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1 Introduction
Similar to whisky in Scotland and brandy in France, Moutai-

flavored liquor is a symbolic drink in China; (Wang et al., 2008; 
Xu & Ji, 2012). Moutai-flavored liquor is popular because of its 
production method, quality, and complex aromas (Wu et al., 
2016). The entire production process of this liquor includes Daqu 
making, stacking fermentation, anaerobic fermentation in pits, 
and distillation (Xiong, 1994). Daqu can be used as a starter for 
liquor fermentation and next batch for Daqu making. During 
stacking fermentation, distilled fermented grains (FGs) are mixed 
with powdered mature Daqu. The grain mixture is then piled up 
in a cone-shaped stack on the ground for 3-11 days, depending 
on the temperature of the environment. The process is terminated 
when the temperature on the top of the stack reaches 45-50 °C. 
This stage is crucial to the structuring and accumulation of key 
microbiota, thus providing microbial materials for subsequent 
anaerobic fermentation. In anaerobic fermentation, FGs from 
stacking fermentation are placed into underground cubic pits 
and sealed for approximately 30 days of anaerobic fermentation. 
This process is mainly used for the production of alcohol, as 
well as aromatic substances. The FGs are then distilled for the 
collection of raw liquor (Wang et al., 2018).

Most studies on the Moutai-flavored-liquor-making process 
are focused on Daqu making and the anaerobic fermentation 

phase (Wang et al., 2008; Yang et al., 2011, 2019; Xiu et al., 2012; 
Wu et al., 2013, 2015; Song et al., 2017) because the quality and 
quantity of liquor production are directly attributable to this 
process. However, diverse microbiota utilized in pit fermentation 
accumulate in FGs during stacking fermentation. In other 
words, the quality of stacking fermentation determines that of 
pit fermentation. Given that shifts in microbial communities 
during stacking fermentation and the mechanisms and factors 
promoting microbial succession are already known, we may 
adopt measures that can shift the direction of microbial 
development to our expectations and build a good basis for 
anaerobic fermentation in pits.

Chinese Moutai-flavored liquor making is based on multiple 
fermentation batches; that is, eight fermentation rounds mainly 
consisting the entire production cycle that lasts for a year 
(Yang et al., 2019). Seven raw liquors from the second round to 
the eighth round differ in quality and flavor presumably because 
of diverse microbiota, which vary according to air temperature 
and climate during the production rounds. Raw liquor from the 
third fermentation round exhibits high quality and excellent 
flavor. We focused on this fermentation round and aimed to 
determine dynamic changes in microbial diversity during the 
stacking fermentation process through the next-generation 
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sequencing of bacterial V3 and V4 and fungal ITS2 of rRNA 
genes with Illumina MiSeq. Microbial succession is inevitably 
influenced by endogenous factors (e.g., temperature, lactic acid, 
moisture, and ethanol) in the fermentation process (Song et al., 
2017). Therefore, the second aim of our study was to reveal how 
the factors are associated with community turnover. In addition, 
we further constructed a correlated network among microbial 
taxa in the course of fermentation to understand the mechanism 
underlying the microbial shift and uncover the functionality of 
stacking fermentation on microbial selection and accumulation.

2 Materials and methods
2.1 Sample collection

Samples were collected from Hongtudi distillery factory in 
Moutai town, Kweichow Province, China. The fermentation round 
targeted includes three distinct phases: stacking fermentation, 
anaerobic fermentation, and distillation. Samples were taken 
on the first (P1), third (P2), fifth (P3), seventh (P4), and eighth 
(P5) day after piling the FGs into a cone-shaped stack during the 
stacking fermentation phase. Samples were collected from five 
different locations in the stack (detailed information available in 
Figure S1) with a coring tool. The temperatures of the sampling 
locations were measured and recorded before sample collection. 
Finally, all the samples (five replicates for each time point) were 
transported to the laboratory and stored at −80 °C.

Chemical analysis of the FG samples

Briefly, 10 g of FGs was mixed with 90 mL of distilled water, 
ultrasonically treated at 0 °C for 30 min, and centrifuged at 4 °C 
for 5 min. The obtained supernatant was used in determining 
ethanol content through gas chromatography-mass spectrometry 
according to the methods of Wu et al. (2015). We also conducted 
reversed-phase high-performance liquid chromatography analysis 
to determine lactate acid content in the supernatant with the 
method of Bai et al. (2000). Moisture content in 10 g of samples 
dried at 135 °C for 1 h was determined through a gravimetric 
method immediately after sampling.

2.2 DNA extraction and MiSeq sequencing

Community DNA was extracted from 0.5 g of FG samples 
with an MP FastDNA®SPIN kit for soil (MP Biochemicals, 
Solon, OH, USA) according to the manufacturer’s protocol. 
The primer set (319F 5′-ACTCCTACGGGAGGCAGCAG-3′; 
806R 5′-GGACTACHVGGGTWTCTAAT-3′) was used 
to amplify the V3 and V4 regions of the 16S rRNA genes 
(Fadrosh  et  al., 2014). The fungal community was analyzed 
by targeting the ITS2 regions of the rRNA genes, and the 
primers fITS7 (5′-GTGARTCATCGAATCTTTG-3′) and 
ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) were used to amplify 
these regions (Karlsson et al., 2014). Polymerase chain reaction 
(PCR) was conducted using 25 µL (total volume) of mixture 
containing 25 ng of genomic DNA extract, 0.625 U of Ex Taq 
polymerase (Takara, Shanghai, China), 1× PCR buffer, 800 µM 
of dNTP, and 300 nM primer. The reactions were performed 
using a MasterCycler gradient thermal cycler (Eppendorf, 

Hamburg, Germany) under the following cycling conditions: 
initial denaturation at 98 °C for 30 s; 35 cycles of denaturation 
at 98 °C for 10 s, annealing at 54 °C for 30 s, and extension at 
72 °C for 45 s; and final extension at 72 °C for 10 min.

PCR amplification was performed in triplicate. The products 
were pooled for each subsample. A composite DNA sample for 
sequencing was prepared by combining the equimolar ratios 
of the amplified products from the individual subsamples as 
described previously (Fierer  et  al., 2008). Composite DNA 
was gel-purified and sequenced using an Illumina MiSeq 
PE300 platform (Caporaso  et  al., 2012) at LC-Bio Co., Ltd., 
Hangzhou, ZheJiang, China.

2.3 Sequence analysis

Raw Illumina fastq files were de-multiplexed, quality filtered, 
and analyzed using QIIME v1.7.0 (Caporaso et al., 2010). Reads 
containing more than three consecutive bases and with a quality 
score of <20 or reads containing >6 nt of ambiguous nucleotides 
(“N”) in their homopolymeric regions were discarded. Chimeric 
sequences were identified and removed using USEARCH 
(Edgar et al., 2011). Operational taxonomic units (OTUs) were 
assigned using UCLUST at a threshold level of 97% similarity 
(Edgar, 2010). Low-abundance OTUs with a total of at least five 
counts were eliminated from the OTU table. The representative 
sequences for each OTU were assigned to taxonomic groups with 
an RDP Classifier (Caporaso et al., 2011). The alpha microbial 
biodiversity (Shannon index and Chao1 richness; Pagaling et al., 
2014) of each sample was estimated using QIIME v1.7.0.

2.4 Statistical analysis

All statistical analyses were performed in the R environment 
(http://www.r-project.org) by using various packages. Endogenous 
factors and community diversities were compared among 
fermentation periods by performing Wilcoxon test using 
‘stats’ package. Similarity analysis (Anosim; Clarke, 1993) and 
permutational multivariate analysis of variance (Adonis; Anderson, 
2001) were conducted with 9999 permutations by using ‘the vegan’ 
package, which was used in determining whether the sample 
classifications (different fermentation periods) show significant 
differences in phylogenetic and compositional diversity according 
to weighted UniFrac distances and Bray-Curtis dissimilarity 
matrices, respectively. Differentially abundant genera were 
detected using the EdgeR (Robinson et al., 2010; McMurdie & 
Holmes 2014) generalized linear model approach. Correlations 
among microbiota and endogenous factors were determined 
using a PLS-DA model and plotted in a concatenation panel 
using the mixOmics package (Rohart et al., 2017).

3 Results
3.1 Taxonomic distributions of bacteria and fungi

After quality filtering and the removal of chimeric sequences 
and low-abundance OTUs, we obtained 1,140,782 exploitable 
sequences (90.0% of total sequences) from all the FG samples. 
The sequences were classified in 7,929 OTUs, with an average of 
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1111 per sample (max = 2335, min = 65, sd = 584). The predominant 
taxa in the bacterial community included those belonging to the 
orders Bacillales (relative abundance 88.9%) and Lactobacillales 
(6.7%). The main genera were Bacillus (46.9%), Lentibacillus 
(15.4%), Thermoactinomyces (11.5%), Lactobacillus (6.0%), 
Scopulibacillus (5.6%), and Kroppenstedtia (5.0%). Other genera, 
including Oceanobacillus (4.2%) and Erwinia (1.1%), were also 
observed and had minor relative abundances (Figure 1).

By contrast, we obtained 2,153,696 exploitable sequences 
(99.3% of total sequences) from fungal communities across 
FG samples, which can be assigned to 3,351 OTUs, with a 
mean of 406 per sample (max = 799, min = 122, sd = 213). 
Taxonomic analysis showed that the fungal community was 
overrepresented by yeast (62.7%), particularly Saccharomyces 
(51.2%), Zygosaccharomyces (6.6%), Saccharomycopsis (2.7%), 
and Pichia (1.2%). The community contained notable filamentous 
fungi, such as Byssochlamys (9.0%) and Monascus (7.7%), 
and thermophilic fungi, such as genus Thermomyces (12.5%), 
Thermoascus (4.5%), and Rasamsonia (1.0%). Moreover, other 
unclassified fungi had a relative abundance of 3.5% (Figure 1). 
Saccharomyces cerevisiae, Zygosaccharomyces bailii, Saccharomycopsis 
selenospora, Pichia burtonii, Monascus purpureus, Byssochlamys 
spectabilis, Thermomyces lanuginosus, Thermoascus aurantiacus, 
and Rasamsonia composticola were exclusively or predominantly 
included in these fungal genera.

Overall, Firmicutes and Ascomycota were dominant at the 
phylum level, comprising approximately 95.8% and 98.8% of 
bacteria and fungi communities, respectively.

3.2 Changes in endogenous factors and community 
diversities

Dynamic changes in endogenous factors, including 
temperature, moisture, ethanol, and lactic acid (Table S1), were 
analyzed. Changes in these factors are displayed in Figure 2a. 
Ethanol and temperature significantly increased after 5 days 
(P3) and then reached their highest levels (ethanol: 0.70 g/100 g 
FGs; temperature: 36.32 °C) at P5. Lactic acid and moisture 
contents peaked at P3 and P4 (lactic acid: 1.76 g/100 g; moisture: 
0.47), respectively, but declined at P5 (lactic acid: 1.48 g/100 g; 
moisture: 0.45).

Changes in bacterial and fungal diversity are shown in 
Figure 2b (also Table S1). In general, bacterial diversity had a 
declining trend, especially Chao 1 richness. The fungal diversity 
showed a fluctuant change across the entire fermentation process. 
For example, Chao1 richness significantly increased, and three times 
that in P1 after 2 days of fermentation. However, it significantly 
decreased at P4 and P5. Shannon diversity showed a slight 
increase from P1 to P2 but significantly declined at P4 and P5.

3.3 Succession patterns of the microbial communities

The bacterial and fungal communities had significant 
differences in phylogenetic and compositional diversity at distinct 
periods, as demonstrated by Anosim and Adonis tests (Table 1), 
indicating significant succession in the course of fermentation. 
For the identification of the microbial taxa that significantly 
responded to the fermentation process, the abundances of the 
OTUs were combined on the genus level, and edgeR analyses 

Figure 1. Relative abundance (%) of dominant genera in bacterial and fungal communities of FGs at different fermentation periods.
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were performed. Genus abundance in the initial period (P1) 
was used as the control with an adjusted P-value cutoff of 0.05. 
The adjusted P-values for multiple comparisons were calculated 

using Benjamini and Hochberg’s algorithm (also known as false 
discovery rate). The results showed that 45 out of 411 bacterial 
genera and 15 out of 186 fungal genera significantly changed 

Figure 2. Changes in (a) endogenous factors and (b) community diversities of FGs during fermentation process. Error bars represent the standard 
error of the five sample replicates in each period.
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during fermentation (detailed information available in Table S2), 
accounting for 51.8% and 78.0% of abundances in the bacterial 
and fungal communities, respectively. Three bacterial genera 
were enriched in P5, whreas 24, 25, 24, and 31 were depleted in 
P2, P3, P4, and P5, respectively. P2-P5 enriched one, five, two, 
and four fungal genera and depleted six, three, six, and five, 
respectively. These results indicated an assemblage effect for 
fungal microbes but an exclusive effect for bacterial microbes, as 
shown in Figure 3a. In the Venn diagram (Figure 3b), overlaps 
in differentially abundant genera were observed between time 
points. Of the 24 bacterial genera depleted in P2, 18, 16, and 
18 were significantly depleted in P3, P4, and P5, indicating 
that most of the microbes depleted during fermentation may 
have been repressed at the early stage. In fungal communities, 
microbes were mainly enriched from P2 to P3 because the genera 
enriched in P2, P4, and P5 were also enriched in P3. As in the 
bacterial communities, P2 acted as a “filtration” time point for 
fungal communities, and depleted microbes during fermentation 
were largely repressed at this stage. This result was indicated by 
the depleted genera in P2 shared with P3, P4, and P5.

The substantial components (relative abundance > 0.1%) of 
the significantly changed genera in the bacterial communities 
were Bacillus, Pediococcus, Erwinia, Enterobacter, Weissella, and 
Pseudomonas, and those in fungal communities were Saccharomyces, 
Byssochlamys, Monascus, Thermoascus, Saccharomycopsis, 
Schizosaccharomyces, Xeromyces, and Chaetothyriales. Given 
that these and the dominant genera might contribute the major 
variations in the structures of communities, their contributions 
to the total variation in the community structure were calculated 
based on Bray-Curtis dissimilarities. The results showed that 
in the bacterial community, the six genera and the other six 
dominant genera totally accounted for 95.2%of the variation 
in whole community dissimilarities. Meanwhile, eight genera 
and the other four dominant genera of the fungal community 
accounted for 98.9% of the total variation in the whole community 
structure. Thus, these 12 bacterial genera and 12 fungal genera 
were defined as key microbiota because of their major roles in 
community succession during fermentation.

3.4 Correlations between endogenous factors and key 
microbiota of bacteria and fungi

The relationships among the five endogenous factors, 
12 key bacterial taxa, and 12 key fungal taxa during the five 
stages of FGs were explored using the PLS-DA algorithm 
and visualized using a circus plot. A correlation cutoff of 
0.7 was used, and the association among the three data sets are 
depicted in Figure 4. Moisture was positively correlated with 

Saccharomyces, Thermoactinomyces, and Kroppenstedtia and 
negatively correlated with Thermomyces. Ethanol was positively 
correlated with Saccharomyces and negatively correlated with 
Saccharomycopsis, Thermomyces, Erwinia, Enterobacter, Weissella, 
and Pseudomonas. Acetic acid was positively correlated with 
Saccharomycopsis, Xeromyces, Thermomyces, Pichia, Rasamsonia, 
Erwinia, Enterobacter, Pediococcus, Weissella, and Pseudomonas. 
Ttemperature was positively correlated with Saccharomyces and 
negatively correlated with Saccharomycopsis, Rasamsonia, Erwinia, 
Enterobacter, Pediococcus, Weissella, and Pseudomonas. Lactic acid 
were positively correlated with Schizosaccharomyces, Lentibacillus, 
Thermoactinomyces, Scopulibacillus, and Kroppenstedtia but 
negatively correlated with Bacillus.

As shown in the circus plot (Figure 4), correlations between 
the key bacteria and fungi were detected, and total of 23 pairwise 
associations between the two data sets were identified. For example, 
Saccharomyces was negatively correlated with Erwinia, Enterobacter, 
Weissella, and Pseudomonas. Saccharomycopsis was positively 
correlated with Erwinia, Enterobacter, Pediococcus, Weissella, 
and Pseudomonas. Schizosaccharomyces was negatively correlated 
with Bacillus and positively correlated with Lentibacillus 
and Scopulibacillus. Thermomyces and Pichia were positively 
correlated with Erwinia, Enterobacter, Pediococcus, Weissella, 
and Pseudomonas. Rasamsonia was positively correlated with 
Weissella.

4 Discussion
We found 17 dominant genera in the course of stacking 

fermentation (Figure 1). Eight of them belonged to the bacterial 
domain, and 9 to the fungal domain. Lv et al. (2019) reported 
that Pichia microbes overrepresent fungal communities, followed 
by Saccharomyces in the first (Xiasha) and second (Zaosha) 
rounds of stacking fermentation. Sun et al. (2019) investigated 
the sixth round of fermentation, and their results showed that 
Paecilomyces and Candida microbes are predominant in the 
stacking stage. By contrast, our findings showed the predominance 
of Saccharomyces in the fungal community, as further evidenced 
by the large variations in the key microbiota of fungi among the 
rounds of fermentation. The dominant bacterial genera found in 
our work were nearly similar to those found in previous studies 
(Wang et al., 2019), suggesting that the major bacterial microbes 
are stable in all the rounds of fermentation.

In general, the communities of the two domains showed 
the decline trends of α-diversity as reflected by the decreased 
Shannon indices and Chao1 richness (Figure 2b). After estimating 
Shannon indices in the fourth round of stacking fermentation, 
Cheng et al. (2014) showed that the middle period had the highest 

Table 1. Results of Anosim and Adonis tests on phylogenetic and compositional diversities in the communities of the two domains among 
different period.

Domain Phylogentic diversity (Weighted Unifrac distances) Compositional diversity (Bray-Curtis dissimilarities)
Bacteria Anosim: R = 0.50, P < 0.001 Anosim: R = 0.50, P < 0.001

Adonis: R2 = 0.51, P < 0.001 Adonis: R2 = 0.53, P < 0.001
Fungi Anosim: R = 0.25, P = 0.0011 Anosim: R = 0.45, P < 0.001

Adonis: R2 = 0.37, P = 0.0075 Adonis: R2 = 0.56, P < 0.001
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bacterial diversity, followed by the early and later periods. They 
discussed that the earlier period had the lowest diversity because 
of the low resolution of the DGGE method, which they used 
exhaustively to explore the microbes. Through high-throughput 
sequencing, a complementary and robust result was obtained 

in our study. Community compositions in FGs could become 
more simplification as compared with the earlier periods during 
fermentation.

In the present study, the clear filtration effect for bacterial 
microbes was observed in the fermentation process, that is, 

Figure 3. FGs enriched and depleted for certain microbial taxa (genus level) during the fermentation process. (a) Volcano-plot showing enrichment 
and depletion of the bacterial and fungal genera for each fermentative period compared with initial period (P1) as determined by differential 
abundance analysis. Each point represents an individual genus, and the position along the y axis represents the abundance fold change compared 
with P1. The dots colored by red, green, or black indicated that genera were enriched, depleted, or changed without significance in certain periods 
compared with P1, respectively; (b) Numbers (in parentheses) of differentially enriched and depleted genera between each period compared with P1.
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42 out of the 45 significantly changed genera were depleted in 
the course of fermentation. By contrast, the fungal microbes 
were subjected to the effects of filtration and assemblage 
(Figure  3). These results indicated that fungal microbes are 
more capable of adapting to FG environment than bacterial 
microbes. The continuous increase in ethanol content may act as 
a repressing force for the survival of bacterial microbes in FGs. 
This finding may explain why major bacterial microorganisms 
seemed to be more stable than fungal microbes across different 
rounds of fermentation. In addition, Bacillus, which is one of 
the most important microorganisms in Moutai-flavored liquor 

production, was significantly enriched only in P5 (relative 
abundance = 72.1%). Its relative abundance in the earlier periods 
ranged from 35.4% to 47.4%. This result may be attributable to 
lactic acid, which had significantly higher levels in P2-P4 than 
in P1 and showed declined level at P5, in which lactic acid 
content was the same as that in P1. This condition promoted the 
growth of Bacillus microbes. The filtration effect of the FGs on 
the microbes was detected mainly at P2, and the FGs enriching 
functional microorganisms, such as Thermoascus, Monascus, 
Byssochlamys, Saccharomyces, and Schizosaccharomyces, were 
observed mainly at P3. These results suggested that the early and 

Figure 4. Correlation analysis between key microbiota and endogenous factors of FGs by PLS-DA modeling. Red lines in the circle represent 
positive correlation, whereas blue lines represent negative correlation between key microbiota and endogenous factors. Red blocks on the circle 
represent the five endogenous factors, blue blocks represent the 12 key bacterial genera and green blocks represent the 12 key fungal genera. 
Lines in different colors outside the circle represent the content of endogenous factors or the relative abundances of microbiota presented in 
each period, respectively.
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Kroppenstedtia in converting pyruvate to lactate are incomplete, 
and thus lactate cannot be synthetized by this genus theoretically. 
The positive correlation between this genus and lactic acid might 
be indirect because of the high correlations of this genus with 
Lentibacillus, Thermoactinomyces, and Scopulibacillus. These results 
provided insight into the major lactate-producing microbiota 
in facultative aerobic condition, but further studies are needed 
to investigate the metabolites and synergistic microbial effects 
of these genera. Bacillus species excrete extracellular products, 
such as proteases, lipase, thermostable α-amylase, cellulase, and 
hemicellulase, which are useful in reactions leading to flavor 
production (Beaumont, 2002). Several flavor substances are 
integral parts of the flavor-producing composition of Moutai 
(Yang et al., 2011). Our results showed that Bacillus was negatively 
correlated with lactic acid, in general agreement with those of 
Wang et al. (2018). These findings suggested that the growth of 
Bacillus spp. can be repressed by lactic acid and the regulation 
of lactic acid content is important to enrichment of Bacillus 
microbes in FGs.

No typical acetic acid-producing bacteria were found 
dominant in this study. Other studies showed the same finding. 
Pediococcus and Weissella covered varied heterofermentative 
species, which were supposed to be the main contributors for 
acetic acid production, as reflected by the positive correlations 
among them. In addition, Song  et  al. (2017) suggested that 
Pichia, Saccharomyces, and Zygosaccharomyces can convert 
lactic acid to acetic acid via pyruvate and acetyl-CoA. Therefore, 
we extrapolated that acetic acid might be derived from the 
above microbiota. As to the other members that had positive 
correlations with acetic acid, we assumed that the relations 
might be indirectly resulted from their positive correlations 
with Pediococcus, Weissella, and Pichia.

5 Conclusion
In the current study, endogenous factors and bacterial and 

fungal communities in FGs during stacking fermentation for 
the production of Moutai-flavored liquor were comprehensively 
investigated. In general, changes in community diversity in 
both domains showed declining trends, and bacterial diversities 
had higher levels than fungal diversities during fermentation. 
The results of the community composition and EdgeR analyses 
generated 12 key bacteria and 12 key fungi, which had the major 
contribution to the variation of community succession. In addition, 
edgeR analysis further elucidated that the early and the middle 
fermentative periods were important for FGs to the structure 
of the key composition and that the functional populations 
accumulated mainly in the later periods. The endogenous 
factors showed different variation trends, and their potential 
associated key microbiota were also revealed by PLS-DA 
modeling. In conclusion, this study enhances the understanding 
of the dynamic changes in microbial communities and key 
microbes during stacking fermentation. The interactions among 
key microbiota and endogenous factors were discussed and 
considered, and theoretical support for optimizing microbial 
structures through the regulation of endogenous factors and 
improving fermentative quality was provided.

the middle stages were of great importance to the structuring 
of key composition for fermentation. In the later stage, from 
P4 to P5, Thermoascus, Monascus, Byssochlamys, and especially 
Bacillus and Saccharomyces, which are the most important 
microorganisms in Moutai-flavored liquor making (Wu et al., 
2012, 2013; Song et al., 2017; Sun et al., 2019; Wang et al., 2018; 
Wang et al., 2019) accumulated, suggesting that the rapid growth 
of functional populations mainly occurred in the later stages.

The endogenous factors are important indicators for 
fermentative quality and strongly associated with microbial 
succession (Song  et  al., 2017). In our study, their potential 
correlations with key microbiota were revealed through PLS-DA 
modeling (Figure 4). Temperature was positive correlated with 
Saccharomyces only, showing that heat accumulation related 
to yeast growth is the reason for increase in FG temperature 
(Wu et  al., 2013). Given that ethanol is mainly produced by 
yeast, its increase is indicative of the growth of Saccharomyces 
microbes, which was conveyed by the positively correlation only 
between ethanol and Saccharomyces. Moreover, the positive 
correlation of moisture with Saccharomyces, Thermoactinomyces, 
and Kroppenstedtia indicated the preferences of these microbes 
to relatively high water content. Adding an appropriate amount 
of water to the FGs in the stacking fermentation stage can 
increase liquor yields in the subsequent pit fermentation stage. 
This finding demonstrated the yeasts’ preference for water, 
by which the yeast could be dramatically accumulated in the 
stacking and then be utilized for alcoholic production in pit. 
In addition, a high water content can promote the growth of 
Thermoactinomyces and Kroppenstedtia, which are dominant 
or core bacterial microorganisms in Moutai-flavored liquor 
fermentation (Ying et al., 2014; Huang et al., 2017).

The continuous accumulation of lactic acid gradually lowers 
pH, thereby compromising the growth of microorganisms with 
poor acid resistance. Change in lactic acid concentration affects the 
balance of microbial consortium in FGs, affecting the enrichment 
of functional microbes in stacking fermentation, liquor quality, 
and yield. In an anaerobic fermentation system, Lactobacillus 
is a major lactate-producing microorganism, as revealed by its 
strongly positive correlation with lactic acid (Song et al., 2017; 
Wang et al., 2018). In facultative aerobic fermentation processes, 
such as stacking, lactic acid is produced not only by Lactobacillus 
but also by other communities. This hypothesis was supported 
by the results showing no correlation between Lactobacillus 
and lactic acid; moreover, the positive correlations of lactic acid 
with Schizosaccharomyces, Lentibacillus, Thermoactinomyces, 
Scopulibacillus, and Kroppenstedtia showed that microbes affiliated 
with these genera likely produced lactic acid. Although few 
studies directly indicated the contribution of these microbes to 
lactate production during liquor fermentation, especially in the 
stacking fermentation stage, all the genera except Scopulibacillus 
(no reference data) and Kroppenstedtia can convert pyruvate 
to lactate with their enzymes, as illustrated by KEGG database 
(Kanehisa et al., 2004). For example, these genera possess lactate 
dehydrogenase that can convert pyruvate to lactate by one step. 
Schizosaccharomyces can be used in converting malic acid to 
lactic acid in wine fermentation (Mylona et al., 2016) because it 
can synthesize malate dehydrogenase and lactate dehydrogenase, 
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Supplementary Material
Supplementary material accompanies this paper.

Table S1. Diversity measurements of the two domains’ communities and contents of endogenous factors in fermented grains at different 
fermentation periods.
Table S2. Bacterial and Fungal genera that were significantly differentially abundant during fermentation as compared with P1 (Excel database).
Figure S1. Sampling locations of FGs in stacking fermentation. In the stack, sampling locations a, b, c, d and e correspond to the horizontal depth 
30cm, 60cm, 90cm, 120cm and 150cm, respectively.

This material is available as part of the online article from https://www.scielo.br/j/cta
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