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A B S T R A C T   

Microbial terroir is essential to the development of regional fermented food characteristics. Environmental 
microbiota participates in the fermentation process and fermentation process also domesticates the microor-
ganisms in the environments, leading to an interaction between the fermentation process and the fermentation 
environment. Here, we reported microbiota from different environments (fermentation process, fermentation 
environment, and ecological environment) of two distilleries. We used amplicon full-length sequencing to study 
the regional microbial characteristics and the domestication of the fermentation process on environment. Fungi 
in the Chishui River producing region contributed more to the brewing, which contained many functional fungi, 
such as Pichia, Wickerhamomyces anomalus, and Debaryomyces. The fermentation process had a strong domesti-
cation effect on microbiota in the fermentation environment. Fermented grains and Daqu were the primary 
microbiota sources in the fermentation environment. Microorganisms in the producing area exhibited a distance 
decay relationship. With increasing distance from the distillery, the dissimilarity between microbial communities 
increased and the microbial community showed an obvious deterministic-stochastic pattern. The ecological 
environment 50m away from the distillery was less domesticated by the fermentation process. Abiotic factors 
(pH, acidity, and water content) and microbial interactions synergistically led to microbial differences across 
environments. These results first determined that a regional microbial model had been established in sauce-flavor 
Baijiu and comprehensively clarified the interaction between the fermentation process and the environment. It 
laid the foundation for further elucidation of the influence of microorganisms on the yield and flavor quality of 
sauce-flavor Baijiu.   

1. Introduction 

Most fermented foods are fermented in an open process, so the 
fermentation process is highly dependent on the microbiota in the 
fermentation environment and the ecological environment of the pro-
ducing area (Wang, 2022). Researchers (Knights et al., 2011) demon-
strated that the fermentation environment contributed significantly to 
the flavor and quality of fermented foods by using SourceTracker, such 

as Daqu (Xiao et al., 2021), Baijiu (Li et al., 2022; Wang et al., 2018; H. 
Zhang et al., 2021), cheese (Bokulich & Mills, 2013), beer (Bokulich 
et al., 2015), and fermented meats (Zwirzitz et al., 2020). 

The relationship between microbial biogeography and fermented 
foods terroir appears to be a developing public issue (R. Li, Tian, et al., 
2021; Tan et al., 2022). The study of wine "terroir" demonstrated that 
regional, site-specific, and grape-variety factors shaped the microbial 
consortia inhabiting wine-grape surfaces (Bokulich et al., 2014). 
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Geographical delineations among Saccharomyces cerevisiae populations 
in New Zealand vineyards have been recorded, indicating that grape 
yeasts dispersed regionally (Gayevskiy & Goddard, 2012). By ferment-
ing grapes with distinct yeasts, Knight (Knight et al., 2015) proved that 
the geographical peculiarities of wine were tied to specific microor-
ganisms. Microbial biogeography implies that "microorganism is 
everywhere, the environment selects" (Bokulich et al., 2014). The 
environmental factors (such as pH, humidity, and acidity) (H. Zhang 
et al., 2021), geographic distance (Jiao et al., 2017), and fermentation 
process parameters (Xiao et al., 2021) played a crucial role in the 
biogeographical distribution of microorganisms. Therefore, revealing 
the microbial characteristics of the producing areas and analyzing the 
interactions between the environment and the brewing process can 
promote the development of high-quality fermented foods (Gao et al., 
2019, 2020, 2021). 

The profit of Baijiu ranked among the top in the world. It was clas-
sified into three primary types according to the flavor: light-flavor Baijiu, 
strong-flavor Baijiu, and sauce-flavor Baijiu. Current research has 
revealed the microbial geography of Chinese major Baijiu producing 
regions and the contribution of latitude-dependent fungi to the flavor of 
Baijiu (Tan et al., 2022). More research was required to determine 
whether a regional microbial model had been established in Baijiu. The 
sauce-flavor Baijiu is fermented in two stages: heap fermentation and pit 
fermentation (H. X. Zhang et al., 2021). Its raw materials (such as sor-
ghum, rice, glutinous rice, and corn) are fermented into spirit containing 
thousands of trace components. Baijiu is produced using bilateral 
solid-state fermentation method (Jin et al., 2017), with Jiuqu (Daqu, 
Xiaoqu, or Fuqu) as a saccharifying and fermenting starter (Liu & Sun, 
2018). Sauce-flavor Baijiu had a strong dependence on water, soil, air, 
climate, microorganisms, and raw materials (Tan et al., 2022). Envi-
ronmental changes affected not only the quality of raw materials 
(Bokulich et al., 2014; J. Chen, Feng, et al., 2022; Zhang et al., 2022) but 
also the composition of environmental microbiota (Wang et al., 2018). 
Environmental microorganisms contributed to the brewing process (Li 
et al., 2022), and there was a certain connection between the fermen-
tation process and environmental microbiota. Therefore, it is necessary 
to study the effect of the brewing process on the fermentation envi-
ronment and ecological environment. 

In this study, high-throughput sequencing and bioinformatics sta-
tistical analysis were used to study the microbiota of different envi-
ronments (fermentation process, fermentation environment and 
ecological environment) in two breweries and elucidate the interactions 
between the brewing process and ecological environment. The similar-
ities and differences of microorganisms in different environments based 
on Bray-Curtis distances were investigated. Besides, abiotic (pH, acidity, 
water content) and biotic factors influencing the construction of mi-
crobial communities in different environments were identified. The re-
sults advanced our understanding of the role of environmental 
microbiota during fermentation. 

2. Materials and methods 

2.1. Sampling collection and environmental factors detection 

Samples were collected from two sauce-flavor Baijiu distilleries (A 
and B) located in the core producing area of sauce-flavor Baijiu in Luz-
hou, Sichuan Province. A is a ten-year distillery (27◦53′N, 106◦22′E), 
while B is a twenty-year distillery (27◦52′N, 106◦22′E). Raw materials 
(rice husk and sorghum), water, Daqu, heap fermented grains, and cellar 
fermented grains were collected in the fermentation process (FP). Pits, 
brewing sites, tools, and indoor air samples were collected in the 
fermentation environment (FE). Outdoor soil, 50 m away from distillery 
environmental soil, and 1 km away from distillery environment soil 
were collected in the environment outside the brewing workshop (BW). 
Ecological environmental soil (ND) was collected in the newly devel-
oped area (Table S1). A mixture of steamed sorghum and high- 

temperature Daqu initiated spontaneous heap fermentation in an open 
environment. The fermented grain was transferred to a cellar (anaerobic 
tank) after 3–7 days of heap fermentation and fermented for another 30 
days (cellar fermentation). Fig. 1 shows the sampling strategy. Table S1 
summarizes the detailed information and abbreviations. 

For samples of FP, uncooked rice husk, sorghum, and Daqu powder, 
were chosen at random and blended into sterile sampling bags. The 
precipitate of water in Chishui river was collected using 0.22 μm mem-
brane filtration. Fermented grains on the last (3 rd or 4th) day of heap 
fermentation and on the last (30th) day of cellar fermentation were 
gathered. They were gathered from each distillery’s four distinct cellars. 
Environmental samples were taken from the pits, brewing site, tools, air, 
and soil. When excavating soil samples, at least five separate areas were 
sampled, and samples weighing more than 10 g from one spot were dug 
and put in a sterile sampling bag. All surface samples were wiped and 
collected with the sterile absorbent cotton that has been pre-soaked in 
sterile phosphate-buffered saline (PBS, 0.1 M). Air samples were 
selected with the membrane filtration air extraction equipment (JCH- 
120F) at a flow rate of 100 L/min until the filter membrane turned black. 
Five-point sampling method were used for each sample. All of them were 
collected in four parallel samples, for a total of 124 samples, put into a 
− 80 ◦C refrigerator for freezing, and then transferred back to the labo-
ratory by the cold chain. 

We measured the pH of the sample suspension (10 g/100 mL) by 
using the pH meter, and determined the titratable acidity using NaOH 
(0.1 mol/L). The moisture content was determined by drying the sample 
at 112 ◦C to constant weight. Acetic acid, lactic acid and ethanol were 
determined by HPLC and GC-MS (S. Li, Tian, et al., 2021; Lou et al., 
2022). 

2.2. DNA extraction and PCR amplification 

Total genome DNA from samples were extracted with the Fast DNA 
Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). DNA concen-
tration was determined through a Thermo Scientific NanoDrop 8000 
UV–Vis Spectrophotometer (NanoDrop Technologies, Wilmington, DE). 
16S rRNA was amplified in bacteria using the universal primers with the 
barcode (Adedire et al., 2022). The internal transcribed spacer (ITS) 
region of fungi was amplified by the barcoded universal primer 
ITS4_ITS9 (Bengtsson Palme et al., 2013). All PCR reactions were carried 
out with DNA Polymerase (TransGen Biotech). The same volume of 1x 
loading buffer was mixed with PCR products and detected by electro-
phoresis on a 2% agarose gel. 

2.3. PacBio sequencing 

We detected the number of library fragments after constructing the 
SMRT Bell library as required using the Agilent 2100 Bioanalyzer 
(Agilent Technologies, USA) and purified it with AM Pure PB beads, and 
sequenced on PacBio Sequel II platform. The PacBio SMRT portal was 
used to process raw sequences at first (Mosher et al., 2013; Singer et al., 
2016). Sequences were filtered for a minimum of three passes and a 
minimum predicted accuracy of 90% (min full pass = 3, min Predicted 
Accuracy = 0.9). The PacBio platform files were then utilized for 
amplicon size trimming to remove sequences that were larger than the 
expected amplicon size (for 16S rRNA reads, min Length 1340 bp, max 
Length 1640 bp; for ITS reads, min Length 600 bp) (Yan et al., 2019). 
The reads were assigned to samples using their unique barcode and then 
truncated by cutting off the barcode and primer sequence. 

2.4. Feature sequence analyses 

Sequence analyses were performed by Qiime 2 (qiime2-2021.2, 
https://qiime2.org/). For bacteria, UCLUST was used to cluster high- 
quality sequences into several Operational Taxonomic Units (OTUs) 
according to 97% similarity. For fungi, DADA2 was used to cluster high- 
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quality sequences into several Amplicon Sequence Varian (ASVs) 
(Callahan et al., 2016). Each clustered OTU/ASV utilized a single 
representative sequence to align to the SILVA bacterial database and the 
UNITE fungal database (Kõljalg et al., 2013). 

2.5. Diversity and similarity analysis 

The Shannon diversity index was calculated by Qiime 2. p value 
determined by ANOVA with Turkey’s test. The cluster analysis was 
conducted with the unweighted-pair group method using average link-
ages (UPGMA) based on the Bray-Curtis distance in R (Pavlopoulos 
et al., 2010). Principal coordinates analysis (PCoA) provides visualiza-
tion of the microbial community composition. ANOSIM with 999 per-
mutations was used to test significant differences between samples 
(Clarke, 1993). SourceTracker is a tool for quantitative analysis of mi-
crobial sources based on Bayesian technique. Set the fermentation 
environment (P, Bs, T, A) and the ecological environment outside the 
brewing workshop (OE, 50m-EE, 1 km-EE) to "sink" respectively. And set 
other samples to "source". Calculate the modeled data using the R 
package of "sourcetracker" (Knights et al., 2011). The shared OTUs 
proportion index between microbial communities in different environ-
ments and samples in FP was used to indicate community similarity. 

2.6. Identification of differential microorganisms 

Galaxy Web application (https://huttenhower.sph.harvard.ed 
u/galaxy/) was used to calculate the linear discriminant analysis 
(LDA) effect size. Kruskal–Wallis test was used to determine the differ-
ence between the categories, with a significance level of p < 0.05, and a 
threshold LDA score of 4.0 (Segata et al., 2011). The number of marker 
taxa were identified with a 10-fold cross-validation implemented with 
the rfcv function in the R package “randomForest” with five repeats 
(Zhang et al., 2018). In order to elucidate the causes of differences in 
community assembly in different environments, we further examined 
the correlation between Euclidean distance and Bray-Curtis distance and 
used the Pearson correlation to express the strength of the association 
(Feng et al., 2019; Liu et al., 2020). 

2.7. Correlation analysis between microorganisms and environmental 
factors and construction of microbial networks 

RDA multiple linear regression analysis was used to reveal the 
relationship between microorganisms and environmental factors, and R 
was used to realize visualization. Based on Spearman correlation among 
microorganisms, microbial network was built in R "Hmisc" package, 
selected the correlation of R ≥ 0.7 and p < 0.05, visualized it through 
Gephi (v0.9.2), and calculated the average degree of each node and 
modularity of each network. 

2.8. Null community model analysis 

The beta nearest taxon index (βNTI) and Raup Crick index of Bray- 
Curtis dissimilarity (RCbray) were calculated using the Picante package 
in R software (Zhao et al., 2021) to evaluate the assembly process of the 
microbial community in different environment. βNTI < − 2 indicates 
lower than expected phylogenetic turnover, representing homogeneous 
selection. βNTI>2 indicates greater than expected phylogenetic turn-
over, implying variable selection. |βNTI|<2 shows that the community 
in microecology is affected by the stochastic process (Chase et al., 2011; 
Stegen et al., 2012). RCbray > 0.95 indicates that turnover in microbial 
community composition is mainly limited by dispersal limitation 
consistent with drift or mean diffusion, while RCbray  < − 0.95 indicates 
that homogenizing dispersal is the dominant process. |RCbray|<0.05 is 
considered to be an uncertain process, indicating that the community 
assembly is highly random and dispersed (Kembel et al., 2010; Stegen 
et al., 2013). 

3. Results and discussion 

3.1. Microbial alpha diversity and environmental factors in different 
environments 

According to specific substrates and the distance from processing 
area, the macroecology of Baijiu production were divided into three 
parts: fermentation process, fermentation environment, and ecology 
outside the brewing workshop. High-throughput sequencing technology 

Fig. 1. Schematic of the brewing microecology and sampling procedures of traditional sauce-flavor Baijiu distillery.  
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was used to assess the microbial community structure in three envi-
ronments. 867,633 high-quality reads from the full-length of bacterial 
16S rRNA gene sequences, and 1,235,248 high-quality reads from the 
fungal ITS rRNA gene sequences were detected from all samples. For 
bacteria, there was an average of 7171 reads per sample, with a range 
from 2255 to 16206 reads. For fungi, there was an average of 10380 
reads per sample, with a range from 2115 to 40122 reads. The rare-
faction curves of microbes were close to saturation, indicating that the 
depth of sequencing was representative for subsequent analysis 
(Fig. S1). 

Alpha diversity was used to characterize the species diversity 
(Simpson, 1949). The Shannon index was calculated to assess the species 
diversity in the fermentation environments. Microbial α-diversity in the 
three environments showed similar trends between the two distilleries. 
The Shannon index in the fermentation environment was close to that of 
the fermented grains. The fungal diversity in the fermentation envi-
ronment was lower than that of the bacteria, with a bacterial Shannon 
index of 6 and the fungal Shannon index of 4 (Fig. 2A and B). The mi-
crobial diversity in the ecological environment outside the distillery 
increased with distance. Microbial α-diversity in the ecological envi-
ronment 1 km away from the distillery was the highest, with a bacterial 
Shannon index of up to 8 and a fungal Shannon index of up to 7 (Fig. 2). 
It has been confirmed that increased species diversity in a given envi-
ronment may reduce fluctuations in species abundance and improve 
community stability (Feng et al., 2017). Increased microbial diversity 
implied high community stability of the ecosystem. Compared with the 
fermentation environment, the microbial community structure in the 
ecological environment was more stable. In addition, there was no sig-
nificant difference in the microbial diversity of the ecological environ-
ment among the newly developed area and which has been developed 
for 10 and 20 years (Fig. 2). 

Dataset S2 (Mendeley Data: https://data.mendeley.com/datasets/ 
82g57ypbrf/1) showed the pH, acidity, acetic acid, lactic acid, water, 
and ethanol content of different samples. These environmental factors 
had significant differences (p < 0.01) in different environments. In 
general, pH increased with the increase of geographical distance (3.82 

± 0.01 to 6.47 ± 0.10), and acidity (17.2 ± 0.16 to 8.43 ± 0.58 g/kg), 
acetic acid (1.72 ± 0.01 to 0 g/kg), lactic acid (19.55 ± 0.09 to 0 g/kg), 
water (46.89 ± 0.77 to 10.51 ± 2.17%), and ethanol content (123.35 ±
27.99 to 0 mg/kg) decreased (Fig. 2C, D, and 2E). 

3.2. Domestication of fermentation environment by fermentation process 

The fermented grains of both distilleries were inoculated with high- 
temperature Daqu for fermentation, and similar microorganisms were 
present on the surfaces of the equipments (Fig. 3, Dataset S3, S4, S5, and 
S6, Mendeley Data: https://data.mendeley.com/datasets/82g57ypbrf/ 
1). Pseudomonas sp., Sphingomonas sp., Thermomyces lanuginosus, and 
Mucor sp. were common in raw materials and water, which were not 
associated with fermentation. Bacillus (mainly Bacillus thermolactis and 
Bacillus licheniformis), Thermoactinomyces sanguinis, Aspergillus and Sac-
charomycopsis fibuligera were rich in Daqu. Acetilactobacillus jinshanensis, 
Lactobacillus, Pichia, and S. fibuligera became dominant microorganisms 
in fermented grains. They were the core functional microorganisms re-
ported for sauce-flavor Baijiu (H. Zhang et al., 2021). 

The prevalent microorganisms in the fermentation environment 
were similar to those found in fermented grains and Daqu (Fig. 3, 
Dataset S3, S4, S5, and S6, Mendeley Data: https://data.mendeley.com/ 
datasets/82g57ypbrf/1). Lactobacillus, A. jinshanensis, Bacillus ruris, 
Pichia kudriavzevii, Saccharomyces cerevisiae, S. fibuligera, and several 
filamentous fungi were abundant in the pits, brewing sites, and tools. 
Ochrobactrum haematophilum, T. sanguinis, Bacillus, Thermomyces ibada-
nensis, and S. fibuligera were the common microorganisms in the air. The 
results revealed that fermentation-related microbiota occupied the ma-
jority of the equipment surfaces. Some functional microorganisms, such 
as Pichia, Saccharomyces, and Saccharomycosis in the fermentation 
environment were more abundant than in the starter (Daqu), which 
played a complementary role of Daqu. The dominant microorganisms in 
BW were primarily Sphingomonas, Sediminibacterium sp., Glutamicibacter 
protophormiae, Cladosporium, Mucor, and Trichosporon. Besides, Pichia, 
Wickerhamomyces anomalus, Debaryomyces, and Thermomyces 

Fig. 2. Microbial diversity and physicochemical factors changes in different environments. Shannon index for bacteria (A) and fungi (B) among samples in 
fermentation process, fermentation environment and environment outside brewing workshop. Changes of pH, Acidity (C), Acetic acid, Lactic acid (D), Moisture and 
Ethanol (E) in different environments. FG: heap fermented grains and cellar fermented grains. ND: newly developed area. 
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lanuginosus were abundant in this environment (Fig. 3, Dataset S3, S4, 
S5, and S6, Mendeley Data: https://data.mendeley.com/datasets/82g 
57ypbrf/1), but no fermentation-related bacteria. The ecological envi-
ronment of the newly developed area had similar bacterial communities. 
There were still many unidentified bacteria and fungi in the environ-
ment, indicating that more research into the ecological environment of 
the sauce-flavor Baijiu core production area was required. Microorgan-
isms in the fermentation environment between A and B had significant 
differences, especially for bacteria (Fig. 3, pbacteria = 0.001，pfungi =

0.013). Distillery A was mainly dominated by P. sp., Burkholderia stabilis, 
Mucor circinelloides, and a few fermented-related microorganisms. While 
distillery B was mainly dominated by fermentation-related microor-
ganisms, such as Weissella, Leuconostc, Lactiplantibacillus plantarum, 
S. fibuligera, Torulaspora delbrueckii, and Thermoascus, it indicated that 
the domestication of the FP on microorganisms in the FE increased with 
time. However, the difference of microorganisms in the BW between A 
and B was lower than that of the FE (Fig. 3, pbacteria = 0.019，pfungi =

0.011). It indicated that the brewing process domesticated the fermen-
tation environment in the workshop more than the ecological 
environment. 

Microorganisms on the indoor ground, worker’s skin, and equipment 
surfaces played a role in microbial transfer and made up for the defi-
ciency of the starter, which was consistent with the previous study (H. 
Zhang et al., 2021). It was advantageous to direct the continuous 
fermentation process (Bokulich & Mills, 2013). The workshop was akin 
to a natural screening medium, which explained why fermented-related 
microorganisms dominated the fermentation environment (Wang, 
2022). Only microorganisms that acclimated to the fermentation envi-
ronment had a chance of survival. Furthermore, the fluidity of the air in 
the workshop was low and the temperature changed modest, promoting 
the growth and reproduction of microorganisms. The air outside the 
distillery was quite brisk, and the nutrients available for microbial 
growth in the air and ecological environment were limited. Besides, the 
number of microorganisms especially fungi in the ecological environ-
ment was smaller than that in the workshop due to the UV radiation 
emitted by sunlight. 

3.3. Fermented grains and Daqu were the main sources of fermentation 
environment microorganisms 

PCoA based on the Bray-Curtis distance was used to determine the 

distribution patterns of bacteria and fungi in different environment 
(Fig. 4). The first two principal axes of bacteria and fungi accounted for 
33.82%, 25.35% (A) and 52.66%, 27.07% (B) of the total variance. 
Fungi in the same environment clustered well, but established distinct 
fungal communities in different environments. However, bacteria in 
different environments partially overlapped. 

Microorganisms in the fermentation environment were similar to 
those found in the fermented grains, which may be attributed to the 
presence of Lactobacillus, A. jinshanensis, P. kudriavzevii, Thermoascus, 
T. lanuginosus, S. cerevisiae, and Monascus ruber. The fungal community 
structure of indoor air was similar to that of Daqu, and they were located 
in the third quadrant, indicating the considerable impact of S. fibuligera 
and T. ibadanensis. The environment outside the brewing workshop was 
clustered with raw materials and water, which was related to the high 
abundance of C. haloolerans, Trichomerium, and M. racemosus. PERMA-
NOVA indicated substantial differences in microbial community struc-
ture among different environments (p = 0.001). However, the 
differences of bacteria in different environments were smaller than that 
of fungi (A: Rbacteria = 0.5038, Rfungi = 0.7011; B: Rbacteria = 0.5332, 
Rfungi = 0.7076). 

Changes in the makeup of microbial communities in different envi-
ronments revealed different assembly processes. The variance of pairs β 
diversity was used to further explain this assembly process. The pro-
portion of OTUs shared by bacteria and fungi followed the same 
downward trend (Fig. 4E and F). The proportion of shared OTUs be-
tween FP and FE (bacteria: 71.07%–77.31%, fungi: 39.39%–44.67%) 
was higher than the shared OTUs between FP and BW (bacteria: 
44.34%–65.22%, fungi: 31.02%–42.68%), which proved the domesti-
cation effect of fermentation process on fermentation environment mi-
croorganisms. Whether in the fermentation environment or outdoor 
environment, bacteria shared a much higher proportion of OTUs with 
fermented grains and Daqu than fungi, which indicated that the FP had a 
stronger domestication effect on the bacteria of the FE than on the fungi. 

SourceTracker was used to quantify the potential microbial sources 
in the fermentation environment and environmental ecology (Fig. S2). 
Raw substrates (raw materials, water, Daqu, and fermented grains) and 
extraneous sources (pits, brewing site, tools, air, and soil) were tested as 
primary microbial sources (Bokulich et al., 2015; H. X. Zhang et al., 
2021). Results revealed similar patterns of microbial sources across 
distinct distilleries. Cellar fermented grains were predicted as the major 
bacterial (11.44%) and fungal (42.29%) contributor to pits, which 

Fig. 3. The compositions of the microbial community in the brewing microecology. Bacterial community composition (A). Fungal community composition (B). The 
PCoA results above represent the differences between distillery A and B in the same environment. 
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mainly provided 58.61% A. jinshanensis, 6.95% L. acetotolerans, 36.64% 
S. cerevisiae, 34.31% Pichia, and 33.46% Thermoascus. Raw substrates 
(19.00%) were the largest bacterial contributors to brewing sites and 
tools surfaces, which mainly provided 62.03% Pseudomonas, 13.37% 
Burkholderia sp., and 10.36% Sphingomonas. Fermented grains (13.43%– 
21.01%) were the largest fungal contributors to brewing sites and tools 
surfaces, mainly provided S. cerevisiae, Pichia, and Thermoascus. Fungi 
on the brewing sites and tool surfaces passed through and affected each 
other. The reason could be that the environment was not cleaned up 
quickly enough following the heap fermentation, resulting in microbial 
colonization in the indoor ground or the equipment surfaces. After pit 
fermentation, the fermented grains transferred the microorganisms in 
the cellar into the fermentation environment through tools, resulting in 
microbial domestication and reproduction in the fermentation envi-
ronment. Daqu was the most common source of fungi in the air (2.63%), 
mainly providing 18.04% S. fibuligera. While there were many unknown 
sources of bacteria (47.07%–89.21%) and fungi (29.67%–94.96%) in 
the fermentation environment. The source of microorganisms in the 
environmental ecology was mostly unknown. It was because the 

ecological environmental microorganisms were complex and the com-
munity structure had reached a stable state. These results showed that 
fermented grains, especially cellar fermented grains, were the primary 
sources of environmental fungi. The sources of bacteria in the workshop 
were more diverse, including fermented grains, raw materials, Daqu, 
and the ecological environment. 

These predicted relationship could suggest that both the source and 
sink came from another untested source, such as flies, workers, and 
other vectors that could transfer microbes among these surfaces 
(Bokulich et al., 2015). These predictions highlighted potential sources 
of feedback domestication effect on the fermentation environment, or at 
least shared microbial transmission patterns between raw materials and 
surfaces in the distillery (Bokulich et al., 2015). It was reported that 
microorganisms in the environment contributed significantly to the 
fermented grains and the flavor of Baijiu (H. X. Zhang et al., 2021). So, 
the fermentation environment is an essential carrier for the bidirectional 
transfer of microorganisms in the fermentation process. 

Fig. 4. Similarity of three different environmental microecology. Principal coordinate analysis (PCoA) of the bacterial and fungal communities based on Bray-Curtis 
distances in distillery A (A, B). Principal coordinate analysis (PCoA) of the bacterial and fungal communities based on Bray-Curtis distances in distillery B (C, D). 
Proportion of OTUs shared by microbial communities in various environments (E, F). 
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3.4. Distance decay relationship highlighted the spatial dispersal pattern 
of microbiota in producing region 

LEfSe was used to further examine the microbial distribution pat-
terns. Microorganisms with LDA values greater than 4 were regarded 
statistically significant differential marker microorganisms. Firmicute 
and Bacilli were the representative bacteria in the FP, which was 
consistent with previous coverage that Firmicute and Bacillus were the 
major bacteria in the sauce-flavor Baijiu fermentation process (Wang 
et al., 2018). Burkholderia, Firmicute, Bacilli, Acetobacter, and Rhodo-
spirillales were the representative bacteria in brewing sites and tools 
(Figs. S4A and S4B). Pantoea, Sphingomonas, and Staphylococcus were 
representative bacteria in the outdoor soil (Fig. 5 and S4A). Bacteria 
were not statistically different between FP and FE (p > 0.05), but there 
were significant differential bacteria between FP, FE, and BW (p < 0.01, 
Figs. S4A and S4B). For fungi, Pichia (mainly P. kudriavzevii and Pichia 
manshurica), Thermoascus (especially Thermoascus aurantiacus), Asper-
gillus penicillioide, and Rasamsonia were represented in FP. Brewing sites, 
pits and tools were represented by Monascus and Rhizopus microsporus. In 
the BW, the standard differential fungi were Cladosporium, Alternaria 
and Mucor (Fig. 5, S4C, and S4E). The number of differential fungi in FP 
and FE was significantly lower than that in FP, FE, and BW (Figs. S4C, 
S4D, and S4E). The results revealed distinct bacterial and fungal ag-
gregation patterns in the different environments. 

The random forest classification algorithm depicted the relative 
abundance of some essential microbes in three different environments 
(Fig. S3). The abundance of fermented-related microorganisms differed 
in the three environments, implying that microorganisms in the FP, FE, 
and BW had distinct aggregation patterns. 

We further examined the correlation of microbial dissimilarity with 
geographical distance to demonstrate the assembly of environmental 

microbiota in different environments. Pearson correlation was 
employed to express correlation strength. As distance increased, the 
dissimilarity between microbial communities increased (bacteria R2 =

0.1882, p < 0.05; fungi R2 = 0.5991, p < 0.0001) (Fig. 5C and D). It was 
worth noting that the microorganisms in ecological environment 50m 
away from the distillery were significantly different from those in the 
environment inside the workshop (Fig. 5C and D). These results illus-
trated the spatial dispersal pattern of microbiota in the sauce-flavor 
Baijiu producing area. Aerosols and direct contact often occurred in 
Baijiu distilleries, increasing the chance of microorganisms spreading 
from one surface to another (Bokulich et al., 2015). Human and insect 
activities also improved the speed of transfer among these surfaces (for 
example, from pit to indoor ground). However, some physical obstacles 
(such as geographical distance and walls), as well as physical and 
chemical conditions (such as humidity, temperature, and precipitation), 
could limit the spread of some microorganisms. This will decrease the 
possibility of ecological environment contamination produced by food 
processing to some extent. 

Distance decay relationship proved that only a few conspecific spe-
cies can be detected in different environments, and most species dis-
appeared in the migration due to environmental pressure (W. Chen, 
Feng, et al., 2022). Dominant fungi in the fermentation process, such as 
Pichia, W. anomalus, Debaryomyces, and T. lanuginosus occurred 
frequently in the three environments. One possible reason was that 
compared with rare species, rich species could occupy a wider niche, 
making use of larger living spaces and resources to survive in more 
diverse environments. 

Fig. 5. Difference among three different environmental microecology. Linear discriminant effect size (LEfSe) analysis of the bacterial (A) and fungal (B) composition 
in distinct environments. Variation of bacterial (C) and fungal community (D) with geographical distance. 
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3.5. Abiotic factors and microbial interactions synergistically led to 
microbial differences in different environments 

We used the relative abundance and occurrence frequency to select 
the core microorganisms in the environment. LEfSe analysis showed that 
the core microorganisms had environmental specificity. Correlation 
analysis and microbial network relationship were used to explain the 
correlation of environmental factors (abiotic factors) and microorgan-
isms (biological factors) with microbial community construction. 

By calculating the Spearman correlation between environmental 
factors and core microorganisms, we found that pH, acidity, and water 
content were significantly related to bacteria and fungi in different en-
vironments (Fig. 6). Environmental factors explained 65.17% of the 
changes in the bacterial community and 58.48% of fungi. It showed that 
the microbial environmental specificity was related to environmental 
factors, included pH, acidity, and water content of the soil. There were 2 
pairs of positive correlation and 11 pairs of negative correlation between 
core bacteria and acidity, 5 pairs of positive correlation and 6 pairs of 
negative correlation between core fungi and acidity, among which A 
jinshanensis, L. acetotolerans, Pichia, and S. cerevisiae was positively 
correlated with acidity, acetic acid, lactic acid, and ethanol, while Ba-
cillus, Brevundimonas, Mucor and Cladosporium were negatively corre-
lated with acidity. It indicated that low pH, high ethanol, high water 
content, high temperature, and other extreme environments in the 
fermentation process and fermentation environment had screening ef-
fects on microorganisms (L. Chen, Feng, et al., 2022; Lin Chen, Feng, 
et al., 2022; Zhao et al., 2022; Zhao et al., 2019), resulting in low mi-
crobial diversity and high content of functional microorganisms related 
to fermentation. 

In order to test the community stability in different environments, 
the molecular ecological network of three environment was analyzed 
(Fig. 7, Dataset S9, Mendeley Data: https://data.mendeley.com/datase 
ts/82g57ypbrf/1). In the network of FP, 129 nodes and 1398 edges 
were obtained. In the network of FE, 61 nodes and 101 edges were ob-
tained. In the network of BW, 76 nodes and 99 edges were obtained. The 
degree of modularity of the three environmental networks showed an 
increasing trend, which was 0.341, 0.657 and 0.798, respectively. Mi-
crobial connectivity increased in the fermentation environment (3.31) 
compared with the ecological environment (2.61). The above results 
indicated that the microbial community structure in the fermentation 
environment was affected by the fermentation process. 

We used βNTI comparative analysis (Fig. 8) to evaluate the influence 
of the deterministic and stochastic processes on the assembly of envi-
ronmental microbiota in different environments. With the increase in 
the distance from the distillery, the microbial community construction 
pattern showed an obvious deterministic-stochastic pattern. Homoge-
neous selection dominated the construction of bacteria (91.67%) and 
fungi (83.34%) in the FP, showing that the fermentation process was 
mainly affected by the deterministic process, which was caused by the 
environmental selection pressure. Both deterministic (27.67%) and 
stochastic processes (72.33%) dominated the construction of bacteria 
and fungi in the FE. Stochastic processes had a greater impact on the 
fermentation environment, and the cause of this stochastic process 
might be microorganisms in the fermentation process. The construction 
of bacteria in the BW was mainly affected by stochastic processes, while 
fungi were also affected by a small part of the variable selection 
(27.76%). Due to the weak change of ecological environment factors, 
the succession of bacteria and fungi was more affected by the random 

Fig. 6. Correlation analysis of microbial communities with environmental factors. RDA analysis between bacteria (A), fungi (B) and environmental factors in 
different environments. Heatmap of the correlation between dominant bacteria (C), fungi (D) and environmental factors. 
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birth, death, and reproduction of microorganisms. 

4. Conclusion 

Taking sauce-flavor Baijiu as an example, we clarified the regional 
microbial characteristics in the Chishui River producing area and the 
domestication effect of the fermentation process on environment. The 
ecological environment of the producing area showed high stability and 
the microbial community structure was not easily changed. Fungi in the 
core producing area contributed more to the Baijiu brewing process. 
Fermented grains and Daqu were the main sources of microbiota for 
indoor ground and tools. Microbiota in the air mainly came from Daqu. 
In addition, we found the distance decay pattern of fermented-related 

microorganisms in the sauce-flavor Baijiu producing region. The 
ecological environment 50m away from the distillery was less domes-
ticated by the fermentation process, which demonstrated that the 
physical barrier, as well as some physical and chemical conditions, could 
reduce the risk of ecological environment pollution caused by Baijiu 
brewing to a certain extent. pH, acidity, and water content were the 
main environmental factors that caused microbial changes in different 
environments. Extreme environments in the fermentation process and 
fermentation environment had screening effects on microbial coloniza-
tion. Abiotic factors and microbial interactions synergistically led to 
microbial differences across environments. This study provided the first 
comprehensive account of the interactions between the fermentation 
process and the environment. Besides, it highlighted the role of 

Fig. 7. Microbial network diagram in different environments. Microbial network in fermentation process (A). Microbial network in fermentation environment (B). 
Microbial network in environment outside brewing workshop (C). The red line represents positive correlation and the blue line represents negative correlation. 
Different colors of OTUs represent distribution in different modules. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 8. Environmental bacteria (A, B) and fungi (C, D) community construction in various environments. The βNTI value is represented by a violin diagram, the wider 
the violin, the more sample points it represents. 
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geographic distance in the biogeographical distribution of microorgan-
isms. These findings expanded our knowledge regarding sauce-flavor 
Baijiu, and provided a theoretical basis for using microbial terroir to 
improve the yield and flavor of regional Baijiu. 
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