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Background: Fermented foods, with a history as long as the human civilization, form an indispensable constituent
in our daily life. However, most fermented foods are produced by spontaneous fermentation, and the fermen
tation processes are still uncontrolled. To ensure consistent food quality, it is of paramount importance to un
derstand and control the spontaneous food fermentations.
Scope and approach: In spontaneous food fermentations, metabolic activity of a succession of complex microbiota
results in desired flavour that is the key criterion to decide consumers’ preference. Therefore, flavour compound
formation by microbial metabolism can be used as the control target in spontaneous food fermentations.
However, relatively little is known about the complexity of the microbiota associated with the flavour compound
formation. Therefore, in this review by using Chinese liquor as a model system, we present key biotechnological
aspects of the microbiota crucial for flavour of fermented foods, including the driving forces for the microbiota
succession, flavour compound formation, and the regulation of flavour compound formation.
Key findings and conclusions: Core microbiota, associated with flavour compound formation, can be identified and
eventually used to construct a synthetic (i.e. designed) microbiota. Meanwhile, key environmental factors,
affecting the core microbiota, can also be identified and controlled to regulate the synthetic microbiota.
Furthermore, modelling can be used to predict, optimize and control the flavour compound formation by the
synthetic microbiota, so that such spontaneous food fermentations can become controllable, with the ultimate
goal to monitor, control, and improve the quality, productivity and safety of fermented foods.

1. Introduction
Human history and civilization are closely accompanied by
numerous fermented foods including cheese, wine, bread, soy sauce,
yogurt, vinegar and many others (Johnson, 2016; Steinkraus, 1983).
These fermented foods are usually produced by spontaneous fermenta
tions with complex microbiota from the raw materials and the envi
ronment (Hesseltine, 1965; Wood, 2012). The microbiota converts
different substrates to various desired compounds, including a variety of
flavour compounds. Flavour compounds, here referring to the volatile
and non-volatile compounds related to smell and taste (Bertuzzi,
McSweeney, Rea, & Kilcawley, 2018; Ulla, Antti, Oskar, & Mari, 2016),
play important roles in the consumer perception of fermented foods.

During each stage of a given traditional food fermentation, different
microorganisms play their corresponding roles that involve initially
microbial growth to produce various enzymes, then the hydrolysis of
carbohydrates and proteins, followed by various complex biochemical
processes catalysed by the enzymes to form desired flavour compounds.
Therefore, studying the association of microbiota with flavour com
pound formation is essential to understand, control and improve food
fermentations efficiently for food quality, productivity and safety. Un
fortunately, most spontaneous food fermentations are practiced without
the design and control of the microbiota.
Recently, assembly and function of microbiota are addressed in
microbiome studies (Chen, Chen, & Lei, 2017). However, the studies
remain describing rather than understanding the association of the
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dynamic microbiota succession with flavour compound formation.
Three questions need to be answered. First, what determines the
microbiota composition and its dynamic succession? Second, what are
the roles of the microbiota in forming flavour compounds? Third, how
the microbiota can be regulated and controlled for the optimal or
desired flavour compound formation? Answering these questions would
give a knowledge-based directional improvement and innovation of
traditional food fermentation.
The microbial complexity of food fermentations ranges from a few
core microorganisms (e.g. for the fermentation of soy sauce) to hundreds
of microorganisms (e.g. Chinese liquor). The fermentation of Chinese
liquor (called Baijiu in Chinese) is an ideal model to study fermented
foods. So far more than 300 flavour compounds have been observed in
Chinese liquor (Xu & Ji, 2012), probably with the most abundant flavour
compounds among all fermented foods. It is produced via a spontaneous
solid-state fermentation of cereals (mainly sorghum) by microbiota
including filamentous fungi, yeasts and bacteria, all of them are sup
posed responsible for the production of such complex composition of
flavour compounds (Jin, Zhu, & Xu, 2017). In addition, the unique
environmental factors also contribute to the dynamic succession of the
microbiota for the liquor fermentation. However, a scientific under
standing is badly needed to understand, monitor and control the
microbiota for flavour compound formation.
Therefore, we critically address here the available knowledge about
this complex microbiota with flavour compound as a criterion, mainly
the driving force of the microbiota succession, the flavour compound
formation and the regulation of responsible microbiota, with Chinese
liquor fermentation as a case example. Chinese liquor fermentation is so

complex that once its microbiota can be controlled, the principles should
be easily applicable to similar or less complex food fermentations.
Furthermore, we indicate new study directions on controlling micro
biota in food fermentations, to benefit the revolution, standardization
and modernization of many other spontaneous food fermentations.
2. Microbiota and driving forces in liquor processing stages
2.1. Microbiota and driving forces in starter (Daqu) fermentation
Unlike some western fermented foods using single or a few strains as
defined starter, Chinese liquor fermentation still inherits the use of un
defined multi-species starter, Daqu (a sort of Koji). Daqu is also used for
making many other traditional oriental fermented foods, such as rice
wine and vinegar (Jin et al., 2017; Zhu & Tramper, 2013). This type of
starter is produced by a spontaneous solid-state fermentation without
any inoculum. Thus, the first step is to characterize the role of Daqu in
liquor fermentation. As shown in Fig. 1 (left), Daqu contributes not only
functional microbial communities, but also their products. For example,
filamentous fungi, such as Aspergillus, Rhizomucor and Rhizopus, produce
many hydrolytic enzymes, including α-amylase and glucoamylase
(Wang, Wu, Xu, & Sun, 2020). Yeasts, such as Saccharomyces and Pichia,
produce flavour compounds. Bacteria, such as Bacillus and Lactobacillus,
produce flavour compounds and their precursors, such as acids and
acetoin (Zhang, Wu, & Xu, 2013). Thus, Daqu enabling the growth and
enrichment of the complex microbiota, is a complex bioactive agent to
provide hydrolytic enzymes, microbiota and flavour compounds (Zheng
et al., 2014). Understanding the microbiota and driving forces in starter

Fig. 1. Schema for Chinese liquor making with two main stages including Daqu fermentation (A) and liquor fermentation (B). Daqu fermentation is mainly
influenced by temperature and moisture, to enable microbes to grow and to produce hydrolytic enzymes, flavour compounds and their precursors. Liquor
fermentation is characterized by microaerobic to anaerobic fermentation with low pH and high ethanol content. The microbiota produces hydrolytic enzymes,
ethanol, flavour compounds and their precursors. RT: room temperature; LAB: lactic acid bacteria; DW: dry weight.
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preparation is a premise to control the quality of Daqu.
The solid-state fermentation of Daqu undergoes in an open envi
ronment, and is initiated by microbes that are naturally present in raw
materials and the environment. Raw materials are the main contributor
of bacterial communities for Daqu fermentation, including Staphylo
coccus, Weissella, Leuconostoc, and Lactobacillus. The environment is the
main sources of the fungal communities, including Saccharomycopsis,
Pichia, Rhizopus, and Aspergillus (Du, Wang, Zhang, & Xu, 2019).
Different environmental conditions drive the microbiota dynamics in
Daqu fermentation. As Daqu preparation is a solid-state fermentation,
temperature and moisture are the two most important environmental
factors. The inner temperature increases to the peak (ranging from 40 to
70 ◦ C) due to bioheat accumulation, and decreases to the room tem
perature due to reduced metabolic activity and heat transfer (Jin et al.,
2019, 2020). The peak temperature inside Daqu plays an important role
in the final diversity of microbiota (Zheng et al., 2015). Lowering the
fermentation temperature decreases the relative abundances of ther
motolerant microbes (Xiao et al., 2017). Accordingly, the moisture
content decreases from approximately 40%–10% during Daqu prepa
ration (Li, Liang, Lin, Feng, & Luo, 2015; Zheng et al., 2014). Those
strains tolerating low water activity are dominant at the end of
fermentation, such as Aspergillus, Rhizopus (Wang, Ban, & Qiu, 2018)
and Bacillus (Li et al., 2015). Understanding the effect of temperature
and moisture on the microbiota dynamics would facilitate the control
and improvement of the microbiota for optimal liquor fermentation with
desired flavour.

pyrazines, furans, phenols, benzene derivatives, sulphur compounds,
lactones, terpenes and other compounds (Chen, Sha, Qian, & Xu, 2017;
Fan, Xu, & Zhang, 2007; Liu & Sun, 2018; Wang, Hu, et al., 2016; Xu &
Ji, 2012). Table 1 lists the main flavour compounds in main types of
Chinese liquor.
Esters are the most abundant flavour compounds in Chinese liquor
(Fang, Du, Jia, & Xu, 2019). They can be produced from esterification
with acids and alcohols by lipase. Some esters can also be produced by
alcohol acetyl transferase, such as ethyl acetate (Zhang et al., 2020).
Alcohols are important flavour compounds in Chinese liquor and mainly
produced from amino acids and carbohydrates by yeasts (Fang et al.,
2019). Short and medium-chain fatty acids are the main organic acids in
Chinese liquor. Among them, butyric acid and hexanoic acid could be
produced via reverse β-oxidation pathway (Zhu et al., 2017). Pyrazines
generally exhibit a nutty, roasted, and toasted aroma (Zhang, Cao, Tong,
& Xu, 2019). Among them, 2,3,5,6-tetramethylpyrazine is formed from
acetoin and ammonia via a nonenzyme-catalysed reaction (Zhang et al.,
2019). 2,5-Dimethylpyrazine is formed from the cyclization and oxida
tion of aminoacetone. 2,3,5-Trimethylpyrazine can be formed from
acetoin and aminoacetone as precursors (Zhang et al., 2019). Terpenes
mainly exhibit floral aroma, and a variety of terpenes have been iden
tified in Chinese liquor (Wang, Hu, et al., 2016). β-Damascenone has a
strong odour intensity (Wang, Hu, et al., 2016). It can be produced by
biotransformation from glycosidic precursors in raw materials (Wu, Zhu,
Wang, & Xu, 2015). Volatile sulphur compounds are also key flavour
compounds in Chinese liquor. Thirteen volatile sulphur compounds are
identified, and 2-furfurylthiol, methanethiol, dimethyl trisulphide,
ethanethiol and methional present relatively high odour activity values
(Chen, Sha, et al., 2017). 2-Furfurylthiol can be generated from furfural
and L-cysteine with microbial and chemical reaction (Shen, Liu, Wu, &
Xu, 2020). Methanethiol is generated from methionine catalysed by
methionine γ-lyase, or cystathionine γ-lyase (Liu et al., 2017).
Most flavour compounds and their precursors are associated with

2.2. Microbiota in liquor fermentation
Ethanol, flavour compounds and many their precursors are produced
in liquor fermentation stage (Fig. 1, right). Grains mixed with Daqu
powder are put into underground pits/pots and sealed for fermentation
for 30–60 days (Jin et al., 2017). Daqu provides a large part of fungal
community including Pichia, Saccharomycopsis and Aspergillus. The
environment, during this stage of fermentation, contributes a large part
of bacterial community, including Lactobacillus, Bacillus and Weissella
(Wang, Du, Zhang, & Xu, 2018).
The assembled microbiota undergoes a typical succession profile
during this spontaneous process. Filamentous fungi, dominated by
Aspergillus, present in the early period. Yeasts, dominated by Saccharo
myces, Pichia and Saccharomycopsis, present from the initial to middle
period. Bacteria present in the whole process. Lactobacillus becomes the
most abundant bacterial genus after Bacillus and non-Lactobacillus lactic
acid bacteria, such as Weissella (Song, Du, Zhang, & Xu, 2017; Wang, Du,
et al., 2018).
This stage is characterized by the shift of microaerobic to anaerobic
fermentation, increase of ethanol content and decrease of pH. These
changes play different roles in different periods of liquor fermentation.
The decrease of oxygen leads to the dramatic decline of filamentous
fungi in the early period of the fermentation (Chen, Wu, & Xu, 2014). In
addition, microbiota is affected by ethanol produced by yeast in the
early period whereas by lactic acid produced by lactic acid bacteria in
the late period. Consequently, the shift of oxygen, ethanol and acid (pH)
drives the succession of the microbiota (Song et al., 2017).

Table 1
Main flavour compounds in main types of Chinese liquor.
Groups

Main flavour compounds

Descriptor

Esters

Ethyl acetate
Ethyl lactate
Ethyl butyrate
Ethyl pentanoate
Ethyl isovalerate
Ethyl hexanoate
Ethyl heptanoate
Ethyl 2-phenylacetate
2-Phenylethyl acetate
2-Methyl-1-propanol
3-Methyl-1-butanol
β-Phenylethyl alcohol
Acetic acid
Butanoic acid
Hexanoic acid
Heptanoic acid
2-Methylpropanoic acid
3-Methylbutanoic acid
(E)-2-Octenal
2,3,5,6Tetramethylpyrazine
2,3,5-Trimethylpyrazine
β-Damascenone
4-Methylguaiacol
2-Furfurylthiol
Methanethiol

Pineapple
Fruity
Pineapple
Apple
Fruity
Fruity
Fruity
Rosy, honey
Floral
Malty
Malty
Floral
Vinegar, acid
Sweaty, rancid, cheesy
Sweaty, rancid, cheesy
Rancid
Sweaty, rancid, cheesy
Sweaty, rancid, cheesy
Green
Nutty, roasted, toasted

Alcohols
Acids

Aldehyde
Pyrazine

3. Microbiota and flavour compound formation in Chinese
liquor making

Terpenes
Phenol
Sulphur
compounds

3.1. Main flavour compounds in Chinese liquor
Although various flavour compounds only account for about 1%–2%
(v/v) in liquor, they play crucial roles in liquor quality, including smell
and taste. To date, more than 1000 volatile compounds have been
detected in Chinese liquor (Jin et al., 2017; Liu & Sun, 2018). Among
them, more than 300 compounds contributing to the flavour of liquor
are identified, including esters, alcohols, aldehydes, ketones, acids,

Dimethyl trisulphide
Ethanethiol
Methional

Nutty, roasted, toasted
Floral, honey
Smoky
Roasted sesame seeds
Rotten cabbage, burnt
rubber
Onion, sulphurous
Onion, rubber
Cooked potato

References (Chen, Sha, et al., 2017; Fan et al., 2007; Fang et al., 2019; Jia et al.,
2020; Jin et al., 2017; Liu & Sun, 2018; Wang, Hu, et al., 2016; Wang, Yang,
Zhao, Zhang, & Su, 2019; Xu & Ji, 2012; Zhang et al., 2019):
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microbial metabolism, i.e. either catalysed by enzymes produced by the
microbiota, or transferred from precursors generated through microbial
activity, confirming the essential role of microbiota in flavour com
pound formation.

Table 2
Important microbes and their metabolites in Chinese liquor making.

3.2. Flavour compound formation by the microbiota

Microbes

Species

Metabolic products

References

Filamentous
fungi

A. oryzae

Glucoamylase,
α-amylase, esters,
alcohols and acids

(Chen et al.,
2014; Wu,
Chen, & Xu,
2015)
Chen et al.
(2014)
(Sun et al.,
2009; Wang
et al., 2013)
Huang et al.
(2014)
(Liu et al.,
2017; Wu, Xu,
& Chen, 2012;
Wu, Zhu, et al.,
2015)
(Wu et al.,
2012; Xu
et al., 2017)
(Wu et al.,
2012; Wu,
Zhu, et al.,
2015)
(Chen, Wu, &
Xu, 2013; Wu
et al., 2012)
Ma et al.
(2019)

Paecilomyces variotii

Like almost all spontaneous food fermentations, how microbiota
influences the flavour compound formation in Chinese liquor fermen
tation is poorly understood, due to the complex compositions and dy
namic succession of the microbiota. Kong et al. (Kong, Wu, Zhang, & Xu,
2014) found Pichia anomala (renamed as Wickerhamomyces anomalus) is
responsible for several important flavour compounds in Chinese liquor,
by covariation analysis of metabolic profiles and yeast communities in
Chinese liquor fermentation. Similarly, key flavour compound pro
ducers could be identified in spontaneous fermentation. Recently,
meta-omics methods are also applied to reveal the in situ metabolic ac
tivity (Song et al., 2017; Wang, Wu, Xu, & Sun, 2018). Genera Pichia,
Saccharomyces, Schizosaccharomyces, Zygosaccharomyces and Lactoba
cillus are the dominant contributors of flavour compound formation
(Song et al., 2017). In addition to these culture-independent methods,
the culture-dependent method, as an important complementary method,
is still required to validate the microbial metabolic activity predicted via
the culture-independent methods. Table 2 illustrates the dominant mi
croorganisms and their biological activities in main types of Chinese
liquor fermentations.

R. chinensis

Yeasts

Acid proteases

S. cerevisiae

Ethanol, alcohols, esters,
terpenoids, sulphur
compounds

Z. bailii

Ethanol, alcohols,
aldehyde and ketones

P. kudriavzevii (I.
orientalis)

Acids, terpenoids

S. pombe

Ethanol, alcohols, acids,
esters

W. anomalus

Filamentous fungi act as both the saccharifying agents and flavour
compound producers. At present, work mainly focuses on the dominant
genera of Aspergillus and Rhizopus. Aspergillus oryzae strain isolated from
liquor fermentation process produces 2463 U/g glucoamylase and 1491
U/g α-amylase cultured on wheat bran for 72 h (Chen et al., 2014).
A. oryzae CGMCC 6264 presents saccharification activity and can be
used to regulate yeast metabolism. It is also a producer of flavour
compounds, including esters, alcohols and acids (Wu, Chen, & Xu,
2015). Aspergillus hennebergii strain produces proteases that are
responsible for producing varieties of flavour compounds, including
alcohols, esters, aldehydes, benzene derivatives and pyrazines (Huang,
Wu, & Xu, 2014). Rhizopus microspores is identified to be the contributor
of glucoamylase by metaproteomics analysis (Wang, Wu, et al., 2018).
Rhizopus chinensis CCTCCM201021, isolated from Daqu, produces lipase
that is important to form esters from alcohols and acids (Sun, Xu, &
Wang, 2009). In addition, its draft genome sequence analysis suggests
large varieties of genes encoding important enzymes, including 493
glycoside hydrolases, 168 proteases and 121 lipase/esterase genes
(Wang, Wu, Xu, & Li, 2013). The rich hydrolase compositions suggest
the importance of diversity of filamentous fungi in liquor making (Chen
et al., 2014), because they are the main producers of various enzymes
that are directly involved in flavour compound formation.

Bacteria

Lipase, glycoside
hydrolase, protease

A. hennebergii

S. fibuligera

(1) Filamentous fungi

Glucoamylase,

α-amylase

Glucoamylase,

α-amylase, alcohols,
esters
Esters

B. licheniformis

2,3,5,6Tetramethylpyrazine,
acids, lichenysin, soy
sauce aroma

B. subtilis
B. amyloliquefaciens

2,3,5,6Tetramethylpyrazine,
surfactin
Surfactin

L. homohiochii

Acids, alcohols

L. buchneri

Acids, alcohols

(Fan et al.,
2019; Zha,
Sun, Wu, et al.,
2018)
(Wu & Xu,
2012; Wu,
Zhang, et al.,
2015; Yang
et al., 2020;
Zhang et al.,
2013)
(Zhang et al.,
2019; Zhi
et al., 2016)
(Zhi et al.,
2016; Zhi
et al., 2017)
Zhang, Du,
Wu, and Xu
(2015)
Zhang et al.
(2015)

Streptomyces spp. in liquor fermentation (Zhi et al., 2016).
Lactobacillus is correlated with different flavour compounds. Meta
transcriptomic analysis indicated that Lactobacillus is active in tran
scribing genes involved the biosynthesis of flavour compounds and their
precursors, including esters and acids (Du, Wu, & Xu, 2020).

(2) Bacteria

(3) Yeasts

Bacillus is an important flavour compound producer. Bacillus lichen
iformis MT-B06 is reported to produce 3-hydroxy-2-butanone, 2,3butanediol and several pyrazines during the fermentation (Yang et al.,
2020). B. licheniformis CGMCC 3962 produces compounds that exhibit
soy sauce flavour, the key flavour of Moutai-flavour liquor (Wu & Xu,
2012). B. licheniformis CGMCC 3961, 3962 and 3963 produce the
non-volatile compound lichenysin (Wu, Zhang, Peng, & Xu, 2015) that
significantly decreases the headspace concentrations of off-flavour
compounds, such as 4-methylphenol (Zhang, Wu, & Xu, 2014). Bacil
lus amyloliquefaciens 1–45 and Bacillus subtilis 2-16 are identified as
efficient producers of surfactin (Zhi, Wu, Du, & Xu, 2016; Zhi, Wu, & Xu,
2017) that inhibits the off-flavour compound geosmin-producing

The dominant yeast species in liquor fermentation include Saccha
romyces cerevisiae, Pichia kudriavzevii, Zygosaccharomyces bailii, Saccha
romycopsis fibuligera and W. anomalus. One isolated S. cerevisiae strain
can produce 13 terpenoids by both de novo and biotransformation
pathways (Wu, Zhu, et al., 2015). S. cerevisiae MT1 simultaneously uti
lizes various sugars, a beneficial trait to efficiently use various sub
strates. Genomic sequence of S. cerevisiae MT1 contains 145 specific
genes, resulting in its unique metabolic activity (Lu, Wu, Zhang, & Xu,
2015). Among them, MEL1 and MAL63 encode enzymes uniquely uti
lizing melibiose and maltose. The high transcriptions of HXT5 and
HXT13 are related with the simultaneous utilization of various sugars
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(Lu et al., 2015). These properties would enrich our knowledge about
the role of S. cerevisiae in alcoholic beverage fermentations. S. cerevisiae
is also related with the formation of volatile sulphur compounds.
S. cerevisiae JZ1093 produces 3-(methylthio)-1-propanol and dimethyl
disulphide (Liu et al., 2017). S. cerevisiae G20 forms 2-furfurylthiol with
furfural and L-cysteine as precursors, and proteins Str3p and Cys3p can
cleave the cysteine-furfural conjugate to release 2-furfurylthiol (Zha,
Sun, Wu, Yin, & Wang, 2018).
Non-Saccharomyces are also reported to produce flavour compounds.
P. kudriavzevii, as one of the dominant species in almost all Chinese li
quor fermentations (Jin et al., 2017; Liu & Sun, 2018), is a major source
of higher alcohols and acids. Z. bailii is a dominant species in soy sauce
aroma type liquor fermentation. Z. bailii MT15 uniquely produces 19
flavour compounds, including 13 alcohols, 2 acids, 1 ketone, 1 aldehyde,
and 2 other flavour compounds (Xu, Zhi, Wu, Du, & Xu, 2017). It is
identified as a yeast interspecies hybrid with genome size of 20.19 Mb.
Twelve genes related to amino acid metabolism and transport, show
higher expression levels at 37 ◦ C, compared to that at 30 ◦ C (Xu et al.,
2017). S. fibuligera, as a dominant species in most strong and light aroma
type liquor fermentations (Jin et al., 2017; Liu & Sun, 2018), is a higher
producer of glucoamylase and α-amylase among yeasts. In addition, it is
also an excellent producer of flavour compounds, especially alcohols
and esters (Ma, Sui, Zhang, Hu, & Liu, 2019). W. anomalus, as a domi
nant species in light aroma type liquor fermentation, is characterized by
an excellent producer of ethyl esters (Zha, Sun, Wu, et al., 2018).
The above reveals the contribution of microbes to various flavour
compounds formation in a complex multi-species fermentation. Through
their complementary contribution, different dominant microbial species
facilitate the unique flavour diversity of Chinese liquor.

W. anomalus (Zha, Sun, Wu, et al., 2018) and Issatchenkia orientalis
(renamed as P. kudriavzevii) (Wu, Ling, & Xu, 2014). The inhibition
might be resulted from the metabolites produced by S. cerevisiae, such as
ethanol (Wu, Kong, & Xu, 2016). Although S. cerevisiae inhibits the
growth of non-Saccharomyces yeasts, the metabolism of the latter is not
inactivated in the co-culture. For example, mixed culture of S. cerevisiae
and W. anomalus produces more ethyl acetate and 2-phenylethanol than
the single culture of either of the two (Zha, Sun, Wu, et al., 2018).
Therefore, regulating the interaction between S. cerevisiae and non-
Saccharomyces yeasts can regulate flavour compounds production in li
quor fermentation because each yeast has its own metabolites.
(3) Interaction between Saccharomyces cerevisiae and bacteria
Bacillus is a dominant bacterial genus in the early period of liquor
fermentation. When S. cerevisiae and B. licheniformis coexist, the growth
of B. licheniformis is significantly inhibited, but the growth of S. cerevisiae
keeps stable. Interestingly, ethanol production increases in the coculture compared with the single culture of S. cerevisiae (Meng et al.,
2015). The increase of ethanol is important for yeast to inhibit bacteria.
In addition, 12 flavour compounds uniquely produced by S. cerevisiae,
are significantly correlated with the inoculation size of B. licheniformis
(Meng et al., 2015).
Lactobacillus is a dominant bacterial genus in liquor fermentation.
The synergetic effect is observed elsewhere between S. cerevisiae and
Lactobacillus. For example, S. cerevisiae produces growth factors such as
carbon dioxide, to stimulate growth of Lactobacillus sanfranciscensis in a
sourdough-like environment (Sieuwerts, Bron, & Smid, 2018).
S. cerevisiae benefit the survival of Lactobacillus plantarum and Lacto
coccus lactis by secreting amino acids in the co-culture with nitrogen-rich
medium (Ponomarova et al., 2017). A synergistic effect on sulphur
metabolism is also observed in their co-culture. S. cerevisiae is a producer
of 3-(methylthio)-1-propanol and dimethyl disulphide, but Lactobacillus
buchneri could not produce these two flavour compounds. Their
co-culture significantly enhances the production of these two com
pounds by S. cerevisiae, where L. buchneri shows high transcriptional
activity in methyl cycle that can enhance the regeneration of methio
nine, the precursor of 3-(methylthio)-1-propanol and dimethyl disul
phide (Liu et al., 2017).
For Chinese liquor fermentation, many positive effects of microbial
interactions on flavour compounds formation exist. Although several
interactions have been studied, many remain undiscovered, especially
the interactions among all the species in the fermentation. It is important
to reveal the exact roles of these interactions during a spontaneous food
fermentation, and subsequently, to make control and improve such
fermentations possible.

3.3. Effect of microbial interactions on flavour compound formation
Microbial interaction is crucial for the microbiota structure and will
influence the microbial metabolism, hence the final flavour compound
formation (Ciani et al., 2016). Understanding the effect of microbial
interactions on flavour compound formation is important for regulation
of flavour compound formation. S. cerevisiae plays important roles in
ethanol and flavour compound production, and interacts vigorously
with other microbes. Here we illustrate the interactions between
S. cerevisiae with other flavour compound producers in liquor
fermentation.
(1) Interaction between Saccharomyces cerevisiae and filamentous
fungi
Filamentous fungi, with A. oryzae as a representative, produce hy
drolases to degrade starch into fermentable sugars, and S. cerevisiae
simultaneously utilizes sugars to produce ethanol and flavour com
pounds. A. oryzae and S. cerevisiae co-exist in the early stage of liquor
fermentation. Regulating the coordination of saccharification and
fermentation is crucial to control ethanol and flavour compound pro
duction (Wu, Chen, & Xu, 2015). Trial is done to regulate this coordi
nation by changing the inoculation ratio of A. oryzae and S. cerevisiae
(Wu, Chen, & Xu, 2015). In addition, different filamentous fungi pro
duce multiple saccharifying enzymes, and these enzymes present a
synergistic effect on ethanol production (Wang, Wu, et al., 2020),
implying that more filamentous fungi could be involved to alter the
microbial interaction.

4. Regulation and control of flavour compound formation by
microbiota
For all spontaneous food fermentation processes, three categories of
factors drive the successive dynamic profile of microbiota, namely the
initial environmental factors, the initial microbiota, and the fermenta
tion processing (Fig. 2). By regulating these factors, microbiota can be
controlled to obtain desired product flavour.
4.1. Initial environmental factors
The initial environmental factors play a vital role in driving the
microbial succession. Most environmental factors are reasonably
controllable at the initial stage of the process, including moisture, pH,
oxygen and temperature, as shown in Fig. 2. Therefore, we suggest that a
predictable model could be constructed associating these initial envi
ronmental factors with liquor quality and productivity, the former in
fact the flavour compounds. Using this model, we can evaluate how
these key environmental factors affect the microbiota that determines

(2) Interaction between Saccharomyces cerevisiae and non-Saccharo
myces yeasts
The interaction between S. cerevisiae and non-Saccharomyces exists in
many food fermentations (Ciani et al., 2016). S. cerevisiae inhibits
non-Saccharomyces yeasts in Chinese liquor fermentation, similar to
wine fermentation. For example, S. cerevisiae inhibits the growth of
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Fig. 2. Factors driving the dynamic succession of microbiota in liquor fermentation. There are three categories of factors, including the initial environmental factors,
the initial microbiota, and the fermentation processing.

the liquor quality (flavour) and productivity, and subsequently optimize
the flavour compounds profile by adjusting the controllable initial pa
rameters. However, constructing a reliable model requires big data
collected from numerous different fermentation batches. This would be
realized with the combination of different disciplines, including micro
biology, biotechnology and mathematics.
In addition to those controllable factors, raw materials, as the
fermentation substrate, also play essential roles in liquor fermentation.
Cereals, as the main raw materials, provide various types of sugars,
organic acids, amino acids and other microelements for liquor fermen
tation. The yeast-assimilable nitrogen is identified as key nutrient
parameter in wine fermentation (Englezos et al., 2018), and key amino
acids are limited in malt beverage fermentation (Nsogning, Fischer, &
Becker, 2018). However, the effect of raw materials on the microbiota in
Chinese liquor fermentation is more complex, still needs to be uncov
ered. First, raw materials provide the nutrients that affect the growth
and metabolism of the microbiota. Raw materials can affect the single
cellular metabolism (Wu, Zhu, et al., 2015), as well as microbiota dy
namics and flavour compound formation, due to a complex of nutrient
composition in cereal materials. Fermentation with more cereal types
leads to a slower microbial succession rate compared with single cereal
fermentation, and the slow microbial succession rate is beneficial for the
microbial enrichment and diversity maintenance (Tan, Zhong, Zhao, Du,
& Xu, 2019). Therefore, it is important to find key elements and their
functions in the substrate to enable the regulation of the nutrient
composition. Second, raw materials, partly as a source of microbiota,
contributes most bacteria for Daqu fermentation. For wine fermentation,
grape-associated microbiota presents biogeographic pattern associated
with regional and climatic factors (Bokulich, Thorngate, Richardson, &
Mills, 2014). Similarly, raw materials that also partly contribute
microbiota for Daqu fermentation, can be controlled by factors such as
production region, season and climate if the microbial and nutrient
composition can be evaluated.

4.2. Initial microbiota
Traditional food fermentations initiate spontaneously with a micro
biota present in the environment. Various western food fermentations
have developed single or defined starters to replace the natural micro
biota (Johansen, 2018; Wache et al., 2018). However, liquor fermen
tation is initiated by a more complex microbiota source, including
microbiota from both the natural environment and the undefined
starter, Daqu. Daqu is generally considered as a main part for providing
microbiota for liquor fermentation with 9.1%–27.4% of the bacterial
community, and 61.1%–80.0% of the fungal community (Wang, Du,
et al., 2018). The environment contributes 62.6%–90.9% of the bacterial
community and 20.0%–38.9% of the fungal community to liquor
fermentation (Wang, Du, et al., 2018). However, the environment itself
is often hard to control, because the environmental microbiota is sus
ceptible to the environmental conditions, such as the climate and loca
tion. Therefore, inoculation becomes an efficient way to regulate the
initial microbiota. Bacillus, Pediococcus, Wickerhamomyces and Saccha
romycopsis have been inoculated in Daqu fermentation to regulate the
initial microbiota (Li et al., 2017; Wang et al., 2017). The regulation of
the microbiota in Daqu improves the flavour compounds profile. In
addition to the regulation of Daqu, some beneficial strains can also be
fortified at the liquor fermentation stage. For example, Bacillus inocu
lation at the initial stage of liquor fermentation improves flavour com
pounds profile (Zhang et al., 2013). Therefore, the regulation of
microbiota at both the Daqu preparation and liquor fermentation can
regulate the initial microbiota for desired flavour compound formation.
4.3. Fermentation processing
Temperature, moisture, oxygen, pH (or acid) and ethanol content
influence microbiota during liquor fermentation process. The factors can
be theoretically controlled (Liu & Sun, 2018). In the industrial practice,
the change of Daqu shape can cause variation of its specific volumetric
weight that subsequently affects Daqu moisture and acidity (Wang, Wu,
et al., 2018). These factors can also be influenced by the cell growth and
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metabolism of the microbiota. For example, in Daqu fermentation, mi
crobial metabolic activity can produce heat to increase the temperature
that in turn limits further optimal microbial growth and metabolism. In
addition, yeast growth and metabolism can be inhibited by acids pro
duced by lactic acid bacteria that similarly can be inhibited by ethanol
produced by yeasts (Jin et al., 2020). Understanding the relationships
among all these factors, will help regulate and control the microbiota for
desired flavour compound formation (Jin et al., 2017).

sector of traditional fermented foods faces the challenge of standardi
zation and modernization because of the increasing awareness and
concern of product quality and safety. With the advances of biotech
nology and consorted effort of scientists, to clarify the mystery becomes
more feasible and realistic. Here, we propose a roadmap as described in
Fig. 3 how we can transform the uncontrolled and mysterious liquor
fermentation to a rationale and controlled process, with the emphasis on
microbiota with flavour compound formation as the targeted criterion.
As shown in Fig. 3, one direction is to find the core microbiota for
flavour compound formation and the other is to find the key factors
influencing the core microbiota. Although these two directions can be
advanced separately, the outcome must be integrated to realize the ul
timate controlled liquor fermentation using a designed microbiota for
desired flavour compound profiles.

5. Perspectives and conclusions
Chinese liquor, like many other spontaneously fermented foods,
serves our daily demand for quality of life, although the production of
these fermented foods is rather based on empirical experience and skills
inherited from generation to generation than fully understood scientific
principles. Spontaneously fermented foods like Chinese liquor are pro
duced through an uncontrolled process with inevitably fluctuations in
quality and productivity. What exactly happens during the process re
mains a mystery in the black box (Jin et al., 2017). Therefore, industrial

5.1. Identification and isolation of core microbiota
(1) Identification of core microbiota with statistical and meta-omics
methods

Fig. 3. Roadmap for controlling microbiota in modernization and standardization of spontaneous food fermentations. The first step is to identify the core microbiota
influencing flavour compound formation and the environmental factors influencing the core microbiota. Thereafter, a controlled, tractable and defined microbiota
will be possible to make the fermentation products with constant quality, productivity and safety.
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It seems mission impossible to identify core microbiota responsible
for flavour compound formation in such a complex, spontaneous and
dynamic multi-species fermentation process like Chinese liquor
fermentation. However, recent efforts open the possibility by various
methods or combination thereof. As shown in Fig. 3 (left), we address
first the route how to identify core microbiota that is the most important
prerequisite to control the fermentation process.
Conventional methods to identify core microbiota are laborious,
time-consuming, by including or excluding one or more microorganisms
in a defined culture and observing the generation or disappearance of
certain flavour compounds. Statistical methods used recently to identify
core microbiota are more powerful and efficient. Successful examples
include the use of partial least squares regression to identify yeast
communities responsible for flavour compound formation of light aroma
type liquor (Kong et al., 2014) and two-way orthogonal partial least
squares to identify responsible filamentous fungi, yeasts and bacteria for
flavour compound formation in cereal vinegar fermentation (Wang, Lu,
et al., 2016). In addition to statistical methods, meta-omics can be used
to identify core microbiota for flavour compound formation in sponta
neous food fermentations (Fig. 3, left), such as liquor fermentation (Song
et al., 2017) and other food fermentations (Weckx, Van Kerrebroeck, &
De Vuyst, 2019).
The study on microbiota is mainly at genus or species levels. How
ever, due to the diversity of strains within species (Duan et al., 2018), it
is now going further to strain level identification. Presently, several
computational approaches are presented to reveal the strain profile from
the metagenomic data of the microbiota, such as StrainEst (Albanese &
Donati, 2017). This strain-level analysis will shed light on the strain
diversity in the microbiota, it will facilitate the strain identification and
characterization (Ercolini, 2017). Therefore, the stain level analysis
should be further applied in microbiota from food fermentation process.

the outcomes of the process. Therefore, to identify the key environ
mental factors affecting the microbiota, is another prerequisite to con
trol and improve the process (Fig. 3, right).
Several environmental factors have been studied already. However,
more potential factors should be uncovered for controlling them. For
example, the factors associated with the seasonal fluctuation and the
regional difference are the main drivers for the temporal and spatial
difference of the microbiota (Bokulich et al., 2014; Van Reckem et al.,
2019; Wang, Xiong, et al., 2020), and they are urgently needed to be
revealed. After the identification of the key factors, work can be focused
on the optimization of these key environmental factors in food fer
mentations (Perez-Burillo, Gimenez, Rufian-Henares, & Pastoriza, 2018;
Stavropoulou, Van Reckem, De Smet, De Vuyst, & Leroy, 2018). With
the increasing accumulation of biological information and available
techniques, it is more and more feasible to control such environmental
factors.
5.3. Synthetic microbiota for a tractable microbiota
Fermentation with designed synthetic microbiota can be an efficient
way to regulate and control the liquor fermentation with desired
flavour. Cheese rind has been applied as model microbiota for com
munity reconstruction to provide a tractable microbiota system (Wolfe,
Button, Santarelli, & Dutton, 2014). It gives a reference for synthetic
microbiota for different fermented foods that the dynamic of microbiota
can be reproduced in vitro. This opens the possibility to construct a
reproducible and tractable microbiota system for high-efficient and
quality food fermentation.
For the microbiota design, selection of strains can be based on their
phylogeny, interaction networks and functions (Vorholt, Vogel,
Carlström, & Müller, 2017). The design of synthetic microbiota gener
ally follows the top-down or bottom-up approach. The top-down
approach is based on the ecosystem level design, and the bottom-up
approach is based on the metabolic activity of the individual members
and their interactions (Lawson et al., 2019). We suggest a combination
of these two approaches for the design of the synthetic microbiota
(Lawson et al., 2019). In addition, a principle should be constructed to
evaluate the success of the construction. Besides the final flavour com
pound compositions, the dynamic profiles of the microbiota, environ
mental factors and the flavour compound formation should also be
revealed to predict the success of the reproducible fermentation(Wang,
Wu, Nie, Wu, & Xu, 2019). It is of great significance for the tractable and
constant production of various fermented foods if such principle is
followed.

(2) Isolation of core microbiota at strain level
The diversity of strain in certain species is shown by the culture
method (Daughtry, Johanningsmeier, Sanozky-Dawes, Klaenhammer, &
Barrangou, 2018; Kong, Wu, & Xu, 2017). Isolation of the best per
formed strain within the core microbiota is still challenging due to the
strain diversity. In this context, we suggest a new strategy defined as
directed culturomics that combines the culturomics method and the
directed isolation method to effectively obtain microbes with excellent
fermentation performance. The culturomics method can be used to
obtain a large collection of strains (Lagier et al., 2016) by designing the
medium and culture methods. A medium composition predicted based
on microbial genome sequences with the Known Media Database is
suggested (Oberhardt et al., 2015). Various culture methods can also be
used, such as the ‘ichip’ method (Berdy, Spoering, Ling, & Epstein,
2017). After cultivation, a high-throughput method is used to identify
the large collection of clones, such as the MALDI-TOF MS (De Roos,
Verce, Aerts, Vandamme, & De Vuyst, 2018; Miescher Schwenninger,
Freimueller Leischtfeld, & Gantenbein-Demarchi, 2016). Furthermore,
for the directed isolation, the fermentation performance associating
with industrial application should be emphasized (Giri, Sen, Saha,
Sukumaran, & Park, 2018), including stress tolerance, flavour com
pound production and safety assessment (Johansen, 2018). The
culture-independent methods, such as the strain level phylogenomic
analysis, would provide a clue for the isolation. For example, the specific
gene sequences can be used as the targets for isolation of the strain with
certain properties (Chai et al., 2019).

5.4. Model construction for predicting and optimizing fermentation
performance
Models can be used to understand and improve the fermentation
process. For example, a mathematical model is constructed to simulate
the starch conversion, the water loss and the temperature development
in Chinese liquor fermentation (Jin et al., 2020). Modelling should also
be used to predict and optimize the microbial growth and fermentation
performance. However, few models are reported to predict microbiota
dynamics in Chinese liquor and other spontaneous food fermentations.
Modelling of microbiota in the other similar fermentation systems might
be an option to start with. Cell growth can be predicted by the envi
ronmental factors, such as pH (Akkermans & Van Impe, 2018), time and
temperature (Nor-Khaizura, Flint, McCarthy, Palmer, & Golding, 2019).
Besides the abiotic environmental factors, certain biotic factors should
also be considered, including the initial microbial abundance, lag phase
and pair-wise interactions (D’Hoe et al., 2018). Moreover, the model can
also be constructed to predict and optimize ethanol and flavour com
pound formation (Henriques, Alonso-del-Real, Querol, & Balsa-Canto,
2018; Jiang et al., 2019).
It is true that more factors would improve the prediction accuracy of

5.2. Identification and regulation of key environmental driving factors
Traditional liquor fermentation is in general without any control of
environmental parameters like temperature, moisture, pH and oxygen
supply (microaerobic or anaerobic). For microbial growth and meta
bolism, the above-mentioned parameters play crucial roles in altering
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the model. However, model with the minimum number of independent
parameters is still suggested. Because more parameters make it more
difficult for the identification and the cross-validation. Thus, the most
important parameters should be identified before modelling to decrease
the number of the independent parameters. In addition, we still need to
notice unknown factors, although their effect on microbiota is still hard
to uncover. This requires a complex design for the modelling, and will
have an enormous potential for the improvement of food quality.
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5.5. Conclusions
Once we can identify both the core microbiota and key factors for the
feasibility of designing and constructing synthetic microbiota, we will be
able to control the fermentation process for desired product quality and
consistency, as shown in the bottom of Fig. 3. There are similar processes
like Japanese soy sauce and sake that are realized with better control for
product quality and consistency, although these processes originally
were also complex multi-species fermentations (Zhu & Tramper, 2013).
Moreover, these were realized last century when the technologies and
facilities were incompatible with those today of such a fast advance.
Spontaneous food fermentations like Chinese liquor fermentation with
complex multi-species under uncontrolled environmental conditions
need urgently modernization and standardization for safety and quality
reasons, but also for the sustainable development. Fast advances in
microbial ecology combining food science and biotechnology make
these feasible soon.
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