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ARTICLE INFO ABSTRACT

Keywords:

The thermophilic phase of Daqu fermentation is considered the key period for aroma production in Daqu, but

Daqu little is known about the changes in substances during this phase. In this study, we combined a metabolomics

Thermophilic phase
Untargeted metabolomics
Key microbes

Metabolic mapping

approach with high-throughput sequencing to analyze the metabolic profiles and identify metabolism-associated
microbes during the thermophilic phase of Daqu fermentation. The results revealed that the metabolic sets after 5
and 9 days of fermentation in the thermophilic phase were similar, and several amino acid and biosynthesis-

related metabolic pathways were significantly enriched. In addition, pyrazines and alkanes increased and es-
ters decreased significantly after the thermophilic phase. The metabolism of substances during the thermophilic
phase involved 38 genera, and the main metabolic pathways involved were glycolysis, TCA cycle, butyric acid
metabolism, and five amino acid metabolic pathways. In summary, this study points in the direction for
unravelling the mechanism of aroma production in Daqu.

1. Introduction

Jiuqu (a saccharification fermentation agent) is the soul of Chinese
Baijiu, and the quality of Jiuqu determines the quality and yield of Baijiu.
Daqu (a saccharification fermentation agent shaped like a brick) is
formed by brewing wheat and other raw materials through grain wet-
ting, crushing, press molding, and fermenting in a Qu room (a cultiva-
tion chamber) for approximately 30 days and then storing the product in
another Qu room for 3-6 months. The core process of Daqu production is
fermentation in the Qu room. In the Daqu fermentation process, workers
manage the parameters such as temperature and humidity in the Qu
room by turning the Daqu, opening and closing the doors and windows,
etc., and then regulate the growth of Daqu microorganisms, which
makes its community directional succession and forms a mature Daqu
with a more stable the microbial profiles, the substance profiles, the
enzyme profiles at the end of fermentation.

According to the rules of Daqu temperature variation, the Qu room
fermentation period is subdivided into three stages: slowly increasing

the temperature (heating phase, 30-40°C), maintaining the peak tem-
perature (thermophilic phase, 50-60°C), and gradually decreasing the
temperature (cooling phase, 40-45 °C) (Xia, Luo, Wu, & Zhang, 2023).
Large quantities of yeast and mold, lactic acid bacteria, and other mi-
crobes grow during the heating phase. These microorganisms secrete
hydrolytic enzymes, which degrade large molecules, such as starch and
protein; this breakdown leads to the accumulation of a wealth of in-
termediate metabolites for the subsequent fermentation (Xiao et al.,
2017; M. Zhu et al., 2022). In the thermophilic phase, high temperatures
help enrich Bacillales and thermophilic fungi. The action of microor-
ganisms during this period contributes to the continued degradation of
macromolecules and, more importantly, the conversion of intermediate
metabolites into flavor substances and their precursors (C. Zhu, Cheng,
Zuo, Huang, & Wang, 2022). During the cooling phase, the dominant
species are similar to those in the thermophilic phase, but as the tem-
perature of the Daqu decreases, some Lactobacillus and yeast are re-
enriched. The continued action of these microorganisms results in the
gradual formation of the Daqu flavor profile (Ma et al., 2021; Tang, Rao,
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Zou, Liao, Huang, & Luo, 2023). Therefore, the thermophilic phase is the
key stage in Daqu fermentation, and the temperature and duration of the
Daqu fermentation affect the quality of the final product. Daqu can be
divided into three categories depending on the maximum temperature of
the Daqu blocks in the thermophilic phase: high-temperature Daqu
(60-65 °C), medium-temperature Daqu (50-60 °C), and low-
temperature Daqu (45-50 °C). These are the saccharification/fermen-
tation agents for the three main aroma types of Chinese Baijiu. The
thermophilic phase is recognized as a critical period for the conversion
of raw materials into aroma-producing substances (Shen, 1998). How-
ever, our understanding of the metabolic characteristics of substances in
the thermophilic phase remains limited.

The open production environment allows for diverse microbial
communities in Daqu, each of which has unique functions. (Cai et al.,
2021) used functional prediction to investigate the microbial functions
of different types of low-temperature Daqu; they found that amino acid
transport and metabolism were enriched in Houhuoqu (47-49 °C),
whereas carbohydrate transport and metabolism were enriched in
Hongxinqu (45-47 °C). (Ma et al., 2022) combined functional prediction
with enrichment analysis and observed differences in amino acid
metabolism, fatty acid metabolism, and carbon metabolism between
different types of Daqu from different production areas. Through the
PICRUSt2 technique, (Tang, Chen, Chen, Li, Huang, & Luo, 2022) found
that Daqu bacterial communities with fermentation abilities (the
fermentation functional bacterial microbiota) showed high levels of
product synthesis, whereas the bacterial communities with alcohol
production abilities (the alcohol functional bacterial microbiota)
showed high levels of raw material utilization and self-metabolism
synthesis function. These studies have strengthened our understanding
of the functions of the microbial communities in Daqu. However, the
level and type of microbial gene expression are closely related to habitat,
so there is still a gap between the functions annotated at the gene level
and those actually expressed by microorganisms. In addition, Daqu mi-
crobial ecosystems often comprise hundreds of species; these coexisting
microorganisms may perform the same metabolic functions despite their
different taxonomic statuses, a phenomenon known as functional
redundancy. The high prevalence of functional redundancy in micro-
organism ecosystems presents a challenge to the identification of mi-
croorganisms that actually perform a specific function during Daqu
fermentation (Louca et al., 2018).

Metabolomics can provide information about genetic information
flow end, and combined with multivariate statistical analyses, this
technique can provide insight into the true functions of microbial
communities (Kang, Xue, Chen, & Han, 2022). (He, Jin, Zhou, Zhao,
Zheng, & Wu, 2022) studied Daqu through a combination of high-
throughput sequencing and metabolomics and found a significant cor-
relation between the synthesis of most esters and fungal communities.
(Yang et al., 2021) studied Daqu with metagenome analysis combined
with HS-SPME-GC-MS and found that three species of fungi were the
major taxa expressing genes for various enzymes involved in flavor-
related pathways. These studies have enhanced our understanding of
the metabolic functions of the Daqu microbial community. However,
little is known about the metabolic functions of microbial communities
during the thermophilic phase specifically.

In this study, after the heating phase, Daqu was fermented at a high
temperature (thermophilic phase) for 5 days or 9 days. We used
metabolomics to analyze the metabolic profiles of Daqu during the
thermophilic phase and assess the effects of the duration of high-
temperature exposure on the metabolic profiles of Daqu microbial
communities. In addition, we identified the key species involved in the
metabolism of substances during the thermophilic phase through cor-
relation analysis and performed metabolic mapping of the microbial
communities with the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. This study points in the direction for unravelling the
mechanism of aroma production in Daqu.
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2. Materials and methods
2.1. Experimental design

After the heating phase, Daqu was transferred to an extendable test
chamber with a controlled Daqu block temperature of 60°C for the
thermophilic phase. Samples were taken on days 0, 5, and 9 of the
thermophilic phase (days 7, 12, and 16 of fermentation, respectively). At
each time point, three Daqu blocks were sampled and crushed, and 50 g
of Daqu was placed into sterile bags. The samples were stored at — 80°C
for subsequent DNA extraction and compound analysis.

2.2. DNA extraction, PCR amplification, and high-throughput sequencing

The DNA in the Daqu samples was extracted through a modified
cetyltrimethylammonium bromide extraction method (Ni, Xu, Dou, Xu,
& Xu, 2010). To ensure the quality of the DNA, a fluorescence spectro-
photometer (Quantifluor-ST fluorometer, Promega, E6090) was used to
determine the DNA concentration and purity. The bacterial V3-V4 re-
gion was amplified by the universal primer pair 338F/806R, and the
fungal ITS region was amplified by the ITS5F and ITS1R primers. Po-
lymerase chain reaction (PCR) products were recovered on 2 % agarose
gel. A NEXTFLEX Rapid DNA-Seq Kit (Bioo Scientific, USA) was used for
library construction. Sequencing was performed on Illumina’s Miseq
PE300 platform.

2.3. Sequence data processing

Fastp software (v0.20.0), FLASH software (v1.2.7), and UPARSE
software (v 7.1) were used for sequence quality control, sequence
splicing, and sequence rejection of chimeras, respectively (Chen, Zhou,
Chen, & Gu, 2018; Edgar, 2013; Magoc & Salzberg, 2011). According to
the Sliva 138 and UNITE 8.0 databases, the classification confidence was
set to 0.7, and the amplicon sequence variants (ASVs) were annotated
for substances using the Naive Bayes classifier in QIIME2 (Bolyen et al.,
2019).

2.4. Determination of volatile organic compounds

The volatile organic compounds (VOCs) in the Daqu samples were
extracted by headspace solid-phase microextraction (HS-SPME) and
separated and identified by gas chromatography-mass spectrometry
(GC-MS) (7890B GC, 5977A MS, Agilent Technologies Inc., Santa Clara,
California, USA). The following procedure was used: 3 g of the Daqu
sample was weighed and placed in a headspace vial, and 10 pL of n-
pentyl acetate (0.12 mL/100 mL) was added as the internal standard.
The vial was immediately placed in a heater and equilibrated at 60 °C for
10 min, and extraction was performed with divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/PDMS) solid phase micro-extraction
(SPME) fibers (2 cm, 50/30 pm, Supelco, Pennsylvania, USA) for 50
min at 60 °C. The compounds in the SPME fibers were resolved at the
GC-MS inlet for 4 min at 250 °C. The heating procedure was as follows:
maintaining 40°C for 1 min, increasing to 180°C at 5°C/min, increasing
to 230°C at 10°C/min, and maintaining 230°C for 10 min. The VOCs
were identified by comparing the detection mass spectra plots with the
standard mass spectral library of the National Institute of Standards and
Technology (NIST). The relative concentration of VOCs was calculated
according to the ratio of the peak area of the internal standard to the
peak area of the volatile metabolite.

2.5. Determination of non-volatile organic compounds

Ultra-high performance liquid chromatography tandem Fourier
transform mass spectrometry (UHPLC Q Exactive HF-X system, Thermo
Fisher Scientific Inc., Massachusetts, USA) was used to separate and
identify the nonvolatile organic compounds (NVOCs) in the Daqu



Y. Du et al

samples. First, 50 mg of the Daqu sample was placed in a 2 mL centrifuge
tube, and grinding beads and 400 pL of an extraction solution (methanol
and water in a 4:1 (V: V) ratio, containing L-2-chlorophenylalanine as
the internal standard) were added separately. The solution was ground
for 6 min, and extraction was performed by low-temperature ultra-
sonication (5°C, 40 kHz) for 30 min. The sample was stored at — 20°C for
30 min and then centrifuged for 15 min, and the supernatant was
pipetted into an injection vial for analysis. The chromatographic con-
ditions were as follows: mobile phase A was 95 % water and 5 %
acetonitrile (containing 0.1 % formic acid); mobile phase B was 47.5 %
acetonitrile, 47.5 % isopropanol, and 5 % water (containing 0.1 % for-
mic acid); the flow rate was 0.40 mL/min; the column temperature was
40°C; and the injection volume was 3 pL. After the samples were ionized
by electrospray, the mass spectrometry signals were collected in positive
and negative ion scanning modes. The raw data were subjected to
baseline filtering, peak identification, integration, retention time
correction, and peak alignment with Progenesis QI (Waters Corporation,
Milford, USA) software, and the compounds were identified by search-
ing the Human Metabolome Database (HMDB) database. The relative
quantification of each metabolite was performed by peak area normal-
ization, and the ratio of peak area to total peak area was calculated for
each metabolite and used for the subsequent analysis of each compound.
The method has been supplemented with lines in the text.

2.6. Data analysis

Orthogonal partial least squares discriminant analysis (OPLS-DA)
was performed using the ropls package (v1.6.2) in R (v4.1.0) to deter-
mine the differences in metabolic profiles during the thermophilic
phase, and the variable importance in prediction (VIP) coefficient and
Student’s t-test p-value (VIP > 1, p < 0.05) were used to identify dif-
ferential compounds in the samples at different time points. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (https://www.
kegg.jp/kegg/pathway.html) was used for metabolic pathway annota-
tion of differential compounds to obtain the first and second metabolic
pathways in which each compound was involved. The Python (v3.6.6)
scipy.stats package (v1.6.0) was used for the pathway enrichment
analysis of the differential compounds. A clustering heatmap analysis
was performed using the pheatmap package (v 1.0.12) in R to determine
the pattern of change of the differential metabolites. The igraph package
(v3.6.1) in R was used to construct co-occurrence networks (Spearman
algorithm, R > 0.7, p < 0.05) to determine the correlation between
differential compounds and microbes.

3. Results and discussion
3.1. Species diversity of Daqu in the thermophilic phase

This study used high-throughput sequencing to investigate and un-
derstand the diversity of microbial communities in Daqu during the
thermophilic phase (Fig. S1ab) and identified 141 bacterial genera and
103 fungal genera. A total of 39 genera of bacteria and 38 genera of
fungi were shared at the three fermentation time points (day 7, day 12,
and day 16); 33 bacterial genera were unique to day 7, 27 bacterial
genera were unique to day 12, and 6 bacterial genera were unique to day
16. These findings indicate that the number of species substitutions
declined during fermentation, and the community structure tended to
stabilize. We identified 15 genera of endemic fungi on day 7, 17 genera
of endemic fungi on day 12, and 12 genera of endemic fungi on day 16,
suggesting that the number of intermediate substitutions was more
balanced and that the community was in a state of dynamic change.
According to the Chaol index (Fig. S1cd), the community richness of the
bacterial community increased and then decreased during the thermo-
philic phase, whereas the richness of the fungal community gradually
increased. Similarly, the Shannon index indicated that the community
diversity of the bacterial community increased and then decreased
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during the thermophilic phase, whereas the diversity of the fungal
community steadily increased (Fig. S1ef). These results suggest that the
bacterial community was more sensitive to temperature, whereas the
fungal community was somewhat resistant to high temperatures; this
could be because fungi have evolved mechanisms to cope with stressful
environmental factors (Lulakova, Perez-Mon, Santrickova, Ruethi, &
Frey, 2019). For instance, it is established that fungi can maintain
cellular structure and function in response to high temperatures stress
through activation of heat shock proteins (Bui et al., 2016; Verghese,
Abrams, Wang, & Morano, 2012).

3.2. Metabolic profile characteristics of Daqu in the thermophilic phase

3.2.1. Non-volatile organic compounds

Changes in the NVOCs of Daqu during the thermophilic phase were
evaluated with LC-MS, and 1013 and 754 compounds were identified in
the positive and negative ion modes, respectively (Table S1-52). OPLS-
DA was used to identify significant differences in NVOCs before and
after the thermophilic phase. As shown in Fig. 1ab, significant differ-
ences were observed between day 7 and day 12 of fermentation in both
positive (R%Y = 0.994, Q% = 0.951) and negative (R%Y = 0.994, Q% =
0.96) ion modes. Similarly, as shown in Fig. 1cd, significant differences
were observed between day 7 and day 16 of fermentation in both pos-
itive (R%Y = 0.996, Q? = 0.955) and negative (R%Y = 0.991, Q% = 0.942)
ion modes, which suggests that microbial metabolism significantly
altered the metabolic profiles under temperature stress. Volcano plots
were used to characterize the differences in the expression of NVOCs
before and after the thermophilic phase. A total of 272 compounds were
upregulated and 127 compounds were downregulated on day 12
compared with day 7 (Fig. le). In addition, a total of 274 compounds
were upregulated and 174 compounds were downregulated on day 16
compared with day 7 (Fig. 1f), suggesting that a reasonable peak tem-
perature and duration of fermentation contributes to the transformation
of NVOCs.

Classification annotations were performed for 399 compounds in the
5-day thermophilic phase group (T5) (comparing day 12 with day 7 of
fermentation) and 448 compounds in the 9-day thermophilic phase
group (T9) (comparing day 16 with day 7 of fermentation). The classi-
fication criteria employed were the Sub Class (Amino acids, peptides,
and analogues) of the HMDB structural types. The compounds in T5
comprised 84 classifications, and the compounds in T9 comprised 88
classifications. Fig. 2ab shows the top 20 compound classifications
(those with > 3 compounds annotated); amino acids, peptides, and their
analogs and carbohydrates and carbohydrate conjugates were the clas-
sifications with the highest numbers of compounds annotated. Amino
acids, peptides, and analogs accounted for 23.72 % and 27.07 % of the
compound classifications for T5 and T9, respectively, and carbohydrates
and carbohydrate conjugates accounted for 14.1 % and 11.11 % of the
compound classifications for T5 and T9, respectively. Thus, the sum of
these two classifications reached nearly 40 % in each group, which in-
dicates that the most active metabolism-related pathways during the
thermophilic phase were those related to amino acid and carbohydrate
metabolism. Similarly, in a study on microbial functions utilizing met-
agenome sequencing, (J. Zhang et al., 2022) found that the amino acid
and carbohydrate metabolism were the most important functions of both
Daqu and wheat-qu.

Next, we performed KEGG functional pathway annotations for the
differential compounds in the two groups. Fig. 2cd displays the seven
first metabolic pathways annotated in both groups. The Metabolism
section is the most annotated section of primary metabolic pathways for
different compounds. Within the Metabolism section, there are 11 sec-
ondary metabolic pathways, specifically: amino acid metabolism,
chemical structure transformation maps, biosynthesis of other second-
ary metabolites, carbohydrate metabolism, xenobiotics biodegradation
and metabolism, metabolism of other amino acids, metabolism of co-
factors and vitamins, lipid metabolism, nucleotide metabolism,
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Fig. 1. Differential expression of NVOCs during the thermophilic phase. OPLS-DA on day 7 vs. day 12 of fermentation: positive ion mode (a) and negative ion mode
(b); OPLS-DA analysis on day 7 vs. day 16 of fermentation: positive ion mode (c) and negative ion mode (d). Volcano plots of day 12 vs. day 7 (e) of fermentation and
day 16 vs. day 7 (e) of fermentation. Red dots indicate significantly up-regulated compounds, blue dots indicate significantly down-regulated compounds, and grey
dots represent compounds that were not significant between the two groups.



Y. Du et al. Food Chemistry: X 20 (2023) 101044
B Wetabolism
a athers: 80 (25.64%) c B OrgarismalSyioms
Lineolic acids and derivatives: 3 (0.96%) 2 Human Diseases
Hydroxycoumarins: 3 (0.96%) Amino acids, peptides, and analogues: 74 (23.72%) c Environmental Information Processing
Flavonoid glycosides: 3 (0.96%) S Genetc Information Processing
Fatty acid esters: 3 (0.96%) g 1M Drug Development
Eicosanoids: 3 (0.96%) H Celular Processes
Benzenediols: 3 (0.96%) 815
Alcohols and polyols: 3 (0.96%) S
1-benzopyrans: 3 (0.96%) g w0
Bile acids, alcohols and derivatives: 4 (1.28%) £
Sesquiterpenoids: 5 (1.60%) o
5
Indolyl carboxylic acids and derivatives: 5 (1.60%)
3
Hydropyridines: 6 (1.92%) Carbohydrates and carbohydrate conjugates: 44 (14.1 Se8S R N N IV I P I A P Ay SRR N
%) fmfc;:gﬁtig’fjfwfffﬁfﬁ?ﬁfﬁaf@?g’o?\g‘pa*?
Fatty acyl glycosides: 6 (1.92%) SoLe fgg” s 4858 @c\‘fﬁf Figddasd g@@@“g
§ 878585588 S ss F&ed
Fatty acids and conjugates: 6 (1.92%) S8 SFFEIF I FETTIFFT I fig&f &
L S ¢ SEE FLFFSE
é 558 K sFAs
Terpene lactones: 7 (2.24%) Not Available: 36 (11.54%) & Sgee f“e &9 \\@Wea\ C
Carbonyl compounds: 7 (2.24%) & § §O § K SESE 7
Benzoic acids and derivatives: 8 (2.56%) § < & §Tepd
Py & s § &S
& & F&S
& < $ &
,Ph ¥ @
b
d 8
&
304 Number of compounds Metabolism
others: 89 (25.36%) 9 Organismal Systems
Sesquiterpenoids: 3 (0.85%) Environmental Information Processing
Plerins and derivatives: 3 (0.85%) 254 Human Diseases
Monoterpenoids: 3 (0.85%) Amino acids, peptides, and analogues: 95 (27.07%) Genetic Information Processing
Hydroxycoumarins: 3 (0.85%) 5 M Cellular Processes
Hydroxycinnamic acids and derivatives: 3 (0.85%) % 20
Androstane steroids: 4 (1.14%) &
Amines: 4 (1.14%) é
Alcohols and polyols: 4 (1.14%) 3 9]
Indolyl carboxylic acids and derivatives: 5 (1.42%) z
Hydropyridines: 5 (1.42%) £,
I
Fatty alcohols: 6 (1.71%)
54
Lineolic acids and derivatives: 7 (1.99%)
Terpene lactones: 8 (2.28%) Carbohydrates and carbohydrate conjugates: 39 (11.11%)

Carbonyl compounds: 8 (2.28%)

Fatty acyl glycosides: 9 (2.56%)

Not Available: 33 (9.40%)

Fatty acids and conjugates: 11 (3.13%)

Benzoic acids and derivatives: 9 (2.56%)

Number of compounds

Fig. 2. Differential compound annotations during the thermophilic phase. Compound classification: (a) thermophilic phase 5-day group; (b) thermophilic phase 9-
day group. Functional pathway: (c) thermophilic phase 5-day group and (d) thermophilic phase 9-day group; the upper right pathway is for first-level classification

and the horizontal coordinates are for second-level classification.

metabolism of terpenoids and polyketides, and energy metabolism.
Amino acid metabolism was the pathway with the highest number of
annotated compounds, with 25 and 24 compounds annotated to amino
acid metabolism in T5 and T9, respectively. This finding confirms that
the amino acid metabolism-related pathways were very active during
the thermophilic phase. It has been shown that differences in the amino
acid metabolism of the microbial community in Daqu directly lead to the
differentiation of the ecological niche, which in turn affects the sensory
aspects and quality of Daqu (L. Yang, Fan, & Xu, 2023; Y. Zhang et al.,
2022).

To further elucidate the metabolic pathways of the substances in
Daqu in the thermophilic phase, we enriched the differential metabolic
sets of T5 (65 species) and T9 (66 species). As shown in Fig. 3, 26
metabolic pathways were enriched for T5, and 23 metabolic pathways
were enriched for T9; most of the metabolic pathways were clustered
into subset 3, which suggests that these two metabolic sets were similar.
Arginine biosynthesis, aminoacyl-tRNA biosynthesis, mineral absorp-
tion, phenylalanine metabolism, cysteine and methionine metabolism,
phenylalanine, tyrosine and tryptophan biosynthesis, p-glutamine and p-
glutamate metabolism, tryptophan metabolism, aminobenzoate degra-
dation, ABC transporters, biosynthesis of phenylpropanoids, and beta-
lain biosynthesis were common to both groups, and notably, six amino
acid metabolism-related pathways were significantly enriched. The
metabolic pathways of benzoxazinoid biosynthesis, starch and sucrose
metabolism, galactose metabolism, and cell cycle—yeast were enriched
only in T5; three of these are carbohydrate metabolism-related path-
ways. Biosynthesis of alkaloids derived from ornithine, lysine, and
nicotinic acid, steroid degradation, tropane, piperidine, and pyridine
alkaloid biosynthesis, and arginine and proline metabolism were
enriched only in T9; two of these are amino acid metabolic pathways.
Differences were observed in the metabolites and pathways that were
enriched after different durations of high-temperature fermentation,
suggesting that the metabolic patterns of T5 and T9 differed; addition-
ally, these differences suggest that a reasonable extension of high-
temperature fermentation time would favor amino acid-related gene
expression in the microbial community. Similarly, the metabolic profiles

of Daqu at different locations within the same space showed differences
due to the spatial heterogeneity in the fermentation process of high
temperature Daqu, which resulted in different peak temperatures of
Daqu fermentation reached in different locations of the Daqu, which
shaped the Daqu in three different colors: white, yellow, and black (Shi
et al., 2022; Zhao et al., 2023).

3.2.2. Volatile organic compounds

We evaluated changes in VOCs in Daqu during the thermophilic
phase by HS-SPME-GC-MS and identified a total of 105 VOCs (Table S3).
OPLS-DA was used to check for significant differences in VOCs before
and after the thermophilic phase. As shown in Fig. 4ab, significant dif-
ferences in VOCs were observed between day 7 and day 12 of fermen-
tation (R%Y = 1, Q2 = 0.998) and between day 7 and day 16 of
fermentation (R%Y = 1, Q2 = 0.998), which suggests that microbial
metabolism altered the flavor profiles under temperature stress. The
VIPs of each VOC were calculated according to the OPLS-DA model, and
compounds with VIP > 1 were considered differential VOCs. A total of
24 differential VOCs were identified in T5, and 23 differential VOCs
were identified in T9. A total of 13 differential VOCs were shared in both
groups, whereas 11 were specific to T5 and 10 were specific to T9
(Fig. S2). These results indicated that the types of VOCs varied
depending on the duration of microbial fermentation in a high-
temperature environment.

We used a clustered heatmap to examine the variation patterns of the
34 VOCs. As shown in Fig. 4c, most of the VOCs, such as tetrame-
thylpyrazine, 2-ethyl-3,5,6-trimethylpyrazine, 2,3-tetramethylpyrazine,
2-ethyl-3,5,6-trimethylpyrazine, 2,3-dimethyl-5-ethylpyrazine, ethyl
nicotinoate, 3-phenylfuran, undecane, hexamethylcyclotrisiloxane, tri-
decane, dodecane, pyrrole-2-carboxaldehyde, cyclohexasiloxane,
dodecamethyl, 2-acetyl pyrrole, and decamethylcyclopentasiloxane,
showed an increasing trend, suggesting that high-temperature envi-
ronments effectively stimulate the microbial community to convert
substrates into flavor substances. Ethyl myristate, ethyl oleate, ethyl
caproate, ethyl laurate, 6-di-tert-butyl-4-methylphenol, coca, and other
compounds decreased during fermentation. Interestingly, all four esters
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were composed of higher acids and ethanol; these esters may have been
formed by the interactions between the lactic acid bacteria, yeasts, and
molds that were dominant in the heating phase (Deng et al., 2021; Jin
etal., 2019). However, when Daqu fermentation enters the thermophilic
phase, the sustained high temperatures cause those microorganisms
ability to synthesize higher esters to be weakened or lost, even those
microorganisms are killed.

Furthermore, we examined the differential VOCs at different time
points during the thermophilic phase. As shown in Fig. 4d, tetrame-
thylpyrazine, 2,3,5-trimethylpyrazine, 2-ethyl-3,5,6-trimethylpyrazine,
and 2,3-dimethyl-5-ethylpyrazine reached significantly higher on
fermentation day 12 compared with fermentation day 7 (p < 0.05),
indicating that the thermophilic phase favored pyrazine generation.
Pyrazines are typically generated by a Maillard reaction or synthesized
by microorganisms (Y. Xu, Wu, Fan, & Zhu, 2011). The high

(=)}

temperatures sustained during the thermophilic phase not only facilitate
the Maillard reaction but also lead to active amino acid metabolism,
which releases NH3-NHj is a key precursor for the microbial synthesis of
pyrazines; therefore, the conditions during this stage contribute to the
accumulation of pyrazines. Ethanol, 2,3-butanediol, and ethyl oleate
reached a significantly lower on day 16 of fermentation compared with
day 7 of fermentation (Fig. 4e), which could be because substances were
assimilated by microorganisms during the fermentation process. As
shown in Fig. 4f, tetramethylpyrazine, ethanol, and ethyl oleate were
significantly lower in T9 than in T5 (p < 0.05), suggesting that pro-
longing the thermophilic phase would decrease the accumulation of
these substances. Tetramethylpyrazine is one of the main flavor com-
ponents of Baijiu, and it endows Baijiu with health benefits (Shi et al.,
2022). Daqu is one of the main sources of tetramethylpyrazine in Baijiu,
so it is necessary to reasonably controlled the thermophilic phase
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fermentation time. The above results demonstrate that the thermophilic
phase contributes to aroma generation, especially in terms of the gen-
eration of pyrazines, but is not conducive to the accumulation of esters.
The results also indicate that different durations of the thermophilic
phase result in different flavor profiles.

3.3. Correlation between differential metabolites and microbial
communities

To identify the main microorganisms involved in the metabolism of
substances in the thermophilic phase, we performed correlation analyses
between differential compounds and microbial communities (R > 0.7, p
< 0.01). In the bacteria-NVOCs network, 12 bacterial species were
significantly correlated with 35 differential compounds, 21 of which
were downregulated and 14 of which were upregulated after the ther-
mophilic phase (Fig. 5a), suggesting that the functions of these microbial
communities are conducive to assimilate these substances. Methyl-
obacterium/Methylorubrum was significantly correlated with 23 NVOCs
(19 correlations were positive and 4 were negative), suggesting that this
genus may have a broad metabolic capacity. Cupriavidus and Bosea were
significantly positively correlated with (S)-(-)-2-pyrrolidone-5-carbox-
ylic acid, putrescine, i-glutamine, and i-cystine. Similarly, Undibacte-
rium was significantly positively correlated with (S)-(-)-2-pyrrolidone-5-
carboxylic acid, r-glutamine, and r-cystine. Prevotella was significantly
positively correlated with dopamine, hydrogen phosphate, and deoxy-
guanosine. Seven species of fungi were significantly correlated with 40
differential compounds in the fungus-NVOCs network, 23 of which were
upregulated and 17 of which were downregulated after the thermophilic

phase (Fig. 5b), suggesting that the actions of these microorganisms are
conducive to the accumulation of metabolites in the ecosystem. Ther-
moascus was significantly correlated with the synthesis of 18 NVOCs; 12
of these correlations were positive and 6 were negative. Thermoascus is a
biomarker in the middle and late stages of Daqu fermentation (S. Ma,
et al., 2021); it can express a variety of thermophilic glycoside hydro-
lases (McClendon, Batth, Petzold, Adams, Simmons, & Singer, 2012),
and it participates in the metabolism of substances to form many in-
termediate metabolites, which is conducive to the formation of flavor
substances. By contrast, Neocosmospora was significantly correlated with
the synthesis of 17 NVOCs, with 6 positive and 11 negative correlations.
This suggests that these two strains have a wide range of metabolic ca-
pabilities, which of course cannot be separated from their division of
labor with other microorganisms. Simplicillium was significantly posi-
tively correlated with (S)-(-)-2-pyrrolidone-5-carboxylic acid and t-
cystine, and Thermomyces was significantly positively correlated with t-
cystine.

As shown in Fig. 5¢, 17 species of bacteria in the bacteria—VOCs
network were significantly correlated with 25 differential compounds.
The content of 17 compounds increased and the content of 8 compounds
decreased after the thermophilic phase, suggesting that these microbial
actions are more beneficial to the accumulation of metabolites in Daqu.
2,3-Butanediol was significantly negatively correlated with Methyl-
obacterium/Methylorubrum and Aquabacterium. Tetramethylpyrazine,
2,3-dimethylpyrazine, and 2-ethyl-3,5,6-trimethylpyrazine were signif-
icantly positively correlated with Glutamicibacter. This is a genus of ac-
tinomycetes with the capacity to express p-amino acid oxidase, which
oxidizes p-amino acids to the corresponding keto acids and produces
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ammonia (Xu et al., 2023), a key precursor for pyrazine synthesis.
Furfural was significantly negatively correlated with Prevotella. As
shown in Fig. 5d, 11 species of fungi in the fungus-VOCs network were
significantly correlated with 17 differential compounds, 14 of which
increased in content and 3 of which decreased in content after the
thermophilic phase, suggesting that these microbial actions are more
beneficial to the accumulation of metabolites in Daqu. Neocosmospora
was significantly correlated with 14 VOCs; four of these correlations
were positive, including two esters, one phenolic compound, and one
alcoholic compound, and ten were negative, including a variety of al-
kanes and pyrazines. Ethyl palmitate was significantly positively
correlated with Neocosmospora and Coprinellus and significantly nega-
tively correlated with Neocosmospora and Meyerozyma. Tetrame-
thylpyrazine and 2,3-dimethylpyrazine were significantly positively
correlated with unclassified o_Agaricales; 2,3-dimethyl-5-ethylpyrazine
was significantly positively correlated with Rhizopus and Mono-
graphella; and 2,3-butanediol was significantly positively correlated
with Filobasidium.

In addition, as shown in Fig. S3ab, a total of 23 bacterial and 15
fungal genera were involved in differential substance metabolism during
the thermophilic phase. Six of these bacterial genera (Methylobacterium/
Methylorubrum, norank_f_Caulobacteraceae, Acidibacter, Prevotella,
Pseudomonas, and unclassified_f Erwiniaceae) and three of the fungal

genera (Monographella, Coprinellus, and Neocosmospora) have been
implicated in the formation of NVOCs and VOCs. In summary, 38 mi-
croorganisms were involved in the metabolism of substances during the
thermophilic phase, and their activity facilitated the assimilation of
nonvolatile substances and accelerated the accumulation of flavor
substances.

3.4. Metabolic mapping of microbial communities during the thermophilic
phase

To further clarify the metabolic relationship between the microor-
ganisms and differential metabolites, we constructed a microbial
metabolic map during the thermophilic phase. The thermophilic phase
pathway map (Fig. 6) was mainly composed of glycolysis, the tricar-
boxylic acid (TCA) cycle, butyric acid metabolism, and five amino acid
metabolism pathways (phenylalanine metabolism, tryptophan meta-
bolism, cysteine and methionine metabolism, p-glutamine and p-gluta-
mate metabolism, and arginine and proline metabolism). The levels of
the four most common esters (ethyl caproate, ethyl laurate, ethyl myr-
istate, and ethyl oleate), which are composed of ethanol and fatty acids,
decreased during fermentation; this was probably due to the decompo-
sition of these esters by the sustained high temperatures. Microorgan-
isms produce acetoin via the butyric acid metabolic pathway, and this
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compound can be combined with ammonia (which is produced by mi-
croorganisms via amino acid metabolism) to form pyrazines through a
non-enzymatic reaction (X. Shi, et al., 2022). The levels of tetrame-
thylpyrazine, 2,3,5-trimethylpyrazine, 2-ethyl-3,5,6-trimethylpyrazine,
and 2,3-dimethyl-5-ethylpyrazine all increased to varying degrees dur-
ing the thermophilic phase, and the microorganism genera involved
were mainly Glutamicibacter, Rhizopus, and Monographella. Rhizopus se-
cretes proteases that degrade proteins into amino acids (Zheng, Tabrizi,
Nout, & Han, 2011), and Glutamicibacter breaks down amino acids into
ammonia and corresponding keto acids. Putrescine, a biogenic amine
with an unpleasant aroma (Gao et al., 2023), can be produced by
Cupriavidus and Bosea through arginine and proline metabolism, but
microorganisms can further convert it to butanoic acid. i-tryptophan
and r-histidine generation are linked to Neocosmospora. L-glutamate and
L-cystine generation are linked to Cupriavidus, Bosea, and Undibacterium,
among others. L-tryptophan can be converted to r-cystine, N-for-
mylmethionine, and t-histidine can be converted to r-glutamate. -
glutamate is further converted to pyroglutamic acid and N-acetylorni-
thine, which can be further converted to a-ketoglutaric acid and pyru-
vate. These compounds then enter the TCA cycle, activating the
metabolic network.

4. Conclusion

This study utilized metabolomics and high-throughput sequencing to
provide a comprehensive understanding of the substance changes and
microbial communities in Daqu during the thermophilic phase. Path-
ways related to amino acid and carbohydrate metabolism were very
active during the thermophilic phase. In addition, the thermophilic
phase favored the production of pyrazines, whereas the ester production
was minimized. The results suggest that prolonging the thermophilic
phase would favor the microbial expression of amino acid-related
metabolic pathways but not tetramethylpyrazine accumulation.
Thirty-eight microbe species were involved in the metabolism of sub-
stances during the thermophilic phase, and their actions facilitated the

assimilation of NVOCs and accelerated the production of VOCs. These
results suggest that an appropriate temperature and duration in the
thermophilic phase could facilitate the accumulation of flavor sub-
stances and their precursors in Daqu fermentation.

CRediT authorship contribution statement

Yong Du: Conceptualization, Data curation, Visualization, Writing —
original draft, Writing — review & editing. Jie Tang: Conceptualization,
Writing — review & editing. Dan Liu: Conceptualization, Data curation.
Nian Liu: Investigation, Resources. Kui Peng: Investigation, Resources.
Chaokai Wang: Investigation, Resources. Dan Huang: Conceptualiza-
tion, Data curation. Huibo Luo: Project administration, Supervision,
Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.

Acknowledgements

This work was supported by Wuliangye Industry-University-
Research Cooperation Project (grant CXY2022R006).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.fochx.2023.101044.


https://doi.org/10.1016/j.fochx.2023.101044
https://doi.org/10.1016/j.fochx.2023.101044

Y. Du et al.

References

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A, ...
Caporaso, J. G. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat. Biotechnol., 37(8), 852-857.

Bui, D.-C., Lee, Y., Lim, J. Y., Fu, M., Kim, J.-C., Choi, G. J., ... Lee, Y.-W. (2016). Heat
shock protein 90 is required for sexual and asexual development, virulence, and heat
shock response in Fusarium graminearum. Sci. Rep., 6(1).

Cai, W., Wang, Y., Ni, H., Liu, Z., Liu, J., Zhong, J., ... Guo, Z. (2021). Diversity of
microbiota, microbial functions, and flavor in different types of low-temperature
Daqu. Food Res. Int., 150(Pt A), Article 110734.

Chen, S., Zhou, Y., Chen, Y., & Gu, J. (2018). fastp: An ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics, 34(17), i884-i890.

Deng, Y., Huang, D., Han, B., Ning, X., Yu, D., Guo, H., ... Luo, H. (2021). Correlation:
Between Autochthonous Microbial Diversity and Volatile Metabolites During the
Fermentation of Nongxiang Daqu. Front. Microbiol., 12(2117).

Edgar, R. C. (2013). UPARSE: Highly accurate OTU sequences from microbial amplicon
reads. Nat Methods, 10(10), 996-998.

Gao, X, Li, C., He, R., Zhang, Y., Wang, B., Zhang, Z.-H., & Ho, C.-T. (2023). Research
advances on biogenic amines in traditional fermented foods: Emphasis on formation
mechanism, detection and control methods. Food Chem., 405.

He, M., Jin, Y., Zhou, R., Zhao, D., Zheng, J., & Wu, C. (2022). Dynamic succession of
microbial community in Nongxiangxing daqu and microbial roles involved in flavor
formation. Food Res. Int., 159.

Jin, Y., Li, D, Ai, M., Tang, Q., Huang, J., Ding, X., ... Zhou, R. (2019). Correlation
between volatile profiles and microbial communities: A metabonomic approach to
study Jiang-flavor liquor Daqu. Food Res. Int., 121, 422-432.

Kang, J., Xue, Y., Chen, X., & Han, B. Z. (2022). Integrated multi-omics approaches to
understand microbiome assembly in Jiuqu, a mixed-culture starter. Compr. Rev. Food
Sci. Food Saf., 21(5), 4076-4107.

Louca, S., Polz, M. F., Mazel, F., Albright, M. B. N., Huber, J. A., O’Connor, M. I, ...
Parfrey, L. W. (2018). Function and functional redundancy in microbial systems.
Nat. Ecol. Evol., 2(6), 936-943.

Lulakovd, P., Perez-Mon, C., Santrickovd, H., Ruethi, J., & Frey, B. (2019). High-Alpine
Permafrost and Active-Layer Soil Microbiomes Differ in Their Response to Elevated
Temperatures. Front. Microbiol., 10.

Ma, S., Luo, H., Zhao, D., Qiao, Z., Zheng, J., An, M., & Huang, D. (2021). Environmental
factors and interactions among microorganisms drive microbial community
succession during fermentation of Nongxiangxing daqu. Bioresour. Technol., 345,
Article 126549.

Ma, S., Shang, Z., Chen, J., Shen, Y., Li, Z., Huang, D., & Luo, H. (2022). Differences in
structure, volatile metabolites, and functions of microbial communities in
Nongxiangxing daqu from different production areas. LWT Food Sci. Technol., 166.

Magoc, T., & Salzberg, S. L. (2011). FLASH: Fast length adjustment of short reads to
improve genome assemblies. Bioinformatics, 27(21), 2957-2963.

McClendon, S. D., Batth, T., Petzold, C. J., Adams, P. D., Simmons, B. A., & Singer, S. W.
(2012). Thermoascus aurantiacus is a promising source of enzymes for biomass
deconstruction under thermophilic conditions. Biotechnol. Biofuels, 5(1), 1-10.

Ni, Z., Xu, W., Dou, W., Xu, H., & Xu, Z. (2010). Comparison of total microbial DNA
extraction methods from solid-culture of zhenjiang vinegar. Weishengwu Xuebao, 50
(1), 119-125.

10

Food Chemistry: X 20 (2023) 101044

Shen, Y. (1998). Whole book of Baijiu production technology. Beijing: China Light Industry
Press.

Shi, W., Chai, L.-J., Fang, G.-Y., Mei, J.-L., Lu, Z.-M., Zhang, X.-J., ... Shi, J.-S. (2022).
Spatial heterogeneity of the microbiome and metabolome profiles of high-
temperature Daqu in the same workshop. Food Res. Int., 156, Article 111298.

Shi, X., Zhao, S., Chen, S., Han, X., Yang, Q., Zhang, L., ... Hu, Y. (2022).
Tetramethylpyrazine in Chinese baijiu: Presence, analysis, formation, and
regulation. Frontiers. Nutrition, 9.

Tang, J., Chen, J., Chen, D., Li, Z., Huang, D., & Luo, H. (2022). Structural Characteristics
and Formation Mechanism of Microbiota Related to Fermentation Ability and
Alcohol Production Ability in Nongxiang Daqu. Foods, 11(17).

Tang, J., Rao, J., Zou, Y., Liao, L., Huang, D., & Luo, H. (2023). The community assembly
patterns determined differences between the surface and the core microbial
communities of Nongxiangxing Daqu. LWT Food Sci. Technol., 183.

Verghese, J., Abrams, J., Wang, Y., & Morano, K. A. (2012). Biology of the Heat Shock
Response and Protein Chaperones: Budding Yeast (Saccharomyces cerevisiae) as a
Model System. Microbiol. Mol. Biol. Rev., 76(2), 115-158.

Xia, Y., Luo, H., Wu, Z., & Zhang, W. (2023). Microbial diversity in jiuqu and its
fermentation features: Saccharification, alcohol fermentation and flavors generation.
Appl. Microbiol. Biotechnol., 107(1), 25-41.

Xiao, C., Lu, Z. M., Zhang, X. J., Wang, S. T., Ao, L., Shen, C. H,, ... Xu, Z. H. (2017). Bio-
heat is a key environmental driver shaping the microbial community of medium-
temperature Daqu. Appl. Environ. Microbiol., 83(23).

Xu, S., Chu, M., Zhang, F., Zhao, J., Zhang, J., Cao, Y., ... Ju, J. (2023). Enhancement in
the catalytic efficiency of D-amino acid oxidase from Glutamicibacter protophormiae
by multiple amino acid substitutions. Enzyme Microb. Technol., 166.

Xu, Y., Wu, Q., Fan, W., & Zhu, B. (2011). The discovery & verification of the production
pathway of tetramethylpyrazine in Chiese liquor. Liquor-Making Science &,
Technology(07), 37-40.

Yang, L., Fan, W., & Xu, Y. (2023). Chameleon-like microbes promote microecological
differentiation of Daqu. Food Microbiol., 109.

Yang, Y., Wang, S. T., Lu, Z. M., Zhang, X. J., Chai, L. J., Shen, C. H., ... Xu, Z. H. (2021).
Metagenomics unveils microbial roles involved in metabolic network of flavor
development in medium-temperature daqu starter. Food Res. Int., 140, Article
110037.

Zhang, J., Liu, S., Sun, H., Jiang, Z., Xu, Y., Mao, J., ... Mao, J. (2022). Metagenomics-
based insights into the microbial community profiling and flavor development
potentiality of baijiu Daqu and huangjiu wheat Qu. Food Res. Int., 152.

Zhang, Y., Shen, Y., Niu, J., Ding, F., Ren, Y., Chen, X., & Han, B. Z. (2022). Bacteria-
induced amino acid metabolism involved in appearance characteristics of high-
temperature Daqu. J. Sci. Food Agric., 103(1), 243-254.

Zhao, J., Yang, Y., Chen, L., Zheng, J., Lv, X, Li, D., ... Qiao, L. (2023). Quantitative
metaproteomics reveals composition and metabolism characteristics of microbial
communities in Chinese liquor fermentation starters. Front. Microbiol., 13.

Zheng, X. W., Tabrizi, M. R., Nout, M. J. R., & Han, B. Z. (2011). Daqu - A Traditional
Chinese Liquor Fermentation Starter. J. Inst. Brew., 117(1), 82-90.

Zhu, C., Cheng, Y., Zuo, Q., Huang, Y., & Wang, L. (2022). Exploring the impacts of
traditional crafts on microbial community succession in Jiang-flavored Daqu. Food
Res. Int., 158, Article 111568.

Zhu, M., Zheng, J., Xie, J., Zhao, D., Qiao, Z. W., Huang, D., & Luo, H. B. (2022). Effects
of environmental factors on the microbial community changes during medium-high
temperature Daqu manufacturing. Food Res. Int., 153, Article 110955.


http://refhub.elsevier.com/S2590-1575(23)00487-X/h0005
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0005
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0005
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0010
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0010
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0010
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0015
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0015
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0015
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0020
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0020
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0025
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0025
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0025
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0030
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0030
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0035
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0035
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0035
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0040
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0040
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0040
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0045
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0045
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0045
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0050
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0050
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0050
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0055
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0055
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0055
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0060
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0060
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0060
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0065
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0065
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0065
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0065
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0070
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0070
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0070
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0075
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0075
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0080
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0080
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0080
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0085
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0085
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0085
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0090
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0090
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0095
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0095
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0095
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0100
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0100
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0100
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0105
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0105
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0105
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0110
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0110
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0110
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0115
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0115
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0115
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0120
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0120
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0120
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0125
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0125
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0125
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0130
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0130
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0130
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0135
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0135
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0135
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0140
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0140
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0145
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0145
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0145
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0145
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0150
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0150
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0150
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0155
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0155
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0155
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0160
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0160
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0160
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0165
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0165
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0170
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0170
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0170
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0175
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0175
http://refhub.elsevier.com/S2590-1575(23)00487-X/h0175

	Microbial metabolism during the thermophilic phase promotes the generation of aroma substances in nongxiangxing Daqu
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 DNA extraction, PCR amplification, and high-throughput sequencing
	2.3 Sequence data processing
	2.4 Determination of volatile organic compounds
	2.5 Determination of non-volatile organic compounds
	2.6 Data analysis

	3 Results and discussion
	3.1 Species diversity of Daqu in the thermophilic phase
	3.2 Metabolic profile characteristics of Daqu in the thermophilic phase
	3.2.1 Non-volatile organic compounds
	3.2.2 Volatile organic compounds

	3.3 Correlation between differential metabolites and microbial communities
	3.4 Metabolic mapping of microbial communities during the thermophilic phase

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


