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Abstract: In this study, the fermentation mash of Cabernet Sauvignon, Cabernet Franc, and Matheran
from Linfen, Shanxi Province, was sequenced using the Illumina MiSeq high-throughput sequencing
platform to analyze the structural diversity of fungal communities in different samples. The results
showed that a total of 10 phyla, 125 families, and 187 genera were detected in the nine samples of this
study. The main fungal phyla were Ascomycota, Basidiomycota, and Mortierellomycota. The main fungal
genera are Hanseniaspora, Mortierella, Sclerotinia, Aureobasidium, Saccharomyces, Aspergillus, Clavulina,
Candida, etc. Hanseniaspora was the dominant genus in the pre-fermentation stage, accounting for
more than 70%; Saccharomyces was the dominant genus in the middle and late fermentation stage,
accounting for more than 75% in the middle fermentation stage and up to 90% in the late fermentation
stage. This study provides a theoretical basis for monitoring and optimizing winemaking processes
and introducing wine grape varieties in the Linfen region of Shanxi.
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1. Introduction

Winemaking is a metabolic process involving a variety of microorganisms [1], among
which bacteria, yeasts, molds, and other microorganisms play a crucial role in its production
and flavor formation [2,3]. The symbiotic and metabolic interactions between different
microorganisms form a complex microbial community [4,5] and affect the aroma and flavor
of wines to some extent [6,7]. In addition, factors such as winemaking raw materials, the
winemaking process, geographical location, and climatic conditions can affect the structure
of winemaking microbial communities [8,9].

In recent years, due to the advantages of short sequencing time and high sequencing
throughput, researchers at home and abroad have applied high-throughput sequencing
technology to classify and identify winemaking microorganisms, monitor the dynamic
changes of winemaking microbial communities during the fermentation process, trace
wine flavor substances, and identify whether wine products are adulterated [10]. In the
wine field, high-throughput sequencing is used to investigate the microbial diversity on
the grape surface, and the diversity and dynamics of microorganisms during fermentation
have also been reported. Portillo et al. [11] studied the bacterial diversity of Grenache and
Carignan grape berries using high-throughput sequencing analysis, showing differences in
microorganisms in different varieties of grape berries. Zhang et al. [12] investigated the
composition of microorganisms on grape skins using 16S rRNA and internal transcribed
spacer (ITS) sequencing and found that grape varieties play an important role in shaping
bacterial and fungal communities, and that the abundance of several important bacterial
and fungal taxa differed. Setati et al. [13] selected the entire ITS to sequence the fungal
communities of Cabernet Sauvignon berries from three adjacent vineyards in South Africa
and concluded that there were highly significant differences in the composition of the
fungal communities between adjacent vineyards.
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Most studies have focused on the composition of bacterial and fungal communities
in the skins of different varieties of wine grapes, with less research on the composition
and differences between fungal communities in different varieties and fermentation stages,
and no studies on fungal communities in the fermentation process of different grape
varieties in the Linfen production area have been reported. In this study, high throughput
sequencing was used to analyze the differences and changes in fungal communities of
different wine grape varieties in the Linfen appellation during natural fermentation to
assess the composition and abundance of fungal communities, which is important to
investigate the fungal diversity and its influence on wine quality in the Linfen appellation,
to explore high-quality yeasts and other dominant fungi, and to provide a reference for
future in-depth study on the microbial community structure and its role in the fermentation
of wines from the Linfen appellation in Shanxi.

2. Materials and Methods
2.1. Experimental Materials

The grapes were collected from the grape base of Rongzi Winery Co., Ltd. in Linfen
City, Shanxi Province; 9.9 °C, 570 mm of precipitation, and 212 days of frost-free period per
year make it the most suitable area for wine grape cultivation. Ten kg each of three grape
varieties, Cabernet Sauvignon, Cabernet Franc, and Matheran were randomly picked at
maturity, harvested from the plants with sterile gloves, kept in clean bags, and sent to the
laboratory in ice boxes to prepare for fermentation.

2.2. Experimental Methods
2.2.1. Wine Fermentation Process

The wine fermentation process was described in an article by Hu et al. (2020) [14].
Attention was paid to the natural fermentation after manual crushing and pressing with
sterile gloves. All fermentation processes were monitored daily using a densitometer,
50 mL samples were collected at three different fermentation stages, and three samples
were taken from each group of fermentation stages for parallel experiments: early (day 1),
mid-fermentation (day 4), and late fermentation (day 8). Thirty mL of wine mash samples
were aseptically aspirated in sterile centrifuge tubes and stored in a refrigerator at —80 °C
for gene sequencing.

2.2.2. Gene DNA Extraction from Wine Samples

The steps of the DNA extraction kit MOBIO PowerSoil® DNA Isolation Kit were
followed. After the extraction of genomic DNA, the extracted genomic DNA was detected
by 1% agarose gel electrophoresis.

2.2.3. PCR Amplification and MiSeq Sequencing of Wine Samples

PCR amplification system: DNA template 30 ng, forward and reverse primers (5'-
CTTGGTCATTTAGAGGAAGTAAA-3' and 3'-TGCGTTC-TTCATCGATGC-5', 5 pmol/L)
were 1 uL and 3 pL of 2 ng/pL each. Bovine serum albumin solution, 12.5 pL 2 x Taq Plus
Master Mix, 7.5 L. ddH,O. The amplification procedure was as follows: pre-denaturation
at 94 °C for 5 min, denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, extension
at 72 °C for 1 min, 28 cycles, and elongation at 72 °C for 10 min, with three replicates for
each sample. The PCR products were amplified by 1% agarose gel electrophoresis and
purified by Agencourt AMPure XP Nucleic Acid Purification Kit. The sequencing platform
was [llumina MiSeq PE300, and the subsequent library construction and sequencing were
entrusted to Beijing Ovation Biotechnology Co. (Beijing, China).

2.3. Data Processing

Miseq sequencing yielded Pair-End (PE) double-end sequence data, which were
spliced using Flash (v1.20) and Pear (v0.9.6) software, filtered using Trimmomatic (v0.36),
and chimeras were removed by Uchime software to obtain valid sequences. The sequences
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were classified into OTUs with 97% similarity using QIIME (v1.8.0) software, and the
species information was obtained by taxonomic annotation of OTUs with the UNITE
(Fungal) taxonomic database.

Alpha diversity analysis was then performed using mothur, and curve plots were
produced using R language tools. Based on the Unweighted Unifrac distance matrix, the
UPGMA method was used to cluster and build a tree to integrate the relative abundance of
species at the level of phylum, order, family, and genus for each sample and to summarize
and analyze the fungal flora of the three varieties of wine at different fermentation stages.

3. Results
3.1. Sequence Data and OTUs Analysis

After sequencing the samples of Cabernet Sauvignon, Cabernet Franc, and Matheran
wines at different fermentation periods, the distribution of high-quality sequences was
obtained as shown in Table 1. A total of 361,385 valid sequences were collected from nine
samples, and the vast majority of sequences were 420—440 in length, indicating that the
sequences were excellent and could be used for subsequent experimental analysis. The
dilution curves of the samples are shown in Figure 1, which are constructed by randomly
selecting a certain number of individual samples, counting the number of species repre-
sented by these individual samples, and using the number of individuals vs. the number
of species to construct the curves. In Figure 1 it can be seen that the OTU curve tends to
smooth out as the number of effective sequences increases when the number of effective
sequences rises above 25,000. This indicates that the amount of data is reasonable and can
reflect all samples’ fungal diversity information.

Table 1. Sample sequence length distribution.

Sequence Length Gradient Number of Sequencs
0-200 1036
200-260 20,918

260-320 3463

320-360 432
360-380 92,895
380-400 31
400420 45
420-440 242,204
440-460 271
460480 21
480-500 26
500-520 28
520-540 15
540-560 0
560-600 0

The OTU Venn diagram (Figure 2) was used to visualize the number of OTUs common
and unique to the three varieties of wine samples. As can be seen in Figure 2, there were 163
identical OTUs for the three types of samples, 38 unique to Cabernet Sauvignon, 33 unique
to Cabernet Franc, and 201 unique to Matheran. This indicates that there are both identical
and unique fungal communities in the three varieties. To further demonstrate the OTU
distribution of all samples, an OTU distribution petal map (Figure 3) was created to show
the number of unique and shared OTUs of all samples. As shown in Figure 3, the total
number of OTUs for all samples was 11, indicating the presence of a fungal community
that survived the fermentation process.
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Figure 1. Sample dilution curve. CAI is the pre-fermentation Cabernet Sauvignon, CAM is the
mid-fermentation Cabernet Sauvignon, and CAL is the late fermentation Cabernet Sauvignon. MAI
is the pre-fermentation Matheran, MAM is the mid-fermentation Matheran, and MAL is the late
fermentation Matheran. PAI is the pre-fermentation Cabernet Franc, PAM is the mid-fermentation
Cabernet Franc, and PAL is the late fermentation Cabernet Franc.
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Figure 2. Venn diagram of OTU distribution. C is a sample of Cabernet Sauvignon, M is a sample of
Matheran, and P is a sample of Cabernet Franc.



Fermentation 2022, 8, 475

50f15

PAI
161
» 1y
o i i ;?
< —
58 R
core:11
P N
) S
€6 (\J
Mo Wi

Figure 3. OTU distribution petal map. CAl is the pre-fermentation Cabernet Sauvignon, CAM is
the mid-fermentation Cabernet Sauvignon, and CAL is the late fermentation Cabernet Sauvignon.
MALI is the pre-fermentation Matheran, MAM is the mid-fermentation Matheran, and MAL is the late
fermentation Matheran. PAI is the pre-fermentation Cabernet Franc, PAM is the mid-fermentation
Cabernet Franc, and PAL is the late fermentation Cabernet Franc. The core numbers indicate the
number of OTUs common to all samples, and the numbers on the petals indicate the number of OTUs
unique to that sample. The number on the petal indicates the number of OTUs unique to that sample.

3.2. Alpha Diversity Analysis of Fungal Flora during Wine Fermentation

An alpha diversity index table, including chaol index, coverage index, observed_species,
PD_whole_tree, Shannon, and Simpson index, can reflect the richness and diversity of
samples at different fermentation stages of three wines from the Linfen appellation in
Shanxi [15].

The higher the value of the coverage index, the higher the probability of sequences
being detected in the samples. The coverage index of all samples was 1.00, indicating that
the coverage rate was 100%, which can show the real situation of the fungi in the samples.

The chaol and observed_species indices represent the estimated number of OTUs in
the community and the actual number of OTUs observed with increasing sequencing depth,
respectively, which can reflect the abundance of fungal communities in the wine samples at
different fermentation periods. As shown in Table 2, the chaol indices of all three varieties
were highest in the pre-fermentation period, indicating that fungal abundance was highest
in the pre-fermentation period.

Table 2. Statistical table of Alpha Diversity Index of samples.

Name of Samples Chaol Coverage Observed_Species  PD_Whole_Tree Shannon Simpson
CAI 245.56 1.00 219.00 48.51 0.96 0.17
CAM 129.62 1.00 104.00 26.94 1.20 0.38
CAL 133.00 1.00 90.00 25.79 0.38 0.10
MAI 371.54 1.00 346.00 76.67 2.50 0.49
MAM 173.17 1.00 123.00 34.22 0.60 0.13
MAL 153.05 1.00 116.00 27.52 0.73 0.17
PAI 210.15 1.00 172.00 37.31 0.86 0.20
PAM 144.05 1.00 101.00 26.12 0.38 0.07
PAL 194.56 1.00 118.00 26.48 0.47 0.09

Al is the pre-fermentation Cabernet Sauvignon, CAM is the mid-fermentation Cabernet Sauvignon, and CAL is
the late fermentation Cabernet Sauvignon. MAI is the pre-fermentation Matheran, MAM is the mid-fermentation
Matheran, and MAL is the late fermentation Matheran. PAI is the pre-fermentation Cabernet Franc, PAM is the
mid-fermentation Cabernet Franc, and PAL is the late fermentation Cabernet Franc.
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The PD_whole_tree index reflects the spectral diversity of the fungal communities
in the samples, i.e., the differences in the preservation of the evolutionary history of the
fungal communities. Shannon and Simpson indices reflect the diversity of the fungal
communities in the samples at different fermentation periods of the wine, and it can be
seen from Table 2 that the trend of fungal community diversity was not consistent for
different varieties of wines. For Cabernet Sauvignon, the Shannon and Simpson indices
were the highest in the middle of fermentation, indicating that the fungal diversity of
Cabernet Sauvignon samples was the highest in the middle of fermentation. Matheran
and Cabernet Franc had the highest Shannon and Simpson indices at the pre-fermentation
stage, indicating that Matheran and Cabernet Franc had the highest fungal diversity at the
pre-fermentation stage.

3.3. Taxonomic Distribution and Correlation Analysis of Fungi

A species evolutionary tree was constructed to visualize the species abundance and
evolutionary relationships during wine fermentation in Linfen, Shanxi. As shown in
Figure 4, a total of 187 genera were detected in the nine samples of this study, belonging to
10 phyla, including Ascomycota, Basidiomycota, and Mortierellomycota. A total of 125 genera
belonged to Ascomycota and 46 genera belonged to Basidiomycota, and Ascomycota and
Basidiomycota were the dominant phyla. Zhang et al. [16] found that the fungal commu-
nities on the skins of wine grapes in the Shacheng appellation were only Ascomycota,
Basidiomycota, and Zygomycota, indicating that there are some differences in the structure of
fungal communities in different appellations.

= Rozellomycota
= Kickxellomycota
= Chytridiomycota
= Ascomycota
Mucoromycota
Olpidiomycota
= Basidiomycota
= Mortierellomycota

c = Neocallimastigomycota
1 - M Glomeromycota

Figure 4. Evolutionary tree of species. The first column of the icon from the left shows sample
information, and the second column shows the phylum level corresponding to the classification of the
sample genus. The outer circle of the evolutionary tree offers the relative abundance of each genus in
the different samples. The length of the color block represents the level of relative abundance.



Fermentation 2022, 8, 475

7 of 15

The fungal distributions of Cabernet Sauvignon, Matheran, and Cabernet Franc sam-
ples at different fermentation periods were demonstrated at the family and genus levels
by comparing and analyzing the representative sequences of OTUs to obtain the taxo-
nomic information of each OTU. Based on the integration of species abundance at the
family level is shown in Figure 5, a total of 125 different families of fungi were identi-
fied from the nine samples, and the eight dominant families with content above 1.00%
were Saccharomycetaceae, Sclerotiniaceae, Saccharomycetales Incertae sedis, Saccharomycodaceae,
Mortierellaceae, Aspergillaceae, Aureobasidiaceae, and Clavulinaceae. The relative abundance of
Saccharomycodaceae in Cabernet Sauvignon, Matheran, and Cabernet Franc samples was
the highest in the early fermentation period, with 91.36%, 71.17%, and 89.48%, respectively.
At mid-fermentation, the relative abundance of Saccharomycetaceae in Cabernet Sauvignon,
Matheran, and Cabernet Franc samples was the highest, at 76.76%, 93.25%, and 96.19%, re-
spectively. The relative abundance of Saccharomycetaceae in Cabernet Sauvignon, Matheran,
and Cabernet Franc samples was the highest at 95.04%, 90.98%, and 95.31%, respectively, at
the end of fermentation. Saccharomycodaceae and Saccharomycetaceae constituted the main
fungal groups in the pre-fermentation, middle, and late fermentation stages of wines from
the Linfen appellation in Shanxi Province, and had a significant influence on the whole
fermentation process.

=]
S 4

— — . — —
Qo
@
2
8
§ 87
°
=
=
o
o o
o -
z 7
k)
(o)
o
o
N
o
< = j( < = <—(‘ < ;(‘ =
o S S = g = £ [ &
f__Saccharomycetaceae Sclerotiniaceae @ f__Saccharomycetales_fam_Incertae_sedis
Mortierellaceae @ Other

|
B f__Saccharomycodaceae
B f__unidentified

[ ]

=
m f_|
|

f__Aureobasidiaceae @ f

Aspergillaceae
Clavulinaceae

Figure 5. Histogram of species composition of family-level samples. CAI is the pre-fermentation
Cabernet Sauvignon, CAM is the mid-fermentation Cabernet Sauvignon, and CAL is the late fermen-
tation Cabernet Sauvignon. MAI is the pre-fermentation Matheran, MAM is the mid-fermentation
Matheran, and MAL is the late fermentation Matheran. PAI is the pre-fermentation Cabernet Franc,
PAM is the mid-fermentation Cabernet Franc, and PAL is the late fermentation Cabernet Franc.

Based on the integration of species relative abundance of samples at the genus level,
shown in Figure 6, a total of 187 fungi of different genera were identified from nine samples,
and it can be seen from the figure that the eight dominant genera with content above
1.00% were Hanseniaspora, Mortierella, Sclerotinia, Aureobasidium, Saccharomyces, Aspergillus,
Clavulin, and Candida.
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Figure 6. Histogram of species composition of genus-level samples. CAl is the pre-fermentation
Cabernet Sauvignon, CAM is the mid-fermentation Cabernet Sauvignon, and CAL is the late fermen-
tation Cabernet Sauvignon. MAI is the pre-fermentation Matheran, MAM is the mid-fermentation
Matheran, and MAL is the late fermentation Matheran. PAI is the pre-fermentation Cabernet Franc,
PAM is the mid-fermentation Cabernet Franc, and PAL is the late fermentation Cabernet Franc.

As shown in Figure 6, Hanseniaspora dominated in the pre-fermentation period,
with the relative abundance of 91.36%, 89.48%, and 71.17% for the Cabernet Sauvignon,
Matheran, and Cabernet Franc samples, respectively. Saccharomyces accounted for only
a small percentage with a relative abundance of 0.01%, 0.21%, and 0.03% in the Caber-
net Sauvignon, Matheran, and Cabernet Franc samples, respectively. Mendoza [17] et al.
found that non-Saccharomyces cerevisiae, belonging mainly to Hanseniaspora and Candida,
was co-cultured with Saccharomyces cerevisiae, and the wines obtained presented higher
concentrations of higher alcohols, esters, and terpene alcohols as well as stronger aro-
mas. At mid-fermentation, Saccharomyces dominated, with relative abundances of 76.76%,
93.24%, and 96.19% in the Cabernet Sauvignon, Matheran, and Cabernet Franc samples,
respectively. In the middle stage of fermentation, Saccharomyces dominated with a relative
abundance of 76.76%, 93.24%, and 96.19% in the Cabernet Sauvignon, Matheran, and
Cabernet Franc samples, respectively. In the late fermentation stage, the relative abundance
of Saccharomyces was 95.04%, 90.98%, and 95.31% in the Cabernet Sauvignon, Matheran,
and Cabernet Franc samples, respectively, and still dominated. By comparison, the rel-
ative abundance of Hanseniaspora decreased to 3.96%, 4.78%, and 1.67% in the Cabernet
Sauvignon, Matheran, and Cabernet Franc samples, respectively. Saccharomyces became the
core microorganism in the middle and late stages of fermentation. This indicates that as
fermentation proceeded, Saccharomyces cerevisiae microorganisms in Saccharomyces rapidly
adapted to the environment and proliferated under the high abundance of Hanseniaspora
stress for ethanol fermentation. Therefore, Saccharomyces in the fermentation broth replaced
Hanseniaspora as the microorganism with the greatest relative abundance in the middle and
late stages of fermentation.

The results of the top 20 genera in absolute abundance for all samples were selected
for correlation analysis by Spearman’s test, and the corresponding gates were used as
the legend. The calculated results were filtered out from those with p-values greater than
0.05 or correlation values | R| < 0.4 for plotting to obtain Figure 7. As the figure shows,
Hanseniaspora showed a negative correlation with Saccharomyces; Hanseniaspora showed a
positive correlation with Aureobasidium.
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Figure 7. Analytical diagram of genus horizontal species association. The letters on the dots represent
the names of different genera, the size of the dots represents the size of abundance, the color of the
dots represents the phylum to which they belong, and the right column is the information of the
phylum to which they belong; the thickness of the line represents the size of correlation, a red line
indicates a positive correlation, and a blue line indicates a negative correlation.

3.4. Dynamic Changes of Fungal Flora

The top 20 genera in terms of relative abundance values were selected and, based on
their abundance information in samples at different fermentation stages, a cluster anal-
ysis was performed; with species and samples as classification objects, a heatmap was
constructed to facilitate observation of the distribution of fungal communities at different
fermentation stages of single variety wine samples, and at the same fermentation stage
of different variety wine samples. As can be seen in Figure 8, the relative abundance of
dominant groups of fungi such as Hanseniaspora and Saccharomyces at the different fermen-
tation stages of dry red wines was similar in all the samples. Moreover, the differences
among the samples were immediately apparent; for example, the abundance of Candida was
significantly higher in the pre-fermentation samples of Matheran than in the other samples.
Non-Saccharomyces cerevisiae, represented by Candida, can produce 3-glucosidase, which
hydrolyzes flavor compounds present as glycosylated precursors in wine to form free
volatiles, thus improving the flavor of the wine [18]. Aspergillus is the second dominant
genus in the fermentation of red glutinous rice wine and is associated with the production
of bitter and sweet amino acids, which play an important role in balancing the taste of the
wine [19].

To further investigate the influence of the dynamics of fungal flora on wine quality dur-
ing fermentation, 12 representative species with a high relative abundance and important
roles were selected to show their proportional distribution in nine samples based on their
abundance information in different samples. As shown in Table 3, Hanseniaspora uvarum
dominated in the pre-fermentation period, with 71.15% to 91.36% in the different samples.
H. uvarum was mostly derived from grape berries and was the class of yeast with the highest
percentage in the vineyard [20]. Therefore, H. uvarum in the pre-fermentation samples may
be derived from wine grape skins. The abundance of H. uvarum gradually decreased as the
fermentation time increased. However, traces were still present in the late fermentation
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period, indicating that H. uvarum survived throughout the fermentation process, which is

consistent with the study by Andorra et al. [21].
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0 001 018
Relative abundance of community

Figure 8. OUT and taxonomic level Heatmap. CAl is the pre-fermentation Cabernet Sauvignon, CAM

is the mid-fermentation Cabernet Sauvignon, and CAL is the late fermentation Cabernet Sauvignon.
MALI is the pre-fermentation Matheran, MAM is the mid-fermentation Matheran, and MAL is the late
fermentation Matheran. PAI is the pre-fermentation Cabernet Franc, PAM is the mid-fermentation
Cabernet Franc, and PAL is the late fermentation Cabernet Franc. The left side of the graph shows

the relational clustering analysis of the samples, with the shades of color representing the high or low

abundance of the species.

Table 3. Proportion distribution of representative strains in different samples.

Name of Strans CAI CAM CAL MAI MAM MAL PAI PAM PAL
H. uvarum 91.4% 15.6% 3.96% 71.2% 3.66% 4.78% 89.5% 1.79% 1.67%
S. cerevisiae 0.0113% 76.8% 95.0% 0.207% 93.2% 91.0% 0.0264% 96. 2% 95.3%
A. pullulans 0.678% 0.313% 0.0038% 5.54% - 0.102% 6.10% 0.0301% 0.173%

M. alpina 0.264% 0.0113%  0.0075% 0.117% - 0.0226%  0.0942%  0.0226%  0.0640%
C. tropicalis - - - 1.21% 0.0226%  0.0038% - - -
I orientalis - - - 0.0038%  0.0113% - - - -
A. niger - 0.0038%  0.0038% - 0.0603% 0.478% - 0.0075% -
R. mucilaginosa - - - - 0.0113%  0.0188% - - -
R.sp 0.0038% - - 0.0414% - - 0.0038% - -

R. diobovata - - - - 0.0075%  0.0414% - - 0.0038%
S. microspora - - - - 0.0001%  0.0113% - - -

G. pullulans 0.0151%  0.0113%  0.0188% - 0.0188% - 0.0113%  0.0075%  0.0527%

Al is the pre-fermentation Cabernet Sauvignon, CAM is the mid-fermentation Cabernet Sauvignon, and CAL is
the late fermentation Cabernet Sauvignon. MAl is the pre-fermentation Matheran, MAM is the mid-fermentation
Matheran, and MAL is the late fermentation Matheran. PAI is the pre-fermentation Cabernet Franc, PAM is the
mid-fermentation Cabernet Franc, and PAL is the late fermentation Cabernet Franc. -Indicates relative abundance

below 0.0001% or not detected.
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Saccharomyces cerevisiae accounted for only 0.01% to 0.21% in the early stages of fer-
mentation but dominated in the middle and late stages, accounting for more than 90%.
This is because S. cerevisiae possesses efficient sugar conversion [22], good alcohol and
temperature tolerance, and strong competition for limited nutrients, gradually replacing
other yeasts in the middle and late stages of fermentation.

Aureobasidium pullulans were present in every sample and showed the highest levels
in the pre-fermentation period of each variety. A. pullulans is a pectinolytic strain that
produces more elevated amounts of pectinase and reduces filtration time. It can also
increase the total anthocyanin content and improve the full polyphenol index and color,
thus improving the sensory characteristics of the wine [23].

Mortierella alpina was present in every sample, with the highest percentage of 0.26% in
pre-fermentation Cabernet Sauvignon samples. M. alpina is an oil-producing filamentous
fungus with a strong lipid synthesis capacity that produces arachidonic acid [24], which is
essential for the development of the human brain and optic nerve and has an important
role in improving intelligence and vision levels. It also has important effects in preventing
cardiovascular diseases, diabetes, and tumors [25-27].

Candida tropicalis was present only in samples of Matheran species and had the highest
abundance in the pre-fermentation period. C. tropicalis is the dominant strain in traditional
Mexican palm wines and possesses the ability to produce ethanol in high-temperature
environments [28].

Issatchenkia orientalis was present only in Matheran samples, decreased in abundance
in the middle stages of the fermentation, and largely disappeared in the later stages. This is
in agreement with the findings of Maurizio et al. [29]. I. orientalis is an acid-, ethanol-, and
temperature-tolerant native yeast [30] that can rapidly degrade malic acid in a medium
with malic acid as the only carbon and energy source [31].

Aspergillus niger was present only in samples from the middle and late stages of
fermentation. A. niger is a filamentous fungus and the dominant strain in red glutinous rice
wine that promotes the production of 2-methylpropanoic acid, 2-heptanoic acid, isoamyl
acetate, and 2,4-di-test-butyl-phenol [32]. A. niger contains glycosidases that hydrolyze
glycosidic terpene alcohols to produce free terpene alcohols, thereby increasing the floral
aroma of the wine [33].

Rhodotorula mucilaginosa was present only in the middle and late stages of Matheran
fermentation samples. R. mucilaginosa is a non-enological yeast that can produce high levels
of B-glucosidase, which can release aroma glycosides from wine grapes, thus adding to
their floral and fruity odor [34].

Stachybotrys microspora, present only in mid to late fermentation stage samples of
Matheran varieties, is a filamentous fungus with hydrolytic cellulose that promotes red
grape juice maceration [35].

Guehomyces pullulans, which is always present during fermentation but only between
0.0075% and 0.0527%, is a cold-tolerant yeast, the dominant strain of Korean rice wine, and
one of the traditional fermenters [36].

As shown in Table 3, the distribution of fungi in the alcoholic fermentation process
of wine was dominated by yeasts, accounting for more than 90% of the total. To further
demonstrate the distribution of yeasts in the fermentation process of dry red wine in the
Linfen appellation of Shanxi, the WL medium method was used to distinguish and identify
the relevant yeasts, the yeast species, and the number of each type of yeast. As shown in
Table 4, the main yeast species in the fermentation of dry red wine in the Linfen appellation
of Shanxi Province were H. uvarum, S. cerevisiae, C. tropicalis, 1. orientalis, and R. sp., which
were basically consistent with the results obtained by sequencing. Wang et al. [8] noted the
yeast composition during the natural fermentation of Cabernet Sauvignon in the Yantai
region as S. cerevisiae, P. kluyveri, H. uvarum, H. occidentalis, 1. occidentalis, and I. orientalis. The
same as well as unique yeast species exist in the microbial communities of the fermentation
mashes of different wines in different regions.
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Table 4. Changes in yeast flora during fermentation.

Number of Yeast Colonies Formed Per mL of Fermentation Broth (1038 CFU/mL)

Yeast CAI CAM CAL MAI MAM MAL PAI PAM PAL
Species
H. uvarum 5.18 0.887 0.225 4.03 0.207 0.271 5.07 0.101 0.0946
S. cerevisiae 0.0006 435 539 0.0117 529 5.16 0.0015 545 5.40
C. tropicalis - - . 0.0683 0.0013 0.0002 - - -
L. orientalis - - - 0.0002 0.0006 - - - -
R.sp 0.0002 - - 0.0023 - - 0.0002 - -

Al is the pre-fermentation Cabernet Sauvignon, CAM is the mid-fermentation Cabernet Sauvignon, and CAL is
the late fermentation Cabernet Sauvignon. MAI is the pre-fermentation Matheran, MAM is the mid-fermentation
Matheran, and MAL is the late fermentation Matheran. PAI is the pre-fermentation Cabernet Franc, PAM is the
mid-fermentation Cabernet Franc, and PAL is the late fermentation Cabernet Franc. -Indicates no detections.

3.5. Beta Diversity Analysis of Fungal Flora during Wine Fermentation

PLS-DA analysis (Partial Least Squares Discrimination Analysis) is a multivariate
statistical analysis method for discriminant analysis. Discriminant analysis is a common
statistical analysis method that determines how a study object is classified based on the
observed or measured values of several variables. Unlike principal component analysis
(PCA), it is a supervised statistical method for discriminant analysis. The technique uses
PLS-DA to model the relationship between microbial content and sample category to
predict the sample category.

PLS-DA analysis was used to investigate further the differences in fungal diversity
among wines of different varieties and fermentation stages (see Figure 9). The horizontal
axis (PC1) and vertical axis (PC2) represent the first and second principal components of
fungal diversity differences, respectively, and the magnitude of their contribution to the
differences in fungal diversity is expressed as a percentage [21]. A total of 37.68% and 12.76%
were contributed by the first and second principal components, respectively, indicating that
these two principal components are the key factors that can reflect the differences in the
structural composition of fungal communities in all samples. The more similar the fungal
diversity was between different samples, the closer the points scattered in the graph were.
The distance between the wine samples of different varieties is farther, indicating some
influence of wine grape varieties on the composition of wine fungal microorganisms.

o y
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PC2(12.76%)
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Figure 9. Discriminant analysis of partial least squares based on OUT. CAl is the pre-fermentation
Cabernet Sauvignon, CAM is the mid-fermentation Cabernet Sauvignon, and CAL is the late fermen-
tation Cabernet Sauvignon. MAI is the pre-fermentation Matheran, MAM is the mid-fermentation
Matheran, and MAL is the late fermentation Matheran. PAI is the pre-fermentation Cabernet Franc,
PAM is the mid-fermentation Cabernet Franc, and PAL is the late fermentation Cabernet Franc.
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As shown in Figure 9, PAL, PAM, and PAL samples were close to each other, indicating
that the differences between these three samples were relatively small, i.e., the composition
of the Cabernet Franc fungal community was relatively stable in the pre-fermentation,
middle, and late fermentation stages. Similarly, MAI was farther away from MAM and
MAL samples, but MAM was closer to MAL samples, which indicated that Matheran
also underwent great changes in fungal communities in the early fermentation stage and
stabilized in the middle and late stages. On the whole, the fungal community composition
of the Cabernet Franc wines was stable at different fermentation stages. By contrast, the
fungal community of the Matheran wines varied strongly in the early stage of fermentation,
although it stabilized in the middle and late stages, consistent with the trend of the Cabernet
Sauvignon wines.

4. Conclusions

This paper used high-throughput sequencing technology to determine the fungal
microbial diversity of three dry red wines, Cabernet Sauvignon, Matheran, and Caber-
net Franc, before, during, and after natural fermentation. The following conclusions
were obtained:

The results of Alpha diversity analysis showed that all three varieties showed the
highest chaol index in the pre-fermentation period, indicating the highest fungal flora
richness in the early fermentation period. The Cabernet Sauvignon samples showed
the highest fungal diversity in the middle stage of fermentation, and the Matheran and
Cabernet Franc samples showed the highest fungal diversity in the pre-fermentation period.

Based on OTU analysis and species annotation results, a total of 10 phyla, 125 families,
and 187 genera were detected in the nine samples of this study. The main fungal phyla
were Ascomycota, Basidiomycota, and Mortierellomycota, and the main fungal genera were
Hanseniaspora, Mortierella, Sclerotinia, Aureobasidium, Saccharomyces, Aspergillus, Clavulina,
and Candida. Hanseniaspora is the dominant genus in the pre-fermentation period, and
Saccharomyces is the dominant genus in the middle and late fermentation periods.

The dynamics of fungal flora during natural fermentation were as follows: the main
species in the pre-fermentation period were H. uvarum, A. pullulans, M. alpina, G. pullulans,
and S. cerevisiae, R. sp., C. tropicalis, and L. orientalis. Among them, H. uvarum was dominant,
accounting for more than 70%. In the middle stage of fermentation, the proportion of
S. cerevisiae increased to more than 75% and dominated, while H. uvarum declined to
second place, A. niger, R. mucilaginosa, and R. diobovata appeared, but R. sp no longer existed,
and all other species declined. In the later stage of fermentation, S. microspora appeared,
and S. cerevisiae accounted for more than 90% of the total, which was absolutely dominant.
These strains play an important role in initiating fermentation, increasing the aromatic
composition of the wine, and improving the sensory characteristics of the wine.

The main yeast species in the fermentation of dry red wines from the Shanxi Linfen
appellation were H. uvarum, S. cerevisiae, C. tropicalis, I. orientalis, and R. sp. using the
traditional medium method, which was consistent with the sequencing results and again
validated the accuracy of the high-throughput sequencing method.

Beta diversity analysis showed some differences in the fungal communities of different
varieties of wine, suggesting that wine grape varieties influence the composition of the
fungal community during wine fermentation. Cabernet Franc had a more stable fungal
community composition in the pre-fermentation, middle, and late fermentation stages. The
fungal communities of Cabernet Sauvignon and Matheran were highly variable in the early
fermentation stage and stabilized in the mid and late stages.
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