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Table 1. Information of samples used in this study

Sample code® No. samples® Source No. fungal species® No. fungal OTUs®
Y 3 Raw material 4-10 5-10

Q 3 Starter 7-9 8-10
F2 3 2 d of fermentation 32-38 40-46
F6 3 6 d of fermentation 40-45 51-63
F10 3 10 d of fermentation 41-57 57-73
F13 3 13 d of fermentation 45-53 62-71
F17 3 17 d of fermentation 48-86 62-108
F22 3 22 d of fermentation 42-55 52-66
F26 3 26 d of fermentation 49-73 62-87
F26D 3 26 d of fermentation 40-71 43-78
F29 3 29 d of fermentation 32-44 38-55
F32 3 32 d of fermentation 19-47 22-56
F35 3(2) 35 d of fermentation 37-72 48-92
F39 3(12) 39 d of fermentation 32-76 39-100
F46 3(2) 46 d of fermentation 22-26 28-33
X 3() Smoking cupei 24 29

L 3 Leaching cupei 13-47 16-58
Total 51 (46) 311 489

? For raw materials (Y), starter (Q), smoking cupei (X) and leaching cupei (L), numbers 1, 2 or 3 were added after the sample code to
represent each of the three parallel samples (e.g., Y1, Y2, Y3). For fermenting samples (F), letters A, B or C were added after the
sample code to represent each of the three parallel samples (e.g., F2A, F2B, F2C). ° Three parallel samples were collected from each
group, but PCR amplification failed for five out of the total samples. The number of successful samples was indicated in parentheses.
Other samples not specially noted were all successfully amplified and sequenced. © The number of fungal species detected was smaller
than that of OTUs probably because 1) there was a high intra-specific variation (larger than 3%) in certain species, and 2) some OTUs
could only be identified to genus or above-genus levels. Therefore, according to the 97% sequence similarity threshold, some different
OTUs have the same name in the final taxonomy assignment results.
BSA, 10 ng #i#lt DNA, #b ddH,O %= 20 uL, 1 AR I-Sanger =F & (www.i-sanger.com) |- 5¢
A 3 WS . KA —FEA R PCR R GG e XTI 45 3 4 0 I 4 e 510 8, Sead g
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—+= \
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Figure 1. Rarefaction curve of all samples. Y, Q, F, L

are the codes for each category of samples (see Table

).
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Table 2.
unturned samples at a-diversity indices

Comparison between turning-over and

Estimators F26 F26D P-value
Sobs 71£13.89 63+18.03 0.58
Ace 101.13£7.39  72.76£27.17 0.16
Chao 82.00+£10.90 69.08+22.92 0.43
Simpsoneven 0.1+0.08 0.22+0.13 0.73
Coverage 1.00 1.00 0.25
Shannon 3.08+0.32 3.05+0.45 0.92
Simpson 0.08+0.04 0.10+0.06 0.78

F26 represents the group of samples that were not turned over,
and F26D represents the group of samples that were turned over.
Sobs, Chao and Ace are indices reflecting community richness;
coverage is an index reflecting community coverage;
Simpsoneven is an index reflecting community evenness; Shannon
and Simpson are indices reflecting community diversity.
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Table 3.
samples at B-diversity level
ANOSIM ADONIS
No. groups

comparison R P R? P

Comparison among different types of

Items in

F26 vs. F26D 2 —0.185  0.697  0.160 0.800

Y,Q,F 3 0.240 0.006  0.187 0.002
Y, Q. FL 4 0.500 0.001  0.273 0.001
EFvs.LF 2 0.825 0.001  0.463 0.001
F2-F46 12 0.689 0.001  0.723 0.001

Y, Q, F, L are the codes for each category of samples (see Table
1). There was only one effective sample in the smoked sample
group (X), so it was not involved in ANOSIM/ADONIS
analysis. F26 and F26D represent the samples collected on the
26" day of fermentation, which were turned over (F26D) or not
turned over (F26). EF and LF represent early-fermentation
(F2-F13) and late-fermentation (F17-F46) groups, respectively,
as shown in Figure 3. The R®> value in ADONIS analysis
represents the interpretation of different grouping factors for
sample differences. The larger the R? is, the higher the
interpretation of different grouping factors for sample
differences.
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Figure 2. Composition of fungal community at different stages of raw vinegar production. A: Comparison at the

phylum level; B: Comparison at the genus level; C: Comparison at the species level. Y, Q, F, X and L are the codes
for each category of samples (see Table 1). All fungal taxa with an abundance of lower than 0.1 are combined as
“others”. Green and red lines connect Aspergillus and Saccharomyces, respectively, among different sample groups
in B, and they connect Aspergillus niger and Saccharomyces cerevisiae among different sample groups in C.
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PR T T B R 5 o A R R A ) A
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PR A B0 5 W LA K T8 e 1 2 e T R TR I
(Kl 6).
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3. ER(Y). #3Ki(Q)FRBEEIBEE(F)F EE A LR
Figure 3. Comparison of fungi in raw material (Y), starter (Q) and fermentation-stage samples (F). A: Venn
diagram among Y, Q and F at the species level; B: Circos plot showing the corresponding relationships between the
abundance of species and samples. All species with an abundance of lower than 0.1 are combined as “others”.
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Figure 4. Hierarchical clustering tree of all samples from the fermentation stage.
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Figure 5. Composition of fungal community at different time points during fermentation.
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Figure 6. Fungal species showing significant difference between early and late fermentation groups. Y axis
represents different species, and X axis represents the relative abundance percent of species in each group. Only the

first 15 species ranked in abundance are displayed. *: 0.01<P=<0.05; **: 0.001<P=<0.01; ***: P<<0.001.
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Fungal diversity during raw vinegar brewing process as revealed
by high-throughput sequencing
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Abstract: [Objective] To understand the structure and dynamics of fungal community during raw vinegar brewing.
[Methods] In total 51 samples including raw materials, starter, fermenting samples in urns, smoking cupei and
leaching cupei were collected from a raw vinegar making enterprise in Shanxi Province, and fungal diversity was
analyzed by high throughput sequencing of ITS1 regions. [Results] Except 5 samples having failure amplifications,
489 fungal OTUs were detected in the remaining 46 samples, dominated by Ascomycetes (88.3%). There were
significant fungal community differences among groups. The species richness was the lowest in raw materials and
starter, the highest in fermenting samples, and medium in smoking and leaching cupei. The dominant fungi from
raw materials and starter were Saccharomyces cerevisiae and Aspergillus niger, respectively, which were important
inocula for fermentation. There were also obvious fungal community variations during fermentation in urns, which
were further divided into early (F2 to F13) and late (F17 to F46) fermentation stages. The abundance of S.
cerevisiae and Aspergillus candidus was significantly higher in the early fermentation stage, whereas that of A.
niger and Davidiellaceae sp. was significantly higher in the late fermentation stage. [Conclusion] There are
significant fungal community variations among different brewing steps and among different fermentation stages in
urns. S. cerevisiae and A. niger represent the main fungi contributing to raw vinegar fermentation. This study

provides a theoretical basis for the optimization of raw vinegar brewing process.

Keywords: raw vinegar brewing, fungal diversity, high-throughput sequencing, Aspergillus niger, Saccharomyces

cerevisiae
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