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Fen flavor Baijiu needs two rounds of fermentation, which will obtain Dacha after initial fermentation and Ercha after secondary fermentation. The quality of Baijiu is closely related to the microbes within fermented grains. However, the bacterial diversity in Dacha and Ercha fermented grains of Fen flavor Baijiu has not been reported. In the present study, the structure and diversity of bacteria communities within fermented grains of Fen flavor Baijiu were analyzed and evaluated using MiSeq platform’s HTS with a sequencing target of the V3-V4 region of the 16S rRNA gene. Through the analysis of physical and chemical indexes and electronic senses, the relationship between bacterial flora, organic acid, taste, and aroma in fermented grains was clarified. The results indicated that Lactobacillus was the main bacteria in Dacha, and the mean relative content was 97.53%. The bacteria within Ercha samples were Pseudomonas and Bacillus, mean relative content was 37.16 and 28.02%, respectively. The diversity of bacterial communities in Ercha samples was significantly greater than that in Dacha samples. The correlation between Lactobacillus and organic acids, especially lactic acid, led to the difference between Dacha and Ercha organic acids, which also made the pH value of Dacha lower and the sour taste significantly higher than Ercha. Lactobacillus was significantly positively correlated with a variety of aromas, which made Dacha the response value of aromas higher. In addition, Bacillus had a significant positive correlation with bitterness and aromatic compounds, which led to a higher response value of bitterness in Ercha and made it present an aromatic aroma. This study provides an in-depth analysis of the difference between different stages of Fen flavor Baijiu, and theoretical support for the standard production and improvement in quality of Fen flavor Baijiu in the future.
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INTRODUCTION

Chinese Baijiu has a long history of manufacture over thousands of years. Due to its unique taste, it is widely accepted by the indigenous population and an essential component of both regular and festive occasions (Gong, 1993; Hao et al., 2005). Chinese Baijiu is a clear and transparent distilled liquor with an alcohol content of between 38 and 65% (vol/vol) (Fan and Qian, 2006). It not only plays a vital role in China’s economic and social development but is also an important part of China’s food industry (Xu et al., 2010; Zheng and Han, 2016). From January to June 2019, cumulative output was 3.976 million kiloliters, a year-on-year increase of 2.2%. In addition, Chinese Baijiu, brandy, and vodka are regarded globally as among the most renowned distilled alcoholic beverages with the highest sales (Liu and Sun, 2018). Hence, it is important for enterprises that produce Chinese Baijiu to have a comprehensive understanding of its fermentation process so that the method can be improved and the quality of the Baijiu enhanced.

There are 12 representative aromas in Chinese Baijiu: Luzhou flavor, Fen flavor (Light flavor), Maotai flavor, Sanhua flavor, Mixed flavor, Feng flavor, Te flavor, Sesame flavor, Laobaigan flavor, Jiugui flavor, Dong flavor, and Chi flavor. Of these, the first three are the most common (Liu and Sun, 2018). The raw materials, starter and technological process of different flavor Baijiu are different, the principal raw materials used in the production are sorghum, rice, wheat, and other grains, and a wide variety of fermentative agents, such as Daqu, Xiaoqu, Bran Koji, etc. the main processes are fermentation, distillation, mixing, aging and so on (Fan and Qian, 2006; Wang et al., 2011; Zheng et al., 2011). Shihua -Baijiu is Fen flavor Baijiu.

During brewing, a considerable variety of microorganisms from diverse sources (Daqu, environment, raw material, etc.) can result in extremely complex changes to the final product (Cai et al., 2021c). These microorganisms can be affected by the surrounding air, water, soil, and other factors, and can synthesize esters, acids in addition to other metabolites that can improve the quality of the Baijiu (Wang C. L. et al., 2008; Li P. et al., 2016; Fan et al., 2018). There are many kinds of microorganisms in Fen flavor Baijiu. The bacteria are an important source of many enzymes such as protease and amylase, which produce a large amount of organic acids and affect the aroma and taste of Baijiu. Fungi are the main source of alcohol production and they also produce higher alcohols, aldehydes, and terpenoids, etc. (Zheng et al., 2012; Wang and Xu, 2015; Wu et al., 2015; Pang et al., 2018; Wang and Xu, 2019). Solid state fermentation, repeated batch fermentation, staged distillation and extraction are typical steps in the production of Fen flavor Baijiu (Liu and Sun, 2018). Fen flavor Baijiu is obtained following two fermentation and distillation cycles with raw material. Dacha fermented grains (Dacha) is produced by adding distiller’s yeast to the raw materials through initial fermentation, then Dacha-Baijiu is obtained by distilling Dacha. To fully utilize the raw materials, a new distiller’s yeast is added to the distilled Dacha, and the solid substrate after further fermentation was Ercha fermented grains (Ercha), the Ercha-Baijiu is obtained by distilling Ercha. Therefore, there may be differences in the microbes in Dacha and Ercha that affect the physical and chemical indexes and flavor of fermented grains. It may cause two batches of finished Baijiu which do not have exactly the same composition, each having its own unique flavor. However, current research on the brewing process of Fen flavor Baijiu has mostly focused on the starter, material treatment and fermentation environment, with none that have studied the fermented grains of Fen flavor Baijiu (Zheng et al., 2012; Wang and Xu, 2015; Fan et al., 2018; Pang et al., 2018, 2020).

Only a few species can be identified using traditional plate culture to study the microbial community structure. Other methods that do not rely on plate culture, such as denaturing gradient gel electrophoresis (DGGE), are expensive and the ability to detect non-cultivable microbes is also limited (Zhang et al., 2005; Zhang X. et al., 2014). By contrast, high-throughput sequencing (HTS) is highly advantageous. On one hand, it can quickly, accurately, and comprehensively detect microbes in samples. On the other hand, it can provide positioning results for analysis, and can determine the reading times of different Operational Taxonomic Units (OTUs) in the template, increasing the sequencing depth of microbial populations, reducing experimental costs (Manichanh et al., 2008; Mardis, 2008; Loman et al., 2012; Cocolin et al., 2013; Kozich et al., 2013). To date, HTS has been used to analyze microbial communities in the fields of environment, organisms, and food, etc. (Roh et al., 2010; Ye et al., 2011; Calasso et al., 2016; Johnston et al., 2017; Yong et al., 2017). The maximum read length of HTS cannot fully cover the full range of 16S ribosomal Ribonucleic Acid (16S rRNA) gene (Nelson et al., 2014). Amplification and sequencing of the V3-V4 region of the macrogenomic 16S rRNA gene have been widely used to study bacterial communities in food (Polka et al., 2015; Li and Yue, 2016; Sun et al., 2018). Electronic tongue and electronic nose can be used to simulate human taste and smell, respectively. They can quickly relay intuitive data and accurately evaluate food taste and aroma (Vlasov et al., 2005; Graham et al., 2010). These two technologies have been applied in the food industry, such as food storage, identification, quality monitoring, processing technology optimization, and so on (Gómez et al., 2006; Rodriguez-Mendez et al., 2014; Peris and Escuder-Gilabert, 2016; Wijaya et al., 2017; Cai et al., 2019).

Therefore, in the present study, after extracting the metagenomic Deoxyribonucleic Acid (DNA) from the fermented grain samples, the V3-V4 target region of 16S rRNA gene was amplified and sequenced to confirm the bacterial diversity, and multi-faceted statistical analysis of the bacteria within Dacha and Ercha. Then the taste and aroma of fermented grains were detected by electronic sensory and high performance liquid chromatography. The correlation between bacteria in fermented grains and various indexes of fermented grains was analyzed, and the differences between Dacha and Ercha were compared. In order to analyze the causes of the difference between Dacha-Baijiu and Ercha-Baijiu in Fen flavor Baijiu from microorganism perspective, it provides important theoretical support for stabilizing the quality of Fen flavor Baijiu and improving its technology in production.



MATERIALS AND METHODS


Sample Treatment

The samples were collected from Shihua Winery Co., Ltd., Hubei. In 10 different fermentation jars, 10 Dacha samples after the first fermentation and 10 Ercha samples after the second fermentation were collected. The samples were collected by the five point sampling method, and fermented grains in the upper, middle, and lower layers of each fermentation jar were collected and mixed (500 g). Then fermented grains samples of different jars were put into a separate sterile bag for subsequent analysis within 24 h.



Extraction of Metagenomic DNA of Microbes in Fermented Grains

QIAGEN DNeasy mericon Food Kit (QIAamp DNA microbiome kit, QIAGEN Inc.) was used to extract metagenomic DNA of 2 g samples. Micro-ultraviolet spectrophotometer and 1% agarose gel electrophoresis was used to detect DNA purity and concentration to obtain high quality and concentration of microbial metagenomic DNA (Cai et al., 2021a).



Polymerase Chain Reaction Amplification of Bacterial DNA

Polymerase chain reaction (PCR) was used to amplify the V3-V4 region of the bacterial metagenomic 16S rRNA gene, and the primers used were forward primer 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The extracted DNA was used as a template for 16S rRNA gene PCR amplification, and barcoded primers were used for PCR. The following amplification system was used: 4 μL TransStart™ 5 × FastPfu buffer, 2 μL 2.5 mM dNTPs mix, 0.5 μL 5 μM 338F and 806R, 0.4 μL TransStart™ FastPfu polymerase, 10 ng DNA template, and 12.6 μL ultrapure water. The amplification reaction conditions were: pre-denaturation at 95°C for 3 mins, denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 45 s, the cycle repeated 30 times, and finally full extension at 72°C for 10 min (Zhao et al., 2020). The amplified PCR products were analyzed using a 1% agarose gel, and an AxyPrep DNA gel recovery kit was used to recover the qualified products for sequencing on an Illumina MiSeq PE300.



Sequence Splicing and Quality Control

Firstly, double-end sequence data obtained from the MiSeq PE300 was spliced according to the overlap of the sequences. During the splicing process, the number of bases in overlapping regions was required to be ≥10 bp or with a maximum mismatch ratio ≤0.2. In addition, no barcode base mismatches were tolerated on the spliced sequences, while the number of base mismatches in the primers was required to be ≤2 bp. Finally, off-machine sequences were grouped by sample barcode information. After correction of the sequence direction, the barcodes and primers were removed, and the length of the final sequence was checked to be ≥50 bp. Any sequence not meeting the requirements above was removed, and only high-quality sequences were retained for subsequent experiments.



Conventional Analysis

The soluble solids of the samples were determined by the automatic refractometer, and the pH value of the samples was determined the pH meter.



Organic Acid Analysis

Analysis of organic acids was performed as follows (Cai et al., 2021b): LC-20ADXR high performance liquid chromatography (equipped with sil-20axr automatic sampler, LC-20ADXR four element low pressure gradient pump, CTO-10AS vp column incubator, SPD-M20A diode array UV visible detector), Inerttsil ODS-SP C18 column (150 mm × 4.6 mm, 5 μm) (Shimadzu, Japan). For preparing mother liquor, 0.15 g oxalic acid dihydrate, 0.30 g L-malic acid, 0.60 g citric acid monohydrate, 0.75 g tartaric acid, and 1.50 g lactic acid, acetic acid and succinic acid were weighted and constant volume to 50 ml with ultrapure water. Then took 0.1, 0.2, 0.5, 1.0, 1.4 ml of each mother liquor, added 0.2 ml 1.0 mol/L phosphoric acid, diluted to 10 ml with ultrapure water, and passed through 0.22 μm microporous membrane as standard solution. The mobile phase was 0.05 mol/L potassium dihydrogen phosphate (pH 2.7). For the analysis, 1 g of sample was mixed with 5 ml of absolute ethanol and evaporated to dryness, mixed with 5 ml of mobile phase and kept for 30 min, then centrifuged and the supernatant was taken to through 0.22 μm microporous membrane. The flow rate was 0.8 ml/min, the column temperature was 25°C, and the detection wavelength was 215 nm.



Electronic Senses Analysis

SA 402B electronic tongue (Insent, Japan) is equipped with CA0, C00, AE1, CT0, and AAE sensors, which represent sourness, bitterness, astringency, saltiness, and umami taste, respectively (Cai et al., 2020). The C00, AE1, and AAE sensors were washed and then soaked in the reference solution for 30 s to obtain aftertaste A (astringency aftertaste), aftertaste B (bitterness aftertaste), and richness (umami aftertaste). For the analysis, 20 g sample was weighed and constant volume to 100 ml with deionized water, evenly stirred and soaked for 30 min, then centrifuged and the supernatant was collected. The sensors were immersed in the reference solution and the sample was measured for 30 s to measure the potential value of the solution, then the difference was calculated between the potential value of the reference solution and the sample to be measured to get the response value of the sample.

The sensor array in PEN 3 electronic nose (Airsense, Germany) is composed of 10 metal oxide semiconductor (MOS) chemical sensors, which have different sensing properties for different types of odorants, W1C sensor is sensitive to aromatic compounds, W5S sensor is sensitive to nitrogen oxides, W3C sensor is sensitive to ammonia and aromatic compounds, W6S sensor is sensitive to hydrides, W5C sensor is sensitive to alkanes and aromatic compounds, W1S sensor is sensitive to methyl, W1W sensor is sensitive to terpenes and sulfur-containing organic compounds, W2S sensor is sensitive to alcohols and aromatic compounds, W2W sensor is sensitive to aromatic compounds and sulfur-containing organic compounds and W3S sensor is sensitive to long-chain alkanes (Gómez et al., 2006; Cai et al., 2020). For the analysis, 10 g sample was weighed and placed in an airtight vial for 30 min, the cleaning time of the instrument was 95 s and the measuring time was 60 s. The ratio of the resistance of the aroma in samples to the resistance of the air was the response value.



Statistical and Bioinformatics Analysis

Quantitative Insights into Microbial Ecology software (QIIME, v 1.7.0) was used for bioinformatics analysis, such as identification of species and relative content (Caporaso et al., 2010b). The PyNAST tool was used to calibrate and align sequences (Caporaso et al., 2010a). The UCLUST algorithm was used for two-step sequence division, dividing sequences with 100% similarity, then further dividing sequences with 97% similarity, thereby establishing OTUs (Edgar, 2010). The ChimeraSlayer algorithm was used to detect and remove OTUs containing chimeric sequences (Haas et al., 2011). A representative sequence was then selected from each remaining OTU, and the Ribosomal Database Project (RDP) tool and Greengenes database were used to compare sequence homology of each OTU at the level of phylum, class, order, family, and genus, thereby identifying their taxonomic status and clarifying the relevant information of the bacteria within fermented grains (DeSantis et al., 2006; Cole et al., 2007). The abundance and diversity of the microbial community were ascertained from the Observed Species index and Simpson index in terms of alpha diversity (Cai et al., 2021b). Principal coordinate analysis (PCoA) was conducted using unweighted and weighted UniFrac distances. A weighted pair group method with arithmetic mean analysis (WPGMA) and an unweighted pair-group method with arithmetic mean analysis (UPGMA) were used to perform clustering, from which beta diversity of bacterial community structure in the different samples was determined. Mann Whitney U test was used to determine the significance of Dacha and Ercha data. The sequence had been uploaded to the NCBI database, and the number is “PRJNA772945.”



Plotting and Data Processing

R-3.6.0 application, MATLAB 2016b, and Origin 2017 software were used to plot all graphs. SAS V8 and Past software were used for correlation and difference analysis, Past software was used for ANOVA, Origin 2017 software was used for PCA.




RESULTS AND DISCUSSION


Physical and Chemical Indexes

The soluble solids, pH, and seven organic acids in fermented grains were measured and detected. It can be seen that the soluble solid content in Dacha samples was greater than Ercha, and there was a significant difference between the two groups of samples (P < 0.001) (Figure 1A). Soluble solids include nutrients such as sugars, acids, vitamins, and so on, the decrease of soluble solids showed that the nutrients in fermented grains could be more fully utilized through secondary fermentation (Kleinhenz and Bumgarner, 2012). It could be seen that the pH values of Dacha samples were lower than Ercha samples, and there was a significant difference between the two groups of samples (Figure 1B). In Figure 1C, the average total content of organic acids in Dacha was greater than Ercha, and Dacha contained a large amount of lactic acid The average content of citric acid, tartaric acid, lactic acid, and succinic acid in the Dacha sample was greater than Ercha, and the content of oxalic acid was less than Ercha. A large amount of acetic acid was detected in Ercha, but not in Dacha.
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FIGURE 1. Soluble solid content (A), pH value (B), and organic acid content (C) of fermented grains.




Basic Sequencing

Of the 20 Fen flavor fermenting grains samples collected in the present study, a total of 1,104,966 original 16S rRNA gene sequences were produced. After quality control processing, 1,087,274 high-quality sequences remained in each sample producing a mean of 54,364 sequences.

Sequences that matched with more than 97% similarity were classified as an OTU. 6,944 OTUs remained after removing chimera, with a mean value of 1,599 in each fermented grain sample. Using OTU classification, the sequences were classified into 24 phyla, 65 classes, 112 orders, 195 families, and 371 genera. Only 0.05 and 1.47% of the sequences were not identified at the phylum or genus level, respectively. The composition of Dacha was identified as 15 phyla, 30 classes, 46 orders, 135 families, and 145 genera, while Ercha were identified as 24 phyla, 61 classes, 109 orders, 194 families, and 367 genera (Table 1).


TABLE 1. Sequencing information and diversity index of bacteria in samples.

[image: Table 1]


Alpha Diversity

The Dilution curve displayed a gradual upward trend with the number of sequences increasing (Figure 2A). Each Shannon index curve exhibited a plateau stage where the number of sequences was approximately 10,000 (Figure 2B). These reflect that the vast majority of bacterial diversity were captured, although new species could still be discovered by expanding the coverage. Moreover, the Dilution and the Shannon index curves were used to further evaluate the sequencing depth to determine whether it met the requirements of subsequent bioinformatics analysis (Cai et al., 2021a). Therefore, that new species might have been detected if the number of sequences is higher, but the diversity of bacteria would not be significantly greater, and the 1,104,966 sequences obtained in the present study met the technical requirements of the analysis.


[image: image]

FIGURE 2. Dilution (A) and Shannon index (B) curves, and differences in alpha diversity (C) (NS: P > 0.05. *0.01 < P < 0.05, ***P < 0.001).


Where the sequencing depth was 44,010, the alpha diversity of Dacha and Ercha samples were further analyzed. The mean values of Observed Species and Simpson indexes of Dacha were 2255.87 and 0.58, while those of Ercha were 2395.81 and 0.88 (Table 1). The mean values of all indexes in Ercha were higher than those in Dacha.

Using difference analysis, there was a statistical difference in the Observed Species index between Dacha and Ercha, and a significant difference in the Simpson index (Figure 2C). In alpha diversity, and Observed Species index can estimate the number of species and OTUs in the sample, reflecting species richness. and Simpson index can simultaneously reflect the abundance and uniformity of species in the sample, thereby reflecting the diversity of species (Simpson, 1949). Thereby, that the difference in diversity of bacteria between Dacha and Ercha was significant, and that the diversity and the abundance of bacteria in Ercha were greater than that in Dacha.



Analysis of Phyla and Genera of Bacteria

For all Dacha and Ercha samples, the bacterial phyla, whose mean cumulative relative content was greater than 1% were counted, belonged mostly to Firmicutes, Proteobacteria, and Actinobacteria. Although the mean cumulative relative content of Bacteroidetes was greater than 1%, they were mostly present in Ercha samples, with a mean cumulative relative content of 2.15%, and less than 0.01% in Dacha samples, therefore not plotted in Figure 3A. Only 0.05% of the bacteria could not be identified at the phylum level. In Dacha samples, the relative Firmicutes content was as high as 97.97%, while the other phyla accounted for only 2.01%. In Ercha samples, the relative proportion of bacteria that were Firmicutes was 45.57%, Proteobacteria 40.27%, and Actinobacteria 9.72% (Figure 3A).
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FIGURE 3. Composition and correlation of bacterial phyla (A,B) and genera (C,D) with relative content more than 1%.


Correlation analysis was performed on Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes in Dacha and Ercha. For the 20 Dacha and Ercha samples, the mean cumulative relative content of Firmicutes was 72.77%, Proteobacteria was 20.94%, Actinobacteria was 5.06% and Bacteroidetes was 1.08%. Proteobacteria, Actinobacteria, and Bacteroidetes were positively correlated with each other, while Firmicutes were negatively correlated with the other three phyla (Figure 3B).

All bacterial genera that had a mean cumulative relative content higher than 1% in Dacha and Ercha samples were counted. Principally they were Lactobacillus, Pseudomonas, Bacillus, Kroppenstedtia, Thermoleophilum, and Acinetobacter. Only a mean value of 0.73% of the bacteria could not be identified at the genus level. In Dacha samples, the mean cumulative relative content of Lactobacillus was 97.53%, and Pseudomonas was 1.56%. In Ercha samples, the mean cumulative relative content of Pseudomonas was 37.16%, Bacillus was 28.02%, Kroppenstedtia was 8.70%, Lactobacillus was 7.15%, Thermoleophilum was 6.24%, and Acinetobacter was 1.82% (Figure 3C). The mean cumulative relative content of bacteria belonging to Bacteroides, Streptomyces, and Saccharopolyspora in Ercha samples was higher than 1% but very low in Dacha samples, and less than 1% in Dacha and Ercha, not shown in Figure 3C.

Correlation analysis was performed on genera whose content was greater than 1% in Dacha and Ercha. For Thermoleophilum, Streptomyces and Saccharopolyspora that belong to Actinobacteria, Bacteroides belonging to Bacteroidetes, Bacillus and Kropsepenstedtia belonging to Firmicutes and Pacterobacteria belonging to Proteinobacteria, the mean cumulative relative content was positively correlated with each other, while Lactobacillus belonging to Firmicutes was negatively correlated with the other 7 genera (Figure 3D).

Firmicutes and Lactobacillus were the most abundant bacterial phylum and genera of Dacha. These results were similar to the previous research on microorganisms in Fen flavor Baijiu, and it might be related to the Daqu added in the brewing process of Baijiu (Zhang X. et al., 2014; Wang and Xu, 2015; Fan et al., 2018). Previous studies have also found that lactic acid bacteria exist widely in Baijiu production environment, along with distiller yeast and fermented grains (Wang H. Y. et al., 2008; Wang and Guo, 2011; Wang et al., 2018). Almost all the bacteria in Dacha were Lactobacillus of Firmicutes. Lactic acid bacteria can produce a variety of substances with antibacterial activity, so it can inhibit the growth of other bacteria (Piard and Desmazeaud, 1992; Oyewole, 1997). This shows that it is the bacteria that play a major role in the first fermentation process and inhibit the growth of other bacteria, which also explains why Firmicutes and Lactobacillus are negatively correlated with other phyla and genera. Sorghum, the main raw material in the first fermentation process in the production of Fen flavor Baijiu is rich in nutrients and provides a good environment for bacterial growth (Zhang X. et al., 2014; Xiong et al., 2019). Lactobacillus grow principally in a nutrient-rich environment and they require carbohydrates, amino acids, vitamins, and other nutrients to satisfy their growth (Tannock, 2004; Gong et al., 2020). Previous studies have shown that the pretreatment of raw materials introduces microorganisms such as lactic acid bacteria from water, floor, and air, which has become an important source of lactic acid bacteria other than distiller’s yeast (Jin et al., 2017; Wang et al., 2018; Pang et al., 2020). Therefore, there is much Lactobacillus in Dacha after the first fermentation. However, the second fermentation is an additional fermentation using distilled Dacha as fermentation substrate. After the first fermentation, the nutritional components of the raw materials changed greatly, and the temperature of the distillation step is about 80°C, which kills most bacteria such as Lactobacillus in Dacha, but excluding bacteria such as Bacillus that can withstand higher temperature (Movahedi and Waites, 2002; Breidt and Costilow, 2004; Coleman et al., 2007). In addition, besides Lactobacillus, distiller’s yeast also contains a large number of bacteria, such as Bacillus, Thermophilum and so on. New distiller’s yeast was added in second fermentation, and the raw material pretreatment step that can obtain a large amount of Lactobacillus is no longer carried out (Zhang L. et al., 2014; Zheng et al., 2014; Xiao et al., 2017). This may lead to the lower relative content of Lactobacillus in Ercha than Dacha, the increase of the relative content of Bacillus, Thermophilum, etc. The decrease of Lactobacillus also reduces the inhibitory effect on other bacteria. Finally, the bacterial diversity in Ercha is higher than Dacha.



Beta Diversity

Principal coordinate analysis of the distance of unweighted and weighted UniFrac was used to analyze the beta diversity of samples. From the PCoA of unweighted UniFrac values, the first and the second principal components accounted for 39.64 and 5.80%, respectively. Dacha samples were strongly distributed within the first and fourth quadrants, while Ercha samples were sparsely distributed in the second and third quadrants (Figure 4A). From the PCoA of weighted UniFrac values, the contribution of the first and second principal components was 56.79 and 28.55%, respectively. Dacha samples were strongly distributed in the second quadrant, while, Ercha samples were distributed in the first, third, and fourth quadrants (Figure 4B). In beta diversity, unweighted UniFrac values only reflect changes in species, while weighted UniFrac values simultaneously reflect a change in species and the abundance of species (Lozupone and Knight, 2005; Lozupone et al., 2007). The spatial arrangement of Dacha and Ercha samples in PCoA were different, and the two sets of samples were completely separated without overlap. This showed that there were obvious differences in the species and abundance of bacteria between Dacha and Ercha.
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FIGURE 4. PCoA based on unweighted (A) and weighted (B) UniFrac distance, LEfSe and LDA analysis indicating the cladogram (C) and LDA scores (D).


Linear discriminant analysis Effect Size (LEfSe) based on OTUs characterized bacterial community structure in Dacha and Ercha samples. Cladogram indicated the phylogenetic distribution of bacteria between Dacha and Ercha, the green and red nodes were the most important species in Ercha and Dacha groups, respectively, and the yellow nodes represented the species with no significant difference (Figure 4C). Line Discriminant Analysis (LDA) scores showed the significant bacterial difference between Dacha and Ercha, as shown 31 bacterial clades, were determined to be significantly discriminant with an LDA threshold of 4 (Figure 4D). The abundance of Firmicutes, Pseudomonas in Dacha was much higher. Proteobacteria, Firmicutes, Actinobacteria, and Planctomycetes showed abundance advantage in Ercha. Dacha in genus level was characterized by a preponderance of Lactobacillus, and Ercha was characterized by Pseudomonas, Bacillus, Kroppenstedtia, and Thermoleophilum. The microbial biomarkers showed a significant difference in abundance between the Dacha and Ercha. Therefore, Lactobacillus, Pseudomonas, Bacillus, Kroppenstedtia, and Thermoleophilum were the main bacteria causing the difference in the bacterial community structure between Dacha and Ercha.



Operational Taxonomic Unit Statistics and Analysis

Rank-Abundance curve is used to display relative species abundance and the diversity of species within samples. The overall trend of Dacha samples was consistent and the length of the horizontal axis was similar, different from the finding in Ercha samples (Supplementary Figure 1). In addition, the curves of almost all Dacha samples were steeper, and the length of the horizontal axis less, than that of Ercha samples. The rank abundance curve can visually depict both species richness and species evenness, and a steep gradient indicates low evenness and a shallow gradient indicates high evenness (Whittaker, 1965). Therefore, the abundance and evenness of the bacteria in Dacha samples were lower than those inErcha samples, and the diversity of bacteria in Dacha was lower than that in Ercha.

In the present study, a total of 6,943 OTUs were identified, of which only 23 were core OTUs, accounting for only 0.33% of the total number, but comprising 774,808 sequences, accounting for 71.26% of the total sequences. For Dacha samples, OTU20042 was in the highest relative proportion among the core OTUs with a relative abundance of 63.7%, followed by OTU23681 and OTU14635 with a relative abundance of 9.87 and 2.42%, respectively, the relative abundance of other core OTUs were all less than 1%. OTU20042, OTU23681, and OTU14635 belong to Lactobacillus, a member of the Firmicutes. For Ercha samples, OTU12679 displayed the highest relative content of the core OTUs accounting for 22.97%, followed by OTU18345, OTU10099, OTU10577, OTU15793, OTU20042, and OTU4512, with a relative abundance of 9.34, 8.85, 8.27, 7.73, 3.79, and 1.11%, respectively, all other core OTUs constituting less than 1% of the total. OTU12679 and OTU10099 were Pseudomonas from Proteobacteria, OTU18345 and OTU15793 were Bacillus from Firmicutes, OTU10577 was Kroppenstedtia from Firmicutes, OTU20042 was Lactobacillus from Firmicutes, and OTU4512 was Saccharopolyspora from Actinobacteria. For all samples, 9 core OTUs were Lactobacillus, namely OTU6139, OTU6440, OTU8424, OTU16597, OTU14635, OTU20042, OTU18594, OTU23681, and OTU8198, respectively, and their relative abundance was 77.35% (Table 2).


TABLE 2. Information on the bacterial phylum and genus of core OTUs.

[image: Table 2]
The correlation analysis on the relative abundance values of the core OTUs in Dacha and Ercha samples indicates that the relative abundance of OTU18084 and OTU9376, which were Pseudomonas from Proteobacteria, were not significantly different (P = 0.168 and 0.057), while other core OTUs displayed significant differences (P < 0.01). Of these, the mean relative content of OTU18084 and OTU9376 only accounted for 0.04 and 0.06%, respectively, of the core OTUs of Dacha and Ercha samples (Table 2). In addition, there were 34 OTUs that were unique from all Dacha samples, 33 of which were Lactobacillus from Firmicutes, and one that could not be identified at the level of the genus, present at a level of only 0.007–0.01%. There were 96 OTUs unique in Ercha samples, 88 of which were Bacillus from Firmicutes, one was Oceanobacillus from Firmicutes, one was Staphylococcus from Firmicutes, two were Pseudomonas from Proteobacteria, and four were Thermoleophilum from Actinobacteria, with a mean relative content of only 0.008 ∼ 0.094%.

The statistics and analysis of OTU indicate that the abundance of the bacteria in the different Dacha samples was similar. Although only a few core OTUs were not significantly different between the two sets of samples, they only accounted for a very small percentage of Dacha and Ercha samples. Hence, the main bacterial species causing the difference in bacterial diversity between Dacha and Ercha were the same, and the difference in the number of the principal bacteria was the cause of the difference in the diversity of the two sets of samples. This showed that the dominant Lactobacillus in Dacha samples was the main reason for the diversity difference between the two samples.



Prediction of Bacterial Functional Phenotypes

The potential prediction for phenotypic functions of bacterial communities in Dacha and Ercha detected 9 potential microbiome phenotypes including: aerobic, anaerobic, contains mobile elements, facultatively anaerobic, forms biofilms, Gram-negative, Gram-positive, potentially pathogenic, and stress tolerant (Supplementary Figure 2). The differences in the abundance of all predicted phenotypic functions were very significant (P < 0.01), indicating that the bacterial communities with these functions affected secondary fermentation. It can be seen from phenotypic prediction, in the functions of facultatively anaerobic and Gram-positive, the functional abundance of microorganisms in Dacha was higher than that in Ercha, and the other functions were that the functional abundance of Ercha was higher. Through the analysis of bacteria in fermented grains, it was found that the bacteria in Dacha were mainly Lactobacillus. Lactobacillus is a genus of Gram-positive, facultative anaerobic rod-shaped bacteria, it proliferated and produced lactic acid, thereby creating an acid environment that inhibited the growth of other bacteria (Makarova et al., 2006; Zhang et al., 2016). Therefore, the facultatively anaerobic and Gram-positive functional abundance of microorganism were higher.



Analysis of Physical and Chemical Indexes

The existence and concentration of organic acids determine the acidity, and lactic acid bacteria hydrolyze sorghum starch to produce lactic acid that can reduce the pH value (Desmazeaud, 1996; Soomro et al., 2001; Blandino et al., 2003). Dacha fermented grains had higher total organic acids and contained a large amount of lactic acid, which was an important reason for the low pH value. The correlation between seven organic acids and the main bacterial genera was analyzed (Figure 5). It could be seen that oxalic acid had a significant positive correlation with Herminiimonas, Pseudomonas, and Thermoleophilum (P < 0.01). Succinic acid and tartaric acid, citric acid and lactic acid, malic acid and acetic acid showed a significant positive correlation with Pediococcus, Lactobacillus, Leuconostoc, and Bacillus, respectively. The correlation between other bacteria and seven organic acids showed the opposite results with Lactobacillus, Leuconostoc, and Pediococcus. The main end product of Lactobacillus fermentation is lactic acid, which plays a major role in lactic acid production. A large number of Lactobacillus found may be the important reason for the highest content of lactic acid in all samples (58.8%), this phenomenon was similar to previous studies on Baijiu (Zheng et al., 2012; Su et al., 2015; Li S. et al., 2016; He et al., 2019; Yang et al., 2019). More Lactobacillus found in Dacha, caused a significant correlation between lactic acid in the two fermented grains. In addition, acetic acid was only detected in Ercha, previous studies found that ethanol and sugar could be used by bacteria to produce acetic acid (Ljungdahl, 1986; Sengun and Karabiyikli, 2011). Acetobacter, Gluconacetobacter, Gluconobacter, and Clostridium were unique genera of bacteria in Ercha. They were some of the main bacteria producing acetic acid, and the main bacteria in Ercha, Bacillus had also been shown to produce acetic acid (Yan et al., 2013a; Schuchmann and Muller, 2014; Li et al., 2015). This might be the reason why a large amount of acetic acid was detected in Ercha and Bacillus showed a very significant positive correlation with acetic acid.
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FIGURE 5. Heatmap of correlation between organic acids and major bacteria genera of fermented grains (*0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001).




Analysis of Taste

The eight tastes of sourness, bitterness, astringency, saltiness and umami sourness, bitterness, astringency, saltiness, umami, aftertaste A (astringency aftertaste), aftertaste B (bitterness aftertaste), and abundance (umami aftertaste) of fermented grains were detected by electronic tongue.

In addition to the bitter aftertaste, Dacha and Ercha showed extremely significant differences. Dacha samples had higher acid response values than Ercha, and other tastes had higher response values than Ercha samples. The two groups of samples had the greatest difference in response values of tastes, which were sour and bitter (Figure 6A). Through PCA, Dacha samples were distributed on the left of the Y-axis, and Ercha samples were distributed on the right of the y-axis (Figure 6B). Except that sour taste was on the left of the y-axis, other tastes were located on the right of the y-axis (Figure 6C). It showed that Dacha mainly presents sour taste, and the other tastes were mainly presented in Ercha.
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FIGURE 6. Box plot (A) of response value of electronic tongue, score plot (B), and loading plot (C) of PCA (NS: P > 0.05, ***P < 0.001).


The correlation between tastes and main bacterial genera was further analyzed. Lactobacillus had a very significant positive correlation with a sour taste (Figure 7), which is closely related to the fact that the dominant lactic acid bacteria in Dacha produce a large amount of lactic acid during fermentation and inhibit the growth of other microorganisms (Piard and Desmazeaud, 1992; Desmazeaud, 1996). This could reduce the production of taste substances by other microorganisms, resulting in a significant negative correlation between Lactobacillus and other tastes. Among the tastes with significant differences, the correlation between bacteria and each taste was opposite to that of Lactobacillus, Leuconostoc, and Pediococcus. Thermophilum, Pseudomonas, Hermiminonas, and Bacillus were significantly positively correlated with bitter, salty, umami, and umami aftertaste, and Bacillus was significantly positively correlated with astringency. Astringency and bitterness are mainly produced by flavonoids and phenolic compounds. Previous studies found that Bacillus could produce flavonoids and phenolic compounds and improved antioxidant capacity (Boudreau, 1980; Robichaud and Noble, 1990; Dajanta et al., 2013; Kadaikunnan et al., 2015; Moayedi et al., 2016). This might be an important reason for the significant positive correlation between Bacillus and bitter taste, and the presence of a large number of Bacillus in Ercha could also lead to the higher response value of its bitter taste than Dacha.
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FIGURE 7. Heatmap of correlation between taste and major bacterial genera of fermented grains (*0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001).




Analysis of Aroma

The aromas of 20 fermented grains were detected by electronic nose. The W5S and W6S response values of Dacha and Ercha showed very significant differences, W3C, W1S, and W2S had significant differences, and W1C, W5C, and W1W had no statistical differences. The response values of W1C, W3C, and W5C of Ercha were greater than those of Dacha. Dacha response values of other sensors were higher, and the range of W1S, W2S, and W5S response values were relatively largest (Figure 8A). Through PCA, Ercha was mainly distributed in the second and third quadrants. Dacha was mainly distributed in the first and fourth quadrants, W5C and W3C were distributed in the second quadrant, W1C was in the third quadrant, and other sensors were distributed in the first and fourth quadrants (Figures 8B,C). The aromas of Dacha were diverse, and the aromas of Ercha were mainly aromatic compounds.


[image: image]

FIGURE 8. Box plot (A) of response value of electronic nose, score plot (B), and loading plot (C) of PCA (NS: P > 0.05, *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001).


The correlation between aromas and main bacterial genera was analyzed. It was found that the bacterial genera that mainly affected each aroma was Acinetobacter, Bacillus, Herminiimona, Lactobacillus, Pediococcus, Pseudomonas, Saccharopolyspora, Streptomyces, and Thermoleophilum. Among the detectors with different response values, Lactobacillus had a very significant positive correlation with W5S, W6S, W1S, and W2S, and Pediococcus had a significant positive correlation with W5S, W1S, W2S, and W3S. Bacillus had a significant positive correlation with W3C and W5C and a significant negative correlation with W5S. Lactobacillus, Leuconostoc, and Pediococcus had the opposite correlation with other bacteria on all sensors (Figure 9). Lactobacillus and Pediococcus were the dominant bacteria in the fermentation of Fen flavor Baijiu, which is positively correlated with most aroma substances. In addition, Lactobacillus has a positive correlation with other aromas, such as acids, esters, phenols, alcohols, and plays a key role in the formation of volatile compounds (Wang et al., 2014; Wang et al., 2016; Song et al., 2017; Pang et al., 2018). This explained why Lactobacillus and Pediococcus were significantly positively correlated with multiple aromas, and a large number of Lactobacillus in Dacha could be an important reason for the diversity of aromas. Previous studies had found that Bacillus could produce many aroma compounds, which were positively correlated with some esters and related to the metabolism of nitrogen oxides (Hoshino and Morimoto, 2008; Zheng et al., 2012; Yan et al., 2013b; Li et al., 2014; Guo et al., 2017). This might be the reason why Bacillus has a significant positive correlation with aromatic compounds and a negative correlation with nitrogen oxides. In addition, a large number of Bacillus could be the reason why Ercha mainly presents aromatic odor. In general, except W1C, W5C, and W1W, the response values detected by Dacha in each aroma were significantly higher than Ercha, which may be related to the main Lactobacillus in Dacha. Previous studies found that ethyl acetate was the main aroma substance in Fen flavor Baijiu, and Lactobacillus as a dominant genus was positively correlated with esters; its metabolites provided a basis for the composition of aromatic compounds (Su et al., 2015; Liu and Sun, 2018; Pang et al., 2018; Pang et al., 2020). This might increase the response value of aroma compounds of Dacha and contribute to the aroma formation of Baijiu.
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FIGURE 9. Heatmap of correlation between flavor and major bacterial genera of fermented grains (*0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001).





CONCLUSION

For the first time, this study investigated the bacterial populations in Dacha and Ercha fermented grains of Fen flavor Baijiu and analyzed the bacterial diversity in it. Through the detection of physical and chemical indexes and electronic senses, the relationship between bacterial microbiota and organic acid, aroma, and taste in fermented grains was clarified. The results showed that the bacterial diversity of Ercha was significantly higher than that of Dacha, Lactobacillus was mainly in Dacha, and Pseudomonas and Bacillus were mainly in Ercha. In addition, the two fermented grains showed great differences in physical and chemical indexes, taste, and aroma. This was due to the great difference of bacterial communities in the two fermented grains, and the bacteria that played a major role were Lactobacillus and Bacillus. This may provide some clues for in-depth analysis of the difference between different stages of Fen flavor Baijiu, and provide theoretical support for the standard production and improvement in quality of Fen flavor Baijiu in the future.
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