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Mining of starch-saccharifying enzymes in Daqu from multi-omics
data of the Baijiu fermentation process and analysis of their
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Abstract: Daqu plays a role as an agent of saccharification and fermentation in the traditional
production of Baijiu. Investigating the saccharifying enzymes in Daqu and their synergistic
applications is vital for the modernization of the brewing industry. However, the enzyme resource
mining focusing solely on Daqu faces challenges such as a broad target range, heavy workload, and
limited applicability. To address these issues, we mined 17 dominant starch-saccharifying enzymes
from the metaproteomic and metagenomic data of the Baijiu fermentation process and designed
primers based on their gene sequences. A total of eight starch-saccharifying enzyme genes,
originating from bacteria, fungi, and insects, were successfully cloned from Daqu. Additionally, an
a-1,4-glucosidase KeGAS5 from Kroppenstedtia eburnea and an o-amylase RpAMI11 from
Rhizomucor pusillus were successfully expressed, with KeGAS representing the first reported
functional enzyme from K. eburnea. KeGAS and RpAMI11 demonstrated the highest activities at
55 °C and 75 °C and pH 5.0 and 7.0-8.0, respectively. Both enzymes exhibited good stability below
50 °C and within the range of pH 5.0-8.0. The temperature and ethanol concentration in the
fermentation process of Baijiu significantly affected enzyme activities but had little impact on
enzyme stability, while the acidic environment had considerable impacts on the activities and
stability of both enzymes. Furthermore, KeGAS and RpAMI11 exhibited synergistic effects in
hydrolyzing the substrates containing a-1,4-glucosidic bonds, with the highest hydrolytic activity
observed on soluble starch and dextrin. The incubation experiment with sorghum as the substrate
demonstrated that the pure enzyme combination had similar effects to the Daqu crude enzyme
system in releasing maltose, glucose, and glucuronic acid. This study presents a novel strategy for
the rational exploration and functional characterization of saccharifying enzymes in Daqu,
providing scientific insights for developing enzyme preparations and microorganism-enzyme
mixtures in the future Baijiu industry.

Keywords: saccharifying enzymes in Daqu; Baijiu fermentation; multi-omics; heterologous
expression; enzymatic properties; synergistic effect
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Table 1  Primer design of starch-saccharifying enzymes

Number Forward primer sequences (5'—3’) Reverse primer sequences (5'—3")

1 ATGGCGTCCCTCGTTGCTG TCACTGCCAACTATCGTCAAGAATGG
2 ATGAACCCGTCGATAAAGGCTTGTG TTAAGCAGCAGGAGAGCCAG

3 ATGGTGAAGATCAGCATAAATCCCATCTC TCACCGTCCCGTGCCATAG

4 ATGAAGAGCCTTTTCTCTACAGCAGC CTAAGCAACAGGCTTGCCACTATGAG
5 ATGGGATTGGAGAAAAAGCCGTACTT TCACTCCACCGTCTCCATTTTCACT

6 ATGGACATCAAAATTAATAAGACAGATGACAG CTATTTGAAACTCACCTGTGCAG

7 ATGACGATGTTGACCAAGCCCTTCCT CTACTGAATGGTCAGCTCCACCG

8 ATGCTCAGCTTCGCGGC TTACCACTTAAGAACCCAGTCACTGC
9 ATGAAAAAAAGCACAAAACTACTTTC CTATTGAATTGAAATAAGATCTTTTAAGGTG

—
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Figure 1 Dynamic changes in the abundance of proteins in the starch-saccharifying enzyme system during
the Baijiu fermentation and fold differences between groups. A: Overview of the abundance of key members
of the starch-saccharifying enzyme system. B—D: Cluster heatmaps of normalized abundance based on EC
3.2.1.1 (B), EC 3.2.1.3 (C), and EC 3.2.1.20 (D). Each row in the heatmap represents a single protein.
Different colors indicate different major categories of species origin. Filamentous fungi: Black; Yeast:

Orange; Bacteria: Red; Insects: Purple. The fold difference is the ratio of the total protein abundance in the
experimental group (EG) to that in the control group (CG).
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Figure 2 Phylogenetic tree constructed based on the homology analysis of 17 starch-saccharifying enzyme
genes.
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Amplified results of genes number 1—-17.
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Figure 4 SDS-PAGE analysis of KeGAS5 (A) and RpAMI11 (B). Lane M: Protein marker; Lane 1:
Supernatant from host bacteria lysate containing empty vector; Lane 2: Supernatant from host bacteria lysate

containing recombinant plasmid; Lane 3: Purified recombinant enzyme.
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Figure 5 Enzymatic properties of KeGAS5 and RpAM11. A: Optimal temperature; B: Thermal stability; C:
Dynamic changes in enzyme activity of KeGAS at different temperatures; D: Dynamic changes in enzyme

activity of RpAMI1 at different temperatures; E: Optimal pH; F: pH stability; G: Effect of ethanol
concentration on enzyme activity; H: Effect of ethanol concentration on stability.
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Figure 6
P<0.05; **: P<0.01.
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Table 2 Hydrolysis effect of single and dual enzymes on different polysaccharide substrates

Substrate KeGAS RpAMI11 Relative activity in Degree of
Specific Relative activity Specific activity Relative synergy (%) synergy
activity (U/mg) (%) (U/mg) activity (%)

Soluble starch 7.61+0.26 13.17+0.45 25.90+0.56 44.84+0.96 99.76+0.59 1.72

Amylose 0.09+0.04 0.16+0.07 24.28+0.42 42.03+0.72 90.56+0.96 2.15

Amylopectin 0.12+0.04 0.20+0.07 23.84+0.28 41.27+0.49 94.52+0.59 2.28

Glycogen 0.09+0.04 0.16+0.07 15.91+0.94 27.54+1.62 72.30£1.15 2.61

Dextrin 11.03+0.51 19.10+0.89 25.424+0.39 44.00+0.67 100.00+0.60 1.58

a-cyclodextrin  ND - ND - - -

B-yclodextrin ~ ND - 1.06+0.11 1.84+0.18 9.32+0.07 5.07

y-cyclodextrin  ND - 20.81+0.22 36.03+0.39 83.79£1.15 2.33

Sucrose ND - ND - - -

Trehalose ND - ND - - -

The highest enzyme activity in all reaction systems is defined as 100%. ND: Not detected; —: Cannot be calculated.
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Figure 7 TLC analysis of hydrolysis of different polysaccharide substrates by single and dual enzymes.
M: Maltooligosaccharide standard; G1-G5: Glucose, maltose, maltotriose, maltotetraose, and maltopentaose,

respectively. +: Existence in the system; — Absence in the system.
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Figure 8 Analysis of products from gelatinized sorghum incubated with crude enzymes from Daqu and
recombinant enzyme combinations at different reaction times. A: monosaccharide product content analysis;

B: disaccharide product content analysis; C: analysis of the differences in the sugar product content of the
final system. *: P<(.05; **: P<0.01; ***: P<0.001.
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