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Legumes are an attractive choice for developing new products since their health benefits. Fermentation can effectively improve the quality of soymilk. This study evaluated the impact of Lactobacillus plantarum fermentation on the physicochemical parameters, vitamins, organic acids, aroma substances, and metabolites of chickpea milk. The lactic acid bacteria (LAB) fermentation improved the color, antioxidant properties, total phenolic content, total flavonoid content, lactic acid content, and vitamin B6 content of raw juice. In total, 77 aroma substances were identified in chickpea milk by headspace solid-phase microextraction with gas chromatography/mass spectrometry (HS-SPME-GC-MS); 43 of the 77 aroma substances increased after the LAB fermentation with a significant decrease in beany flavor content (p < 0.05), improving the flavor of the soymilk product. Also, a total of 218 metabolites were determined in chickpea milk using non-targeted metabolomics techniques, including 51 differentially metabolites (28 up-regulated and 23 down-regulated; p < 0.05). These metabolites participated in multiple metabolic pathways during the LAB fermentation, ultimately improving the functional and antioxidant properties of fermented soymilk. Overall, LAB fermentation can improve the flavor, nutritional, and functional value of chickpea milk accelerating its consumer acceptance and development as an animal milk alternative.
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Introduction

With growing health awareness, consumers are now selecting healthy food products, such as soymilk enjoyed widespread interest (1, 2). Soy grains are rich in nutrients such as proteins, vitamins, and minerals, which can be extracted in water as soymilk. Also, soymilk is a preferred choice for those who are lactose intolerant, allergic to milk protein, or vegetarian (3). And soymilk is an ideal food to prevent some diseases, such as high blood pressure, high blood cholesterol. Moreover, Soybean and soy products are rich in nutrients, especially fermented soy products (fermented soymilk), which have health benefits such as: antioxidant effect, anticancer effect, and anti-inflammatory effect due to the presence of bioactive substances (4–6). And fermented soy products can also used as potential source of functional foods and bioactive peptides for developing nutritional products (7). Lactic acid bacteria (LAB) fermentation can improve the nutritional and functional values of soymilk (8). Lactobacillus plantarum bacteria grow well in soymilk, produce some bioactive peptides and reduce soy oligosaccharides in a strain-specific manner (9). Lactobacillus plantarum fermentation improves the antioxidant activity of soymilk food products (10). The soymilk fermented with L. plantarum was also found to lower the concentration of total cholesterol, triglyceride and low-density lipoprotein cholesterol in serum (11). And, compared to fresh soymilk, the concentrations of the characteristic flavor compounds for fermented soymilk using L. plantarum increased, while the contents of beany substances were decreased like hexanal, 2-pentylfuran, and 2-pentanone (12).

Although the effect of LAB fermentation on soybean products has been extensively investigated, little is known about the same for chickpeas, which can be a potential substitute of soymilk for its nutritional and organoleptic properties (2). Chickpeas (Cicer arietinum L.), one of the oldest and most widely consumed beans, are enriched in proteins (21–25%), fiber, and minerals. Also, chickpeas have high levels of resistant starch and amylose, which may reduce the onset of type II diabetes and hypertension. Chickpea milk is often regarded as an attractive milk substitute (13, 14).

Food flavor is one of the most decisive features of consumer acceptance (15, 16). Headspace solid-phase microextraction with gas chromatography/mass spectrometry (HS-SPME-GC-MS) has been widely adopted in environment samples, biology samples, especially food samples for odor analysis, quality classification, pesticide residue determination (17, 18). The displeasing beany flavor of soy products limits their consumption (9). The lactic acid bacteria fermentation significantly reduces the beany flavor of soymilk. Moreover, LAB fermentation can provide characteristic flavor to fermented soymilk by producing active reductases and unique flavor substances (19). Furthermore, LAB fermentation can convert certain off-favor aldehydes into corresponding alcohols and acids with fruity and sweet notes (20).

Lactic acid bacteria fermentation involves complex chemistry modulating the quality attributes of fermented foods by producing small molecule metabolites, which can be possibly tailored to achieve specific nutrition and flavor needs (21). Metabolomics, with high objectivity and reliability, offers a comprehensive and quantitative overview of metabolites in biological systems (22). Metabolomics is often used to assess critical metabolites related to food quality (23). Untargeted metabolomics examines a wide range of metabolites in a sample without a previous understanding and can also be used to describe the metabolism of a whole microorganism (24). Therefore, the same method can be used to determine the fermentation characteristics of chickpea milk.

So far, although many studies have examined the functional properties of fermented soy foods, the systematic descriptions of their quality, flavor, and metabolites are scarce, especially of the fermented chickpea milk. Lactobacillus plantarum can better adapt to growth-limiting substrates such as organic acids, polyphenols, etc. Therefore, L. plantarum fermentation can be a good choice for chickpea milk. Here, we investigated the effect of L. plantarum fermentation on physicochemical parameters, cell viability, and antioxidant properties of chickpea milk. Also, variations in organic acid and vitamins were determined by HPLC. The post-fermentation changes in flavor substances and metabolites were analyzed by headspace solid-phase microextraction with gas chromatography/mass spectrometry (HS-SPME-GC-MS) as well as untargeted metabolomics analysis via ultra high performance liquid chromatography/mass spectrometry (UHPLC-MS). Our results uncover the qualitative changes in fermented chickpea milk, which may be used to study its functional properties in the future.



Materials and methods


Preparation of chickpea milk

Chickpeas (Shihezi Market, Xinjiang, China) were soaked overnight in water (1:5 bean: water, m/v). The next day, removing moldy and insect-infested chickpeas, one part of the soaked beans was crushed in six parts of water (2) with heat processing for 30 min by mixer grinder (Joyoung, JYL-Y921, China). Then the soy drink was separated from solid residue using sterile gauze, eliminating impurities to make soymilk with fine taste and homogeneous texture. About 250 mL of soymilk sample was prepared by boiling for 10 min to confirm pasteurization.



Fermentation of chickpea milk

The commercial strain L. plantarum (LP-56) was obtained from CINOBIO-TEC Co., Ltd. (Shanghai, China), and preserved at −20°C. The lyophilized strain powder was dissolved in sterile distilled water (1:50, w/v) (25), which was used to inoculate (0.07%, w/v) chickpea milk at 10 log CFU/mL (cell count at activation), as determined by spread plate method. The fermentation was performed for 24 h at 37°C (9). Samples were collected in triplicates at 0 and 24 h.



Determination of physicochemical indices

In total, 1 mL of sample was added with 9 mL of saline (0.9%, w/v) and then serially diluted with saline multiple times in the same ratio. 1 mL of respective dilution was plated onto a Petri dish containing about 15 mL of the MRS agar medium. The inoculated Petri dish was incubated at 37°C for 48 h and the bacterial count was estimated as described previously (26).
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Where N = the number of microorganisms in the sample, ΣC = microbial total number, n1 = the number of plates for the first dilution; n2 = the number of plates for the second dilution; d = dilution factor.

The β-glucosidase activity was determined as described previously with some modifications (27). Took 0.1 mL of fermented soymilk, added 0.2 mL of sodium phosphate buffer (0.1 mol/L, pH 7.0) containing 5 mM p-NPG (p-nitrophenyl-β-D-glucoside) and put it into a 37°C water bath for 30 min. Then 0.5 mL of 1 mol/L NaCO3 solution (4°C) was added to terminate the reaction, followed by centrifugal treatment (8,000 r/min, 30 min, 4°C), and the supernatant was taken to determine the absorbance value at 400 nm. Control group was inactivated with boiling water for 5 min instead of heating with water bath 37°C for 30 min. One unit of β-glucosidase activity is defined as the amount of enzyme required to catalyze the formation of 1 μmol of ρ-nitrophenol per minute under the assay conditions. Standard curve: y  =  0.1028x  -   0.0078, r2 =  0.9999.

The sample color evaluation was performed with a colorimeter to obtain the L*, a*, and b* values.

The total protein and total fat contents were determined spectrophotometrically following the Chinese National Standard GB5009.5-2016 and GB5009.6-2016, respectively. The method details are mentioned in Supplementary Text 1.



Determination of functional components

The total phenolic content (TPC) was determined using the Folin-Ciocalteu colorimetric method by measuring absorbance at 765 nm (26). This value denotes mg gallic acid equivalent (GAE) per mL of soymilk. The total flavonoid content (TFC) was determined using the aluminum nitrate colorimetric method by measuring absorbance at 508 nm (28). This value denotes mg rutin equivalent (RE) per mL of soymilk. The method details are in Supplementary Text 2.



Determination of antioxidant activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical cation (DPPH+) scavenging activity of the samples was estimated spectrophotometrically at 517 nm as described previously with some modifications (29). The control group used methanol in place of the DPPH+ solution, while the blank samples had deionized water. The calculation was performed as follows:
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Where A2, A1, and A0 are the absorbance of experimental, control, and blank samples, respectively.

The ABTS [2,2′-azino-bis(3-ethyl-benzothiazoline)-6-sulphonic acid] radical cation (ABTS+) scavenging activity of the samples was estimated by spectrophotometry at 734 nm as reported previously with some modifications (30). In control samples, absolute ethanol replaced the ABTS+ solution. The hydroxyl radical cation (OH–) scavenging activity was analyzed spectrophotometrically at 510 nm (31). In control samples, deionized water replaced the ethanol-salicylic acid, FeSO4, and H2O2 solutions, while the blank samples had deionized water. The calculation was performed as follows:
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Where A2, A1, and A0 are the absorbance of experimental, control, and blank samples, respectively.



Determination of vitamin B5 and B6 contents

Following the China National Standard GB5009.210-2016, vitamin B5 content was estimated by high performance liquid chromatography (HPLC) equipped with an ultraviolet spectrophotometric detector (Shimadzu, LC-2010, Japan). The HPLC conditions were as follows: chromatographic column, C18 column (4.6 mm × 250 mm, 5 μm); mobile phase, potassium dihydrogen phosphate solution (0.02 mol/L): acetonitrile (95:5); flow rate, 1 mL/min; column temperature, 30°C; detection wavelength, 210 nm; injection volume, 20 μL. The vitamin B5 standard solutions were 0, 2, 4, 8, 16, and 32 μg/mL (y = 106295x – 13160, r2 = 0.998).

Following the China National Standard GB5009.154-2016, vitamin B6 content was also estimated by HPLC equipped with a fluorescence detector (Shimadzu, LC-2010, Japan) under the following conditions: chromatographic column: C18 column (4.6 mm × 250 mm, 5 μm); mobile phase: methanol 50 mL, sodium octane sulfonate 2 g, and triethylamine 2.5 mL were dissolved in 1,000 mL ultrapure water of pH 3.0 ± 0.1 adjusted with glacial acetic acid; detection wavelength: excitation 293 nm, emission 395 nm; injection volume: 20 μL. The vitamin B6 standard solutions were 0, 0.1, 0.2, 0.4, 0.6, and 1.0 μg/mL (y = 6000000x – 154981, r2 = 0.995).



Determination of lactic and citric acid contents

Analysis of organic acids was performed as follows (32): the sample was centrifuged and the obtained supernatant was filtered using a 0.45 μm membrane filter. 20 μL of the filtered sample was injected into a Waters 2998 HPLC system with a C18 column (4.6 mm × 250 mm, 5 μm) and diode-array detector (DAD). The conditions were as follows: mobile phase, 0.1% phosphoric acid + methanol (97 + 3, v/v); elution, isometric; column temperature, 40°C; detection wavelength, 210 nm. The standard solutions were 0, 4, 10, 20, 40, 100, 200, and 400 μg/mL (lactic acid: y =  243.07x + 163.46, r2 =  0.999; citric acid: y = 591.87x + 170.28, r2 = 0.999).



Headspace solid-phase microextraction with gas chromatography-mass spectrometry analysis

In total, 5 mL of the sample was placed in a 20 mL headspace vial and equilibrated on a magnetic stirrer for 20 min at 60°C. An SPME fiber 50/30 μm carboxyene/dimethicone/divinylbenzene (CAR/PDMS/DVB) was extended through the needle and exposed in the vial and adsorbed in the headspace for 30 min. Afterward, the fiber was immediately injected into the GC inlet and desorbed at 250°C for 3 min. The samples were measured by GC-MS (Agilent 8890-7000D, USA) and the analysis of volatile compounds was performed in the splitless injection mode on an Agilent 19091N-133 with an HP-INNO Wax column (30 m × 0.25 mm, 0.25 μm). High-purity helium was the carrier gas at a constant flow rate of 1 mL/min. The GC oven was set to 40°C for 3 min, ramped to 82°C at 2°C/min, then to 103°C at 1°C/min, 124°C at 7°C/min, 138°C at 2°C/min, and finally 220°C at 10°C/min to hold for 3 min. Qualitative analysis of volatile compounds was identified by matching the National Institute of Standards and Technology database (NIST17.L) and retention index (RI).



UHPLC/MS analysis

Analysis of metabolites by UHPLC/MS (Thermo Scientific, Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the previous method with some modifications (33). Sample preparation: 20 mg sample was extracted with 400 μL of acetonitrile: methanol solution (1:1, v:v) containing 0.02 mg/mL of L-2-chlorophenylalanine (internal standard); Frozen tissue was ground for 6 min at −10°C and 50 Hz; Cryogenic ultrasonic extraction was performed for 30 min at 5°C and 40 KHz; The samples were incubated at −20°C for 30 min and then centrifuged for 15 min at 13.000 × g and 4°C, Also, 20 μL of supernatant from each sample was separately mixed with the quality control (QC) sample. A QC sample was run after every 5-15 analytical samples to test the stability of the whole detection process.

Chromatographic conditions were as follows: column: ACQUITY UPLC HSS T3 (100 mm × 2.1 mm i.d., 1.8 μm; Waters, Milford, MA, USA); mobile phase A: 95% water : 5% acetonitrile (containing 0.1% formic acid), mobile phase B: 47.5% acetonitrile : 47.5% isopropanol : 5% water (contains 0.1% formic acid); flow rate: 0.40 mL/min; injection volume: 2 μL; column temperature: 40°C. The gradient elution condition was: 95% A and 5% B, 0.1 min; 75% A and 25% B, 2 min; 100% B, 9 min; 100% B, 13 min; 100% A, 13.1 min; 100%, 16 min.

Mass spectrometry conditions were as follows: Samples were electrosprayed/ionized, and MS signals were collected in the negative ion scanning mode. Scan type (m/z): 70–1,050; Sheath gas flow rate (arb): 40; Aux gas flow rate (arb): 10; Heater temp (°C): 400; Capillary temp (°C): 320; Spray voltage (–) (V): −2,800; S-Lens RF Level: 50; Normalized collision energy (eV): 20, 40, 60; Resolution (Full MS): 70000; Resolution (MS2): 17500.



Statistical analysis

All samples were tested in triplicates. Significant differences between data were identified by ANOVA Tukey’s test. Origin 9.8.5 was used for plotting the bar charts, stacked histograms, etc. Heatmaps were plotted by R Version 3.6.3 to analyze the changes. Adobe Illustrator 2020 was used to map the metabolic pathways.




Results and discussion


Analysis of the physicochemical indicators of RJ and Lactobacillus plantarum fermented juice

Food color is a critical indicator of food quality (34). The mean L*, a*, and b* values of different samples are shown in Figure 1A. Compared with RJ (raw juice), the change in b* and a* values indicated a significant color change of LPFJ (L. plantarum fermented juice), however, the L* value did not change much (p < 0.05). The LAB fermentation changed the color of chickpea milk to more red and yellow colors.


[image: image]

FIGURE 1
Analysis of the physicochemical indicators of RJ and Lactobacillus plantarum fermented juice (LPFJ). Post-LAB fermentation change in panel (A) color properties of chickpea milk L* (brightness), a* (red-green), and b* (yellow and blue), (B) protein and fat contents, and functional indicators including (C) TPC and TFC, (D) radical scavenging activity, (E) vitamin B5 and vitamin B6 contents, and (F) lactic and citric acids contents. Values marked with different superscript letters indicate statistically significant differences (p < 0.05). RJ, raw juice; LPFJ, L. plantarum fermented juice; TPC, total phenol content; TFC, total fat content.


Also, after fermentation, both total protein and total fat contents showed a downward trend (Figure 1B, P < 0.05). The decrease in total protein content may be because LAB promoted protein degradation during fermentation to meet the bacterial needs for nitrogen-containing substances (35). The lactic acid bacteria-degraded proteins are easily absorbed by the body; the formed ACE (angiotensin-converting enzyme) inhibiting peptides have anti-cardiovascular disease and blood pressure-lowering activities (36). Regarding the total fat content, its decrease may be due to the content of linoleic and linolenic acid decreased (37). The linolenic acid in soymilk positively correlates with the content of hexanal, which produces beany flavor (38). Therefore, LAB fermentation should reduce the beany flavor of chickpea milk. Hence, a decrease in total protein and total fat contents improved human digestion/absorption and the flavor of LPFJ.

The post-fermentation change in microorganism number is significantly increased (p < 0.05). The results indicated that LAB had good growth in chickpea milk and rapidly accumulated after 24 h of fermentation, reaching 8.87 log10CFU/mL. Consistently, past research has also demonstrated that LABs grew better in soymilk with microbiological counts ranging from 5.7 to 10.4 log10CFU/mL (39). Overall, chickpea milk is a suitable fermentation substrate with enough nutrients for the good growth of LAB.

As shown in Figures 1C,D, LAB fermentation significantly enhanced the TPC and DPPH+, ABTS+, and OH– scavenging capacity of LPFJ (p < 0.05), indicating a positive effect. However, TFC did not change much (p ≥ 0.05). Increased phenolic content can be attributed to the production of β-galactosidase during LAB fermentation, which catalyzes the release of phenolic compounds from bound sugars increasing antioxidant activity (40). Also, there could be other microbial transformations and depolymerization of compounds (41). Next, a small increase in TFC may be because LAB promote the release of flavonoids by producing enzymes and acids. Lactobacillus plantarum has been shown to increase TFC during fermentation (42).

Hydrolysis of glucosides through enzymatic processes using β-glucosidase to increase their bioavailability in soy-based products, and probiotic micro-organisms have been found to possess β-glucosidase (43, 44). The results showed a significant increase in β-glucosidase activity measured after fermentation (p < 0.05), reaching 28.13 mU/mL. Remarkably, the higher β-glucosidase activity in fermented soymilk indicates that the strain converts glycosidic soy isoflavones to glycosidic soy isoflavones faster, and the antioxidant capacity is enhanced (27, 44, 45). Subsequently, we utilized three different methods to assess the antioxidant properties of LPFJ (Figure 1D). The enhancement of antioxidant capacity indicates the accumulation of antioxidant compounds, such as phenolic compounds, flavonoids, and superoxide dismutase (SOD) (46). The lactic acid bacteria-fermented fruit and vegetable juices also show an increase in free radical scavenging and antioxidant activity (47, 48). Compared with RJ, LPFJ showed a significant increase in antioxidant activity, which may promote its health benefits in daily use (49).

Besides having abundant proteins, chickpeas are also rich in vitamins and minerals, especially vitamins B5 and B6 (50). Here, we found that the content of vitamin B5 decreased and the content of vitamin B6 increased significantly in LPFJ after LAB fermentation (p < 0.05; Figure 1E). Consistently, past research has also indicated that LAB fermentation can increase the contents of vitamin B6 in soymilk (51). The lactic acid bacterias are considered the biological factories for vitamin B production, and utilization (52). During LAB fermentation, lactic acid, a major organic acid in fermented beverages, increases (53). Meanwhile, the content of citric acid, which is an intermediate metabolite of the tricarboxylic acid cycle (TCA cycle), shows a dynamic change. The TCA cycle is the pivot for the liaison and transformation of key substances, such as sugar, lipid, protein, and even nucleic acids. Therefore, we measured the change in contents of lactic and citric acids (Figure 1F). Lactic acid production is not limited to sugars and citric acid as it may also originate from the conversion of amino acids (54). Here too, the lactic acid content increased and the citric acid content decreased in LPFJ.



Change in aroma profiles of RJ and Lactobacillus plantarum fermented juice


Types, content, and relevance of aroma substances in RJ and Lactobacillus plantarum fermented juice

The post-fermentation change in aroma compounds was determined by HS-SPME–GC/MS; in total, 77 aroma compounds were measured, containing 21 alcohols, 13 aldehydes, 11 esters, 10 ketones, 11 acids, and 11 others (Figure 2A and Supplementary Table 2). Aroma compounds followed a kinetic trend during the fermentation. There were 19 common substances, while 43 new substances were produced in LPFJ, and 15 substances were present only in RJ (Figure 2B). This indicated that LAB fermentation transformed substances in RJ producing a series of new flavor substances in LPFJ (55).
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FIGURE 2
Change in aroma profiles of RJ and Lactobacillus plantarum fermented juice (LPFJ). (A) Content of aroma substances: the degree of redness and blueness indicate the higher and lower content, respectively. (B) Quantity of aroma substances: the value represents the type and a larger value indicates the sample richness of that substance. (C) A stacked histogram of volatile contents: A-alcohol; B-aldehyde; C-ester; D-acid; E-ketone; and F-others. RJ, raw juice; LPFJ, L. plantarum fermented juice.


Figure 2A (A1–A21) shows the significant change in alcohols after LAB fermentation (p < 0.05); the enzyme activity in LPFJ increased by nearly 50%, while the half-life decreased (56). This significantly improved the total alcohol content in LPFJ. The lactic acid bacteria fermentation produces more alcohol substances. Hexanol (A2) is a typical feature of legume flavor compounds, with a fruity aromatic aroma; 1-nonanol (A14) has a slightly pleasant aroma of rose and orange. The production and accumulation of these substances improved the flavor of fermented soymilk (57). Also, 1-octen-3-ol (A1) is a common volatile organic compound in fermented soy products, which is generated by unsaturated fatty acid metabolism (58).

The main aldehyde and ketone substances in soymilk were acetone, 2-butanone, 3-methyl-butyraldehyde, and hexanal. The flavor substances and soy protein can bind hydrophobically, and their binding constants increase with the number of carbon chains (59). This complicates the elimination of beany flavor during the fermentation. Our results showed that the content of hexanal (B4) decreased significantly after LAB fermentation (p < 0.05; Figure 2A and Supplementary Table 2). Hexanal could have been converted to hexanoic acid eliminating the beany flavor and improving the flavor of chickpea milk (60). Also, there were high levels of benzaldehyde (B2), 3-hydroxy-butanal (B13), acetone (E6), and others in RJ. Meanwhile, levels of certain substances increased in LPFJ, most are ketones. These can be attributed to amino acids degradation by microbial metabolism (61, 62). Furthermore, the increased content of octaldehyde (B5) added a certain fruity flavor to LPFJ. Also, the reduction in acetone with special odors (spicy and sweet) greatly improved the flavor of the beverage increasing consumer demand for taste.

Typically, some acids undergo esterification to form esters, which provide a fruity or floral aroma and contribute to the mild and pleasant flavors of fermented foods (63). As shown in Figure 2C, the total content of esters did not change much, however, a general trend showed the production of new substances and the decrease/disappearance of old ones (Figure 2A). Notably, the flavor of LPFJ would have improved due to the peach aroma of 2-phenylethyl acetate (C11) and the pineapple aroma of 2-phenylethyl caproate (C9) produced after fermentation. And, LAB fermentation also increased the acid content in chickpea milk, especially acetic and nonanoic acids.

Next, we performed correlation analyses between the flavor substances (Supplementary Figure 1). We found significant positive linear correlations between alcohols and aldehydes, and aldehydes and acids (p < 0.05). Additionally, both alcohols and acids had a significant negative correlation with esters (p < 0.05). Typically, alcohols and acids undergo esterification and therefore have a negative correlation (63). Also, aldehydes and ketones showed a negative correlation with esters. Furthermore, LAB fermentation led to obvious differences in the types of flavor and specific substances between LPFJ and RJ. The changes in the relative content of each component directly affect the flavor of chickpea milk, such as the decrease in beany flavor after LAB fermentation.



Key aroma compounds in RJ and Lactobacillus plantarum fermented juice

The key aroma compounds are the main components of fermented chickpea milk, which determine the aroma characteristics and form the unique flavor of fermented chickpea milk. We found clear enrichment of a few aroma substances to different levels in LPFJ. Most aldehydes were abundant in RJ (Figure 3). The key aroma substances in RJ were mainly hexanal (B4), benzaldehyde (B2), 1,4-butanediol (A6), etc. Some of these have a grassy, bitter almond flavor. The main compounds in LPFJ were ketones [2-heptanone (E1), 2-nonanone (E3), etc.] and acids [acetic acid (D1), 3-methyl-butanoic acid (D2), hexanoic acid (D3)]. Also, a flavor substance with a faint “smelly foot smell” was produced in LPFJ. Based on existing literature, this substance could be isovaleric acid, which is a common characteristic flavor component in fermented soybean products (64). Besides, LPFJ had some special substances with relatively high content, such as (E)-2-heptenal (B1), (E)-2-octenal (B3), etc. (E)-2-heptenal has a little fatty aroma; 2-heptanone and 2-nonanone have a fruity and creamy aroma. Acetoin (E2) improves the overall sensory acceptability of fermented soymilk (65). Due to carbonyl compounds could be converted by lactic acid bacterial metabolism into further well-known odor substances, like ketones, esters, or organic acids (66). So, post-fermentation, the good aroma substance increased in LPFJ, while the beany flavor weakened, improving the total flavor of the beverage.
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FIGURE 3
Linear discrimination analysis and the Kruskal-walls test to find significantly different aroma species (LDA score). A volatile compound with an LDA score > 3.7 was considered a significantly different species and a biomarker of soymilk fermentation. RJ, raw juice; LPFJ, L. plantarum fermented juice.





Metabolite analysis: Untargeted metabolomics


Types, classification, and differential metabolites in RJ and Lactobacillus plantarum fermented juice

Based on the untargeted metabolomic approach, the comprehensive changes in metabolites were analyzed to identify differential metabolites between RJ and LPFJ. In total, 218 metabolites were detected by UHPLC (Supplementary Figure 2). The levels of substances changed significantly during fermentation (p < 0.05), indicating a mutual transformation of substances. All metabolites detected in RJ and LPFJ were matched with the human metabolome database (HMDB). The changed metabolites belonged to nine primary classifications, 32 secondary classifications, and 51 tertiary classifications, and some were not identified. The dynamic changes in metabolite contents between RJ and LPFJ are shown in Supplementary Figure 3. At the level of primary classification, the metabolites were organoheterocyclic compounds (oxygenates 11.9%), lipids and lipid-like molecules (32.6%), organic acids and derivatives (17.9%), and so on. The majority of organic acids and derivatives were amino acids, peptides, and analogs (71.8%); organic oxygenates were composed of carbohydrates and carbohydrate conjugates (92.3%). Also, a significant increase in the content of phenylpropanoids and polyketides, lipids, and lipid-like molecules, and the total content of metabolites was observed in LPFJ (p < 0.05), indicating the role of LAB fermentation.

A volcano diagram shows the overall distribution of significantly different metabolites (p < 0.05) in Figure 4. Based on threshold criteria p < 0.05 and FC (fold change) ≥ 1.2, we found 28 up-regulated and 23 down-regulated metabolites in LPFJ after fermentation. The up-regulated metabolites were pyridoxine (vitamin B6), indole acetaldehyde, 5-L-glutamyl-L-alanine, 5-hydroxy-indole-acetaldehyde, and others. Notably, the increase in vitamin B6 is consistent with the results in Figure 1E. The down-regulated substances were xanthosine, vanilloside, D-glucarate, and others. Based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway descriptions, indole acetaldehyde and 5-hydroxy-indole-acetaldehyde participate in amino acid metabolism; 5-L-glutamyl-L-alanine is involved in other amino acid metabolism; Xanthosine is involved in nucleotide metabolism, biosynthesis of other secondary metabolites and membrane metabolism; D-Glucarate is involved in carbohydrate metabolism.


[image: image]

FIGURE 4
A volcano plot showing differential non-volatile metabolites between RJ and Lactobacillus plantarum fermented juice (LPFJ). Red and green indicate up-and down-regulated metabolites.




Key metabolites in RJ and Lactobacillus plantarum fermented juice

Legumes are rich in proteins and carbohydrates and are an excellent source of unsaturated fatty acids (50). The change in these substances indicated that LAB fermentation effectively worked in soymilk, improving its digestion, absorption, nutritional, and functional qualities (67). Carbohydrates in fermented beverages can promote colon health (68). Therefore, we next analyze the change in these metabolites (Figure 5).
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FIGURE 5
Key metabolites in RJ and Lactobacillus plantarum fermented juice (LPFJ). Content changes of (A) lipids and lipid-like molecules, (B) amino acids, peptides, and analogs, and (C) carbohydrates and carbohydrate conjugates. FJDJ1-1, FJDJ1-2, FJDJ1-2 belong to RJ; FJDJ3-1, FJDJ3-2, and FJDJ3-2 belong to LPFJ.


The content of fatty acids changed in LPFJ during LAB fermentation (Figure 6A). There were 71 key metabolites, of which, 50 increased including 13 with a significant increase (p < 0.05), such as 9,10,13-trihydroxystearic acid (H25), 2-hydroxyhexadecanoic acid (H47), 7-methylinosine (H62), and so on. Studies have shown that the acid compounds generated during fermentation enhance the taste, flavor, and texture of the fermented product (68). In total, 21 metabolite decreased after fermentation, including 13 with a significant decrease (p < 0.05). Among them, PE (16:0/0:0) (H45) is an important phospholipid that constitutes biological membranes, mainly in the brain, nerves, microorganisms, and soybeans. It plays an important role in signal transduction and maintenance of life functions. LysoPC [18:2 (9Z, 12Z)] (H14) functions in lipid signaling by acting on the lysophospholipid receptor (LPL-R). There were also some substances involved in oleic and linoleic acid metabolism. Oleic and stearic acids are regarded as health-promoting substances for their preventive effects against high blood pressure and cardiovascular diseases (33).
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FIGURE 6
Metabolic pathways analysis. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolite statistics; (B) schematic diagram of the metabolic pathway for the selected metabolites.


The increase in peptides and amino acids is a result of soy protein hydrolysis by extracellular proteases of LAB. Similarly, we found an increase in the contents of amino acids, peptides, and analogs, including 9 with a significant increase (p < 0.05; Figure 5B). In general, LAB-fermented products are rich in beneficial peptides and amino acids (69). And study showed that L. plantarum has a high potential for peptide production (9). Notably, the contents of L-glutamine (I12), N-formylmethionine (I21), 5-L-glutamyl-L-alanine (I24), allysine (I26), and others almost doubled in LPFJ. Based on the KEGG database, these metabolites are involved in alanine, aspartate, and glutamate metabolism; the biosynthesis of arginine; protein digestion and absorption; metabolism of cysteine and methionine; metabolism of glutathione; degradation of lysine, etc. Additionally, there is the possibility that some peptides may provide a bitter taste to fermented products.

Change in carbohydrate content was observed throughout the fermentation process (Figure 5C). Carbohydrate metabolism produces intermediate products that are components of the bacterial cell structure, as well as provide energy for bacterial growth and survival. L. plantarum bacterium harbors multiple sugar metabolic pathways that can metabolize various sugars (70, 71). During the LAB fermentation, some carbohydrates such as ribonolactone (G5), ribitol (G7), and dulcitol (G22) increased significantly, while some such as jasmolone glucoside (G13), galactinol (G19), D-glucarate (G20) decreased (p < 0.05). Notably, galactinol is a common component of the cottonseed glycoconjugate family and participates in the biosynthesis of oligosaccharides. The beany flavor and high levels of nondigestible oligosaccharides are the key issues limiting the consumer acceptance of soy products. A decrease in galactinol can reduce the biosynthesis of oligosaccharides enhancing the digestibility of LPFJ.



Metabolic pathways analysis

In Figure 6A, partial metabolites were engaged in 37 metabolic pathways belonging to seven categories, such as organismal systems, human diseases, cellular processes, metabolism, and so on. These metabolic pathway categories were searched against the KEGG database. Among them, carbohydrate metabolism (19 metabolites), lipid metabolism (10 metabolites), amino acid metabolism (22 metabolites), biosynthesis of other secondary metabolites (10 metabolites), and membrane transport (10 metabolites) were the main metabolic pathways during the fermentation. Up to 22 kinds of metabolites were associated with amino acid metabolism. The lactic acid bacteria degrade proteins and peptides to meet the needs of bacterial growth (35). Additionally, certain peptides work on target sites for specific functions, such as antioxidant and anti-hypertension activities (72, 73). In summary, KEGG metabolite analysis revealed the diversity of metabolic pathways in LPFJ during LAB fermentation.

The levels of glutathione and L-glutamate decreased significantly after fermentation (p < 0.05; Figure 6B). Glutathione is broken down into N-formylmethionine and L-glutamate and oxidized. Glutamate, cysteine, and glycine are synthesized into glutathione, which is part of almost every cell in body (Figure 6B). Subsequently, glutamate is transformed into α-ketoglutarate (α-KG) by glutamate dehydrogenase (GDH), which is a part of the TCA cycle (Figure 6B). Glutathione is the richest non-protein thiol compound in all organisms (74). It has critical functions with antioxidant properties such as preventing cellular damage caused by various oxidative stressors, detoxification of pathogens, and immune enhancer (74, 75). Moreover, glutamate participates in many important metabolic reactions in animals, plants, and microorganisms. Therefore, an increase in glutathione improves the antioxidant capacity and other functional properties of fermented chickpea milk.





Conclusion

In this study, chickpea milk was fermented using LP-56. The lactic acid bacteria fermentation improved the physicochemical characteristics, antioxidant activity, and other functional properties of fermented chickpea milk. Also, the content of beany substance was reduced improving the flavor of the final product. The increase in the content of acid and other substances improved the overall taste of LPFJ. Notably, 51 differential metabolites were identified between RJ and LPFJ that participate in multiple metabolic pathways providing the specific sensory and functional characteristics to LPFJ. An increase in glutathione metabolism also played an extremely important role. Our study uncovered the effect of LAB fermentation on chickpea milk in terms of flavor and functional properties, which may help the development and commercialization of fermented chickpea milk. We should next assess the changes in micronutrients (such as peptides) and identify their effect on the functional properties of LPFJ.
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Introduction: The quality of pressed walnut oil can be improved by moderate roasting treatment.

Methods: This study compared physicochemical characteristics and antioxidant ability of walnut oils pressed from differently roasted pretreated walnuts, analyzed the correlation among these indicators by using Pearson correlation coefficient and correlation coefficient heatmap, and evaluated the volatile organic compounds (VOCs) of walnut oil under optimal pretreatment roasting conditions using headspace-gas chromatography-ion mobility spectrometry (HS-GC-IMS).

Results: Hierarchical cluster analysis (HCA) and principal component analysis (PCA) were able to remarkably distinguish walnut oil produced by different roasting processes. In addition, correlation analysis showed that there was a significant impact among indicators. There were 73 VOCs were identified in the optimum roasted treated walnut oil, consisting of 30 aldehydes, 13 alcohols, 11 ketones, 10 esters, 5 acids, 2 oxygen-containing heterocycles, 1 nitrogen-containing heterocycle and 1 other compound. GC-IMS results showed that aldehydes contributed significantly to the volatile flavor profile of walnut oil, especially (E)-2-heptenal, (E)-2-pentenal and hexenal.

Discussion: The properties of walnut oil based on varying roasting pretreatment of walnut kernels were significantly differentiated. Roasting at 120°C for 20 min is a suitable pretreatment roasting condition for pressing walnut oil. Roasting at 120°C for 20 min is a suitable pretreatment roasting condition for pressing walnut oil.

KEYWORDS
walnut oil, roasting treatment, physicochemical characteristics, antioxidant capacity, correlation analysis, volatile organic compounds, HS-GC-IMS
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GRAPHICAL ABSTRACT
The physicochemical properties and antioxidant capacity of walnut oil obtained by pressing walnut kernels after different roasting times and temperatures were compared, and the correlations between these indicators were analyzed using Pearson correlation coefficients and correlation coefficient heat maps, and the volatile organic compounds of walnut oil under optimal pretreatment roasting conditions were evaluated using headspace-gas chromatography-ion mobility spectrometry.




1. Introduction

Walnut is a perennial deciduous tree of the genus Juglans, and with almonds, cashews and hazelnuts are known as the four dried fruits. At present, there are 21 species of walnut, which are widespread in the West Indies, southern Europe, Asia, Central America, North America, and western South America (1). The global walnut cultivation area reaches about 1.3 million hectares. Turkey, the United States, and China are the three major walnut producing countries, with the combined area and production of walnuts accounting for 69.22 and 81.32% of the world total, respectively (2). The main production areas of walnut in China include Yunnan Province (880,000 tons), Xinjiang Uygur Autonomous Region (440,000 tons), Sichuan Province (300,000 tons), Shaanxi Province (200,000 tons), Hebei Province (120,000 tons) and Guizhou Province (90,000 tons). Xinjiang’s unique climatic conditions have created the excellent quality of Xinjiang walnuts. Hetian, Kashi, and Aksu are the three major walnut producing areas in Xinjiang of China, which main varieties include Zha No. 343, Xinfeng, Wen 185, Xinzaofeng, Xinxin No. 2. Walnuts contain large amounts of monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs), with an oil content of 60–70% (3). The ratio of ω-6: ω-3 PUFAs in walnut oil is generally 4:1, which is in line with the optimal ratio proposed by the World Health Organization (WHO) and the Food and Agriculture Organization of the United Nations (FAO). The flavonoids in walnut oil can relieve headache, tinnitus, dizziness, and other symptoms. The rich phospholipids in walnut oil can enhance cell activity, promote hematopoiesis, and protect brain nerves. Walnut oil is also rich in vitamin E, which plays an important role in scavenging free radicals and delaying aging (4, 5). However, the high content of unsaturated fatty acids in walnut oil can make it prone to oxidation, resulting in a short shelf life (6). In recent years, with the increasing interest in fats and oils from a health and nutritional perspective, consumers have become increasingly interested in unrefined vegetable oils, especially cold-pressed obtained (7). Cold pressing is the use of mechanical force to produce oil at a temperature below 60°C, such as poppy seed oil, pumpkin oil and rapeseed oil (8–12). Additionally, roasting is a pretreatment method for nut kernels before the oil extraction, which can effectively improve the flavor in the oil (13). Antioxidant activity and phenolic content of nuts such as peanuts, hazelnuts and cashews as affected by roasting treatment (14, 15). Chandrasekara and Shahidi treated the cashew at low and high temperatures, respectively, which confirmed that with the increase of roasting temperature, their antioxidant activity would also increase (16). The highest activity was achieved when nuts were roasted at 130°C for 33 min. This implied that the antioxidant effect of processed foods would be enhanced by Maillard reaction products generated during heat treatment (17). In addition, the fatty acid composition of walnut and hazelnut changed after the roasting treatment (18, 19). Lin et al. researched show that roasting enhanced the content of linoleic acid, oleic acid, and linolenic acid (20). In summary, moderate roasting may also cause changes in the physicochemical properties and antioxidant capacity of walnut oil. However, most of the researches focus on the change of properties caused by the roasting process, but the correlation between these properties has been insufficiently studied. Therefore, this study aimed to investigate and elucidate the correlation between the antioxidant capacity and physicochemical properties of walnut oil.

Odor is one of the typical characteristics of vegetable oil flavor, which is an important index to judge the quality of plant oil. It is an important factor in affecting consumer choice. The flavor of plant oils depends on the variety, ripeness degree, environmental condition, growing region, storage, and processing techniques (21–23). Processing technique can significantly affect the concentrations of major volatile components, and thus causing different flavors in plant oils (24). Headspace gas chromatography-ion mobility spectrometry (HS-GC-IMS) is a recent instrumentation technique for the separation and detection of volatile organic compounds (VOCs) in mixed analytes (25). GC is widely applied to the measurement of volatiles. IMS has been applied mainly in airport security and military applications in the quick identification of chemical narcotics, explosives and warfare agents owing to its high sensitivity (26). Simultaneously, IMS has also been demonstrated valuable in other applications, like interior and exterior environmental quality control, food and pharmaceutical quality control, and respiratory disease monitoring (27–29). Specifically, IMS is developing extremely well in the food industry to examine information concerning food origin, food raw materials, food quality and food aroma (30–33). Therefore, HS-GC-IMS was utilized for the rapid identification of VOCs in walnut oil obtained from the suitable pretreatment roasting conditions determined in this research.

Pretreatment of walnut kernels through different roasting temperatures and durations will affect the physicochemical characteristics, antioxidant capacity and flavor of walnut oil. Walnut oil was prepared by the cold pressing method, using walnut kernels at various roasting temperatures (120, 150, and 180°C) and different durations (10, 20, and 30 min) in this paper. The fatty acid, physicochemical characteristics, free radical scavenging capacity and oxidative stability index (OSI) of the oils were investigated. Then, correlation analysis was performed on these indicators by the Pearson correlation coefficient and the correlation coefficient heatmap. HS-GC-IMS was utilized for the rapid identification of VOCs in walnut oil obtained from the determined suitable pretreatment roasting conditions. These results have significant implications for improving research and guiding the market.



2. Materials and methods


2.1. Walnut samples collection

The walnut samples were the Wen 185 walnuts from Aletai, Xinjiang, China. These walnuts were picked up in the Xinjiang Autonomous Region in 2019–2020.



2.2. Chemicals

Palmitic, stearic, oleic, linoleic, and linolenic acid standards, 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) and 2,4,6-Tris (2-pyridyl)-1,3,5-triazine (TPTZ) were purchased from Sigma-Aldrich Inc. (St. Louis, MO). Sigma-Aldrich Chemical Co., Ltd. (Shanghai, China). Additional solvents and reagents were purchased from Tianjin Fuyu Fine Chemical Co. (Tianjin, China).



2.3. Walnut oil preparation


2.3.1. Roasting temperature and duration

The walnut kernels were divided at random into 30 groups of 300 g for each part, of which 27 portions were applied in roasting, and the remaining 3 were used as blank controls. The roasting temperature was set to 120, 150, and 180°C, and the roasting durations was set to 10, 20, and 30 min. A total of nine different groups of roasting treatments were carried out, with three parallel treatments in each group. Each sample is baked in the electric oven (K1H, Guangdong Galanz Microwave and Electrical Appliances Manufacturing Co., Ltd., China). The roasted walnuts were cooled to ambient temperature, stored in a sealed plastic bag, and placed in a 4°C refrigerator pending the next stage of experimentation.



2.3.2. Sample preparation

Walnut kernels were transferred to a screw press (ZY-22A, Wenzhou Hongkuo Technology Co., Ltd., China). The temperature in the press is 30°C, and the oil output temperature was 30 ± 2°C. The turbid oil was centrifuged at 8,000 r/min for 20 min, and then the supernatant oil was directly transferred to a 100 mL dark bottle for sealing storage, pending further experiments.




2.4. Determination of fatty acid


2.4.1. Fatty acid methyl esterification

The fatty acid methyl esterification (FAME) preparation followed the prior procedure except for some modifications (20). The crude walnut oil (200 mg) with 8 mL of 2% NaOH (prepared with methanol) refluxed in a water bath at 80 ± 1°C until the oil droplets disappeared, then 7 mL 15% BF3 (made by methanol) was added to the conical flask and reacted for 2 min to completely derivatize the methyl ester. For the purification of methyl ester, 20 mL of hexane and 3 mL of saturated NaCl solution were added. The hexane extracted FAME products were dried with anhydrous Na2SO4 and then filtered through a 0.22 μm filter before being analyzed by GC.



2.4.2. GC analysis

The fatty acid was analyzed using a GC-2014 gas chromatograph (Shimadzu, Kyoto, Japan) and a HP-INNOWAX capillary column (0.25 μm, 30 m × 0.25 mm, Agilent, USA).

The operating conditions were as follows: nitrogen with a linear velocity of 1.0 mL/min as carrier gas, the flame ionization detector (FID) (Thermo Fisher), the sampler temperature was 240°C, injection mode was no split, injection volume was 1.0 μL, the chromatographic column adopted a gradient temperature increase, kept at 140°C for 2 min, then increased the temperature to 180°C at 5°C/min and held for 5 min, and finally increased to 230°C at 5°C/min to maintain 6 min. The fatty acid composition was analyzed by comparing the retention time on the chromatogram of the sample and the FAME standard, and the fatty acid content was expressed as a relative percentage.




2.5. Determination of physicochemical properties


2.5.1. Determination of peroxide value

A mixture of 2 mL of oil sample, 1 mL of saturated potassium iodide solution and 30 mL of chloroform-glacial acetic acid (2:3, v/v) was added sequentially to a 250 mL conical flask, shaken for 0.5 min and allowed to stand for 3 min. Subsequently, 100 mL of distilled water was added to the conical flask and the mixture was titrated to light yellow with 0.001 mol/L of Na2S2O3⋅5H2O, 1 mL of starch indicator was added and the titration was continued until the blue color of the solution disappeared.



2.5.2. Determination of acid value

The mixture of 50 mL 95% ethanol and 0.5 mL phenolphthalein indicator was heated to a slight boil in a 95°C water bath and titrated to red in 0.1 mol/L NaOH solution while hot. Twenty grams of oil sample was added, and the reaction was continued to be heated to a slight boil in a 95°C water bath and titrated to a slight red color.



2.5.3. Determination of 2-thiobarbituric acid

The thiobarbituric acid (TBA) reagent was 200 mg of 2-TBA with 1-butanol to 100 mL volumetric flask. After 12–15 h at room temperature, it was filtered and the filtrate was placed in a refrigerator at 4°C for use. After the 200 mg of oil sample was made up to 25 mL with 1-butanol, 5 mL of the mixture was mixed with TBA regent and allowed to stand in a water bath at 95°C for 2 h. The absorbance was measured at 530 nm with the spectrophotometer (T600, Beijing Puxi General Instrument Co., Ltd., Beijing, China).




2.6. Determination of antioxidant capacity


2.6.1. DPPH radical assay

The measurement was performed based on a modified reported method (34). Dissolve 5 g of walnut oil in 20 mL of methanol and mix, keep shaking and extract for 30 min at 50°C, centrifuge at low temperature (8,000 r/min) for 5 min. The supernatant was aspirated and the extraction process was repeated 4 times and the combined supernatant was polarized. Mix 1 mL of the polar substances with 1 mL of 1 mM DPPH (prepared with methanol), react in the dark at room temperature for 30 min. The absorbance of the reaction solution and the blank were measured at 517 nm. Meanwhile, different concentrations of Vitamin E (VE) solutions were used instead of the sample as a control test. The results were showed as the equivalent of VE.



2.6.2. Ferric reducing antioxidant power assay

The Ferric reducing antioxidant power (FRAP) method was performed according to the previous procedure with some modifications (35). The extraction of polar components of walnut oil was the same as that of DPPH. FRAP reagent was prepared by mixing 20 mmol/L FeCl3⋅6H2O solution, 10 mmol/L TPTZ solution (40 mmol/L HCl), and 0.1 mol/L sodium acetate buffer solution (pH 3.6) in a ratio of 1:1:10. The oil polar substance (200 μL) was dissolved into FRAP reagent (2 mL) and fixed to 10 mL with deionized water and reacted at 37°C for 10 min. Dissolve 27.802 mg FeSO4⋅7H2O into 100 mL with distilled water to configure 1 mmol/L FeSO4 solution. After dilution, different concentration gradients of FeSO4 and FRAP reagent were reacted to obtain FeSO4 standard curve. The absorbance of the reaction solution and the blank were measured at 593 nm. Meanwhile, different concentrations of VE solutions were used as control tests instead of the samples, and the results were expressed as the equivalent of VE.



2.6.3. ABTS radical assay

ABTS was determined using the reported method with slight modifications (36). The extraction of polar components of walnut oil was the same as the extraction method in DPPH. The ABTS working solution was prepared by mixing 7 mmol/L ABTS and 2.45 mmol/L potassium persulfate solution in equal amounts, and placed in the dark at room temperature for 12–16 h. The ABTS working solution was diluted with ethanol to an absorbance of 0.700 ± 0.020 at 734 nm for analysis. The 200 μL of oil polar components and 4 mL of ABTS radical solution were mixed in the dark at room temperature for 20 min. The absorbance of the reaction solution and the blank were measured at 734 nm. Meanwhile, different concentrations of VE solutions were used as control tests instead of the samples, and the results were expressed as the equivalent of VE.



2.6.4. Oxidative stability index

The OSI was measured by the 892 professional Rancimat oil oxidation stability analyzer (Metrohm China Co., Ltd., Beijing, China) at 110°C and 20 L/h airflow. Use 5 g walnut oil for the measurement. High temperature and excessive air can accelerate the oxidation of glycerol fatty acid esters and produce volatile organic acids. The air brought volatile organic acids into a conductive chamber and changed the conductivity of water. The time period before the conductivity increases sharply (OSI time) was measured by continuously measuring the conductivity of the conductive chamber.




2.7. HS-GC-IMS analysis

The GC-IMS instrument (FlavourSpec®, the G.A.S. Department of Shandong Hai Neng Science Instrument Co., Ltd., Shandong, China) is equipped with a syringe and an automatic headspace research sampler unit. The sample entered the instrument with the carrier gas, passed through the gas chromatographic column for the initial separation, and then entered the ion transfer tube. Through the action of the reverse drift gas, it migrated to the Faraday disc for detection and realized the secondary separation.

In this study, 2.0 g sample of walnut oil sample was accurately weighed into a 20 mL headspace glass sampling vial and incubated at 500 rpm, 80°C for 20 min. Subsequently, 200 μL of headspace was automatically injected into the injector (85°C) Separation of VOCs was performed by the gas chromatographic column MXT-5 capillary column (15 m × 0.53 mm, 60°C) and the carrier gas consisted of 99.99% pure nitrogen. The programmed nitrogen flow rate was: 2 mL/min for 2 min; increased to 100 mL/min within the 2–20 min. The drift tube was maintained at 45°C under N2 as a drift gas at 150 mL/min. the total running time was 30 min.

Retention indices (National Institute of Standards and Technology database) and drift times (IMS database) were used to perform qualitative analysis of VOCs in the sample.



2.8. Statistical analysis

Statistical analyses were carried out using Unscrambler version 9.7 (CAMO ASA, Oslo, Norway), Origin 2018 Pro (Originlab, Northampton, MA, USA) and SPSS 25.0 (IBM, Armonk, NY, USA). Correlation analysis was performed out by Pearson correlation coefficient and t-test. Chemometrics [principal component analysis (PCA) and Hierarchical cluster analysis (HCA)] were used to analyze the obtained data. The samples were determined three times and the results were recorded as mean ± standard deviation.




3. Results and discussion


3.1. Effect of roasting on oil extraction rate and fatty acid composition of walnut oil

The crude oil yields ranged from 41.48 to 54.41% from roasted walnut kernels. The oil yield of the roasted sample was significantly higher than that of the unroasted sample (41.48%) (Figure 1). The roasting treatment caused a series of changes in the walnut kernels, including destroying oil cells, promoting protein denaturation, reducing oil viscosity, which were suitable for squeezing oil and increasing oil yield. The oil extraction yield of walnut kernels increases with the extension of roasting time. The highest oil yield was obtained for the sample roasted at 120°C for 30 min compared to the other samples.
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FIGURE 1
Extraction yields for walnut kernels roasted with different temperature and duration.


Table 1 shows the fatty acid compositions of walnut oil pressed from roasted walnut kernels under different roasting conditions. In all samples studied, the main fatty acids identified were linoleic acid (C18:2) (50.74–62.65%), oleic acid (C18:1) (13.33–20.88%), linolenic acid (C18:3) (12.39–17.59%), palmitic acid (C16:0) (7.08–9.41%), and stearic acid (C18:0) (1.22–2.44%). PUFAs were the primary fatty acids, with 68.33–77.06%, and the second were MUFAs, with 13.33–20.88%. Linoleic acid was the main fatty acid in walnut oil. The lowest content of linoleic acid was found in samples baked at 120°C for 30 min, and the highest content of linoleic acid was found in walnut oil baked at 150°C for 30 min.


TABLE 1    Fatty acid composition (%) of walnut oil by roasted walnut kernels with different temperature and duration.
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The roasting treatment did not affect the composition of fatty acids in walnut oil, but the fatty acid content varied slightly after roasting. Moderate roasting can increase the content of unsaturated fatty acids (oleic acid and linoleic acid) and saturated fatty acids (palmitic acid), especially the sample roasted 120°C for 30 min. The results of Vaidya and Eun showed that there was no significant difference in the fatty acid composition of walnut oil obtained from roasted and unroasted walnut kernels, without considering the effect of roasting time and temperature (37). It is reported that the SFA content in perilla oil slightly increased after roasting treatment (38). Lin et al., reported that with the extension of temperature and duration, the content of unsaturated fatty acids and saturated fatty acids in almond kernel oil increased (20).



3.2. Physicochemical characteristics

Table 2 lists the physicochemical characteristics of the walnut oil. Walnut oil had a low acid value (AV) (0.12–0.37 mg NaOH/g), indicating that the roasting treatment did not promote the formation of free fatty acids in walnut oil. POV characterizes the degree of oil rancidity by measuring the oxidation products of the oil (4). The results revealed that the POV increased from 1.77 mmol/kg (120°C, 10 min) to 3.98 mmol/kg (180°C, 30 min) with increasing roasting temperature and time. Significant increase in POV indicated that the roasting treatment promoted the production of peroxides and hydroperoxides in walnut oil. However, the POV results still meet the standards for commercial edible vegetable oils (≤10 mmol/kg). TBA is directed to the oxidation products unsaturated fatty acid aldehydes, which are used to characterize the degree of oxidation in different oxidation stages. The resulting TBA values after roasting ranged from 0.0268 to 0.0318. Roasting at 120°C for 30 min, 150°C for 30 min and 180°C for 10 min had the lowest degree of oxidation at the corresponding temperature.


TABLE 2    Peroxide value, acid value, and thiobarbituric acid of walnut oil by roasted walnut kernels with different temperature and duration.
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3.3. Analysis of antioxidant capacity

Table 3 lists the free radical scavenging ability (FRAP, ABTS, and DPPH) and OSI of walnut oil under different roasting conditions. The oxidation process of the walnut oil can be accelerated by exposing the walnut oil to 110°C and the air at a flow rate of 20 L/h (39). The oxidative stability of walnut oil was characterized by measuring the length of the induction time from the induction period to the oxidation period. The OSI of walnut oil ranged from 4.53 to 5.57 h, indicating that roasting caused increasing OSI of the oil. In the FRAP assay, the results ranged from 88.19 to 119.45 μmol TE/kg. For ABTS, the results were in the range of 14.76–95.48 μmol TE/kg. The DPPH results varied from 1.84 to 45.45 μmol TE/kg. Moderate roasting treatment could lead to a significant increase (p < 0.05) in the antioxidant activity of walnut oil. Roasting of kernels at 120°C for 20 min resulted in a significant increase (p < 0.05) in the ABTS and FRAP test values compared to those of others sample, while the highest value of DPPH appeared at 120°C for 10 min.


TABLE 3    Oxidative stability index (h) and free radical scavenging capacity (μmol TE/L) of walnut oil by roasted walnut kernels with different temperature and duration.
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The results of free radicals scavenging capacity and OSI indicated that the roasting treatment can strengthen the antioxidant capacity of walnut oil. The research results of Aleksander et al. on the antioxidant capacity of rapeseed oil prepared after roasting are consistent with this study (40). The antioxidant activity of Sacha Inchi oil is also improved by roasting Sacha Inchi (Plukenetia Volubilis L.) seeds (41). Plants contain many phenolic compounds with antioxidant capacity in the combined form (42). The roasting treatment may destroy these phenolic compounds in the form of covalent bonding, and release the phenolic compounds in free form. The marked enhancement in the antioxidant capacity of the oil after roasting treatment may be attributed to the degradation of some heat-insensitive antioxidant components to produce heat-resistant antioxidant components and the formation of some antioxidants with potential antioxidant activity by Maillard reaction (17, 43).



3.4. PCA and HCA

Principal component analysis aims to use mathematical dimensionality reduction methods to transform multiple variables into a small number of new variables using orthogonal changes, thereby using new variables to reflect the main characteristics of things in a smaller dimension. Thirteen variables were employed for statistically evaluating including extraction yield, physicochemical characteristics, and antioxidant capacity (Figure 2A).
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FIGURE 2
Principal component analysis of the data. (A) Loadings plot. (B) Scores plot.


We note that the first two component scores consider 92% (component 1 = 71% and component 2 = 21%) of the total variation. Component 1 exhibits positive loading mainly with ABTS, FRAP, linolenic acid, OSI, palmitic acid, and negative loading with linoleic acid. The main contributors to principal component 2 are DPPH, POV, FRAP, AV, OSI, stearic acid, and extraction yield. The figure showed that the sample roasted at 120°C for 20 min can be clearly distinguished from other samples (Figure 2B). According to the above research, considering that the samples roasted at 120°C for 20 min have better antioxidant capacity, this roasting treatment is a suitable pretreatment roasting condition for pressing walnut oil.

Hierarchical cluster analysis is a type of clustering algorithm. It uses Euclidean distance to calculate the distance (similarity) between different data points and sequentially combines the two closest data points to generate a hierarchical nested clustering tree (Figure 3). The smaller the distance between data points, the higher the similarity. These results show that walnut oil samples have a clear tendency to aggregate. The tree structure of the cluster analysis was divided into two main parts when the 10-distance threshold was chosen. The sample roasted at 120°C for 20 min can be clearly distinguished from other samples. In summary, we can conclude that the sample roasted at 120°C for 20 min is the better processing condition.
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FIGURE 3
Hierarchical cluster analysis of walnut oil.




3.5. Correlations between indicators of walnut oils

Heatmap is a common visualization method in scientific research papers. The correlation of samples is often displayed in the form of correlation heatmap. In summary, any value that characterizes the correlation can be plotted using a correlation heatmap. The depth of color in the correlation heatmap can clearly show the strength of the correlation among indicators (Figure 4). The red color represents a positive correlation, blue color represents a negative correlation. Palmitic acid had a significant positive correlation with linolenic acid (r = 0.905, p < 0.01), oleic acid (r = 0.657, p < 0.05) and FRAP (r = 0.657, p < 0.05), and a significant negative correlation with linoleic acid (r = –0.871, p < 0.01). POV showed a significant positive correlation with OSI (r = 0.663, p < 0.05), and a significant negative correlation with DPPH (r = –0.641, p < 0.05) and FRAP (r = –0.709, p < 0.05). Linolenic acid was significant negative correlated with stearic acid (r = –0.673, p < 0.05) and linoleic acid (r = –0.894, p < 0.01), and positively correlated with oleic acid (r = 0.672, p < 0.05). Linoleic acid displayed a significant negative correlation on oleic acid (r = –0.922, p < 0.01). FRAP exhibited a significant positive correlation on ABTS (r = 0.650, p < 0.05). There is no significant relationship between the rest. At the same time, these indicators can be divided into two categories through cluster analysis. The first category includes TBA, stearic acid, linoleic acid, POV, and OSI. The other category includes DPPH, extraction yield, AV, palmitic acid, oleic acid, linolenic acid, ABTS, and FRAP.
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FIGURE 4
Correlation heatmap between walnut oil indicators.




3.6. HS-GC-IMS analysis

Volatiles of walnut oil (120°C, 20 min) were plotted in 3D topography (Figure 5A). The X, Y, and Z axis in 3D spectrum correspond to ion drift identification time, gas chromatography retention time and quantitative peak height, respectively. Figure 5B shows the gas-phase ion mobility profiles of volatile compounds from walnut oil. The vertical coordinate is the retention time (s) of the compound, and the horizontal coordinate is the ion migration time (ms). Each point on the spectrum represents a volatile compound, with red representing high concentration and white representing low concentration, and the darker the color indicates the higher concentration of the volatile compound. The results of the qualitative analysis of volatile compounds using the NIST database and IMS database integrated with the software are shown in Supplementary Table. A total of 73 volatile compounds were detected, including 30 aldehydes, 13 alcohols, 11 ketones, 10 esters, 5 acids, 2 oxygen-containing heterocycles, 1 nitrogen-containing heterocycle and 1 other compound. Figure 5C shows the fingerprint profile, each row of the figure represents the peak intensity of all volatile compounds in the walnut oil sample, and each column represents the peak intensity of a volatile compound in the walnut oil sample. Dimer or polymer formation in the ionized region is associated with high proton affinity of the volatile compound and results in a varying drift time in contrast to the monomeric form, so that some compounds can produce two peak signals, including dimer (D) and monomer (M), as observed in GC-IMS (44).
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FIGURE 5
3D topography (A), 2D-topographic plots (B) and fingerprinting of VOCs (C) of walnut oil under optimal roasting treatment (120°C, 20 min).


Aldehydes are mainly derived from the cleavage of free radicals of lipid molecules. The peroxides generated by auto-oxidation of lipids decompose to form alkoxy radicals and hydroxyl radicals, which further cleave to form volatile organic compounds such as aldehydes, alkenes and alcohols (45, 46). Aldehydes have aromatic characteristics such as clear, fruity, and fatty aromas, and their detection concentration is high and the aroma threshold is low, which is the main aroma presenting substance of walnut oil. Among them, (E)-2-heptenal, (E)-2-pentenal and hexanal were the aldehydes with the highest peak intensity in the pretreated walnut oil at 120°C, 20 min. (E)-2-heptenal had a green, herbal or cucumber aroma and was a high-concentration volatile compound in cooked white quinoa samples (47). (E)-2-Pentenal was considered as a potential marker for linolenic acid-based vegetable oils (48). Hexanal was derived from 13-hydroperoxides formed by the autoxidation of linoleic acid and was directly related to the formation of off-flavors from the oxidation of oils and fats (49, 50). Ketones are produced through lipid degradation, Maillard reaction and interaction between these two reactions. In addition, ketones have a comparatively high-odor threshold, contributing to a minor flavor impact on food (51). 2-Acetone was the volatile compound with the highest peak intensity in walnut oil (5,480). The ester and aldehyde with the highest peak areas in walnut oil were ethyl acetate (pineapple flavor) and ethanol (sweetness), respectively, which were considered potential markers of yogurt flavor quality (52).




4. Conclusion

In this work, we investigated the effects of roasting treatment on the physicochemical properties, antioxidant capacity and correlation between indicators of walnut oil, and further measured the flavor substances of walnut oil under optimal roasting treatment. Linoleic acid (62.31% of the crude oil) and oleic acid (12.40% of crude oil) were the predominant fatty acids in the oil extracted from walnut kernels without roasted. Moderate roasting could increase the content of unsaturated fatty acids (oleic acid and linoleic acid) and saturated fatty acids (palmitic acid), especially the sample roasted 120°C for 30 min. As the roasting temperature and duration increases, it caused a statistically significant increase in POV relative to the control sample. PCA and HCA could distinguish walnut oil from different roasting treatments, and the result showed that roasting at 120°C for 20 min was a suitable pretreatment roasting condition for pressing walnut oil. There were significant influences among indicators. POV had a significant positive correlation with OSI (r = 0.633, p < 0.05), and a significant negative correlation with DPPH (r = –0.641, p < 0.05) and FRAP (r = –0.709, p < 0.05). Palmitic acid had a significant positive correlation on FRAP (r = 0.657, p < 0.05). Antioxidant capacity (OSI, DPPH, and FRAP) could be guided by the correlation between POV and palmitic acid. The study also rapidly identified VOCs in walnut oil obtained under suitable pretreatment roasting conditions. Aldehydes with clear, fruity, and fatty aromas were considered as the main aroma-presenting substances of walnut oil.
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Introduction: Huangjiu is an important Chinese alcoholic beverage, usually prepared from rice. Although its unique flavor improves with prolonged storage in traditional pottery jars, knowledge of the aging mechanism, necessary for commercialization of an optimum product, remains unclear.

Methods: Here, volatile aroma compounds from forced aged samples exposed to different temperatures and oxygen treatments were measured by GC/MS. After retention time alignment and normalization, the peak vectors were compared over storage time using Pearson's correlation, and a correlation network was established. Marker compounds, representative of traditionally aged Huangjiu, were then monitored and compared to similar compounds in the forced aged product.

Results and discussion: Correlation network analysis revealed the following: Temperature had little effect on most aroma compounds; alcohols, acids, and esters all increased with increasing dissolved oxygen, while polyphenols, lactones, and ketones were readily oxidized; aldehydes (e.g., furfural and benzaldehyde) were highly dependent on both temperature and dissolved oxygen. Dynamic changes in the targeted aging-markers showed that a higher initial oxygen concentration intensified the “aging-aroma” of Huangjiu in the early and middle stages of storage. Consequently, careful control of oxygen supplementation and storage temperature could be beneficial in controlling the desirable flavor of Huangjiu in the artificially aged product.

KEYWORDS
 Huangjiu (Chinese rice wine), aroma, forced aging, temperature, dissolved oxygen, metabolomics, network analysis


1. Introduction

Huangjiu, or Chinese rice wine, as a typical fermented rice wine, is known as Chinese national wine, and “Pottery storage, and more aging, more flavors” is one of its most typical characteristics. Although this well-known phrase “more aging, more flavors” is not completely true for all Huangjius (1, 2), the practice proved that there are significant differences between storage in pottery and stainless-steel tank, and this typical “more aging, more flavors” for Huangjiu can be generally characterized only by stored in pottery, not in stainless-steel tank (1, 3, 4). However, it is why?

The unique flavor of traditional Huangjiu is believed to develop during storage over several years in pottery jars. However, to meet increased demand for alcoholic beverages (5, 6), a relatively short-term industrial storage in stainless-steel tank must be instead of the long-term storage in pottery jars for Huangjiu. Therefore, industrial processes are required for the accelerated flavor development of Huangjiu during storage in stainless-steel tanks.

Temperature and dissolved oxygen are recognized as important storage parameters for Huangjiu (2, 4, 7, 8). It is reported that compared with storage in stainless steel, pottery jars have a better oxygen permeability, and their higher thermal mass is less susceptible to changes in ambient temperature so as to keep a stable and suitable temperature of 5–20°C (1, 2), but the model system studies, including oxygen permeability, are still lacking. Moreover, although changes in volatile aroma compounds, amino acids, sensory characteristics, and developments in analytical methods associated with the aging of Huangjiu have been reported (1–4, 7–17), the overall mechanism has not been studied in detail.

Correspondingly, the effects of temperature and dissolved oxygen, as two key factors of Maillard and oxidation flavor reactions in alcoholic beverages (18), have been studied in e.g., red wine, sake, and beer. Among these studies, forced aging simulations combined with kinetics, chemiomics, flavoromics, sensomics, and metabolomics etc. (18–28), have helped to clarify the aging mechanism and regulation of key aroma compounds (e.g., sotolon, vanillin, benzaldehyde, anthocyanins, ferulic acid, and sulfides) (22, 25, 29–34) in different alcoholic beverages. As the demand for high quality products increases, artificial aging is an attractive technology (35–39). However, to realize its potential, a clear understanding of aging mechanisms and product stability during artificial aging is a prerequisite for the commercialization of the process.

While metabolomics is concerned with characterizing the metabolome (22), metabolomics can be defined as the measurement of time-related changes (usually in a smaller set of metabolites) due to an intervention. To date, metabolomics has been successfully applied to the age-dependent characterization of Huangjiu (14) and other wines (9, 30, 40–43). Additionally, network analysis has proved to be a convenient method for visualizing and identifying key relationships between aroma compounds during the aging of some alcoholic beverages (23, 44, 45).

Here, a system was developed to investigate the effects of temperature and dissolved oxygen on the volatile aroma compounds of Huangjiu during forced aging. The aim was to use network analysis and volatile compound data obtained from the analysis of processed samples using headspace-solid phase microextraction (HS-SPME)-GC/MS to obtain information about the mechanisms of aroma formation during the forced aging of Huangjiu. Aging markers identified in previous studies of Huangjiu aged in pottery jars (14–16) provided a useful reference for metabonomic fingerprinting. The results from this small-scale simulation provide a theoretical reference for the development of the commercial aging of Huangjiu in large-scale stainless-steel tanks.



2. Materials and methods


2.1. Chemicals and materials

All chemicals were of analytical reagent grade: Anhydrous sodium sulfate, sodium chloride, lactic acid, and sodium hydroxide were purchased from China National Pharmaceutical Group Corp. (Shanghai, China). 2-Octanol [internal standard (IS)], methanol, ethanol, dichloromethane, and all other reagents were from Sigma-Aldrich (Shanghai) Trading Co., Ltd., (Shanghai, China). Pure water (>18.18 MΩ cm, 25°C) was obtained from a Milli-Q purification system (Millipore, Bedford, MA, USA).

Young samples of Huangjiu from the same production year were obtained from Zhejiang Guyuelongshan Huangjiu Co., Ltd. (Shaoxing, China). The characteristics of each sample were as follows: Total sugars (glucose), 3.92 g/L; alcohol, 17.2 % (v/v); total acids (lactic acid), 5.86 g/L; sugar solids, 20.90 g/L; dissolved oxygen [O2] before the oxygen treatment, 1.8–2.5 mg/L (OX-Y dissolved oxygen sensor, Shanghai Chunye Instrument Technology Co., Ltd., China); and pH 3.5–4.0.



2.2. Forced aging

A summary of the experimental procedure used for the forced aging of Huangjiu was given in Figure 1. Two regimes of seven groups were kept for 70 days, and all samples were prepared in duplicate, where the setting of temperature and dissolved oxygen referred to and was modified from the existed researches on beer and other wines (19–21, 25).
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FIGURE 1
 Summary of the forced aging procedure for Huangjiu: All samples were prepared in duplicate; the volume of each sample was 500 mL.


Based on this forced-aging protocol, all samples in condition (I) were placed in a magnetic stirring water-bath with four different temperatures of 20, 30, 40, and 50°C, and no oxygen was added (0O2) during this forced-aging 70 days (19–21). Correspondingly, all samples in condition (II) kept a constant 37°C temperature (25). Meanwhile, samples for condition (II) were labeled 1, 3, and 5O2, where 1–5 denotes the number of oxygen treatments. Oxygen saturation was achieved by stirring the sample for ~1 h until the oxygen concentration reached 8–9 mg/L (OX-Y oxygen sensor) (19–21): 1O2 was saturated on day 35; 3O2 was saturated on days zero, 28, and 56; 5O2 was saturated on days zero, 14, 28, 42, and 56 (Figure 1). All apparatus was cleaned and sterilized prior to use. Pyrex GL 45 media bottles were each filled with Huangjiu (each sample 500 mL), GL45 screw cap twin hose connectors, stainless steel vent pipes, hoses, and clamps were fitted, and the samples were placed in a constant temperature water bath at 90°C for 30 min to sterilize the media. When cool, samples 3 and 5O2 were subjected to oxygen saturation, all vent pipe hoses were clamped, and the samples were treated according to the conditions given in Figure 1.

Samples taken at predetermined times were stored at −20°C until required for analysis. To reduce the GC/MS analytical burden, samples from the duplicate batch were selected at random and used as a crosscheck validation. Prior to analysis, all samples were subjected to a simple odor test to verify that the Huangjiu was viable. Additionally, the initial volume of 500 mL would be less and less with sampling, so we took a cross-sample in duplicate samples every other week to reduce the influence of sampling on the sample volume reduction.



2.3. HS-SPME-GC/MS analysis of volatile compounds

The forced-aging experimental protocol was performed in duplicate for practical reason and some samples were analyzed by GC/MS on the replicate trial. Referring to our existed studies (14, 46), two milliliters of Huangjiu samples, 8 mL of pure water with 3 g of sodium chloride and 10 μl of IS (2-O, 68.344 ppm) were mixed into 20 mL screw-capped vial for GC/MS analysis. An automatic headspace (HS) sampling system with an Agilent GC68905975MSD was used for extraction of volatile compounds in samples, and DBFFAP column was used for the separations. The oven temperature was initially held at 50°C for 2 min, then raised at 5°C/min to 230°C for 15 min. Data acquisition was in the selective ion monitoring (SIM) mode (ionization energy = 70 eV).



2.4. Data analysis
 
2.4.1. Pre-processing

Feature detection, retention time (RT) correction, and preliminary statistical analyses were carried out using XCMS online (XCMSOnline version 2.2.5; XCMS version 1.47.3; CAMERA version 1.26.0, the Scripps Center for Metabolomics, La Jolla, CA; https://xcmsonline.scripps.edu). Raw data conversion, GC/MS spectra processing, set parameters, etc., were described in Yu et al. (9). All chromatograms were simultaneously analyzed under the same conditions. From seven different conditions of the forced aging procedure (Figure 1), the multi-group job was selected, and the seven groups were classified.



2.4.2. Optimization of candidate features

Using the extracted features from XCMS-online software as the Y-Variable, a bivariate Pearson's correlation was performed. The marked significant Y-variables, which were the optimized candidate features based on a false discovery rate≤ 0.05, were selected as candidate features for network analysis and qualitative and quantitative analyses. To further simplify these analyses and delete the corresponding features of the IS and ethanol, the m/z and RT of all extracted features were compared in METLIN (https://metlin.scripps.edu) and the NIST 05 library on the GC/MS workstation (Agilent Technologies Inc., USA).



2.4.3. Identification and quantification of candidate features in network analysis

The identification of candidate features in network analysis directly referred to the existing our study (14): The aligned matrix (/.xlsx) from XCMS-Oline software (https://xcmsonline.scripps.edu) consists of all the exported metabolite features-putative identifications through METLIN standard database matching, which are defined as ions with unique m/z and RT values (Supplementary material). Finally, MS features were validated by (i) crosschecking their presence in the raw data, (ii) comparing their features with those present in the NIST 05 (matching degree %) and NIST 98 MS library (http://webbook.nist.gov), and (iii) comparing with the existing identifications (14–17, 46).

Finally, all identified volatile compounds, including unknowns, were directly quantified using HS-SPME-GC/MS.



2.5. Statistical methods

Bivariate Pearson's correlation was carried out using IBM SPSS Statistics for Windows, version 19.0 (IBM Corp., Armonk, NY USA). Network analysis of the optimized candidate features was performed with Gephi version 0.9.2 (https://gephi.org/) using the Fruchterman–Reingold algorithm. All box plots and PCA sores plots were exported directly from XCMS-online software. Data trends were graphed with OriginPro 8.5.0 SR1 (The OriginLab Corporation, USA).





3. Results and discussion


3.1. Preliminary analysis of untargeted SPME-GC/MS-based metabolomics

A total of 149 candidate features were extracted from the raw HS-SPME-GC/MS data (Supplementary material) of all 140 Huangjiu samples after pre-processing. Meanwhile, a preliminary analysis of PCA was directly exported from XCMS-online software based on 149 candidate features and 140 Huangjiu samples, and the PCA result (Figure 2) showed that samples 3 and 5O2 from condition (II) could be distinguished from all other forced aging treatments based on the first two principal components, PC1 and PC2, representing 57.53 and 15.91% of the total variation, respectively. Compared with all samples from condition (II), 10 samples from condition (I) also showed a wider distribution, and these preliminary results implied that the different temperatures in condition (I) had a significant effect on the aging time (increase or decrease) of Huangjiu, but frequent oxygenation [e.g., 3 and 5O2 in condition (II)] promoted changes in the volatile aging compounds. However, this PCA result was to be verified and improved.
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FIGURE 2
 PCA scores plot obtained from the untargeted SPME-GC/MS data for the forced aging samples.




3.2. Network analysis fingerprinting

Based on the PCA result above, in order to verify the influence of temperature and dissolved oxygen in our experiment further, we decided to further use network analysis method to quickly extract and identify compounds with similar trends under different conditions.

Following repeated comparison and screening (m/z and RT) of the 149 candidate features using the METLIN and NIST 05 databases, peaks due to the IS (2-octanol) and ethanol were deleted. A bivariate Pearson's correlation and network analysis of the remaining 112 characteristic peaks were then used to determine the characteristic peaks and markers for the effects of oxygen and temperature on volatile compounds during the forced aging.

Figure 3 showed the network analysis map obtained from untargeted GC/MS data: The 112 characteristic peaks were represented as nodes, while the magnitude of the associations could be visualized from the densities of the interconnecting edges; the nodes were divided into four regions (A–D), each representing those characteristic peaks with significant positive correlations and similar changes during this forced aging. Although these characteristic peaks in the same color region had the significant positive correlations and similar changes during this forced aging, they could come from different compounds.


[image: Figure 3]
FIGURE 3
 (A–D) Network analysis shows the correlated characteristic peaks obtained from the untargeted GC/MS data: The nodes represent the characteristic peaks, while the different densities of the connecting edges indicate the relative strength of the associations. The number is the code of characteristic peaks, and the different color regions represent different conditions (temperature and oxygenation) with time.


Based on the preliminary identification and quantification of some nodes, network analysis was used to further visualize the relationships and differences among all volatile aging compounds present in each region (A-D), as well as changes in their concentrations over time (Figures 4–7).


[image: Figure 4]
FIGURE 4
 Network analysis map showing the associations between the characteristic peaks in region A: Inset charts show changes in the concentrations of marker compounds for each treatment condition (temperature and oxygenation) with time. The nodes represent the characteristic peaks, while the different densities of the connecting edges indicate the relative strength of the associations in this region. The number in front is the code of characteristic peaks, corresponding with those in Figure 3, and the number in the back is the observed features (m/z).



3.2.1. Correlation network analysis of region A

As shown in Figure 4, about 69% of all the candidate features in region A were identified as alcohols (e.g., 2- and 3-methylbutanol, 2-methylpropanol), followed by ethyl acetate, ethyl lactate, ethyl hexanoate, and acetic acid. Some common characteristics and trends were observed for samples from conditions (I) and (II). For example, the content of 2-methylpropanol, 3-methylbutanol, ethyl lactate, and acetic acid was significantly higher in sample treatments 3 and 5O2 compared with 1O2. Oxygen supplementation at week 5 (day 35, 1O2) showed an increase in marker compounds, which then decreased in the latter stages of storage. In contrast, the four different temperatures of condition (I) had little effect on the amount of volatile aroma compounds. Hence, the results suggested that amounts of the volatile marker compounds in region A were dependent on dissolved oxygen and not readily oxidized.

Previously we found that amounts of 2- and 3-methylbutanol and 2-methypropanol showed significant decreasing trends during the aging of Huangjiu, and these compounds were representative aging markers, especially for the short-aged wine (14–16). Here, 3-methylbutanol and 2-methylpropanol showed some association with 3 and 5O2, but the decreasing trend fluctuated greatly, especially in sample 5O2. In a study on the aroma of fortified wine, a high initial oxygen concentration increased the concentration of aroma compounds during aging (21). Based on these findings, we speculated that the interval and frequency of oxygenation during aging could increase overall alcohol production. Since a higher oxygenation frequency also increased the concentration of other aroma compounds, we proposed that its introduction in the early stage of aging would be beneficial for the flavor of Huangjiu.

The organic acids in wine can be formed from the oxidation of alcohols and aldehydes and the hydrolysis of esters, while amounts of 2- and 3-methylbutanol, 2-methylpropanol, acetic acid, ethyl acetate, ethyl hexanoate, ethyl lactate mainly originated from the raw materials and fermentation process of Huangjiu. Consequently, the concentrations of these flavor compounds during fermentation can determine their individual reactivities (23). Since the hydrolysis of esters largely determined concentrations of the corresponding organic acids and alcohols in the aging process, it was reasonable to assume that the above three alcohols, acetic acid, and three ethyl esters occurred in the same environment of region A.



3.2.2. Correlation network analysis of region B

Most of the candidate features in region B were identified as phenethyl alcohol, with lesser amounts of γ-non-alactone, ethyl palmitate, 2,4-dimethylphenol, phenethyl acetate, and other unknowns (Figure 5). Contrary to region A, the interval and frequency of oxygenation (3 and 5O2) decreased the concentration of these volatile aroma compounds.


[image: Figure 5]
FIGURE 5
 Network analysis map showing the associations between the characteristic peaks in region B: Inset charts show changes in the concentrations of marker compounds for each treatment condition (temperature and oxygenation) with time. The nodes represent the characteristic peaks, while the different densities of the connecting edges indicate the relative strength of the associations in this region. The number in front is the code of characteristic peaks, corresponding with those in Figure 3, and the number in the back is the observed features (m/z).


Many phenolic compounds have antioxidant properties and are readily oxidized during aging. Correspondingly, the content of 2,4-dimethylphenol following 1O2 supplementation was significantly higher than that with 3 and 5O2, suggesting that a higher initial concentration of dissolved oxygen increased the oxidation of phenolic compounds during aging. The presence of both phenethyl acetate and phenethyl alcohol in the same region also indicated that the ester was mainly derived from the reaction of the parent alcohol with acetic acid.

The fatty acid ester ethyl palmitate is readily hydrolyzed to palmitic acid and ethanol in an acidic environment (47). Previously we reported that the relatively high concentration of ethyl palmitate in young Huangjiu decreased throughout the aging process, while the total acid content showed the opposite trend (14, 16).

Since the volatile compounds (including unknowns) in region B were readily oxidized, dissolved oxygen had a greater influence on the aging aroma of Huangjiu than temperature.



3.2.3. Correlation network analysis of region C

Compared with the box-plots derived from the untargeted GC/MS data (Figure 6), all the candidate features in region C were pre-confirmed as the same component (RT 29.47–29.48 min). The identity of the unknown could not be confirmed because of the limited mass accuracy of the single quadrupole mass spectrometer used. Inspection of the inset box plots of Figure 6 shows that the abundance of some unknown compounds (i.e., nodes 79, 105, and 130) approached zero at 3 and 5O2 in condition (II). This implied that the molecular species were easily oxidized, and the aroma compounds in region C had similar characteristics to those of region B.


[image: Figure 6]
FIGURE 6
 Network analysis map showing the associations between the characteristic peaks in region C: Inset box plots show the abundance for each treatment condition (temperature and oxygenation). The nodes represent the characteristic peaks, while the different densities of the connecting edges indicate the relative strength of the associations in this region. The number in front is the code of characteristic peaks, corresponding with those in Figure 3, and the number in the back is the observed features (m/z).




3.2.4. Correlation network analysis of region D

As shown in Figure 7, benzaldehyde was the most abundant volatile compound, followed by an unknown and furfural. Benzaldehyde can be formed by the oxygenation of its parent alcohol, which could account for the higher concentrations of the aldehyde found in samples 3 and 5O2 compared with 1O2. The highest concentration of benzaldehyde and the most significant change occurred in samples at 50°C and 5O2, respectively, which agreed with the reported oxygen and temperature dependence of benzaldehyde (and sotolon) during Port wine aging (23). The identification of benzaldehyde may also be useful in unraveling the connection between the Maillard mechanism and oxidation during the aging of Huangjiu. Temperature also had a significant effect on the formation of furfural in region D during aging.


[image: Figure 7]
FIGURE 7
 Network analysis map showing the associations between the characteristic peaks in region D: Inset charts show changes in the concentrations of marker compounds for each treatment condition (temperature and oxygenation). The nodes represent the characteristic peaks, while the different densities of the connecting edges indicate the relative strength of the associations in this region. The number in front is the code of characteristic peaks, corresponding with those in Figure 3, and the number in the back is the observed features (m/z).


Maillard reactions are regarded as the major pathways of furan formation. Furans are responsible for the key “caramel-like” aroma in aged wine (17), and their formations are believed to occur via Maillard reactions and oxidation (21, 23). The aldehyde substituted furan, furfural, is a common flavor compound in wine, and its formation was shown to be significantly affected by temperature during the aging of a fortified wine (21). Here the concentration of furfural increased with increasing temperature (40 and 50°C) and dissolved oxygen (3 and 5O2). Although the effect of condition (II) was much less than that of condition (I), furfural showed a strong association between time and dissolved oxygen (r values: 0.826**, 0.802**, and 0.819** at 1, 3, and 5O2, respectively). Hence, dissolved oxygen may also play an important role in the formation of furfural.



3.2.5. Network analysis fingerprinting: Summary of effects

Temperature had little effect on the aging-aromas in regions A, B, and C, but the alcohols, acids, and esters in region A were highly dependent on oxygen. Although they were not easily oxidized, their concentrations increased with increasing dissolved oxygen. In contrast, the polyphenols, lactones, ketones, and unknowns in regions B and C were easily oxidized, and their concentrations were significantly affected by dissolved oxygen. The effects of both temperature and dissolved oxygen on the formation of the key marker compounds, furfural, and benzaldehyde, in region D, confirmed the importance of these parameters during the aging of Huangjiu (15, 17). The interval and frequency of oxygenation also increased their concentrations.




3.3. Effects of dissolved oxygen and temperature on key aging-markers during the forced-aging of Huangjiu

To compare the effects of forced-aging with the natural process, six aging-markers (2-phenyl-2-butenal, ethyl phenylacetate, 3-methylbutyric acid, acetophenone, isoamyl acetate, and γ-butyrolactone) were selected from previous investigations of Huangjiu (14–16). Although these compounds could not be extracted by the untargeted GC/MS-based network analysis method used in this study, they were considered to be important markers for the aging status of Huangjiu (15, 16).

Figure 8 showed the influence of temperature and dissolved oxygen on the key marker compounds in Huangjiu.
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FIGURE 8
 Effects of temperature and dissolved oxygen on the concentrations of key marker compounds during the forced aging of Huangjiu: (A) 2-Phenyl-2-butenal; (B) acetophenone; (C) ethyl phenylacetate; (D) isoamyl acetate; (E) isovaleric acid (3-methylbutanoic acid); and (F) γ-butyrolactone at different conditions.



3.3.1. Aromatic marker compounds

The aromatic compounds (2-phenyl-2-butenal, ethyl phenylacetate, acetophenone; Figures 8A–C) showed an initial increasing trend for most conditions during the forced aging process. These compounds, together with benzaldehyde, are characteristic markers of the long-aged product (10–15 years) (14–16) and are, therefore, indicators of high-quality Huangjiu. However, the concentration of these markers all decreased after 4 or 5 weeks for samples under condition (I), and this trend increased with increasing temperature (Figures 8A–C). In the presence of oxygen, the initial increasing trend persisted until weeks 8–9 (especially 3 and 5O2). Compared with the traditional aging in pottery jars, the decrease in the three aromatic aging-markers after 4 or 5 weeks under the condition (I) represented the largest difference. This difference could be attributed to insufficient dissolved oxygen and poor oxygen permeability in the forced aging process.

In addition, the trends for each treatment condition showed that the effect of temperature on 2-phenyl-2-butenal and ethyl phenylacetate was greater than that of dissolved oxygen (Figure 8A), and so was ethyl phenylacetate, while dissolved oxygen had a greater effect on acetophenone, phenethyl alcohol, and phenethyl acetate (Figure 5).



3.3.2. Non-aromatic marker compounds

The overall decreasing trends in the concentrations of isoamyl acetate showed a spiked increase for the condition (I) sample at week 4, the magnitude of which decreased with increasing temperatures (Figure 8D), and this agreed with a previous investigation of Huangjiu (15). Higher initial concentrations of isoamyl acetate, and a greater decreasing trend, were observed in samples subject to increased oxygenation (2 and 3O2), and this mirrored the behavior of 3-methlybutaol and acetic acid in region A of network analysis (Figure 4).

The highest amounts of isovaleric acid (Figure 8E) were also found in samples with the highest oxygenation treatments. This was similar to the behavior of compounds in region A of network analysis, and its effect was greater than that of temperature. Hence, isoamyl acetate and isovaleric acid, together with the volatile compounds identified in region A of network analysis (Figure 4), constitute potential markers for the forced aging process of Huangjiu.



3.3.3. Lactone marker compounds

Lactones are cyclic organic esters of the corresponding carboxylic acids, and their formations in wine are reported to be sensitive to temperature (23). Here a slightly higher concentration of γ-butyrolactone (Figure 8F) existed at 50°C compared with the other temperature treatments. This followed the behavior of γ-non-olactone (Figure 5), but the trends were not clear. The concentration of γ-butyrolactone was highest at 1O2 (Figure 8F), compared with 3 and 5O2, indicating that the lactone was readily oxidized during the forced aging process. Hence dissolved oxygen had a greater influence on γ-butyrolactone than temperature. However, the regulation of dissolved oxygen on a commercial scale, and optimization of γ-butyrolactone and γ-non-olactone formation, may require development.



3.3.4. Other marker compounds

Although the key marker compounds ethyl butyrate and ethyl 3-methylbutyrate were expected, they were only detected in some samples at 50°C, and their concentrations were very low. Consequently, their absence/low concentration suggests that the forced aging procedure may require further development/validation.





4. Conclusions

Metabonomic fingerprinting based on network analysis of untargeted GC/MS volatile compound data, and quantitative analysis of targeted marker compounds, was successfully applied to determine the effects of dissolved oxygen and temperature on the forced aging aroma of Huangjiu. Alcohols, acids, and esters all increased with increasing dissolved oxygen, while polyphenols, lactones, and ketones were readily oxidized; aldehydes (e.g., furfural and benzaldehyde) were highly dependent on both temperature and dissolved oxygen. Dynamic changes of six marker compounds during the laboratory scale forced aging of Huangjiu identified potential limitations in aroma generation for the product stored in large-scale stainless-steel tanks. Higher initial concentrations of oxygen, together with supplementation in the middle stages, favored the generation of stronger aging aromas. While higher temperatures promoted the concentration of some key marker compounds, this observation required verification and optimization on a commercial scale. Consequently, here the model system was to be further developed, including a further study on the kinetics of the identified aging markers, but this study would provide a theoretical reference for the development of high quality Huangjiu using modern production methods.
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Introduction: Tea is the main raw material for preparing tea wine.

Methods: In this research, four types of tea wine were prepared using different categories of tea leaves, including green tea, oolong tea, black tea, and dark tea, and the comparative study looking their physicochemical, sensorial, and antioxidant profiles were carried out.

Results: The dynamic changes of total soluble solids, amino acids and ethanol concentrations, and pH were similar in four tea wines. The green tea wine (GTW) showed the highest consumption of total soluble solids and amino acids, and produced the highest concentrations of alcohol, malic, succinic, and lactic acid among all tea wines. The analysis of volatile components indicated the number and concentration of esters and alcohols increased significantly after fermentation of tea wines. GTW presented the highest volatile concentration, while oolong tea wine (OTW) showed the highest number of volatile compounds. GTW had the highest total catechins concentration of 404 mg/L and the highest ABTS value (1.63 mmol TEAC/mL), while OTW showed the highest DPPH value (1.00 mmol TEAC/mL). Moreover, OTW showed the highest score of sensory properties.

Discussion: Therefore, the types of tea leaves used in the tea wine production interfere in its bioactive composition, sensorial, and antioxidant properties.

KEYWORDS
 tea wine, organic acids, volatile components, catechins, antioxidant activity, sensory properties


1. Introduction

Tea wine is an alcoholic drink with tea as the main raw material (1). It combines the fragrance of tea and mellow of wine, which has a unique and attractive flavor (2, 3). Moreover, there are many potential benefits of tea wine for human health, including immunity improvement, neuroprotective effect, antioxidant effect, and antimicrobial efficacy (4–6). Therefore, tea wine has attracted a wide attention of researchers and consumers in recent years (7).

In tea wine fermentation, sugar is supplemented as carbon source, while tea is not only used as nitrogen source, but also provides flavor and functional components for tea wine (8, 9). According to different fermentation degrees (10), tea leaves have the categories of green tea (non-fermented), oolong tea (semi-fermented), black tea (full-fermented), and dark tea (post-oxidized with microorganisms). The major polyphenolic catechins are largely retained in green tea, while they are enzymatically oxidized or metabolized by microorganisms to catechin polymers in black tea or dark tea. The major polyphenolic catechins (11), including (−)-epigallocatechin (EGC), (−)-epicatechin (EC), (−)-epicatechin gallate (ECG), (−)-epigallocatechin gallate (EGCG), (+)-catechin (C), (−)-catechin gallate (CG), (−)-gallocatechin (GC), (−)-gallocatechin gallate (GCG), are known to possess antioxidant activity (3). Moreover, the sensory properties and aroma compounds in various categories of tea are also different (12). Therefore, the effects of tea categories on the properties of tea wine need to be clarified.

In this study, four types of tea wine, including black tea wine (BTW), green tea wine (GTW), oolong tea wine (OTW), and dark tea wine (DTW) were prepared using different categories of tea leaves. The aim of this research was to investigate the effects of categories of tea leaves on the physicochemical, antioxidant, and sensorial profile of tea wines.



2. Materials and methods


2.1. Reagents and materials

Black tea (Keemun), green tea (Longjing), oolong tea (Tieguanyin), and dark tea (Pu-erh) were purchased from Yifutang Co. (Hangzhou, China), Longguan Co. (Hangzhou, China), Mingjuhui Co. (Quanzhou, China), and Xinyihao Co. (Kunming, China), respectively. Lyophilized yeast powder was purchased from Angel Yeast Co., Ltd. (Yichang, China). Sucrose was purchased from Jingtang Co. (Beijing, China).

Standards of organic acids (gluconic, succinic, citric, and gallic acid) and catechins (EGC, EC, ECG, EGCG, C, CG, GC, and GCG) were purchased from Sigma-Aldrich Shanghai Trading Co., Ltd. (Shanghai, China). Methanol and acetonitrile of high performance liquid chromatograph (HPLC) grade were purchased from Merck Co. (Darmstadt, Germany). All the other chemicals were of analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).



2.2. Tea wine production

The sugared tea infusion was prepared as the following steps: 225 g sucrose was dissolved in 1.5 L water. The solution was sterilized at 121°C for 15 min, and then 9 g of tea leaves were added and extracted at 90°C for 20 min. After extraction, the tea leaves were removed and the sugared tea infusion was transferred into a sterilized glass jar, which was cooled down to room temperature before inoculation.

For yeast strain recovery, 0.75 g lyophilized yeast powder was added into a 5% sucrose solution, and maintained at 35°C for 20 min. Subsequently, the recovered yeast was inoculated into the sugared tea infusion, and then tea wine fermentation was carried out at 28°C for 20 days (13).



2.3. Determination of total soluble solids contents

The total soluble solids content (TSSC) of tea wine were determined using a refractometer (RX-007a, Atago Co., Ltd., Japan).



2.4. Determination of ethanol

The ethanol concentration was determined using a biosensor analyzer (Jinan Yanhe Biotechnology Co., Ltd., Jinan, China). The biosensor analyzer was calibrated with the alcohol standard solution before measurement. If the alcohol concentration of sample was higher than 0.4 g/L, the sample should be diluted. Twenty-five microliters sample was sucked accurately using a micro sampler, and injected into the biosensor analyzer for enzyme reaction. After reaction, the test result will be displayed on the screen.



2.5. Determination of amino acids

The concentration of amino acids in tea wine was determined using a spectrophotometer by the ninhydrin method (14) at 540 nm. Glutamic acid was used as the standard.



2.6. Determination of pH

The pH value of tea wine was determined using a pH meter (SG2, Mettler-Toledo Instruments Co., Ltd., Shanghai, China).



2.7. Determination of organic acids and catechins

Organic acids (malic, succinic, lactic, and gluconic acid) were analyzed using a HPLC equipped with an Agilent ZORBAX® SB-C18 column (4.6 × 150 mm, 5 μm) and a UV-DAD detector (15). The mobile phase was a mixture of methanol and 1 g/L phosphoric acid (3:97). The detection wavelength was set at 220 nm. The column temperature and flow rate were maintained at 28°C and 1 ml/min, respectively.

Catechins (EGC, EC, ECG, EGCG, C, CG, GC, and GCG) were analyzed using a HPLC equipped with a Waters Symmetry C18 column (4.6 × 250 mm, 5 μm) and a UV-DAD detector (16). The detection wavelength was set at 280 nm. The mobile phase A was formed with 2% acetic acid, and the mobile phase B was 100% acetonitrile. The following elution gradient program was adopted: 0–16 min, 6.5% B; 16–25 min, 15% B; and 25–30 min, 6.5% B. The flow rate and column temperature were maintained at 1 ml/min and 35°C, respectively.



2.8. Analysis of volatiles

The tea wine samples were pretreated by headspace solid-phase microextraction (HS-SPME) using a SPME stable flex fiber (50/30 μm, PDMS/DVB/CAR) for the headspace experiments (17). One hundred milliliter of sample and 100 μl of internal standard (10 μg/ml ethyl caprate) were mixed and placed in a 150-ml sealed glass vial. After equilibration and stabilization for at 50°C 5 min, the SPME fiber was used for the absorption of volatiles for 40 min. After absorption, the volatiles were desorbed in a gas chromatography–mass spectrometry (GC–MS) injector at 220°C for 5 min.

The volatiles were analyzed with an Agilent 6890N GC equipped with 5975B mass selective detector. A DB-5MS (60 m × 0.25 mm × 0.25 μm) capillary column was used for the separation. The GC inlet temperature was set at 220°C. The carrier gas was set at 1.5 ml/min of high purity helium (99.999%). The temperature was programmed as follows: 50°C for 2 min, raised to 80°C at 3°C/min, held at 80°C for 2 min, then raised to 180°C at 5°C/min, held for 1 min, and finally raised to 230°C at 10°C/min and held for 2 min. For MS analysis, the electronic energy of the EI mode and the temperature of the ion source were set at 70 eV and 230°C, respectively. The mass scan range was 50–500 m/z. The volatile compounds were identified based on the National Institute of Standards and Technology (NIST) database library.



2.9. Analysis of antioxidant activity

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-azinobis-3-ethylbenzthiazoline-6-sulfonic acid (ABTS) assays were used to analyze the antioxidant capacity of tea wines, using trolox as a standard.

The DPPH assay was carried out as follows: 3 ml of DPPH solution (200 μM) and 1.5 ml of sample were mixed, and then setted in a dark place at room temperature for 30 min. Subsequently, the decrease in absorbance at 515 nm was measured.

The ABTS assay was conducted as follows: 7 mM ABTS solution and 2.45 mM potassium persulfate solution were mixed and kept in the dark for 12–16 h. The mixture should be diluted to an absorbance of 0.70 ± 0.02 at 734 nm before use. One milliliter of sample and 4 ml of ABTS diluted solution were mixed and kept for 6 min in a dark at room temperature. The decrease in absorbance at 734 nm was measured.



2.10. Analysis of sensory properties

The sensory properties of tea wines were scored by a trained team of eight panelists (four men and four women, 23–50 years old) from the Tea Research Institute of the Chinese Academy of Agricultural Sciences. Based on their preference, the panelists gave the scores for taste, odor, appearance, and overall acceptability. A scoring range of 1–9 was used, which indicated (1) extreme disliking, (2) great disliking, (3) moderate disliking, (4) slight disliking, (5) neither liking nor disliking, (6) slight liking, (7) moderate liking, (8) great liking, and (9) extreme liking.



2.11. Statistical analysis

All results were presented as mean ± standard deviation (SD) of three replicates. The level of statistical significance among the means was analyzed by one-way ANOVA using SPSS (version 18.0, SPSS Inc., Chicago, IL, United States).




3. Results and discussion


3.1. The changes of total soluble solids, amino acids, and ethanol concentrations during fermentation

The total soluble solids contents (TSSC) of all four tea wines were decreased with fermentation time (Figure 1A), and the TSSC of GTW showed the largest decline among all samples. The TSSC of GTW at 20 days reached 4.67°Bx, which was 22.3, 19.1, and 9.6% lower than that of BTW, OTW, and DTW, respectively. Similar range of TSSC at the end of wine fermentation was reported by Lu et al. (18) and Joshi et al. (8). Because sugar was the main contributor of the TSSC in tea wine (18), green tea might be more conducive to sugar consumption than the other three kinds of tea leaves.
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FIGURE 1
 The changes of total soluble solids (A), amino acids (B), and ethanol (C) concentrations during the fermentation of tea wines.


Since there was no supplemental nitrogen source added in tea wine fermentation, amino acids in tea broth might be the main nitrogen source for cell growth and metabolism. As shown in Figure 1B, the amino acid concentrations of all four types of tea wine rapidly decreased during the first 2 days, and remained at a low level (<34 mg/L) after that. The initial amino acid concentration of GTW was 150 mg/L, which was the highest among all samples. Therefore, high amino acid concentration in tea broth might promote sugar consumption in tea wine fermentation. Similar results were found in the fermentation of soy whey alcohol (19) and wine (20).

Ethanol is an important metabolite of tea wine. As shown in Figure 1C, the ethanol concentrations of all four tea wines were increased with fermentation time. The ethanol concentration of GTW at 20 days was 8.5%ABV, which was 1.31-fold, 1.16-fold, and 1.01-fold than that of BTW, OTW, and DTW, respectively. This indicated that the alcohol yield of GTW was significantly higher than that of BTW under the similar initial sugar concentration, and similar results could be found in previous studies (21, 22).

The dynamic changes of total soluble solids, amino acids, and ethanol concentrations were similar in four tea wines. Compared to the other three tea wines, GTW had the highest consumption of TSSC and amino acids, and produced the highest alcohol concentration. Therefore, green tea was found more conducive to yeast fermentation and alcohol production compared to the other three tea leaves. As a non-oxidized tea, green tea retained more nutrients during tea processing, such as amino acids and vitamins (23), which might promote the degree of tea wine fermentation. Similar results (14, 24) were found in other fermented products with different tea leaves as raw materials.



3.2. The changes of pH and organic acids concentrations during fermentation

The changes of pH showed similar trends in four tea wines (Figure 2A). In the first 4 days, the pH of tea wines dropped rapidly to 3.08–3.28, and then slowly decreased and maintained at about 3. The main reason for the decrease of pH was probably due to the accumulation of organic acids during tea wine fermentation (25).
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FIGURE 2
 The changes of pH (A), malic (B), succinic (C), lactic (D), and gluconic (E) acid concentrations during the fermentation of tea wines.


The changes in concentrations of organic acids during the tea wine fermentation were shown in Figures 2B–E. Malic, succinic, lactic, and gluconic acid were the main organic acids found in tea wines, which showed different trends during the fermentation process. The concentrations of malic acid increased rapidly in the first 6 days, and thereafter increased slowly in all tea wines except DTW, which decreased after 12 days. It reached a maximal concentration of 1.39 g/L in BTW and GTW at day 20, which was 1.11-fold and 1.49-fold than that of OTW and DTW, respectively. The concentrations of succinic acid in all types of tea wines increased with prolonged fermentation time, and reached to the maximum of 1.15 g/L in GTW at day 20, which was 1.97-fold, 1.3-fold, and 2.16-fold than that of BTW, OTW, and DTW, respectively. The concentrations of lactic acid increased slowly in the first and middle period, and increased rapidly in the last few days. The concentration of lactic acid was relatively low, and reached to the maximum of 0.38 g/L in GTW at day 20. The concentrations of gluconic acid increased rapidly in the first 4 days, and then gradually decreased in a low range (0.19–0.54 g/L).

After fermentation, GTW showed the highest concentration of malic, succinic, and lactic acid among all tea wines, while BTW had the highest concentration of gluconic acid. The highest concentration of organic acids accumulated in GTW may because its raw materials can promote yeast fermentation. The sensory quality of each organic acid is different (26). Malic acid shows smooth tartness and gluconic acid has mild, soft, and refreshing taste. However, lactic acid presents acrid taste, and succinic acid has slightly bitterness in aqueous solutions. Therefore, the difference of organic acids contents might affect the sensory properties of each tea wines. Moreover, some studies found that the formation of organic acids can improve the antibacterial activity of tea wine (27).



3.3. Analysis of volatile components in tea wines

The volatile compounds of all tea wines were detected by HS-SPME-GC-MS. There were 80 compounds were putatively identified, which was listed in “Supplementary material.” As shown in Figures 3A,B, there were six groups of volatiles identified, including esters, alkenes, alcohols, aldehydes, ketones, and aromatics. After 20 days of fermentation, the aromatics concentrations of four tea wines significantly increased to 10.2–14.7 μg/L from a low level (1.93–3.70 μg/L), especially in esters and alcohols. However, the concentrations of aldehydes significantly decreased after fermentation. Moreover, the number of volatile compounds in all tea wines increased significantly compared to the related tea broth before fermentation. The aromatics concentration of GTW was the highest among four tea wines, while OTW showed the highest number of volatile compounds-34, which was 1.42-fold, 1.42-fold, and 1.17-fold than that of BTW, GTW, and DTW, respectively.
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FIGURE 3
 The aroma concentration (A), the number of volatile compounds (B), and the heatmap (C) of tea wines.


The heatmap of the top 40 compounds ranking their relative concentrations was constructed to visualize the critical metabolites changes of all tea wines (Figure 3C). There were plenty of new esters produced in all tea wines after fermentation, including ethyl caprylate, ethyl caproate, isoamyl caprylate, isoamyl acetate, diethyl succinate, and 3-methylbutyl decanoate. Among them, ethyl ester octanoic acid presented the highest concentration that ranged from 3.82–5.22 μg/L. In terms of alcohols, phenylethyl alcohol was newly produced in all tea wines after fermentation, of which the concentration ranged from 4.22–5.98 μg/L. Moreover, most aldehydes could not be detected after fermentation, which remained a relatively low level of initial concentration.

In general, the number and concentration of esters and alcohols increased significantly after fermentation, while most aldehydes disappeared in tea wines. Ethyl caprylate and phenylethyl alcohol had the highest concentration among all esters and alcohols produced in all tea wines. As reported (28), ethyl caprylate is found as an important aroma contribution of Baijiu, which is generally regarded as fragrant contributor. Phenylethyl alcohol is an aromatic alcohol with rose-like fragrance, usually formed in yeast fermentation (29). Therefore, the accumulation of ethyl caprylate and phenylethyl alcohol might effectively improve the aroma quality of tea wine.



3.4. Analysis of catechins and antioxidant activity

As important active components and antioxidants in tea wine, catechins were determined by HPLC and the results were shown in Table 1. The concentration of total catechins in GTW was 404 mg/L, which was 26.5-fold, 1.8-fold, and 64.7-fold than that of BTW, OTW, and DTW, respectively. The concentrations of epi form of catechins (EC, EGC, ECG, and EGCG) in GTW was the highest among all tea wines, while OTW showed the highest concentrations of non-epi form (GC, C, CG, and GCG) in all samples. Eight catechins could be detected in GTW and OTW, while GC, EGC, and EC were not detected in BTW, and GC, EGC, and EGCG were not detected in DTW. The catechin concentrations in BTW and DTW were much lower than those in GTW and OTW. Because black tea is full-fermented tea and dark tea is post-oxidized tea, the catechins were oxidized or degraded in tea processing (30).



TABLE 1 The concentrations of catechins in tea wine samples (mg/L).
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The antioxidant ability of tea wines was analyzed by two different antioxidant evaluation assays of ABTS and DPPH scavenging abilities, and the results were shown in Figure 4. The antioxidant activities determined by ABTS and DPPH assay were decreased significantly in all four types of tea wines at day 20 compared to that of day 0. The reason for the decline of antioxidant activities may be that some antioxidant substances, such as tea polyphenols, were degraded in tea wine fermentation. Similar results were reported in previous research (31, 32).
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FIGURE 4
 The antioxidant evaluation assays of ABTS (A) and DPPH (B) scavenging abilities on tea wines. Different letters (a, b, c, d, e, f, g, h) in the same column indicate significant differences between the mean values (p < 0.05).


The effects of tea varieties on antioxidant activities of tea wines were compared. GTW presented the highest ABTS value (1.63 mmol TEAC/ml), which was 5.69-fold, 1.49-fold, and 3.90-fold than that of BTW, OTW, and DTW, respectively. However, OTW showed the highest DPPH value (1.00 mmol TEAC/ml), which was 5.02-fold, 1.15-fold, and 3.89-fold than that of BTW, GTW, and DTW, respectively. The antioxidant abilities of GTW and OTW were much higher than those of BTW and DTW. It was probably due to the higher concentrations of catechins in GTW and OTW, which were mainly responsible for antioxidant activities. Many researchers (33, 34) have reported the similar results.



3.5. Evaluation of sensory properties

As shown in Figure 5, the sensory attribute of taste, odor, appearance, and overall acceptability for four types of tea wines were evaluated. The score for taste of OTW was 6.72, which was 4.7, 29.6, and 3.4% higher than that of BTW, GTW, and DTW, respectively. GTW showed the lowest score for taste, probably because the highest concentration of organic acids accumulated, which caused the tea wine to be too sour and taste incongruous. The score for odor of OTW was 7.71, which was 11.6, 10.2, and 31.4% higher than that of BTW, GTW, and DTW, respectively. This may because OTW has the highest number of volatile compounds and the second highest aromatics concentrations. The score for appearance of OTW was 6.97, which was 37.8, 2.5, and 4.5% higher than that of BTW, GTW, and DTW, respectively.
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FIGURE 5
 The sensory property evaluation on tea wines.


As OTW showed the highest score in taste, odor, and appearance, the score for overall acceptability of OTW was also the highest in all samples, which was 7.13. Therefore, oolong tea is the most suitable for the production of tea wine in terms of flavor. As reported (35, 36), oolong tea was found to be more suitable for many fermented foods than other tea leaves due to its flavor improvement.




4. Conclusion

In this research, the effects of tea leaves categories on the physicochemical, antioxidant, and sensorial profile of tea wines were investigated. The dynamic changes of total soluble solids, amino acids and ethanol concentrations, and pH were similar in four tea wines. The GTW showed the highest consumption of total soluble solids and amino acids, and produced the highest concentrations of alcohol, malic, succinic, and lactic acid among all tea wines, which indicated that green tea may promote the degree of tea wine fermentation. The number and concentration of esters and alcohols increased significantly after fermentation, while most aldehydes disappeared in tea wines. Ethyl caprylate and phenylethyl alcohol had the highest concentration among all esters and alcohols produced in all tea wines, which might effectively improve the aroma quality of tea wine. GTW presented the highest volatile concentration, while oolong tea wine (OTW) showed the highest number of volatile compounds. GTW had the highest total catechins concentration of 404 mg/L and the highest ABTS value (1.63 mmol TEAC/ml), while OTW showed the highest DPPH value (1.00 mmol TEAC/ml). Moreover, OTW showed the highest score in taste, odor, appearance, and overall acceptability, which indicated that oolong tea is the most suitable for the production of tea wine in terms of flavor. Therefore, the types of tea leaves used in the tea wine production interfere in its bioactive composition, sensorial, and antioxidant properties. This study provides guidance for the selection of tea leaves as the raw materials in the tea wine production.
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Walnut protein isolate (WPI) is a nutritious protein with poor solubility, which severely limits its application. In this study, composite nanoparticles were prepared from WPI and soy protein isolate (SPI) using the pH-cycle technology. The WPI solubility increased from 12.64 to 88.53% with a WPI: SPI ratio increased from 1: 0.01 to 1: 1. Morphological and structural analyses illustrated that interaction forces with hydrogen bonding as the main effect jointly drive the binding of WPI to SPI and that protein co-folding occurs during the neutralization process, resulting in a hydrophilic rigid structure. In addition, the interfacial characterization showed that the composite nanoparticle with a large surface charge enhanced the affinity with water molecules, prevented protein aggregation, and protected the new hydrophilic structure from damage. All these parameters helped to maintain the stability of the composite nanoparticles in a neutral environment. Amino acid analysis, emulsification capacity, foaming, and stability analysis showed that the prepared WPI-based nanoparticles exhibited good nutritional and functional properties. Overall, this study could provide a technical reference for the value-added use of WPI and an alternative strategy for delivering natural food ingredients.
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1. Introduction

Recently, plant proteins have been applied as raw materials for nanoparticles due to several advantages, including easy surface modification, good biodegradability, biocompatibility, high targeting, and environmental protection (1). Some studies described that nanoparticles produced with proteins derived from plants are being widely used for the encapsulation and delivery of biomolecules, leading to an enhancement in the stability of nutrients and food shelf life (2–4).

It has been described that walnuts are a crucial source of proteins, and walnut protein isolate (WPI) has a high digestibility (85%) and a reasonable proportion of essential amino acids (5–7). In addition, some studies demonstrated that WPI exhibits anti-inflammatory, antioxidant, and blood pressure-lowering activities (5, 8). However, WPI contains a large amount of glutenin (more than 70%), which leads to its low water solubility. The poor solubility of walnut limits its application of walnut in high value-added fields (9). Furthermore, the low solubility of WPI has been highly associated with its high surface hydrophobicity (10). For instance, hydrophobic regions commonly provide enough binding sites for many biological molecules (11). Therefore, proteins presenting low solubility and high surface hydrophobicity (such as zein, glutenin, gliadin, and rice proteins) were crucial raw materials for nanoparticles (12). Previous studies have shown that for insoluble proteins, it was possible to form nanoparticles by complexing other macromolecules, thus increasing the solubility of insoluble proteins and expanding their applications (13). Over the years, some researchers successfully prepared stable protein-based composite nanoparticles using zein and sodium caseinate as the raw material (14). In addition, some reports revealed that protein-based composite nanoparticles were prepared from hydrophobic rice protein and hydrophilic pea protein, or whey protein (15, 16), increasing the solubility of rice protein. Therefore, WPI could be useful as a nanoparticle component.

Moreover, the presence of other proteins, such as soy protein isolate (SPI), is also essential for preparing composite nanoparticles from insoluble proteins, including WPI. Due to the good biocompatibility and bioavailability of SPI (12), a previous study successfully obtained protein based composite nanoparticles containing scallop muscle protein and SPI, and the solubility of scallop muscle protein was significantly improved (17). Additionally, the other study prepared protein-based composite nanoparticles using rice protein and SPI, and a significant increase in the functional properties of the protein-based composite nanoparticles was detected compared to original rice protein. The solubility of rice protein in nanoparticles was enhanced (18). A recent study also demonstrated that protein-based composite nanoparticles prepared from wheat gluten protein and SPI presented an increase in the solubility of wheat gluten protein and its nutritional properties (19). Therefore, SPI could be useful as a nanoparticle component.

Numerous studies have focused on structural modifications of walnut proteins to improve their solubility. Based the purpose, several methods have been applied, including physical (20), chemical (21), and biological (22). However, physical methods consume a large amount of energy during the process, which results in high costs. For chemical methods, they exhibit potential safety hazards, and for biological methods they lead to a decrease in the nutritional, functional, and sensory properties of proteins. The pH-cycle technology is a low-energy, organic solvent-free, and simple method to prepare nanoparticles. In this technology, a non-covalent interaction of two biomacromolecules occur (by adjusting the pH of the environment in which the two biomacromolecules are located) resulting in the burial of hydrophobic and the exposure of hydrophilic groups to obtain hydrophilic nanoparticles stable in neutral water systems (23). In previous studies, the pH-cycle technology overcomes the poor solubility of insoluble proteins and improves the biological functions after the co-assembly of proteins obtained from different sources into hydrophilic nanoparticles (14). The pH-cycle technology could improve the solubility of insoluble proteins and maintain the protein structure compared to the traditional methods described above, and this technology could help to retain nutritional properties and physiological activities with low damage to nutrients, meeting the needs of green, low-cost, easy operation, high-efficiency, safety, and has high commercialization potential (24). Since WPI contains many hydrophobic groups, in this study, the pH-cycle technology was performed to treat walnut proteins to obtain nanoparticles and eventually improve their functional properties. To date, the interaction mechanism between WPI and SPI-forming nanoparticles under the pH-cycle technology remains unclear, and the applicability of nanoparticles prepared using WPI and SPI in bioactive ingredients delivery has not been investigated.

Therefore, this study had three main aims. Firstly, this study aimed to perform a co-assembly between WPI and SPI into hydrophilic nanoparticles to enhance the WPI water solubility. Secondly, this study also tried to understand potential alterations in the protein structure and investigate the mechanism of interaction between WPI and SPI. Finally, several biological properties of the protein nanoparticles, including the foaming and emulsification, were measured, and the amino acid composition was determined to assess the performance of their functional and nutritional properties. This research has a broad prospect of contributing to the development of flavor-enhanced beverages and functional beverages with high nutritional value and helping the development of beverage processing industry. Overall, this study could help to develop soluble hydrophilic nanoparticles and expand their application in the commercial food industry. Furthermore, this research work could provide a new strategy for the solubilization of hydrophobic plant proteins, which can improve their applicability and acceptability in the industry and among consumers.



2. Materials and methods


2.1. Materials

In this study, the walnuts were purchased from the Winsuk County Woody Grain and Oil Forestry (Xinjiang, China). The soybean meal was acquired from Shandong Yuwang Group (Shandong, China). The 2 × Laemmli sample buffer, colored pre-stained proteins molecular weight standards, and pre-prepared gels were purchased from Shanghai Biyuntian Biotechnology Co., Ltd. (Shanhai, China). Methanol, ethanol and acetonitrile were purchased from MREDA Technology Co., Ltd. (HPLC grade, Beijing, China). Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were purchased from Sinopharm Chemical Reagent Co., Ltd (analytical grade, Shanghai, China).



2.2. Sample preparation


2.2.1. Extraction of WPI

In this study, WPI was prepared according to a previous methodology with slight modifications (25). Briefly, the walnut kernels were degreased using a customized oil press (Shandong Changjian Hydraulic Equipment Co., Ltd., Shandong, China), and then mixed with a hexane solution (1:10, w/v) overnight. After drying, the defatted walnut meal was crushed using a JYS-M01 grinder (Jiu Yang Co., Ltd., Shandong, China) and passed through a 100-mesh sieve. Then, the powder was mixed with ultrapure water (1:40, w/v), and the pH of the mixture was adjusted to pH 12 with 1 M NaOH and stirred for 2 h at room temperature. Obtained samples were centrifuged (HITACHI CR220, Tokyo, Japan) at 10000 × g and 4°C for 20 min. After centrifuging the supernatant was collected. After the pH of the supernatant was adjusted to pH 4.5 by 1 M HCl, and centrifuged at 10,000 × g and 4°C for 20 min to collect the precipitates. Finally, the precipitates were washed three times with ultrapure water (adjusted to pH 7 and dialyzed for 48 h). The samples were dried using an Alpha 2–4 Freeze Dryer (Christ, Osterode, Germany) to obtain powdered WPI. The proteins and moisture contents of WPI were 89.56 ± 0.48% (N × 5.3) and 4.24 ± 0.03%, respectively.



2.2.2. Extraction of SPI

In this study, the SPI was prepared following a previous method with slight modifications (26). Briefly, soybean meal was mixed overnight with hexane (1:10, w/v) for degreasing. After the defatted soybean meal was crushed and sieved through 100 mesh. After, the powder was mixed with ultrapure water (1:20, w/v), the pH of the mixture was adjusted to pH 9 with 1M NaOH, stirred for 2 h at room temperature, and after centrifugation at 10,000 × g and 4°C for 20 min, the supernatant was collected. Then, the pH of the supernatant was adjusted pH 4.5 by 1 M HCl, and centrifuged at 10,000 × g and 4°C for 20 min to collect the precipitates. The precipitates were washed three times with ultrapure water (adjusted to pH 7 and dialyzed for 48 h), and freeze-dried to obtain a SPI powder. Finally, the proteins and moisture contents of SPI were 92.48 ± 0.26% (N × 6.25) and 4.6 ± 0.05%, respectively.



2.2.3. Preparation of composite nanoparticles with WPI and SPI

To prepare the composite nanoparticles, the SPI was dissolved in WPI suspensions (1% w/v), and several protein mixtures were obtained from different WPI/SPI ratios (WPI: SPI ratios between 1:0.01 and 1:1, w/w). Then, the pH of the protein mixture was adjusted to 12 using 1 M NaOH to ensured full dissolution. After magnetic stirring for 1.5 h, the pH of the protein mixture was adjusted to 7 using 0.1 M HCl, and the solution was centrifuged at 5000 × g for 10 min to collect the supernatant and precipitate. Next, the supernatant was dialyzed for 24 h to obtain solution of composite nanoparticles. A part of solution was kept and used in each parameter analysis, and the remaining solution was lyophilized to perform a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and amino acid analyses. On the other hand, the precipitate was lyophilized to do the SDS-PAGE and solubility evaluation. Unless otherwise specified, solutions of composite nanoparticles, WPI and SPI were used for the samples used in the subsequent determination of each parameter.




2.3. SDS-PAGE analysis

In this study, analysis of protein subunits by SDS-PAGE. The SDS-PAGE analysis was performed according to a previous report with slight modifications (27). In this study, the samples were prepared in a loading buffer containing 0.1 M Dithiothreitol (DTT) and incubated in a water bath at 95°C for 10 min. The electrophoretic gel was run at 120 V for 80 min after 10 uL of sample was loaded to electrophoretic gel. Then, the electrophoretic separation gel was stained with a Coomassie brilliant blue staining solution for 120 min, and the excess dye solutions were removed with the Coomassie brilliant blue destaining solution. Finally, the protein bands were photographed by the chemical gel imaging system Bio-Rad (Bio-Rad, Hercules, USA).



2.4. Nitrogen solubility index (NSI)

In this study, the solubility of proteins was determined using the NSI. After preparing the samples (as described in the section “2.2. Sample preparation”), the nitrogen content of the precipitated fraction was determined using the Kjeldahl method (28). The protein conversion factor was 5.3 and 6.25 for WPI and SPI, respectively. According to the SDS-PAGE results, no significant bands were detected in the SPI precipitated. Therefore, the NSI only referred to the WPI solubility. The NSI of WPI was calculated using the following Eq. 1:
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Where PWPI was the mass of initial WPI (g), Presidue was the mass of residual protein (g).



2.5. Composite nanoparticles morphology


2.5.1. Transmission electron microscopy (TEM)

In this study, the micromorphological observations of composite nanoparticles were performed by TEM. The samples were diluted in ultrapure water to reach a protein concentration of 0.02% (w/v). After, the sample was added dropwise to a copper grid, dried, and analyzed using the Jem 2100F TEM (Jeol, Tokyo, Japan).



2.5.2. Atomic force microscopy (AFM)

In this study, the micromorphological observations of composite nanoparticles were performed by AFM. The samples were diluted with ultrapure water to obtain a final protein concentration of 0.0002% (w/v). After, 2.5 μL drops were placed on mica sheets and dried overnight at room temperature. Finally, the samples were used for the 5000II AFM (Hitachi, Tokyo, Japan) analysis.




2.6. Dynamic light scattering (DLS)

In this study, the particle size of composite nanoparticles were analyzed by DLS. DLS measurements were carried out by Nano-ZS90 (Malvern, Malvern, UK). The samples were diluted in ultrapure water to a final protein concentration of 0.1% (w/v) and were analyzed at 25°C. The refractive indices of the proteins and the dispersion medium were 1.450 and 1.330, respectively.



2.7. Fluorescence chromatography

In this study, the analysis of protein-protein interactions were performed by fluorescence chromatography. The samples were adjusted to a final protein concentration of 0.1% (w/v) with ultrapure water, and the intrinsic fluorescence spectra of complex nanoparticles were measured at room temperature using a FS5 fluorescence spectrometer (Edinburgh Instruments, Livingston, UK). An excitation wavelength of 280 nm was applied in this study, and the emission spectra was recorded between 300 and 400 nm. The theoretical fluorescence (Theor.) spectra were obtained by adding the fluorescence spectra of individual WPI and SPI with different concentrations in the samples, on the other hand, the experimental fluorescence (Exp.) spectra corresponded to the fluorescence spectra of complexed nanoparticles (29). In this study, the significance of hydrogen bonding, hydrophobic interactions, and electrostatic interactions in the interaction between WPI and SPI was also evaluated. For that, WPI and SPI were dissolved in 36 mL of distilled water and processed according to the methodology described in the section “2.2. Sample preparation.” Then, 4 mL of 0.1 M thiourea, SDS, and NaCl solutions (with a final concentration of 10 mM) were added to the protein samples. Next, the fluorescence spectra were collected using the same methodology used to prepare the previous samples.

Structural studies on composite nanoparticles were performed using the fluorescent probe ANS. This probe can specifically bind to the hydrophobic domain of the protein, being capable of detecting changes in the protein microenvironment. Briefly, the samples were diluted to a final protein concentration of 0.05% (w/v), then 10 μL of 8 M ANS was added to 4 mL of sample, and the reaction was completed kept in the dark for 15 min. Next, the samples were excited at 390 nm wavelength, and the fluorescence intensities were measured between 400 and 600 nm.



2.8. Circular dichroism (CD)

In this study, the analysis of protein secondary structure was performed by CD spectra. To determine the CD spectra of composite nanoparticles, a MOS-450 spectrometer (BioLogic Science Instruments, Ltd., Claix, France) was used. In this study, the samples were collected at different pH values during the pH-cycle process and diluted with ultrapure water. The wavelength range of far-UV CD was obtained between 190 and 250 nm, and the protein concentration was 0.05% (w/v). The near-UV CD was composed of wavelengths between 250 and 320 nm, and the protein concentration used was 0.01% (w/v). Distilled water was used as a blank solution for the determination.



2.9. Zeta-potential

In this study, the stability of composite nanoparticles were analyzed by zeta-potential. Zeta-potential measurements were carried out by Nano-ZS90 (Malvern, Malvern, UK). For this study, the samples were adjusted in ultrapure water to a final protein concentration of 0.1% (w/v) and analyzed at 25°C. The refractive indices of the proteins and the dispersion medium were 1.450 and 1.330, respectively.



2.10. Surface hydrophobic (H0)

In this study, the stability of composite nanoparticles were analyzed by the H0. The H0 parameter was determined using the ANS fluorescent probe method (30). The samples were diluted with ultrapure water to obtain different protein concentrations ranging between 0.0125 and 0.1% (w/v). After 4 mL of the samples were mixed with 10 μL of 8 mmol/L ANS solution and placed in the dark for 15 min. Then, the fluorescence intensity of composite nanoparticles was determined by FS5 fluorescence spectrometer at excitation wavelength of 390 nm and an emission wavelength of 484 nm. In this study, the H0 parameter was determined by the fluorescence intensity and protein concentration slope.



2.11. Amino acid analysis of composite nanoparticles

To determine the amino acid composition of the nanoparticles (g/100g protein), the proteins were hydrolyzed with hydrochloric acid. The co-assembled protein samples were placed into a sealed tube, and 10 ml of 6 mol/L hydrochloric acid solution was added. After neutralization with nitrogen, the tubes were sealed and hydrolyzed at 110 °C for 24 h. The supernatant was composed of a protein hydrolysate and determined by high-performance liquid chromatography. An Agilent 1200 liquid chromatograph equipped (Agilent Technologies Inc., Santa Clara, CA, USA) with a Zorbax Eclipse-AAA column (4.6 × 150 mm, 3.5 μm, Agilent Technologies Inc., Santa Clara, CA, USA) was employed to analyzing. The mobile phase was divided into phase A (pH 4.8, 0.04 mol/L NaH2PO4) and phase B (methanol: acetonitrile: ultrapure water (45:45:10 v/v/v)). The liquid phase conditions were as follows: flow rate, 1 mL/min; UV detection wavelength, 338 nm; injection volume, 1 mL; the column temperature was 40°C. The essential amino acid index (EAAI) was calculated according to formula 2 and corresponded to the geometric mean of the essential amino acid content and the corresponding amino acid content in the whole egg protein (31) (2):
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Where the subscript w indicates the protein sample, s indicates the whole egg protein, and n indicates the number of amino acids.



2.12. Functional properties of composite nanoparticles


2.12.1. Emulsification capacity and stability of composite nanoparticles

In this study, the emulsification capacity and stability of composite nanoparticles were measured following a recent method with slight modifications (32). Briefly, the protein was mixed with deionized water to form a 1% (w/v) protein solution and stirred for 1 h to obtain complete hydration. Then, the protein solution was mixed with soybean oil to obtain an oil phase ratio of 0.25, followed by a 1 min homogenization at 20,000 r/min. After homogenization, 50 μL sample was mixed with 0.1% (w/v) SDS solution and diluted 100-fold. The UV absorbance of samples were measured using a UV-Vis spectrometer (Shimadzu UV-2600, Kyoto, Japan) at 500 nm (defined as A0). The emulsifying activity index (EAI) was calculated using the following formula (3):
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Where A0 was the absorbance of emulsions at 0 min, c was the concentration of the protein used (g/mL), α was the oil volume ratio of the emulsion, and DF was the dilution multiple.

After 10 min, the sample was aspirated in the same method and added to the SDS solution to determine the UV absorbance value (designed as A10). The emulsion stability index (ESI) was calculated using the following formula (4):

[image: image]

Where A0 was the absorbance of emulsions at 0 min, and A0 was the absorbance of emulsions after 10 min.



2.12.2. Foaming and foaming stability of composite nanoparticles

In this study, the foaming and foaming stability of composite nanoparticles were evaluated using a previous report with slight modifications (33). Briefly, the protein was mixed with deionized water to form a 1% (w/v) protein solution and stirred for 1 h to obtain complete hydration, and homogenized at 20,000 r/min for 1 min. Then, the foam volume was read and defined as V0. The homogenized sample was kept for 30 min, and after, the foam volume was measured again and defined as V30. Finally, the foaming capacity (FC) and foaming stability (FS) were calculated using the following formulas (5, 6):
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Where V was the initial volume before foaming, V0 was the foam volume at 0 min after homogenization, and V30 was the foam volume at 30 min after homogenization.




2.13. Statistical analysis

At least three independent replicate experiments were performed for each determination of the sample to obtain the mean. Statistical results were expressed as mean ± standard deviation (SD) and analyzed using SPSS 20.0 software. Significant differences (p < 0.05) between groups were determined by one-way ANOVA variance.




3. Results and discussion


3.1. SDS-PAGE

In this study, WPI and SPI were co-solubilized at pH 12.0 and then neutralized and collected to prepare the soluble composite nanoparticles (Figure 1A). The results demonstrated that WPI aggregated and precipitated at the bottom in an aqueous solution before the SPI addition (Figure 1B). However, after adding SPI and using the pH-cycle technology, the resulting composite nanoparticles could dissolve in water (Figure 1B). Furthermore, composite nanoparticles with WPI: SPI = 1:0.5 and 1:1 still maintained colloidal stability in neutral water systems (Figure 1C).
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FIGURE 1
(A) Schematic illustration of the pH-cycle technique for fabricating protein-based composite nanoparticles with hydrophobic WPI and hydrophilic SPI. (B) Photographs of protein solutions and composite nanoparticles after the pH-cycle treatment. (C) Photographs of sample supernatants by centrifuging at 10,000 × g and 4°C for 20 min (1:0.1, 1:0.5, 1:1 represents walnut protein and soy protein isolate at the ratio of WPI:SPI = 1:0.1, 1:0.5, 1:1, respectively).


As described above, the subunit information of the protein molecular weight was analyzed by the SDS-PAGE technology. The results obtained from the supernatants revealed that characteristic subunits of WPI and SPI were detected in composite nanoparticles. Furthermore, these subunit bands of SPI became more pronounced with the addition of SPI (Figure 2A, lanes 4–11). However, no characteristic subunit bands of SPI were observed in the SDS-PAGE performed with the precipitated fraction, indicating that only WPI was present after precipitation (Figure 2B, lanes 4–11). The composite nanoparticles in the supernatant retained the characteristic subunit bands of WPI and SPI after adding SPI and using the pH-cycle technology. These results suggest that most subunits of WPI and SPI were involved in the process of co-assembly to prepare composite nanoparticles and remained intact during the process. It has been described that conventional methods significantly degraded or removed most of the subunits of WPI, requiring a large quantity of energy and tedious labor and consequently leading to reduced applicability in the industry (34). This made the protocol significantly different from the conventional method. To investigate the changes in the solubility of walnut protein, the NSI was measured.
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FIGURE 2
SDS-PAGE profiles of supernatant (A) and precipitates (B) of prepared composite nanoparticles, respectively (lane 1 is marker, lanes 2–10 are WPI, SPI, composite nanoparticles prepared by WPI: SPI = 1:0.01, 1:0.05, 1:0.1, 1:0.2, 1:0.3, 1:0.4, 1:0.5, and 1:1 (w/w), respectively). (C) Solubility of WPI in composite nanoparticles with WPI: SPI (w/w) from 1:0.01 to 1:1 by the pH-cycle technique (WPI represents walnut protein isolation solution without the pH-cycle treatment, control represents walnut protein isolation solution with the pH-cycle treatment).




3.2. NSI

Studies described that protein solubility, a crucial functional property, could affect other several functional properties of proteins (35). The NSI of WPI in the composite nanoparticles was the percentage of WPI dissolved in solution relative to the initial WPI used in the reaction. Since the characteristic subunits of WPI were only present in the precipitate of composite nanoparticles (Figure 2B), the percentage of dissolved WPI can be obtained by calculating the difference between the total added amount and the content in precipitation. As shown in Figure 2C, the NSI of WPI with or without the pH-cycle treatment was approximately 20.09 and 12.64%, respectively. However, adding SPI induced an increase (30.71% at a WPI: SPI ratio of 1:0.01) in the NSI of WPI in the composite nanoparticles. Additionally, the NSI of WPI increased to 88.53% after adding SPI at a WPI: SPI ratio of 1:1, which was 7 times higher than in WPI nanoparticles without the pH-cycle treatment. Furthermore, the results showed that the WPI insolubility was significantly inhibited after the preparation of composite nanoparticles using the pH-cycle technology and adding SPI. On the other hand, most of the subunits in each protein were essentially unchanged in the composite nanoparticles (Figure 2A), demonstrating that the technology could improve the protein solubility and maintain molecular integrity. Since this study focused on WPI, SPI was added in an amount not exceeding WPI to avoid interferences with the structural analysis of composite nanoparticles. In this study, the morphological and structural properties of composite nanoparticles were evaluated to understand the formation mechanism of composite nanoparticles. The morphological of the composite nanoparticles were evaluated in the subsequent section.



3.3. Morphology of composite nanoparticles

The microscopic morphology of the protein and the composite nanoparticles can be visualized by TEM analysis. A significant aggregation was observed in TEM due to the high hydrophobicity of WPI (Figure 3A). Furthermore, an irregular aggregation was detected, leading to low protein solubility at pH 7.0, consistent with previous studies (36). On the other hand, SPI was well-dispersed in solution with uniform particle sizes at pH 7.0 (Figure 3B). Interestingly, the aggregation of proteins was reduced in the presence of the WPI/SPI = 1:0.1 ratio (Figure 3C). However, gradual, smaller, more dispersed, and homogeneous composite nanoparticles were obtained when the concentration of soy protein was enhanced (Figures 3D, E). To further investigate the structure of composite nanoparticles, AFM combined with the DLS technology was used. Therefore, the AFM results showed that an increase in SPI contributed to the dispersion of composite nanoparticles and the formation of uniform particles with a smaller size. These results agreed with the TEM results described above (Figure 4). The AFM results indicated that the composite nanoparticles collapse into nanoscale spherical structures on the mica sheet surface. The particle size of protein nanoparticles ranged between 80 and 250 nm, and a decrease was observed after adding SPI, which was in agreement with the TEM and AFM results (Figure 4D). Contrarily, the particle size was slightly larger than the size observed in TEM due to the crumpling of the sample that occurred during the drying pre-treatment in TEM. According to the microscopic and DLS analyses, it was possible to observe that when the two proteins interacted, a new protein structure was formed (30). To explore the mechanism behind the phenomenon of protein structure change, the structural properties of the composite nanoparticles were determined. The protein-protein interactions were elaborated.
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FIGURE 3
(A) Transmission electron microscopy (TEM) image of WPI solution. (B) TEM image of SPI solution. (C) TEM image of composite nanoparticles prepared by WPI: SPI (w/w) mass ratio of 1: 0.1. (D) TEM image of composite nanoparticles prepared by WPI: SPI (w/w) mass ratio of 1: 0.5. (E) TEM image of composite nanoparticles prepared by WPI: SPI (w/w) mass ratio of 1: 1.
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FIGURE 4
(A) Atomic force microscopy (AFM) image of composite nanoparticles prepared by WPI: SPI (w/w) mass ratio of 1: 0.1. (B) AFM image of composite nanoparticles prepared by WPI: SPI (w/w) mass ratio of 1: 0.5. (C) AFM image of composite nanoparticles prepared by WPI: SPI (w/w) mass ratio of 1: 1. (D) Particle size of composite nanoparticles with WPI: SPI (w/w) from 1:0.01 to 1:1.




3.4. Characterization of protein-protein interactions in composite nanoparticles


3.4.1. Quenching of fluorescence of WPI by SPI in composite nanoparticles

In this study, to understand the interaction between WPI and SPI, fluorescence spectroscopy was performed. The WPI and SPI contained aromatic amino acids of chromogenic groups, such as tryptophan, phenylalanine, after excitation at 280 nm wavelength, these amino acids promoted the generation of intrinsic fluorescence (37). It has been described that protein interactions are accompanied by the quenching of endogenous fluorescence, while the quenched forms of different proteins reflect the changes in several regions and action sites (38, 39). Therefore, some reports suggest that these changes in endogenous fluorescence intensity can be used as indirect evidence about protein interactions. In the current study, the endogenous fluorescence intensity decreased, and fluorescence quenching occurred after adding SPI (Figure 5A). These results indicate that the interaction between WPI and SPI occurred and formed a new structure after adding SPI and using the pH-cycle technology. Moreover, the Exp. and Theor. spectra were compared, and the results are shown in Supplementary Figure 1. Some authors described that this phenomenon was related to the electron-rich aromatic amino acid groups toward the electron-deficient amino acid groups (40, 41). In this study, after adding SPI, a higher difference was observed between Exp. and Theor. For example, the degree of quenching increased, indicating that SPI was involved in the formation of the new structure (Supplementary Figure 1). Additionally, a gradual increase in the difference between Exp. and Theor. occurred when the pH decreased, mainly when the ratio of WPI and SPI was 1:1 (Supplementary Figure 2). This result suggests that the molecular affinity between WPI and SPI increased during the pH-cycle treatment, leading to an enhancement in protein interactions and, consequently, leading to the generation of a new protein structure. On the other hand, the maximum fluorescence intensity of the proteins increased when the pH decreased, indicating that the proteins underwent structural renaturation during the protonation process, leading to the formation of new structure (Figure 5B). Furthermore, increased fluorescence intensity was positively correlated with protein renaturation. Although the fluorescence intensity of the composite nanoparticles increased during the protonation process, this value remained lower compared to WPI, indicating that the structural renaturation of WPI could be inhibited by adding SPI (responsible for the increase in the WPI solubility).


[image: image]

FIGURE 5
(A) Emission spectra of composite nanoparticles with WPI: SPI (w/w) from 1:0 to 1:1. (B) Emission spectra of composite nanoparticles (WPI: SPI = 1:1, w/w) at pH 12, 11, 10, 9, 8, and 7. (C) Emission spectra for ANS binding to composite nanoparticles with WPI: SPI (w/w) from 1:0 to 1:1. (D) Emission spectra for ANS binding to composite nanoparticles with WPI: SPI (WPI: SPI = 1:1, w/w) at pH 12, 11, 10, 9, 8, and 7.


In this study, the ANS probe was used to detect the folding and unfolding states of proteins since it can bind by hydrophobic interactions to the hydrophobic region of proteins, showing changes in microstructure and the surrounding environment polarity. For instance, after excitation at 390 nm wavelength, the fluorescence intensity of ANS can reflect the protein folding, and a higher intensity could indicate the higher degree of folding (42, 43). The present study demonstrated that the fluorescence intensity decreased after adding a higher concentration of SPI, indicating that the two proteins interacted and formed a new structure (Figure 5C). Therefore, this result suggests that an interaction between WPI and SPI occurred, and the resulting structure limits the acid-induced refolding of WPI due to increased rigidity, promoting the forming of a new hydrophilic rigid structure in a neutral environment. These conditions could significantly inhibit the formation of hydrophobic regions of the nanoparticles and promote a significant anti-folding behavior. Additionally, at pH 12, when the protein structure was maximally unfolded, the fluorescence intensity of the composite nanoparticles was minimal (Figure 5D). With the pH-cycle technology was performed, the pH was decreased, the increase in fluorescence intensity indicated an increase in the ANS binding sites, further demonstrating to protein refolding.



3.4.2. Determination of type of interaction

This study also tried to determine the non-covalent interactions that are responsible for the interactions between WPI and SPI. For that, the same molar concentrations of SDS, NaCl, and thiourea were individually added to the protein mixture at pH 12. The role of hydrophobic, electrostatic interactions, and hydrogen bonding to promote the process of building and maintenance of a hydrophilic rigid structure of composite nanoparticles was determined using fluorescence intensity (44). The effects of above the block reagents on the molecular interactions/bonds of proteins are listed in Supplementary Table 1. The effect induced by the block reagents was contrary to the fluorescence quenching caused by protein-protein interactions. Furthermore, the fluorescence intensity of the samples in the presence of block reagents was higher than composite nanoparticles, indicating that the three types of non-covalent interactions/bonds could contribute to the formation of a hydrophilic and rigid protein structure (Figure 6A). In addition, the thiourea exhibited the most pronounced result compared to the other bond-disrupting agents, suggesting that hydrogen bonding was crucial for stabilizing the composite nanoparticles. The NSI of WPI in soluble composite nanoparticles was also measured after adding above block reagents. The results revealed that the NSI was significantly lower after adding thiourea and NaCl (Figure 6B), i.e., the absence of hydrogen bonding and electrostatic interactions restricted the interaction between WPI and SPI, inhibiting the WPI solubilization. In addition, after adding SDS, a slight increase was observed in the NSI compared to the other two groups. This result suggests that SDS could act as a denaturant and inhibit the self-aggregation of WPI during the neutralization process.
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FIGURE 6
(A) Fluorescence spectra of composite nanoparticles WPI: SPI = 1:1 (w/w) with bond-disrupting agents added. (B) Nitrogen solubility index (NSI) of WPI with the addition of bond-disrupting agents (10 mM). (C) Far-UV CD spectra of composite nanoparticles with WPI/SPI (w/w) from 1:0.01 to 1:1. (D) Far-UV CD spectra of a representative composite nanoparticles (WPI: SPI = 1:1, w/w) prepared at pH 12, 11, 10, 9, 8, and 7. (E) Near-UV CD spectra of a representative composite nanoparticles (WPI: SPI = 1:1, w/w) prepared at pH 12, 11, 10, 9, 8, and 7. (F) Near-UV CD spectra of composite nanoparticles with WPI: SPI (w/w) from 1:0.01 to 1:1.




3.4.3. Circular dichroism spectroscopy

Some studies described that the presence of amides in the protein backbone could generate CD signals susceptible to structural changes in proteins (45). In addition, the far-UV CD spectra region (comprised between 190 and 250 nm) gives information related to the protein secondary structure. The results in Figures 6C, D showed that the two proteins formed a different structure, supporting the previous hypothesis regarding the formation of a new protein structure. After adding SPI, an increase in the intensity was detected at 208 nm. However, no significant red-shift or blue-shift was observed in these samples, which led to alterations in the structure of the composite nanoparticles and differed from that of the WPI and SPI. Thus, these results suggest that the interaction between WPI and SPI could alter the protein structure, leading to the formation of highly hydrophilic composite nanoparticles. Also, a shift in the red signal occurred during the protonation (between pH 12.0 and pH 7.0) (Figure 6D). The above results showed that the protein structure expanded and exposed more charged groups at pH 12.0, and the strong repulsion between the internal groups of the protein expanded and extended the protein, leading to the generation of a stable structure (46). In the process of the pH-cycle technology performed, the protein could re-fold and aggregate due to the reduction in the number of charged groups in the protein surface. However, an enhancement in the folding resistance in WPI occurred after adding SPI. Thus, the composite nanoparticles could form the stable new hydrophilic rigid structure, under neutral conditions.

Furthermore, the aromatic amino acid residues were altered by the microenvironment in the near-UV region of the CD profile, reflecting the changes in the tertiary structure of the protein (47). In the near-UV CD spectrum (ranging between 250 and 320 nm), the CD signal at 275–282 nm was derived from the circular dichroism of Tyr (48, 49). Therefore, the near-UV CD signal of Tyr gradually increased when the pH decreased, indicating that the proteins were refolded (Figure 6E) (30). In addition, the wavelength at the maximum CD model was blue-shifted, indicating that more Try was encapsulated into the hydrophobic environment, which again demonstrated the refolding of the proteins. Moreover, when SPI was added, the near-UV CD signal gradually improved, significantly inhibiting the refolding of WPI (Figure 6F). Therefore, the interaction between WPI and SPI enhanced the anti-folding ability of WPI, forming a high-intensity hydrophilic structure, conferring strong hydrophilicity. Then, the interfacial properties of the nanoparticles were evaluated to understand their dispersion.




3.5. Interfacial properties of the composite nanoparticles

Some studies revealed that substances with good water solubility must be self-repelling and inhibit aggregation. Therefore, the hydrophobicity can modulate their physical stability, solubility, aggregation tendency, and adsorption behavior (50). Due to the macromolecular nature of proteins, surface hydrophobicity can significantly alter the protein function compared to the total hydrophobicity (51). In the present study, surface hydrophobicity and zeta-potential were used to investigate the surface properties of the composite nanoparticles. The results in Figure 7A showed that the surface hydrophobicity of the composite nanoparticles decreased after adding SPI. However, an opposite trend was observed in the absolute zeta-potential values (Figure 7B). This result indicates that the interaction between the two proteins can lead to a gradual increase in the anti-folding of WPI, which continuously inhibited the continuously inhibits the formation of hydrophobic groups and the exposure of charged protein groups, creating repulsive force on the surface to improve the solubility and stability of the composite nanoparticles.


[image: image]

FIGURE 7
(A) The hydrophobicity of WPI, SPI and the composite nanoparticles at pH 7; (B) the zeta-potential of WPI, SPI and the composite nanoparticles at pH 7; (C) the hydrophobicity of the composite nanoparticles prepared at WPI: SPI ration of 1:1 at pH 12, 11, 10, 9, 8, and 7; (D) the zeta-potential of the composite nanoparticles prepared at WPI: SPI ration of 1:1 at pH 12, 11, 10, 9, 8, and 7.


Additionally, this study investigated changes in the surface hydrophobicity and zeta-potential of the composite nanoparticles when the pH decreased. Figure 7C demonstrated that hydrophobic regions were continuously formed during the folding process. Furthermore, the surface hydrophobicity of composite nanoparticles was lower than in WPI, indicating that the interaction between WPI and SPI significantly inhibited the formation of hydrophobic regions and maintained the relative unfolding of the proteins conformation. The absolute values of zeta-potential continuously decreased with the decrease of pH, indicating that the charged groups exposed to pH 12 were encapsulated inside the complex structure (Figure 7D). The results showed that the decrease of surface hydrophobicity and the increase of net surface charge were crucial factors for good dispersion of the composite nanoparticles. Finally, the amino acid composition and functional properties were investigated.



3.6. Amino acid analysis of composite nanoparticles

WPI and SPI are considered excellent sources of amino acids for humans, being widely available in the diet (52), mainly WPI. The Food and Agriculture Organization of the United Nations and the World Health Organization (FAO/WHO) defined that nine essential amino acids are essential in dietary habits, including His, Ile, Leu, Lys Met + Cys, Phe + Tyr, Thr, Trp, and Val, to maintain normal body functions and health. For preschool children, the recommended levels of each amino acid are 19, 28, 66, 58, 25, 63, 34, 11, and 35 mg/g protein, respectively, and for adults, 16, 13, 19, 16, 17, 19, 9, 5, and 13 mg/g protein, respectively. The complex protein nanoparticles obtained in this study showed an impaired amino acid composition with EAAI values ranging from 71.73 to 74.61. On the other hand, SPI and WPI exhibited EAAI values of 70.72 and 78.25, respectively (Table 1). Therefore, it is possible to infer that the design of novel soluble protein complex structures composed of multiple proteins could be an effective strategy to obtain protein products with balanced nutritional composition and functionality.


TABLE 1    Amino acid composition of WPI-SPI nanoparticles.
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3.7. Functional properties of composite nanoparticles

Under external energy input, proteins can reduce the oil-water interfacial tension and induce the formation of emulsions in oil-water mixtures. Moreover, the emulsification performance was closely related to the hydrophilic-hydrophobic balance of the molecular structure (20). Therefore, solubility and hydrophobicity are crucial parameters to modulate the emulsification effect when proteins are used as interfacial stabilizers. The EAI and ESI of WPI were significantly lower than in SPI, demonstrating the limitation of the lack of solubility on its ability to adsorb at the oil-water interface (Supplementary Figures 3A, B). Additionally, the solubility and surface hydrophobicity of WPI was improved by the interaction with SPI, and the EAI and ESI of the composite nanoparticles were significantly higher than in WPI (Supplementary Figures 3A, B). Moreover, the co-assembled structure was relatively unfolded, and the structure was rearranged to expose the internal groups capable of adsorbing to the surface of oil droplets. Therefore, an improvement in the hydrophilic-lipophilic balance of the protein particles could occur, leading to an increase in the EAI in WPI (53). This result showed that solubility is highly relevant for protein emulsification. The increase in ESI occurred due to the interaction of WPI and SPI, resulting in the formation of a new three-dimensional network spatial structure. Therefore, the protein contains all the proprieties to adhere to the oil droplet’s surface. And the composite nanoparticles with a certain amount of surface charge are adsorbed to the oil-water interface to maintain the emulsion stability by the electrostatic repulsion between the interface-interface and then prevent the occurrence of oil droplet agglomeration (54).

Protein foaming properties can significantly alter the value for application in foamy foods, such as ice cream. Furthermore, some biological parameters, including protein solubility, molecular flexibility, hydrophobicity, and charge density, also significantly modulate the foaming ability (FA) (55). Additionally, changes in protein structure, size, and interactions could lead to alterations in the surface tension, viscoelasticity, and surface rheological properties and consequently affect the foaming stability (FS) (56). Taking this into account, the FA and FS parameters were evaluated in this study. The FA of the composite nanoparticles was significantly improved compared to WPI. However, the FS was boosted less (Supplementary Figures 2C, D). The results indicate that the interaction between WPI and SPI formed a new three-dimensional hydrophilic structure. The structure showed a relatively unfolded state, enhanced protein flexibility and solubility, and enhanced interaction between protein and water molecules, promoting protein adsorption at the liquid-air interface. All these changes could induce a significant improvement in the FA (57). Compared to WPI or SPI alone, the FS of the composite nanoparticles was enhanced because WPI and SPI interacted to form a new three-dimensional structure, exposing some of the hydrophobic groups. On the other hand, inter-protein forces were enhanced, resulting in rapid adsorption and formation of a stronger protein membrane at the air-water interface, enhancing the FS (55, 58). Overall, the composite nanoparticles showed improved functional properties compared to WPI or SPI alone.




4. Conclusion

In this study, soluble protein composite nanoparticles with a new hydrophilic rigid structure were successfully prepared by using pH cycling technology. The nanoparticles have an integrity of the protein primary structure. Furthermore, the structural changes between WPI and SPI were achieved by an interaction force with hydrogen bonding as the main effect, which significantly improved the anti-refolding property of protein, inhibited the acid-induce refolding, and formed a new high-strength hydrophilic structure. Under neutral conditions, the surface charged nature of the protein was maintained, resulting in an excellent water dispersion of the composite nanoparticles. Additionally, nutritional value and functional properties, such as EAI and FA of the proteins, were significantly enhanced during the pH-cycle treatment. Overall, this study can contribute to developing WPI-based nanoparticles with high nutritional value and functional properties. However, further studies are needed to evaluate the ability of the nanoparticles to improve bioavailability, control the essential oil release, and their applicability in the industry field.
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Hops provide the characteristic bitter taste and attractive aroma to beer; in this study, hops were replaced by jasmine tea extract (JTE) during late-hopping. The addition of JTE improved the beer foam stability 1.52-fold, and increased the polyphenol and organic acid contents. Linalool was the most important aroma compound in hopped (HOPB) and jasmine tea beer (JTB), but other flavor components were markedly different, including dimeric catechins, flavone/flavonol glycosides, and bitter acids and derivatives. Sensory evaluation indicated that addition of JTE increased the floral and fresh-scent aromas, reduced bitterness and improved the organoleptic quality of the beer. The antioxidant capacity of JTB was much higher than that of HOPB. The inhibition of amylase activity by JTB was 30.5% higher than that of HOPB. Functional properties to beer were added by substituting jasmine tea extract for hops during late hopping.
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1. Introduction

Beer is one of the most widely consumed alcoholic beverages worldwide; water, malt, hops, and yeast are the four main ingredients used in the production of beer (1). Beer production comprises several stages, namely, mashing, boiling, fermentation, maturation and solid liquid separations (wort separation, wort clarification, and rough beer clarification) (2). In recent years, consumer preference has increasingly emphasized the flavor and nutritional qualities of beer, which has increased interest and demand for craft beers (3). The main differences between craft and mass-produced beer are a more concentrated raw wort, the addition of a greater variety and quantity of hops, or the addition of other auxiliary flavor/nutritional ingredients, such as fruits, tea and natural plant extracts. The flavor of beer is influenced by the ingredients, particularly by auxiliary ingredients, the yeast, the brewing process and the fermentation conditions (4–7).

Hops (Humulus lupulus L.) are an essential ingredient in beer manufacturing, providing the characteristic bitter taste and attractive aroma of the final beverage (8). The main volatile component of hops is its essential oil, 80% of which is composed of myrcene, α-humulene, and β-caryophyllene (9), however, these volatiles contribute little to the beer aroma, because of their low water solubility and their tendency to oxidize and evaporate during heating and fermentation (10). Hops contain numerous bicyclic and tricyclic minor terpene hydrocarbons, the most important of which are the monoterpene alcohols, linalool and geraniol, as well as their isomers nerol and α-terpineol (11, 12), which impart floral, geranium-like, fresh, and citrus notes to beer (13), contribute to inhibiting beer spoilage bacteria, and improving taste and foam stability (11). There are three main ways of adding hops (i.e., kettle, late, or dry hopping), late hopping and dry hopping have become key tools for brewers to impart beer with an intense hoppy aroma (12, 13). Late hopped beers have more pronounced hoppy and herbal aromas than early hopped ones, and late hopping increases the content of linalool and geraniol (14–16); delaying the addition of hops increases the geraniol content of the finished beer while avoiding conversion of geraniol to β-citronellol by the yeast (17).

Craft beer brewers often enrich the flavor of their beers by adding accessory ingredients, such as fruit, tea, and stevia to enhance consumer appeal. Addition of persimmon juice enhanced the antioxidant properties and consumer preference for the beer (18). The addition of white grape pomace increased the concentration of many volatile compounds in the beer, such as ethyl decanoate and ethyl dodecanoate, as well as increasing the phenolic content and antioxidant capacity (19). Addition of three types of tea (green, black, and oolong tea) increased the concentrations of tea volatile components, such as methyl salicylate, indole, and geraniol and its derivatives (20). Olive leaves have also been used in place of hops, to provide bitterness (21). Tea therefore has the potential to replace hops and provide the beer with a desirable, but unusual flavor.

The main objectives of this study were to enrich the flavor of beer by replacing hops with Jasmine tea extract (JTE) during late hopping and to investigate the effects of this on the quality of beer. This process modification has the potential to develop a novel application for tea and compensate for the scarcity of aromatic hops in China.



2. Materials and methods


2.1. Chemicals and standards

3-Nonanone (98%, Heowns, Tianjin, China), organic acid standards (oxalic acid, tartaric acid, malic acid, lactic acid, acetic acid, citric acid and succinic acid) were from Shanghai yuanye Bio-Technology Co., Ltd. Catechin standards (C, catechin; EC, epicatechin; GC, gallocatechin; CG, catechin gallate; EGC, epigallocatechin; CAF, caffeine; ECG, epicatechin gallate; EGCG, epigallocatechin gallate.) were from Sigma-Aldrich (Shanghai, China). Saccharomyces cerevisiae (lager yeast, s-33) was from Fermentis (Marquette-lez-Lille, France). 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2-azino-bis (3-ethylbenthiazoline-6-sulfonic acid (ABTS), and tripyridyl triazine (TPTZ) were from Sigma-Aldrich (Shanghai, China). All other chemicals and solvents used were of analytical grade, from local suppliers.



2.2. Brewing process

HOPB and JTB were produced in a 300 L pilot-scale brewing plant (Zhejiang Gongshang University). Pilsner-type (75 kg) and wheat (25 kg) malt was crushed using a two-roll mill and then transferred to a stainless-steel mashing vessel and mixed with water (45°C, 300 L). The process was initiated with the mash-in at 45°C (20 min), and the temperature was then gradually increased and maintained at 50°C (30 min), 65°C (40 min), 72°C (20 min) for maltose saccharification and 78°C (10 min) for enzyme inactivation, respectively. After complete mash conversion, the sweet wort was separated from the spent grains by lautering, then transferred to the kettle for boiling. The wort was boiled for 110 min with the addition of hops pellet (100 g, alfa-acid proportion: 13%) after 30 min and jasmine tea extract (360 g) after 100 min. The coarse break was separated through settling and the wort was cooled to about 40°C and transferred to the fermentation tank where the brewing yeast (150 g/L, activated for 30 min in sterile water) was added. After 7 days of primary fermentation at 20°C, the yeast slurry is drained from the bottom of the fermenter, followed by a temperature adjustment to 4°C and a closed venting valve for post-fermentation and maturation for 60 days, promptly sampling, storage (−80°C) and analysis. The control samples were brewed in the same way except for the addition of different ingredients at the late hopping stage. For the control sample, 150 g (alfa-acid proportion: 13%) of hops were added after 100 min of boiling.



2.3. Physicochemical analyses

Beer analysis was performed after maturation, following procedures in Chinese standard GB/T4928-2008. Color was determined by the spectrophotometric method (5.6.2) (Unico-2000, Unico, Shanghai, China); foam stability with a foam measuring cup (7.2); total acid content by titration with 0.1 mol/L NaOH; ethanol concentration was determined by quantitative distillation according to Dietz et al. (12). The alcohol concentration was determined with an SBA-40E biosensor (Shandong Biosensor Institute, China). Turbidity was determined using a HACH-TL2300 Turbidity Meter (HACH, Shanghai, China, detection limit = 0.001 NTU). A pH meter (FivrGo-2, Mettler Toledo, Shanghai, China) was used for pH measurements.



2.4. Characterization of tea catechins by HPLC

HPLC was used to analyze some targeted components, such as GA, GC, EGC, C, EC, EGCG, GCG, ECG, and caffeine, as described previously (22, 23). The HPLC (Agilent Technologies, Santa Clara, CA) was equipped with an Infinity binary pump, an autosampler, a column thermostat (set at 30°C), a diode array detector and an Agilent Zorbax SB-Aq C18 column (250 × 4.6 mm i.d., 5 μm). The mobile phases were 0.2% v/v aqueous formic acid (A) and methanol (B). The initial solvent was 5% B, which was ramped linearly to 20% B at 5 min, 25% B at 18 min, 42% B at 25 min, held for 7 min, then increased to 100% B at 40 min. The total run time was 40 min, the flow rate 1.0 ml/min, the injection volume 5 μl and the detection wavelength 278 nm.



2.5. Headspace-solid phase microextraction (HS-SPME) and GC-MS analysis of beer

The analysis was performed as described previously (24). Bottles of beer were maintained at 4°C to minimize loss of volatiles. Beer sample (4 ml), water (4 ml), internal standard (3-Nonanone, 20 μl, 9.8 mg/L) and NaCl (1 g) were added to 20 ml SPME headspace vials and sealed with a polytetrafluoroethylene (PTFE)-silicon septum. The septum covering the vial headspace was pierced with the needle containing the SPME fiber and retracted, and the fiber was exposed to the headspace for 30 min at 50°C, then inserted directly into the GC-MS injection port. The carrier gas was helium at a flow rate of 1 ml/min. Samples were analyzed on a DB-5MS UI column (30 m by 0.250-mm inside diameter by 0.25-μm film thickness, Agilent). The oven temperature was programmed as follows: initial temperature 35°C, held for 5 min, increased at 4°C/min to 130°C, held for 3 min, then at 5°C/min to 230°C, held for 5 min. Electron impact (EI) ionization was used at 70 eV, scanning from m/z 10 to 250. Background subtraction was performed on the raw GC-MS data using data processing software. The National Institute of Standards and Technology (NIST 14) database was used for qualitative analysis of the MS peaks corresponding to the chromatographic peak signals at different retention times (>70%). The peaks were quantified by comparison with the internal standard (3-Nonanone) to calculate the relative content of each substance and the data were imported into Simca-P software (Version 14.1, MKS Umetrics AB, Umeå, Sweden). The outputs were subjected to Orthogonal partial least squares-discriminant analysis (OPLS-DA). The variable importance in projection (VIP) value was used to evaluate data generated by OPLS-DA; only data with VIP values >1 were selected for further analysis.



2.6. Non-targeted metabolomics analysis

Non-targeted metabolomics analysis was carried out using UPLC-HRMS (Q-Exactive system, Thermo Fisher Scientific, Rockford, IL), as described previously (25) with some modifications. The column was an Acquity UPLC BEH C18 (100 nm × 2.1 mm; 1.7 μm, Waters, Manchester, UK). The mobile phases were aqueous, 0.1% v/v formic acid (A) and acetonitrile (B), and the linear elution gradient program was 0–1.0 min, 5% B; 2.0 min, 10% B; 6.0 min, 35% B; 8.5–9.5 min, 100% B; and 10.0–12.0 min, 5% B. The total analysis time was 12 min and the flow rate was 0.3 ml/min. The column and autosampler were set at 40 and 10°C, respectively.

Mass spectrometric analysis was performed with the Q-Exactive Orbitrap mass analyzer in negative ionization mode at a spray voltage of 3.0 kV. The capillary temperature and auxiliary gas heater temperature were both 300°C. The flow rates of sheath gas and auxiliary gas were set to 45 and 10 arbitrary units, respectively. The full scan MS/data-dependent MS/MS (ddMS2) mode was used, in which the resolution was 70,000 and 35,000 for full MS and ddMS2, respectively. The mass scan range was from m/z 66.7 to 1000.

All the samples were filtered through a 0.45 μm Millipore filter. The raw data acquired were processed on Compound Discoverer software (Version 3.0, Thermo Fisher) to obtain all the ion fragment information through peak picking and alignment. This information was used for partial least-squares discriminant analysis (PLS-DA) to screen for differential metabolites with VIP >1.2 and p < 0.05, which was performed on Simca-P v14.1. Thereafter, the Human Metabolome Database (http://www.hmdb.ca/), our laboratory's standards library and previous metabolomics studies (26, 27) were used for identification of the differential metabolites.



2.7. Total polyphenol content

The total phenolic content of beer was determined spectrophotometrically with Folin–Ciocalteu reagent (28). A calibration curve was plotted using gallic acid as standard. The beer samples were diluted with deionized water to adjust the concentration of phenolic compounds to the linear calibration range of gallic acid. Results were expressed as mg of gallic acid equivalent (GAE) per liter.



2.8. Antioxidant capacity
 
2.8.1. DPPH radical scavenging capacity

The DPPH radical scavenging capacity was determined as described previously (29, 30). The samples were appropriately diluted with ethanol, then sample (2 ml) was mixed with DPPH (2 ml, 0.2 mmol/L), then left to stand for 30 min at room temperature in the dark. The absorbance was measured with a spectrophotometer at 517 nm using quartz cuvettes (AS). Ethanol was used as a blank control (A0). DPPH radical scavenging capacity was calculated as:

[image: image]

where A0 is the absorbance of blank and AS is the absorbance of the sample.



2.8.2. ABTS radical scavenging capacity

The ABTS radical scavenging capacity (ABTS%) was determined as described previously (31), with some modifications. The ABTS stock solution was made by mixing equal amounts of 14 mmol/L ABTS solution and 4.9 mmol/L potassium persulfate solution and stored for 14–16 h in the dark at room temperature to generate ABTS radicals, then diluted with methanol to achieve an absorbance of 0.75 ± 0.05 at 734 nm. Diluted ABTS radical solution (3.9 ml) was mixed with 0.1 ml of sample solution and left at room temperature in darkness for 6 min before reading its absorbance at 734 nm. Deionized water was used as the blank (A0). ABTS% was calculated using the equation:

[image: image]

where A0 is the absorbance of the blank and AS is the absorbance of the sample.



2.8.3. Ferric reducing antioxidant power

Ferric reducing antioxidant power (FRAP) assays were performed as described previously (32). The FRAP solution was prepared by mixing acetate buffer (300 mmol/L, pH 3.6), tripyridyltriazine (TPTZ 10 mmol/L) and FeCl3 solution (20 mmol/L) in a ratio of 10:1:1 (v/v/v). An aliquot (100 μl) of sample solution was mixed with FRAP solution (3 ml) and incubated at 37°C for 10 min, then the absorbance at 593 nm was measured. Quantitation was achieved with reference to a standard curve of FeSO4 (0.2–0.8 mmol/L) and results are expressed as millimoles (mmol) of Trolox per liter of beer.




2.9. α-Amylase inhibition assay

α-Amylase inhibition was determined as described previously (33), with minor modifications. Test samples (200 μl) were added to sodium phosphate buffer (300 μl, 0.02 M pH 6.9) containing 30 unit/ml porcine pancreatic α-amylase and preincubated at 37°C for 10 min. After preincubation, starch solution (300 μl, 0.5%) was added, then the reaction mixtures incubated at 37°C for 15 min. The reaction was stopped by adding 3,5-dinitrosalicylic acid reagent (600 μl), heating in a boiling water bath for 10 min, then cooling. After adding 900 μl of distilled water, the absorbance was measured at 540 nm. The α-amylase inhibitory activity was calculated as follows:

[image: image]
 

2.10. α-Glucosidase inhibition assay

The α-glucosidase inhibition was determined as described previously (34) with minor modifications. α-Glucosidase (100 μl, 70 U/ml, in 0.5 ml sodium acetate buffer, pH 5.0) was premixed with beer sample (0.5 ml) and incubated at 37°C for 15 min. p-Nitrophenyl-α-D-glucopyranoside (0.5 ml, 2.5 mmol/L) was added, then the mixture was incubated at 37°C for 15 min and stopped by adding sodium carbonate solution (1 ml 0.2 mol/L). The α-glucosidase activity was determined by measuring the release of p-nitrophenol at 405 nm. α-Glucosidase inhibition was calculated as follows:

[image: image]
 

2.11. Sensory analysis

The beers were evaluated by 29 untrained tasters from the Tea Research Institute, Chinese Academy of Agricultural Sciences, aged between 20 and 59 years. For each taster, a 40 ml sample of the beer was served in a disposable, clear, acrylic glass. The tasters evaluated the aroma, taste, foam, appearance and overall score using a nine point hedonic scale form, where 1 = dislike strongly; 5 = neither like, nor dislike; and 9 = like strongly (35). A second four level scale (not sensed, faintly sensed, mildly sensed, and strongly sensed) was used to grade bitter and astringent tastes, and malty aroma, fruital aroma, floral aroma, and fresh-scent aroma. Training of tasters in grade evaluation prior to the experiment. All the participants (healthy and non-smokers from TRICAAS) were conducted considering the principle outlined in the Declaration of Helsinki, and informed written consent was obtained.



2.12. Statistical data analysis

The data are presented as the mean ± standard error of the mean. All experiments were carried out in triplicate. The results were analyzed with SPSS 18.0, using one-way analysis of variance to determine differences between sample groups, with p < 0.05 considered statistically significant.




3. Results and discussion


3.1. Physicochemical properties of beers

The effects of JTE on the physicochemical properties of the beers were compared (Table 1). JTE addition did not affect (p > 0.05) the color, turbidity and diacetyl content, however, it affected (p < 0.05) the contents of alcohol, total acids, total polyphenols, total catechins, and the foam-stability. The foam stability, alcohol concentration, total polyphenol concentration, and total catechin concentration of JTB were 528.0 ± 22.7 s, 6.6 ± 0.14% (v/v), 921.95 ± 1.6 mg/L, and 302.4 ± 1.3 mg/L, respectively, 1.52-, 1.04-, 1.6-, and 34.72-fold those of HOPB, respectively.


TABLE 1 Basic physico-chemical parameters of the beer.

[image: Table 1]

The catechin concentration of JTB was markedly higher than that of HOPB (Table 2), because of the high catechin concentration of JTE (17), and since catechins are the major JTE polyphenols, the polyphenol content of JTB was also significantly higher than that of HOPB. The foam stability of JTB was significantly higher, which may be related to its greater polyphenol content (18) and the foam-stabilizing effect of some polyphenols (36). Studies have shown that the type and content of polyphenols and catechins in beer are important factors affecting the antioxidant capacity and flavor stability of beer (37). In this study, it was found that beers with added tea extracts had stronger antioxidant capacity. Taken together, these results suggest that there is an association between JTE addition and beer quality.


TABLE 2 Content of catechin-like compounds in beer.

[image: Table 2]



3.2. Organic acid content and composition

Organic acids are important indicators of product quality and contribute to the organoleptic properties of beer, as well as being indicators of fermentation performance, so the organic acids (oxalic, tartaric, malic, lactic, acetic, citric, and succinic acid) in JTB and HOPB were determined (Figure 1). The total organic acid content of JTB (1445.38 mg/L), was 1.52-fold that of HOPB (p < 0.05). The main organic acids in both beers were lactic, acetic and citric acid and they differed significantly. The lactic, acetic and citric acid contents of JTB were 288.88 ± 1.02, 288.75 ± 7.34, and 356.44 ± 11.03 mg/L, respectively, 1.48-, 1.58- and 2.43-fold those of HOPB, respectively. The malic and succinic acid contents of JTB were 173.03 and 240.56 mg/L, 1.78- and 1.21-fold than those of HOPB, respectively. The tartaric acid content of JTB was significantly lower (0.44-fold) that of HOPB. The oxalic acid contents were similar, mainly because oxalic acid is primarily derived from the wort (38).


[image: Figure 1]
FIGURE 1
 Heat map of seven organic acids.




3.3. Analysis of volatile components
 
3.3.1. Identification of volatile compounds

The volatile compounds in the beers were determined by HS-SPME-GC-MS; the GC-MS total ion current (TIC) chromatograms are shown in Figure 2. A total of 519 compounds was putatively identified by comparison with the NIST 14 database, of which 231 compounds had a NIST 14 Best Match score >70. The main volatiles found were 2-methyl-1-butanol, 3-methyl-1-butanol, 3-methyl butanol acetate, hexanoic acid ethyl ester, phenylethyl alcohol, octanoic acid ethyl ester, 2-phenylethyl acetic acid ester, decanoic acid ethyl ester, and dodecanoic acid ethyl ester. These substances are mainly produced by the fermenting yeast (39).


[image: Figure 2]
FIGURE 2
 Total ion current (TIC) chromatograms of beer samples.




3.3.2. Differential analysis of volatile compounds

OPLS-DA was used to compare the volatile profiles of the beers (Figure 3). The OPLS-DA score plot (Figure 3A) showed a clear difference between JTB and HOPB. To determine the most important differential volatile compounds between the beers, their VIP values were determined; with limits of VIP >1 and p < 0.05, 75 key volatile compounds were screened out. There were 17 alcohols, 36 esters, three ketones, four terpenes, eight aromatics and seven other compounds. Volatile esters were found to be the main differential components distinguishing the two beers. Esters are formed by a condensation reaction between alcohols and carboxylic acids, impart a fruity flavor to the beer and can strongly influence its overall flavor and style (40). A heat-map of the 75 key volatiles was plotted to visualize the differences between the beers (Figure 3B; red: content > mean, blue: content < mean) and a hierarchical cluster analysis (HCA) was performed to analyze clustering in the flavor profiles. As can be seen from the Figure 3B, the content of most volatiles in JTB is higher than that in HOPB. Cluster analysis enables a good classification of the same type of beer into one category.


[image: Figure 3]
FIGURE 3
 Differential volatiles analysis in beer samples. (A) Score plot from OPLS-DA model; (B) Heat map of the relative content of key difference volatile components.




3.3.3. Analysis of major odor-active compounds

The relative odor activity value (ROAV) (41) was used to identify the contributions made by the 75 key volatiles to the overall flavor of the beers, finding 30 substances with ROAV ≥1 (Table 3), of which 22 were found in HOPB and 29 in JTB. The major contributors to the overall flavor of HOPB were linalool, ethyl 9-decenoate, 1-decanol, hexanoic acid ethyl ester and octanoic acid ethyl ester (ROAV 82.35, 76.23, 67.95, 32.19, and 21.12, respectively). The major contributors to the overall flavor of JTB were linalool, methyl anthranilate, 3-methyl-1-butyl acetate, 1-decanol, and hexanoic acid ethyl ester (ROAV 368.52, 73.85, 45.76, 44.77, and 43.61, respectively). Linalool, 1-decanol, and hexanoic acid ethyl ester were all relatively high in JTB and HOPB and contributed strongly to their aromas.


TABLE 3 Main odor-active compounds (ROVA≥1) in HOPB and JTB samples.
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Methyl anthranilate and ethyl 9-decenoate were the components with the second highest ROAV values in JTB and HOPB, respectively, and both these compounds differed markedly between the two beers. This appears to be related to the different ingredients; methyl anthranilate is a key aroma component of jasmine tea (42, 43), and ethyl 9-decenoate is a key aroma component of hops (44). Linalool is the main contributor to the overall flavor of both beers (largest ROAV) and is a key flavor component of late hopped beers and teas; it provides a floral flavor to beer (45). Hexanoic acid ethyl ester and 1-decanol are volatile compounds produced during fermentation, which can provide floral and fruity aromas, respectively (20, 46).




3.4. Metabolomic analysis of non-volatile beer components by LC-MS

After LC-MS data preprocessing, a total of 1,113 compound ion features were obtained from univariate and multivariate analysis. The QC samples were closely grouped in the PCA scores plot, indicating that the metabolomic analysis was reliable (Figure 4A). The JTB and HOPB samples were both closely grouped, but the two beer type groups were well separated, i.e., LC-MS analysis could clearly distinguish the two beer types. The criterion of PLS-DA VIP value ≥1.2 (Figure 4B) was used to screen for compounds that significantly differed between the two beers, and identified 123 differential compounds (Figure 4B, purple).


[image: Figure 4]
FIGURE 4
 Analysis of differential metabolites in different beers. (A) PCA score plot; (B) PLS-DA S-plot of HOPB vs. JTB (purple: VIP ≥ 1.2, blue: VIP < 1.2).


The 123 compounds were initially identified on the basis of their exact molecular masses and fragmentation spectra. Thirty-nine differential compounds were identified by comparing with the HMDB database (http://www.hmdb.ca/), laboratory standard libraries and previous reports (Table 4), namely, six bitter acids and derivatives, three amino acids, five phenolic acids, five organic acids, seven dimeric catechins, nine flavone/flavonol glycosides, and four others. Overall, JTE addition resulted in significant changes in metabolic profile.


TABLE 4 Forty tentatively identified metabolites between two groups of beer sample (in negative mode).
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A heatmap was plotted to visualize the differential metabolites resulting from JTE addition (Figure 5). The content of phenolic acids, amino acids, dimeric catechins and flavone/flavonol glycosides in JTB was significantly higher than that in HOPB, whereas bitter acid and some organic acids were less abundant in JTB. These differences are consistent with the substitution of late hopping with the addition of JTE, as amino acids, dimeric catechins, flavone/flavonol glycosides and phenolic acids are abundant in tea, whereas bitter acids are only found in hops (47–50). Dimeric catechins, amino acids and flavone/flavonol glycosides from the JTE would give the beer a tea-like flavor, especially the theanine, which has an umami taste (51). The high content of iso-alpha-acids is the main reason for the bitterness of beer (52), which is consistent with the sensory evaluation results (see below). HOPB had a higher bitterness intensity.


[image: Figure 5]
FIGURE 5
 Heatmap analysis of critical metabolites in two beer samples. A color-coded scale grading from blue to orange corresponds to the content of critical metabolite shifting from low to high.




3.5. Sensory evaluation

Taste, flavor and other sensory attributes are the main determinants of beer quality (53). The appearance, foam, aroma, taste, and overall acceptability of the two beers were compared by sensory evaluation (Figure 6). There were differences in flavor intensity between the beers, with HOPB having a higher bitterness intensity and JTB having a higher floral and light fresh-scent intensity (Figure 6A); the aroma score for JTB was 8.8, 31.0% higher than that of HOPB. The aroma differences are consistent with the relative volatile profiles of the beers (section 3.2), i.e., JTB contained higher concentrations of linalool, α-terpineol and citronellol. The score for taste of JTB was 7.8, 32.5% higher than that of HOPB, whereas HOPB scored higher for bitterness. JTB had a richer, whiter and finer foam, with a score of 7.7, compared with 7.0 for HOPB. However, JTB scored lower for appearance than HOPB, because JTB was a little more turbid than HOPB. Overall, JTB had a higher organoleptic rating than HOPB. The taste of JTB was mellower, softer and with a pleasing tea flavor (Figure 6B). JTB had a higher aroma score than HOPB (p < 0.05), apparently because of the abundant floral and fresh fragrances released from JTE (54, 55). HOPB had a lower taste score and higher bitterness score than JTB, probably resulting from the late hopping of HOPB; late hopping enhances the bitterness of beer (56). The study of Oladokun et al. (57) showed a significant effect of polyphenol content on the perceived intensity and characteristics of bitterness, with higher polyphenol content resulting in stronger bitterness and poorer bitterness characteristics expression in beer. It is noteworthy that although the beer with tea extract added in this study had higher polyphenol content, the bitterness intensity of JTB did not become stronger.


[image: Figure 6]
FIGURE 6
 Results of the sensory profiling of the beer samples. (A) Sensory evaluation of beer flavor. (B) Rating evaluation of flavor intensity of beer characteristics.




3.6. Antioxidant capacity

The antioxidant capacity influences the functional properties and the oxidation resistance of the beer during storage (30). The DPPH and ABTS+ radical scavenging capacities, and ferric reducing antioxidant power (FRAP) were determined to compare the antioxidant capacity of the beers (Figure 7). The DPPH, ABTS+, and FRAP capacities of JTB were 80.9, 42.3, and 50.3 mg/L, respectively, 52.6, 28.8, and 47.7% higher (p < 0.05) than those of HOPB, respectively.


[image: Figure 7]
FIGURE 7
 Antioxidant activity and polyphenol content. “a, b, I, II” and “*” Different letters in the same indexes indicate significant differences between mean values (p < 0.05). ABTS, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing antioxidant power.


The higher antioxidant capacities of JTB are consistent with its 1.6-fold higher phenolic content than HOPB; polyphenols, flavonoids, and flavonols account for the antioxidant capacity of beer (58, 59). Similarly, addition of fresh fruits during beer fermentation significantly enriched the content of phenolic compounds and increased the antioxidant capacity of the beer (60). Increased antioxidant capacity improves the storage stability of beer (36).



3.7. α-Amylase and α-glucosidase inhibition

α-Glucosidase and α-amylase are the key enzymes in the digestive system that hydrolyze dietary carbohydrates. Inhibition the two amylase can reduce and control postprandial blood glucose spikes, delaying hydrolysis of carbohydrates and suppressing postprandial hyperglycemia in prediabetes, diabetes, and obesity patients (61). The inhibitory effect on these digestive enzymes of the beers was determined (Figure 8); both beers inhibited α-amylase activity by 42.5 ± 1.5% (HOPB) and 72.1 ± 1.0% (JTB). α-Amylase inhibition by JTB was 30.5% higher than that of HOPB, probably because of its higher phenolic content; tea catechins strongly inhibit α-amylase activity (62, 63) and gallocatechin gallate is the strongest inhibitor among the catechins (61). HOPB inhibited α-glucosidase by 50.3%, whereas JTB had no significant effect. The characteristic compounds in hops inhibit both α-amylase (64) and α-glucosidase activity (65–67), which is consistent with the inhibition of both enzymes by HOPB.


[image: Figure 8]
FIGURE 8
 α-amylase and α-Glucosidase inhibitory effects by the two beers. “a, b, c, and I, II” Different letters in the same indexes indicate significant differences between mean values (p < 0.05).





4. Conclusion

In this study, beer was brewed with the addition of jasmine tea extract instead of hops at the late hopping stage. In general, the differences in physicochemical parameters between JTB and HOPB were not significant except for organic acid content and foam stability, but the overall sensory score of JTB was higher than that of HOPB and JTB had higher antioxidant capacity and polyphenol content.

The flavor volatiles in JTB and HOPB were distinctive; HOPB contained more abundant floral and fresh aroma compounds (e.g., nerol and methyl salicylate), whereas JTB contained more abundant green/grassy aroma compounds (e.g., hexanal). The differential compounds that distinguished the two beers were dimeric catechins, flavone/flavonol glycosides, and bitter acids and derivatives, which account for differences in sensory attributes and antioxidant capacity.

The overall sensory acceptability of JTB was higher than that of HOPB; JTB had a pleasant floral and fresh-scent aroma and softer taste, with a pleasant tea flavor and a taste. JTB had higher DPPH, ABTS and FRAP antioxidant capacities, which should result in better storage stability.

JTB has a stronger inhibitory effect on α-amylase activity than HOPB and is better able to regulate blood sugar levels. The consumption of this type of beer may therefore have a slowing effect on obesity.

Overall, adding jasmine tea extract instead of hops improved the overall sensory acceptability, foam stability and antioxidant capacity of the beer, as well as conferring a unique taste and flavor. This process modification has the potential to develop a novel application for tea in craft beer and compensate for the scarcity of aromatic hops in China.
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Vinegar is one of the most widely used acidic condiments. Recently, rapid advances have been made in the area of vinegar research. Different types of traditional vinegar are available around the globe and have many applications. Vinegar can be made either naturally, through alcoholic and then acetic acid fermentation, or artificially, in laboratories. Vinegar is the product of acetic acid fermentation of dilute alcoholic solutions, manufactured by a two-step process. The first step is the production of ethanol from a carbohydrate source such as glucose, which is carried out by yeasts. The second step is the oxidation of ethanol to acetic acid, which is carried out by acetic acid bacteria. Acetic acid bacteria are not only producers of certain foods and drinks, such as vinegar, but they can also spoil other products such as wine, beer, soft drinks, and fruits. Various renewable substrates are used for the efficient biological production of acetic acid, including agro and food, dairy, and kitchen wastes. Numerous reports on the health advantages associated with vinegar ingredients have been presented. Fresh sugarcane juice was fermented with wine yeast and LB acetate bacteria to develop a high-quality original sugarcane vinegar beverage. To facilitate the current study, the bibliometric analysis method was adopted to visualize the knowledge map of vinegar research based on literature data. The present review article will help scientists discern the dynamic era of vinegar research and highlight areas for future research.
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Introduction

Rapid development in the food supply chain has led to an increased interest in quality in the food sector. Human health and food safety have become essential in the last few decades. Health problems are highly related to diet and nutritional habits. The connection between nutrition and the development of various health problems is even more noticeable when close attention is given to every age group. As regards the chemical composition of foods, a large number of bioactive compounds present in plants, fruits, vegetables, dairy products, meat, and fish are currently known. Bioactive compounds from food play an important role in disease prevention (1, 2). Vinegar has antibacterial properties, antioxidant activity, anti-diabetic and anti-tumor effects, and the ability to prevent cardiovascular disorders. Additionally, due to its medicinal properties, it has long been applied in traditional ancient medicine (3, 4). Every nation or location in the world has varieties of vinegar with distinctive aromas and flavors derived from the raw ingredients, microorganisms, and vinegar manufacturing processes (3, 5, 6). In addition to being used as a flavoring agent, vinegar is a functional food and beverage since it contains some healthy ingredients, particularly in the older varieties (7, 8).

Globalization and the rapid expansion of food production have resulted in new consumer expectations regarding food and balanced diets. However, due to the significant increase in life expectancy, there is an urgent need for specific foods that meet all nutritional requirements and help us maintain a healthy diet, which is essential for maintaining human health (9–11). Therefore, food industries must keep up with consumers' interests and needs while developing novel products. Additionally, health experts, food technologists, biologists, healthcare companies, and consumers tend to highlight a great deal of interest in disease prevention. Functional foods are classified as nutritious foods, medicinal foods, regulatory foods, fortified foods, nutraceuticals, and pharmacological foods. Functional foods contain nutrients that have the potential to improve human life or reduce the risk of certain abnormalities (11–13).

Fruit is a well-known source of nutrients with functional qualities. Fruit contains flavors, colors, and aromas in addition to phytochemicals with antioxidant activities. Due to their capacity to scavenge and suppress free radicals formed during the oxidative metabolism that have detrimental effects on human health, antioxidants found in fruits have already been linked to nutritional advantages (14, 15). As a result, there is great interest in developing approaches for delivering these nutrients, and vinegar represents a promising possibility for establishing an improved functional food. In addition to being used as a food condiment, vinegar is a key component in the formulation of several drinks. Consequently, it was estimated that the market for products related to vinegar and the demand for genuine, high-quality fruit vinegar products will increase (2, 16). Fruit vinegar designation is also valid for products that mix juice with vinegar. However, establishing the types of vinegar made from fruits is crucial to provide a final product with natural fruit properties, given consumers' interest in high-quality and good food products (16).

Vinegar is an acidic condiment produced from various raw materials, including grains, fruits, and vegetables, and is manufactured worldwide. Cider vinegar and regular vinegar are the two varieties. Cider vinegar is made from fruit juices. It is a highly advantageous beverage, as it helps to promote various types of beneficial effects to consumers. Additionally, cider vinegar has been reported to have the potential to balance pH levels in the body if taken regularly. Regular vinegar is manufactured from unprocessed plant materials, i.e., grains, apples, grapes, or sugarcane (17–19). Depending on the ingredients used in their production, the fermentation processes, and the microorganisms participating in the process, different kinds of vinegar exhibit unique characteristics, flavors, and tastes (19). Numerous studies have already shown how effective the production process is concerning the final aroma characteristic of vinegar and its organoleptic properties (20, 21). Other than the production process, other factors affect the proportion of specific compounds, such as volatile and phenolic compounds, which is essential for the determination of vinegar quality (22). Recent studies on fruit vinegar production have focused on the isolation of specific acetic acid bacteria and the vinegars' phenolic and aromatic profiles to manage and improve vinegar quality (23). The ability of various bacterial strains to produce vinegar at high acetic acid concentrations has been tested (24).

Sugarcane is the world's largest source of sugar, and the main crop in many regions, and as a C4 plant with high energy efficiency, it is more important than other crops in terms of renewable energy utilization rate and crop production capacity. It has wide adaptability, stress tolerance, a high net energy ratio, and yield potential. Crop growth characteristics, widely planted in tropical and subtropical regions, not only as the main raw material for the sugar industry but also as a vital energy crop, the average annual biomass production is 180–200 t/ha, the yield as raw material, and ethanol production are significant due to other crops. The use of commercial promoters to initiate acetic fermentation or the implementation of cutting-edge techniques to produce high-quality sugarcane vinegar is an interesting research area discussed in this article with key importance given to the production process of sugarcane vinegar.



History and current status of vinegar

Vinegar is used as a condiment or preservative in salad dressings, ketchups, and sauces or mixed with water for use as a beverage (22). Interestingly, vinegar was once thought to be a culinary byproduct produced when wine deteriorated from exposure to air. The first known use of vinegar was over 10,000 years ago (25, 26). French chemist Durande succeeded in creating glacial acetic acid by concentrating vinegar in the 18th century. A technique for making vinegar known as the generator process, invented by German scientist Schutzenbach in the 19th century, allowed vinegar to be produced in 7 days. German inventor Hromatka developed submerged acetification, an improved vinegar-making process that uses better aeration and stirring to develop vinegar in a shorter period (25).

In Europe, America, and Africa, fruit vinegar is usually manufactured and used as a spice (3, 5, 6, 8). Fruit vinegar is made from various fruits, including grapes, apples, pineapples, mangoes, jujubes, and bananas (16). There are many well-known traditional fruit vinegarsthroughout the world, including traditional balsamic vinegar (TBV), balsamic vinegar (BV), and sherry vinegar (SV), all of which are PGI products in Europe (27). The ancient Egyptians, Sumerians, and Babylonians are believed to have developed, prepared, and utilized fruit vinegar first, according to historical records (5, 6).

Around 1,000 BC, China produced cereal vinegar, the most widely used vinegar in China, Japan, Korea, and other Asian nations (28). Seaweed salad, sushi, boiled and steamed fish, and other dishes are frequently seasoned with cereal vinegar (3, 5, 6). Sorghum, rice, wheat, corn, barley, and other starch-rich ingredients are the primary raw materials for cereal vinegar (3, 5, 6, 8).

Due to vinegar's nutritional properties directly affecting consumers' health, more than 3.2 million liters of vinegar is consumed daily in China. The quality of vinegar has received significant attention from the Chinese government (19). As regards Chinese sugar crops, i.e., sugarcane and sugar beet, more than 85% of the perennial sugar plantation area is sugarcane, which accounts for more than 90% of the total sugar production capacity. Since 1992, Guangxi, China, has become a sugarcane cultivation and sugar production area with extensive planting and production capacity. Sugarcane planting and sucrose production account for more than 60% of the Guangxi's land use. According to the statistics of the China Sugar Industry Association, the harvest area of sugarcane in the whole region was 729,600 ha, the total sugarcane output was 49,213,200 tons, sugar production was approximately 6,287,800 tons, and total sugar production was 10.67 MMT in the country during the 2020/2021 crushing season. Guangxi has become China's leading province for sugar. It is the second-largest sugar-producing province after São Paulo, Brazil. In addition, Guangxi is also the most prominent fruit-cane-producing area in China, with an annual fruit cane planting area of more than 30,000 ha, a yield of 105–150 t/ha, and a total yearly output of over 3 million tons, most of which are sold to North (29).

The high-quality fermented product processed from sugarcane juice is more significant in promoting the sugarcane industry's development in Guangxi, China, and around the globe. The sugarcane vinegar production and quality standard system in China dramatically promotes the development of China's sugarcane processing and fermented vinegar industries and enhances the influence of sugarcane vinegar standardization. Because of the high cost of raw material processing, long duration fermentation cycle, low efficiency, and unknown product efficacy, the government of the Guangxi region developed measures to promote the secondary entrepreneurship of the sugar industry. Sugarcane raw vinegar was selected as a breakthrough point to conduct technical analysis on non-sugar-diversified products with high economic value and overcome the major bottleneck of the lack of diversified processing technologies and developments in the cane industries.

Sugarcane juice is a common indigenous drink, largely and economically consumed worldwide (14). Sugarcane original vinegar (SOV) developed a complete set of advanced technologies for continuous and efficient processing of original sugarcane vinegar with high efficiency of whole-stem cane juice, developed advanced equipment for different types of automatic intelligent vinegar brewing machines, and built vats for storing sugarcane brewed by immobilized microorganisms. Compared with conventional technology, the fermentation period of raw vinegar takes approximately 13–18 days, efficiency is increased up to 42.5–52.2%, and the cost is reduced by 30%, which solves the problems of the high processing cost of sugarcane raw materials and the long fermentation period. To our knowledge, this is the first time we have shown the effective retention of sugarcane original vinegar's properties and functional components during fermentation, revealing its essential biological functions (Figure 1). Different kinds of organic acids, such as amino acids, sugar, volatile components, and active ingredients of polyphenols, were assessed (Table 1). It has been confirmed that original sugarcane vinegar has the functions of lowering blood fat, improving anti-oxidative stress, reducing body weight, and enlarging organs to developing diversified new products derived from available sugarcane raw vinegar (30, 32).
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FIGURE 1
 Simplified production flow diagram of sugarcane vinegar.



TABLE 1 Summarizing aroma compounds, organic and free amino acids in sugarcane vinegar (30, 31).

[image: Table 1]

The chemical variations in the original sugarcane vinegar produce acetic acid with two carbon atoms by the action of Saccharomycetes and acetic acid bacteria (catalytic enzymes) containing 12 carbon atoms of sucrose (Figure 2). The main component of raw sugarcane juice is sucrose, which is a highly suitable source of carbon for the growth of microbial activities and, thus, may be directly involved as a fermentation medium (14, 33).


[image: Figure 2]
FIGURE 2
 Conversion of sugarcane raw juice to acetic acid reaction.




Research and development on vinegar


Identification of yeast fermentation

The final vinegar depends on the yeast strains applied during the fermentation process. Different yeast strains can produce varying concentrations of volatile substances and alcohol. It implies that other kinds of vinegar will be produced based on the strains employed with reference to the aroma, alcohol level, and acetic acid content. The strain S. cerevisiae r. bayanus and the cider strain S. cerevisiae r. cerevisiae give rise to ciders with similar characteristics. Noteworthy in both strains is the low production of acetic acid and secondary fermentation compounds, as well as the fact that they give rise to ciders with a high concentration of glycerol and succinic acid (34). There are different methods for alcoholic fermentation, including spontaneous fermentation and inoculation with S. cerevisiae yeast. When compared to spontaneous fermentation, it was revealed that alcoholic fermentation with yeast could result in higher alcohol content (35). Yeast is essential in producing wines that contain higher alcohol (36).

In the analysis of wine's fermentation properties, special yeast for the alcohol fermentation of sugarcane vinegar was screened from three dry yeasts, such as wine high-activity dry yeast, high-temperature-resistant high-activity dry yeast, and highly active dry yeast for wine. According to the yeast growth curve, the delay period of three yeasts is 0–4 h, logarithmic growth period is 4–18 h, stable period is 18–28 h, which then declines after 28 h. The growth stability of yeast is determined as wine high-activity dry yeast > high-temperature-resistant high-activity dry yeast > highly active dry yeast for wine. The F coagulation value of the three yeasts was <20%, non-cohesive. Before fermentation (48 h), the CO2 weight loss of the three yeasts changed, indicating that the fermentation speed was fast at this stage, the yeasts were in the vigorous reproductive stage, showed strong fermentation capacity, and displayed specific difference between the fermentation time and the frequency. The acidifying ability values changed during the 3–6 days and gradually rose to a stable level during 6–8 days of fermentation. Observing the acidifying efficiency of the three yeasts in the final fermentation stage, it was determined that wine high-activity dry yeast is superior to high-temperature-resistant high-activity dry yeast (14, 37).



Screening of acetic acid bacteria

This screening method uses sugarcane alcohol mash as raw material, through liquid submerged fermentation, LB-active acetic acid bacteria. LB-active acetic acid bacteria were selected from five acetic acid bacteria, such as bacterium and raw meal acetic acid bacteria, which are more suitable for brewing sugarcane original vinegar. The pH range between 5.5 and 6.3 is suitable for the growth of acetic acid bacteria. While some strains have been isolated from aerated media with a pH as low as 2.0, numerous investigations have demonstrated that acetic acid bacteria can still survive at pH 3.0. Three distinct strain types, known as acetophilic strains (grow at pH 3.5), acetotolerant strains (grow at pH 3.5 to 6.5), and acetophobic strains (grow at pH levels >6.5), can be explored in the production of vinegar (38). The optimal temperature for the growth of acetic acid bacteria ranged between 25 and 30°C. However, according to Raspor and Goravonic (38), acetic acid bacteria are still active at 10°C but develop more slowly.

Acetic acid is the main organic acid present in vinegar and is one of the most important functional ingredients. Acetic acid bacteria mainly produce it during fermentation. Lactic acid, which shows the highest content among nonvolatile organic acids in vinegar, is mainly produced during alcoholic fermentation. Propionic acid, tartaric acid, malic acid, citric acid, and other organic acids in vinegar are produced throughout the whole fermentation process. Moreover, the fermentation conditions also influence the contents of organic acids (7, 39). Five types of acetic acid bacteria were produced under the same situation, the acid production ability of the raw vinegar was relatively normal, and the acid production of the other four types of acetic acid bacteria showed a significant increase in the process of acetic acid fermentation (40).



Acid production and sensory quality

Vinegar is notable for its unique aromas and flavors, mainly derived from its raw materials, microbial communities, and process technologies (3, 5, 6, 20). Because some VVOCs can emerge from one of the three sources—raw materials, microbes, and processes—or two or three of them, it is exceedingly challenging to pinpoint exactly where they originate. Additionally, VVOCs alter dynamically throughout the entire production process of vinegar. The fruit vinegar fermented by LB-active acetic acid bacteria has a sweet and sour taste, outstanding aroma, and bright color. It has the highest sensory score, which is significantly higher than those of other strains. Compared with pH, the initial alcohol content, inoculum amount, sucrose addition amount, and temperature significantly affect the acetic acid fermentation process through single-factor experiments.



Process of alcohol fermentation

Saccharomyces cerevisiae, which is present in all varieties of vinegar, among the numerous microbial strains, was identified during the alcoholic fermentation process (AFP) of vinegar (3). According to Wang et al. (41), S. cerevisiae was the predominant yeast species in the AFP of fruit vinegar. Since S. cerevisiae strains grow better than other yeast species in the high-sugar environment of AFP (42). In addition to S. cerevisiae, LAB frequently appear in AFP and significantly contribute to the synthesis of vinegar volatile organic compounds, as do non-Saccharomyces like Candida spp., Cryptococcus spp., and Debaryomyces spp. (41, 43).

The sucrose in sugarcane raw juice was divided into glycogen for direct microaerobic fermentation. The optimal parameters were 0.1% yeast addition, 20°C fermentation temperature, 280-mL/(kg·d) oxygen flow, and 15 alcohol content of fermented mash. The sugar content of the fermented liquid with the added amount of 0.1% yeast is the highest (18.49 g/100 mL) but with a low alcohol content (14.3% vol); the apparent sugar content of the fermented liquid with the added amount of 0.2% yeast. Yeast additions of 0.15 and 0.2% bring about a faster fermentation rate. After 4 days of fermentation, the utilization rate of apparent sugar content consumption was not high and not conducive to the formation of post-fermentation sugarcane flavor. Considering the time period for fermentation comprehensively, the optimal amount of yeast was added to ferment low-alcohol sugarcane fruit wine (0.1%) (44). The amount of residual sugar in fruit wine is related to the alcohol content and the initial apparent sugar content utilization rate in the early fermentation process. Moderate residual sugar can improve the taste of fruit wine during aging and enrich the flavor of sugarcane fruit wine (14, 44).



Acetic acid fermentation process

Acetobacter spp., Komagataeibacter spp., Gluconobacter spp., and Gluconacetobacter spp. are the dominant microorganisms in the acetic acid fermentation process of vinegar, but other bacteria, mainly Lactobacillus spp., Pediococcus spp., Bacillus spp., Acinetobacter spp., and Staphylococcus (8, 45, 46). These bacteria, can generate aldehydes, ketone VVOCs, and acidic VVOCs. The acidic VVOCs can be utilized as substrates to produce additional VVOCs, such as ester-like VVOCs. The primary AAB strains used to develop fruit and cereal vinegar by liquid-state and solid-state fermentation, respectively, originate from the genera Acetobacter and Komagataeibacter (5, 8).

Using sugarcane, fruit wine is prepared by fermentation of sugarcane juice as raw material through liquid-submerged fermentation. The acetic acid fermentation strains preparing sugarcane fruit vinegar from sugarcane fruit wine were screened out. The acetic acid fermentation process of sugarcane fruit wine was studied using response surface methodology (RSM). Through optimization, the optimal process parameters obtained were as follows: the initial alcohol content (5%) of sugarcane fruit wine, the inoculation amount of LB-active acetic acid bacteria (0.5%), the addition of sucrose (4%), and a fermentation temperature of 26°C. Under these conditions, the acid production of 15.05 g/100 mL was observed.

The optimum process for rapid fermentation of acetic acid bacteria was immobilized in alcoholic mash: LB-active acetic acid bacteria were used as fermentation bacteria to study the effects of initial alcohol content, inoculum size, fermentation temperature, sucrose addition, and initial pH on acetic acid fermentation and determine the most suitable LB. The initial alcohol content of active acetic acid bacteria fermentation was found to be 5% (vol), inoculum size was 0.5%, fermentation temperature was 26°C, the amount of sucrose was 4%, and initial pH was 3.6. Under these conditions, the acid production reaches 15.05 g/100 mL. The sugarcane fruit vinegar fermented by this process is amber in color, crystal clear, clear in sugarcane fragrance, and sweet and sour (40).

The interaction between initial alcohol content and inoculum volume had the most significant effect on acid production. Through regression analysis, combined with the convenience of actual operation, the processing conditions of sugarcane fruit vinegar fermented by LB-active acetic acid bacteria were determined, such as the initial alcohol content of sugarcane fruit wine was 5% vol and the inoculation amount of LB-active acetic acid bacteria was 0.5%. Compared with the predicted value of 15.57 g/100 mL, the theoretical significance and the expected value do not have a big difference, and the test results are promising, which shows that it is feasible to optimize the process conditions of fermented sugarcane fruit vinegar by response surface analysis (40).




Organic acids and volatile compounds of vinegar

The fermentation of acetic acid is primarily responsible for vinegar's distinctive flavor and aroma. Because acetic acid is present, vinegar has a strong aroma and flavor. However, in addition to acetic acid, vinegar fermentation products, such as organic acids, esters, ketones, and aldehydes, give vinegar its unique taste (47) (Table 1). Acetic acid is a precursor for synthesizing these chemicals, produced throughout the fermentation and aging process (48). The initial raw materials utilized, the techniques for making vinegar, and the length of acetification could all impact these volatile compounds (49).

A total of 61 and 38 volatile compounds were identified in the traditional and industrial vinegar samples, according to Ozturk et al. (47), which assessed the volatile compounds present in Turkish traditional homemade vinegar and industrial vinegar. The two most volatile compounds in the conventional vinegar were α-terpineol (25%) and ethyl acetate (15%), among the other identified volatile compounds. It is interesting to note that ethyl acetate predominates in grape vinegar, but α-terpineol is undetectable from all samples of grape vinegar. Octanoic acid (15.6%) and isoamyl acetate (18.6%), or “banana odor”, were determined to be the principal volatile components in grape and pomegranate vinegar in the industrial samples (47).

According to Su and Chien (50), acetic acid (the vinegar odor), 2/3-methylbutanoic acid (sweaty odor), phenethyl acetate (sweet, honey odor), 2-phenyl ethanol (rosy, sweet odor), octanoic acid (sweaty odor), eugenol (clove odor), and phenylacetic acid were the most significant aroma-active compounds in the vinegar produced (overall floral odor). Some substances, including linalool (floral, cut grass odor), 2,3-butanedione (buttery odor), (E,Z)-2,6-nonadienal (cucumber odor), ethyl butanoate (apple, fruity odor), low concentrations or not detected by GC-MS.

A study on the volatile compounds in 56 balsamic vinegar samples, old traditional balsamic vinegar, and regular vinegar from Modena and Reggio Emilia, Italy, was conducted by Del Signore (51). Traditional balsamic vinegar contains less propionic acid and more esters than common balsamic vinegar. 2,3-Butanediol diacetate is found in higher concentrations in traditional balsamic vinegar. Conventional balsamic vinegar had higher concentrations of diacetyl, hexanal, and heptanal than balsamic, common, and other vinegar types (five times smaller in quantity). In terms of alcohol, traditional balsamic vinegar showed higher levels of octanol, whereas balsamic vinegar contained higher levels of 1-propanol, isobutyl alcohol, isoamyl alcohol, and 1-hexanol. 2-propanol and ethanol were more common in regular vinegar (51).

The maturation of the vinegar has a considerable impact on the organic acids (lactic, acetic, and succinic) and volatile substances (2-butanol, 2-propen-1-ol, 4-ethylguaiacol, and eugenol) of vinegar (17). These chemicals were discovered to be more prevalent in vinegar with increasing maturation levels. When compared to inoculated fermentation, spontaneous fermentation produces significantly higher amounts of esters during alcoholic fermentation (35).

Using HPLC-DAD technology to analyze the sugarcane original vinegar and its derivative products, sugarcane vinegar beverage is rich in phenolic substances, such as vanillin, coumarin, chlorogenic acid, caffeic acid, ferulic acid, p-coumaric acid, 10 types of luteolin in celery, cinnamic acid, and kaempferol, among which the contents of vanillin, coumarin, chlorogenic acid, and caffeic acid are relatively high (original sugarcane vinegar>5 ppm, sugarcane vinegar drink>2 ppm), the contents of apigenin, luteolin, cinnamic acid, and kaempferol are low (sugarcane original vinegar <33.99 ppm, sugarcane vinegar drink <0.1 ppm), and the total phenolic content of sugarcane vinegar was found to be higher (Table 1). The beverage types and content of polyphenols in sugarcane vinegar beverages were 2.5 times and five times higher than those of commercially available apple cider vinegar beverages and significantly higher than those of similar commercially available vinegar beverage products (52). The main components of organic acids in original sugarcane vinegar were identified by HPLC-UV, i.e., oxalic acid, tartaric acid, acetic acid, and succinic acid.

Sugarcane fruit wine and sugarcane vinegar were fermented with sugarcane mixed juice as raw materials. The automatic amino acid analyzer determined the types and content changes of amino acids in sugarcane juice, sugarcane fruit wine, and sugarcane vinegar. The nutritional and taste intensity values (TAVs) were used to compare fermented sugarcane products. It was found that sugarcane juice, sugarcane fruit wine, and sugarcane vinegar all contained different types of amino acids (such as glycine, leucine, methionine, tyrosine, histidine, threonine, alanine, isoleucine, and tryptophan acids,/lysine, aspartic acid, valine, phenylalanine, proline, serine, glutamic acid, and arginine), total amino acids (TAA), essential amino acids (EAA), and flavor amino acids, which were significantly different. Methionine and cysteine were the first limiting amino acids in sugarcane vinegar (Table 1). The ratio of EAA in sugarcane wine and sugarcane vinegar tended to be more reasonable than in sugarcane juice. Glutamic acid is the main flavor-contributing amino acid of sugarcane juice, sugarcane cider, and sugarcane vinegar, and its TAV was found to be between 1.3 and 2.4. Considering the ratio of essential amino acids, sugarcane fruit wine and sugarcane vinegar tend to be more reasonable, which can be prepared and eaten with other drinks or by developing new products to increase the biological nutritional value of the product (32).

The main sugar components (sucrose, fructose, and glucose) in original sugarcane vinegar identified by HPLC-UV make it clear that sucrose is the leading sugar source for active yeast and acetic acid bacteria to produce original sugarcane vinegar. The aroma components of original sugarcane vinegar were determined by GC-MS, such as 5 alcohols (5.19%), 9 esters (59.01%), 5 aldehydes (0.42%), and 5 acids (27.92%). Four types of ketones (0.43%), 1 type of phenol (0.01%), 3 types of hydrocarbons (0.09%), and 1 type of other heterocycle (0.69%), of which ethyl lactate, iso-acetate, isoamyl alcohol, ethyl n-caproate, ethyl octanoate, acetic acid, n-octanoic acid, etc., are the aroma substances of sugarcane original vinegar (30) (Table 1).



Biological functions

With the help of in vitro and in vivo activity assessment, it was confirmed that the original sugarcane vinegar has biological functions, i.e., lowering blood lipid, improving anti-oxidative stress, reducing body weight, and organ enlargement. Sugarcane fruit wine and raw vinegar had a strong scavenging effect on DPPH and OH, which gradually increased with the increment of sample volume. The scavenging rate was higher than those of the control of Vc and gallic acid, among which was sugarcane raw vinegar. It may be related to the antioxidant components, such as polyphenols in the fermentation product, and the specific mechanism needs further exploration. Sugarcane fruit wine and original sugarcane vinegar have specific scavenging effects on NO2 and strong chelating effects on metal ions, original sugarcane vinegar is better than sugarcane fruit wine. It can be seen that original sugarcane vinegar has good health effects. Using sugarcane juice to ferment and process new products can improve sugarcane utilization value and provide an advanced way to develop diversified high-value-added products (53).

By establishing a high-fat diet-induced hyperlipidemia mouse model, the effects of sugarcane raw vinegar on blood lipids, liver lipids, and redox capacity were studied in high-fat diet-induced lipid metabolism disorders. It was found that compared with the high-fat control group, administration of original sugarcane vinegar can significantly reduce the plasma levels of total cholesterol (TC), triglyceride (TG), and low-density lipoprotein cholesterol (LDL-C) in high-fat mice, increase high-density lipoprotein (HDL-C) level, effectively reduce amylase activity, increase lipase activity, and reduce blood sugar concentration and fat accumulation; sugarcane raw vinegar can also increase the activity of superoxide dismutase (SOD) and glutathione peroxide (GSH-Px) in plasma and the liver and reduce the activity of nitric oxide synthase (NOS), and lipid peroxidation reaction products in liver malondialdehyde (MDA) content can enhance the anti-oxidative stress level (54). The differences in body weight, organ coefficients, and serum biochemical indicators between mice fed high-fat sugarcane vinegar and the model group were analyzed. It was found that the weight gain of mice fed a high-fat diet was significantly higher than that of mice in the control group. Compared with the model group, there were very significant differences. The high-concentration of sugarcane original vinegar could effectively reduce the body weight of high-fat mice; with the exception of the lung being significantly increased, other organs had no significant difference between the sugarcane original vinegar and the other groups. Sugarcane original vinegar can substantially control the body weight of mice fed a high-fat diet. A high concentration of original sugarcane vinegar can effectively reduce body weight and lower blood lipid levels and does not affect the organ index of mice. The recent experimental findings showed that original sugarcane vinegar regulates blood lipids, improves anti-oxidative stress, reduces body weight and organ enlargement, and helps to inhibit the development of hyperlipidemia, obesity, and complications (12, 31, 55).



Social and economic benefits

Original sugarcane vinegar plays an essential role in promoting the transformation and upgradation of the cane sugar industry, stimulating the enthusiasm for sugarcane planting in China's “sea of sugarcane” and “sugar capital”, and doubling the income of sugarcane farmers. At the same time, increased employment opportunities for related industry workers in Guangxi sugarcane areas extended the sugarcane industry chain and stimulated local social and economic development. The economic and social benefits of the project are remarkable, which has promoted the development of the traditional brewing industry to standardized intelligent manufacturing and significantly promoted the upgradation of the China cane sugar industry and the process of secondary entrepreneurship around the globe.



Conclusion and future directions

Although numerous types of volatile organic compounds (VOCs) in various kinds of vinegar, particularly in the well-known and traditional vinegar products, have been studied, the VOCs can be derived from their primary raw materials, associated microorganisms, heating, aging, or other processes. In addition, the majority of VOCs dynamically change during the vinegar-making process; therefore, it is highly challenging to explain the production processes of VOCs. Future research should at least focus on the following factors to better understand and investigate VOCs. Metagenomics, metaproteomics, and metabolomics are examples of multi-omics technologies that could be used to understand better how microbes make VOCs and how various bacteria contribute to VOC production.
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Albino tea cultivars are mutant tea plants with altered metabolisms. Current studies focus on the leaves while little is known about the flowers. To evaluate tea flowers from different albino cultivars, the chemical composition and anti-cholesterol activity of tea flowers from three albino cultivars (i.e., Baiye No.1, Huangjinya, and Yujinxiang) were compared. According to the results, tea flowers from Yujinxiang had more amino acids but less polyphenols than tea flowers from the other two albino cultivars. A reduced content of procyanidins and a high chakasaponins/floratheasaponins ratio were characteristics of tea flowers from Yujinxiang. In vitro anti-cholesterol activity assays revealed that tea flowers from Yujinxiang exhibited stronger activity in decreasing the micellar cholesterol solubility, but not in cholesterol esterase inhibition and bile salt binding. It was noteworthy that there were no specific differences on the chemical composition and anti-cholesterol activity between tea flowers from albino cultivars and from Jiukeng (a non-albino cultivar). These results increase our knowledges on tea flowers from different albino cultivars and help food manufacturers in the cultivar selection of tea flowers for use.
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1. Introduction

Camellia sinensis is a flowering plant in the Theaceae family. Its leaves have been used to produce tea, a globally popular beverage, for centuries. Therefore, Camellia sinensis is regarded as an important economic plant and widely cultivated. Tea flowers are reproductive organs of Camellia sinensis, usually white in color, blooming from September to December. The yield of tea flowers in matured tea gardens is about 2.86–4.29 tons/acre (1). Unlike tea leaves, tea flowers were under-evaluated in the past and mostly discarded as wastes. Recent researches have revealed that multiple bioactive compounds in tea leaves also exist in tea flowers (2). Compared with tea leaves, tea flowers contain more soluble sugars, but less polyphenols and caffeine (3). Evidences indicate that tea flowers display various bioactivities (2). Anti-cholesterol activity is a featuring activity of tea flowers. Cholesterol is a type of lipid which acts as an essential structural component of animal cell membranes and serves as precursor for bile acids, vitamin D, and steroid hormones (e.g., estrogen and testosterone) (4). However, too much cholesterol is harmful to the body, which is associated with the increased incidence of coronary artery diseases. Deng and Huang found that tea flowers exhibited anti-cholesterol activity in vitro (5). Ling et al. proved that oral administration of tea flowers significantly reduced the levels of serum total cholesterols and low density lipoproteins in high-fat diet-fed rats (6). Due to the excellent bioactivity and safety, tea flowers were approved as novel food components by the National Health Commission of the People’s Republic of China in 2013, which permitted the legal application of tea flowers in commercial foods. By now, tea flowers have been used in beverages and snacks to improve the health-beneficial function (7, 8).

The health-beneficial function of tea flowers is determined by the chemical components. It has been reported that the chemical components in tea flowers are affected by the floral organ, flowering stage, growth area, and cultivar (3, 9–11). The cultivar not only has an impact on the levels of general components (e.g., catechins), but also on the presence of specific components (e.g., anthocyanins) (12).

Albino tea cultivars are mutant tea plants whose leaves are notably lighter in color compared with non-albino tea leaves due to the lack of chlorophylls (13). The balance of carbon and nitrogen metabolism is hampered in albino leaves, resulting in the accumulation of free amino acids and the shortage of polyphenols (14), which makes albino tea taste less bitter and astringent than non-albino tea. The synthesis of volatiles in albino tea leaves is also altered, leading to a more ethereal smell (15). Currently, more attentions are paid on studying the leaves than flowers of albino tea plants. Little is known about tea flowers from albino cultivars. In this study, the chemical composition and anti-cholesterol activity of tea flowers from three albino cultivars (i.e., Baiye No. 1, Huangjinya, and Yujinxiang) and one traditional non-albino cultivar (i.e., Jiukeng) were investigated. The results will enhance our knowledge on tea flowers from different cultivars and guide food producers choose the proper tea flowers for applications.



2. Materials and methods


2.1. Tea flower samples and reagents

Dried tea flower samples were provided by Yuyao Sichuangyan Tea Co. Ltd (Zhejiang, China). The tea flowers were collected at the half-open period from the same tea garden in Yuyao City, Zhejiang Province, China, in November. Tea flowers were withered for 4 h, dried by hot air at 40°C for 1 h (Hot air dryer, Product No. 6CHZ-9B, Fujian Jiayou tea machinery Co., Ltd., Fujian, China), cooled for 30 min, dried by hot air at 55°C for 1 h and at 70°C for 1 h to obtain dried tea flowers. The weight of fresh tea flowers in each batch was 50 kg. Three batches of samples were prepared for each cultivar.

Sodium cholate, sodium taurocholate, sodium glycocholate, and sodium chloride were purchased from Shanghai Macklin Biochemical Technology Co., Ltd (Shanghai, China). Cholesterol, cholesterol esterase, 4-nitrophenyl butyrate, cholestyramine, and epigallocatechin gallate (EGCG) were purchased from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China). Oleic acid was purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd (Shanghai, China).



2.2. Chemical composition analysis

Each tea flower sample was ground and filtered through a 60 Tyler mesh sieve. The tea flower powder was extracted with distilled water (3:500 w/v) at 100°C for 40 min and centrifuged at 8,000 g for 10 min to remove powder residues. The supernatant was used for analysis.

The total phenolic content was measured according to the national standard GB/T 8313–2008. The contents of eight monomeric catechins were measured using a published HPLC method (16). The content of free amino acids was measured according to the national standard GB/T 8314–2013. The composition of free amino acids was measured by an amino acid analyzer (Sykam S433-D, Eresing, Germany) using a previous method (17). Detailed description of each method was presented in the supplementary material.

The content of soluble sugars was measured using anthrone-sulfuric acid method. In brief, 1 mL sample solution was mixed with 4 mL anthrone-sulfuric acid, incubated at 100°C for 10 min, cooled to room temperature, and then measured the absorbance at 620 nm. To measure the soluble polysaccharide content, the polysaccharide was precipitated by mixing the sample solution with ethanol at a ratio of 1:5, cooled at 4°C overnight, and centrifuged at 8,500 g for 10 min. The precipitate was re-dissolved with distilled water to prepare the solution for the anthrone-sulfuric acid assay. The contents of sucrose, fructose, and glucose were determined using corresponding commercial kits (Beijing Solarbio Science & Technology Co., Ltd., Products No. BC2465, BC2455, and BC2500, Beijing, China).

The content of saponins was measured using the vanillin-sulfuric acid method. A 100 μL sample solution was mixed with 0.5 mL 8% vanillin-alcohol solution and 3 mL 70% sulfuric acid, incubated at 60°C for 10 min, cooled to room temperature, and read the absorbance at 540 nm.

Ultrahigh performance liquid chromatography-Q Exactive-Orbitrap-mass spectrometry (UPLC-QE-Orbitrap-MS) was used to determine the composition of procyanidins, organic acids, flavonols, methylxanthines, and saponins, based on published methods with modifications (11, 18). The separation was performed on an ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 mm × 100 mm, Waters, Milford, MA, United States) using a Dionex Ultimate 3,000 RS system. A 0.1% formic acid in water and acetonitrile was used as mobile phases A and B. To determine procyanidins, methylxanthines, and organic acids, the gradient changes of mobile phases were 0–1 min, 5% B; 1–2 min, 5–10% B; 2–6 min, 10–35% B; 6–8.5 min, 35–100% B; 8.5–9.5 min, 100% B; 9.5–10 min, 100–5% B; and 10–12 min, 5% B. To determine saponins, the gradient changes of mobile phases were 0–5 min, 25–35% B; 5–6 min, 35–37% B; 6–15 min, 37–45% B; 15–18 min, 45–100% B; 18–19 min, 100% B; 19–20 min, 100–25% B; and 20–22 min, 25% B. To determine flavonols, the gradient changes of mobile phases were 0–6 min, 10–30% B; 6–9.5 min, 30–100% B; 9.5–10 min, 100–10% B; 10–12 min, 10% B. The total flow rate was 0.3 mL/min. The column temperature was 40°C. The MS analysis was conducted using the QE-Orbitrap mass spectrometer (Thermo Scientific, United States) with electrospray ionization (ESI), operating in the positive and negative ionization full scan modes. Auxiliary gas and sheath gas flow rates were 10 and 45 (arbitrary units), respectively. The auxiliary gas heater temperature was 300°C. The capillary temperature was 320°C. The spray voltage was 3.1 kV and the S-lens RF level was 50 V. The normalized collision energy (NCE) was 30 eV. The resolution of the full scan and ddMS2 were 70,000 and 35,000, respectively. The full MS scan ranges were set from m/z 100 to 1,500. Data were acquired and processed using ThermoXcalibur 3.0 software (Thermo Scientific, United States). Tentative identification was based on comparing retention time, m/z values, and MS/MS fragments with standards or data from databases (e.g., MzCloud) when standards were unavailable (Detailed information is provided in Supplementary Table S1 and Supplementary Figure S1). Relative quantitation was calculated by comparing the relative intensities of the parent ions among samples and presented in a heat map after converting to Z-scores of the rows.



2.3. Micellar cholesterol solubility assay

The assay was conducted based on a previously published method (19). The micellar cholesterol solution consisted of 2 mmol/L cholesterol, 10 mmol/L sodium taurocholate, 5 mmol/L oleic acid, 132 mmol/L sodium chloride, and 15 mmol/L phosphate buffered saline (0.1 mol/L, pH = 7.4). One hundred microliter tea flower solution (or distilled water as the control) was mixed with 900 μL micellar cholesterol solution. One hundred microliter tea flower solution was mixed with 900 μL distilled water as the sample control. The mixture was incubated at 37°C for 1 h and centrifuged at 15,000 g for 20 min. The cholesterol concentration of the supernatant was measured using a total cholesterol assay kit (Nanjing Jiancheng Bioengineering Institute, Product No. A111-1-1, Nanjing, China). The remaining cholesterol (%) was calculated as follows.

[image: image]



2.4. Cholesterol esterase inhibition assay

The assay was conducted based on a previously published method (20). One milliliter phosphate buffered saline (0.1 mol/L, pH = 7.0) containing 5.16 mmol/L sodium taurocholate and 0.1 mol/L sodium chloride was mixed with 50 μL cholesterol esterase (5 mU/mL), 20 μL 4 mmol/L 4-nitrophenyl butyrate, and 50 μL tea flower infusion (or 50 μL distilled water as the control). One milliliter phosphate buffered saline was mixed with 50 μL distilled water, 20 μL 4 mmol/L 4-nitrophenyl butyrate, and 50 μL tea flower infusion as the sample control. The mixture was incubated at 25°C for 30 min. The absorbance at 405 nm was measured and recorded as Asample (or Acontrol). The inhibition rate was calculated using the following formula.

[image: image]



2.5. Bile salt binding assay

The assay was conducted based on a previously published method (5) with some modifications. One hundred microliter tea flower infusion (or distilled water as the control) was mixed with 400 μL 0.5 mmol/L bile salt (sodium cholate, sodium taurocholate, or sodium glycocholate). One hundred microliter tea flower infusion was mixed with 400 μL distilled water as the sample control. and incubated at 37°C for 1 h. The mixture was centrifuged at 4,000 g for 20 min to obtain the supernatant. Two hundred microliter supernatant was mixed with 600 μL 60% sulfuric acid, incubated at 70°C for 20 min. After cooling to room temperature, the absorbance at 387 nm was determined. The bile salt binding rate was calculated as follows.

[image: image]



2.6. Statistical analysis

The data are presented as the mean ± standard error of the mean (SEM). All experiments were carried out in triplicate and repeated in three independent sets of experiments. The results were analyzed with SPSS Version 18.0 for Windows using the one-way analysis of variance with post hoc test (2-sided Dunnett’s test). The difference was deemed significant if the value of p was less than 0.05. Partial least squares regression was performed using the SIMCA 13.0 software.




3. Results and discussion


3.1. Chemical composition

General chemical analysis (Table 1) revealed that soluble sugars were the most abundant component in tea flowers, accounting for about 40%. Saponins were the second most abundant component, occupying over 10%. Polyphenols listed the third.



TABLE 1 The chemical compositions of four tea flowers.
[image: Table1]

The content of soluble sugars was insignificantly different among the four samples, ranging from 400.74 to 449.30 mg/g. Xu et al. revealed that the content of soluble sugars in Longjing No.43 (a non-albino cultivar) tea flowers from Zhejiang Province was 422.73 mg/g (21). It provided more evidence that the content of soluble sugars was similar among cultivars. Sucrose, fructose, and glucose were major soluble sugars in tea flowers (Table 2), which was consistent with a previous study (21). The three small molecular sugars together made up about 70% of total soluble sugars. Baiye No.1, a temperature-sensitive albino cultivar., contained the least sucrose but the most glucose among the four samples. Though both belonging to light-sensitive albino cultivars, Yujinxiang had a higher glucose content than Huangjinya. The content of fructose was insignificantly different. Soluble polysaccharides, which were macromolecules contributing to the thick taste of tea infusions and displayed multiple bioactivities such as antioxidant and α-glucosidase inhibitory activity (18, 22), were observed in tea flowers, ranging from 12.4 to 16.2 mg/g (Table 1). Yujinxiang had a higher content of soluble polysaccharides compared with the other three. Huang et al. previously demonstrated that the content of soluble polysaccharides in tea flowers from non-albino cultivars ranged from 1.54 to 2.34% (23), most of which were higher than our results. It implied that the content of soluble polysaccharides was affected by the cultivar.



TABLE 2 The contents of soluble sugars, monomeric catechins, procyanidins, free amino acids, organic acids, and methylxanthines in four tea flowers.
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The content of saponins was varied among the four samples, ranging from 115.76 to 135.02 mg/g (Table 1). Huangjinya had the highest, while Yujinxiang had the least. The content of saponins in tea flowers was comparable to that in Panax ginseng C. A. Meyer flowers (24) and in Panax Notoginseng flowers (25), two plants which were abundant in saponins, indicating that tea flowers might be a good source of plant-derived saponins. UPLC-QE-Orbitrap-MS analysis revealed that the composition of saponins was distinct, especially between Yujinxiang and the other three samples (Figure 1A). The contents of chakasaponins I, II, and III were highest in Yujinxiang while lowest in Huangjinya. In contrast, the content of floratheasaponins was lowest in Yujinxiang. Floratheasaponins B, E, and F were accumulated in Huangjinya. Floratheasaponins A, D, and H were accumulated in Baiye No.1. A previous study indicated that distinct regional difference was observed with respect to the content of chakasaponins and floratheasaponins. The content of chakasaponins was higher in the extracts of tea flowers from Fujian and Sichuan provinces, China than those from Japan, Taiwan, and India (26). Shen et al. found that floratheasaponins were more abundant than chakasaponins in tea flowers from Jiaming No.1, Longjing No.43, and Baiye No.1 (11). On the contrary, chakasaponins were more abundant than floratheasaponins in tea flowers from Yingshuang and Fudingdabai. Our results confirmed that the abundances of floratheasaponins and chakasaponins in tea flowers were affected by the cultivar. Previous studies indicated that the activity of each saponin monomer was not the same. For example, floratheasaponins A-F, particularly floratheasaponins B & E, displayed strong anti-allergic activity by inhibiting the release of β-hexosaminidase from RBL-2H3 cells (27). Chakasaponins I-III inhibited the increase of plasma triglycerides and glucose partially by preventing gastric emptying (28). It was possible that the differential composition and content of saponins might lead to differential bioactivity among cultivars.
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FIGURE 1
 Heatmaps of Z-score normalized relative abundances of (A) saponins and (B) flavonols identified by UPLC-QE-Orbitrap-MS.


The content of polyphenols ranged from 70.90 to 83.21 mg/g among the four samples, with the lowest content found in Yujinxiang (Table 1). Previous studies showed that the content of polyphenols in tea flowers from non-albino cultivars collected in Guangxi and Yunnan Province ranged from 9.17 to 13.56% (29, 30), which was much higher than that we observed in tea flowers from albino cultivars. However, in our study, the content of polyphenols in tea flowers from Jiukeng was not higher than that from Baiye No.1 and Huangjinya. The inconsistency might be caused by the fact that not only the cultivar but also the region affected the content of polyphenols (29, 30).

Eight monomeric catechins were observed in tea flowers. EGCG, ECG, and EC were the three most abundant ones. The monomeric catechin composition of the four tea flower samples was distinguishable (Table 2). Yujinxiang had the highest EGCG and GCG contents among them. Compared with Yujinxiang, the GC and C levels were higher in Huangjinya. Baiye No.1 had a higher EC level than the others. Besides monomeric catechins, procyanidin B1 and B2, belonging to dimeric catechins, were observed in tea flowers (Table 2). Procyanidin B2 was the predominant one, ranging from 1.50 to 7.51 mg/g, while the content of procyanidin B1 ranged from 0.28 to 2.19 mg/g. Tea flowers from Huangjinya had more procyanidin B2 and B1 than the others. The procyanidin B2 content in Huangjinya was five times as much as that in Yujinxiang. As for procyanidin B1, the level in Huangjinya was about 8.1-fold of that in Yujinxiang. The results demonstrated that the contents of dimeric catechins were quite different among the four samples. A similar trend was observed in the content of procyanidin C1 (Table 2). Monomeric catechins and procyanidins are star molecules in plants. As secondary metabolites, they protect the plants from microbial infection and high intensity light-induced stress (31, 32). As well-known health-beneficial components, they not only possess excellent antioxidant activity, but also are involved in the regulations of energy metabolisms, immunity, and gut microbiota (33). The differences on monomeric catechins and procyanidins among the four samples might lead to the differences on the bioactivity. Besides, monomeric catechins and procyanidins are typical astringent compounds, which play important roles in the taste of grape wine and tea (34, 35), implying that they may affect the taste of tea flowers as well.

Based on previous findings and our results (29, 30), the ratio of catechins/polyphenols in tea flowers was much lower than that in tea leaves, suggesting the presence of other categories of polyphenols. Flavonols are a class of flavonoids that have the 3-hydroxyflavone backbone. Many of them possess antioxidant capacity, anti-inflammatory activity, and antimicrobial activity (36). A former study revealed that flavonols mainly existed in the forms of monoglycosides, diglycosides, and triglycosides in tea flowers, with quercetin, myricetin, and kaempferol as the main aglycones (37). In this study, five quercetin glycosides, three myricetin glycosides, and five kaempferol glycosides were observed in tea flowers (Figure 1B). Compared with the other three cultivars, Baiye No.1 contained higher contents of quercetin, quercetin glucoside, quercetin rutinoside, myricetin, myricetin galactoside, and myricetin rutinoside, but less kaempferol and derivatives. Yujinxiang contained less quercetin and derivatives, while Huangjinya contained less myricetin and myricetin galactoside. The above results revealed that the composition of flavonols in tea flowers was cultivar-specific, which was in accordance with the previous findings in tea flowers from non-albino cultivars (12).

Amino acids participate in extensive biochemical process in the body (38). Accumulated amino acids is a typical characteristic of albino tea leaves (14). Enhanced theanine synthesis and reduced amino acid transport are found in albino tea leaves (39). In this study, 18 amino acids were observed in tea flowers, including 15 proteinogenic amino acids and 3 non-protein amino acids (i.e., theanine, γ-aminobutyric acid, and ornithine) (Table 2). Six of them belonged to essential amino acids, including threonine, valine, methionine, isoleucine, leucine, and lysine. These essential amino acids accounted for about 7.4–11.0% of total amino acids in the four tea flower samples. The percentage of essential amino acids in tea flowers from Huangjinya was higher than that in other three samples. Besides the nutritional value, some amino acids play dual roles in the taste and health benefits. For example, theanine is the key umami compound in tea and shows potentials in regulating the nervous system and multiple metabolisms (40). Theanine was the most abundant amino acids in tea flowers. It was unexpected that tea flowers from Jiukeng had a higher theanine content than the other three, implying that the theanine metabolism was not abnormal in tea flowers from albino cultivars. Among the three albino samples, the theanine content in Yujinxiang was three times as much as that in Huangjinya. Proline was the second most abundant amino acid. Tea flowers from Yujinxiang had about 40% more proline than that from Baiye No.1 and Huangjinya.

Citric acid, malic acid, gallic acid, quinic acid, and succinic acid were organic acids observed in tea flowers (Table 2), all of which were taste compounds. Citric acid, malic acid, and succinic acid have sour taste and are widely used as food ingredients to modify the flavor. Gallic acid and quinic acid have astringent taste. Compared with tea leaves (41), the levels of organic acids in tea flowers were much lower. Among the four samples, tea flowers from Baiye No.1 had a higher level of organic acids than others. The organic acid composition of each tea flower sample was varied, indicating the cultivar-specificity.

Methylxanthines are secondary metabolites derived from purine nucleotides and widely distributed in plants such as Camellia sinensis (42). Caffeine plays a role in plant defenses against abiotic and biotic stresses (43). In animals and humans, caffeine acts as a central nervous system stimulant, theobromine is used as a mild cardiac stimulant and vasodilator, and theophylline is used as a bronchodilator. The three methylxanthines were observed in these flower samples. Among them, caffeine was the major one, ranging from 3.29 to 4.97 mg/g. Yujinxiang possessed the lowest caffeine content, while Baiye No.1 had the highest. Compared with tea leaves, the caffeine content in tea flowers was much lower, indicating that tea flowers might be suitable for caffeine-sensitive consumers. Theobromine was the second abundant methylxanthine, ranging from 55.7 to 157.7 μg/g. The theobromine content in Huangjinya was almost three times as much as that in Baiye No.1. A trace of theophylline was also detected. A previous research indicated that the caffeine and theobromine contents in tea flowers from non-albino cultivars collected in Chongqing city were 1.89 to 4.94 mg/g and 103.0 to 169.9 μg/g, respectively (44). It implied that the cultivar rather than the region might have a more profound impact on the caffeine and theobromine contents.

These data suggested that the differences of tea flowers between albino cultivars and Jiukeng (a normal cultivar) on the chemical composition were not as much as expected. Reduction of polyphenols and accumulation of amino acids, which were representative characteristics of albino tea leaves, were not obvious in tea flowers from albino cultivars. Nevertheless, the content and composition of saponins, catechins, procyanidins, flavonols, amino acids, organic acids, and methylxanthines in tea flowers were varied among albino cultivars, which might lead to differential health-beneficial functions.



3.2. Anti-cholesterol activity

Previous researches demonstrated the effectiveness of tea flowers on anti-cholesterol activity in vitro and in vivo (5, 6). Absorption of dietary cholesterol is an important part of cholesterol homeostasis (45). It has been proved that the rate of intestinal cholesterol absorption is related to pancreatic cholesterol esterase activity (46). Inhibition of pancreatic cholesterol esterase effectively reduces cholesterol absorption in vivo (47). Bile salts not only protect cholesterol esterase against proteolytic inactivation (48), but also promote the emulsification of cholesterol in the intestinal lumen and increase the absorption of cholesterol by forming micelles (49). Bile salts are produced in hepatocytes by converting cholesterol, stored in the gallbladder, and released to the duodenum via bile ducts. The majority of bile salts are reabsorbed from the intestine and pass back to the liver. When the process is interrupted, the liver consumes more cholesterol to compensate the loss. Cholestyramine, a medication used to treat hyperlipidemia, lowers the serum cholesterol level by forming nonabsorbable complex with bile salts in the intestinal lumen and disturbing the enterohepatic circulation of bile salts, which promotes hepatocytes convert more cholesterol to produce bile salts. In this study, three in vitro assays were conducted to compare the anti-cholesterol activity of the four samples.

All the four tea flower samples dose-dependently decreased the cholesterol solubility in a micellar solution. Among them, tea flowers from Yujinxiang were more capable than the other three (Figure 2A). The remaining cholesterol concentration in the solution exposed to Yujinxiang tea flower infusion was the lowest. The ability of the other three tea flower samples on decreasing the cholesterol solubility were comparable. It was previously revealed that tea polyphenols and polysaccharides decreased micellar cholesterol solubility (50, 51), while saponins enhanced it due to the surface activity (52). Although tea flowers from Yujinxiang contained less polyphenols, they contained less saponins and more polysaccharides, which might be advantageous to the decrease of micellar cholesterol solubility.
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FIGURE 2
 The in vitro anti-cholesterol activities of four tea flowers. (A) The activity of decreasing the micellar cholesterol solubility. (B) The cholesterol esterase inhibitory activity. (C–E) The sodium glycocholate (C), sodium taurocholate (D), sodium cholate (E), and binding activity. Epigallocatechin gallate (EGCG) was used as the positive control for the micellar cholesterol solubility assay and cholesterol esterase inhibitory assay. Cholestyramine (Cholest) was used as the positive control for the bile salt binding assays. TFE is short for the tea flower extract. IC50 is short for the half maximal inhibitory concentration. The same letter within each row indicates no significant difference (p > 0.05).


All the four tea flowers dose-dependently inhibited the activity of cholesterol esterase. However, the inhibitory effects of the four samples were insignificantly different (Figure 2B). It was reported that gallic acid, quercetin, and monomeric catechins were pancreatic cholesterol esterase inhibitors (53, 54). Compared with EGCG, the half maximal inhibitory concentration of quercetin was smaller (54). According to chemical analysis, tea flowers from Yujinxiang contained more monomeric catechins, while tea flowers from Baiye No.1 contained more quercetin. The presence of multiple compounds with differential cholesterol esterase inhibitory activity and their differed contents among samples might lead to the indifferent cholesterol esterase inhibitory activity.

The binding activity of tea flowers with three primary bile salts, i.e., sodium taurocholate, sodium glycocholate, and sodium cholate, was investigated. Each tea flower sample exhibited bile salt binding activity. The binding efficiency of tea flowers to each bile salt was similar and the binding activity of each tea flower sample to the same bile salt was not significantly different (Figures 2C–E). Deng et al. found that the bile salt binding activity of tea flowers was correlated to the total polyphenol content (5). Further study revealed that not only polyphenols, but also polysaccharides and caffeine had bile salt binding activity. The bile salt binding activity of polyphenols was stronger than that of polysaccharides and caffeine (55). Soluble proteins in tea flowers had affinity to three primary bile salts and showed the potential of anti-cholesterol activity in vitro (56). A recent research suggested that some saponins also had bile salt binding activity (57). In this study, insignificant differences on the bile salt binding activity of the four tea flowers were observed, probably due to the differences on the content and composition of active bile salt binding components in each tea flower sample.

The above results demonstrated that tea flowers from Yujinxiang exhibited better activity in decreasing micellar cholesterol solubility, while the four samples showed no significant differences on the cholesterol esterase inhibition and bile salt binding.

To figure out the relationship between chemical composition and anti-cholesterol activity, partial least squares regression analysis was performed. The contents of 45 compounds were set as X variables, while the cholesterol reduction (%), cholesterol esterase inhibition (%), and the binding rates of three bile salts were set as Y variables. According to the results (Supplementary Figure S2), 21 compounds with variable importance in projection (VIP) >1 were screened out. Among them, 7 compounds, including EGCG and chakasaponins I-III, were positively correlated to the anti-cholesterol activity. While 14 compounds, including several floratheasaponins, were negatively correlated. It was interesting that different types of saponins showed opposite correlations to the anti-cholesterol activity. More experiments are needed to study their actual effects on anti-cholesterol and the possible underlying mechanisms.




4. Conclusion

The research investigated and compared the chemical composition and anti-cholesterol activity of tea flowers from three albino cultivars and one non-albino cultivar. Unlike tea leaves, the content of free amino acids in tea flowers from albino cultivars was not significantly higher than that in tea flowers from the non-albino Jiukeng cultivar and the content of polyphenols was not lower. Among the three albino samples, tea flowers from Yujinxiang had the highest free amino acids, but lowest polyphenols, especially procyanidins. On the contrary, tea flowers from Huangjinya had the highest polyphenols and saponins, but lowest free amino acids. In vitro anti-cholesterol activity assays revealed that tea flowers from Yujinxiang exhibited stronger activity in decreasing the micellar cholesterol solubility, while the cholesterol esterase inhibitory activity and bile salt binding activity of the four samples were insignificantly different. Future studies on the investigation of key active anti-cholesterol compounds can be conducted.
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Introduction: Pu-erh tea is a geographical indication product of China. The characteristic flavor compounds produced during the fermentation of ripened Pu-erh tea have an important impact on its quality.

Methods: Headspace solid-phase microextraction coupled with gas chromatography-mass spectrometry (HS-SPME-GC-MS) and odor activity value (OAV) is used for flavor analysis.

Results: A total of 135 volatile compounds were annotated, of which the highest content was alcohols (54.26%), followed by esters (16.73%), and methoxybenzenes (12.69%). Alcohols in ripened Pu-erh tea mainly contribute flower and fruit sweet flavors, while methoxybenzenes mainly contribute musty and stale flavors. The ripened Pu-erh tea fermented by Saccharomyces: Rhizopus: Aspergillus niger mixed in the ratio of 1:1:1 presented the remarkable flavor characteristics of flower and fruit sweet flavor, and having better coordination with musty and stale flavor.

Discussion: This study demonstrated the content changes of ripened Pu-erh tea’s flavor compounds in the fermentation process, and revealed the optimal fermentation time. This will be helpful to further understand the formation mechanism of the characteristic flavor of ripened Pu-erh tea and guide the optimization of the fermentation process of ripened Pu-erh tea.
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1. Introduction

As a beverage with health function, tea is widely welcomed. According to the degree of fermentation, tea is generally divided into green tea, yellow tea, white tea, oolong tea, black tea, and dark tea (1, 2). Ripened Pu-erh tea is one of the most popular dark teas (3). In recent years, many studies have demonstrated that Pu-erh tea produces unique flavor through microbial activities in the process of pile fermentation (4–9), which is considered as a key factor affecting the quality of dark tea (10).

The special sensory quality of ripened Pu-erh tea is one of the most important indicators of its market price. Some previous studies explored the main volatile compounds of ripened Pu-erh tea, and the results showed that the main flavors were 1,2,3-trimethoxybenzene, 1,2,4-trimethoxybenzene, hexadecanoic acid, dihydroactinidiolide, and so on, having stale, waxy or fruit flavor (4, 11, 12). And it was reported that during the pile fermentation, the compounds with flower flavor, such as phenylethyl alcohol, oxidized linalool, and linalool gradually decreased, and compounds with stale flavor, such as 1,2,3-trimethoxybenzene and 1,2,4-trimethoxybenzene gradually increased (13, 14). This makes the ripened Pu-erh tea exhibit a typical “aged fragrance.”

The dominant microorganisms are the key factors in the pile fermentation process of ripened Pu-erh tea. Previous studies have shown that the dominant species of ripened Pu-erh tea are mainly Aspergillus, Penicillium, and Pseudolambica (7, 15, 16). Aspergillus has been identified as the main flavor-producing microorganism (17). Studies have confirmed that specific microorganisms, such as Aspergillus niger, can improve the sensory quality of the tea by fermentation (18, 19). And there are studies on pile fermentation by inoculation of crown Eurotium cristatum, Aspergillus niger, and Rhizopus to affect volatile compounds and produce unique flower and fruit flavors (20, 21). So far, most of the existing studies focus on a few flavors and the content changes before and after fermentation, while systematic studies on various types of flavors in the fermentation process of ripened Pu-erh tea are rarely reported.

Headspace solid-phase microextraction (HS-SPME) coupled with gas chromatography-mass spectrometry (GC-MS) is a powerful technology to characterize the volatile compounds of tea (22, 23). HS-SPME-GC-MS is valuable for the characterization of tea flavor and allows a more comprehensive annotation of various volatile compounds in tea (24). However, the contribution of different volatile compounds to the flavor is very different, the annotation of volatile compounds is far from enough to reveal the flavor components in tea. Odor activity value (OAV) is the ratio of the concentration of flavor active compound to their flavor threshold value, which can help to identify the key flavor compounds in ripened Pu-erh tea (25). In general, compounds with OAV > 1 are considered as the main contributors to flavor (26–28).

In this study, Yunnan big-leaf sun-dried green tea (SGT) was fermented by 6 mixed strains, respectively, to obtain the ripened Pu-erh tea with flavor characteristics of flower and fruit sweet flavor. HS-SPME-GC-MS combined with OAV was employed to detect and reveal the flavor compounds of the ripened Pu-erh teas during the fermentation process. This study will help to reveal the changes of flavor compounds of ripened Pu-erh tea during fermentation, and provide valuable information for the optimization of ripened Pu-erh tea processing technology.



2. Materials and methods


2.1. Chemicals

N-alkanes, chromatographic pure grade (C8–C40) (o2si smart solutions Corporation)1. Decanoic acid ethyl ester, 98% purity (Sigma-Aldrich2).



2.2. Preparation of tea samples

Yunnan big-leaf sun-dried green tea (SGT) is used as the raw material for the pile fermentation of ripened Pu-erh tea. Each pile is stacked with 300 kg of SGT at 40% tide. Adding different proportions of beneficial strains to each pile of SGT, with 0.1% (w/w) of receiving bacteria. Group A, Saccharomyces: Rhizopus = 1:2; Group B, Saccharomyces: Aspergillus niger = 1:2; Group C, Saccharomyces: Aspergillus oryzae = 1:2; Group D, Saccharomyces: Rhizopus: Aspergillus oryzae = 1:1:1; Group E, Saccharomyces: Rhizopus: Aspergillus niger = 1:1:1; Group F, Saccharomyces: Rhizopus: Aspergillus niger: Aspergillus oryzae = 1:1:1:1. During the fermentation process, the pile was turned at the right time according to the changes in temperature, and humidity of the fermentation pile as well as the fermentation environment. The temperature, humidity, and pH of the tea pile were recorded at three time periods each day: 9:00 a.m., 15:00 p.m., and 21:30 p.m. Then the tea samples were taken on the 7th, 14th, 21st, 28th, and 35th days of fermentation, respectively, using the five-point sampling method, and the fermentation samples from the upper (10 cm thick), middle (30 cm thick), and lower (5 cm above the ground) parts were combined into one mixed sample. A total of 30 samples were collected in different mixed strains and different fermentation times in the pile (Supplementary Table 1). All samples collected are dried, ground into powder, placed in sealed bags (labeled with weight, time, and type), and stored in a −20°C refrigerator.



2.3. Extraction of volatile compounds in Pu-erh tea samples by HS-SPME

Headspace solid-phase microextraction was used to extract and enrich the volatile compounds in samples. The extraction fiber head type was 50/30 μm DVB/CAR/PDMS (SPME-GC Jeong-Jung Analytical Instruments Co). Accurately weigh 0.5 g of tea powder into a 20 mL headspace flask, 1.8 g of NaCl was added, and 10 μL of decanoic acid ethyl ester (0.2 mg/mL) was added as an internal standard. The headspace flask was sealed immediately after adding 5 mL of boiling water and the extraction fiber was inserted at 80°C for 40 min. After the extraction was completed, the solid-phase microextraction fiber needle was removed, and then inserted into the GC injection port for desorption (5 min, 260°C). To prevent contamination, the extracted fibers need to be aged at 270°C for 1 h at the GC-MS inlet before using. The above operation was repeated for each sample to minimize errors.



2.4. GC-MS analysis of volatile compounds

A combination of GC-MS (QP2010 Shimadzu, Japan) and HP-5MS quartz capillary column (30 m × 0.25 mm × 0.25 μm) was used. The inlet temperature was 260°C. The carrier gas was high purity helium (>99.999%) at a flow rate of 1 mL/min. The samples were taken in a split-flow injection with a split ratio of 5:1. The column temperature was set at 50°C and increased (ramped) at a rate of 10°C/min to 80°C; then increased at a rate of 3°C/min to 90°C for 3 min; then increased at a rate of 3°C/min to 120°C for 3 min; continued at a rate of 3°C/min to 170°C; and finally increased at a rate of 15°C/min to 230°C for 4 min.

Mass spectrometry (MS) conditions: The ion source was an EI source with an electron ionization energy of 70 eV. The interface temperature was 260°C and the ion source temperature was 230°C. And the mass range was 30–540 atomic mass unit (amu), solvent delay time of 3.0 min, full scan mode. The retention indices (RIs) was determined using a mixture of n-alkanes (C8–C40) running under the same conditions.



2.5. Qualitative and quantitative analysis of volatile compounds


2.5.1. Qualitative analysis

The National Library of Standards and Technology (NIST) spectral library was used to search for compounds with >80% similarity, combined with C8–C40 n-alkanes to calculate RIs, and finally compared with the online database NIST Chemistry WebBook.3 The formula for calculating the retention indices is as follows,
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Where ti is the retention time of the compound to be measured, tn and tn+1 are the retention times of the mixture of n-alkane standards with n and n+1 carbon atoms, respectively, (tn < ti < tn+1) (29).



2.5.2. Quantitative analysis

Semi-quantitative analysis was performed using decanoic acid ethyl ester as an internal standard with the following formula,

[image: image]

Where Wi is the content of the compound to be measured (μg/kg), Ai is the peak area of the compound to be measured, As is the peak area of the internal standard in the sample, and Ws is the concentration of the internal standard (μg/kg) (30).




2.6. Odor activity values calculation

The thresholds of different volatile compounds in water (μg/kg) were obtained from the literatures (Supplementary Table 3), and then the OAV of each compound were calculated based on the quantitative results. The OAV calculated from the relative concentrations of the internal standard, which we define as relative odor activity values (rOAVs). The specific calculation formula is rOAVs = Ci/OTi, where Ci is the relative content of the compound by internal standard and OTi is its odor threshold in water. When rOAVs ≥ 1, it means that the compound has a large contribution to the flavor of the sample (31–33).



2.7. Statistical analysis

The experimental data were imported into the website for PCA analysis4 to distinguish between different mixed strains and the variability of volatile compounds during pile fermentation. Flavor characteristics of volatile compounds in Pu-erh tea were determined by literatures and websites,5 and to construct radar maps for compounds with rOAVs > 1 by Origin2022.




3. Results and discussion


3.1. Analysis of volatile components in ripened Pu-erh tea fermented by mixed strains

In this study, volatile compounds were detected by HS-SPME-GC-MS. A total of 135 compounds were annotated with the help of similarity research of online databases NIST Chemistry WebBook, and retention indices. As shown in Figure 1A, which were mainly divided into nine categories, including 34 alcohols (54.34%), 17 esters (16.68%), 14 ketones (2.62%), 11 aldehydes (4.88%), 6 phenols (0.76%), 14 methoxybenzenes (12.64%), 4 acids (0.84%), 9 alkenes (2.11%), 3 nitrogenous compounds (3.42%), and 23 others (1.69%). The number of volatile compounds detected in different samples is shown in the Supplementary Table 2, and the types and contents are shown in the Supplementary Table 3. The total contents of volatile compounds in Group D, E, and F reached 6,999.26 μg/kg, 5,132.07 μg/kg, and 7,264.87 μg/kg, respectively, when the fermentation proceeded to the 21st day, which was significantly higher than those in Group A, B, and C. This may be due to the increase in the abundance of fermentation strains. On the 35th day of pile fermentation, the content of total volatile compounds increased significantly compared to SGT, increasing 70.26, 52.71, 66.13, 82.17, 86.35, and 106.15% for the six groups, respectively. The results indicated that the type and total content of volatile compounds increased with the increasing of the diversity of mixed strains. Figure 1B shows that the total content of methoxybenzene, which has a stale and musty flavor, increased in ripened Pu-erh tea, which increased with the fermentation time and the abundance of fermenting mixed strains. Alcohol compounds were significantly higher in groups D, E, and F than in groups A, B, and C when fermented to the 21st day. Ester compounds increased significantly in their content with the increase of fermentation time. These differences in volatile compounds may be due to the differences in fermentation strains. During the pile-fermentation process, microorganisms secrete large amounts of peroxidases, cellulase, pectinase, lipase, and various hydrolases, which are involved in the oxidation, degradation, and molecular modification of catechins, gallic acid, and other aromatic precursors (3).
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FIGURE 1
Contents of various volatile compounds. (A) Average percentage of various volatile compounds during the fermentation by different mixed strains; (B) flavor compounds of ripened Pu-erh tea during the fermentation of different mixed strains. A total of 7, 14, 21, 28, and 35 represent the fermentation time. SGT is the sun-dried green tea, A for Saccharomyces: Rhizopus = 1:2, B for Saccharomyces: Aspergillus niger = 1:2, C for Saccharomyces: Aspergillus oryzae = 1:2, D for Saccharomyces: Rhizopus: Aspergillus oryzae = 1:1:1, E for Saccharomyces: Rhizopus: Aspergillus niger = 1:1:1, F for Saccharomyces: Rhizopus: Aspergillus niger: Aspergillus oryzae = 1:1:1:1.


As shown in Figure 2, the results of principal component analysis (PCA) showed that the differences in volatile compounds increased with the increasing of fermentation time. The differences in volatile compounds at adjacent fermentation times were small. When fermentation proceeded to the 21st day, groups D, E, and F were mainly distributed in the first quadrant and groups A, B, and C were mainly distributed in the third quadrant, and their differences were significant. There were significant differences in the volatile compounds of the samples fermented with different mixed strains in the same fermentation time.
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FIGURE 2
Comparison of the dynamics of ripened Pu-erh teas’ volatile compounds during mixed fermentation with different strains by PCA analysis. A total of 7 days, 14 days, 21 days, 28 days, and 35 days represents the fermentation time. SGT is the sun-dried green tea. A for Saccharomyces: Rhizopus = 1:2, B for Saccharomyces: Aspergillus niger = 1:2, C for Saccharomyces: Aspergillus oryzae = 1:2, D for Saccharomyces: Rhizopus: Aspergillus oryzae = 1:1:1, E for Saccharomyces: Rhizopus: Aspergillus niger = 1:1:1, F for Saccharomyces: Rhizopus: Aspergillus niger: Aspergillus oryzae = 1:1:1:1.




3.2. Flavor characteristics of ripened Pu-erh tea fermented with mixed strains

The contribution of volatile compound to tea flavor is not only related to the compound content but also to the odor threshold. Currently, OAV is commonly used to evaluate the contribution of volatile compounds to tea flavor, and it is generally believed that the larger the OAV, the greater contribution to the flavor, and compounds with OAV > 1 are usually considered as important flavor compounds in tea (34, 35). rOAVs values of volatile compounds of ripened Pu-erh tea fermented with mixed strains were shown in Table 1. There were 27 compounds with rOAVs > 1, including 8 alcohols, 1 ester, 4 ketones, 8 aldehydes, 3 methoxybenzenes, 2 alkenes, and 1 acid, such as linalool and its oxidation, geraniol, 6-methyl-5-hepten-2-one, 3,5-octadiene-2-ketone, 1,2,3-trimethoxybenzene, β-myrcene, limonene, and so on. In order to reveal the flavor characteristics of ripened Pu-erh teas, radar plots were constructed with the aroma characteristics of the 27 compounds (Figure 3). Radar plots of samples in the pile fermentation process from 7 to 35 days were shown in Supplementary Figure 1. At the end of fermentation on the 35th day, the ripened Pu-erh teas fermented with different mix strains was obtained. Figure 3 indicated that ripened Pu-erh teas of Group A, B, and C presented the flavor characteristics of flower and sweet, compared with SGT. Compared with Group A, B, and C, the flavor characteristics of Group E were more prominent. These ripened Pu-erh teas (Group A, B, C, and E) present typical flower, fruit, and sweet flavor (Figure 3), which was defined as flower and fruit sweet flavor. The flower intensity of group D was similar to that of groups A, B, and C but the musty, stale and medicinal flavors were stronger than those of the three groups (Figure 3D, 35 days). F was significantly different from the first five groups, and this group had significantly higher musty and stale flavors than the other groups after 35 days of fermentation, and the flower flavor was significantly weaker than that other groups. This group of ripened Pu-erh tea presented typical stale and musty flavor (Figure 3F, 35 days). Previous studies (12) have indicated that Aspergillus is the main glucosidase-producing genus, and the fermentation treatment by microorganisms can effectively increase terpene alcohols from glycosides and linalool oxides through oxidation, and the increasing in the content of these compounds contributes to the formation of ripened Pu-erh tea with flower and fruit sweet flavor.


TABLE 1    Flavor compounds’ rOAVs of ripened Pu-erh teas fermented by mixed strains.
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FIGURE 3
Radar plots of flavor characteristics of ripened Pu-erh teas during mixed fermentation with different strains (rOAVs > 1). (A) Saccharomyces: Rhizopus = 1:2; (B) Saccharomyces: Aspergillus niger = 1:2; (C) Saccharomyces: Aspergillus oryzae = 1:2; (D) Saccharomyces: Rhizopus: Aspergillus oryzae = 1:1:1; (E) Saccharomyces: Rhizopus: Aspergillus niger = 1:1:1; (F) Saccharomyces: Rhizopus: Aspergillus niger: Aspergillus oryzae = 1:1:1:1.




3.3. Changes of flower and fruit sweet flavor chemicals during fermentation process

Here we focus on the changes of chemicals with flower and fruit sweet flavor in Group D, E, and F. This research can help us find the suitable fermentation time of Pu-erh tea with pleasant flavor. There are 17 compounds having flower and fruit sweet flavor, including linalool, geraniol, 6-methyl-5-hepten-2-one, 3,5-octadien-2-one, limonene, linalool oxide, phenylethyl alcohol, α-Ionone, β-Ionone, benzeneacetaldehyde, nonanal, 2,6-nonadienal, decanal, β-myrcene, nonanoic acid, α-terpineol. Linalool presents flower, sweet, and fruit flavors (35, 36). Compounds that have a fruit flavor mainly include 6-methyl-5-hepten-2-one, 3,5-octadien-2-one, and limonene, the sweet compounds are mainly benzeneacetaldehyde, and the compounds that are mostly flower flavor are linalool oxide, geraniol, phenylethyl alcohol, and α-Ionone (26, 35–38). β-Ionone is a key aromatic compound in tea and contributes flower and fruit flavor (35, 37, 38). Nonanal and 2,6-nonadienal have fruit and flower flavor. Nonanoic acid and α-terpineol have sweet flavor. Decanal and β-myrcene have sweet and fruity flavor. The flavor profiles of these compounds were checked from http://www.thegoodscentscompany.com/search3.php. The total contents of these flavor compounds reached its maximum on the 21st day (Figure 4F), especially the flower flavor compounds (Figure 4C). The flower and fruit sweet flavor of Group D, E, and F increased significantly at the 21st day compared with the sun-dried green tea, by 144.27, 101.20, and 199.59%, respectively. When the fermentation continued to 35 days, the flower and fruit sweet flavor of Group E was stronger than that of SGT, increasing by 15.36%, decreasing 20.70, 18.80, 7.87, 14.33, and 21.32% in Group A, B, C, D, and F, respectively (Figure 4).
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FIGURE 4
Content changes of the 17 volatile compounds with flower, fruit or sweet flavor during the fermentation process. Panels (A–E) are the content changes from 7 to 35 days, respectively. Panel (F) is the change in total content of the 17 compounds.


The three main flower flavor compounds mainly include linalool, linalool oxide, and geraniol, all increased significantly when the fermentation proceeded to the 21st day, then gradually deceased (Figure 5). Microorganisms can release β-primeverosides and β-glucopyranosides through enzymatic hydrolysis, and then biosynthesize linalool, and its oxides. It can increase the content of linalool and its oxides in this way (12). In summary, in this study, the flower and fruit sweet flavor of the ripened Pu-erh tea fermented for 21 days is the most remarkable, which is fermented by Saccharomyces: Rhizopus: Aspergillus niger mixed in the ratio of 1:1:1 (Group E).
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FIGURE 5
Content changes of linalool, linalool oxide, and geraniol with flower flavor during the fermentation process. A for Saccharomyces: Rhizopus = 1:2, B for Saccharomyces: Aspergillus niger = 1:2, C for Saccharomyces: Aspergillus oryzae = 1:2, D for Saccharomyces: Rhizopus: Aspergillus oryzae = 1:1:1, E for Saccharomyces: Rhizopus: Aspergillus niger = 1:1:1, F for Saccharomyces: Rhizopus: Aspergillus niger: Aspergillus oryzae = 1:1:1:1.




3.4. Characterization of methoxybenzenes in ripened Pu-erh tea fermented by mixed strains

Methoxybenzenes are typical flavor compounds in ripened Pu-erh tea, which present stale flavor (39, 40). However, high contents of methoxybenzenes usually have stale and musty flavor (9, 25, 41, 42, 43).

The total of 14 methoxybenzenes were annotated in this study, including 1,2-dimethoxybenzene, 1,2,3-trimethoxybenzene, 1,2, 4-trimethoxybenzene, 1,4-dimethoxybenzene, 2,3-dimethoxytol- uene, 3,4,5-trimethoxytoluene, 1,2,3,4-tetramethoxybenzene, 1,2-dimethoxy-4-propenyl-benzene, elemicin, asarone, et al. It was found that the types and contents of methoxyphenols produced in Group A, B, and C were lower than those in Group D, E, and F (Figure 6). The total content of methoxybenzenes reached to 613.60 μg/kg, 531.66 μg/kg, and 644.44 μg/kg in Group A, B, and C at the 35th day of fermentation, respectively. The total content of methoxybenzenes reached to 893.42 μg/kg and 927.88 μg/kg for Group D and E, respectively, by 35 days of fermentation. Group E had better coordination between flower and fruit sweet flavor and musty and stale flavor, compared with Group D. The total content of methoxybenzenes in group F reached 1,466.20 μg/kg by 35 days of fermentation, which was significantly higher than the other groups. In this study, it was found that the contents of methoxybenzenes increased with the prolongation of fermentation time, and the species and contents increased with the increase of strain richness, as shown in Figure 6. It is noteworthy that many reports described the odor of methoxybenzenes such as 1,2,3-trimethoxybenzene and 1,2,4-trimethoxybenzene as musty and stale, which may make methoxybenzenes contribute musty and stale flavor to the ripened Pu-erh tea (39). Furthermore, previous investigation showed that microorganisms can increase the content of gallic acid (GA) by degrading epigallocatechin gallate (EGCG) and hydrolyzing tannins during the fermentation of ripened Pu-erh tea in a hot and humid environment. Microorganisms such as Aspergillus niger can replace the hydrogen atoms of hydroxyl radicals in GA with methyl groups, resulting in methoxybenzenes, and compounds with similar structures (8, 12). Similar to our results, the pile fermentation process may contribute to the accumulation of methoxybenzenes.
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FIGURE 6
Content changes of 14 methoxybenzenes during the fermentation process.





4. Conclusion

In this study, ripened Pu-erh tea with flower and fruit sweet flavor was obtained by Saccharomyces, Rhizopus, and Aspergillus niger co-fermentation, using Yunnan big-leaf sun-dried green tea as fermentation raw materials. With the help of HS-SPME-GC-MS, a total of 135 volatile compounds were annotated, and due to the different strains and fermentation time, the ripened Pu-erh teas’ volatile compounds varied greatly. OAV analysis illustrated that there were 17 volatile compounds presenting flower and fruit sweet flavor. The total content of these compounds increased until the 21th day and then decreased, which indicated that the 21th day was an important time point for the fermentation of ripened Pu-erh tea with flower and fruit sweet flavor. There were 14 volatile compounds showing musty and stale flavor. The content of these compounds increased with the extension of fermentation time, and the types and contents increased with the abundance of the strains. The flavor of ripened Pu-erh tea is the result of the synergistic effect of different flavor compounds. In this study, the flavor characteristics and content changes of volatile components in ripened Pu-erh tea during fermentation were demonstrated in detail. This will help us to further understand the formation mechanism of the characteristic flavor of ripened Pu-erh tea, so as to guide the optimization of the fermentation process of ripened Pu-erh tea.
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Footnotes

1     http://www.vicbio.com/Index/show/catid/22/id/403.html

2     https://www.sigmaaldrich.cn/CN/zh/campaigns/promotion/proclin-preservatives?utm_campaign=Brand%20Zone%20-%20China&utm_medium=Sigma-Aldrich_brandzone&utm_source=baidu&utm_content=headline&utm_term=proclin-preservatives

3     https://webbook.nist.gov/chemistry/name-ser/

4     https://www.metaboanalyst.ca/

5     http://www.thegoodscentscompany.com/search3.php
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To investigate the specific differences in flavor characteristics of Huangjiu fermented with different rice varieties, dynamic sensory evaluation, comprehensive two-dimensional gas chromatography-quadrupole mass spectrometry (GC × GC–qMS) and multivariate statistical analysis were employed. Dynamic sensory evaluation methods including temporal dominance of sensations (TDS) and temporal check all that apply (TCATA) were applied to explore the differences and variations in sensory attributes. The sensory results showed that the intensity of astringency and post-bitterness in the Huangjiu fermented with glutinous rice was weaker while ester and alcoholic aroma were more prominent than the one fermented with japonica rice. The results of free amino acids and aroma compounds analysis indicated that the amino acids were mainly sweet and bitter amino acids, and some key aroma compounds were predominant in the Huangjiu fermented with glutinous rice, such as ethyl butyrate (OAV: 38–59), 3–methylthiopropionaldehyde (OAV: 47–96), ethyl caprylate (OAV: 30–38), while nonanal, phenyl acetaldehyde and vanillin contributed significantly to the Huangjiu fermented with japonica rice. The multivariate statistical analysis further confirmed that 17 compounds (VIP > 1 and p < 0.05) could be supposed to be the key compouns that cause significant flavor differences in Huangjiu samples fermented with different brewing rice. Moreover, partial least-squares analysis revealed that most compounds (ethyl butyrate, 3-penten-2-one, isoamyl acetate, and so on) correlated with ester and alcoholic aroma. The results could provide basic data and theoretical basis for the selection of raw materials in Huangjiu.

KEYWORDS
 Huangjiu (Chinese rice wine), rice varieties, flavor characteristics, dynamic sensory evaluation, comprehensive two-dimensional gas chromatography–mass spectrometry


1. Introduction

Huangjiu (Chinese rice wine), with a strong ester aroma and taste of rich and full-bodied, is one of the oldest fermented alcoholic beverages in the world and popular among consumers in East Asia (1). It is typically fermented with unique raw materials (brewing rice, brewing water and saccharification starter). The main rice varieties used in Huangjiu are glutinous rice and japonica rice, and their differences in amylopectin, protein and fat will affect the flavor quality of Huangjiu. The flavors of different Huangjiu brewed from indica glutinous rice, japonica glutinous rice and daily rice were compared and analyzed, and found that the content of volatile flavor compounds such as ethyl esters in Huangjiu brewed from japonica glutinous rice was significantly higher than that of the other two kinds of rice (2). In addition, there were significant differences in the concentrations of sweet, bitter, fresh and astringent amino acids in Chinese rice wine brewed from different rice varieties (3). The old saying that “rice is the flesh of Shaoxing Huangjiu” intuitively further reveals the importance of brewing rice to Huangjiu.

The unique raw materials and fermentation process endowed Huangjiu in Shaoxing region with the taste characteristics of fresh, sweet, mellow, and refreshing (4). At present, the taste evaluation of Huangjiu was mainly based on descriptive sensory analysis, which focused on static judgment of the sensory attributes or intensity of the sample within a given time (5), ignoring that the perception of sensory attributes may change with the residence time in the mouth (6). Dynamic sensory evaluation techniques represented by temporal dominance of sensation (TDS) and temporal check-all-that-apply (TCATA) can clearly captured the dynamic changes of various taste attributes and simultaneously compared and analyzed multiple taste attributes. Therefore, dynamic sensory evaluation techniques have been applied in the taste evaluation of beverages and wines (7, 8). Comparative analysis on the differences in physicochemical indexes and flavor characteristics of Huangjiu brewed with different rice varieties were studied (9, 10). Descriptive analysis is the main sensory evaluation method to reveal the flavor characteristics of Huangjiu. To our knowledge, there is no research on the flavor characteristics of Huangjiu brewed with different rice using dynamic sensory evaluation method.

Alcohols, esters, acids, aldehydes and ketones are the main volatile aroma compounds of Huangjiu, which has been extensively studied by researchers using gas chromatography–mass spectrometry (11, 12). However, due to the low resolution, sensitivity and insufficient separation ability of one-dimensional GC–MS (13), the actual flavor components were more abundant than those detected. Comprehensive two-dimensional gas chromatography (GC × GC) can overcome the defects with the advantages of high selectivity and sensitivity, large peak capacity and higher recognition ability. Two-dimensional gas chromatography is widely combined with rapid scanning quadrupole mass spectrometry (qMS) and time-of-flight mass spectrometry (TOF-MS) to analyze the aroma compounds in wine (14, 15). In our previous study, GC × GC-qMS was used to analyze the aroma characteristics of Huangjiu in Shaoxing region with different vintage (16) and different brewing water (17). The conclusions of these researches showed that the coverage of aroma compounds of GC × GC-qMS was much higher than that of GC–MS. However, current research mainly applied GC–MS to compare and analyze the aroma compounds of Huangjiu brewed by different rice varieties, the identification of aroma component involving GC × GC-qMS analysis are still insufficient.

The objectives of this study are (1) to evaluate the differences in taste and aroma characteristics of Huangjiu fermented with different brewing rice by using quantitative description sensory analysis and dynamic sensory evaluation techniques (TDS and TCATA) combined with electronic tongue; (2) to reveal the molecular difference of flavor compounds among the samples by using GC × GC-qMS and high performance liquid chromatography (HPLC), respectively; and (3) to further clarify the difference of aroma characteristics by multivariate statistical analysis, and to analyze the influence of brewing rice on the flavor characteristics by analyzing the correlation between the aroma-active compounds and sensory attributes among the samples. This study would improve the understanding of the influence of the brewing rice on the flavor compounds and provide a scientific basis for the selection of rice varieties to brew high-quality Huangjiu.



2. Materials and methods


2.1. Samples and chemicals

Huangjiu samples in Shaoxing region (S1, S2) fermented by glutinous rice and japonica rice, respectively, were provided by Zhejiang Pagoda Brand Shaoxing Rice Wine Co., Ltd., Shaoxing City, Zhejiang Province, China. The samples were brewed using the same Jianhu water, wheat Qu (a saccharification starter) and Jiuyao (a fermentation starter) with the same ratio. And the same brewing technique including soaking and steaming rice, fermentation (primary fermentation at 28°C for 3–5 days, then secondary fermentation at medium-low temperatures for about 90 days), filtration, pressing, clarification and storage was applied. All of the samples were stored at 4°C and they were analyzed within 1 month after being transferred to the laboratory.

The regents, aspartate, leucine, lysine, proline, histidine, arginine, 2-octanol (internal standard) and n-alkane standards (C5–C30) of chromatographic grade and purity ≥98.0% were obtained from Sigma Aldrich (Shanghai, China).



2.2. Sensory evaluation

The training and sensory analyzes were performed in a professional sensory laboratory at 20°C following ISO 8586-1:2012. Ten sensory panelists (5 males and 5 females, 23–27 years old) were selected from 40 candidates (20 males and 20 females, 23–30 years old) from the School of Perfume and Aroma Technology, Shanghai Institute of Technology (Shanghai, China). The taste sensory evaluation training was conducted for using the taste reference solution and Shaoxing Huangjiu samples for 4 weeks (1 h each time and 3 times a week). The panelists were specially trained to use taste description attributes and interval scale of 10 points for evaluation. During the taste sensory evaluation, Huangjiu sample (20 mL) was placed in a covered and odorless glass cup vial marked with a random three-digit code. The taste attributes included acidity (stated as the taste of citric acid aqueous solution), sweet (sucrose aqueous solution), bitter (quinine sulfate aqueous solution), astringent (alum aqueous solution), and umami (sodium glutamate aqueous solution). The intensities of the taste attributes were quantitatively determined on the interval scale of 10 points, where 0 indicated none and 9 indicated very intense. The methods and procedures of dynamic sensory evaluation including TCATA and TDS analysis were performed as described in our previous research (18).

Quantitative descriptive analysis (QDA) was similar to above taste sensory training, its methods and procedures were performed as described by our previous research (19). According to preliminary experiment discussion by the panelists, and referenced to a relevant literature (20), eight aroma attributes were selected, including sour (the aroma of acetic acid), sauce (4-ethylphenol), ester (ethyl acetate), sweet (vanillin), alcoholic (3-methylbutanol), caramel (caramel), fruit (ethyl isovalerate) and wheat (wheat qu aroma extract) aroma attributes. Prior to the formal sensory evaluation, the panelists were asked to smell each aroma attributes of standard reference sample and evaluated repeatedly according to the interval scale of 10 points. Additionally, for each one of the sensory evaluation indicated below, the sensory evaluation glasses used were ISO standard black glasses to eliminate the influence of sample color on the panelists. All sensory tests were conducted in triplicate, and a 10-min interval was maintained between each evaluation step.



2.3. Electronic tongue analysis

The TS-5000Z electronic tongue system (Insent Inc., Atsugi-Shi, Japan) including CAO, GL1, COO, AE1, AAE and Aftertaste-B sensors was used to collect the information of sour, sweet, bitter, astringent, fresh and post-bitter of the samples at 25°C. With tartric acid/potassium chloride solution as the reference solution, the sampling time was set to 120 s with the frequency was1 time/s, and each sample was were measured in triplicate.



2.4. Free amino acid analysis

Qualitative and quantitative analysis of 17 free amino acids in two kinds of Huangjiu samples was carried out by referring to QB/T 4356–2012 (National Standards of China). The C18 column (250 mm × 4.6 mm, 5 μm) was purchased from Agilent Technologies. The column temperature was maintained at 40°C. mobile phase A was 20 mmol/L sodium acetate buffer containing 0.05% v/v triethylamine. Mobile phase B was 80% acetonitrile and 20% water. The gradient elution procedure was as follows: 8–100% B from 0 to 33 min, 100% B from 33 to 36 min, 100–8% B from 36 to 38 min, and 8% B from 38 to 45 min. The injection volume was set to 10 μL, and the flow rate and detection wavelength were set to 1.0 mL/min and 254 nm, respectively. The amino acids in the samples were identified by comparing their retention times with those of the amino acid standards, and the concentration of each amino acid was analyzed according to the standard working curve of each amino acid standard solution.



2.5. Analysis of volatile compounds by solvent assisted flavor evaporation extraction combined with GC× GC-qMS


2.5.1. Conditions of solvent assisted flavor evaporation

SAFE analysis was performed as described in our previous research (17), Huangjiu sample (60 mL), 200 μL internal standards (2-octanol, 315 μg/mL) and dichloromethane (60 mL) were placed in 250 mL conical flask, and extracted for 60 min at 250 r/min (20°C) in a shaker (ME104E, Mettler Toledo Instruments Co., Ltd., Shanghai, China). The extract was collected into a centrifuge tube (50 mL), and centrifuged at 4°C for 5 min (8,000 r/min) to collect the organic phase. The procedures of extraction were duplicated three times. The collected extract (about 180 mL) was combined, dried by nhydrous sodium sulfate and separated by SAFE apparatus (Glasbläserei Bahr, Manching, Germany). Liquid nitrogen was added to the cold trap and the turbine pump was turned on. When the required pressure (approximately 3 × 10−3 Pa) was reached, the sample was slowly and evenly controlled to drop into the distillation bottle. After extraction, the extract was dried and collected by rotary evaporation. Finally, the SAFE distillate was blown to 1 mL with nitrogen and stored at −20°C.



2.5.2. Gas chromatography-quadrupole mass spectrometry analysis

The parameters and procedures for GC × GC-qMS (Shimadzu Co., Kyoto, Japan) analysis was described in our previous study (20, 21). An Agilent (Santa Clara, CA) HP-Innowax (60 m × 0.25 mm × 0.25 μm) and a Restek (Philadelphia, United States) BPX-1 (2 m × 0.1 mm × 0.1 μm) were used as column 1 and column 2, respectively. The column flow rate was 0.95 mL/min and split ratio was 20:1. The conditions were as follows: the oven temperature was held at 40°C and held for 5 min, then increased at 3°C/min to 150°C, finally increased at 4°C/min to 230°C. The temperature of column 2 was set to 5°C higher than that of column 1. And the modulation period was set to 8 s. The electron ionization energy was set to 70 eV, the ion source temperature was set at 200°C with high scanning frequency (20,000 Hz), and the total ion currents were recorded from m/z of 20 to 350. The analyzes were conducted in triplicate.

The volatile compounds were comprehensively characterized by GC-Image software (GC-Image LLC, Lincoln, NE), retention index and NIST 2014 (NIST, Gaithersburg-MD, United States) database and peak library matching factor. And the retention index was calculated based on C5-C30 alkane standards (Sigma-Aldrich, St. Louis, MO, United States).




2.6. Odor activity values calculation

The contribution of a certain compound to the aroma characteristics of the samples was evaluated by its OAV (ratio of the mass concentration and the odor threshold value) (17). The odor threshold values were taken from available information in the compilation (22) and based on water or ethanol solution matrix. The characteristic aroma compounds in the samples were screened according to OAV > 1.



2.7. Statistical analysis

Sensory data were analyzed by Duncan’s multiple range tests using SPSS Statistics 21 (SPSS Inc., Chicago, United States). Heat map was generated by using the pheatmap package of the R program. The multivariate analyzes were performed by SIMCA-PTM14.1 (UMetrics AB, Umea, Sweden) software.




3. Results and discussion


3.1. Taste characteristics analysis of Huangjiu fermented with different brewing rice

In the process of drinking, the taste attributes were not static, and the dynamic changes of tastes will also affect the judgment on the taste quality of Huangjiu. Therefore, the taste properties of Huangjiu samples fermented with different brewing rice were analyzed by dynamic sensory evaluation methods including TCATA and TDS. By collecting the citation proportion of each taste attribute of the samples within 60s, the TCATA test can intuitively reflect the dynamic changes of taste attributes of the samples with time during drinking. As shown in Figure 1, the variation trends of the taste attributes of Huangjiu samples fermented with different brewing rice were basically similar. Among them, the taste attributes of Huangjiu samples fermented with glutinous rice and japonica rice that were noted more than 50% of the time were mainly sour, bitter and astringent at the early stage, and sweet and umami in the late stage. The citation proportion of sour, bitter and astringent tastes in two kinds of Huangjiu samples gradually decreased after drinking, while the umami taste was the opposite, which may be related to the fact that the sauce flavor in Huangjiu was transformed into post-nose taste after being drunk in the mouth, thus gradually enhancing the perception of umami taste of the panelists (23). Complex oral processing can also enhance the umami taste in the middle and late stages of digestion (24). On the whole, the citation proportion of taste attributes of the Huangjiu fermented with japonica rice was slightly higher than that of the Huangjiu fermented with glutinous rice, and the taste characteristic was relatively richer. However, the taste of the former was more sour and bitter, and the citation proportion of bitter at the end of the 60s test was 19.5%, which was also significantly higher than that of S1 sample (8.9%).

[image: Figure 1]

FIGURE 1
 TCATA curves of the taste of the two types of Huangjiu samples fermented with different rice varieties (A,B represent the Huangjiu fermented with glutinous rice and japonica rice, respectively).


Compared with TCATA, a sensory analysis method that is close to consumer testing (25), the TDS method can better reflect the influence of some dominant taste attributes on sensory attributes during drinking. The dominance rates of taste attributes of two types of Huangjiu samples within 60s after drinking were collected to clarify the changes of dominant taste attributes. The TDS analysis results among the Huangjiu samples are shown in Figure 2. The taste attributes of the two types of Huangjiu samples had similar dynamic trends that the order of sour, bitter and umami was maintained. At the beginning of the test (0 s), the sour taste dominated in the two types of Huangjiu samples. In the first 20s, with the decrease of the dominant rate of sour taste over time, the dominance of bitter taste gradually increased, which may be related to the symmetrical inhibition of sour and bitter. After 20s of the TDS test, the dominant rates of sour and bitter tastes among the samples gradually decreased, while umami taste broke through the chance level and significance level, and then occupied the dominant taste attribute. The curve above the line of chance level indicated that taste attributes can be accidentally perceived, and the significance level revealed that the cut-off above, the probability of taste attributes being selected was significantly greater than chance (26). The above feature was not only consistent with the taste characteristics of umami taste in the late stage, but also related to the inhibition of umami taste on sour and bitter taste (27). In general, although the variation trends of the taste attributes during drinking among the samples were basically similar, the bitter taste maintained shorter time and lower dominance rate in the overall drinking process of Huangjiu fermented with glutinous rice, indicating that the bitterness of Huangjiu fermented with glutinous rice was lighter and easier to dissipate than that of Huangjiu fermented with japonica rice, and the overall palatability was higher than that of the latter.

[image: Figure 2]

FIGURE 2
 TDS curves of the taste of the two types of Huangjiu samples fermented with different rice varieties (A and B represent the Huangjiu fermented with glutinous rice and japonica rice, respectively).


To further analyze the taste of Huangjiu samples and test the results of TCATA and TDS, the taste of two types of Huangjiu fermented by different brewing rice was evaluated by intelligent sensory electronic tongue technology. The taste evaluation of Huangjiu samples was shown in Table 1. The response values of astringency and post-bitterness taste of S1 sample were weaker than those of S2 sample (p < 0.05), but there were no difference in other taste attributes. Additionally, the response value of umami taste was slightly better than the latter, which was consistent with the above dynamic sensory test results. The combination of artificial sensory evaluation and electronic tongue was conducive to fully characterize the taste evaluation of Huangjiu.



TABLE 1 Taste evaluation of Huangjiu fermented with different rice varieties by electronic tongue.
[image: Table1]



3.2. Free amino acids analysis of Huangjiu fermented with different brewing rice

Huangjiu contained a large amount of amino acids, which endowed Huangjiu with a rich taste level such as delicious, soft and mellow. The concentrations of free amino acids determined by high performance liquid chromatography (HPLC) in two kinds of Huangjiu samples are shown in Table 2. The total content of free amino acids in Huangjiu fermented with japonica rice (S2) was slightly higher than that in Huangjiu fermented with glutinous rice (S1), which was related to the higher protein content in japonica rice. The concentrations of free amino acids imparting sweet, bitter, umami, astringent and sour tastes were significantly different among the samples. The contents of aspartic acid and glutamic acid in S1 sample were higher, which played an important contribution to the umami and mellow taste. In addition, bitter amino acids were found to account for more than 40% of the total amino acids in the Huangjiu samples (40.2–43.9%), which was consistent with that of Liang et al. (28). Among them, the concentrations of histidine and leucine with bitter taste in S2 sample were higher than those of S1 sample, while isoleucine, phenylalanine and arginine were lower than the latter. Arginine imparted little bitter tastes, and bitterness was enhanced at high concentrations.



TABLE 2 Analysis of free amino acids of Huangjiu fermented with different rice varieties (mg/kg).
[image: Table2]

The umami and sweet taste of tea soup had a positive correlation, while the umami and bitter taste negatively correlated (29). The same taste interaction may also exist in Huangjiu, where the umami taste provided by glutamic acid and aspartic acid may enhance the perception of sweet taste and weaken the perception of bitter taste. Therefore, the perception of sweet taste in S1 sample was stronger than that of S2 sample, while the bitterness perception was weaker. The contents of sour and astringent amino acids in Huangjiu samples fermented with glutinous rice were significantly lower (p < 0.05), which was consistent with the results of electronic tongue and artificial sensory tests on the whole.



3.3. Quantitative descriptive sensory analysis of Huangjiu fermented with different brewing rice

To determine the aroma difference among the samples fermented with different brewing rice, quantitative descriptive analysis was analyzed and the results were shown in Figure 3. Ester, alcoholic, sauce and fruit aroma were the representative aroma in the two kinds of Huangjiu. Statistical analysis showed that the attributes of ester and alcoholic aroma in S1 sample were significantly higher (p < 0.05). Additionally, the scores of sweet, sauce, caramel and sour aroma were abundant, while there was no significant difference between these aroma attributes, which was consistent with the research of Chen et al. (19). The results of sensory evaluation indicated that Huangjiu fermented with glutinous rice was more prominent in ester and alcoholic aroma, and had better aroma quality.

[image: Figure 3]

FIGURE 3
 Quantitative descriptive sensory radar chart of Huangjiu fermented with different different rice varieties (*represents p < 0.05, S1 and S2 correspond to the Huangjiu samples fermented by glutinous rice and japonica rice, respectively).




3.4. Aroma components analysis of Huangjiu fermented with different brewing rice by GC × GC-qMS

The volatile characteristics of Huangjiu fermented with different brewing rice were systematically analyzed by GC × GC-qMS. The three-dimensional chromatograms of the volatile distribution of two kinds of Huangjiu samples are shown in Figure 4. DB-INNOWAX column was used to successfully separate the volatile compounds in the first dimension, and the BPX-5 column was also successfully separated in the second dimension. The aroma components of the Huangjiu samples were analyzed and their results were listed in Supplementary Table S1. A total of 111 volatile compounds were identified, of which 101 and 99 were identified in S1 sample and S2 sample, respectively, which consisted of 32 esters, 20 alcohols, 12 aldehydes, 19 acids, 9 ketones, 5 phenols, 1 ether, 6 amines, 1 epoxide and 6 other compounds. Although the composition of volatile compounds in the two samples was basically similar, there were obvious differences in the concentrations of specific compounds.

[image: Figure 4]

FIGURE 4
 Three dimensional chromatograms of volatile components of Huangjiu fermented with (A) glutinous rice and (B) japonica rice were determined by GC × GC/qMS.


The content of esters in the Huangjiu samples fermented with different brewing rice was abundant, and most of which were ethyl esters. Ethyl ester was mainly formed by esterification of fatty acids and ethanol (30) and endowed Huangjiu with fruity, sweet and floral aroma. Among the esters detected, monoethyl succinate, ethyl 3-hydroxybutyrate, diethyl succinate, ethyl butyrate, propyl nonolactone and ethyl caprylate were the major esters with the highest concentrations. Among them, the OAVs of ethyl butyrate (OAV: 38–59), ethyl caprylate (OAV: 30–38) and propyl nonolactone (OAV: 4–7) were all greater than 1. These three compounds had apple, banana and peach aroma, respectively, indicating they were important compounds that affected the aroma characteristics of Huangjiu. In addition, isoamyl acetate (OAV = 5) and sugar lactone (OAV = 6) with low concentrations were only indentified in S1 sample. The compound isoamyl acetate contributed to sweet and fruity aroma and was an important precursor for the formation of many aroma compounds. The compound sugar lactone was a key compound for the aroma characteristics of Huangjiu, which endowed Huangjiu with caramel aroma at low concentrations while curry aroma at high concentrations (31). This result was consistent with the scores of sweet and caramel aroma in descriptive sensory analysis. However, the compound 2-methylbutyl acetate (OAV = 14) with low concentration was only detected in S2 sample and was a characteristic aroma compound endowing Huangjiu with fruity aroma.

Alcohols were the important source of aroma in Huangjiu and were precursors of esters, which endowed Huangjiu with mellow and sweet. The concentrations of total alcohols in S1 sample (93.35–101.92 μg/g) were significantly higher than those in S2 sample (84.92–94.97 μg/g). This trend may be related to the higher content of amylopectin in glutinous rice, and the easy gelatinization of amylopectin, which promoted the conversion of sugars to alcohols during Huangjiu fermentation and thus improving the alcohol yield. Among the alcohols detected, 3-methylbutanol had the highest content, followed by phenylethanol, isobutanol, 2,3-butanediol, 3-methylthiopropanol and 1-butanol. The sum of these six alcohols accounted for 97.2–97.3% of the total alcohols among the samples. Among them, the OAVs of phenylethyl alcohol (OAV: 3–4) and 3-methylthiopropanol (1–3) were both greater than 1. The compound phenylethyl alcohol with rose and honey aromas can be synthesized by pentose phosphate or glycolytic pathway (32), and under anaerobic conditions, valine and phenylalanine can be converted into isobutanol and phenylethanol, respectively (33). The compound 3-methylthiopropanol with sweet and potato aromas may be derived from the degradation of sulfur-containing amino acids.

Aldehydes and ketones were conducive to enhancing the aroma and soft taste of Huangjiu. Most aldehydes were produced by the oxidation of higher alcohols or Maillard reaction during Huangjiu fermentation. The content of aldehydes in S1 sample was higher than that in S2 sample. The main aldehydes with high concentrations in the samples were n-hexanal, furfural and 5-methyl furfural. The concentrations of furfural and syringaldehyde with sweet taste in S1 sample were higher than that in S2 sample, while nonaldehyde, benzaldehyde and phenylacetaldehyde in S2 sample were significantly higher than that in S1 sample. Among them, the compound phenylacetaldehyde (OAV = 292) with sweet and floral aroma was only detected in S2 sample, and was an important odorant in Huangjiu (34). In S1 sample, the compound 3-hydroxy-2-butanone with sweet and creamy aroma had the highest concentration, which was the key compound for the synthesis of 2,3-butanedione and 2,3-butanediol. Additionally, 4-ethylphenol, 4-vinyl-2-methoxyphenol and guaiacol had high relative concentrations. Among them, the compound 4-ethylphenol endowed a smoky aroma (35) and was only detected in S1 sample. And the concentration of 4-vinyl-2-methoxyphenol with clove aroma in S1 sample was much higher than that in S2 sample. The abundance of acids increased the body of Huangjiu and facilitated the formation of aromatic esters. Appropriate amount of acids can also increase the sweet taste and weaken the bitterness of wine, which may be the reason why Huangjiu fermented with glutinous rice was less bitter and astringent than Huangjiu fermented with japonica rice. A total of 19 acid compounds were detected in the samples. The contents of acids in S1 sample (11.31–11.34 μg/g) were significantly higher than those in S2 sample (8.31–7.49 μg/g). This may be due to the low protein content and dispersed structure in glutinous rice (36). Among them, the concentration of butyric acid was the highest, followed by acetic acid, palmitic acid and hexanoic acid. The production of these organic acids were closely related to the raw materials in Huangjiu brewing, including the process of alcohol fermentation or aging (37).

In conclusion, the total contents of alcohols, aldehydes, acids and characteristic flavor compounds in Huangjiu sample fermented with glutinous rice were higher than those of Huangjiu sample fermented with japonica rice. The compound ethyl butyrate, isoamyl acetate, 3–methylthiopropionaldehyde and ethyl caprylate were the characteristic flavor compounds of S1 sample, while nonanal, phenyl acetaldehyde and vanillin contributed greatly to the flavor of S2 sample.



3.5. Differences of aroma characteristics among the samples with different brewing rice

To fully explore the data of aroma compounds obtained by GC × GC-qMS, one-way ANOVA was performed on 111 identified volatile compounds. The results showed that there were significant differences in 64 compounds among the samples. Among them, 48 compounds had clear aroma descriptions, including 15 esters, 6 alcohols, 7 aldehydes, 10 acids, 2 phenols, 1 ether, 2 ketones, 4 aromatics and 1 amine compound. The correlation between the samples and the 48 important aroma compounds (p < 0.05) with aroma description was visualized by heatmap, and the results were shown in Figure 5A.
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FIGURE 5
 Heat map and HCA clustering results of 48 aroma compounds with a significant difference (p < 0.05) and aroma descriptors in Huangjiu samples (A) (S1 and S2 correspond to the Huangjiu samples fermented by glutinous rice and japonica rice, respectively); The VIP plot of the aroma compounds based on the OPLS-DA regression model (B).


The VIP values were usually used to assess the contributions of X-variables to the model, and variables with VIP > 1 were considered important variables (Figure 5B). The VIP values of 17 volatile compounds were greater than 1, including 7 acids (butyric acid, acetic acid, hexanoic acid, levulinic acid, benzoic acid, isobutyric acid and myristic acid), 4 alcohols (isobutanol, phenethyl alcohol, 2,3-butanediol and 1-pentanol), 3 aldehydes (hexanal, phenylacetaldehyde and benzaldehyde), ethyl butyrate, acetoin and vanillin. These volatile compounds could be conducive to distinguishing the Huangjiu samples fermented with different rice varieties.



3.6. Correlation analysis between the aroma compounds and sensory attributes in Huangjiu samples

To further determine the correlation between the aroma compounds and sensory attributes, and analyze their contributions to the aroma of the Huangjiu samples fermented with different rice varieties, PLS regression was performed and the results are shown in Figure 6. The values of cumulated R2X (0.907) and R2Y (0.902) corresponding to the relationships between the explanatory variables (X, aroma-active compounds) and dependent variables (Y, intensity of the aromas of the compounds) were close to 1. And the model quality (Q2 = 0.701) was appropriate as Q2 > 0.50, indicating that the correlation between the two variables can be well represented by PLS analysis.
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FIGURE 6
 Correlation of aromas with aroma-active compounds. Yellow dots represent two Huangjiu samples. Blue dots represent 7 aroma attributes. Green dots represent the active-aroma compounds with OAV >1 shown in Supplementary Table S1 (C1: ethyl butyrate, C2: 3-penten-2-one, C3: isoamyl acetate, C4: 1-pentanol, C5: nonanal, C6: butyric acid, C7: γ-nonanolactone, C8: Phenyl acetaldehyde, C9: vanillin, C10: hexanal, C11: sugar lactone, C12: 3-ethoxy-1-propanol, C13: 3-(methylthio)-1-propanol. C14: phenylethyl alcohol, C15: ethyl hexanoate, C16: 2-octanone, C17: ethyl caprylate, C18: 3-(methylthio)propionaldehyde, C19: 2-methylbutyl acetate).


S1 sample was correlated with ‘ester’, ‘alcoholic’, ‘wheat’, ‘caramel’, ‘sauce’, ‘sweet’ and ‘sour’ aromas, while S2 sample was correlated with ‘fruit’ aroma. And the volatile compounds ethyl octanoate and 2-octanone were strongly associated with ‘sauce’, ‘caramel’, ‘wheat’ and ‘alcoholic’ aromas. The ‘ester’ and ‘alcoholic’ aromas were strongly associated with most compounds, including ethyl butyrate, 3-penten-2-one, 3-(methylthio)propanal, isoamyl acetate, and so on. Collcetively, most aroma-active compounds were correlated with ‘ester’ aroma in Huangjiu sample fermented with glutinous rice, which was consistent with the results of QDA analysis.




4. Conclusion

The effect of different rice varieties on the taste and aroma characteristics of Huangjiu was investigated using dynamic sensory evaluation, GC × GC-qMS and multivariate statistical analysis. The results revealed that the flavor characteristics and profiles of two kinds of Huangjiu had remarkable differences. Compared with Huangjiu fermented with japonica rice, the tastes of bitter and astringency in Huangjiu fermented with glutinous rice were weaker, and the ester and alcoholic aromas were more prominent. Ethyl butyrate, isoamyl acetate, 3–methylthiopropionaldehyde and ethyl caprylate contributed greatly to the flavor of Huangjiu sample fermented with glutinous rice, while nonanal, phenyl acetaldehyde and vanillin were the characteristic flavor compounds in Huangjiu sample fermented with japonica rice. Furthermore, the total contents of alcohols, acids and aldehydes were higher in the Huangjiu sample fermented with glutinous rice, and the important aroma compounds (especially key esters) were more abundant. Correlation analysis further proved that most aroma-active compounds significantly correlated with ester and alcoholic aroma in the Huangjiu sample fermented with glutinous rice. The comprehensive analysis of taste and aroma characteristics showed that the Huangjiu fermented by glutinous rice had higher flavor quality. Our results would provide a certain guiding effect on the quality control and taste improvement of Huangjiu. However, the exact factors that cause the differences in aroma and taste of the two kinds of Huangjiu are still unclear, and further research from the microbial perspective is needed.
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Contents

Soluble sugars (mg/g)
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Monomeric catechins (mg/g)
Gallocatehin (GC)
Epigallocatechin (EGC)
Catechin (C)

Epigallocatechin gallate (EGCG)
Epicatechin (EC)

Gallocatechin gallate (GCG)
Epicatechin gallate (ECG)
Catechin gallate (CG)

Total monomeric catechins
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Alanine
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Methionine
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y-Aminobutyric acid
Histidine
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Lysine

Arginine

Organic acids (mg/g)
Qu

Gallic acid

acid

Citric acid
Malic acid

Sucenic acid
Methylxanthines (1g/g)
Caffeine

“Theobromine

“Theophylline

The same letter within each row indicates no significant difference (p>0.05). LOQ is short for the limit of quantification.
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Content (mg/g) Baiye No.1 Yujinxiang keng
Free amino acids 2774 044" 24102095 36354032 36.14£044°
Polyphenols 7803+ 117 83212255 70.90 + 0.56° 7703022
Soluble sugars 41495 £3119" 40074 £ 16,110 44930 £ 1687 4363722310
Soluble polysaccharides 14234012 13174051 1619 1.21° 1240 £ 068"
Saponins 122.112237% 13502+ 483 11576 3,35 12084+ 2.44%

The same letter within each row indicates no significant difference (p>0.05).





OPS/images/fnut-09-1077081/fnut-09-1077081-g006.jpg
Pearson correlation coefficient

Physicochemicalcharacteristics

T
3

Oxidation stability analyzer

120°C, 20 i

Correlation coefficient heatmap






OPS/images/fnut-09-1077081/fnut-09-1077081-t001.jpg
Sample Palmitic | Stearic acid | Oleic acid Linoleic Linolenic MUFA
acid Elelle] acid

Original 7.08 £ 0.08¢ 2.43£0.03* 15.79 £ 0.08> | 62.31 £0.11° 12.40 % 0.08¢ 9.514£0.12¢4) 1579 £0.08>|  74.71 £ 0.19%

120°C |10 min 7.99 % 0.13% 1.26 £ 0.25° 17.97 £ 005 | 58.87 +0.35" 13.94 % 0.09¢ 9.24+038¢ | 17.97 £0.05  72.80 £ 0.43>
20 min 8.70 + 0.06 1.574£0.02° | 19.02+0.09 | 54.03 £ 0.45° 16.69 +£0.40° | 10.28+0.04°| 19.02£0.09®|  70.72 £ 0.06°
30min | 9.41£0.13 1.39 + 0.08° 20.88£0.18" | 50.74 £0.28¢ 17.59 £0.25* 10.80£0.22* | 20.88+£0.18" |  68.33+0.04¢

150°C 10 min 8.84 %+ 0.36 1.67£0.01|  18.73£0.33" | 5568 £0.70° 1510 £0.74% | 10.51 £ 037 18.73£0.33®|  70.77 £ 0.04%¢
20min | 7.41£0.24° 1.22 £0.25° 16.28 £ 1.19% | 60.92 % 2.09% 14.18 £0.91¢ 8.63£0.01° | 1628+ 1.19%| 7510+ 1.18%
30min | 8.14 £ 1.19b¢ 1.89+£0.67°%|  13.82£3.01° | 62.65+ 1.07* 13.50 £ 1.43%¢ | 10.0240.51%| 13.82+£3.01° |  76.16 % 2.50°

180°C|10min | 7.15£0.11¢ 2.33£0.01% | 15.91£0.02% | 61.57 +0.06* 13.06 % 0.02¢¢ 9.48 £ 0.1 15.91£0.02%¢|  74.62 £ 0.08%
20 min 7.82 % 1.03% 1.80£0.72|  13.33£3.42° | 62.46£0.93" 14.61 £2.18%4) 9,61 £031¢) 13.33£3.42° |  77.06+3.11°
30 min 7.10 +0.13¢ 2.44 % 0.00° 16.62+0.07 | 61.45 +0.07* 12.39 +£0.01¢ 9.54+0.13%¢|  16.62 £ 0.07°¢|  73.84 + 0.06"¢

Values (mean % SD, n = 3) in the same column followed by a different letter are significantly different (p < 0.05).
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Sample POV (mmol/kg) AV NaOH/g) TBA
Original 1.59 + 0.09' 0.12 +0.25¢ 0.0313 £ 0.0019
120°C 10 min 1.77 £ 0.05" 0.23 +0.23¢ 0.0315 £ 0.0006
20 min 1.93 £ 0.02¢ 0.23 £0.21¢¢ 0.0318 % 0.0005"
30 min 2.00 % 0.02¢ 0.20 +0.10¢ 0.0268 = 0.0010¢
150°C 10 min 2.34 4 0.04F 0.29 +0.17° 0.0285 £ 0.0006°
20 min 2.57 % 0.06° 0.37 £ 0.10° 0.0303 = 0.0010
30 min 2.71 4 0.07¢ 0.21 +0.15¢ 0.0270 = 0.0000¢
180°C 10 min 3.58 4 0.09¢ 0.19 +0.10¢ 0.0270 = 0.0000¢
20 min 3.83 £0.05 0.26 +0.31% 0.0355 £ 0.0013°
30 min 3.98 4 0.12 0.34 £ 0.53° 0.0318 £ 0.0009>

Values (mean =+ SD, n = 3) in the same column followed by a different letter are significantly different (p < 0.05). POV (mmol/kg) = (volume consumed by the sample-volume consumed
by the blank) x concentration of Na;$;03-5H,0 x 1,000/(2 x quality of oil sample). AV (mg NaOH/g) = volume consumed by the titrant x concentration of NaOH x 39.996/quality of
oil sample. TBA = (50 x absorbance of the tested solution/sample weight) x 100%.
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7 a-Terpineol 350 Sweet 0.28 0.67 0.52 0.74 0.44 0.46 1.00 1.07 0.62 0.45
8 Geraniol 7.5 Flower, Fruit, and Sweet 4.94 8.34 3.32 4.55 2.61 6.72 14.38 15.68 3.86 2.61
9 Methyl salicylate 40 Peppermint 0.22 0.52 1.07 0.96 1.12 1.19 1.65 4.31 1.77 1.08
0 6-methyl-5-Hepten-2- 68 Fruit 0.05 0.15 0.13 0.16 0.16 0.26 0.24 0.55 0.21 0.29
one
1 3,5-Octadien-2-one 0.5 Fruit, Fat n.d. n.d. 13.06 | 21.25 | 21.18 14.43 | 23.87 | 54.63 | 43.09 | 60.88
2 a-Ionone 04 Flower 2.70 7.35 n.d. 8.97 n.d. 8.80 | 11.84 | 1534 8.91 8.59
3 B-Ionone 0.2 Flower, Fruit, and Woody 37.58 | 94.34 n.d. | 108.00 | 86.95 | 96.36 | 95.50 | 197.75 | 109.95 | 104.79
4 2-Heptenal 20 - n.d. n.d. 0.69 0.70 0.63 1.01 0.63 1.56 0.80 0.79
5 2,4-Heptadienal 2.56 Fat 1.97 5.99 10.34 12.28 13.93 8.54 7.11 27.96 19.38 | 27.83
6 Benzeneacetaldehyde 4 Flower and Sweet 1.96 491 4.82 6.09 5.46 4.57 3.96 6.09 4.68 3.19
7 1H-Pyrrole-2- 2 Roast 21.18 | 44.48 | 53.18 | 65.68 | 68.18 15.76 | 26.94 | 57.51 33.39 | 31.28
carboxaldehyde,1-ethyl
8 2-Octenal 3 Fat 0.49 n.d. 1.88 1.46 1.66 2.96 n.d. 4.77 3.24 2.61
9 Nonanal 1 Fruit, Flower, and Fat n.d. n.d. 14.84 19.82 16.23 n.d. n.d. n.d. 16.69 17.95
20 2,6-Nonadienal 0.1 Fruit and Flower n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.00 n.d.
21 Decanal 0.1 Sweet and Fruit n.d. nd. | 21.55| 31.37 | 24.85| 17.50 nd. | 5097 0.00 n.d.
22 Benzene, 3.17 Sweet and Musty 3.69 | 24.17 | 24.23 | 37.16 | 32.49 7.82 | 31.28 | 83.38 | 62.19 | 79.99
1,2-dimethoxy
23 1,2,3- 0.75 Stale and Musty 25.21 | 158.20 | 285.84 | 479.80 | 420.69 | 23.64 | 71.53 | 238.80 | 326.31 | 412.44
Trimethoxybenzene
24 1,2,4- 3.06 Stale and Medicinal 591 19.00 | 47.81 70.16 | 63.57 2.31 10.59 | 56.30 | 70.05 | 75.56
Trimethoxybenzene
25 B-Myrcene 13 Woody, Fruit, and Peppermint 0.61 1.33 0.89 1.01 0.81 0.92 1.59 1.90 0.77 0.52
26 D-Limonene 10 Sweet and Fruit 2.17 5.73 4.08 5.15 4.64 3.18 4.35 5.64 3.24 n.d.
27 Nonanoic acid 1.5 Fat and Sweet 8.23 | 12.19 | 10.44 | 12.66 | 10.53 6.00 nd. | 22.80 0.00 n.d.

Compound

Odor description®

1 1-Octen-3-ol 1 Grass 4945 | 17.76 | 23.80 | 16.99 | 15.69 | 29.85 | 12.28 | 37.47 | 19.36 = 28.61
2 Linalool oxide I 60 Flower 2.36 7.45 | 12.37 | 13.27 8.89 4.51 518 | 17.82 | 16.67 7.72
3 Linalool 6 Flower, Fruit, and Sweet 40.41 | 76.09 | 80.60 | 68.49 | 33.63 | 51.65 | 39.10 | 113.65 | 74.73 | 16.04
4 Phenylethyl alcohol 4 Flower 41.67 | 106.35 | 137.66 | 113.38 | 58.31 | 104.49 | 85.24 | 177.96 | 121.42 | 26.49
5 Linalool oxide II 320 Flower 0.10 0.60 1.05 1.35 0.87 0.43 0.55 2.14 1.64 0.26
6 Terpinen-4-ol 0.2 Woody 52.98 | 67.05 | 80.86 n.d. 53.10 | 54.30 | 41.42 | 103.00 | 65.90 | 32.06
7 a-Terpineol 350 Sweet 0.33 0.81 1.01 0.92 0.59 0.49 0.47 1.33 1.04 0.31
8 Geraniol 7.5 Flower, Fruit, and Sweet 595 | 13.11 12.73 9.95 3.90 4.96 4.97 | 18.16 9.02 1.35
9 Methyl salicylate 40 Peppermint 1.20 1.60 3.35 3.54 1.18 0.78 0.57 5.35 3.94 1.57
0 6-methyl-5-Hepten-2- 68 Fruit 0.33 0.16 0.35 0.26 0.19 0.18 0.09 0.42 0.28 0.45
one
1 3,5-Octadien-2-one 0.5 Fruit and Fat 17.06 | 16.18 | 22.10 | 28.98 | 42.51 13.11 12.66 | 39.18 | 52.85 | 84.76
2 a-Jonone 0.4 Flower 9.27 7.83 9.31 12.16 8.34 | 10.11 4.68 | 19.61 12.24 7.97
3 B-Ionone 0.2 Flower, Fruit, and Woody 101.92 | 7595 | 84.77 | 91.89 | 79.74 | 84.74 | 49.00 | 167.99 | 159.72 | 121.76
4 2-Heptenal 20 - 0.53 0.42 0.75 0.65 0.44 0.51 0.28 0.96 0.62 0.75






OPS/images/fnut-10-1138783/fnut-10-1138783-t001b.jpg
5 2,4-Heptadienal 2.56 Fat 7.85 5.58 | 10.94 | 17.65  17.41 6.22 4.30 | 18.85 | 25.00 | 33.38
6 Benzeneacetaldehyde 4 Flower and Sweet 3.82 2.67 3.11 3.82 3.30 n.d. 1.64 5.06 4.57 3.25
7 1H-Pyrrole-2- . Roast 3.89 | 1746 | 32.64  46.03 | 24.80 | 1572 14.01 | 67.92 | 5522 25.46
carboxaldehyde,1-ethyl
8 2-Octenal 3 Fat 1.90 n.d. B 2.82 2.26 1.60 0.73 3.45 3.33 3.42
9 Nonanal 1 Fruit, Flower, and Fat n.d. n.d. n.d. 17.36 15.02 n.d. n.d. 0.00 | 23.38 n.d.
20 2,6-Nonadienal 0.1 Fruit and Flower n.d. n.d. nd. | 123.73 n.d. n.d. n.d. 0.00 | 142.07 | 119.20
21 Decanal 0.1 Sweet and Fruit n.d. n.d. n.d. nd. | 38.07 n.d. nd. | 70.08 | 49.99 | 29.92
22 1,2-dimethoxybenzene 3.17 Sweet and Musty 4.66 | 24.66 | 51.07 | 81.21 = 83.33 | 27.88 | 32.23  109.81 | 123.86 | 106.39
23 G 0.75 Stale and Musty 14.92 | 49.81 | 136.58 | 342.72 | 440.54 | 89.52 | 112.41 | 711.75 |1025.16 | 814.02
Trimethoxybenzene
24 1,2,4- 3.06 Stale and Medicinal 1.28 4.83 | 23.70 | 60.90 | 71.30 8.63 | 13.01 | 71.87 | 115.13 | 110.59
Trimethoxybenzene
25 B-Myrcene 13 Woody, Fruit, and Peppermint 1.97 1.12 1.28 1.04 0.72 1.18 0.62 2.45 1.03 0.44
26 D-Limonene 10 Sweet and Fruit 4.30 3.28 4.41 3.94 n.d. 3.55 2.42 6.27 4.89 n.d.
27 Nonanoic acid 1.5 Fat and Sweet 12.80 6.54 | 12.50 | 11.32 n.d. n.d. nd. | 2472 | 16.63 n.d.
OT, odor threshold; n.d., not detected; 7, 14, 21, 28, and 35, fermentation time; SGT, sun-dried green tea.
2Threshold value of different volatile compounds in water (ug/kg).
YOdor description for the volatile compounds.
A for Saccharomyces: Rhizopus = 1:2; B for Saccharomyces: Aspergillus niger = 1:2; C for Saccharomyces: Aspergillus oryzae = 1:2; D for Saccharomyces: Rhizopus: Aspergillus oryzae = 1:1:1; E for

Saccharomyces: Rhizopus: Aspergillus niger = 1:1:1; F for Saccharomyces: Rhizopus: Aspergillus niger: Aspergillus oryzae = 1:1:1:1.
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Flavor Odor rOAVs
compound description®

Al4 | A21 | A28 | A35

1 1-Octen-3-ol 1 Grass 158.89 25.77 15.88 10.55 17.99 13.39 | 23.81 14.74 14.62 14.05 13.81
2 Linalool oxide I 60 Flower 1.12 2.61 3.23 3.27 5.26 5.10 1.88 3.51 3.01 5.87 4.51
3 Linalool 6 Flower, Fruit, and 52.56 54.31 17.16 16.74 | 22.15 12.17 | 42.65 | 30.23 | 21.75 | 28.08 13.29
Sweet
4 Phenylethyl alcohol 4 Flower 30.57 120.31 77.94 1 66.89 | 105.67 | 93.38 | 85.48 | 72.38 | 61.00 | 119.94 | 91.22
5 Linalool oxide IT 320 Flower 0.08 0.28 0.41 0.59 0.74 0.70 0.12 0.43 0.44 0.76 0.91
6 Terpinen-4-ol 0.2 Woody 71.75 55.58 | 27.36 n.d. 32.61 n.d. 57.93 | 36.90 | 30.38 | 39.59 n.d.
7 a-Terpineol 350 Sweet 0.48 0.72 0.33 0.30 0.40 0.33 0.57 0.45 0.36 0.52 0.36
8 Geraniol 7.5 Flower, Fruit, and 9.52 9.35 2.90 3.46 4.97 3.09 7.69 4.28 3.58 3.75 2.28
Sweet
9 Methyl salicylate 40 Peppermint 0.56 0.43 0.58 0.54 0.94 0.83 0.42 0.46 0.39 1.33 1.03
0 6-methyl-5-Hepten-2- 68 Fruit 1.04 0.15 0.09 0.10 0.15 0.17 0.14 0.09 0.09 0.22 0.24
one
1 3,5-Octadien-2-one 0.5 Fruit and Fat 34.77 n.d. 10.49 | 23.31 20.28 | 33.49 n.d. n.d. n.d. 24.04 | 24.02
2 a-Ionone 04 Flower 10.75 6.18 3.73 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
3 B-Ionone 0.2 Flower, Fruit, and 164.58 79.27 | 55.69 | 78.12 | 70.73 | 79.32 | 82.41 74.62 | 61.24 | 71.34 | 70.67
Woody
4 2-Heptenal 20 - 0.85 0.48 0.37 n.d. 0.65 n.d. n.d. n.d. 0.38 n.d. n.d.
5 2,4-Heptadienal 2.56 Fat 8.97 5.10 5.46 14.10 12.30 | 21.29 4.65 4.29 4.92 10.47 15.38
6 Benzeneacetaldehyde 4 Flower and Sweet 5.72 5.42 3.81 5.88 5.65 5.66 4.11 3.40 3.95 6.37 4.94
7 1H-Pyrrole-2- 2 Roast 39.38 57.18 | 39.85 | 40.17 | 48.85 | 56.84 | 38.25 | 27.37 | 28.19 | 61.18 64.03
carboxaldehyde,1-ethyl
8 2-Octenal 3 Fat 2.52 1.10 n.d. 1.31 n.d. 2.93 n.d. n.d. n.d. 1.26 2.00
9 Nonanal 1 Fruit, Flower, and n.d. n.d. n.d. 18.02 17.92 18.65 n.d. n.d. 13.68 15.77 16.08
Fat
20 2,6-Nonadienal 0.1 Fruit and Flower n.d. n.d. n.d. n.d. n.d. 99.24 n.d. n.d. n.d. n.d. 78.89
21 Decanal 0.1 Sweet and Fruit 26.37 19.93 | 21.77 | 44.82 | 26.65 | 48.83 19.86 n.d. 16.31 19.57 | 24.00
22 Benzene, 3.17 Sweet and Musty 5.30 10.16 10.30 18.20 | 22.89 | 32.12 6.66 11.95 11.49 | 2491 22.42
1,2-dimethoxy
23 1,2,3- 0.75 Stale and Musty 29.04 91.31 57.42 | 147.39 | 153.96 | 318.89 | 64.45 | 69.32 | 92.85 | 194.74 | 322.33
Trimethoxybenzene
24 1,2,4- 3.06 Stale and 2.75 20.64 19.87 | 29.68 | 47.96 | 67.85 9.68 13.48 | 27.39 | 47.86 | 68.94
Trimethoxybenzene Medicinal
25 B-Myrcene 13 Woody, Fruit, 2.99 1.24 1.62 0.83 0.65 0.63 2.78 0.81 0.66 0.72 0.70
and Peppermint
26 D-Limonene 10 Sweet and Fruit 10.38 3.87 3.18 2.81 2.45 n.d. 4.63 3.99 2.81 2.94 3.15
27 Nonanoic acid 1.5 Fat and Sweet 17.34 13.89 11.66 | 21.50 10.74 18.36 8.24 5.95 13.87 10.75 14.36
Compound oT Odor description®
(hg/kg)?
1 1-Octen-3-ol 1 Grass 8.23 | 22.06 | 28.83 19.01 15.12 | 45.26 | 21.94 | 47.27 18.65 | 24.36
2 Linalool oxide I 60 Flower 0.97 4.82 4.79 6.98 5.35 2.70 8.18 14.36 8.61 8.44
3 Linalool 6 Flower, Fruit, and Sweet 19.82 | 51.72 | 29.19 | 39.19 | 20.64 | 46.35 | 84.06 | 99.86 | 35.56 14.71
4 Phenylethyl alcohol 4 Flower 48.96 | 118.30 | 96.40 | 112.84 | 80.66 | 111.36 | 152.51 | 128.11 93.81 | 42.52
5 Linalool oxide II 320 Flower 0.08 0.57 0.76 0.96 0.92 0.16 0.65 1.36 0.94 0.54
6 Terpinen-4-ol 0.2 Woody 23.75 1 62.87 | 35.16 | 50.32 n.d. 53.06 | 97.66 | 105.45 | 50.93 = 37.21
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Compound Threshold HOPB JTB (ng/L) ROAV- ROAV-JTB
(rg/L) (ng/L) HOPB

1 Linalool 78-70-6 6 494.07 221111 82.35 368.52

2 Methyl anthranilate 134-20-3 3 0.78 221.54 <1 73.85

3 1-Butanol, 123-92-2 210 314533 9608.58 14.98 45.76
3-methyl-, acetate

4 1-Decanol 112-30-1 5 108.02 223.85 21.6 44.77

5 Hexanoic acid ethyl 51-79-6 230 7403.34 10029.19 3219 43.61
ester

6 Decanal 112-31-2 5 74.99 213.57 15 42.71

7 Acetic acid, 103-45-7 210 3373.96 7265.75 16.07 34.6
2-phenylethyl ester

8 Citronellol 68916-43-8 8 96.42 231.92 12.05 28.99

9 Octanoic acid, ethyl 106-32-1 900 19010.93 25919.57 21.12 28.8
ester

10 2-Nonanol 821-55-6 3 50.08 64.26 16.69 21.42

11 Methyl salicylate 119-36-8 40 518 846.46 <1 2116

12 2-Nonanone 821-55-6 32 615.39 626.93 19.23 19.59

13 2-Heptanol 100-41-4 3 9.41 37.24 3.14 12.41

14 1-Octen-3-ol 542-30-3 6.12 31.64 60.58 5.17 9.9

15 Benzoic acid, ethyl 93-89-0 20 125.67 184.75 6.28 9.24
ester

16 Benzoic acid, 93-58-3 73 27.55 622 <1 8.52
methyl ester

17 Acetic acid, octyl 112-14-1 800 3757 5170.33 4.7 6.46
ester

18 Butanedioic acid, 27829-71-6 790 139.14 3318.44 <1 42
diethyl ester

19 Geraniol 106-24-1 40 27.34 132.24 <1 331

20 Ethyl 9-decenoate 67233-91-4 100 7622.85 290.55 76.23 291

21 2,6-Octadien-1-ol, 103-36-6 80 96.03 231.92 12 29
3,7-dimethyl-, (2)-

22 Butanoic acid, 7452-79-1 18 28.12 47.26 1.56 263
2-methyl-, ethyl
ester

23 2-Heptanone 151301-57-4 140 11.21 363.76 <1 2.6

24 Ethyl 76649-16-6 112.29 7630.66 290.91 67.95 2.59
trans-4-decenoate

25 3-Hexen-1-ol, 3681-71-8 31 8.5 74.85 <1 241
acetate, (Z2)-

26 Decanoic acid ethyl 110-38-3 1500 762291 2685.09 5.08 179
ester

27 Butanoic acid ethyl 105-54-4 400 271.51 534.78 <1 1.34
ester

28 2-Ethylcaproic acid 149-57-5 230 1092.49 290.12 475 1.26

29 Dodecanoic acid, 106-33-2 400 798.82 451.17 2 113
ethyl ester

30 Heptanoic acid, 106-30-9 400 1092.43 289.98 273 <1

ethyl ester
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Compound

Rt (min)

m/z [M—H]~

Fragments m/z

Molecular
formula

1 Gluconic acid 0.87 195.05003 129.018, 75.008, 99.008 CsH1207
2 Ribonic acid 0.88 165.0396 75.008, 129.018, 147.029 CsHy00s
3 Maltotetraose 0.9 6652151 161.054, 179.056, 101.023 CpHppOy1
4 Theanine 121 173.09214 85.028, 129.018 C7H 14N, 05
5 Citramalic acid 1.56 147.02878 87.008, 85.028, 129.018 CsHgK, 05
6 Inosine 1.67 267.07369 135.03 CoH12N, 05
7 Glucogallin 1.85 331.06715 169.014, 211,025, 128.0340 Ci3Hi6010
8 Gallic acid 2.03 169.01328 125.096, 126.100 C7HgOs
9 Xanthosine 2.03 283.06854 151.025 CoH 1N, O
10 (+)-Gallocatechin 37 305.06667 125.023, 167.035, 175.035 Ci5H,40;7
11 Chlorogenic acid 4.38 353.08804 191.056, 192.059, 161.024 CisHis09
12 5'-Methylthioadenosine 453 296.08232 134.046 C1HisN5058
13 EGC 4.932 305.06668 125.023, 179.034, 167.035 Ci5H1407
14 2-Isopropylmalic acid 5 175.06039 115.039, 113.060, 85.065 C7H,05
15 Procyanidin Bl 5.03 577.13589 125.032, 289.072, 407.079, 161.024 CioHy01
16 c 52 289.07184 245.082, 109.029.125.023 CuysHuyn Ot
17 Neochlorogenic acid 531 353.08799 191.056, 179.034, 135.044 CisHis09
18 Procyanidin B2 5.41 577.13589 125.032, 289.072, 407.079, 161.024 Cs0H26012
19 caffenic acid 5.61 179.03417 135.044, 179.034 CyHgOy4
20 EC 577 289.07183 245.082, 109.029.203.071 C15H1406
21 Epigallocatechin gallate 5.83 457.07799 169.013, 125.023, 305.067 CpHsOyy
22 3-0-p-Coumaroylquinic acid 5.877 337.09307 173.045 CigHis0s
23 GCG 6.01 457.07799 169.013, 125.023, 305.067 Ca2HisOn1
24 Apigenin 6-C-glucoside 6.03 563.14115 353.068, 383.078, 443.089, 473.110 Ca6HasO14
8-C-arabinoside
25 N-Acetyl-L-leucine 6.26 172.0971 130.088 CsH,5NO;3
26 4-Coumaric acid 6.47 163.03927 119.0049 CoH303
27 Rutin 6.47 609.14655 300.028, 301.033, 302.039 CprHioO16
28 Isoquercitrin 6.63 463.06504 169.013, 125.023, 300.028 C21Hz0012
29 ECG 6.65 44108292 169.013, 289.092.125.023 CpHisO10
30 N-Acetyl-DL-tryptophan 679 245.09317 230.082, 74.024, 116.034 Ci3H14N, 05
31 Kaempferol-3-O-D-galactoside 7.09 447.09369 284.033, 285.044, 488.097 CaHyOn
32 Kaempferol 8.7 285.04057 285.041 CisH1006
33 Isoxanthohumol 8.95 353.1467 119.0493, 233.817, 59.0127 CaH» 05
34 Cohumulone 9.9 347.1863 235.134 CaoHas05
35 ad-humulone 10.131 361.20211 235.134, 36.137, 125.060 Ca1H300s5
36 iso-Cohumulone 10.19 347.18629 181.050, 251.129, 233.118 CaHas05
37 iso-Cohumulone 10.394 347.18631 251.129, 181.050, 233.118 CaoHs05
38 iso-n/ad-humulone 10.466 361.20209 195.066, 265.145, 247.134 Ca1H300s
39 Cohumulone 10.53 347.1863 278.116, 181.050, 251.129 CaoHas0s
40 N-humulone 10.69 361.20214 292.133 Cy1Hio05
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ltems OPB JTB
Color (EBC) 1573+ 1.17 15,12+ 268
Turbidity (EBC) 289001 2934 0.03
Foam-stability (s) 347.67 £ 27.54° 52800+ 22,65
Alcoholic content (%, v/v) 638+021 663£0.14
Diacetyl content (mg/L) 0.08 % 0.01 0.06 % 0.03
Total acids content (ml/100 ml) 335 0.08° 3.75+0.30°
Total polyphenols content (mg/L) 576.76 + 4.86° 921.94 £ 1.55°
Total catechins content (mg/L) 8.7140.03° 302.39 & 1.29°

Data are means (£5D) of three replicates.
EBC, European Brewery Convention units.

*bDifferent letters in the same row indicate significant differences between mean values (p

< 0.05).
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Volatile Relative Volatile Relative Volatile Relative Volatile Relative Amino Amino acids (mg/100 ml) Alcoholic
comp- content comp- content comp- content comp- content acids fermen-
ounds (%) ounds (VA) ounds (VA) ounds (VA] (mg/ tation
100 ml) (mg/L)
Ethyl 14163 + 3-penten- 0274+ Ethyl 0.099 + Methyl 0.0385 + Aspartic 4510+ Isoleucine 2160+ Benzoic 1.002 £ 1.027 £
acetate 0.09 2-one 0.013 lactate 0.000 benzoate 0.000 acid (Asp) | 0.09 (Tle) 0.004 acid 0.021 0.070
Ethyl 43.640 = Isoamyl 3703 + N-hexanol | 0.018 £ Valeric 0217+ Threonine | 2430+ Leucine (Leu) | 3020 Ferulic 0205+ LI24 %
lactate 1.263 alcohol 0.009 0.000 acid 0.003 (Thr) 0.05 0.004 acid 0.010 0.061
Octamethyl- | 0.016 Ethyl 0.0785 £ 2-acetoxy- 0.020 £ Phenyl- 0.876 £ Serine 19.90 Tyrosine 11.70 £ Quinic 0.074 £ 0.031£0.01
cyclotetra- 0.001 caproate 0.001 tetradecane | 0.000 ethanol 0.013 (Ser) 0.02 (Tyr) 0.003 acid 0.010
siloxane
Isobutyl 0.068 + 4-ethoxy- 0.051 £ Nonanal 0.157 N- 0.187 Glutamic 38.50 Phenylalanine 20.00 + Chlorogenic | 1.635 % 1217+
acetate 0.009 2- 0.000 0.008 octanoic 0.009 acid (Glu) | 0.011 (Phe) 0.005 acid 0.059 0.053
pentanone acid
Ethyl 0.017 + Octanal 0025+ 1,3-Di- 0.689 + 4-vinyl-2- | 0,005+ Proline 939+ Lysine (Lys) 3540+ Apigenin 99200.83 % 3510.88 +
Isovalerate | 0.005 0.003 tert-butyl- | 0.09 methoxy- 0.000 (Pro) 0.001 0.003 3956 44.08
benzene phenol
N-hexanal 0.056 = 3- 0.093 = Ethyl 0413 £ 2- 0.014 £ Glycine 29.60 = Histidine 10.80 £ Kaempferol | 336133.64 3399.10 £
0.001 hydroxy- 0.001 caprylate 0.10 hydroxy- 0.000 (Gly) 0.003 (His) 0.006 7892 104
2- cinnamic
butanone acid
Decane 0.049 & Trans-2- 0.0285 Aceticacid | 27.445% 5- 0.036 £ Alanine 24.90 + Arginine 15.60 + Caffeic 4926.56 £ 471554 &
0.001 heptenal 0.002 0.401 hydroxy- 0.003 (Ala) 0.009 (Arg) 0.002 acid 120 213
methyl
furfural
Isobutanol 0.575+ 2-heptanol 0.013 + Decanal 0.118 £ - - Cystine 1.074 £ Total amino 365.77 & Luteolin 327692.20 + 5312.13 £
0.021 0.001 0.019 (Cys) 0.001 acids (TAA) 0019 12384 898
Isoamyl 0.496 = Methyl- 0.0065 % Propionic | 0.0505 £ - - Valine 2540+ Essential 15921 p- 15289.45 & 26600.51 £
acetate 0.009 heptenone 0.000 acid 0.005 (Val) 0.006 amino acid 0.014 coumaric 1018 1159
(EAA) acid
- - - - - - - - Methionine | 231+ Non-essential 206.56 + - - -
(Met) 0.002 amino acids 0.009

(NAA)

Data are represented as mean = SE for three (1 = 3) biological replicates.
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Amino acid WPI/SPI
1:0.2 1:0.3

GLU 2228 £ 0.22° 20.25 +0.398 22.06 = 0.042° 21.99 = 0.06° 21.79 4 0.20°¢ 21.52 4 0.28%4 21.54 4 0.13 21.27 £ 0.114¢ 21.08 = 0.18°F 20.82 4 0.21F
ARG 14.80 = 0.392 8.72 4 0.15 14.20 £ 0.19> 13.89 = 0.24bc 13.80 4 0.185 13.65 £ 0.11<4 13.52 4 0.27°4 13.31£0.134 12.88 £ 0.17¢ 12.59 + 0.31¢
ASP 9.57 £0.21¢ 13.36 + 0.13% 9.67 £ 0.12¢ 9.87 4 0.10¢ 9.78 £ 0.18¢ 10.70 & 0.474 11.02 4 0.33<4 11.35 £ 0.15>¢ 11.65 & 0.45> 11.52 = 0.41b¢
SER 537 £0.10* 4.16 £0.158 533 4 0.18 521 +0.15% 5.11 4 0.01% 5.05 =+ 0.02°¢ 4.93 4 0.06% 4.82 4 0.064¢ 4.72 4 0.06° 4.58 +0.06

GLY 4.7540.112 427 +0.11%¢ 469 40.17° 47140142 4.63 +0.19* 4.59 +0.08° 4.55 4 0.35% 4.47 40112 4.28 4 0.05 4.13 4 0.09°

LEU 7.74 £0.194 8.38 + 0.322 7.73 % 0.054 7.82 4 0.034 7.84 4 0.07°4 7.93 +0.114 8.04 + 0.08b¢ 8.08 & 0.07>¢ 8.21 & 0.02%> 8.29 +0.22%
PHE 4.89 £0.13¢ 6.32 4+ 023 495 +0.04° 5.35 + 0.164 5.72 4+ 0.22° 5.75 4 0.14€ 6.05 + 0.02° 6.13 £ 0.03%® 6.16 + 0.08% 6.24 4 0.02%
VAL 479 4+0.112 4.8940.112 4.80 4 0.14% 4.80 & 0.15% 4.81 +0.012 4.82 +0.18° 4.82 4 0.06* 488 +0.112 4.84 4 0.03* 4.88 4 0.09°

ALA 4.69 £0.11° 3.89 4 0.05° 467 £0.132 4.65 £ 0.06 4.66 £0.19* 4.54 4 0.15% 4.49 4 0.07% 4.44 £ 0.06" 4.39 4 0.03° 4.35 4 0.08"

ILE 424 40232 438 4 0.222 426 40.122 4.28 4 0.082 428 +0.192 429 +0.112 4314 0.15 432 40.072 43340222 434 40.022

THR 3.79 +0.16 3.65 + 0.23 3.75 £ 0.03% 3.75 = 0.08 3.73 £ 0.04% 3.71 4 0.042 3.66 = 0.08 3.65 = 0.06* 3.64 + 0.02° 3.63 = 0.00°

TYR 3.4140.112 3.46 £ 0.13% 3.41 +0.08 3.42 £ 0.02* 3.42 £ 0.00 3.42 40.01% 3.43 £ 0.02* 343 £ 0.00 3.43 £ 0.01° 342 £0.01°

LYS 253 £0.17¢ 6.22 4 0.222 3.67 +0.314 3.71 4 0.34%4 3.79 4+ 0.07°4 3.83 4 0.044 3.96 + 0.47b<d 4.05 + 0.12bcd 4.14 £ 0.05b¢ 4.29 + 0.06"

HIS 2.48 £ 0.26° 2.85 4 0.222 2.44 £ 0.01¢ 2.48 4 0.01¢ 2.53 +£0.13b¢ 2.55 4 0.32b¢ 2.55 + 0.00b¢ 2.65 £ 0.013b¢ 2.73 4 0.05%b¢ 2.79 £0.10%
MET 1.53 £0.18° 1.19 £ 0.12¢ 1.39 4 0.142% 1.34 +0.01% 1.31 +0.02 134 4 0.01°° 1.30 +0.01> 1.23 4 0.02b¢ 1.22 £ 0.08° 1.21 £ 0.05¢

CYS 0.86 £ 0.03* 0.28 & 0.02¢ 0.47 £0.01° 0.48 = 0.00° 0.42 4+ 0.01¢ 0.40 % 0.06° 0.35 +0.014 0.36 +0.014 0.34 £ 0.014 0.33 = 0.004

EAAI 70.72 & 1.61¢ 78.25 & 0.592 71.73 + 1.524¢ 72.34 + 0.97e 72.60 + 0.97°4 72.93 + 0.54bcd 73.15 4 0.72bed 73.57 + 0.43bcd 73.89 + 0.99b¢ 74.61 £ 0.57°

Values are expressed as the percentage weight of the amino acid against protein weight. Different superscript letters indicate significant differences (p < 0.05).
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Free amino acid il S2

Sweet
Serine (Ser) 986+ 163 988+ 1022
Glycine (Gly) 2024234 20241662
“Threonine (Thr) 12422042 124135
Alanine (Ala) 430+ 489 1614208
Proline (Pro) 499593 6144619
Methionine (Met) 5331325 59523100
Bitter
Histidine (His) 916+ L15b 959 109
Arginine (Arg) 6004551 526+ 4.08b
Valine (Val) 254449 2254122
Isoleucine (Ile) 143 187 140+ 2,662
Leucine (Lev) 3874489 3904255
Phenylalanine (Phe) 254408 1942 251b
Lysine (Lys) 180+ 233 167+ 1.86b
Umami
Aspartic acid (Asp) 27741862 2734267
Glutamate (Glu) 42243720 420£531
Astringent
“Tyrosine (Tyr) 2604198 3134331
Sour.
Cysteine (Cys) 7930883 1030577b

Values with different letters (a-b) in a row are significantly different using Duncan’ multiple
comparison tests (p<0.05).
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Sample osl DPPH ABTS FRAP
Original 4.5340.31° 2919+ 3.21° 30.00 4 0.72¢ 101.41 + 2.86°
120°C 10 min 4.68 +0.12° 4545+ 237 14.76 £ 0.421 106.13 + 1.61°
20 min 5.34 + 030 12914 1.574 95.48 + 0.83 119.45 + 1.22°
30 min 4.77 £0.13¢ 18.56 & 1.39¢ 26.44 £0.72° 102.31 % 0.66°
150°C 10 min 4.78 £ 0.24° 13.59 £ 1.42¢ 21.44 £0.72 109.07 % 0.26
20 min 4.69 £ 0.23¢ 18.55 & 1.55¢ 29.76 £ 0.83¢ 100.10 + 1.46%4
30 min 5.57 4 0.20° 31.89 £2.16 38.80 & 0.42° 106.85 % 2.23°
180°C 10 min 5.14+0.08 19.44 £ 0.68° 15.24 £ 0.42" 8819+ 0.16°
20 min 5.45 £ 0.19% 4.55 £ 1.78¢ 19.76 £ 1.108 96.99 %+ 2.93¢
30 min 5.41+0.13% 1.84 4 0.68° 36.68 + 0.42° 91.19 + 3.23¢

Values (mean =+ SD, n = 3) in the same column followed by a different letter are significantly different (p < 0.05).
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GC N.D.
EGC N.D.

c 3420°
EC N.D.
EGCG 39:0°
GCG 15502
ECG 50207
G 15501
Non-epi 34200
epi 119403
Total 152403

Data are means (+5D) of three replicates. Different letters (a,b,c, ) in the same row indicate
gnificant differences between mean values (p<0.05). N.D, not detected.
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