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The microbial composition and environmental factors can take a great influence on 
community succession during the solid-state fermentation (SSF) of Maotai-flavor Baijiu. 
In this paper, high-throughput sequencing was used to reveal the dominant microorganisms 
and the evolution process of microbial community structure in the initial fermentation of 
Maotai-flavor Baijiu. The correlation analysis was carried out for the relationship between 
physicochemical factors and fermented microbes. The results showed that microorganisms 
were obviously enriched and the diversity of bacteria and fungi showed a downward trend 
during the heap fermentation process of Maotai-flavor Baijiu. However, the diversity of 
fungi in the pit fermentation process increased. Generally, Lactobacillus, Pichia, and 
Saccharomyces were the dominant microorganisms in the initial fermentation of Maotai-
flavor Baijiu. According to the redundancy analysis, we found that reducing sugar was 
the key driving factor for microbial succession in the heap fermentation, while acidity, 
alcohol, and temperature were the main driving forces in pit fermentation. This study 
revealed the microbial succession and its related environmental factors in the initial 
fermentation of Maotai-flavor Baijiu, which will enrich our knowledge of the mechanism 
of solid-state liquor fermentation.

Keywords: Maotai-flavor Baijiu, high throughput sequencing, microbiol community succession, solid-state 
fermentation, environmental driving forces

INTRODUCTION

Baijiu is produced by the solid-state fermentation (SSF) process which involves complex 
microbiota (Wang et  al., 2018a; Guo et  al., 2019). Complex microbial succession during SSF 
plays an important role in yield and quality of liquor production (Li et  al., 2016a; Liu et  al., 
2017; Zhang et  al., 2020). The multiple environmental factors drive microbial community 
changes at large spatial scales, including pH, temperature, moisture, and salinity (Zheng et  al., 
2014a; Xu et  al., 2018). Understanding the relationship between microbial community and 
environment factors in fermentation process is helpful to provide controllable management strategies.
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Recently, the research of Baijiu technology mainly focused 
on the screening of functional microorganisms, analysis of 
microbial community structure succession, and the correlation 
between volatile profiles and microbial communities (Zou 
et  al., 2018; Jin et  al., 2019; Song et  al., 2019; Wang et  al., 
2020). These studies revealed the changes of microbial succession 
in the process of liquor making, the core functional strains 
for liquor brewing, and their contribution to liquor flavor 
compounds. That is a great significance for the analysis of 
microbial brewing mechanism. However, little is known about 
the relationship between environmental factors and microbial 
structure succession, which makes it difficult to control and 
manage the fermentation process. In addition, the production 
process of liquor is accompanied by special extreme 
environments, such as high temperature, high acidity, and 
high ethanol (Xu et  al., 2017; Wang et  al., 2019a). That 
deepens the difficulties to study the microbial community 
diversity and temporal succession in microbial ecology of 
Maotai-flavor Baijiu fermentation.

Maotai is a world-famous traditional Baijiu with complex 
taste and aroma, which are considered to be strongly influenced 
by the quality of fermentation technology (Xu and Ji, 2012). 
Maotai production is carried out in nine batches over the 
course of a year. Two batches of sorghum are added to the 
liquor brewing process during the first two batches, which 
is called the initial fermentation of Maotai flavor Baijiu. 
Sorghum is gelatinized after absorbing water, and then produced 
various flavor substances and their precursors, which laid a 
foundation for the smooth progress of subsequent liquor-
making process. However, the core microorganisms and the 
environmental driving factors of community succession are 
not clear.

In this paper, the microbial composition during the initial 
fermentation of Maotai-flavor Baijiu was analyzed by high-
throughput sequencing technology. The correlation between 
the microbial composition and the changes of physicochemical 
indexes was analyzed using redundancy analysis. This work 
aimed to explore the environmental driving force of 
microbial succession.

MATERIALS AND METHODS

Sample Collection
All samples were collected in a well-known sauce-flavor Baijiu 
distillery (Guizhou Province, China). The fermentation process 
was carried out in two distinct phases: heap fermentation and 
pit fermentation. Heap fermentation samples were collected 
on days 0, 1, 2, and 3, marked as D0, D1, D2, and D3, 
respectively (Supplementary Figure S1). For pit fermentation, 
samples were collected at 5-day intervals until the end of 
fermentation and marked as F0, F5, F10, F15, and F30 
(Supplementary Figure S1, point C and D for heap fermentation 
samples, point A and B for pit fermentation samples). Samples 
were taken from two layers for replicate samples, and different 
points in the same layer were mixed to form one sample to 
reduce the heterogeneity of samples before extraction and 

analysis (Song et  al., 2017). Hence, we  totally collected eight 
samples of heap fermented grains and 10 samples of pit 
fermented grains.

Fermentation Parameters Detection and 
Analysis
To understand the fermentation processes, seven fermentation 
parameters, including temperature, moisture, acidity, reducing 
sugar, alcohol, acetic acid, and lactic acid were detected. The 
temperatures of the sampling locations were measured and 
recorded by electron probe thermometer before sample collection. 
Moisture of fermented grains was determined by a gravimetric 
method by drying samples to a constant weight at 125°C. The 
acidity was measured based on the methods described by others 
(Tan et  al., 2019). Alcohol, reducing sugar, and organic acids 
were analyzed via high-performance liquid chromatography 
(HPLC; Waters 2,695, Milford, United  States) equipped with 
refractive index detector (RID, 2414) and photodiode array 
detector (PDA, 2998), based on the method described elsewhere 
(Zheng et  al., 2014b; Wang et  al., 2017; Jiang et  al., 2019).

DNA Extraction, Amplicon Sequencing, 
and Analysis
Sample pretreatment and DNA extraction were using a previously 
reported method (Du et  al., 2019). Bacterial V3-V4 and the 
fungal ITS1 of the rRNA were amplified using forward primers 
(5'-GTACTCCTACGGGAGGCAGCA-3', 5'-CTTGGT CATTT 
AGAGGAAGTAA-3') and the reverse primer (5'-GT GGACTA 
CHVGGGTWTCTAAT-3', 5'-TGCGTTCTTCATCGATGC-3'), 
respectively (Soergel et  al., 2012; Hertz et  al., 2016). The 
barcoded PCR products were sequenced on a MiSeq benchtop 
sequencer for 250-bp paired-end sequencing (2  ×  250  bp; 
Illumina, San Diego, CA, United  States) at Beijing Auwigene 
Tech. Ltd (Beijing, China). All the raw sequences generated 
were processed via QIIME v.1.9.1 (Caporaso et  al., 2010) and 
R (v.2.3–5). The representative bacterial OTU sequences were 
annotated using the Silva 132_16 S rRNA database with a 
QIIME-based wrapper of RDP-classifier (v.2.2). The representative 
fungal OTU sequences were compared using BLAST search 
against the UNITE fungal ITS database.1 All sequences generated 
were submitted to the NCBI database under accession number: 
PRJNA702253.

Statistical Analysis
The dynamics of fermentation parameters and microbial diversity 
were fitted via Excel2019 (Microsoft Corporation, United States). 
To analyze the community driving factors, distance-based 
redundancy analysis (db-RDA) was conducted via Canoco 
software. The Mantel test was conducted in R (version 3.2.4) 
via the vegan package (version 2.3–4). All possible Spearman’s 
rank correlations among the genera and fermentation parameters 
using R (v.2.3–5) and the significant correlations (FDR  <  0.05) 
were retained. The network was created by Gephi (v 0.9.2) to 

1 https://unite.ut.ee/
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sort through and visualize the correlations between microbiota 
and fermentation parameters (Kauffman et  al., 2014).

RESULTS

Dynamic Changes of Fermentation 
Parameters During Initial Fermentation of 
Maotai-Flavor Baijiu
The seven fermentation parameters, including temperature, 
moisture, acidity, reducing sugar, alcohol, acetic acid, and lactic 
acid were detected and analyzed during Baijiu fermentation 
(Figure 1). In the stage of heap fermentation, alcohol increased 
to 0.58  ±  0.12% at the 3rd day. Reducing sugar increased 
significantly from day 0 to 3, with an average range from 
0.64 ± 0.16% to 1.06 ± 0.01%, while the temperature increased 
from 21.2  ±  1.0°C to 36.2  ±  1.8°C. The acidity, lactic acid, 
acetic acid, and moisture also showed an upward trend. In 
the pit fermentation, reducing sugar and temperature decreased 
from 1.11 ± 0.04%, 35.4 ± 2.0°C to 0.20 ± 0.03%, 28.9 ± 3.1°C, 
respectively. The values of alcohol, acidity, lactic acid, and acetic 
acid increased significantly, from 0.64  ±  0.03%, 0.80  ±  0.01%, 
0.45 ± 0.01%, and 0.16 ± 0.004% to 1.44 ± 0.01%, 3.42 ± 0.01%, 
1.09  ±  0.07%, and 0.21  ±  0.01%, respectively.

Microbial Community Composition and 
Diversity During Initial Fermentation of 
Maotai-Flavor Baijiu
The high-throughput sequencing was applied to reveal the 
microbial community structure of samples. After quality 
control, 553,936 high quality reads from V3 to V4 region 
of 16S rRNA gene sequences, and 487,046 high quality reads 
from ITS region were obtained from 18 samples. For bacteria, 
there was an average of 30,774 reads per sample, with a 
range from 20,066 to 69,274 reads. For fungi, there was an 

average of 27,058 reads per sample, with a range from 20,036 
to 53,039 reads. Bacterial and fungal OTUs were clustered 
at a 97% similarity level of sequences. Measures of α-diversity 
revealed the different trends between bacterial and fungal at 
different fermentation stages (Figure  2). The diversity of 
bacterial community increased in the early stage of heap 
fermentation, and decreased continuously from the late stage 
of heap fermentation to the early stage of pit fermentation. 
And then it was increased slightly and kept stable in the 
late stage of pit fermentation. However, the diversity of fungal 
community decreased in the early stage of heap fermentation 
and increased continuously from the late stage of heap 
fermentation to the early stage of pit fermentation. And then 
it was decreased slightly and kept stable in the process of 
pit fermentation.

A total of 210 genera of bacteria and 75 genera of fungi 
were detected in fermented grains of Maotai-flavor Baijiu. The 
genera with an average relative abundance over 0.1% across 
all the samples were selected. In particular, Lactobacillus (59.6%), 
Virgibacillus (8.2%), unidentified (7.4%), Kroppenstedtia (6.8%), 
Bacillus (5.7%), Oceanobacillus (5.4%), and Pediococcus (3.1%) 
were the dominant genera. In the process of heap fermentation, 
the relative abundance of Lactobacillus, Kroppenstedtia, and 
Pediococcus increased gradually, while Virgibacillus, Bacillus, 
and Oceanobacillus decreased. And in pit fermentation, 
Lactobacillus increased continuously and became the absolute 
dominant bacteria (Figure  3A).

The main fungal genera (with an average abundance above 
1%) in fermented system were Pichia (71.1%), Saccharomyces 
(18.2%), unidentified (4.2%), Aspergillus (1.6%), Thermoascus 
(1.3%), and Monascus (1.2%). In heap fermentation, the 
proportion of Pichia was increasing and became the dominant 
bacterial genus (Figure  3B), while the other major fungal 
genera continues to decrease. In pit fermentation, although 
the abundance of Pichia has decreased, it was still the major 
fungal genus with the highest proportion. In addition, 

A B

FIGURE 1 | Changes of physicochemical parameters in fermented grains during fermentation. (A) The trend of reducing sugar, alcohol, acetic acid, and lactic acid. 
(B) The trend of moisture, temperature, and acidity.
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the  abundance of Saccharomyces has been increasing and also 
becoming one of the main fungal microorganisms.

Driving Factors of Heap Fermentation and 
Pit Fermentation Process
The physicochemical parameters in fermentation can affect the 
growth and metabolism of microorganisms. It is helpful to 
understand the mechanism of fermentation process by analyzing 
the correlation between microorganisms and environmental 
factors. To clarify the main drivers in different fermentation 
process, distance-based redundancy analysis (db-RDA) and 
correlation network between microbiota and driving factors 
were performed as shown in Figure  4A. Results of db-RDA 
analyses showed that the explanatory rate of physicochemical 
indices of samples on the distribution of microbial communities 
was 72.4%. That indicated that physicochemical indices had 
an important impact on microbial succession change. Besides, 
reducing sugar, temperature, alcohol,  and acidity had strong 

correlation with microbial community. Among them reducing 
sugar in heap fermentation was positively correlated with 
microbial community. Reducing sugar had higher content in 
this stage. Adequate sugar supply is benefited for microbial 
growth and metabolism (Chen et  al., 2014). Sugar content 
was the main driving factor for microbial succession in this 
stage. Ethanol, acidity, temperature, and other indicators were 
positively correlated with the microbial community during 
pit  fermentation process. In the pit fermentation period, 
microorganisms metabolize to produce alcohol and lactic acid 
(Yi et  al., 2019). Ethanol, acidity, and temperature were the 
main driving factors for microbial succession in the process 
of pit fermentation.

To clarify the relationships among specific genera and driving 
forces, we  analyzed their correlation via Spearman coefficient 
(p  <  0.05; Figure  4B). From a network perspective, Figure  4B 
shows that the genera Virgibacillus, Kroppenstedtia, and 
Pediococcus were positively correlated with sugar content. The 
result indicated that there was a certain correlation between 

A B

FIGURE 2 | Diversity of microbiol community in fermented grains during fermentation. (A) Diversity of bacterial community in fermented grains during fermentation. 
(B) Diversity of fungal community in fermented grains during fermentation.

A B

FIGURE 3 | Relative abundance of microbiol community in fermenting grains sampled from different fermentation stages. (A) Average bacterial distribution at the 
genus-level of microbiota. (B) Average fungal distribution at the genus-level of microbiota.
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sugar content and the dominant bacteria in the process of 
heap fermentation. Ethanol, acidity, lactic acid, and temperature 
were positively correlated with Lactobacillus and Saccharomyces. 
This indicated that the above physicochemical parameters had 
an important impact on the dominant microorganism succession 
in pit fermentation. We also found that acetic acid was negatively 
correlated with Virgibacillus and Bacillus, and water was negatively 
correlated with Virgibacillus, Bacillus, Oceanobacillus, 
Staphylococcus, and Kocuria.

DISCUSSION

Baijiu fermentation is an open SSF process, in which 
microorganisms are derived from the environment, and the 
environmental factors affect the succession of microbial 
community structure (Guan et  al., 2020; Wang et  al., 2020). 
However, there are few studies on the interactions of microbial 
and environmental factors in Maotai-flavor Baijiu fermentation 
process; the lack of knowledge makes it difficult to control 
the fermentation process. Therefore, it is important to determine 
the mechanisms underlying the assembly and succession of 
the heap fermentation and pit fermentation microbial community.

The traditional Maotai-flavor Baijiu fermentation is 
processed by typical two-stage fermentation, including heap 
fermentation and pit fermentation. Heap fermentation is a 
special brewing process of Maotai-flavor Baijiu, which is 
different from other distilled liquors in the world 
(Tsakiris et  al., 2014; Wiśniewska et  al., 2017). Due to the 

growth and metabolism of microorganisms, the temperature 
of fermented grains in the process of heap fermentation can 
reach above 50°C. Heap fermentation enriches and selects 
appropriate microorganisms for liquor fermentation. And 
these selected microbiota produce various flavors and flavor 
precursors, which are the key to the Maotai flavor (Wang 
et  al., 2018b; Dai et  al., 2020). In this study, the microbial 
succession in the heap fermentation was investigated, and 
the results showed that the main genera were Virgibacillus, 
Kroppenstedtia, Bacillus, Lactobacillus, Pichia, Saccharomyces, 
and Thermoascus (Figure  3). The dominant microorganisms 
in heap fermentation process are heat-resistant species, which 
is consistent with the previous research results (Wu and Xu, 2012).

During the heap fermentation process, the diversity of 
bacteria and fungi showed the opposite trend. In the beginning 
of heap fermentation, the stater of Baijiu fermentation, which 
was called daqu, was added to the fermented grains. Bacteria 
were the dominant microorganisms in daqu (Gan et al., 2019), 
which led to the growth of bacteria community in the early 
stage of heap fermentation. However, in the late stage of heap 
fermentation, the amount of fungal community increased (Wu 
et  al., 2012), and the diversity of fungi showed an increasing 
trend. It is noteworthy that the reducing sugar content kept 
stable in the late stage of heap fermentation; however, the 
reducing sugar in heap fermentation was positively correlated 
with microbial community. Baijiu production process is solid 
state fermentation, saccharification and fermentation were carried 
out simultaneously. Therefore, the content of reducing sugar 
in fermented grains is a dynamic parameter, and the content 

A B

FIGURE 4 | Correlations between fermentation parameters and community composition during heap fermentation and pit fermentation stages. (A) Distance-
based-redundancy analysis (RDA)-forwsel analysis of microbial community composition and physicochemical characteristics. The last capital letter D and F 
represents heap fermentation and pit fermentation, respectively. The numbers after the letters represent the fermentation days of 0, 1, 2, 3, 5, 10, 15, and 30. The 
significance of variables was assessed with the permutation test (n = 1,000). (B) Co-occurrence network of physicochemical properties and microbes based on the 
spearman correlation. Red, green, and blue circles represent bacteria, fungi, and physicochemical properties, respectively. Red gray and green gray represent 
positive and negative interactions, respectively.
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of reducing sugar remains stable in the process of heap 
fermentation, indicating that the production and consumption 
of reducing sugar reach a balance. Microorganisms decomposed 
the fermented grains to produce reducing sugars, so the reducing 
sugars could be  used as nutrients for their growth and 
metabolization. Our results show that the heap fermentation 
enriched the necessary microflora for the production of Maotai-
flavor Baijiu.

The pit fermentation is the main stage of alcohol accumulation 
in Maotai-flavor liquor production. During the pit fermentation 
process, Lactobacillus became the dominant bacteria. Meanwhile, 
the abundance of Saccharomyces increased significantly, and 
together with Pichia it has become the dominant fungi in the 
fermentation system. Compared with previous studies (Song 
et  al., 2017), we  found that the content of ethanol and lactic 
acid increased significantly during the pit fermentation process, 
while the temperature gradually decreased in the later stage 
of pit fermentation (Figure 1). It implied the flourishing growth 
of the microbial community with specific functional metabolites 
produced (Li et al., 2016b; Kong et al., 2017). With the content 
of ethanol and lactic acid increased, the extreme environmental 
factors inhibited the growth of most bacteria, and consequently, 
the diversity of bacteria decreased. However, some fungi (such 
as Saccharomyces and Saccharomycopsis) still maintained a good 
growth trend, which led to the increasing of fungal diversity 
in the early stage of pit fermentation process. At the end of 
pit fermentation, the fermented grains were got out from the 
pit for the spirit distillation, which led to the anaerobic 
fermentation environment is interrupted. Part of the alcohol 
and lactate could be  converted into esters and other flavor 
substances in the late stage of pit fermentation (Jia et  al., 
2020), so it showed a decreasing trend of the alcohol and 
lactate content. These results showed that the key functional 
fermentation microorganisms could be  enriched in pit 
fermentation process, which provided the basis for the continuous 
fermentation of Maotai-flavor Baijiu.

With the successive changes of microbial communities in 
the Maotai-flavor Baijiu fermentation process, Lactobacillus, 
Saccharomyces, and Pichia became the dominant microorganisms 
in the fermentation system (Figure  3). These microorganisms 
are common to different flavor liquor brewing processes. 
However, they show different succession trends in different 
brewing systems due to differences in raw materials, environment, 
and process operation (Tan et  al., 2019; Wang et  al., 2019b; 
Pang et  al., 2020). Lactobacillus can regulate the acidity of 
fermented grains by lactic acid metabolism and inhibit the 
growth of contaminating bacteria (Du et al., 2020). Lactobacillus, 
as the core functional microorganism for the increasing acidity, 
has ability to produce lactic acid, ethanol, and acetic acid by 
heterolactic fermentation (Song et  al., 2017). Saccharomyces 
has acid resistance and mainly metabolizes ethanol during 
fermentation in pits (Lu et  al., 2015; Meng et  al., 2015). It 
plays an important role in diversity of tastes and flavors with 
established qualities (Abe et  al., 2019). Pichia was considered 
as non-alcoholic yeast during the liquor making process, mainly 
used to produce volatile compounds in liquor (Mónaco et al., 2016; 
Hu et al., 2018). The previous research found that Pichia could 

degrade lactic acid and upregulate the microbial metabolic 
activity of ethanol in S. cerevisiae under lactic acid stress 
(Mónaco et al., 2014; Yamamoto et al., 2019; Deng et al., 2020). 
It indicated that Pichia could be an important acidity-regulating 
microorganism for the production of liquor-making. Accordingly, 
the process of heap and pit fermentation significantly contributed 
to the enrichment of microorganisms, thus, forming the unique 
flavor of Maotai-flavor Baijiu. The brewing process of Maotai-
flavor Baijiu is a complex microecological fermentation system, 
and the dynamic changes of microbial succession in this process 
need to be  further studied.

In conclusion, we  unveiled the microbial diversity and 
composition during the initial fermentation of Maotai-flavor 
Baijiu by high-throughput sequencing technologies. Both heap 
fermentation and pit fermentation play an important role in 
the screening and enrichment of microbial community for 
Maotai-flavor Baijiu production. In addition, reducing sugar 
was the key driving factor for microbial succession in the heap 
fermentation, while acidity, alcohol, and temperature were the 
main driving forces in pit fermentation. According to the best 
of our knowledge, this is the first report to analyze the dynamic 
changes of microorganism in the initial fermentation of Maotai-flavor 
Baijiu. Exploring the microbial succession and its relative 
environmental factors could provide valuable information for 
understanding the complete ecology of Maotai-flavor Baijiu 
fermentation systems.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be  found in the article/Supplementary Material.

AUTHOR CONTRIBUTIONS

FH and YT are responsible for sample collection, gene extraction, 
and data analysis. XL and LC are responsible for sample 
collection and gene extraction. FY, HW, and HD are responsible 
for the design of specific ideas and technical guidance of this 
study. LW and YX are responsible for the overall design, 
organization, and implementation of this study. All authors 
contributed to the article and approved the submitted version.

ACKNOWLEDGMENTS

We would like to thank Zhang Hongxia and Wei Junlin for 
the samples for statistical methods and sample collection.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be  found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.669201/
full#supplementary-material

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2021.669201/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.669201/full#supplementary-material


Hao et al. Microbial Succession and Driving Factors

Frontiers in Microbiology | www.frontiersin.org 7 May 2021 | Volume 12 | Article 669201

 

REFERENCES

Abe, T., Toyokawa, Y., Sugimoto, Y., Azuma, H., Tsukahara, K., Nasuno, R., 
et al. (2019). Characterization of a new Saccharomyces cerevisiae isolated 
from hibiscus flower and its mutant with L-leucine accumulation for awamori 
brewing. Front. Genet. 10:490. doi: 10.3389/fgene.2019.00490

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., 
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput 
community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/
nmeth.f.303

Chen, B., Wu, Q., and Xu, Y. (2014). Filamentous fungal diversity and community 
structure associated with the solid state fermentation of Chinese Maotai-
flavor liquor. Int. J. Food Microbiol. 179, 80–84. doi: 10.1016/j.ijfoodmicro. 
2014.03.011

Dai, Y., Tian, Z., Meng, W., and Li, Z. (2020). Microbial diversity and 
physicochemical characteristics of the Maotai-flavored liquor fermentation 
process. J. Nanosci. Nanotechnol. 20, 4097–4109. doi: 10.1166/jnn.2020.17522

Deng, N., Du, H., and Xu, Y. (2020). Cooperative response of Pichia kudriavzevii 
and Saccharomyces cerevisiae to lactic acid stress in Baijiu fermentation. 
J. Agric. Food Chem. 68, 4903–4911. doi: 10.1021/acs.jafc.9b08052

Du, H., Wang, X., Zhang, Y., and Xu, Y. (2019). Exploring the impacts of raw 
materials and environments on the microbiota in Chinese Daqu starter. 
Int. J. Food Microbiol. 297, 32–40. doi: 10.1016/j.ijfoodmicro.2019.02.020

Du, R., Wu, Q., and Xu, Y. (2020). Chinese liquor fermentation: identification 
of key flavor-producing Lactobacillus spp. by quantitative profiling with 
indigenous internal standards. Appl. Environ. Microbiol. 86:e00456–20. doi: 
10.1128/AEM.00456-20

Gan, S. H., Yang, F., Sahu, S. K., Luo, R. Y., Liao, S. L., Wang, H. Y., et al. 
(2019). Deciphering the composition and functional profile of the microbial 
communities in Chinese Moutai liquor starters. Front. Microbiol. 10:1540. 
doi: 10.3389/fmicb.2019.01540

Guan, T., Lin, Y., Chen, K., Ou, M., and Zhang, J. (2020). Physicochemical 
factors affecting microbiota dynamics during traditional solid-state fermentation 
of Chinese strong-flavor Baijiu. Front. Microbiol. 11:2090. doi: 10.3389/
fmicb.2020.02090

Guo, M. Y., Hou, C. J., Bian, M. H., Shen, C. H., Zhang, S. Y., Huo, D. Q., 
et al. (2019). Characterization of microbial community profiles associated 
with quality of Chinese strong-aromatic liquor through metagenomics. 
J. Appl. Microbiol. 127, 750–762. doi: 10.1111/jam.14279

Hertz, M., Jensen, I. R., Jensen, L. Ø., Thomsen, S. N., Winde, J., Dueholm, M. S., 
et al. (2016). The fungal community changes over time in developing 
wheat heads. Int. J. Food Microbiol. 222, 30–39. doi: 10.1016/j.ijfoodmicro. 
2016.01.018

Hu, L., Wang, J., Ji, X., Liu, R., Chen, F., and Zhang, X. (2018). Selection of 
non- Saccharomyces yeasts for orange wine fermentation based on their 
enological traits and volatile compounds formation. J. Food Sci. Technol. 
55, 4001–4012. doi: 10.1007/s13197-018-3325-5

Jia, W., Fan, Z., Du, A., Li, Y., and Chu, X. (2020). Recent advances in Baijiu 
analysis by chromatography based technology—a review. Food Chem. 
324:126899. doi: 10.1016/j.foodchem.2020.126899

Jiang, J., Liu, Y., Li, H., Yang, Q., Wu, Q., Chen, S., et al. (2019). Modeling 
and regulation of higher alcohol production through the combined effects 
of the C/N ratio and microbial interaction. J. Agric. Food Chem. 67, 
10694–10701. doi: 10.1021/acs.jafc.9b04545

Jin, Y., Li, D., Ai, M., Tang, Q., Huang, J., Ding, X., et al. (2019). Correlation 
between volatile profiles and microbial communities: a metabonomic approach 
to study Jiang-flavor liquor Daqu. Food Res. Int. 121, 422–432. doi: 10.1016/j.
foodres.2019.03.021

Kauffman, J., Kittas, A., Bennett, L., and Tsoka, S. (2014). DyCoNet: a Gephi 
plugin for community detection in dynamic complex networks. PLoS One 
9:e101357. doi: 10.1371/journal.pone.0101357

Kong, Y., Wu, Q., and Xu, Y. (2017). Comparative studies on the fermentation 
performance of autochthonous Saccharomyces cerevisiae strains in Chinese 
light-fragrant liquor during solid-state or submerged fermentation. J. Appl. 
Microbiol. 122, 964–973. doi: 10.1111/jam.13377

Li, P., Lin, W., Liu, X., Wang, X., and Luo, L. (2016a). Environmental factors 
affecting microbiota dynamics during traditional solid-state fermentation of 
Chinese Daqu starter. Front. Microbiol. 7:1237. doi: 10.3389/fmicb.2016.01237

Li, X., Xu, W., Yang, J., Zhao, H., Pan, C., Ding, X., et al. (2016b). Effects of 
applying lactic acid bacteria to the fermentation on a mixture of corn steep 
liquor and air-dried rice straw. Anim Nutr. 2, 229–233. doi: 10.1016/j.
aninu.2016.04.003

Liu, J., Wu, Q., Wang, P., Lin, J., Huang, H., and Xu, Y. (2017). Synergistic 
effect in core microbiota associated with sulfur metabolism in spontaneous 
Chinese liquor fermentation. Appl. Environ. Microbiol. 83:e01475–17. doi: 
10.1128/AEM.01475-17

Lu, X., Wu, Q., Zhang, Y., and Xu, Y. (2015). Genomic and transcriptomic 
analyses of the Chinese Maotai-flavored liquor yeast MT1 revealed its unique 
multi-carbon co-utilization. BMC Genomics 16:1064. doi: 10.1186/s12864- 
015-2263-0

Meng, X., Wu, Q., Wang, L., Wang, D., Chen, L., and Xu, Y. (2015). Improving 
flavor metabolism of Saccharomyces cerevisiae by mixed culture with Bacillus 
licheniformis for Chinese Maotai-flavor liquor making. J. Ind. Microbiol. 
Biotechnol. 42, 1601–1608. doi: 10.1007/s10295-015-1647-0

Mónaco, S. M. D., Barda, N. B., Rubio, N. C., and Caballero, A. C. (2014). 
Selection and characterization of a patagonian Pichia kudriavzevii for 
wine deacidification. J. Appl. Microbiol. 117, 451–464. doi: 10.1111/
jam.12547

Mónaco, S. M. D., Rodríguez, M. E., and Lopes, C. A. (2016). Pichia kudriavzevii 
as a representative yeast of north Patagonian winemaking terroir. Int. J. 
Food Microbiol. 230, 31–39. doi: 10.1016/j.ijfoodmicro.2016.04.017

Pang, X. N., Huang, X. N., Chen, J. Y., Yu, H. X., Wang, X. Y., and Han, B. Z. 
(2020). Exploring the diversity and role of microbiota during material 
pretreatment of light-flavor Baijiu. Food Microbiol. 91:103514. doi: 10.1016/j.
fm.2020.103514

Soergel, D. A. W., Dey, N., Knight, R., and Brenner, S. E. (2012). Selection 
of primers for optimal taxonomic classification of environmental 16S rRNA 
gene sequences. ISME J. 6:1440. doi: 10.1038/ismej.2011.208

Song, Z., Du, H., Zhang, M., Nie, Y., and Xu, Y. (2019). Schizosaccharomyces 
pombe can reduce acetic acid produced by Baijiu spontaneous fermentation 
microbiota. Microorganisms 7:606. doi: 10.3390/microorganisms7120606

Song, Z., Du, H., Zhang, Y., and Xu, Y. (2017). Unraveling core functional 
microbiota in traditional solid-state fermentation by high-throughput amplicons 
and metatranscriptomics sequencing. Front. Microbiol. 8:1294. doi: 10.3389/
fmicb.2017.01294

Tan, Y., Zhong, H., Zhao, D., Du, H., and Xu, Y. (2019). Succession rate of 
microbial community causes flavor difference in strong-aroma Baijiu making 
process. Int. J. Food Microbiol. 311:108350. doi: 10.1016/j.ijfoodmicro. 
2019.108350

Tsakiris, A., Kallithraka, S., and Kourkoutas, Y. (2014). Grape brandy production, 
composition and sensory evaluation. J. Sci. Food Agric. 94, 404–414. doi: 
10.1002/jsfa.6377

Wang, X., Du, H., and Xu, Y. (2017). Source tracking of prokaryotic communities 
in fermented grain of Chinese strong-flavor liquor. Int. J. Food Microbiol. 
244, 27–35. doi: 10.1016/j.ijfoodmicro.2016.12.018

Wang, X., Du, H., Zhang, Y., and Xu, Y. (2018a). Environmental microbiota 
drives microbial succession and metabolic profiles during Chinese liquor 
fermentation. Appl. Environ. Microbiol. 84, e02369–e02417. doi: 10.1128/
AEM.02369-17

Wang, W., Liu, R., Shen, Y., and Lian, B. (2018b). The potential correlation 
between bacterial sporulation and the characteristic flavor of Chinese Maotai 
liquor. Front. Microbiol. 9:1435. doi: 10.3389/fmicb.2018.01435

Wang, S., Wu, Q., Nie, Y., Wu, J., and Xu, Y. (2019a). Construction of synthetic 
microbiota for reproducible flavor compound metabolism in Chinese light-
aroma-type liquor produced by solid-state fermentation. Appl. Environ. 
Microbiol. 85, e03090–e03118. doi: 10.1128/AEM.03090-18

Wang, M. Y., Yang, J. G., Zhao, Q. S., Zhang, K. Z., and Su, C. (2019b). 
Research progress on flavor compounds and microorganisms of Maotai flavor 
Baijiu. J. Food Sci. 84, 6–18. doi: 10.1111/1750-3841.14409

Wang, X. J., Zhu, H. M., Ren, Z. Q., Huang, Z. G., Wei, C. H., and Deng, J. 
(2020). Characterization of microbial diversity and community structure in 
fermentation pit mud of different ages for production of strong-aroma Baijiu. 
Pol. J. Microbiol. 69, 1–14. doi: 10.33073/pjm-2020-018

Wiśniewska, P., Boqué, R., Borràs, E., Busto, O., Wardencki, W., Namieśnik, J., 
et al. (2017). Authentication of whisky due to its botanical origin and way 
of production by instrumental analysis and multivariate classification methods. 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.3389/fgene.2019.00490
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1016/j.ijfoodmicro.2014.03.011
https://doi.org/10.1016/j.ijfoodmicro.2014.03.011
https://doi.org/10.1166/jnn.2020.17522
https://doi.org/10.1021/acs.jafc.9b08052
https://doi.org/10.1016/j.ijfoodmicro.2019.02.020
https://doi.org/10.1128/AEM.00456-20
https://doi.org/10.3389/fmicb.2019.01540
https://doi.org/10.3389/fmicb.2020.02090
https://doi.org/10.3389/fmicb.2020.02090
https://doi.org/10.1111/jam.14279
https://doi.org/10.1016/j.ijfoodmicro.2016.01.018
https://doi.org/10.1016/j.ijfoodmicro.2016.01.018
https://doi.org/10.1007/s13197-018-3325-5
https://doi.org/10.1016/j.foodchem.2020.126899
https://doi.org/10.1021/acs.jafc.9b04545
https://doi.org/10.1016/j.foodres.2019.03.021
https://doi.org/10.1016/j.foodres.2019.03.021
https://doi.org/10.1371/journal.pone.0101357
https://doi.org/10.1111/jam.13377
https://doi.org/10.3389/fmicb.2016.01237
https://doi.org/10.1016/j.aninu.2016.04.003
https://doi.org/10.1016/j.aninu.2016.04.003
https://doi.org/10.1128/AEM.01475-17
https://doi.org/10.1186/s12864-015-2263-0
https://doi.org/10.1186/s12864-015-2263-0
https://doi.org/10.1007/s10295-015-1647-0
https://doi.org/10.1111/jam.12547
https://doi.org/10.1111/jam.12547
https://doi.org/10.1016/j.ijfoodmicro.2016.04.017
https://doi.org/10.1016/j.fm.2020.103514
https://doi.org/10.1016/j.fm.2020.103514
https://doi.org/10.1038/ismej.2011.208
https://doi.org/10.3390/microorganisms7120606
https://doi.org/10.3389/fmicb.2017.01294
https://doi.org/10.3389/fmicb.2017.01294
https://doi.org/10.1016/j.ijfoodmicro.2019.108350
https://doi.org/10.1016/j.ijfoodmicro.2019.108350
https://doi.org/10.1002/jsfa.6377
https://doi.org/10.1016/j.ijfoodmicro.2016.12.018
https://doi.org/10.1128/AEM.02369-17
https://doi.org/10.1128/AEM.02369-17
https://doi.org/10.3389/fmicb.2018.01435
https://doi.org/10.1128/AEM.03090-18
https://doi.org/10.1111/1750-3841.14409
https://doi.org/10.33073/pjm-2020-018


Hao et al. Microbial Succession and Driving Factors

Frontiers in Microbiology | www.frontiersin.org 8 May 2021 | Volume 12 | Article 669201

Spectrochim. Acta A Mol. Biomol. Spectrosc. 173, 849–853. doi: 10.1016/j.
saa.2016.10.042

Wu, Q., Chen, L., and Xu, Y. (2012). Yeast community associated with the 
solid state fermentation of traditional Chinese Maotai-flavor liquor. Int. J. 
Food Microbiol. 166, 323–330. doi: 10.1016/j.ijfoodmicro.2008.09.019

Wu, Q., and Xu, Y. (2012). Transcriptome profiling of heat-resistant strain 
Bacillus licheniformis CGMCC3962 producing Maotai flavor. J. Agric. Food 
Chem. 60, 2033–2038. doi: 10.1021/jf204270h

Xu, Y., and Ji, K. (2012). “Moutai (Maotai): production and sensory properties,” 
in The Alcoholic Beverages: Sensory Evaluation and Consumer Research. 
ed. J. Piggott (Sawston: Woodhead Publishing), 315–330.

Xu, S., Zhang, J., Luo, S., Zhou, X., Shi, S., and Tian, C. (2018). Similar soil 
microbial community structure across different environments after long-term 
succession: evidence from volcanoes of different ages. J. Basic Microbiol. 
58, 704–711. doi: 10.1002/jobm.201800016

Xu, Y., Zhi, Y., Wu, Q., Du, R., and Xu, Y. (2017). Zygosaccharomyces bailii is 
a potential producer of various flavor compounds in Chinese Maotai-flavor 
liquor fermentation. Front. Microbiol. 8:2609. doi: 10.3389/fmicb.2017.02609

Yamamoto, M., Horie, M., Fukushima, M., and Toyotome, T. (2019). Culture-
based analysis of fungi in leaves after the primary and secondary 
fermentation processes during Ishizuchi-kurocha production and lactate 
assimilation of P. kudriavzevii. Int. J. Food Microbiol. 306:108263. doi: 
10.1016/j.ijfoodmicro.2019.108263

Yi, Z., Jin, Y., Xiao, Y., Chen, L., Tan, L., Du, A., et al. (2019). Unraveling 
the contribution of high temperature stage to Jiang-flavor Daqu, a liquor 
starter for production of Chinese Jiang-flavor Baijiu, with special reference 
to metatranscriptomics. Front. Microbiol. 10:472. doi: 10.3389/fmicb.2019.00472

Zhang, H., Meng, Y., Wang, Y., Zhou, Q., Li, A., Liu, G., et al. (2020). Prokaryotic 
communities in multidimensional bottom-pit-mud from old and young pits 

used for the production of Chinese strong-flavor Baijiu. Food Chem. 312:126084. 
doi: 10.1016/j.foodchem.2019.126084

Zheng, J., Wu, C., Huang, J., Zhou, R., and Liao, X. (2014a). Spatial distribution 
of bacterial communities and related biochemical properties in Luzhou-flavor 
liquor-fermented grains. J. Food Sci. 79, M2491–M2498. doi: 10.1111/1750- 
3841.12697

Zheng, X. W., Yan, Z., Nout, M. J. R., Smid, E. J., Zwietering, M. H., Boekhout, T., 
et al. (2014b). Microbiota dynamics related to environmental conditions 
during the fermentative production of fen-Daqu, a Chinese industrial 
fermentation starter. Int. J. Food Microbiol. 182-183, 57–62. doi: 10.1016/j.
ijfoodmicro.2014.05.008

Zou, W., Ye, G., and Zhang, K. (2018). Diversity, function, and application of 
Clostridium in Chinese strong flavor Baijiu ecosystem: a review. J. Food Sci. 
83, 1193–1199. doi: 10.1111/1750-3841.14134

Conflict of Interest: LW was employed by Kweichow Moutai Group. FH, XL, 
LC, FY, and HW were all employed by Kweichow Moutai Distillery Co., Ltd.

The remaining authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed as a potential 
conflict of interest.

Copyright © 2021 Hao, Tan, Lv, Chen, Yang, Wang, Du, Wang and Xu. This is 
an open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and that 
the original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.saa.2016.10.042
https://doi.org/10.1016/j.saa.2016.10.042
https://doi.org/10.1016/j.ijfoodmicro.2008.09.019
https://doi.org/10.1021/jf204270h
https://doi.org/10.1002/jobm.201800016
https://doi.org/10.3389/fmicb.2017.02609
https://doi.org/10.1016/j.ijfoodmicro.2019.108263
https://doi.org/10.3389/fmicb.2019.00472
https://doi.org/10.1016/j.foodchem.2019.126084
https://doi.org/10.1111/1750-3841.12697
https://doi.org/10.1111/1750-3841.12697
https://doi.org/10.1016/j.ijfoodmicro.2014.05.008
https://doi.org/10.1016/j.ijfoodmicro.2014.05.008
https://doi.org/10.1111/1750-3841.14134
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Microbial Community Succession and Its Environment Driving Factors During Initial Fermentation of Maotai-Flavor Baijiu
	Introduction
	Materials and Methods
	Sample Collection
	Fermentation Parameters Detection and Analysis
	DNA Extraction, Amplicon Sequencing, and Analysis
	Statistical Analysis

	Results
	Dynamic Changes of Fermentation Parameters During Initial Fermentation of Maotai-Flavor Baijiu
	Microbial Community Composition and Diversity During Initial Fermentation of Maotai-Flavor Baijiu
	Driving Factors of Heap Fermentation and Pit Fermentation Process

	Discussion
	Data Availability Statement
	Author Contributions
	Supplementary Material

	References

