 ± 0.24 e
	2.14 ± 0.25 ab
	4.07 ± 0.02 cd
	9.97 ± 0.09 e
	59.65% ± 0.03 bc
	57.93% ± 0.01 de



	Sc:(Ce.Hg)-1:100
	7.32 ± 0.34 e
	1.84 ± 0.05 cd
	4.06 ± 0.00 de
	10.83 ± 0.09 ab
	64.79% ± 0.02 a
	59.48% ± 0.01 cd



	Sc:(Ce.Ht)-1:100
	9.39 ± 0.06 cd
	1.80 ± 0.02 cde
	4.06 ± 0.02 de
	10.24 ± 0.00 cde
	65.13% ± 0.02 a
	60.82% ± 0.01 abc



	Sc:(Hg.Ht)-1:100
	8.10 ± 0.01 de
	1.85 ± 0.05 cd
	4.04 ± 0.01 efg
	10.19 ± 0.09 de
	63.43% ± 0.02 ab
	61.96% ± 0.01 ab



	Sc:(Ce.Hg.Ht)-1:100
	9.17 ± 1.42 cd
	1.84 ± 0.32 cd
	4.22 ± 0.01 a
	10.88 ± 0.32 ab
	59.25% ± 0.01 bc
	57.07% ± 0.01 e







Note: “-” Indicates that no such substance has been detected. Data shown are the mean ± SD of triplicate, values with different Roman letters indicating significant differences at p < 0.05 (Duncan’s test).













 





Table 4. The content of polyphenols (phenolic acid and flavonoids) in Nanfeng tangerine juice and Nanfeng tangerine wines.
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	Polyphenols

(mg/L)
	Juice
	Sc
	Hg-10-Sc
	(Ce.Hg)-10-Sc
	(Ce.Ht)-10-Sc
	(Hg.Ht)-10-Sc
	(Ce.Hg.Ht)-10-Sc
	Sc:(Ce.Hg)-1:1
	Sc:(Ce.Ht)-1:1
	Sc:(Hg.Ht)-1:1
	Sc:(Ce.Hg.Ht)-1:1
	Sc:(Ce.Hg)-1:100
	Sc:(Ce.Ht)-1:100
	Sc:(Hg.Ht)-1:100
	Sc:(Ce.Hg.Ht)-1:100





	Phenolic acid
	3.15 ± 0.00 cde
	3.40 ± 0.04 ab
	2.89 ± 0.02 f
	3.17 ± 0.14 cd
	3.27 ± 0.01 bcd
	3.13 ± 0.03 de
	3.31 ± 0.01 bc
	3.50 ± 0.04 a
	3.28 ± 0.02 bcd
	3.44 ± 0.02 ab
	3.49 ± 0.01 a
	2.94 ± 0.16 f
	3.55 ± 0.20 a
	2.98 ± 0.04 ef
	3.21 ± 0.02 cd



	Protocatechuic acid
	1.63 ± 0.00 g
	2.47 ± 0.00 ab
	2.33 ± 0.05 cde
	2.35 ± 0.03 bcd
	2.27 ± 0.12 def
	2.18 ± 0.04 f
	2.32 ± 0.02 cde
	2.51 ± 0.01 a
	2.42 ± 0.06 abc
	2.51 ± 0.01 a
	2.36 ± 0.00 bcd
	2.21 ± 0.07 ef
	2.48 ± 0.08 ab
	2.32 ± 0.00 cde
	2.23 ± 0.01 def



	P-hydroxybenzoic acid
	17.38 ± 0.02 f
	17.69 ± 0.03 ef
	19.91 ± 0.18 a
	18.64 ± 0.02 bcd
	17.86 ± 0.28 def
	18.75 ± 0.02 bc
	19.09 ± 0.65 ab
	18.92 ± 0.39 bc
	18.53 ± 0.05 bcde
	18.32 ± 0.37 bcde
	18.13 ± 0.11 cdef
	18.09 ± 1.47 cdef
	18.32 ± 0.14 bcde
	18.29 ± 0.12 bcde
	17.86 ± 0.01 def



	Chlorogenic acid
	17.38 ± 0.02 f
	17.69 ± 0.03 ef
	19.91 ± 0.18 a
	18.64 ± 0.02 bcd
	17.86 ± 0.28 def
	18.75 ± 0.02 bc
	19.09 ± 0.65 ab
	18.92 ± 0.39 bc
	18.53 ± 0.05 bcde
	18.32 ± 0.37 bcde
	18.13 ± 0.11 cdef
	18.09 ± 1.47 cdef
	18.32 ± 0.14 bcde
	18.29 ± 0.12 bcde
	17.86 ± 0.01 def



	Caffeic acid
	9.75 ± 0.02 a
	9.69 ± 0.04 a
	9.42 ± 0.03 a
	9.48 ± 0.00 a
	9.49 ± 0.02 a
	9.60 ± 0.04 a
	9.45 ± 0.02 a
	9.57 ± 0.02 a
	9.55 ± 0.19 a
	9.66 ± 0.05 a
	9.85 ± 0.04 a
	9.21 ± 1.03 a
	9.58 ± 0.06 a
	9.53 ± 0.06 a
	9.28 ± 0.08 a



	Para-coumaric acid
	3.91 ± 0.01 a
	3.04 ± 0.08 de
	3.58 ± 0.07 b
	2.93 ± 0.02 ef
	3.20 ± 0.00 cd
	3.01 ± 0.03 de
	2.94 ± 0.04 ef
	2.81 ± 0.02 f
	2.96 ± 0.07 ef
	3.03 ± 0.01 de
	3.08 ± 0.02 cde
	2.97 ± 0.16 ef
	3.08 ± 0.12 cde
	3.45 ± 0.06 b
	2.97 ± 0.01 ef



	Ferulic acid
	4.96 ± 0.01 g
	5.60 ± 0.12 e
	5.69 ± 0.05 de
	5.72 ± 0.00 de
	5.71 ± 0.02 de
	5.71 ± 0.02 de
	5.74 ± 0.00 de
	5.74 ± 0.01 de
	5.82 ± 0.12 cd
	5.95 ± 0.00 bc
	5.11 ± 0.14 fg
	5.81 ± 0.27 cd
	6.12 ± 0.17 ab
	6.31 ± 0.02 a
	5.16 ± 0.01 f



	Erucic acid
	4.96 ± 0.01 g
	5.60 ± 0.12 e
	5.69 ± 0.05 de
	5.72 ± 0.00 de
	5.71 ± 0.02 de
	5.71 ± 0.02 de
	5.74 ± 0.00 de
	5.74 ± 0.01 de
	5.82 ± 0.12 cd
	5.95 ± 0.00 bc
	5.11 ± 0.14 fg
	5.81 ± 0.27 cd
	6.12 ± 0.17 ab
	6.31 ± 0.02 a
	5.16 ± 0.01 f



	Subtotal
	58.44 ± 0.03 cdef
	57.56 ± 0.20 def
	60.73 ± 0.29 a
	58.38 ± 0.12 cdef
	57.23 ± 0.36 ef
	58.57 ± 0.07 cde
	58.99 ± 0.58 bcd
	59.24 ± 0.42 abc
	58.59 ± 0.63 cde
	58.92 ± 0.32 bcd
	59.51 ± 0.53 abc
	56.86 ± 2.94 f
	59.26 ± 0.26 abc
	58.91 ± 0.23 bcd
	57.17 ± 0.11 ef



	Flavonoids
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Sericoside
	3.11 ± 0.01 c
	3.46 ± 0.01 a
	3.47 ± 0.02 a
	3.49 ± 0.01 a
	3.45 ± 0.01 a
	3.44 ± 0.01 a
	3.49 ± 0.01 a
	3.47 ± 0.01 a
	3.43 ± 0.01 a
	3.46 ± 0.01 a
	3.39 ± 0.00 a
	3.46 ± 0.02 a
	3.49 ± 0.01 a
	3.22 ± 0.19 b
	3.25 ± 0.01 b



	Naringin
	24.08 ± 0.01 gh
	24.93 ± 0.54 de
	26.35 ± 0.29 a
	24.77 ± 0.09 def
	24.61 ± 0.15 efg
	25.24 ± 0.14 cd
	24.82 ± 0.04 def
	25.05 ± 0.12 de
	24.50 ± 0.12 efg
	24.75 ± 0.07 def
	25.69 ± 0.03 bc
	24.33 ± 0.26 fgh
	24.46 ± 0.25 efgh
	23.00 ± 0.81 i
	23.91 ± 0.02 h



	Hesperidin
	34.98 ± 0.11 bcd
	36.45 ± 0.84 b
	35.77 ± 0.44 bc
	35.40 ± 0.14 bcd
	34.51 ± 0.29 bcd
	33.83 ± 0.14 cd
	35.36 ± 0.24 bcd
	34.86 ± 0.26 bcd
	33.40 ± 0.64 d
	34.74 ± 0.08 bcd
	33.57 ± 0.04 d
	34.43 ± 0.65 bcd
	34.72 ± 0.53 bcd
	30.14 ± 3.78 e
	40.49 ± 0.06 a



	Neohesperidin
	5.21 ± 0.06 a
	4.47 ± 0.03 fgh
	4.81 ± 0.01 b
	4.74 ± 0.03 bcd
	4.73 ± 0.02 bcde
	4.55 ± 0.00 efg
	4.77 ± 0.02 bc
	4.70 ± 0.01 bcde
	4.56 ± 0.06 defg
	4.73 ± 0.01 bcde
	4.39 ± 0.01 gh
	4.62 ± 0.02 bcdef
	4.70 ± 0.01 bcde
	4.28 ± 0.35 h
	4.58 ± 0.01 defg



	Balsamin
	4.64 ± 0.01 cd
	4.82 ± 0.05 a
	4.84 ± 0.03 a
	4.85 ± 0.01 a
	4.79 ± 0.01 ab
	4.86 ± 0.02 a
	4.86 ± 0.01 a
	4.86 ± 0.02 a
	4.78 ± 0.02 ab
	4.82 ± 0.04 a
	4.70 ± 0.01 bc
	4.80 ± 0.04 ab
	4.80 ± 0.04 a
	4.58 ± 0.18 d
	4.78 ± 0.00 ab



	Hesperetin
	-
	3.86 ± 0.03 b
	3.35 ± 0.01 de
	4.06 ± 0.01 ab
	4.03 ± 0.02 ab
	4.04 ± 0.02 ab
	3.99 ± 0.03 ab
	4.08 ± 0.06 a
	4.02 ± 0.04 ab
	4.02 ± 0.03 ab
	3.18 ± 0.02 ef
	3.97 ± 0.01 ab
	4.12 ± 0.08 a
	3.57 ± 0.37 c
	3.07 ± 0.02 f



	Nobiletin
	-
	0.90 ± 0.01 cdef
	0.91 ± 0.02 cde
	0.93 ± 0.00 cd
	0.92 ± 0.03 cde
	1.04 ± 0.05 a
	0.94 ± 0.03 bc
	0.91 ± 0.00 cde
	0.89 ± 0.00 def
	0.94 ± 0.00 bc
	0.86 ± 0.00 f
	0.94 ± 0.02 c
	0.88 ± 0.04 ef
	0.91 ± 0.03 cde
	0.78 ± 0.01 g



	Subtotal
	72.02 ± 0.14 d
	78.90 ± 1.25 ab
	79.51 ± 0.49 a
	78.24 ± 0.09 abc
	77.06 ± 0.21 abc
	77.00 ± 0.29 abc
	78.25 ± 0.27 abc
	77.92 ± 0.38 abc
	75.58 ± 0.61 c
	77.46 ± 0.18 abc
	76.09 ± 0.03 c
	76.54 ± 0.60 bc
	77.18 ± 0.66 abc
	69.71 ± 5.14 d
	77.01 ± 0.08 abc



	Total polyphenols
	130.46 ± 0.12 fg
	136.47 ± 1.44 bcd
	140.24 ± 0.56 a
	136.62 ± 0.07 bcd
	134.29 ± 0.55 cde
	135.57 ± 0.22 bcde
	137.23 ± 0.39 abc
	137.16 ± 0.16 bcd
	134.17 ± 0.39 de
	136.38 ± 0.48 bcde
	135.60 ± 0.53 bcde
	133.40 ± 2.57 ef
	136.44 ± 0.92 bcde
	128.62 ± 4.97 g
	134.18 ± 0.17 cde







Note: “-” Indicates that no such substance has been detected. Data shown are the mean ± SD of triplicate, values with different Roman letters indicating significant differences at p < 0.05 (Duncan’s test).













 





Table 5. The content of organic acids in Nanfeng tangerine juice and Nanfeng tangerine wines.






Table 5. The content of organic acids in Nanfeng tangerine juice and Nanfeng tangerine wines.





	Organic Acid (mg/L)
	Oxalic Acid
	Malic acid
	Vitamin C
	Lactic Acid
	Acetic Acid
	Maleic Acid
	Citric Acid
	Succinic Acid
	Fumaric Acid
	Subtotal





	Juice
	877.29 ± 3.14 a
	103.07 ± 6.48 g
	119.30 ± 1.52 fg
	517.54 ± 3.51 j
	493.93 ± 45.52 b
	-
	8165.07 ± 11.51 a
	249.76 ± 12.46 j
	3.17 ± 0.09
	10,529.12 ± 62.41 g



	Sc
	536.36 ± 57.36 b
	230.77 ± 3.48 a
	135.29 ± 2.03 cd
	5949.32 ± 22.39 i
	5084.68 ± 57.57 a
	-
	5789.19 ± 170.51 defg
	1976.67 ± 15.41 g
	-
	19,702.29 ± 285.60 a



	Hg-10-Sc
	414.59 ± 5.25 ef
	176.40 ± 11.48 b
	126.87 ± 1.55 def
	7739.83 ± 42.11 g
	-
	-
	6549.95 ± 45.93 bc
	2317.06 ± 17.34 bcd
	-
	17,324.69 ± 91.46 cd



	(Ce.Hg)-10-Sc
	437.89 ± 0.47 ef
	125.43 ± 1.48 ef
	135.99 ± 1.61 cd
	8211.39 ± 13.80 defg
	-
	-
	6170.62 ± 11.22 cd
	2174.13 ± 26.67 def
	-
	17,255.47 ± 35.93 cd



	(Ce.Ht)-10-Sc
	449.08 ± 0.19 def
	125.43 ± 2.48 ef
	133.17 ± 8.46 cd
	8171.31 ± 169.20 defg
	-
	-
	6151.78 ± 34.10 cd
	2138.20 ± 144.74 ef
	-
	17,168.98 ± 328.25 cd



	(Hg.Ht)-10-Sc
	432.45 ± 7.42 ef
	130.74 ± 0.48 e
	141.17 ± 0.31 abc
	8033.08 ± 26.69 fg
	-
	-
	6083.64 ± 2.23 de
	2165.66 ± 34.71 ef
	-
	16,986.74 ± 56.61 d



	(Ce.Hg.Ht)-10-Sc
	457.09 ± 8.64 cde
	118.52 ± 0.48 f
	136.51 ± 2.12 bcd
	8157.72 ± 91.31 defg
	-
	-
	6184.43 ± 41.90 cd
	2177.96 ± 30.95 def
	-
	17,232.23 ± 99.41 cd



	Sc:(Ce.Hg)-1:1
	498.95 ± 38.98 bcd
	134.55 ± 1.48 e
	137.55 ± 1.35 bcd
	8619.89 ± 26.11 bcd
	-
	-
	5841.63 ± 3.94 defg
	2469.28 ± 28.40 a
	-
	17,701.86 ± 78.48 bc



	Sc:(Ce.Ht)-1:1
	450.01 ± 42.16 def
	130.70 ± 2.48 e
	147.74 ± 1.35 ab
	8371.51 ± 77.46 cdef
	-
	-
	5677.42 ± 143.39 efg
	2456.83 ± 18.92 ab
	-
	17,234.21 ± 36.54 cd



	Sc:(Hg.Ht)-1:1
	511.62 ± 6.74 bc
	131.81 ± 2.48 e
	142.86 ± 1.35 abc
	8610.89 ± 87.90 bcde
	-
	-
	5873.03 ± 47.60 defg
	2485.49 ± 12.06 a
	-
	17,755.70 ± 116.53 bc



	Sc:(Ce.Hg.Ht)-1:1
	546.92 ± 38.64 b
	201.68 ± 3.48 b
	111.01 ± 0.06 gf
	8814.49 ± 12.59 abc
	-
	-
	5969.06 ± 30.21 def
	1736.59 ± 9.37 h
	1.94 ± 0.01
	17,381.70 ± 20.16 cd



	Sc:(Ce.Hg)-1:100
	394.30 ± 50.84 f
	127.91 ± 10.48 ef
	118.05 ± 18.20 gf
	7040.78 ± 550.07 h
	-
	-
	5480.45 ± 514.20 g
	2092.21 ± 199.87 fg
	1.57 ± 0.02
	15,255.27 ± 808.12 f



	Sc:(Ce.Ht)-1:100
	432.91 ± 36.38 ef
	132.87 ± 2.48 e
	132.11 ± 4.67 cde
	8943.03 ± 280.06 ab
	-
	-
	5535.86 ± 500.93 g
	2356.22 ± 25.39 abc
	-
	17,533.00 ± 470.82 cd



	Sc:(Hg.Ht)-1:100
	391.25 ± 5.15 f
	132.56 ± 0.48 e
	132.69 ± 0.32 cd
	9184.41 ± 705.57 a
	-
	-
	6152.15 ± 163.08 cd
	2259.89 ± 10.35 cde
	1.50 ± 0.01
	18,254.45 ± 808.87 b



	Sc:(Ce.Hg.Ht)-1:100
	417.58 ± 30.23 ef
	227.01 ± 0.48 a
	121.21 ± 0.55 efg
	8401.90 ± 55.53 cdef
	-
	-
	5584.41 ± 32.01 fg
	1489.99 ± 48.74 i
	-
	16,242.09 ± 104.50 e







Note: “-” Indicates that no such substance has been detected. Data shown are the mean ± SD of triplicate, values with different Roman letters indicating significant differences at p < 0.05 (Duncan’s test).
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