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Abstract

Strong flavour Baijiu is widely consumedin Chinaandis produced by the fermentation
of grains using microbial starters. However, a comprehensive understanding of the
diversity and metabolic characteristics of microbial communities involved in the
solid-state fermentation of Baijiu is important for determining the relationship
between microbial composition, flavour metabolism and understanding Baijiu
fermentation conditions. Although studies have examined the metabolic pathways
and major processes of flavour compounds in strong flavour Baijiu, aspects of the
fermentation process remain unexplored. In this review, methods are discussed the
optimisation of microbial diversity in strong flavour Baijiu and effects on the flavour
of Baijiu. In particular, recent studies are reviewed on starters (Daqu), fermented
grains (Jiupei), and pit mud together with the effects of microbial composition on
the quality of strong flavour Baijiu. The challenges of strong flavour Baijiu research
and production are discussed, including the role of the microbial diversity of Daqu
and Jiupeiin the flavour composition of strong flavour Baijiu. This review contributes
to the current understanding of processing for strong flavour Baijiu and serves as
a reference for screening flavour-related microorganisms, which is valuable for
improving the quality of strong flavour Baijiu.
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Introduction

Chinese Baijiu is brewed from raw materials
(sorghum, rice, and other grains) and a saccharifying
starter (Daqu, Xiaoqu, or Fuqu). Baijiu brewing
involves complex enzymatic reactions and microbial
processes. Of the various types of Baijiu, strong
flavour Baijiu is the most popular in China and
is produced by solid-state fermentation using
medium temperature Daqu as a starter (Jin et al,
2017; Zou et al, 2018a). The type and quality of
strong flavour Baijiu are related to the different
areas of production characterised by different
brewing environments, microbial diversity, and
process. The main production areas of strong
flavour Baijiu are concentrated in Chinese provinces
with varying climatic conditions including Sichuan,
Anhui, Shandong, Jiangsu, and Henan Province. The
different regions are characterised by their own
microbiome that imparts individual characteristics
to the Baijiu (Wang et al, 2015). Furthermore, the
microbial community simultaneously determines
the yield and quality of Baijiu based on its diversity
and stability.

The distillation process for strong flavour Baijiu
is divided into three steps: steaming of grains,
distillation of Jiupei, and mixed distillation of
Jiupei and grains (Figure 1). The mixing of Jiupei
with sorghum, rice or other cereals, and steamed
rice hulls, followed by distillation, is referred to as
the mixed distillation of Jiupei and grains. After
distillation and steaming, the mixture containing
the grains is cooled and mixed with Daqu powder
to obtain Liangpei. Daqu is the saccharifying and
fermentation agent in the production of strong
flavour Baijiu; Daqu is produced by solid-state
fermentation of wheat, barley, or peas, and
involves grinding, mixing, shaping, incubation, and
maturation (Gou et al, 2015; Zheng et al, 2011;
Zheng et al, 2012). The Liangpei is then transferred
into a mud pit and covered with Mianzao (Diuzao is
often used), which covers fermenting grains in the
pit. Jiaopi-mud then covers the Mianzao to maintain
an anaerobic environment. The Liangpei is then
fermented in the pit for 60-90 days. The fermented
Liangpei is called Jiupei and the different layers are
harvested and distilled to produce strong flavour
Baijiu. Generally, the quality of Jiupei at the bottom
of the pit is better than that of the other layers for

distilling strong flavour Baijiu. Moreover, the liquid
seepage sinks to the bottom and accumulates in the
pit, in contact with the mud (Hu et al, 2021a; Qian
etal, 2021; Gao et al, 2020). Distilled Jiupei from the
upper part of the pit is called Diuzao (which is not
used in later fermentation processes) and distilled
Jiupei from other parts of the pit is called Huizao,
which is used in further fermentation processes.
Huizao is mixed with cereals and subjected to
another cycle of fermentation to produce strong
flavour Baijiu.

The flavour and taste of strong flavour Baijiu can be
attributed to the the raw materials, the microbial
activity of Daqu, the flavour of the Jiupei, and the
microbial processes occurring in the pit mud. Of
these factors, the composition of the microbial
community and associated processes are important
factors in the production of strong flavour Baijiu
(Wu et al, 2016). However, little is known about
the microbial composition, associated enzymes
and metabolic activities, and flavour metabolism
of strong flavour Baijiu, especially, the microbial
pathways involved. Therefore, in this review, the
literature on the microbial diversity and flavour
metabolism of strong flavour Baijiu is critically
analysed and summarised.

Studies on the microbial diversity
of strong flavour Baijiu

Research methods, classification, and
comparison

The main sources of microorganisms in the
fermentation of strong flavour Baijiu are the
Daqu, grains, mud pit for fermentation, and the
environment (Figure 1). Several culture-dependent
and culture-independent methods are used in
the identification of microorganisms. Culture-
independent methods are used to identify specific
non-culturable microbes in a mixed population.
These methods include microscopy for identifying
microorganisms based on visual appearance; which
can also used with VBNC (viable but non culturable)
organisms (Manafi, 1996). Culture-dependent
methods are used to isolate and culture
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Figure 1.

Processes and sources of microorganisms in the fermentation of strong flavour Baijiu (Wu et al, 2016; Jin et al,
2017; Xu et al, 2017; Zou et al, 2018b).
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microorganisms based on their phenotypic
characteristics (Ramamurthy et al, 2014, Li et al,
2014). Several biochemical and molecular methods
have been used to study microbial diversity during
Baijiu brewing (Table 1). The biochemical methods
include plate counting (PC), community level
physiological fingerprinting (CLPF), phospholipid-
derived fatty acids spectrum analysis (PLFA), and
fatty acid methyl ester spectrum analysis (FAME).
The molecular methods include terminal restriction
fragment length polymorphism (T-RFLP), single-
strand  conformation  polymorphism  (SSCP),
denaturing gradient gel electrophoresis, or
temperature gradient gel electrophoresis (DGGE/
TGGE), and ribosomal intergenic spacer analysis
(RISA) (Franco-Duarte et al, 2019).

Traditional techniques are plate culture, colony
counting, and physiological and biochemical
experiments, which are mainly culture-dependent
methods and facilitate the morphological,
physiological, chemical, and biochemical
characterisation of microorganisms. These methods
enable studies on the distribution, growth of
microorganisms and the influence of the ecological
environment on the quality of strong flavour Baijiu.
The time needed for studying microbial diversity
usingthese methodsis2—-5daysorlonger.Incontrast,
molecular techniques, which may be supplemented
with molecular fingerprinting, reduce this time
significantly. Currently, fingerprinting methods
based on PCR amplification are used to evaluate
the diversity of microbial communities, however,
these methods can only be used to assess the
relative abundance of different species in microbial
communities and provide little or no information
on cellular metabolism and ecological functions.
However, some novel techniques, such as gene
chip analysis (Hu et al, 2020b), high-throughput
sequencing (Chen et al, 2020; Tan et al, 2020), and
the use of stable isotopes (Zachleder et al, 2018),
provide improved procedures for studying microbial
diversity during Baijiu brewing.

Compared with more traditional sequencing
methods, high-throughput sequencing facilitates
a more detailed and comprehensive analysis of
genes and genomes. High-throughput sequencing
technologies include amplicon  sequencing,
metagenomic sequencing, and metatranscriptome

sequencing. Amplicon sequencing is based on
the sequencing and classification of characteristic
sequences in microbial genomes for taxonomic
identification and determination of the relative
abundance of a species. Metagenome sequencing
does not requirem amplification, and directly
sequences all the DNA present in the sample to
enable species identification and analysis of gene
function. Metatranscriptome sequencing differs
from metagenomics and focuses on both DNA and
RNA in a sample; it also identifies the active species,
active genes, and active functions (Hu et al, 2020a).

Microbial diversity of materials
used in strong flavour Baijiu

Microbial diversity of Daqu
(saccharifying starter)

Daqu playsanimportantroleintheyield, quality, and
flavour of Baijiu (Yang et al, 2021). A fermentation
starter for strong flavour Baijiu production, Daqu
provides the microorganisms, flavour precursors,
and enzymes for the process. Recent studies have
examined the microbial structure, genetic diversity,
and phylogenetic status of Daqu (Chen et al, 2021;
Yang et al, 2018). The main microbial communities
in Daqu include bacteria, moulds, yeasts, and
actinomycetes, whose metabolic activity affects
the flavour of Baijiu. The microorganisms isolated
from various strong flavour Daqu (SFD) samples are
reported in Table 2. The microbial diversity of Daqu
is crucial for Baijiu production and has been studied
in detail (Li et al, 2017).

Modern molecular technologies have been used
to examine the functional microorganisms in Daqu
during the solid-state fermentation of strong flavour
Baijiu (Yangetal, 2017a). The microbial communities
of Daqu vary between layers, with moulds
predominant at the surface, bacteria predominant
in the deeper layer, and yeasts present across
all layers, but at a low abundance. Moreover, the
different microbial distribution between the surface
and inner layers of Daqu significantly influence its
physiochemistry (Chen et al, 2021). The microflora
of Daqu is largely dependent on the weather and
geographical factors, as well as the manufacturing
process (Xu et al, 2017). The Daqu microbiota
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Table 1.

Classification and comparison of research methods for determining microbial diversity in strong flavour Baijiu.

Method

Classification

Merits

Shortcomings

Biochemical

Molecular

Plate counting

(PC)

Community level
physiology
fingerprinting
(CLPF)

Equipment is simple.
Easy operation.
Low technical barriers.

Low cost.

High degree of automation.
Rapid detection.

Phospholipid derived Direct information on microbial community.

fatty acids
spectrum analysis
(PLFA)

Fatty acid methyl
ester spectrum
analysis (FAME)

Terminal restriction
fragment length
polymorphism
(T-RFLP)

PCR-denaturing
gradient gel
electrophoresis
(DGGE)

PCR-single-strand
conformation
polymorphism
(SSCP)

Fluorescence
quantitative PCR

Ribosomal
intergenic
spacer analysis

(RISA)

Assessment of dynamic changes.
Experimental conditions are straight forward.
Relatively cheap.

Objective and reliable results.

Suitable for tracking changes in the community.

Storage time of samples is not high.

Provides information of all microorganisms in the sample
Easy to operate, relatively low cost.

Suitable for the total microbial community, rather than
specific microbial species (Haack et al, 1994; Schutter and
Dick, 2000; Torres et al, 2020).

High throughput, simple operation.
High sensitivity (Franco-Duarte et al, 2019; Kari et al,
2019).

Suitable for the detection of difficult microorganisms.

High detection sensitivity (1% of the total community).
Fast detection and low cost.

Bands in the fingerprint are sequenced (Franco-Duarte et al,
2019).

High sensitivity and operability.

Suitable for large number of samples.

Sequence of DNA fragments is not required.

No need for special instrumentation.

Easy-to-master technology.

Low requirements for raw materials

Low cost, short cycle.

It is a simple and sensitive method for detecting genomic
mutations (Hashim and Al-Shuhaib, 2019).

Fast and efficient.

High specificity, high throughput.

Viable but non-culturable (VBNC) microorganisms can be
detected (Agusti et al, 2018; Sunyer-Figueres et al, 2018;
Zhong and Zhao, 2017).

The composition of the microbial community is determined.
The functional microbial group is quantified (Crevecoeur et
al, 2017; Reumer et al, 2018; Tajima et al, 2001).

Good repeatability.
Good analysis for special strip sequencing,
Simple operation.

Tedious.

Lengthy incubation times.

Low efficiency.

Not applicable to all microflora (Wilkinson, 2018).

Sample handling, culture conditions.
Microplate application contributes to assessment of
microbial diversity (Galazka and Furtak, 2019).

PLFA maps cannot be used to analyse archaea.
PLFA often overlaps different species.
Environmental conditions can influence the microbial

community PLFA pattern (Twining et al, 2020).

Fatty acids must be exhaustively extracted.

1t is difficult to identify microorganisms that are distant
from each other by phospholipid fatty acid composition.
Archaea cannot be analysed using FAME spectrograms
(Torres et al, 2020).

Inability to perform hybridisation, direct cloning and
sequencing analysis.

Inability to determine the microbe; qualitative information
is insufficient (Franco-Duarte et al, 2019; Kari et al, 2019).

Only small fragments (< 500 bp) isolated.

A single band in the map does not always represent a single
strain; DGGE usually indicates the dominant species in the
community.

Gene sequence information in the database is limiting.
Special equipment is required; Gradient gels contain toxic
formamide.

Not possible to identify mutations (Franco-Duarte et al,
2019).

Sensitivity is low in DNA fragments with > 300 bp
(Ushijima et al, 1995).
False negative results.

False positive results.

Difficult to distinguish DNA fragments with little
difference.
Some diversity information is lost due to restriction to the

dominant bacterial population in the environment
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Table 2.

Microorganisms isolated from strong flavour Daqu (SFD).

Samples Source of samples Isolated species/genus Reference
Mature SFD Wauling/Deshan/Baisha, Hunan/different strong Bacillus licheniformis, Bacillus subtilis Bacillus amyloliquefaciens,  Li et al, 2014
flavour Baijiu brewing companies and Bacillus cereus
Mature SFD Luzhou, Sichuan/a strong flavour Baijiu brewing Candida sp., Hansenula sp., Brettanomyces sp., Dekkera sp. Xu 2016
companies
SFD fermented for  Luzhou, Sichuan/ Luzhou Laojiao Co. Ltd. Bacillus subtilis subsp. inaquosorum, Saccharomycopsis fibuligera, — Yang et al, 2017b
5,7, 10, 25, and 90 Lichtheimia ramosa, Mucor circinelloides, F. circinelloides,
days Rhizopus oryzae
Mature SFD Luyi, Henan/ Songhe Distillery Co., Ltd Actinomycete species: Streptomyces lividans, Nocardiopsis Hou et al, 2019
dassonvillei, Streptomyces azureus, Streptomyces xiamenensis,
Streptomyces cacaoi subsp.Cacaoi
SFD Different strong flavour Baijiu brewing companies: High yield ethyl caproate producing yeast (YX3307): Clavispora Fan et al, 2021
Wauliangye, Gujing, Yanghe etc lusitaniae
Fortified SFD Luan, Anhui/ Yingjia Distillery Co., Ltd. Yeasts: Saccharomyces cerevisiae, Hanseniaspora vineae, Pichia Pu et al, 2021
kiuyveri, Trichosporon asahii, Wickerhamomyces anomalus,
Kluyveromyces lactis, Yarrowia lipolytica, Wickerhamomyces mori,
Galactomyces geotrichum, Dabaryomyces hansenii, and
Saccharomyces kudriavzevii.
SFD Ningling, Henan/ Zhanggong Distillery Co., Ltd Protease producing bacteria: Bacillus velezensis Liu et al, 2022

is known to exhibit species-specific and cyclical
succession characteristics during fermentation
(Yang et al, 2021; Xiao et al, 2021).

The microbiota of newly prepared Daqu is diverse
and can result in a rapid increase in temperature
and excessive production of total acids in fermented
grains (Li et al, 2022), which negatively affect
strong flavour Baijiu fermentation. Therefore, it
is important to mature the Daqu during storage
and before its use in brewing. Several biochemical
reactions, including changes in enzyme, substrate,
and bacterial systems, occur during Daqu production
and storage (Yang et al, 2017a). Liang et al (2017)
found that Firmicutes was the dominant phylum
in old Daqu, accounting for 62.7 and 63.5% of the
relative species abundance in three and six month
old Daqu. In nine month old Daqu, Proteobacteria
accounted for 80.9% species abundance. Further
analysis showed that three to six month old Daqu
improved the quality and flavour of Baijiu (Liang
et al, 2017). Notably, the microbial composition
varies among different Daqu reflecting differences
in the composition of raw materials, production
technique, and climate (Xu et al, 2017).

Microbial diversity of fermented grains
(Jiupei)

During the fermentation of grains, microorganismes,
metabolites and enzymes, trigger biochemical
reactions which determine the flavour of strong
flavour Baijiu. The microbiota of Jiupei comprises
bacteria, yeasts, and moulds. Saccharifying enzymes
are mainly produced by moulds, such as Rhizopus,
Aspergillus, and  Monascus.  Saccharomyces
cerevisiage is the most common yeast found in
grain fermentations. Bacteria, including Bacillus
licheniformis and caproic acid producing bacteria,
arethe primary producers of protease, esterase, and
other enzymes during the fermentation process.
However, during the fermentation process, changes
in the microbiota occur driven by shifts in oxygen,
ethanol concentration, and acidity (Wu et al, 2021).

Tan et al (2019) determined that lactobacilli reflect
the rate of microbial succession at different stages
of the process and that fermentation parameters
affect the rate. Shi et al (2011) compared the fungal
communities of multiple grain and single grain
Zaopei using traditional identification methods and
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denaturing gradient gel electrophoresis (DGGE)
and found that raw materials and fermentation
location can affect the composition of the fungal
community. Further, Song et al (2017) identified
thermophilic fungiflora - Thermomyces lanuginosus
and Thermoactinomyces - in Jiupei using high-
throughput amplicon and metatranscriptomics
sequencing.

Microbial diversity of pit mud

Fermentations are performed in mud pits where
the rich microbial community can influence the
flavour of strong flavour Baijiu. Analysis of the
microbial community in pit mud can provide new
insights into factors influencing the quality of strong
flavour Baijiu. Indeed, the variety and abundance of
microorganisms in pit mud, the mutual influence of
different microflora, and the mechanisms by which
metabolic activities affect flavour would benefit
from further study.

The microbial composition of pit mud includes
anaerobic bacteria, such as Methanobacteria and
Clostridium species, lactic acid, sulphate-reducing,
and nitrate-reducing bacteria. In pit mud used for
three types of strong flavour Baijiu, Hu et al (2015)
identified a total of 28 closely related bacteria,
including 15 Clostridium and eight Bacillus species.
They found that C. kluyveri N6 could produce
caproic, butyric, and octanoic acids, which can react
with ethanol to produce the corresponding ethyl
esters. Additionally, the microbial community in pit
mud is influenced by multiple stressors including
low oxygen concentration, low pH, and high alcohol
concentration (Zhao et al, 2012). Tao et al (2017)
found that prokaryotes were the predominant
microbial population in pit mud, accounting for
95.3% of the total metagenomic reads, whereas the
abundance of the eukaryotic population was 1.8%.

Furthermore, the microbial diversity of pit mud is
influenced by the age of the pit mud, with a stable
community structure improving the quality of pit
mud (Chen et al, 2020). Archaea communities,
consisting primarily of Methanobacteria aged more
than 30 years have been reported to be abundant in
pit muds (Xu et al, 2017). Methanobacteria promote
the growth of caproic acid-producing bacteria such
as Clostridia.

This may explain why high quality strong flavour
Baijiu is produced in aged pit muds with a high
Methanobacteria population (Ding et al, 2014).
Species belonging to the order Bacillales, especially
those belonging to the genus Bacillus are dominant
in young pit muds (Liang et al, 2016); Virgibacillus
has also been detected in young pit muds (Ding et
al, 2014). In contrast, Chloroflexi, Synergistetes, and
Actinobacteria are only detected in aged pit muds
(Luo et al, 2014a; Luo et al, 2014b).

Other contributors to microbial diversity

The environment is an important source of
fermentation microbiota and can drive microbial
succession and alteration of metabolic profiles
during the fermentation of strong flavour Baijiu.
However, the mechanisms by which microbes in
the environment influence the quality of strong
flavour Baijiu are unclear. Wu et al (2016) reported
that Baijiu flavour improved by perturbing the
intrinsic  microbial metabolism with extrinsic
microbes. Further, Wu et al (2019b) confirmed
the relationship between the quality index and
the bacterial community of strong flavour Daqu.
Therefore, analysis of microbial communities in the
target environment and their dynamics could help
optimise community structure, regulate community
function, and identify important microbial resources
for Baijiu brewing (Wang et al, 2019).

Moreover, as the flavour of strong flavour Baijiu
is directly influenced by the enzymes produced
during fermentation, it is important to determine
the microbial species present during the different
fermentation stages and to assess the production
of corresponding enzymes to modulate their levels
for regulating and improving the quality of strong
flavour Baijiu.

Microbial supplementation
with fortified Daqu, artificial pit
mud, and simulated microbial
communities

Fortified Daqu

The dominant genera in different types of Daqu are
Bacillus, Lactobacillus, Thermoactinomyces,
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Saccharomyces, Aspergillus and Thermomyces (Gou
et al, 2015; Jin et al, 2019). These genera produce
various hydrolytic enzymes and flavour compounds,
which contribute to the quality of Daqu. The
application of fortified Daqu is an important factor,
which can be regulated to produce high quality
strong flavour Baijiu. Exogenous application of
selected strains can increase the levels of enzymes
and flavour compounds in Daqu, which may help
diversify the indigenous microbial community
(Wang et al, 2017). He et al (2019) found that
bioaugmentation using B. velezensis and B. subtilis
altered the microbial community and metabolic
activity during fermentation and improved the
flavour of Daqu. Further, Wang et al (2017) reported
that the addition of B. licheniformis increased the
abundance of Bacillus, Clavispora, and Aspergillus
and decreased the abundance of Pichia and
Saccharomycopsis, which resulted in increased
aromatic compounds possibly because of changes
in the metabolic activity of native microflora. Li et
al (2020) also found that the composition of the
microbial community and metabolic activity of
Daqu can be influenced by fortification with aroma
producing yeast strains.

Artificial pit mud

Mature pit mud older than 20 years is important for
brewing high quality strong flavour Baijiu because
of the unique microbial community. Accordingly,
the pit mud used for fermentation in high quality
strong flavour Baijiu production is typically over
20 years old (Tao et al, 2014). Artificial pit muds
have been formulated to simulate mature pit mud
based on the microbiology of natural pit mud. The
approach may reduce the time required for pit mud
maturation. Clostridium and Hydrogenispora are
predominant in natural mature pit mud. Further,
Bacillus is the predominant species in immature
pit mud and the clostridia/bacilli ratio is positively
correlated with pit mud quality (Chen et al, 2020).
Such findings provide a basis for producing suitable
artificial pit mud. Clostridium, the dominant
bacterial genus in aged pits, can be inoculated into
new or young fermentation pits to produce artificial
pit mud with increased caproic acid content (Zou et
al, 2018b). Liu et al (2019) studied the of artificial
pit mud maturation and its connection

with high quality Baijiu and found that the relative
abundance of Clostridia increased, whereas bacilli
decreased, exhibiting characteristics like those of
natural pit mud. In summary, pit mud maturation
can be reduced through the application of artificial
pit mud to produce high quality strong flavour Baijiu.

Simulating microbial communities

Constructing functional microbial models and
simulating microbial communities is necessary
for the development of artificially controlled
fermentation. The construction of simulated
microbial communities aims to utilise the individual
capabilities of microorganisms and their interactions
to achieve specific goals, such as improved
productivity, stability and metabolism (Bernstein
and Carlson, 2012). Currently, this involves the
identification of core microorganisms at the system
level and the construction of simulated microbial
communities to study the community performance
and stability (Wang et al, 2018a). A mixture of S.
cerevisiae and Wickerhamomyces anomalus has
been found to improve the metabolism of yeast,
promote the production of ethanol and ethyl acetate
and to improve Baijiu quality (Zha et al, 2018).

Microbial flavour metabolism

Microbial flavour metabolism in solid-state
fermentation is a complex  mixture of
microorganisms, trace compounds, and enzymes,
which is influenced by raw materials, pit mud,
and environmental factors (natural microflora, air,
and water) (Jin et al, 2017). Several studies have
investigated the minor compounds in Baijiu, and
have identified over 2,000 acids, esters, alcohols,
aldehydes, pyrazines, and terpenes (Sun et al,
2021; Wu et al, 2019a; Yao et al, 2015). Several
of these compounds are beneficial to health (Yao
et al, 2015); microbial metabolites are related
to the trace compounds of strong flavour Baijiu
(Table 3). Metabolite analysis of dominant
fermentation microorganisms has confirmed that
each is intricately involved in the formation of
flavour compounds during Baijiu fermentation and
contributes to the aromatic profile of Baijiu (Wang
et al, 2022; Wang et al, 2019).
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Sample pre-treatment for the detection of
flavour compounds

The types and quantities of flavour compounds
vary in strong flavour Baijiu (Huang et al, 2020;
Jia et al, 2020). Conventional chemical analysis is
used to determine the content of acids, esters, and
aldehydes in strong flavour Baijiu through sample
pre-treatment, detection, identification, data
processing, and analysis.

Table 3.

Raw materials including Daqu, distiller’s grains,
pit mud, original strong flavour Baijiu, and yellow
pulp water, can be used to determine the flavour
compounds produced by different microflora
during Baijiu fermentation. The pre-treatment
methods include direct sampling (DI), solid-phase
microextraction (SPME), liquid-liquid extraction
(LLE), simultaneous distillation and extraction
(SDE), stir bar sorptive extraction (SBSE), thermal
desorption extraction (TDE), and supercritical

Classification and comparison of the microbial diversity and flavour metabolism of strong flavour Baijiu.

Raw material Main fermentation

microorganism

Major volatile flavour substances

Major metabolic pathway or substances

Daqu: barley, wheat, Yeast: Saccharomyces cerevisiae,

peas, etc. Schizosacchaeomyces,

acetate, ethyl butyrate, ethyl valerate,

Esters: ethyl caproate, ethyl lactate, ethyl e Under hypoxic conditions or in the presence of

fermentable sugars, saccharides are to produce pyruvate.

Saccharomycopsis, Pichia, etc. (You heptanoic acid ethyl ester, and octanoic acid e Pyruvate is converted to ethanol by acetaldehyde

Strong flavour et al, 2021)
Baijiu-brewing: sorghum,
barley, rice, glutinous
rice, corn, etc.
2021).

Alcohols: butanol, isoamyl alcohol, octanol,
and heptanol, benzene ethanol (Wu et al,

2021).

Aldehydes: aldehyde and furfural.

Bacteria: Lactobacillus, Bacillus,
Petrimonas, Caproiciproducens,
Proteiniphilum,
Christensenellaceae,
Caldicoprobacter, olsenella,

Pediococcus, Acidithiobacillus,

Syntrophomonas, Sed-imentibacter,
and Aminobacterium (Sun et al,
2016)

Mould: Rhizopus, Aspergillus,
Mucor, Absidia, Rhizomucor and
Penicillium

(Chen et al, 2021; Liu et al, 2019)

Actinomyces: Streptomyces,
Massilia, Nocardiopsis, and
Ermoactinomyces sanguinis (Zhang
etal, 2012)

ethyl ester (Liu et al, 2019).

methyl pyrazine, dimethyl sulphur and other
metabolites and their precursor.

dehydrogenase and ethanol dehydrogenase (Wang et al,
2017).

Acids: acetic acid, butyric acid, and caproic ®  Saccharomyces cerevisiae is mainly responsible for
acid (Zhong and Zhao, 2017; You et al,

ethanol production.

* Non-Saccharomyces interact with esterases to convert
sugar, aldehydes, organic acids, salts, and other
substances, which are used as substrates to synthesise
esters, the major flavour compounds of strong flavour
Baijiu (Jin et al, 2017; Liu et al, 2019).

* Main metabolites: film yeasts — ester, Baijiu brewing
yeasts — alcohol; enzyme; the production of acetic acid
and caproic acid is related to yeast (Zhang et al, 2011).

Others: beta tetramethyl pyrazine, three e Bacteria metabolise and secrete saccharifying enzymes

and proteases, which hydrolyse starch and protein in
fermentation materials, and the products serve as
precursors of aromatic substances (Li et al, 2011).

e Main metabolites: aromatic substances or their

precursors and enzymes (Zheng et al, 2013).

«  Mainly produce hydrolytic enzymes, including
a-amylase and glucoamylase.

¢ Moulds decompose raw materials containing starch into
reducing sugars via saccharification (Wang et al,
2018a).

e Moulds promote the decomposition and transformation
of starch, proteins, and other substances in the
fermentation via liquefaction and esterification.

e Main metabolites: sugars, enzymes and amino acids,
flavour compounds, including esters, alcohols, and
acids, etc. (Kari et al, 2019; Wu et al, 2019).

¢ Actinomycetes produce enzymes, which degrade starch,
cellulose, and other polymers (Wang et al, 2019).

* Produce esters, acids, aldehydes, ketones, and alcohols
as well as other important aroma and flavour
compounds.

e Other metabolites: antibiotics.
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carbon dioxide extraction (SCDE) (Guo et al, 2022).
As shown in Figure 2, the pre-treatment methods
for SPME, SBSE, and LLE can be combined with
GC-MS/IMS and GC-O to determine the flavour
compounds in strong flavour Baijiu. Although
several pre-treatment methods can be used for
Baijiu flavour detection, their application is limited
owing to cost, complex operation, and inability to
perform multiple analyses simultaneously.

Modern methods for detecting flavour compounds
in strong flavour Baijiu include mass spectrometry
(MS) and nuclear magnetic resonance (NMR). NMR
techniques allow the rapid, accurate, and non-
invasive high throughput analysis of compounds
and provides a metabolic map. MS is usually applied
for the measurement of biological macromolecules,
characterisation of trace compounds, and analysis
of trace molecular bioactive substances present in
complex systems. Chromatography combined with
organic mass spectrometry can be divided into
gas chromatography-mass spectrometry (GC-MS),
liquid chromatography-mass spectrometry (LC-MS),
and gas/liquid chromatography-quadrupole mass
spectrometry (GC/LC-Q-MS) (Table 4). Overall, it
is important to select and combine appropriate
analysis techniques to detect flavour compounds.

Microbial flavour metabolism of
Daqu, Jiupei and pit mud

Microbial flavour metabolism of Daqu

Daqu is produced by solid-state fermentation of
grains by environmental inoculation. Owing to
thermal and microbial effects, different classes of
volatile compounds are generated during Daqu
fermentation, and the changing dynamics of
microorganisms and flavour substances during
fermentation impact on the quality of Baijiu (Mao
et al, 2022; Yan et al, 2019). However, research on
the olfactory substances in Daqu is lacking.

Zhang et al (2011) characterised 75 volatile
compounds in different Daqu samples using HS-
SPME-GC-MS and classified 10 types of Daqu
samples into three groups by principal component
analysis (PCA) according to their origin and
production.

Further, Zheng et al. (2018) quantified 50 flavour
components and four organic acids in Wuliangye
baobaoqu using an internal standard curve
method and benzyl ester derivatisation. Of these
compounds, hexanal, phenylacetaldehyde, and
4-ethyl guaiacol were regarded as pivotal volatile
active compounds in Daqu (Zhang et al, 2012).

The production process of Daqu includes
fermentation for one month and storage for three to
six months. During storage, the flavour compounds
of Daqu are influenced by changes in microbial
composition and activity (Fan et al, 2019a; Liang
et al, 2017). Fan et al (2019a) detected 72 classes
of volatile compounds in Daqu and found that the
guantity of these compounds changed considerably
but then stabilised during storage. Similarly,
Guan et al (2021) reported changes in microbial
communities, physicochemical properties, and
enzymatic indices of Daqu with increasing storage,
and suggested that these factors may bring about
changes in microbial flavour metabolism.

Microbial flavour metabolism of
fermented grains (Jiupei)

The quality of strong flavour Baijiu is determined by
the content and proportion of flavour compounds,
which are related to the variety and abundance
of the microorganisms in Jiupei. Changes in the
microbial community during the fermentation of
grains can affect the degradation of macromolecular
compounds and formation of flavour metabolites
and enzymes by moulds, yeasts, and bacteria (Li et
al, 2011; Xu et al, 2022). During the fermentation
of grains, enzymes including fibrinolytic enzymes,
thermostable amylases, proteases, and cellulases
are produced by actinomycetes leading to
degradation products.

The degradation products of grains are used by
yeasts and bacteria to produce low molecular
substances, including ethanol, acetic acid, ethyl
acetate, peptides, and amino acids, which can
support the growth of caproic acid producing
bacteria (Wang 2022a; Jin et al, 2017). The high
alcohol levels in Jiupei can also influence the flavour
of Baijiu, acting as a bridge for the conversion of
flavour substances such as acids, and esters
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Figure 2.

Methods used for the pre-treatment and analysis of flavour compounds in Baijiu.

(a) SPME (Solid-phase microextraction)
(b) SBSE (Stir bar sorptive extraction)
(c¢) LLE (Liquid-liquid extraction)

Extraction needle with
fiber assembly for SPME

Baijiu sample into a

Ultrapure water headspace bottle.

Take 3-5mL of diluted \\ E

inin

i

T
800 1000 1200 1400 1 600 1 800 2 000 2 200

Aroma intensity

O RN W W e
i

in

7ia=sn

Strong flavour Bayjiu  Diluted Baijiu

Insert the extraction needle
mto the headspace bottle.

A Baijiu base
@ Components to be tested

Stirring rotor with fiber
assembly for SBSE

Ultrapure water

1
AN

.
The components are
balanced between the
coating and the sample.

Diluted Baijiu

A Baijiu base
@ Components to be tested

Add 1-5 mL of diluted
Baijiu to the centrifuge
tube, and add organic

Dilute the Baijiu to
appropriate alcohol
content (5-10 % vol).

Baijiu and organic
solvent are mixed
by vortex.

The targeted substances in Baijiu
are concentrated in the layer fiber
assembly of the stirring rotor.

Put the stirring rotor "ﬁ
into the glass thermal }’_,ﬂl ] 2
desorption tube. ’n‘

Separate the organic phase
from the aqueous phase.

3
=)
The components are
balanced between the
coating and the sample.

|
|
|
|
|
|
|
|
j
|
| Hy Q /{
l H,c_/’_{”, "’mj\ff Y
I Ethyl acetate  Ethyl lactate Ethyl phenylacetate
After extraction, insert the | } >
extraction needle into the | }
GC injection port. |
|
Transfer the thermal
AN desorption tube to the
thermal desorption unit.

é .
P
Dy

The analyte is released
and transferred to the
GC injection port.

The organic phase
is collected and
concentrated by
nitrogen blowing.

Concentrated sample 1uL
in chromatographic flask.

© 2023 Institute of Brewing & Distilling

jib.ibd.org.uk J Inst Brew 2023,129:15-38 | 25



Processing of strong flavour Baijiu

Journal of the Institute of Brewing

Table 3.

Comparison of NMR and MS in the qualitative analysis of flavour substances in strong flavour Baijiu.

Method Classification Merits

Shortcomings

Nuclear magnetic resonance 'TH NMR
(NMR) (Xiong et al, 2021;
Tabago et al, 2021)

* Highly sensitive.

e The chemical environment of organic
compounds containing more carbon is

similar to alkane hydrogen.

3CNMR ¢ No radioactive chemicals. o 13C naturally exists at low concentrations

o No environmental contamination.

o Sensitive.

and requires a long scanning time.

o Can compensate for the inability of 'H NMR
to detect hydrogen free functional groups and to

distinguish between alkane like hydrogen in the

chemical environment of organic compounds.

Mass spectrometry technique Gas chromatography (GC)-MS e The relative price of the equipment is low. * Quantitative deviation caused by sample

(Xiong et al, 2014; Picariello o Rich database for qualitative analysis.

et al, 2011; Koeberl et al,

derivation.

e Temperature and other factors affect

2014) column efficiency and cause signal loss.
* Long determination time.
Liquid chromatography o Higher sensitivity than NMR, without sample e Spectral library data is limited.
(LC)-MS derivatisation.
Direct infusion (DI)-MS o The sample has high flux and a relatively e Jon inhibition is indistinguishable from

simple spectrogram

e No sample retention

the plasmid nucleus ratio of the same

metabolite.

(Avalos and Fink, 2013; Hu et al, 2021b). Yeasts
are the main producers of ethanol during grain
fermentation, and some other species play pivotal
roles in the production of strong flavour Baijiu (You
etal,2021).Sunetal (2016) found that Lactobacillus,
the dominant bacterial genus in Jiupei during the
brewing of strong flavour Baijiu, produce lactic acid,
acetic acid, and other organic acids. Further, Zou et
al (2018a) reported that the precursors of esters,
alcohols, and short chain fatty acids are produced

by Clostridium in Jiupei.

Microbial flavour metabolism in pit mud
(Jiaoni)

Mud cellars are the fermentation ‘vessels’ for the
production of strong flavour Baijiu and the species,
quantity, and metabolism of microbial flora in Jiaoni
determine the quality of strong flavour Baijiu (Chai et
al, 2021; Hu et al, 2016). Esters are the main aroma
compounds formed by microorganisms in Baijiu,
with ethyl hexanoate the main aromatic compound
in strong flavour Baijiu (Xu et al, 2017). Clostridium,
whose main metabolites are caproic acid, butyric
acid, and hydrogen, also plays an important role
in the production of ethyl hexanoate. Tao et al
(2014) found that high quality Jiaoni contains more
Clostridium than low quality. Further, lactobacilli
and methanogens can metabolise and synthesise

caproic acid, which can be esterified to form ethyl
caproate. Microbes in pit mud produce various
organic acids, such as caproic, butyric, acefic,
and lactic acids, which are the main precursors of
flavour esters (Hu et al, 2015).

Zou et al (2018b) reviewed the research on
Clostridium in strong flavour Baijiu production,
including species diversity, physiological
metabolism, and interspecies interactions.
Understanding the role of Clostridium is helpful for
understanding the mechanism of the formation of
flavour compounds. Understanding the formation
of flavour compounds may help improve the quality
of Baijiu (Xu et al, 2017; Xu et al, 2022). A lactate
utilising and butyrate producing bacterium termed
BPY5 has been isolated from an aged fermentation
pit and can be used in the production of butyrate
or for the recovery of butyrate from wastewater
containing lactate (Tao et al, 2016).

Generally, aged pit muds of high quality are
maintained for at least 20 years with continuous
use. The prokaryotic community in aged pit
muds produce high levels of caproic acid, whichis
necessary for the synthesis of ethyl caproate, an
important flavour component in strong flavour
Baijiu (Tao et al, 2014; Zheng et al, 2013).
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Metabolism of unpleasant aroma
compounds

During the fermentation of Baijiu, some unpleasant
aroma compounds are produced due to bacterial
contamination (e.g., C. aminovalericum and C.
ultunense) or poor process management. For
example, C. purinilyticum produces 4-methylphenol
which has an unpleasant aroma (Liu et al, 2017).
The most common unpleasant smell is a musty
odour. Du et al (2011) speculated that geosmin,
which causes an earthy odour, may be a metabolite
from microorganisms such as Streptomyces.

Research on Baijiu composition is focused on
identifying and characterising flavour components
that have positive effects on flavour (Jia et al, 2020;
Xu et al, 2022). However, tracking the source and
changes in unpleasant aromas and flavours in the
raw materials, fermentation processes, and during
microbial metabolism is also of value (Jin et al, 2017;
Liu et al, 2018). However, only a few studies have
investigated the unpleasant aroma and flavours
in strong flavour Baijiu (Du et al, 2017; Fan et al,
2019b; Sun et al, 2015). Du et al (2017) found a
positive correlation between Streptomyces and the
odours produced by Daqu during storage and found
that a storage time of Daqu for about three months
is conducive to the reduction of unpleasant aromas.

Other factors affecting flavour

In addition to Daqu, Jiupei, and pit mud, brewing
parameters are a major factor influencing the
flavour of strong flavour Baijiu. These include water
quality, acidity, starch content, amount of rice
husk, and fermentation time, which also affect the
production of flavour substances by affecting the
microbial metabolism in Jiupei and pit mud during
fermentation.

During fermentation, the degradation of starch
and other macromolecules can result in the
accumulation of vyellow pulp water in the
fermentation pit. Yellow pulp water contains
microorganisms and metabolites, including lactic
acid, ethanol, and acetic acid (Fang et al, 2017; Gao
et al, 2020).

These organic acids, ethanol, and other flavour
substances permeate the Jiupei and are distilled
in the Baijiu using solid-state distillation. This is an
important step for developing the characteristic
flavour of Baijiu. The microbial metabolites in
yellow pulp water can be metabolised by pit mud
microbiota (Chai et al, 2021; Gao et al, 2020; Wang
et al, 2021). Moreover, microorganisms present
in yellow pulp water play important roles in grain
fermentation and pit mud ageing (Kang et al, 2022).

The fermentation of strong flavour Baijiu involves
metabolism by bacteria, yeasts, and moulds from
the environment. Previous studies have focused on
the influence of the environment on the succession
of the microbial community (Wang et al, 2018b; Sun
et al, 2016). However, there is a lack of systematic
studies on the effect of environmental microbial
factors on microbial succession and metabolism
(Wang, 2022). In addition, biofilms and cross-feeding
playimportantrolesin microbial flavour metabolism.
However, there is a lack of direct evidence of the
formation of multispecies biofilms and associated
microbial interactions and communication. Only a
few studies have investigated biofilms formed by
functional microorganismsduring food fermentation
(Yao et al, 2022).

Flavour metabolism - data and correlation
analysis

Owing to advances in modern analytical methods,
the chemical nature of key flavour components,
their formation, and pathways, with implications
for Baijiu have been identified (Tang et al, 2020).
Recent research has focused on ways to extract
information from complex flavour metabolite data
and to screen potential biomarkers. The collection,
storage, mining, and exploitation of big data on
flavour metabolites are key issues underlying
microbiome development (Tang et al, 2020).

Statistical analyses, such as dimension reduction,
PCA, cluster analysis (CA), and Procrustes analysis,
can be used to determine the characteristics of
flavour compounds. PCA transforms the analysis
of component data into comprehensive indicators
through dimensionality reduction and determines
weight according to the correlation and degree of
variation to determine key components (Meira et
al, 2020).
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Cluster analysis classifies indicators through multi-
factor analysis, according to the similarity of quality
characteristics and aggregates multiple varieties
according to the comprehensive properties of
categories (Gong et al, 2014). PCA and CA can be
used to identify the flavour type, origin, and brewing
process of Baijiu. Further, Procrustes analysis can
be used to evaluate the differences between two
sets of geometric structures. Together with optimal
sorting by rotation, translation, image, and scaling,
to evaluate differences between two groups. The
sorting methods include PCA, principal co-ordinates
analysis and non-metric multidimensional scaling
(Guo et al, 2022).

Potential relationships between the prokaryotic
community and flavour compounds in strong
flavour Baijiu fermentation can be determined by
correlation analysis using a correlation heat map,
correlation scatter plot, redundancy analysis, ROC
curve analysis, and chord map. Pearson’s correlation
coefficient is widely used to measure the strength
of linear correlation between two variables.
Based on the Pearson’s correlation coefficient, the
degree of association between species diversity
and metabolites in environmental samples can
be measured (Wang et al, 2020). The correlation
coefficient can be expressed as a heat map reflecting
the correlation between each flavour metabolite
and microbial classification using a colour gradient
(Wu et al, 2016).

The relationship between microbial colonies and
flavour compounds in strong flavour Baijiu has been
reported (Tan et al, 2019; Yang et al, 2021). Wang et
al (2021) reported that the aromatic components
of Wuliangye Baijiu were positively correlated with
Gram-negative bacteria, anaerobic bacteria, and
fungi, but were negatively correlated with Gram-
positive bacteria and aerobic bacteria. Importantly,
there are potential and complex metabolic
correlations among multi-species during strong
flavour Baijiu fermentation, and their relationships
should be examined in future studies (Hu et al,
2021a; Jin et al, 2017; Xu et al, 2022).

Flavour metabolism - pathway analysis

Although many microbial species have been
identified in Baijiu fermentation, little is known about
the compounds and their roles produced during
fermentation (Wang et al, 2018a; Wang et al, 2019).
Further, the interaction and molecular mechanisms
of these microorganisms during fermentation
remains unclear (Wang et al, 2019). Currently,
studies on the pathways and mechanisms of flavour
compound production are limited (Xu et al, 2021;
Xu et al, 2022). Therefore, it would be valuable to
unravel the diversity of flavour compounds and
perform metabolomic analysis. Esters, alcohols,
aldehydes, and acids are the four major types of
flavour compounds in strong flavour Baijiu. The
metabolic pathways for the major alcohols, acids,
and nine flavour esters are shown in Figure 3 (Xu et
al, 2021; Xu et al, 2022).

Microbial synthesis is recognised as the main source
of ester formation in Baijiu (Li et al, 2018a; Xu et al,
2022). Esterification in the fermentation of strong
flavour Baijiu is catalysed by three types of enzymes
- lipases, alcohol dehydrogenases, and alcohol
acyltransferases (Tao et al, 2017; Xu et al, 2022).

During fermentation, ethanol is formed under
anaerobic conditions by yeasts such as S. cerevisiae.
Glucose in converted to pyruvic acid via glycolysis
which is decarboxylated to acetaldehyde, which is
reduced to ethanol (Xu et al, 2021). Studies involving
the knockdown or overexpression of genes involved
in alcohol synthesis in S. cerevisiae have shown
that overexpression of the BAT2 gene significantly
reduced the output of higher alcohols, such as
isoamyl alcohol and isobutanol, but significantly
increased the output of ethyl esters (Wang et al,
2018b).

The aldehydes in strong flavour Baijiu mainly
include formaldehyde, acetaldehyde, furfural,
butyraldehyde, valeraldehyde, and acetal. Most
of these are produced from the oxidation of
corresponding alcohols during fermentation (Fan
et al, 2019b; Sun et al, 2015). Acetaldehyde and
acetal are important aromatic compounds in Baijiu
(Fan et al, 2019b). Acetal which is formed from the
condensation of acetaldehyde and ethanol
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contributes a pleasant fragrance and taste to Baijiu
(Wang et al, 2022). Some aldehydes in Baijiu are
bioactive with strong antioxidant, anti-colitic, anti-
mutation, and analgesic properties (Tai et al, 2011).

Acids constitute an important class of flavour
chemicals in strong flavour Baijiu. Isobutyric acid
and isovaleric acid are produced by several species
of bacteria under anaerobic conditions (Li et al,
2018b). Additionally, lactic acid can be synthesised
by microorganisms during the fermentation of Baijiu
(Li et al, 2018c; Chen et al, 2022).

Figure 3.

Moreover, acetic acid and lactic acid can serve as
substrates for the synthesis of butyric acid and
caproic acid (Sifeeldein et al, 2019). The main
pathway of butyric acid formation involves butyryl-
CoA from reverse B-oxidation from ethanol and
acetic acid. Further, organic acids such as caproic
acid, butyric acid, acetic acid, and lactic acid,
can react with ethanol through the action of
esterification enzymes and be converted to acid
ethyl esters. Similarly, octanoic acids can react with
ethanol, and be converted to octanoic acid ethyl
ester (Xu et al, 2022; Nan et al, 2021).

Metabolic pathways of alcohols, acids, and esters during the fermentation of strong flavour Baijiu (Xu et al,

2021; Xu et al, 2022).
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Conclusions and perspectives

In summary, numerous studies have examined
the microbial diversity and flavour metabolism
to optimise the quality of strong flavour Baijiu.
However, the following issues remain to be
addressed:

(1) Despite decades of research on the microbial
composition and structure of strong flavour Baijiu,
the relationship between microbial diversity,
metabolism, flavours and aroma remains unclear.
Further, the impact of physical and chemical factors
on microbial metabolism requires further study.

(2) Little is known about the mechanisms by which
microorganisms interact with each other and the
metabolic pathways by which functional microflora
produce flavour and aroma compounds in strong
flavour Baijiu fermentation.

(3) The metabolic pathways of the microorganisms
responsible for unpleasant aromas and flavours
remains unclear.

(4) Studies on metabolic and enzymatic pathways
during fermentation, such as the synthesis of esters
and alcohols, may help clarify the mechanisms of
flavour metabolism in strong flavour Baijiu.

Further, the application of genetic techniques will
be necessary to identify and screen functional
strains of microorganisms. This will be important
for manipulating the quality and flavour of strong
flavour Baijiu. Finally, the targeted regulation and
application of microorganisms and their flavour
metabolites in Baijiu brewing should be examined
in future work.
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