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Baijiu is one of the six primary distilled spirits in the world. It is produced through the solid-state fermentation of grains in the open environment, so high-quality Baijiu brewing largely depends on terrior. Environmental microbes are one of the most important factors affecting the quality, quantity, and flavors of Baijiu. As atmosphere is a pool and transport pathway for microbes from the ambient environment to Baijiu brewing ecosystems, we explored the functional microbes of Baijiu brewing in five important regions. The regions fell into two topographical types, namely, plain and river-valley. In total, 41 functional microbes were identified rich (relative abundance >0.1%) in at least one of the regions, such as the fungi of Aspergillus, Candida, Cladosporium, Debaryomyces, Penicillium, Pichia, Rhizopus, Saccharomyces, and Wickerhamomyces and the bacteria of Acetobacter, Bacillus, Clostridium, Enterobacter, Lactobacillus, Methanosarcina, Methanobacterium, Methanobrevibacter, and Pseudomonas. However, some functional bacteria (e.g., Clostridia, Gluconacetobacter, and Weissella) and fungi (e.g., Dekkera, Eurotium, Issatchenkia, Mucor, and Phoma) were not rich or were not detected in the atmosphere. Airborne microbiomes and the Phylogenetic Diversity (PD) index were significantly different between the main brewing season (winter) and the summer break in each region, except for the fungi in one region. In winter, airborne microbiomes were significantly different among almost all the regions. The relative abundance of bacterial fermentation function in each region increased from summer to winter. The relative abundances of fungal yeast function were higher in winter for the plain regions but were higher in summer for the river-valley regions. In sum, our results suggested that: (1) atmosphere was one but not the sole important source of functional microbes for Baijiu brewing and (2) microbiomes in different regions might be quite different but they could share some major functions related to Baijiu brewing.
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1 Introduction

Baijiu is one of the six primary distilled spirits worldwide, along with brandy, whisky, vodka, rum, and gin. Baijiu has a history probably since China’s Jin Dynasty (12th to 13th century) (Li and Chu, 2019), and in modern times it is often used on important Chinese economic and social events. In addition, many Chinese consume Baijiu in small quantities on a daily basis (Zheng and Han, 2016), as Baijiu has over 100 health-promoting compounds (Du et al., 2023; Hong et al., 2023; Kang et al., 2023). In 2020, the total production of Baijiu in China was 10.7 billion liters and gained a sales revenue of US$ 90.3 billion (Tu et al., 2022).

Ethanol and water together contribute to 98% weight of Baijiu, with ethanol usually accounting for 38 to 65% of the total volume (Tu et al., 2022). However, the quality, flavor, and aroma of Baijiu are primarily determined by the trace components that contribute to the rest 2% weight (Tu et al., 2022). By 2019, over 2,000 species of trace components have been identified, such as aldehydes, acetals, acids, esters, ketones, furans, nitrogen compounds, terpenes, and sulfides (Wang et al., 2015; Hong et al., 2023). Owing to the different trace component profiles among products, Baijiu is categorized into three major and nine minor flavor types (Wei et al., 2020; Xu Y. et al., 2022). Among these 12 types, the strong-flavor, also known as Luzhou-flavor and Nongxiang-flavor, dominates 60–70% of China’s Baijiu consumption and is characterized by its intense aroma and sweetness mainly from ethyl hexanoate (Xu et al., 2017; Wei et al., 2020; Zhang et al., 2020; Hu et al., 2022).

The strong-flavor Baijiu is produced through spontaneously solid-state fermentation of grains in the open environment (Figure 1). The brewing comprises three primary stages: Daqu (starter) fermentation, liquor fermentation, and liquor distillation. Daqu is comprised of wheat, barley, and/or peas and is shaped into bricks. In an open environment, Daqu bricks undergo natural inoculation of microbes from the ambient environment. The microbes in Daqu consume grains and generate enzymes. As a result, matured Daqu provide functional microbes, enzymes, and the precursors of aromatic substances for liquor fermentation. During the liquor fermentation, Daqu and steamed grains (e.g., sorghum, sticky rice, rice, wheat, and/or corn) are mixed (called Zaopei in Chinese) and they are fermented together in an anaerobic condition in mud pits for weeks. Then, the fermented Zaopei are distilled for fresh liquor. Fresh liquor is stored for aging and then is blended for Baijiu products. More details of Baijiu brewing processes can be found in previous review papers (Zheng and Han, 2016; Jin et al., 2017; Xu et al., 2017; Wei et al., 2020; Yan et al., 2021; Ma et al., 2022; Xu S. et al., 2022; Jin et al., 2023).
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FIGURE 1
 The major production processes of strong-flavor Baijiu, including (A) Daqu fermentation and (B) liquor fermentation.


Microbes greatly affect the quality and quantity of strong-flavor Baijiu (Ma et al., 2022). The functional microbes in the Daqu and liquor fermentation processes are from the ambient environment, pit mud, tools, and others (Figure 1B). Previous studies have found that the major functional microbes in Daqu fall into four categories (Luo et al., 2020; Tu et al., 2022), including mold (e.g., Aspergillius, Monascus, Mucor, Penicillium, and Rhizopus), yeast (e.g., Candida, Hansenula, Saccharomyces, and Wickerhamomyces), bacteria (e.g., acetic and lactic acid bacteria and Bacillus), and actinomycetes (e.g., Thermoactinomyces). The major phyla and genera of microbes in pit mud and Zaopei can be found in previous studies (Luo et al., 2020; Sakandar et al., 2020; Ma et al., 2022; Tu et al., 2022; Xu S. et al., 2022).

Atmosphere serves as one of the microbial pools for Daqu, mud pit, and Zaopei, as shown in Figure 1 and previous studies (Li et al., 2022; Tan et al., 2022; Wang, 2022; Zhou et al., 2024). Local land cover and climate play vital roles in shaping the composition, abundance, dispersal, and seasonal fluctuations of airborne microbes, as airborne microbes primarily originate from local sources (e.g., soil and plants) rather than long-range transport (Zhai et al., 2018). In addition, microbes in indoor air are largely affected by outdoor air (Adams et al., 2013; Meadow et al., 2013). However, the studies on airborne microbes for strong-flavor Baijiu brewing are very limited and previous studies are based on traditional isolation and culture technologies (Cao, 1986; Wu, 2004; Lei et al., 2022). A large number of environmental microbe species are difficult to be isolated and cultured (Kaeberlein et al., 2002). Therefore, there is a need to use culture-independent methods to better investigate if the atmospheres of strong-flavor Baijiu brewing regions have rich functional microbes in the major brewing season (winter).

The traditional brewing processes and flavors of Baijiu are geographically depended (Tan et al., 2022). Sichuan Basin is one of the primary areas of Baijiu brewing in China, particularly for the strong-flavor Baijiu (Figure 2A). In 2021, the basin approximately contributed to 52% of China’s strong-flavor Baijiu production (Hu et al., 2022). In addition, according to the 5th National Baijiu Tasting Event in 1989, nine of the 17 national premium brands and 24 of the 53 national high-quality brands belong to the strong-flavor Baijiu. Among these 33 national premium/high-quality strong-flavor brands, 16 are from the Sichuan Basin, such as Wuliangye, Luzhoulaojiao, Shuijingfang, and Jiannanchun. Within the basin, four brewing centers exist and they approximately fall into two topographical types, namely, plain and river-valley (Figures 2B,C). Regions 1 and 2 (R1 and R2) are located in the Chengdu Plain, which has an agricultural cultivation history for over 4,500 years. The other two (R3 and R4) are in the river-valleys of Yangtze River.

[image: Figure 2]

FIGURE 2
 Density maps of Baijiu brewing factories in (A) China and (B) Sichuan Basin and (C) the five sampling areas of this study.


The major objectives of this study are: (1) to investigate the airborne microbes in five important regions of strong-flavor Baijiu in the Sichuan Basin using the high-throughput sequencing (HTS) and (2) to compare airborne microbes between the main brewing season (winter) and the summer break and among different regions. The hypotheses include that: (1) the atmospheres in the five regions have rich functional microbes and (2) the airborne microbial communities have evident seasonal and regional variations. The results of this study will be helpful for the understanding and preservation of this Chinese traditional wisdom about utilizing nature.



2 Methods and materials


2.1 Sample collection

Airborne microbe samples were collected in five regions during summer (August to September 2021) and winter (December 2021 to January 2022). The five regions covered all the four major Baijiu production areas in the Sichuan Basin (Figures 2B,C). Because each of the four Baijiu production areas were large and had many Baijiu factories, the samples were collected near five famous factories of strong-flavor Baijiu, all of which (except Jinliufu) had a history for over 300 years. Jinliufu is a brand born in 1996 but the R2_rural region has a liquor brewing history for over 200 years. In total, 138 samples were collected at 69 sites in the two seasons (Figure 2; Supplementary Figure S1). The coordinates and elevations of each site are listed in Supplementary Table S1.

Three bio-aerosol samplers (ZR-2000 series, Qingdao Junray Intelligent Instrument Co., Ltd) were used in the summer and winter sampling campaigns. Specifically, the sampling heads were placed at a height about 1.8 above the ground and each sampling lasted for 4–6 h during the daytime. Sterile membrane filters (0.22 μm pore size, 47 mm diameter, Polytetrafluoroethylene (PTFE), Jinlong Company) were used and they were stored in sterilized bags individually before sampling. To avoid contamination, the filter holders and the tools used for moving filter papers were all treated with 75% ethanol before each sampling. The measurements of blank samples suggested that contamination during the entire monitoring was negligible. Before DNA extraction, the samples were stored at −80°C.



2.2 DNA extraction and PCR amplification

In the lab of Rhonin Biotechnology Company, the filters with samples were cut into small pieces for DNA extraction, and a parallel extraction procedure was performed with the blank filters to check for contamination. The Zymo Research BIOMICS DNA Microprep Kit (Cat# D4301) was used for genomic DNA (gDNA) purification. The integrity and concentration of gDNA were assessed using 0.8% agarose gel electrophoresis and the Tecan F200 instrument, respectively.

In the PCR amplification process for fungi, the fragments of ITS2 region were amplified from the gDNA by using PCR with the primers ITS3 (5′-GATGAAGAACGYAGYRAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′). For bacteria, the 16S rRNA V4 region was amplified by using the primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′ -GGACTACHVGGGTWTCTAAT-3′). The PCR enzyme was TOYOBO KOD-Plus-Neo DNA Polymerase (KOD-401B). The PCR equipment was Applied Biosystems® PCR System 9,700. For each sample, the PCR solution (50 μL) contained: 1X PCR Buffer for KOD-Plus-Neo, 0.2 mM dNTPS, 1.5 mM MgSO4, KOD-Plus-Neo (1 U/50 μL), 20 ng/μL DNA template, 0.3 μM U515F (for bacteria), 0.3 μM U806R (for bacteria), 0.3 μM ITS3 (for fungi), 0.3 μM ITS4 (for fungi), and 31 μL H2O.

The PCR thermal cycling profile was 94°C for 1 min; 25–30 cycles of 94°C for 20 s, 54°C for 30 s, and 72°C for 30 s; 72°C for 5 min; hold at 4°C. Triplicates were performed for each sample. After the PCR amplification, the triplicates were mixed as one sample. The final PCR products were separated by 2% agarose gel electrophoresis and recovered by the Zymoclean Gel Recovery Kit (D4008). The amplicons were quantified by the Qubit@ 2.0 Fluorometer (Thermo Scientific) and pooled with equal molar amounts. Sequencing libraries were generated using the NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB#E7645L; New England BioLabs Company). Sequencing was performed on an Illumina MiSeq instrument (Illumina, San Diego, CA, United States) with the Hiseq Rapid SBS Kit v2 (FC-402-4023 500 Cycle) and the PE250 sequencing method.



2.3 Sequence and statistical analyses

After high-throughput sequencing, the FLASH software (version 1.2.11) was used to assemble the paired-end files. Sequence quality filtering was performed using QIIME2 (version 2020.2) and the sequences with length shorter than 200 bp were removed. Then, the Amplicon Sequence Variants (ASVs) were generated, and the taxonomic information were assigned to all fungal ASVs using the Unite database (version 8.3) and to all bacterial ASVs using the SILVA database (version 138). Finally, the files of operational taxonomic units (OTUs), taxonomy, and evolutionary tree were obtained and were further used in statistical analyzes. The rarefaction curve of each sampling region in each season approached an asymptote (Supplementary Figure S2), suggesting that most of the OTUs/species of fungi and bacteria in the atmosphere were observed.

The microbial compositions and functions were calculated and then compared among regions and between seasons. Specifically, the R software (version 4.0.5) with the vegan, ggplot2, pheatmap, stats, GuniFrac, Picante, and ape packages were used to calculate and visualize the alpha and beta diversity indices and the microbial compositions for each sampling region in each season. Then, these diversity indices and the major genera were compared among regions and between seasons. Also, the seasonal and regional variations in microbes were investigated by using the Principal Coordinate Analyzes (PCoA) with the Jaccard distances. The genera had higher contributions to the seasonal and spatial variations were identified by using the LefSe method (i.e., Line Discriminant Analysis (LDA) Effect Size; https://bitbucket.org/biobakery/biobakery/wiki/Home). In this study, only the genera with LDA scores greater than 4 and having relative abundances larger than 3% were presented. The functions of bacteria and fungi were predicted using the FAPROTAX (Louca et al., 2016) and FUNGuild (Nguyen et al., 2016), respectively.




3 Results

To better understand the spatio-temporal variations, the microbial data were categorized into ten groups, including R1_S (Region 1, summer), R1_W (Region 1, winter), R2_rural_S (the rural area of R2, summer), R2_rural_W, R2_urban_S (the urban area of R2, summer), R2_urban_W, R3_S, R3_W, R4_S, and R4_W.


3.1 Microbial composition

Supplementary Table S2 shows the total numbers of phyla and genera identified for each group, while Supplementary Tables S3–S6 present the phyla and genera of fungi and bacteria. The top 30 richest genera and their seasonal variations are presented in Figure 3 and Supplementary Figure S3, respectively.
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FIGURE 3
 The relative abundances of (A, B) fungi and (C, D) bacteria at the phylum and genus levels in the five sampling regions in summer (S) and winter (W).



3.1.1 Fungi

The identified fungi belonged to 5–9 phyla and 145–419 genera in each group (Supplementary Table S2). Ascomycota was the most abundant phylum in all the groups, having a relative abundance about 75–95% (Figure 3; Supplementary Table S3). The other phyla rich in at least one group included Basidiomycota (0.71–21%), Chytridiomycota (0–0.38%), GS01 (0–0.18%), Mortierellomycota (0–1.16%), and Mucoromycota (0.01–0.14%). The unidentified phyla had a total abundance of 0.1–5.5% in each group. At the genus level, there were five major characteristics (Figure 3; Supplementary Table S4). Firstly, the top 30 richest genera were generally similar but with varying abundances among the ten groups. Beauveria was the richest in all the groups except for R3_W and had a relative abundance of 7.5–54% in each group. Secondly, the richest genus of R3_W was Plectosphaerella (89%). Thirdly, the abundances of all the genera in R1_W were ≤ 7.5%. Fourthly, in R2_urban_W, Plectosphaerella’s richness (14%) was close to that of Beauveria (15%). Fifthly, the unidentified and poor (abundance <0.1%) genera together contributed to large portions (12–26%) in all the groups except for R3_W. The portion in R3_W was about 1%.



3.1.2 Bacteria

There were 34–45 phyla and 411–820 genera identified in each group (Supplementary Table S2). The top 30 genera were similar but with varying abundance among the ten groups (Figure 3; Supplementary Table S5). The most abundant phylum was always Proteobacteria (35–90%). The other phyla with abundances larger than 10% in at least one group were Bacteroidetes (2–19%), Epsilonbacteraeota (0.2–11%), and Firmicutes (5–26%). The other phyla that had abundances over 1% in at least one group were Actinobacteria, Acidobacteria, Chloroflexi, Cloacimonetes, Cyanobacteria, Euryarchaeota, Gemmatimonadetes, Planctomycetes, Thaumarchaeota, and Verrucomicrobia. At the genus level, Ralstonia was the richest (11–76%) in all the groups except for R3_W (Figure 3; Supplementary Table S7). In R3_W, the richest genus was Helicobacter (11%) and the abundance of Ralstonia was 4%. The other genera with abundances larger than 10% in at least one group were Bacillus, Lactobacillus, and Pseudomonas.




3.2 Spatio-temporal variations in the microbiomes


3.2.1. Alpha diversity

Figure 4 presents the alpha diversity indices for each group. Among the four indices, Chao1 estimates species’ richness, while the Shannon and Simpson indices consider not just richness but also evenness and dominance. The Phylogenetic Diversity (PD) index incorporates phylogenetic relationships to evaluate the evolutionary diversity within a community (Faith, 1992).
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FIGURE 4
 The comparisons of alpha diversity between summer (S) and winter (W) for (A–D) fungi and (E–H) bacteria in each region.


There were three major seasonal variation patterns in the alpha diversity (Figure 4). Firstly, all the indices of bacteria except for PD in R1 were significantly higher in winter than in summer (p < 0.05). In R1, the mean value of PD in winter was higher than that in summer but the difference was insignificant (p > 0.05). Secondly, the PD values of fungi were significantly different between the two seasons in each region. In the plain regions (including R1, R2_rural, and R2_urban), the fungal PD values were significantly higher in winter than in summer. In contrast, the fungal PD values in the valley regions (including R3 and R4) were significantly higher in summer than in winter. Thirdly, all the four fungal indices in R3 were significantly lower in winter than in summer.



3.2.1. Beta diversity and the major genera contributing to the spatio-temporal variations

Both fungal and bacterial communities were quite different between summer and winter in each region, except for the bacteria of R1 (Figure 5A), the PD values of which were similar between summer and winter (Figure 4H). As shown in Supplementary Figure S4, the fungal genera having higher contributions to the seasonal variations (LDA >4 and relative abundance ≥3%) in at least one region were Alternaria, Aspergillus, Beauveria, Debaryomyces, Diaporthe, Millerozyma, Nigrospora, Paraconiothynum, Periconia, Plectosphaerella, Psathyrella, Symmetrospora, and Rigidoporus. The bacterial genera with higher contributions were Afipia, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Bacillus, Bradyrhizobium, Brevundimonas, Chromohalobacter, Escherichia Shigella, Fastidiosipila, Halanaerobium, Hlicobacter, Lactobacillus, Pseudomonas, Ralstonia, and Sphingomonas.
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FIGURE 5
 (A) Comparisons of bacterial and fungal communities between summer (S) and winter (W), (B) comparisons of fungal communities among regions, and (C) comparisons of bacterial communities among regions.


The differences in microbial communities among regions were greater in winter than in summer (Figures 5B,C). In summer, the fungal and bacterial communities overlapped among the five regions, except for R2_rural_S. In winter, only R1_W and R2_urban_W had considerable overlaps in the fungal and bacterial communities. The fungal genera with larger contributions to the regional differences in at least one region were Alternaria, Aspergillus, Beaiveria, Cladosporium, Debanyomyces, Lecanillium, Millerozyma, Nigrospora, Plectosphaerlla, and Periconia, while the bacterial genera were Bacillius, Helicobacter, Lactobacillus, Pseudomonas, Ralstonia, and Sphingomonas.




3.3 Spatio-temporal variations in the functional microbes

Table 1 summarizes the major functional microbes of strong-flavor Baijiu brewing according to previous studies (Zou et al., 2018; Cheng et al., 2023). Among these microbes, 41 genera were rich in at least one of the ten sample groups. However, some others were not detected in this study, including the fungi of Brettanomyces, Dekkera, Eurotium, Hansenula, Issatchenkia, Merimbla, Neurospora, Naumovozyma, Sporidiobolus, Torulaspora, and Toxicocladosporium and the bacteria of Caloramator, Caproiciproduvens, Clostridia, Gluconacetobacter, Olsenella, Porphyromonas, Petrimonas, Petrimonas, Rummeliibacillus, Sedimentibacter, Sporolactobacillus, and Spirochaetes SHA-4.



TABLE 1 The dominant genera of bacteria and fungi reported in the Daqu, pit mud, and Zaopei from the strong-flavor Baijiu factories in our sampling regions.a
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Figure 6 shows the seasonal and regional variations of the 41 functional microbes with relative abundance >0.1% in at least one of the ten sample groups. Among the 41 microbes, only three fungal genera (Aspergillus, Cladosporium, and Penicillium) and six bacterial genera (Acinetobacter, Bacteroides, Enterobacter, Lactobacillus, Pseudomonas, and Staphylococcus) were rich in all the regions in winter. Rhizopus and seven bacterial genera (Caldicoprobacter, Methanobacterium, Methanobrevibacter, Methanosarcina, Paenibacillus, Proteiniphilum, and Syntrophomonas) were poor (<0.1%) in all the regions in winter.
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FIGURE 6
 Relative abundances (%) of the functional microbes identified in the atmospheres of the five regions.




3.4 Characteristics of the microbial functions


3.4.1 Major microbial functions

Figure 7A presents the trophic modes and growth forms of fungi. All the groups except for the river-valley regions in winter (R3_W and R4_W) had high abundances of saprotroph (17–56%), pathotroph-saprotroph-symbiotroph (10–19%), and pathotroph-saprotroph (12–24%). Pathotroph-symbiotroph was also large in R2_urban_S (12%) and R2_urban_W (38%), and this mode was the dominant in R3_W and R4_W (98 and 54%, respectively). Pathotroph-symbiotroph accounted for <3% in R1 and rural R2 in both seasons. Regarding growth forms, microfungus was the richest in the ten groups (44–100%), followed by agaricoid (0–24%), corticioid (0–15%), facultative yeast-microfungus (0–7%), polyporoid (0–20%), thallus (0–4%), and yeast (0–19%).
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FIGURE 7
 The major functions predicted by using the FUNGuild and FAPROTAX tools for (A) fungi and (B) bacteria, respectively.


Figure 7B presents the top 30 largest functions identified for bacteria. The largest function for all the groups was chemoheterotrophy (17–29%). Fermentation was 0.6–11% for each group. The other functions that had a relative abundance larger than 10% for at least one group were aerobic chemoheterotrophy, aromatic compound degradation, aromatic hydrocarbon degradation, hydrocarbon degradation, and ureolysis.



3.4.2 Seasonal changes in microbial functions

Significant seasonal changes of fungal yeast and bacterial fermentation were identified, as shown in the heatmaps of Supplementary Figures S5, S6. The bacterial fermentation of each region increased from 0.6–3% in summer to 6–11% in winter. While, the variations in fungal yeast functions were much more complex. In the plain regions (R1 and R2), the abundances of the fungal yeast and facultative yeast-microfungus functions were significantly higher in winter (4.5–19% and 1.1–6.8%, respectively) than in summer (0.3–3% and 0.3–2.4%, respectively). In contrast, in the river-valley regions (R3 and R4), the yeast and facultative yeast-microfungus functions were lower in winter (0.3–1.3% and 0.2–1.1%, respectively) than in summer (0.53–0.71% and 2.7–3.7%, respectively). The abundances of facultative yeast-smut and facultative yeast were always low (<2%) in all the regions. Agaricoud-gasteroid-microfungus-secotioid-yeast was higher in summer for all the regions (0.6–2.4%) except for rural R2.





4 Discussion

In this section, the relationships between Baijiu brewing and the airborne functional microbes identified in this study will be discussed. Then, the seasonal and regional variations in the airborne microbes and microbial functions will be discussed.


4.1 Functional microbes in the atmosphere

Table 1 confirmed that atmosphere was a source of functional microbes for strong-flavor Baijiu brewing. Some of the functional bacteria (e.g., Bacillus, Enterobacter, Lactobacillus, Lactococcus, Pseudomonas, and Staphylococcus) and fungi (e.g., Aspergillus, Candida, Cladosporium, Kazachstania, Penicillium, Pichia, Rhizopus, and Wicherhamomyces) were rich in at least one of the ten data groups, but some others were not (e.g., bacteria: Thermoactinomyces and Weissella; fungi: Saccharomycopsis and Mucor). This reflected that atmosphere was one but not the sole source of the functional microbes. Previous studies have found that soils, grains, water, air, workers, and brewing tools are all sources of functional microbes (Zhai et al., 2018; Li et al., 2022). For example, indoor ground and dust were one of the main sources of Bacillus, Clostridiaceae, Pichia, Pseudomonas, Saccharomyces, and Lactobacillaceae in a factory (Wang, 2022 and references therein). Pit mud used in several factories from R2-R4 were rich in Methanoculleus, Methanosaeta, and Phoma, all of which were poor in the atmospheres of this study [Figure 6; Table 1; Zou et al. (2018) and references therein].

The microbial species listed in Table 1 can affect the basic processes of Baijiu brewing, including saccharification, alcohol fermentation, and aromatic component formation (Zheng and Han, 2016; Jin et al., 2017; Yan et al., 2021). During the saccharification process, especially in Daqu, a variety of extracellular enzymes (e.g., amylase, glucoamylase, protease, cellulose, and lipase) hydrolyze the macromolecules in cereals to form fermentable sugars (Wang, 2022). These extracellular enzymes could be secreted by the species identified in this study, such as the bacteria of Bacillus, Enterobacter, Lactobacillus, Staphylococcus, Thermoactinomyces, and Weissella and the fungi of Aspergillus, Cladosporium, Mucor, Penicillium, and Rhizopus (Figure 3; Table 1; Xu et al., 2017; Zou et al., 2018; Wang, 2022; Cheng et al., 2023). Yeast species in the fermentation process can be divided into two groups, which are responsible for ethanol production and flavor compound formation, respectively (Wang, 2022). The species detected in this study and related to ethanol production included but were not limited to Saccharomycopsis, Saccharomyces, and Wicherhamomyces (Wang et al., 2019; Figure 3; Table 1). Esters are the main aromatic components, and lactic acids are one of their precursors (Cheng et al., 2023 and references therein). Lactic acid is mainly generated from carbohydrates by LAB (e.g., Lactobacillus, Streptococcus, Lactococcus, Leuconostoc, and Weissella in this study). The interactions among Candida, Lactobacillus, Pichia, and Zygosaccharomyces are likely related to the esters and acids such as hexanoic acid, butyl hexanoate, and ethyl caproate (Tan et al., 2022). Mucor, Monascus, Bacillus, and Lactobacillus also have been found to generate aromatic components (Wang, 2022 and references therein).



4.2 Seasonal and regional variations in the microbiomes and microbial functions

Airborne microbes are affected by the synergistic effect of many factors, such as meteorological parameters, sources, anthropogenic activities, air pollutants, among others. The seasonal and spatial variations in these factors directly and indirectly affect airborne microbiome. Solar radiation mostly has a negative impact on microbes, as ultraviolet radiation can kill microbes. The impact mechanisms of temperature on airborne microbes have not been clearly understood, but previous studies suggest that cold air may facilitate the release and transport of bacteria (Zhai et al., 2018). Rain, high RH, and high wind speed may trigger spore release and/or was beneficial to bacterial release and growth; However, they can also accelerate the deposition or disperse of microbes (Zhai et al., 2018). Air pollutants, such as particulate matter and ozone, affect the disperse, deposition, and growth of microbes. For example, ozone at high concentration is toxic to microbes. Airborne microbes are mainly from local sources, and every region may have their particular and primary sources, such as different plants, soil, animals, and waters (Zhai et al., 2018).

Seasonal changes in airborne microbes are not uniform across the world, considering the temperature, land cover, topography, and anthropogenic activities (Zhai et al., 2018). In this study, the bacterial and fungal communities were quite different between the two seasons in all the regions except for the bacteria in R1 (Figure 5A). The PD richness of bacteria in all the five regions were significantly higher in winter than in summer, and this might be partially explained by the cold air, lower solar radiation, low rainfall, low wind speed, and low ozone pollution in winter. The PD values of fungi presented opposite seasonal changes between the plain and river-valley regions (Figure 4). However, to date, there is no sufficient data to well explain the complicated seasonal variation patterns of microbes for the five regions.

Despite the large regional differences in microbes in winter (Figures 4–6), the major fungal growth forms (e.g., agaricoid, corticioid, microfungus, polyporoid, and the yeast-related) and the major bacterial functions (e.g., aerobic chemoheterotrophy, animal parasites or symbionts, aromatic hydrocarbon/compound degradation, chemoheterotrophy, fermentation, fumarate respiration, human associated, human gut, human pathogens all, hydrocarbon degradation, mammal gut, nitrate reduction, ureolysis, and others) were generally similar among the regions (Figure 7). Particularly, there were some seasonal functional variations that might be beneficial for Baijiu brewing in winter. Firstly, the bacterial fermentation function was higher in winter than in summer for all the regions (Figure 7; Supplementary Figure S6). Secondly, the functions of fungal yeast (Figure 7) and sum_yeast_related (Supplementary Figure S5) were higher in winter for the plain regions (R1 and R2) but were not for the river-valley regions. Thirdly, the aromatic compound degradation, aromatic hydrocarbon degradation, and hydrocarbon degradation were lower in winter than in summer for all the regions. All the functions mentioned above may affect Baijiu brewing but the impact mechanisms and degrees still need future investigations.




5 Conclusion

Based on the observations in five important brewing regions of strong-flavor Baijiu, 41 functional microbes were rich in at least one region in summer and/or winter. However, some other functional microbes were poor or even not detected in all the regions in both seasons. In addition, the five regions have distinct airborne microbiomes in winter, but considerable regional overlaps of microbiomes were found during the summer break. There were also some significant changes in microbiomes between summer and winter, as the four alpha diversity indices of bacteria (except the PD of one region) and the PD index of fungi were significantly different between the two seasons. In addition to the seasonal changes in microbial composition, the relative abundance of bacterial fermentation function was higher in winter for all the five regions. The fungal yeast function was higher in winter than in summer for the plain region but lower for the river-valley regions. In conclusion, the above results suggested that: (1) atmosphere was one but not the sole important source of functional microbes and (2) different regions may have different airborne microbiomes but they could share some major functions related to Baijiu brewing. Since the mechanisms between Baijiu brewing and environmental microbial communities are complex and are hard to quantify, it is important to protect the ambient environments for high-quality Baijiu.
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Daqu Bacteria Acetobacter, Bacillus, Enterobacter, Lactobacillus, Leuconostoc, Pantoea, Staphylococcus, Thermoactinomyces, and Weissella
Fungi Acremonium, Aspergillus, Brettanomyces, Candida, Cerospora, Cladosporium, Hansenula, Dekkera, Lichtheimia, Merimbla, Monascus,
Mucor, Neurospora, Paccilomyces, Penicillium, Pichia, Rhizopus, Saccharomycapsis, Sporidiobolus, Talaromyces, Thermoascus,
Thermomyces, Wallemia, and Wickerhamomyces
Pitmud Bacteria® | Acinetobacter, Aminobacterium, Bacteroides, Brevibacillus, Caloramator, Clostridium, Clostridiun IV, Caldicoprobacter,
Caproiciproduvens, Clostridia, Christensencllaceae R-7, Corynebacterium, Flavobacterium, Lactobacillus, Lysinibacillus, Methanoculleus,
Methanosacta, Methanosarcina, Methanobacterium, Methanobrevibacter, Mycobacterium, Olsenella, Paenibacillus, Porphyromonas,
Petrimonas, Proteiniphilum, Pseudomonas, Petrimonas, Rummeliibacillus, Sedimentibacter; Sporolactobacillus, Syntrophomonas, and
Spirochaetes SHA-4
Fungi Aspergillus, Candida, Cladosporium, Davidiclla, Debaryomyces, Fusarium, Malassezia, Mucor, Phoma, Penicillium, Pichia, Rhizopus,

Saccharomyces, Thrichosporon, Thermoascus, Wickerhamomyces, Thermomyces, Toxicocladosporium, and Wallemia

Zaopei Bacteria Acetobacter; Alcaligenes, Bacillus, Gluconacetobacter, Lactobacillus, and Prevotella

Fun, Aspergillus, Candida, Debaryomyces, Eurotium, Issatchenkia, Kazachstania, Naumovozyma, Pichia, Saccharomyces, Torulaspora,

Talaromyces, Thermomyces, and Thermoascus

“The genera of this table are collected from Zou et al (2018), Tu et . (2022), and Cheng et al. (2023).
“The genera in blue were rich in the atmosphere i at least one group (relative abundance >0.1%: Supplementary Tables 54, 56). The genera in green were detected i atleast one group but with
relative abundance <0.1%.

“The major phyla were Actinobacteria, Bacteroidetes, Euryarchacota, Firmicutes, and Protecobacteria.
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