

  molecules-26-00687




molecules-26-00687







Molecules 2021, 26(3), 687; doi:10.3390/molecules26030687




Article



Effects of Various Rice-Based Raw Materials on Enhancement of Volatile Aromatic Compounds in Monascus Vinegar



Xi Yuan 1,2, Xiaoyuan Chen 3, Muhammad Safiullah Virk 1,2, Yinglun Ma 4 and Fusheng Chen 1,2,*[image: Orcid]





1



Hubei International Scientific and Technological Cooperation Base of Traditional Fermented Foods, Huazhong Agricultural University, Wuhan 430070, China






2



College of Food Science and Technology, Huazhong Agricultural University, Wuhan 430070, China






3



Nutrition & Health Research Institute, COFCO Corporation, Beijing 102209, China






4



Fujian Yongchun Ageing Vinegar Vinegar Industry Co., Ltd., Quanzhou 362000, China









*



Correspondence: chenfs@mail.hzau.edu.cn







Academic Editors: Franco Biasioli, Vittorio Capozzi, Luigimaria Borruso and Patrick Silcock



Received: 22 December 2020 / Accepted: 26 January 2021 / Published: 28 January 2021



Abstract

:

Monascus vinegar (MV), during whose brewing process Monascus spp. and polished rice (PR) are normally used as the starter and the raw material, respectively, is one of the traditional vinegars in China. In this study, the effects of three raw materials, including PR, unhusked rice (UR), and germinated UR (GR), on MV volatile compounds have been investigated. The results revealed that MV of GR (GMV), and its intermediate Monascus wine (GMW), exhibited the highest amount of aroma, not only in the concentrations but also in the varieties of the aromatic compounds mainly contributing to the final fragrance. Especially after three years of aging, the contents of benzaldehyde and furfural in GMV could reach to 13.93% and 0.57%, respectively, both of which can coordinate synergistically on enhancing the aroma. We also found that the filtering efficiency was significantly improved when UR and GR were applied as the raw materials, respectively. Therefore, GR might be more suitable raw materials for MV.
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1. Introduction


Vinegar is one of the most commonly used acid condiments all over the world. In western countries, vinegars are usually made from fruits (e.g., grape and apple) by the liquid-state fermentation process (LFP), so they are called as fruit vinegars [1]. In eastern countries such as China, Japan, and Korea, vinegars are mainly made from rice, sorghum, corn, wheat, or other starchy cereals, mainly by the solid-state fermentation process (SFP), so they are called as cereal vinegars [2]. In China, Shanxi aged vinegar, Zhenjiang aromatic vinegar, Baoning bran vinegar and Yongchun Monascus vinegar (YMV) are known as the four most famous Chinese-type vinegars due to their special local features (e.g., raw materials, local climate and special production process) [3].



In addition to being a condiment, vinegars have both nutritional value and therapeutic effects [4]. It has been proven that vinegars, especially traditional ones, can function as agents of anti-bacteria, anti-infection, anti-oxidation, anti-cancer, blood glucose control, lipid metabolism regulation, weight loss, and so on [5]. The functional compounds in vinegar can be from the raw materials, microorganisms, and the brewing processes [5,6,7]. For example, during YMV production, Monascus spp., one of the main microorganisms from the starter, black-skin-red-koji (BSRK), also namely Wuyihongqu in Chinese, can produce many functional metabolites such as Monascus pigments, monacolin K, dimerumic acid and γ-aminobutyric acid [8]. Therefore, YMV is also considered a functional food, which can exert hypolipidemic activity and beneficial effects on cardiovascular diseases [9,10].



For cereal vinegars, their production processes mainly include three steps, namely saccharification, alcoholic fermentation and acetic acid fermentation, and the first two steps often happen simultaneously. In the traditional way, all these processes for Shanxi aged vinegar, Zhenjiang aromatic vinegar, and Baoning bran vinegar are in solid-state, while for YMV are in liquid-state [3]. Compared with SFP, LFP has several advantages, such as short fermentation time, high yield, and low cost [11,12]. However, normally the aroma in the LFP vinegar is poorer than that in the SFP vinegar [2,13], so usually aging is an essential process for LFP vinegars and also for some famous SFP vinegars to modify the vinegar flavors by reducing pungent smell and harsh taste of the fresh vinegars [14].



In Monascus vinegar (MV) production by LFP, polished rice (PR) is the raw material. An unpublished investigation from YMV industry reveals that the filtration difficulty after alcoholic fermentation is one of the biggest obstacles due to the starch residue in broth, which may be solved or partly solved if unhusked rice (UR) is used to replace PR since, in beer brewing, the barley husk from malt does play an important role in wort filtration [15]. In addition, some studies have showed that rice husk is the source of many aroma active compounds contributing for the aroma of the final products, such as butanal, octanal, and furfural in Chinese Baijiu production [16]. Moreover, germinated unhusked rice (GR) shows impressive health promoting effects [17].



In current study, the effects of three raw materials, including PR, UR, and GR, on MV flavor compounds have been investigated by head space solid-phase microextraction (HS-SPME) coupled with gas chromatography-mass spectrometry (HS-SPME/GC-MS) [18]. The effects of the raw materials on the MW filtering efficiency were also analyzed. It is proven that GR is an appropriate raw material on enhancing aroma of MV while solving the filtration problem.




2. Results and Discussion


2.1. Effects of Raw Materials on MV Brewing Processes


In present research, the fermentation processes of all tested groups are identical, the only variables are raw materials: PR, UR, and GR. The results showed that all the selected raw materials were successful in the application to brew Monascus wines (MWs), the MV intermediates, including PMW, UMW, and GMW, and the final products of MVs, including PMV, UMV, and GMV. All these MWs and MVs presented the unique aroma evaluated by human olfaction.



2.1.1. Saccharification and Alcoholic Fermentation


During saccharification and alcoholic fermentation (SAF), the reducing sugars (RS) of all three tested groups were increased for the first two days and then decreased (Figure 1a). The UR and PR groups reached the highest concentration of RS after 2 d while GR reached the top after 1 d. The RS was almost depleted after 3 d for all tested groups.



At the beginning of SAF, the microbes mainly including Monascus spp., Aspergillus niger and yeasts from BSRK starter [19], began to grow and produce amylase, which hydrolyzes starch from the raw material into RS, resulting to its contents in broth increasing rapidly. Hereafter, a part of RS was used for microbial growth, the rest was transferred into alcohols by yeasts, leading to the significant decline of RS at day 3. The content of RS in the UR group was higher than those in the other two groups (Figure 1a). This is probably because of a barrier created by the rice husk and hindered the contact between amylase and starch from raw materials at the initial stage (≤3 d), meanwhile the GR group had the lowest RS content on account of the carbohydrate consumption during rice germination process and leaving less available carbohydrates for conversion [20].



As shown in Figure 1a, the amylase activities of both UR and GR groups were increased during 1st day and reached the highest at 24 h, then decreased immediately. The amylase activity in the GR group was the highest in the start of SAF and decreased with the fermentation course. The possible reasons for this change of amylase activities are as follows: (1) Starters contain microorganisms, such as A. niger and Monascus spp., which can produce a large amount of amylase; (2) the bacteria such as lactic acid bacteria in SAF can transfer alcohols into acids which make pH value decrease rapidly, leading to amylases unstable [21]. The activity of amylase could also be influenced by the substrates consumption and alcohols production.



At the stage of SAF, the alcoholic contents in broth were slowly accumulated during 0–2 d, rapidly increased during 2–4 d, and gradually increased and stabilized after 4 d, as shown in Figure 1b. And the profile of alcohol content showed an “S” shape. No alcohol could be detected at the beginning of SAF, as the microbial growth, the starches in the raw materials were broken down into RS, then RS was converted to alcohol with the growth of yeasts. Due to the decrease of RS content, the conversion of RS to alcohol gradually decreased. Finally, the alcohol content in the broth was stabilized.



The titratable acidities and pH values of the broth were determined, and the results (Figure 1b) showed a slow raise of titratable acidities and a decrease of pH values. During SAF, A. niger and Monascus spp. were the predominant microbes at the initial brewing stage [19]. A. niger can not only produce a large of amylase to offer RS for other microbes but also produce acid such as citric acid, which can decrease pH value [22]. After RS was produced, other microorganisms especially acid-producing bacteria such as acetic acid bacteria (AAB) and lactic acid bacteria began to grow, and acetic acid and lactic acid were accumulated, resulting in the increase of titratable acidities and decrease of pH values.




2.1.2. Acetic Acid Fermentation


Acetic acid fermentation (AAF) is a stage to produce organic acids, mainly acetic acid which is the dominant compound in vinegars [12]. In this stage, the initial titratable acidity and initial pH were different. Titratable acidity was changed a little in the first three days, and then rapidly rose and reached the highest point at 7 d while pH value barely changed (Figure 2). In AAF, AAB is responsible for the transformation of ethanol to acetic acid [23], so after inoculation of Acetobacter pasteurianus As1.41, it started to consume of RS, and grew slowly during the first three days and did not convert a large amount of ethanol into acetic acid. After 3 d, the As1.41 strain began to convert a greater amount of ethanol into acetic acid, leading to a rapid rise of the titratable acidity in the broth, which reached its maximum at day 7, while pH value did not change significantly, since acetic acid is organic weak acid, which had no significant influence on the concentration of free hydrogen ion [H+] in the broth.





2.2. Improvement of Filtrate Efficiency


After SAF, the filtration velocity of the broth was analyzed and compared. From the results in Figure 3, it was obvious that the broth of PR group had an inefficient filtering capacity mainly caused by the sticky undecomposed starch, while the UR group had a very fast initial filtration velocity, slowed down gradually, and stabilized eventually, and the overall filtering velocity of the GR group was fast. All these results showed that the filtering layer of rich husk in UR and GR groups can improve the filtration velocity and solve filtering problem perfectly. Similarly, in beer brewing, the husk of barley can also play an important role in malt lautering and filtration [15].




2.3. Aroma Compounds Analysis by HS-SPME/GC-MS


2.3.1. Aroma Compounds Analysis and Comparison in Monascus Wines


HS-SPME/GC-MS was used to determine the volatile aroma compounds in the intermediate products, MWs of MVs. According to the volatile aroma compounds’ results of PMW, UMW and GMW (Supplementary Materials, Table S1), after 9 d of SAF, 28, 27, and 28 volatile compounds were detected in PMW, UMW, and GMW, respectively. Depending on the subjective sense of smell, the aroma of the three obtained MWs ranked from good to bad was GMW, PMW, UMW. More precisely, UMW even had an unpleasant sour smell.



A hierarchical clustering of aroma compounds was performed to illustrate volatile compounds in different MWs (Figure 4). Compared to traditional PMW, 17 volatile compounds were new detected in UMW and GMW. The results revealed that the volatile aroma compounds are very complex, mainly including alcohols, aldehydes, phenols, acids, and esters. The key aroma compounds of MWs were mainly volatile alcohols and esters [24]. In UMW, the total alcohol contents more than 90% while the total esters contents were only 5%. In PMW and GMW, the total alcohol contents were not as high as UMW, but the total esters contents reached to 13.25% and 16.55%, respectively. The volatile compound profile in UMW group was more inferior than those in the other groups both in number and species, and even the unique volatile odorless compound octamethylcyklotetrasiloxan [25]. The contents of total esters, especially butyl butyrate which is one of the short-chain esters known as a flavor and fragrance compounds has strong flower and fruit aroma [26], was higher in GMW than those in PMW. Aldehydes such as acetaldehyde and butanal were unique in GMW. And the aldehydes can provide almond and sweet flavor [27] and coordinate the release of aroma.



At the initial stage of SAF, the contents of alcohol were high, while the contents of esters were very low. With the elongation of fermentation time, alcohols and aldehydes in the wine were oxidized, resulting in the gradual increase in organic acids. In this study, the fermentation duration was comparatively short, only nine days, and the organic acid contents were low. Therefore, fewer corresponding esterification reactions occurred in the broth, resulting in the lower contents of total esters in the broth. Normally, aldehydes in rice wine are mainly derived from the oxidation of alcohol during the aging process [28], but the three obtained MWs only have undergone the nine days of alcoholic fermentation process, without aging process. Thus, compared to PMW and UMW, the detected aldehydes and phenols in GMW may probably related to substances produced during the germination process of rice.




2.3.2. Aroma Compounds Analysis and Comparison of Monascus Vinegars


After acetic acid fermentation, according to the volatile aroma compounds’ results of Monascus vinegars (MVs) via HS-SPME/GC-MS (Supplementary Materials, Table S2), 40, 35, and 37 volatile substances were found in PMV, UMV, and GMV, respectively.



A hierarchical clustering of aroma compounds was performed to illustrate volatiles of compounds of different MVs (Figure 5). Compared to traditional PMV, 26 volatile compounds were new detected in UMV and GMV. The results revealed that the esters formed by reaction between organic acids and alcohols were the main aroma components and can enhance the flavor of the vinegar [29]. At the end of acetic acid fermentation stage, the main volatile aromatic substance of PMV and UMV was 1-butanol, while the main volatile aromatic substance of GMV was butanoic acid formed after oxidation of 1-butanol. Although both UMW and GMW contained high content of 1-butanol in their volatile aroma components (Figure 5), only in GMV 1-butanol was completely oxidized to the corresponding acid. After acetic acid fermentation, the esters content was the highest in the traditional PMV, followed by UMV, and the lowest in GMV, may be due to the large amount of organic acid such as acetic acid produced during acetic acid fermentation. Esterification reactions occurred between acetic acid and ethanol in the broth and a large amount of ethyl acetate was produced. These results can match the results of Section 2.1.1 which showed that alcohol content in PMW was the highest, followed by the UMW, and GMW was the lowest. Although the content of total ester substances in GMV was low, some other esters that were specific and had a high concentration were detected, such as propan-2-yl acetate, butyl 2-hydroxypropanoate, 3-methylbutyl butanoate, 2-phenylethyl acetate, and the relatively high content of aldehyde and ketone compounds, such as 3-hydroxybutan-2-one, 2-propanone and butane-2,3-dione, as well as other compounds, such as 2-methoxyphenol, making the overall aroma of GMV as rich as that of traditional PMV.




2.3.3. Effects of Three-Year Aging on Aroma Compounds of PMV and GMV


According to the results given in Section 2.3.1 and Section 2.3.2, UR is not a suitable choice for either MW or MV brewing because of the bad smell and lack of aroma compounds contributing for the fragrance. Therefore, GR and PR were finally used as raw materials in this experiment to compare the changes of volatile aroma compounds in PMV and GMV after three years of aging. The results (Supplementary Materials, Table S3) showed that 26 volatile substances were detected in the three-year aged RMV, including five alcohols, seven esters, five acids, six aldehydes and ketones, and three other substances. A total of 60 volatile substances, including six alcohols, 15 esters, eight acids, 22 aldehydes and ketones, and nine other substances, were detected in three-year aged GMV.



A hierarchical clustering of aroma compounds was performed to illustrate volatile compounds of two three-year MVs (Figure 6).



The types of volatile substances in PMV after three years of aging were significantly reduced compared with that of before aging. In which acetic acid accounted for 64.37% of the total aromatic components, followed by ethyl acetate 20.59% and a small number of other esters and aldehydes and ketones. The aroma became simpler than that before aging. However, after three years of aging, GMV has undergone tremendous changes in volatile aromatic compounds and its aromatic components were very rich. The contents of esters were higher than that of PMV, and the most significant change was the increase of aldehydes and ketones, among which the contents of benzaldehyde reached 13.93%, while the contents of benzaldehyde in PMV were only 1.97%. Furfural is also a special product in GMV whose contents reached 0.574%. Studies have shown that benzaldehyde mainly formed by the action of microorganisms on aromatic amino acids or the oxidation of benzyl alcohol [27] can provide the fermentation broth a distinctive almond flavor. Furfural can provide almond and burnt sugar flavor. Furfural was the main degradation product of carbohydrates and was usually associated with nonenzymatic browning reactions, namely, the Maillard reaction (MR), sugar degradation and caramelization in acidic media [30]. Furfural can also contribute to the stable pigments in broth which may affect the color of the vinegar. It has been revealed that benzaldehyde can coordinate with furfural synergistically, reducing the overall olfactory threshold value efficiently [28].



From what has been discussed above, changing raw materials can change volatiles compounds of MWs and MVs significantly, even if the tested raw materials are all rice-based. However, for fermented food, not only the materials but also the microorganisms participated in the fermentation can affect the flavor. In bread-making process, the impact of tested yeast even had a greater impact than raw materials [31]. Therefore, based on the traditional brewing process, finding the appropriate microbial resources participated in MV fermentation will be our future work on improving MV flavor.




2.3.4. Principal Component Analysis (PCA) of Volatile Compounds


Principal component analysis (PCA) was conducted to distinguish all the obtained MWs and MVs. From the PCA analysis in Figure 7, the accumulated contribution rate of the first two principal components PC1 and PC2 were 36.9% and 16.2%, respectively. Both three-year MVs were separated from others, which illustrated that three-year ageing had significantly changed the volatile compounds of MV. The GMV-3 year exhibited high scores on positive PC1, where the loadings of above-mentioned aroma compounds furfural and benzaldehyde were high.






3. Materials and Methods


3.1. Raw Material Preparation


Unhusked rice (UR) was bought from Hubei province in China. Polished rice (PR) was achieved from rice by hulling. UR was soaked in the water at 7 °C for 6 h, then transferred evenly on the gauze and cultivated at 20 °C for 4 d, finally the germinated rice (GR) was dried at 40 °C in the oven until the weight was constant. Starters (Black-skin-red-koji, BSRK) were provided by Taoxi Yongchun Monascus Vinegar Company (Quanzhou, China). Acetobacter pasteurianus As1.41 is preserved in our lab. LB medium (tryptone 10 g, yeast extract 5 g, NaCl 10 g, and 1000 mL distilled water) and GYC medium (glucose 60 g, yeast extract 10 g, CaCO3 30 g, agar 15 g, and 1000 mL distilled water) were prepared for As1.41 cultivation [32].




3.2. Fermentation Process


The Monascus wine (alcoholic fermentation) and Monascus vinegar (acetic acid fermentation) were brewed as the traditional method [6] with some modifications using PR, UR, and GR as main substrates (Figure 8).



For each tested sample, 500 g of raw materials were weighed, washed, soaked, and steamed at 100 °C for 20 min. After the temperature was cooled under 40 °C, 5% starters (BSRK) were added and mixed with the steamed raw materials. Then the substrates were transferred to the jars. Added water to the jar until the total ratio of the steamed material to water was 1:4. The jars were placed in a 30 °C incubator for nine days alcoholic fermentation [3].



After alcoholic fermentation, the broth was filtered and inoculated with 5% Acetobacter pasteurianus As1.41 activated broth, which was prepared 3 d earlier using LB medium and GYC medium as culture medium. Afterwards, the jars were placed at 30 for seven days of acetic acid fermentation.



The fermentation traits were compared accordingly by amylase activities, reducing sugars, pH values, titratable acidity, and alcohol contents, which determination methods are as follows.



3.2.1. Reducing Sugars Determination


Reducing sugars was estimated by DNS (3,5-dinitrosalicylic acid) method using glucose as standard [33].




3.2.2. Amylase Activities Determination


Amylase activities were analyzed based on that outlined in Section 3.2.1, using DNS to reflect the variation of reducing sugar which may represent the amylase activities [34].



3.2.3. pH Determination


pH variations during alcoholic and acetic acid fermentation were detected by Sartorius PB-10 pH meter (Sartorius, Göttingen, Germany) [35].




3.2.4. Alcohol Determination


Alcohol contents were detected by the rapid oxidative method using potassium dichromate as an indicator [36]. After the alcohol samples were reacted with potassium dichromate and sulfuric acid, the absorbance values were measured at the wavelength of 600 nm, and the standard curve was drawn. Alcohol contents of samples were calculated according to the standard curve.




3.2.5. Titratable Acidity Determination


The titratable acid was detected by Chinese national standard method (GB/T 5009.41, 2003) counted by acetic acid. Two to three drops of phenolphthalein were added into 50 mL fermentation broth as an indicator then titrated with 0.1 M NaOH solution until light pink color. The titratable acid measured by acetic acid was calculated according to the consumed volume of NaOH [37].






3.3. Filtering Efficiency Comparison


Monascus wines achieved in Section 3.2 were poured into a container whose bottom contained gauze. For each sample, the filtrate was collected by measuring cylinder and the filtrate volume was measured every 30 s. The gathering speed of the filtrate, which reflects filtering efficiency, was calculated by filtrate volume variation per unit time.




3.4. Aroma Components Analysis by Head Space Solid-Phase Microextraction-Gas Chromatography-Mass Spectrometry(HS-SPME/GC-MS)


Aroma components in the samples were extracted by HS-SPME (Supelco, Bellefonte PA, USA) and determined by GC-MS (Shimadzu TQ8040, Shimadzu Corporation, Kyoto, Japan). 5 mL sample was placed in 20 mL head space bottle, 1 g NaCl and magnetic agitator were added and the cap was tightly screwed. The solution was agitated and equilibrated at 40 °C for 15 min, then the fiber was then inserted into the vial septum and exposed to the head space for 40 min at 40 °C. A DB-wax packed with polyethylene glycol capillary column (30 m × 0.25 mm, and 0.25 μm film thickness, Agilent, J&W Scientific, Folsom, CA, USA) was used. The carrier gas was highly pure helium with flow rate of 1 mL/min and separation ratio was 5:1. The injection temperature was 200 °C. The initial temperature of the program was 40 °C, and the temperature was kept for 3 min. The temperature was increased to 120 °C at a rate of 5 °C/min, then increased to 200 °C at a rate of 10 °C/min and the temperature was kept for 5 min. MS conditions: EI ionization source, energy 70 eV, scanning range 30–500 m/z [38]. Peak area normalization method was performed to reflect aroma compounds variation [39].




3.5. Statistical Analysis


The data of all the samples were analyzed by SPSS 18.0 (SPSS Inc., Chicago, IL, USA) and expressed as the mean ± SD. Heatmap was drawn by TBtools [40]. PCA was analyzed and visualized by Origin 2019b (OriginLab Corporation, Northampton, MA, USA).





4. Conclusions


This research demonstrated that changing the raw materials may be an alternative way to improve aroma of MW and MV according to the volatile compound analysis by HS-SPME/GC-MS. With the same starters, brewing process, and culture conditions, the MWs and MVs from three selected materials possess significant differences on fragrance not only by human smell but also by HS-SPME/GC-MS. UR may not be an ideal material because of the unpleasant smell and fewer aroma compounds. However, using GR instead of PR, which is a common raw material for MV, can give MV distinct and pleasant smell, owing to the contribution of richer aldehyde and ketones, especially benzaldehyde and furfural, which have been reported to coordinate synergistically on improving fragrance. In addition, the rice husk of GR can overcome the filtering problem which is one of the biggest obstacles to industrial production of MV at present. In summary, this research offered the theoretical basis for MV aroma improving and industrial production solution of the filtrate difficulty, and provided a reference for the further study on the mechanisms about MV aroma compounds variation when changing raw materials. Furthermore, the rice husk contains ferulic acid [41], which is an important functional component in Chinses cereal vinegars [5,42], resulting that GMV can also be developed a potential functional product. Also, the present work only demonstrated the volatile compounds analysis at the given time points. As a direct-injection mass spectrometric (DIMS) technology, proton transfer reaction (PTR), combined with a time-of-flight (ToF) mass spectrometer (MS) may be a potential method to study the dynamic variation of volatile compounds during the whole fermentation of MW and MV (on-line bioprocess monitoring), due to its rapid determination, high sensitivity, and accuracy [43].








Supplementary Materials


The following are available online, Table S1: Volatile aroma compounds in obtained wines, Table S2: Volatile aroma compounds in obtained vinegars, Table S3: Volatile aroma compounds of three-year PMV and GMV.





Author Contributions


Conceptualization: X.Y., Y.M., and F.C.; methodology: X.Y., Y.M., and F.C.; software: X.Y. and X.C.; validation: X.Y. and F.C.; formal analysis: X.Y.; investigation: X.Y.; resources: F.C. and Y.M.; data curation: X.Y. and X.C.; writing—original draft preparation: X.Y.; writing—review and editing: X.Y., M.S.V., and F.C.; visualization: X.Y.; supervision: F.C.; project administration: F.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the project 2662019Y015 supported by the Fundamental Research Funds for the Central Universities.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Not available.




References


	



Solieri, L.; Giudici, P. Vinegars of the World; Springer: Milano, Italy, 2009; pp. 1–16. [Google Scholar]

	



Liu, D.; Zhu, Y.; Beeftink, R.; Ooijkaas, L.; Rinzema, A.; Chen, J.; Tramper, J. Chinese vinegar and its solid-state fermentation process. Food Rev. Int. 2004, 20, 407–424. [Google Scholar] [CrossRef]

	



Chen, F.; Li, L.; Qu, J.; Chen, C. Cereal vinegars made by solid-state fermentation in China. In Vinegars of the World; Solieri, L., Giudici, P., Eds.; Springer: Milano, Italy, 2009; pp. 243–259. [Google Scholar]

	



Anuar, S.; Azrina, A.; Amin, I. Therapeutic effects of vinegar: A review. Curr. Opin. Food Sci. 2016, 8, 56–61. [Google Scholar]

	



Chen, H.; Chen, T.; Giudici, P.; Chen, F. Vinegar functions on health: Constituents, sources, and formation mechanisms. Compr. Rev. Food Sci. Food Saf. 2016, 15, 1124–1138. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Y.; Lv, X.; Zhang, C.; Zheng, Y.; Zheng, B.; Duan, X.; Tian, Y. Microbial dynamics and flavor formation during the traditional brewing of Monascus vinegar. Food Res. Int. 2019, 125, 108531. [Google Scholar] [CrossRef]

	



Xia, T.; Zhang, B.; Duan, W.; Zhang, J.; Wang, M. Nutrients and bioactive components from vinegar: A fermented and func-tional food. J. Funct. Foods 2020, 64, 103681. [Google Scholar] [CrossRef]

	



Feng, Y.; Chen, W.; Chen, F. A Monascus pilosus MS-1 strain with high-yield monacolin K but no citrinin. Food Sci. Biotechnol. 2016, 25, 1115–1122. [Google Scholar] [CrossRef]

	



Song, J.; Zhang, J.; Su, Y.; Zhang, X.; Li, J.; Tu, L.; Yu, J.; Yu, Z.; Wang, M. Monascus vinegar-mediated alternation of gut microbiota and its correlation with lipid metabolism and inflammation in hyperlipidemic rats. J. Funct. Foods 2020, 74, 104152. [Google Scholar] [CrossRef]

	



Chen, W.; He, Y.; Zhou, Y.; Shao, Y.; Feng, Y.; Li, M.; Chen, F. Edible filamentous fungi from the species Monascus: Early traditional fermentations, modern molecular biology, and future genomics. Compr. Rev. Food Sci. Food Saf. 2015, 14, 555–567. [Google Scholar] [CrossRef]

	



Wu, Q.; Min, Y.; Xiao, J.; Feng, N.; Chen, Y.; Luo, Q.; Zhou, M.; Li, D.; Hu, Z.; Wang, C. Liquid state fermentation vinegar enriched with catechin as an antiglycative food product. Food Funct. 2019, 10, 4877–4887. [Google Scholar] [CrossRef]

	



Nie, Z.; Zheng, Y.; Du, H.; Xie, S.; Wang, M. Dynamics and diversity of microbial community succession in traditional fer-mentation of Shanxi aged vinegar. Food Microbiol. 2015, 47, 62–68. [Google Scholar] [CrossRef]

	



Hu, W. Discussion on improvement quality of vinegar produced with submerged fermentation in Chinese. China Brew. 2005, 8, 40–43. [Google Scholar]

	



Wang, Z.; Li, T.; Liu, F.; Zhang, C.; Ma, H.; Wang, L.; Zhao, S. Effects of ultrasonic treatment on the maturation of Zhenjiang vinegar. Ultrason. Sonochemistry 2017, 39, 272–280. [Google Scholar] [CrossRef]

	



Meints, B.; Hayes, P.M. Breeding naked barley for food, feed, and malt. Plant Breed. Rev. 2019, 43, 95–119. [Google Scholar] [CrossRef]

	



Zhao, D.; Zheng, J. Research progress on aroma compounds in Wuliangye. ACS Symp. Ser. 2019, 253–261. [Google Scholar] [CrossRef]

	



Xia, Q.; Mei, J.; Yu, W.; Li, Y.F. High hydrostatic pressure treatments enhance volatile components of pre-germinated brown rice revealed by aromatic fingerprinting based on HS-SPME/GC–MS and chemometric methods. Food Res. Int. 2017, 91, 103–114. [Google Scholar] [CrossRef]

	



Cirlini, M.; Caligiani, A.; Palla, L.; Palla, G. HS-SPME/GC–MS and chemometrics for the classification of Balsamic Vinegars of Modena of different maturation and ageing. Food Chem. 2011, 124, 1678–1683. [Google Scholar] [CrossRef]

	



Huang, Z.; Hong, J.; Xu, J.; Li, L.; Guo, W.; Pan, Y.; Chen, S.; Bai, W.; Rao, P.; Ni, L.; et al. Exploring core functional microbiota responsible for the production of volatile flavour during the traditional brewing of Wuyi Hong Qu glutinous rice wine. Food Microbiol. 2018, 76, 487–496. [Google Scholar] [CrossRef]

	



Leonardo, M.; Pierdomenico, P. Rice germination and seedling growth in the absence of oxygen. Ann. Bot. 2009, 103, 181–196. [Google Scholar]

	



Doyle, E.; Kelly, C.; Fogarty, W. The high maltose-producing α-amylase of Penicillium expansum. Appl. Microbiol. Biotechnol. 1989, 30, 492–496. [Google Scholar] [CrossRef]

	



Lopez-Garcia, R. Citric Acid. In Kirk-Othmer Encyclopedia of Chemical Technology; John Wiley & Sons: Hoboken, NJ, USA, 2000; pp. 1–25. [Google Scholar]

	



Gullo, M.; Giudici, P. Acetic acid bacteria in traditional balsamic vinegar: Phenotypic traits relevant for starter cultures selection. Int. J. Food Microbiol. 2008, 125, 46–53. [Google Scholar] [CrossRef]

	



Zheng, C.; Gong, L.; Huang, Z.; Liu, Z.; Zhang, W.; Ni, L. Analysis of the key volatile aroma compounds in sweet hongqu glutious rice wine in Chinese. J. Chin. Inst. Food Sci. Technol. 2014, 14, 209–217. [Google Scholar]

	



Fuller, J.; White, D.; Yi, H.; Colley, J.; Vickery, Z.; Liu, S. Analysis of volatile compounds causing undesirable odors in a polypropylene - high-density polyethylene recycled plastic resin with solid-phase microextraction. Chemosphere 2020, 260, 127589. [Google Scholar] [CrossRef] [PubMed]

	



Noh, H.J.; Lee, S.Y.; Jang, Y.-S. Microbial production of butyl butyrate, a flavor and fragrance compound. Appl. Microbiol. Biotechnol. 2019, 103, 2079–2086. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Wang, N.; Xu, Y. Characterization of odor-active compounds in sweet-type Chinese rice wine by aroma extract dilution analysis with special emphasis on sotolon. J. Agric. Food Chem. 2013, 61, 9712–9718. [Google Scholar] [CrossRef]

	



Yu, H.; Xie, T.; Xie, J.; Chen, C.; Ai, L.; Tian, H. Aroma perceptual interactions of benzaldehyde, furfural, and vanillin and their effects on the descriptor intensities of Huangjiu. Food Res. Int. 2020, 129, 108808. [Google Scholar] [CrossRef]

	



Zhang, Q.; Huo, N.; Wang, Y.; Zhang, Y.; Wang, R.; Hou, H. Aroma-enhancing role of Pichia manshurica isolated from Daqu in the brewing of Shanxi Aged Vinegar. Int. J. Food Prop. 2017, 20, 2169–2179. [Google Scholar] [CrossRef]

	



Pereira, V.; Albuquerque, F.; Ferreira, A.C.S.; Cacho, J.; Marques, J.C. Evolution of 5-hydroxymethylfurfural (HMF) and furfural (F) in fortified wines submitted to overheating conditions. Food Res. Int. 2011, 44, 71–76. [Google Scholar] [CrossRef]

	



Makhoul, S.; Romano, A.; Capozzi, V.; Spano, G.; Aprea, E.; Cappellin, L.; Benozzi, E.; Scampicchio, M.; Märk, T.D.; Gasperi, F.; et al. Volatile compound production during the bread-making process: Effect of flour, yeast and their interaction. Food Bioprocess Technol. 2015, 8, 1925–1937. [Google Scholar] [CrossRef]

	



Noman, A.E.; Al-Barha, N.S.; Sharaf, A.-A.M.; Al-Maqtari, Q.A.; Mohedein, A.; Mohammed, H.H.H.; Chen, F. A novel strain of acetic acid bacteria Gluconobacter oxydans FBFS97 involved in riboflavin production. Sci. Rep. 2020, 10, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Madu, J.O.; Agboola, B.O. Bioethanol production from rice husk using different pretreatments and fermentation conditions. 3 Biotech 2018, 8, 15. [Google Scholar] [PubMed]

	



Kafilzadeh, F.; Dehdari, F. Amylase activity of aquatic actinomycetes isolated from the sediments of mangrove forests in south of Iran. Egypt. J. Aquat. Res. 2015, 41, 197–201. [Google Scholar] [CrossRef]

	



Li, S.; Li, P.; Liu, X.; Luo, L.; Lin, W. Bacterial dynamics and metabolite changes in solid-state acetic acid fermentation of Shanxi aged vinegar. Appl. Microbiol. Biotechnol. 2016, 100, 4395–4411. [Google Scholar] [CrossRef] [PubMed]

	



Lou, Y.; Fu, H.; Zhou, H. Study on the determination of alcohol content in rice vinegar by fast oxidation method. China Brew. 2009, 23, 151–153. [Google Scholar]

	



Chen, Q.; Ding, J.; Cai, J.; Zhao, J. Rapid measurement of total acid content (TAC) in vinegar using near infrared spectroscopy based on efficient variables selection algorithm and nonlinear regression tools. Food Chem. 2012, 135, 590–595. [Google Scholar] [CrossRef]

	



Zhu, H.; Zhu, J.; Wang, L.; Li, Z. Development of a SPME-GC-MS method for the determination of volatile compounds in Shanxi aged vinegar and its analytical characterization by aroma wheel. J. Food Sci. Technol. 2015, 53, 171–183. [Google Scholar] [CrossRef]

	



Yu, S.; Dong, J.; Zhou, W.; Yang, R.; Li, H.; Zhao, H.; Zhang, T.; Guo, H.; Wang, S.; Zhang, C.; et al. A rapid and precise method for quantification of fatty acids in human serum cholesteryl esters by liquid chromatography and tandem mass spectrometry. J. Chromatogr. B 2014, 960, 222–229. [Google Scholar] [CrossRef]

	



Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 2020, 13, 1194–1202. [Google Scholar] [CrossRef]

	



Butsat, S.; Weerapreeyakul, N.; Siriamornpun, S. Changes in phenolic acids and antioxidant activity in Thai rice husk at five growth stages during grain development. J. Agric. Food Chem. 2009, 57, 4566–4571. [Google Scholar] [CrossRef]

	



Chaudhary, A.; Jaswal, V.S.; Choudhary, S.; Sharma, A.; Beniwal, V.; Tuli, H.S.; Sharma, S. Ferulic acid: A promising therapeutic phytochemical and recent patents advances. Recent Pat. Inflamm. Allergy Drug Discov. 2019, 13, 115–123. [Google Scholar] [CrossRef]

	



Capozzi, V.; Yener, S.; Khomenko, I.; Farneti, B.; Cappellin, L.; Gasperi, F.; Scampicchio, M.; Biasioli, F. PTR-ToF-MS coupled with an auto-mated sampling system and tailored data analysis for food studies: Bioprocess monitoring, screening and nose-space analysis. J. Vis. Exp. 2017, 54075. [Google Scholar] [CrossRef]








[image: Molecules 26 00687 g001 550] 





Figure 1. Fermentation traits comparison of three raw materials in brewing MW: (a) Comparison of RS contents and AA; (b) comparison of AC, TA, and pH value. Abbreviations: PR-polished rice, UR-unhusked rice, GR-germinated rice, RS-reducing sugars, AA-amylase activity, TA-titratable acidity, AC-alcohol content. 
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Figure 2. Comparison of pH values and titratable acidities during acetic acid fermentation of Monascus vinegars by three raw materials, respectively. Abbreviations: PR-polished rice, UR-unhusked rice, GR-germinated rice, TA-titratable acidity. 
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Figure 3. Filtering velocities of Monascus wines produced by three raw materials. Abbreviations: PR-polished rice, UR-unhusked rice, GR-germinated rice. 
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Figure 4. Heatmap of volatile compounds in three obtained MWs. PMW, Monascus wine using polished rice as a raw material; UMW, Monascus wine using unhusked rice as a raw material; GMW, Monascus wine using germinated rice as a raw material. 
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Figure 5. Heatmap of volatile compounds in three obtained MVs. Abbreviations: PMV-Monascus vinegar using polished rice as raw material, UMV-Monascus vinegar using unhusked rice as raw material, GMV-Monascus vinegar using germinated rice as raw material. 
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Figure 6. Heatmap of volatile compounds of two three-year aging MVs. Abbreviations: PMV-Monascus vinegar using polished rice as raw material, GMV-Monascus vinegar using sprouted rice in the husk as raw material. 
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Figure 7. Principal component analysis (PCA) of the obtained MWs and MVs. Abbreviations: ■ MW: PMW-Monascus wine using polished rice as raw material, UMW-Monascus wine using unhusked rice as raw material, GMW-Monascus wine using germinated rice as raw material. ● MV: PMV-Monascus vinegar using polished rice as raw material, UMV-Monascus vinegar using unhusked rice as raw material, GMV-Monascus vinegar using germinated rice as raw material. ★ MV-3 year. 
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Figure 8. Schematic brewing process of Monascus vinegar. Abbreviations: PR-polished rice, UR-unhusked rice, GR-germinated rice, BSRK-black-skin-red-koji, MW-Monascus wine, MV-Monascus vinegar. 
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