World Journal of Microbiology and Biotechnology (2023) 39:337
https://doi.org/10.1007/511274-023-03772-4

RESEARCH q

Check for
updates

Ultra-high-depth macrogenomic sequencing revealed differences
in microbial composition and function between high temperature
and medium-high temperature Daqu

Yurong Wang' - Jianshe Gai® - Qiangchuan Hou'? - Huijun Zhao'? - Chunhui Shan* - Zhuang Guo'%3

Received: 22 May 2023 / Accepted: 18 September 2023 / Published online: 10 October 2023
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract

Complex microorganisms in Daqu of different temperatures play a vital role in the taste, flavor and quality of Baijiu during
fermentation. However, understanding the functional diversity of the whole microbial community between the Daqus of two
different temperatures (high temperature Daqu, HD and medium-high temperature Daqu, MD) remains a major challenge.
Here, a systematic study of the microbial diversity, functions as well as physiological and biochemical indexes of Daqu are
described. The results revealed that the Daqu exhibited unique characteristics. In particular, the diversity of microorganisms
in HD and MD was high, with 44 species including 14 novel species (Sphingomonas sp. is the main novel species) detected
in all samples. Their profiles of carbohydrate-active enzymes and specific functional components supported the fact that
these species were involved in flavor formation. The Daqu microbiome consisted of a high proportion of phage, providing
evidence of phage infection/genome integration and horizontal gene transfer from phage to bacteria. Such processes would
also regulate Daqu microbiomes and thus flavor quality. These results enrich current knowledge of Dagu and can be used to
promote the development of Baijiu fermentation technology.
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Introduction

Baijiu, also known as soju, is mainly produced in areas
such as mainland China and Taiwan (Xu et al. 2017), and
being a traditionally distilled spirit, its brewing process has
been practiced for over a thousand years in China (Jin et al.
2017). Based on aroma style, Chinese Baijiu can be divided
into Maotai-flavored Baijiu, strong fragrance Baijiu, clear
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fragrance Baijiu and phoenix fragrance Baijiu, just to name
a few (Hong et al. 2020). Of these, the sauce fragrance style
is among the most typical ones, and it is loved by most con-
sumers (Wang et al. 2019). In fact, compared with other
types of liquor, the soy sauce one has a more complex brew-
ing process, with the high-temperature stacking step being
the most unique one during its production (Hao et al. 2021).
This is because the high-temperature accumulation process
not only enriches and proliferates microorganisms in the
production environment (Li et al. 2022), but also produces
aromatic substances such as alcohols, esters, organic acids
as well as other precursors of aromatic substances as a result
of microbial metabolism. Altogether, these processes pro-
vide raw materials for good fermentation, thus giving soy
sauce-spiced liquor its special aroma (Wang et al. 2019).
So far, a number of studies have shown that the quality of
Maotai-flavored liquor is related to many factors, including
the type, the raw materials, the water source and the pro-
duction method of Daqu (Hao et al. 2021; Hou et al. 2022).
In particular, the type of Daqu can even directly determine
the final quality of Maotai-flavor liquor (Zheng et al. 2011).
FAN's research also proves that the main role of the Daqu is
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to provide the microbial flora and enzymes required for the
fermentation system of Baijiu and to make a special contri-
bution to the flavor (Fan et al. 2018). Daqu can be divided
into high temperature and medium-high temperature ones
according to its fermentation temperature, even though the
same raw materials, pretreatment conditions and culture
environment are used during the production process. During
Dagu’s production, temperature greatly influences microor-
ganisms, with different temperatures directly affecting the
microflora and enzymes in Daqu (Zheng et al. 2011). How-
ever, the effects of temperature on the structure and function
of microbial communities in Daqu are not clear.

In previous studies, researchers have mostly used pure
culture methods to resolve microbial composition and diver-
sity in ecological environments (Dong et al. 2020). Over
the past decade, with the rapid development of sequencing
technology and bioinformatics, researchers have, to some
extent, been able to apply amplicon sequencing to resolve
the microorganisms present during the fermentation pro-
cess of Baijiu (Chen et al. 2020). However, since ampli-
con sequencing requires DNA amplification, this step fur-
ther amplifies systematic errors and distorts the microbial
community structure in ecological samples. Hence, with
the decreasing cost of sequencing in recent years, macro-
genome sequencing technology has gradually been applied
as an alternative to parse traditional fermentation systems
(Yang et al. 2021). In this context, metagenomic sequencing
and multiplex analysis can provide an important means for
uncovering the composition and structure analysis of tradi-
tional fermented food, including Daqu (Hou et al. 2022).
The community structure of microorganisms in Daqu sig-
nificantly influences the flavor and quality of Baijiu. At the
same time, the final quality of Baijiu is highly dependent
on the dynamic interactions between the microorganisms,
the raw materials and the environment in Dagu. Ultra-high-
depth macro-genome sequencing, combined with bioinfor-
matics analysis, can not only analyze the species diversity
and function at the genomic level, but also observe the viral
sequences as well as horizontal gene transfer in the envi-
ronment. It is worth noting that bacteriophage infection of
bacteria involved in fermentation is also a common problem
that leads to fermentation failure. Hence, it is necessary to
analyze the microbial community structure of Daqu at differ-
ent temperatures by applying multiple analytical technology.

Although the ultra-high-depth macro-genome sequenc-
ing technology can accurately analyze the microorganisms
in environmental samples, yet it is unable to evaluate the
quality of Daqu, an important factor that allows the effect
of microorganisms on the quality of Dagu to be evaluated.
In this case, electronic tongues and noses represent bionic
techniques which can be used to digitally evaluate the sen-
sory quality of Daqu samples as a whole, with this approach
being widely used in recent years to analyze the sensory
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quality of traditional fermentation products. Therefore, these
features justify the application of the above techniques to
this study to further analyze the quality of Daqu through
multiple analytical platforms.

This study assumes that moderate and high temperature
Dagqu have different sensory qualities which, in turn, are
closely related to the bacterial and bacteriophage composi-
tion in Daqu. For the current work, a total of 10 Dagu sam-
ples (including 5 Daqu at medium-high temperature and 5
Dagqu at high temperature) were collected from a winery in
Hubei, China. Ultra-high-depth macrogenomic sequencing
as well as electronic tongue and nose techniques were then
used to analyze the relationship between microorganisms
and Dagqu quality. In addition, specific microbial character-
istics in Daqu, including carbohydrates, secondary metabo-
lites and resistance genes, were further identified. To analyze
the important role of Daqu in the fermentation process of
liquor.

Materials and methods
Sample collection

In this study, a total of 10 Daqu samples at the end of fermen-
tation (5 high temperature Dagu (numbered HD1-HDS5) and
5 medium-high temperature ones (numbered MD1-MD5))
were after which they were collected and sealed in a sterile
bag. The samples were then transferred to the laboratory
where they were stored at — 80 °C for backup.

Analysis of microbial diversity in Daqu
DNA extraction

For the 10 samples of Daqu, about 5 g of powder was
weighed before using about 1 g for DNA extraction with
the DNasy PowerFood Kit. The purity, concentration and
integrity of the extracted microbial DNA were tested using
1% agarose gel electrophoresis as well as micro-ultraviolet
spectrophotometer (Yang et al. 2020). DNA samples of the
required quality were then stored at — 80 °C until required
for use.

Shotgun metagenomic sequencing and quality control

For each sample, sequencing libraries were prepared with
1 pg of DNA by using the NEBNext® Ultra™ DNA Library
Prep Kit for Illumina (NEB, USA) according to the manu-
facturer’s recommendations. In this case, indexes were also
added to attribute sequences to their respective samples.
Shotgun sequencing was eventually performed on a HiSeq
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2500 (Illumina, California, USA) platform to generate
paired-end reads (151 bp in length) (Yang et al. 2021).

The reads were trimmed using KneadData (Anyaso-Sam-
uel et al. 2021) before aligning them to the barley genome
to remove host DNA sequences. For the remaining reads,
human as well as low-quality sequences were also removed
to yield a total of 293.75 Gb of high-quality sequence data
for all samples (average of 229.38 Gb).

Bioinformatic analysis

Megabhit (ver. 1.2.9) was used to assemble the high quality
reads obtained after quality control into contigs (Li et al.
2015a), with the parameters -k 33,55,77,99,111 -meta,
and QUAST (ver. 5.0.0) used to evaluate and screen the
assembly results (Gurevich et al. 2013). Vamb (ver. 3.0.3)
(Nissen et al. 2021), MetaBAT?2 (ver. 2.12.1) (Kang et al.
2019) and Maxbin2 (ver. 2.0) (Maguire et al. 2020) were
then used to perform binnings on high quality contigs to
obtain the genome of the species (scaffold length threshold
of 1500 bp). Finally, MetaPhlan3 (ver. 3.0) (Nousias and
Montesanto 2021) allowed the microbial communities in
Dagqu to be annotated based on Bowtie2 (ver. 2.2.9) (Lang-
don 2015).

The chromaticity of each scaffold was calculated by Bow-
tie2 (ver. 2.2.9) and SamTools (ver. 1.9) (Li et al. 2009), with
the coverage depth of each genome inferred based on the
jgi_summarize_bam_contig_depths function. The genomes
assembled by the three strategies were combined and eval-
uated with the Das tool (v 1.1.2) to obtain high quality
genomes (Sieber et al. 2018). Finally, metagenome-assembly
genomes (MAGs) that met the quality requirements (com-
pleteness > 80% and contamination < 10%) were selected.
High-quality MAGs were clustered at species-level genome
bin (SGB) using dRep (ver. 2.2.4) (Olm et al. 2017) before
applying the BLASTn software against the National Center
for Biotechnology Information (NCBI) Non-redundant
Nucleotide Sequence Database (NT) to annotate the taxo-
nomic status of each MAG (a threshold of 95% identity over
70% of coverage). Phylogeny was inferred using the 400 uni-
versal PhyloPhlAn markers based on parameters described
by Pasolli, with the resulting phylogenetic trees visualized
using iTOL (ver. 5.5.1) (Kapli et al. 2020).

Proteins of the contigs were predicted with Prodigal
(ver. 2.6.3) (Fang et al. 2020) before using AntiSMAH (ver.
5.0.28) (Blin et al. 2019), HMMER (ver. 3.3.2) (Eddy 2011)
and ABRicate (de Man and Limbago 2016) to predict the
genome.

Deep-virfinder (v 1.0) and Vibrant (v1.2.1) were also
used to identify prophages in the contigs (> 1500 bp) (Liu
et al. 2020) before assessing the quality of bacteriophage
virus contigs with CheckV.

Nucleotide sequence accession numbers

The sequence dataset has been deposited in the NCBI
Sequence Read Archive (SRA) database (Accession number:
PRINA1010526, https://www.ncbi.nlm.nih.gov/sra/?term=
PRINA1010526).

Determination of flavor quality

After accurately weighing 20 g of Daqu powder into the
electronic nose (PEN3, Airsense, Germany) test bottle, the
latter was sealed and placed at room temperature at 30 min.
The electronic nose probe was then inserted into the test bot-
tle to digitally determine the specific flavor substances in the
Dagqu. In this case, the substances were analyzed based on its
10 metal test electrodes. The electronic nose was automati-
cally cleaned for 90 s prior to each nose test, with the test
itself performed for 60 s. During the test, a response value
was generated every second, and based on the resulting data,
it was found that the response curves for all samples became
flat after 30 s. Therefore, in this study, the average response
values of 49 s, 50 s and 51 s were selected as the sample test
data for follow-up analysis (Wang et al. 2021).

Determination of taste quality

To 25 g of Daqu powder that was accurately weighed into a
250 ml beaker, 100 g of distilled water was added and stirred
for 15 min. The mixture was then centrifuged at 10,000 1/
min for 10 min, with the resulting supernatant poured into
the electronic tongue (SA 402B, INSENT, Japan) cup to be
tested. Prior to the test, the electronic tongue system first
passed the cleaning and self-test to determine the sourness,
bitterness, astringent, saltiness and taste of Daqu, as well as
aftertaste-A, aftertaste-B and abundance. Each sample was
measured four times in parallel, with the average value of
the last three test results taken as the test value for follow-up
analysis (Wang et al. 2020).

Determination of physical and chemical indicators

The acidity, starch content, fermenting power, liquefying
power, saccharifying power, esterifying power, ash content,
amino acid nitrogen and alcoholic power of Dagqu at different
temperatures were determined according to the light indus-
try standard QB/T 4257-2011 (General methods of analy-
sis for Daqu). The protein content at different temperatures
was also determined according to the Application manual
of Kay's nitrogen determination. In addition, 3 g of Daqu
powder was weighed into an aluminum foil sample plate to
determine its moisture content with a moisture tester, while
in the case of water activity, a moisture absorption analyzer
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was used after spreading the Daqu powder all over the sam-
ple pool.

Plate count

The total number of bacteria in Daqu samples at different
temperatures was determined according to GB 4789.2-2016
(Food microbiology testing—Determination of total colony
count). The count for lactic acid bacteria was carried out
according to GB 4789.35-2016 (Food microbiology test-
ing—Lactic acid bacteria test), while for molds and yeast
counts, the GB 4789.15-2016 (Food microbiology testing—
Mold and yeast count) procedure was followed.

Statistical analysis and data visualization

The “vegan (version 2.6-2)” package in R (version 4.2.2)
was used for alpha and beta diversity analyses of microor-
ganisms and phages. Statistical differences between indica-
tors and alpha diversity between groups were then assessed
with the Wilcoxon rank sum test. Similarly, the “Psych
(version 2.3.6)” package was used for Spearman correlation
analysis, principal component analysis and principal coor-
dinate analysis. The “ape (version 5.7-1)”, “vegan (version
2.6-2)”, “philentropy (version 0.7.0)”and “ggdendro (version
0.1.23)” package was used for consistency analysis while
other multivariate statistical analyses, including principal
component analysis, principal coordinate analysis, and con-
sistency analysis, were completed with R.

Results
Physiological and biochemical indexes in Daqu

The total number of Microorganism in Daqu samples at dif-
ferent temperatures was determined by plate count. There
was no significant difference in Cultivable total colony count
between the two groups (P=1.00, Fig. 1a), but Cultivable
mold and yeast count and Cultivable lactic acid bacteria in
Daqu in MD group were significantly higher than those in
HD group (P=0.01, Fig. 1a). Results of physiological and
biochemical indexes revealed significantly lower acidity
and water activity for HD compared with MD (P=0.01;
P=0.03, Fig. 1b), although HD had a significantly higher
alcoholic power than the latter (P=0.01, Fig. 1b). Besides,
enzymatic activity was detected according to the light
industry standard QB/T 4257-2011. The results further
revealed a significantly lower saccharifying power for HD
(P=0.04, Fig. 4c), along with a significantly higher esterify-
ing power, fermenting and liquefying power compared with
MD (P=0.01, Fig. 1c). Regarding the PCA results, There is
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a significant difference in the taste and flavor of Daqu, and
the difference in taste is even greater (Fig. 1d, e).

Daqu microbiota composition and diversity

The microbiota profiles of Daqu samples at species-level
were detected by MetaPhlan3 and consisted of a total of 121
species from 6 phyla and 25 families. Of these, 14 dominant
species with a relative abundance of > 1.00% were identified,
as shown in Fig. 2a. Overall, the bacterial composition in
Daqu was as follows: Lactobacillus brevis, Staphylococcus
xylosus, Bacillus haynesii, Weissella paramesenteroides,
Leuconostoc citreum, Alcelaphine gammaherpesvirus, Weis-
sella confuse, Weissella cibaria, Saccharopolyspora rectivir-
gula, Sphingomonas sp FARSPH, Pediococcus pentosaceus,
Lactobacillus plantarum, Kroppenstedtia eburnean and
Lactobacillus crustorum. In addition, the average relative
abundance of bacteria, Eukaryota and viruses were 91.70%,
2.45% and 5.85%, respectively. While most Dagu samples
were dominated by bacteria, a small number were dominated
by Eukaryota (Fig. 2b). In terms of alpha-diversity analy-
sis, the results revealed significant differences in species
diversity and richness, as measured by Shannon index and
S index between the HD and MD groups, as well as within
the microbial community composition (P=0.01; Fig. 2c,
d). Besides, the Daqu microbiota was highly diverse across
samples, and clear region-based clustering were identified
(Fig. 2e). These results suggested that Daqu from different
temperatures had different levels of microbial diversity.

MAGs profiles reflected differences in Daqu quality

Metagenome-assembled genomes (MAGs) represent single
genomes derived by metagenomic binning, and a total of 217
MAGs were assembled across all Dagu samples. Incomplete
bins with high contamination were removed, and this yielded
44 high-quality MAGs (Completeness > 80% and contami-
nation < 10%; Fig. 3a). These genomes were taxonomically
assigned to two phyla (21 Firmicutes and 23 Actinobacte-
ria), 8 genera and 13 species, with the ten bacterial species
mainly belonging to LAB (Fig. 3a). Besides, a total of 14
suspected new species (7 from each group) were identified
(Compared with all genomes in NCBI and UHGG databases,
ANTI value is less than 95%), with Sphingomonas sp. being
the main suspected new species.

A total of 14 representative species-level genome bins
(SGBs) were also obtained by clustering analysis of the 44
high-quality MAGs. Daqu fermentation temperature and fla-
vor formation involve carbohydrate utilization as well as the
synthesis of related metabolites. Thus, carbohydrate-active
enzymes (CAZymes) and secondary metabolite clusters in
the metagenomes were predicted (Fig. 3b—d). A total of 121
CAZymes were detected across all Dagu samples (Fig. 3b),
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Fig. 1 Physiological and biochemical indexes in Dagu. a Plate count;
b Physical and chemical indicators; ¢ Enzyme activity; d Principal
component analysis calculated based on euclidean distance (taste

and their relative abundance revealed significantly higher
auxiliary activities (AAs), carbohydrate-binding mod-
ules (CBMs), carbohydrate esterases (CEs) and glycoside
hydrolases (GHs) in the HD group compared with MD. At
the same time, no significant differences were observed in

PC1 (56.31%)

quality); e Principal component analysis calculated based on euclid-
ean distance (flavor quality). HD stands for high temperature Daqu;
MD for medium-high temperature Daqu

glycosyltransferase (GTs) and polysaccharide lyases (PLs)
between the two groups (Fig. 3c). Genes related to 15 sec-
ondary metabolite clusters and six carbohydrate metabolism
modules were then detected across the 14 SGBs, with the
most widely distributed secondary metabolite clusters being
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Fig.2 Daqu microbiota composition and diversity. a Relative abun-
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Distribution frequency diagram of bacteria, phages and fungi across
samples; ¢ Boxplots showing values of Shannon index between the

terpene, type III polyketide synthases (T3PKS), bacteriocin
and ectoine (Fig. 3d). In addition, the hits gene kanamycin,
macrolide, rifampin, rifamycin, spectinomycin and vanco-
mycinl were found in HD1-9, HD2-4, HD3-3, HD4-4 and
MD4-1 (Fig. 3e).

Prevalence of phages in Daqu microbiome

A high proportion of phage sequences was found in Daqu
microbiota. Considering the important role and significant
negative effects of phages in Dagqu, their sequences and
diversity in the samples were analyzed, with the quality of
the assembled phage sequences shown in Fig. 4a. Taxonomic
profiling showed that the Daqu phage sequences mainly
belonged to eight families, namely Microviridae, Inoviridae,
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Tectiviridae, Ackermannviridae, Siphoviridae, Herelleviri-
dae, Podoviridae and Myoviridae (Fig. 4a). In particular,
the most abundant phages in this study’s dataset belonged
to the Siphoviridae family. Overall, HD had a higher but
non-significant Shannon index and S index (alpha diversity)
compared with MD (Fig. 4b), but significant regional differ-
ences was still observed in the phage sequences (P =0.02,
Fig. 4c). The PCoA results showed significant separation
of phage and Daqu bacterial microbiota (Fig. 4d). These
results suggested that although the Dagu samples contained
quite a high proportion of phage sequences, differences in
the composition and structure of Daqu microbiota between
the two compared temperatures could be attributed to the
bacterial sequences. The relative abundance of Myoviri-
dae and Podoviridae in the phage microbiome of HD was
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significantly higher compared with that of MD. In contrast,
the relative abundance of Siphoviridae decreased signifi-
cantly in the case of HD, compared with MD (Fig. 4e). In
terms of correlational analysis, HD5-2 correlated signifi-
cantly and positively with Podoviridae, while HD2-5 and
HD2-6 correlated significantly and negatively with Podoviri-
dae. Finally, HD1-7 correlated significantly and negatively
with Herelleviridae (Fig. 4f).

Correlation between SGBs and specific functional
components

In order to reveal whether the specific functional compo-
nents that were measured were consistent with the structure
and function of Dagqu at different temperatures, Procrustes
analysis was performed. Through this approach, the congru-
ence of two-dimensional shapes, produced from the super-
imposition of principal component analyses for SGBs with
flavor index, enzyme activity and taste index function, were
analyzed. The PCA results revealed no significant differ-
ences between the SGBs and taste index (P =0.4, Fig. 5a),
and as such, it was speculated that differences could exist
between the SGBs and specific functional components such
as flavor index and enzyme activity (P=0.01; P=0.006,
Fig. 5b, c¢). Thus, Spearman’s correlation analysis was per-
formed and, as expected, a significant correlation was found
between the microbial community and specific functional
components (Spearman’s test, r> 0.6, P <0.05; Fig. 5d).
Moreover, most SGBs showed significant positive correla-
tions with flavor index and liquefaction power. However,
few SGBs (HD2-2, HD2-6, HD1-7 and HD4-4) also showed
significant negative correlations with saccharifying power
(Spearman’s test, r< —0.6, P <0.05). Furthermore, it is
worth noting that HD3-3 was significantly and positively
correlated with flavor index (W2W; Spearman’s test, r < 0.6,
P <0.05), but significantly and negatively correlated with
saccharifying power (Spearman’s test, r < — 0.6, P <0.05).
On the other hand, HD2-2 was significantly and positively
correlated with liquefaction power (Spearman’s test, r < 0.6,
P <0.05), but significantly and negatively correlated with
saccharifying power (Spearman’s test, r < —0.6, P <0.05).
In the case of HD2-4, the SGB was significantly and posi-
tively correlated with taste index (aftertaste-B; Spearman’s
test, r < 0.6, P <0.05), but significantly and negatively cor-
related with flavor index (W5C; Spearman’s test, r <-0.6,
P <0.05). Finally, HD1-2 and HD1-5 were significantly and
positively correlated with liquefaction power (Spearman’s
test, r < 0.6, P <0.05). These results suggested that the dif-
ferent temperatures induce different characteristics in the
Dagqu, and it is worth exploring the functional capacity of
the novel species or the yet to be identified subpopulations
to gain a comprehensive understanding of the temperature-
associated functions in Daqu.

Discussion

In this study, metagenomic sequencing, combined with the
plate count method as well as physiological and biochemi-
cal indexes, were used to study temperature influenced the
phage community in Dagu as well as its microbiome. The
aim was to characterize and identify the similarities and
differences in the microbial community structure, func-
tions as well as physiological and biochemical indexes
of Daqu at two temperatures, in order to reveal the peak
temperature on the quality of Daqu. In addition, the key
microorganisms during the brewing of Daqu and their
respective functions at the two temperatures of Daqu were
also revealed.

Several studies have proved that the regional climate,
the water used in production and the microorganisms
in the air jointly influence the microbial composition of
Daqu (Hao et al. 2021). In particular, the peak and val-
ley temperatures are one of the most important param-
eters that affect the growth and death of microorganisms,
thereby determining the community structure and diversity
of microorganisms in Daqus (Yan et al. 2013; Li et al.
2015b). Metagenomic sequencing has been increasingly
used for profiling the microbiota of food products, and
the development of this technique alongside bioinformat-
ics enables us to better understand microbial composition
and its metagenomic potential. Fine taxonomic resolution
of food products microbiome also facilitates the identifi-
cation and isolation of novel microbial resources (Leech
et al. 2020).

Through metagenome sequencing, the microorganisms
in two temperatures of Daqu were studied to determine
their community structure and function. Using the bio-
informatics software Bracken, the microbial composition
of HD and MD were successfully revealed at the species
level. The results further showed that the dominant spe-
cies varied greatly between Daqu collected at different
temperatures, with significant differences noted in terms
of the microbial diversity and richness. For example, HD
was dominated by Kroppenstedtia eburnea and Sphingo-
monas sp FARSPH, contrasting it to Lactobacillus crus-
torum and Weissella cibaria in MD. The metagenomic
shotgun sequencing results suggested that HD and MD
were different in their microbiota composition rather than
level of complexity of the associated Daqu microbial com-
munities. Molds and yeasts are mainly responsible for the
alcoholic fermentation and saccharification in Baijiu fer-
mentation (Fan et al. 2018). In this study, it was found that
the number of molds and yeasts in MD was higher than
that of HD. In addition, Bacillus spp were the dominant
species in Daqu, and they are usually able to produce the
most abundant metabolites to form the aroma of fermented
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«Fig.3 Assembly and characterization of Daqu metagenome-assembly
genome (MAGs). a The phylogeny of 44 high-quality MAGs. The
four MAGs that could not be assigned to a specific species are indi-
cated with a yellow star; b Polysaccharide-degrading carbohydrate-
active enzymes (CAZymes) encoded in the 14 representative SGBs;
¢ CAZymes for the two groups of Daqu; d Secondary metabolite
clusters encoded in the 14 representative SGBs; e Different classes of
antibiotic-resistance genes (ARGs) detected in the SGBs. HD stands
for high temperature Dagu; MD for medium-high temperature Dagqu

food (Yan et al. 2013). As such, they could contribute to
the evolution of flavor and enzyme activities such as amyl-
ases and proteinases needed for the fermentation of cooked
sorghum for alcoholic fermentation (Fan et al. 2007).

Infection of fermentative bacteria is one of the main
factors responsible for the failure of food fermentation
(Gobbetti et al. 2018). Phage predation and subsequent
horizontal gene transfer are natural ways for the biologi-
cal control of microbial growth (Pujato et al. 2019) and
influential to the Daqu microbiota composition and prod-
uct quality, and the proportion of phage community was
also extensively characterized in this study. The results
revealed a large proportion of phage sequences. A signifi-
cant negative correlation was observed between Podoviri-
dae with Weissella and Phyllobacterium, indicating that
the Weissella and Phyllobacterium host were killed by
Podoviridae. In contrast, positive correlations were seen
between Podoviridae and Thermoactinomyces, suggesting
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Fig.4 Phage sequences in the Daqu microbiome. a Composition of
major phage families in Daqu; b Boxplots showing values of Shan-
non index and S index between two sample groups; ¢ Procrustes anal-
ysis of microbiota and phage of Dagu; d Principal coordinate analysis
calculated based on Bray—Curtis distance (Phage microbiota); e Com-

parative box diagram of differential bacteriophages; f Correlations
between SGBs and phage families detected in the cheese microbiome.
HD stands for high temperature Dagu; MD for medium-high temper-
ature Daqu
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Fig.5 Correlation between SGBs and specific functional compo-
nents. a Procrustes analysis of microbiota and taste of Daqu; b Pro-
crustes analysis of microbiota and flavor of Dagu; ¢ Procrustes analy-
sis of microbiota and enzyme activity of Daqu; d Correlation for
SGBs with flavor, enzyme activity and taste (Spearman rank correla-
tion test; r>0.6, P<0.05). The red circle, blue triangle, yellow dia-

more viable host-parasite interactions in these pairs and
possibly a stable phage integration into the bacterial
genomes. Besides, the metagenomic data suggested the
likelihoof of horizontal transfer of ARGs from phages,
hence further confirming the vital role of phages in shap-
ing the microbial community structure of Daqu.
Different fermentation temperatures result in Daqu with
different biochemical characteristics. At the same time, the
quality of Daqu and its suitability for fermentation depend
on its physiological and biochemical indexes. Generally, the
Dagu moisture content should not be more than 13.0% to
prevent excessive moisture resulting from the refermenta-
tion occurring during storage. The approximately 10.0% of
moisture content measured in this study was in line with the
requirements of Daqu production. Saccharifying ability is
the ability of saccharifying microorganisms to convert starch
into sugar and is one of the vital physiological and biochemi-
cal indexes of Daqu (Zheng et al. 2012). The results revealed
that the saccharifying power of HD and MD was in the range
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mond and green square represent SGBs, flavor, enzyme activity and
taste, respectively. Red and blue lines represent positive and negative
correlations, respectively. The darker the color, the stronger the cor-
relation. Line thickness represents the magnitude of confidence level,
with a thicker line representing a lower p value

of 350.0-650.0 U and 600.0-800.0 U, respectively. Related
studies have confirmed that temperature has a great effect on
enzyme activity and reaction rate (Xia et al. 2023). There-
fore, the fermentation temperature may be the main reason
for the above differences. Besides, the ability to liquefy
starch into fermentable sugar directly is dependent on the
quality of Daqu and is crucial during Baijiu production (Sha
et al. 2015). The above experimental results showed that the
liquefaction power of this HD was higher than that of MD.

Correlation analysis revealed the relationship between
the microbial community structure and specific functional
components of Daqu. The results revealed that the micro-
bial community structure and its functions had significant
effects on the specific functional components of Dagu. Some
correlations could be explained by the functions of repre-
sentative microbes of different temperatures of Daqu. For
instance, Saccharopolyspora sp. with a higher relatively
abundance in HD was significantly and positively correlated
with aftertaste-B, but negatively correlated with W5C and
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W3S. Similarly, Gan et al. showed that Saccharopolyspora
sp was the dominant microorganism and was essential for
producing flavor substances during Maotai liquor produc-
tion (Gan et al. 2019). This could be due to the ability of
the microorganism from this genus to produce erythromy-
cin, with this process affecting the growth and metabolism
of some microorganisms, while reduceing the flavor index
utilization ability of the microbes. The results of this study
fully provide an understanding of the microbial community,
physiological and biochemical indexes as well as flavor sub-
stances of Daqu, which can provide a more comprehensive
and scientific evaluation for the production suitability of
Dagqu.

Conclusion

This study focused on the differences and similarities in the
microbial diversity, functions as well as physiological and
biochemical indexes between Daqu from the two tempera-
tures. Additionally, Daqu was comprehensively analyzed
by means of strain-level metagenomic, quality analysis and
physiological and biochemical property detection. The Daqu
exhibited unique characteristics and a general set of indices
that conformed to the general standard of the starter cul-
ture. It was further found that MD had a higher abundance
of bacteria and fungi, compared with HD. The microbes
with higher relative abundance in Daqu could not only pro-
duce specific flavor substances, but also had strong ability
to degrade macromolecular substances in raw materials. A
large number of phage sequences were even detected in the
metagenomic dataset, suggesting that there were frequent
and multiple interactions between the bacteria and phages.
These results also provide evidence of stable genome inte-
gration and horizontal transfer of ARGs. The present study is
significant for an improved understanding of Daqu and can
serve as a guide the future exploration for the production and
improvement of the final product quality.
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