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Abstract: The imbalance of the redox state caused by extra reactive oxygen species is closely related to
many diseases. Therefore, it is necessary for people to ingest antioxidants through food. The safety of
some synthetic antioxidants has been questioned. In this context, it is worth exploring natural and safe
antioxidants from biological sources. Tea has good antioxidant activity, and the antioxidant activity of
fermented sour tea is better than that of other types. It is necessary to clarify the antioxidant capacity
of sour tea during fermentation, as well as the microbial community and its sources. Nonculture
and culture-dependent methods were adopted to track the changes in the microbial population and
community structure during the fermentation of sour tea. Sequence analysis of 16S rRNA gene
amplification revealed significant differences in community complexity and structure at different
fermentation times. The highest proportion of operational taxonomic units (OTU s) in all samples
was Latilactobacillus, which was determined to be Lactiplantibacillus plantarum by further analysis.
The second highest proportion of OTUs was Enterobacter. With the fermentation of sour tea, the
antioxidant capacity increased, and all isolated Lb. plantarum had good DPPH clearance rates. Our
findings suggest that Lb. plantarum plays a crucial role in the fermentation process of sour tea. The
possibility of discovering new antioxidants was provided by the determination of the antioxidant
capacity and bacterial community during the fermentation of sour tea.

Keywords: anaerobic fermented tea; 16S rRNA sequencing; microbial community; antioxidation

1. Introduction

Tea is generally divided into fermented tea (such as black tea) and nonfermented tea
(such as green tea) [1]. Traditional fermented tea is produced by microbial fermentation
under aerobic and anaerobic conditions using green tea as a raw material through thermal
processing [2]. In some areas of Southeast Asia, there is a pickled tea that is significantly
different from the traditional fermented tea (in Thailand called Miang, in Myanmar called
Laphet, in Japan called Awa-bancha, and in China called sour tea). Miang ferments for
several weeks to a year without adding any preservatives [3,4]. Awa-bancha is mainly
produced from July to September. The production process of Awa-bancha is to pick tea
leaves and boil them until brown and then put them into plastic or wooden containers for
fermentation. Awa-bancha takes from two to several weeks to ferment [5,6]. For sour tea,
boiled fresh tea leaves are placed into a tight bamboo container without air. The bamboo
tube is sealed and buried three meters underground. The fermentation time of sour tea is
60 days, and then the sour tea is removed 30 days post fermentation (Figure 1).
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Figure 1. The sour tea fermentation process. Boiled fresh tea leaves are placed in a bamboo con-
tainer. The bamboo pipe is sealed and buried three meters underground. The fermentation time of 
sour tea is 60 days, and then the sour tea is removed from the ground and fermented for 30 days. 

Pickled tea is produced by anaerobic microorganism fermentation. Traditional fer-
mented tea is produced by fungal fermentation. For example, Rasamsonia, Thermomyces 
and Aspergillus are dominant fungi in the middle stage of the fermentation of Pu’er tea, 
while Aspergillus is the dominant bacteria in other stages [7]. One study found that most 

Figure 1. The sour tea fermentation process. Boiled fresh tea leaves are placed in a bamboo container.
The bamboo pipe is sealed and buried three meters underground. The fermentation time of sour tea
is 60 days, and then the sour tea is removed from the ground and fermented for 30 days.

Pickled tea is produced by anaerobic microorganism fermentation. Traditional fer-
mented tea is produced by fungal fermentation. For example, Rasamsonia, Thermomyces
and Aspergillus are dominant fungi in the middle stage of the fermentation of Pu’er tea,
while Aspergillus is the dominant bacteria in other stages [7]. One study found that most
of the strains isolated from Miang were Latilactobacillus, among which Lactiplantibacillus
plantarum (Lb. plantarum) was dominant (64.6%) [8]. Latilactobacillus and Acetobacter were
the most abundant bacteria in Laphet. At the same time, Enterobacteriaceae bacteria were



Fermentation 2023, 9, 161 3 of 15

also found in all Laphet samples [9]. In Awa-bancha, Latilactobacillus dominated, followed
by Klebsiella. At the species level, Lb. plantarum was the main bacteria, followed by Lb. vac-
cinalis, Lb. paracolinoides, and Klebsiella variicola (K. variicola) [10]. Among 26 Latilactobacillus
isolated from sour tea, 24 were Lb. plantarum, one was Enterococcus faecalis, and one was Lb.
acidophilus [11].

Plant-derived food contains many antioxidant substances. Tea is an important source
of antioxidants, and its antioxidant substances mainly comprise polyphenols [12]. LAB
are also good antioxidants. Many LAB have enzymatic and nonenzymatic antioxidant
mechanisms to reduce the production of reactive oxygen species (ROS) to a level harmless
to cells [13]. For example, LAB can release and promote the production of glutathione and
catalase, which are major nonenzymatic antioxidants and free radical scavengers [14]. LAB
can also produce free amino acids and short peptides. Many amino acids, such as histidine,
tyrosine, methionine, and cysteine, have antioxidant activities [15]. The physical changes
produced by LAB fermentation affect the antioxidant activity of tea. For example, an acidic
environment is conducive to the stability of polyphenols [16]. The increase in temperature
produced by LAB fermentation increases the content of polyphenols [17]. LAB can improve
antioxidant activity by improving the composition of polyphenols in food. For example,
the fermentation of apple juice with Lb. plantarum can improve free radical scavenging
and antioxidant activities. After fermentation, the contents of 5-o-caffeoylquinic acid,
quercetin and phloretin in apple juice increase, and the improved phenolic components are
helpful for improving the antioxidant activity [18]. Tea has strong antioxidant activity after
microbial fermentation [19,20]. Some studies have shown that LAB fermentation changes
the phenolic components extracted from crude tea and enhances the overall antioxidant
capacity [21,22]. Research has also shown that Lb. brevis- and Lb. plantarum-fermented
black tea extract can effectively alleviate oxidative stress in cells. Fermented black tea has
a more obvious protective effect on normal cells, can maintain higher cell vitality, and
significantly inhibits the production of ROS. Lb. plantarum is one of the few LAB that can
degrade tannin [23]. Tannase produced by Lb. plantarum can catalyze the hydrolysis of ester
bonds in tannin and gallate to synthesize effective antioxidant propyl gallate substrates. Lb.
plantarum ST and Lb. plantarum STDA10 have good 2,2-diphenyl-1-picrylhydrazyl (DPPH)
and 2,2-azino-di-[3-ethylbenzthiazoline sulfonate] (ABTS+) scavenging capacities [11].

However, the role of LAB in sour tea remains unclear. The microbial composition
of sour tea during fermentation has not been determined. Therefore, this study com-
bined 16S rRNA gene amplification and culture technology to determine the diversity
and dynamics of the bacterial community during the fermentation of sour tea. This study
shows that fermentation time has an effect on the microorganisms in sour tea as well as its
antioxidant capacity.

2. Materials and Methods
2.1. Sample Collection

De’ang sour tea was selected from fresh tea from Santai Mountain of De’ang National-
ity in Yunnan Province, China (Longitude: 98.39, Latitude: 24.33). Three-month fermented
sour tea samples were collected (24 samples in total at different time points). Twenty-four
Lb. plantarum strains were isolated and identified according to morphology, catalase test,
Gram staining, and 16S rDNA sequences as described by Cao [24].

2.2. Analysis of Biochemical Characteristics
2.2.1. pH Determination

During the fermentation of sour tea, the pH value was measured by a pH meter (AS
ONE, Osaka, Japan). All analyses were performed in triplicate.

2.2.2. Catechin Detection

Catechin detection was analyzed using a high-performance liquid chromatography
system (HPLC, Agilent Technologies Inc., Santa Clara, CA, USA). Briefly, 0.2 g of fermented
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sour tea was ground and then mixed with 5 mL of 70% methanol solution. After incubation
in a water bath at 75 ◦C for 20 min, the supernatant was collected by centrifugation at
5000 rpm for 10 min and filtered through a 0.45-µm filter (Biosharp, Hefei, Anhui, China).
The supernatant was injected into an Agilent ZORBAX SB-C18 column (4.6 × 150 mm,
5 µm), and isocratic elution was used with a mobile phase consisting of acetonitrile-acetic
acid-EDTA (45:10:1, v/v/v) and acetonitrile-acetic acid-EDTA (400:10:1, v/v/v) at a flow rate
of 1 mL min−1. The catechins were monitored at 278 nm, and their concentrations were
determined by integrating the calibration curves obtained from the standards.

2.2.3. Tea Polyphenol Detection

Extract (1 mL) and gallic acid solution (1000 µg/mL), water and 5 mL of 10% folin
phenol reagent were mixed. After the mixed solution was left at room temperature for
5 min, 4 mL of 7.5% sodium carbonate was added. The absorbance at 765 nm was recorded.
The absorbance of the gallic acid working solution was 10, 20, 30, 40, and 50 µg/mL.
The identification method of tea polyphenols is from the Chinese national standard ISO
14502-1:2005.

2.2.4. Caffeine Detection

The tea sample (3 g) was ground, soaked in 450 mL boiling water for 45 min, and
then filtered. The sample (10 mL) was added to 4 mL hydrochloric acid (0.01 mol/L) and
1 mL lead acetate alkaline solution, diluted with water to 100 mL and filtered. The filtrate
(25 mL) and 0.1 mL sulfuric acid solution (4.5 mol/L) were mixed and diluted to 50 mL.
The absorbance at 274 nm was recorded. The caffeine identification method is from the
Chinese national standard ISO 10727:1995.

2.2.5. Determination of the Total Amount of Free Amino Acids

The tea sample (3 g) was ground, soaked in 450 mL boiling water for 45 min, and
then filtered. The sample was mixed with 0.5 mL phosphate buffer solution (pH 8) and
0.5 mL 2% ninhydrin solution. The mixture was heated in boiling water for 15 min and
then cooled, before the volume was stabilized to 25 mL with water. The absorbance of the
mixed solution was measured at 570 nm after it was left at room temperature for 10 min.

2.2.6. Determination of the Water Extract

After the tea sample (2 g) was ground, 300 mL boiling water was added. The sample
was placed in boiling water for 45 min. After the extraction, the tea residue was filtered
by filter paper. The tea residue and filter paper were put into a thermostatic drying oven
(120 ± 2 ◦C), dried for 1 h, cooled for 1 h to room temperature, and weighed after repetition.

2.3. Whole-Genome DNA of Sour Tea Was Extracted, Amplified and Sequenced by PCR

The total DNA in sour tea was extracted by a QIAamp PowerFecal DNA kit (Qi-
agen, Hilton, Germany). The extracted DNA was amplified by PCR. Primers 338F (5′-
ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were
used to amplify V3 and V4 of the 16S rRNA gene [25]. A 10-ng aliquot of each sample was
used for PCR with Rapid Taq Master Mix (Vazyme, Nanjing, China), and the annealing
temperature was 50 ◦C. The Illumina MiSeq™ System (Illumina, San Diego, CA, USA) was
used for sequencing. The PCR product sequencing data of the sample were uploaded to
the National Center for Biotechnology Information (NCBI) under the registration number
PRJNA893263.

2.4. Bioinformatics Analysis

All sequences were demultiplexed using each sample barcode. Primer sequences
were reduced by using pairwise sequence alignment, and sequences were collected to
correct sequencing errors. According to Miseq_SOP, sequence processing was performed
by combining the features of mothur v1.44.1 [26]. The SSU rRNA database sequence and



Fermentation 2023, 9, 161 5 of 15

taxonomic information from Silva (v138) [27] were downloaded directly from the mothur
website. Chimeric sequences were removed using the UCHIME algorithm [28]. According
to different analyses, operational taxonomic units (OTUs) were assigned to operational
classification units (OTUs) with a 97% similarity threshold [29]. Alpha diversity analysis
using QIIME2 (Version 2022.2) software detected Faith’s pd, Shannon’s diversity, observed
features, and evenness indices and displayed them using QIIME2 view. Beta diversity was
calculated with QIIME2, including the unweighted UniFrac method. Bacterial OTUs were
classified using the Silva database and named at the level of domain, phylum, class, order,
family, and genus [30].

2.5. Radical Scavenging Activity

The cell-free culture supernatant (CFCS) of the bacterial fermentation broth (109 CFU
and 1010 CFU) was mixed with 2 mL DPPH ethanol solution. A mixture of DPPH and
normal saline was used as a blank sample. Vitamin C (Vc) was used as a positive control.
The absorbance at 517 nm was recorded [11].

The scavenging ability was defined as follows:

Scavenging effect (%) = 1 − [A517(sample)/A517(blank)] × 100% (1)

The CFCS (109 CFU and 1010 CFU) of the bacterial fermentation broth was mixed
with 2 mL of Fenton’s reagent (1 mL of ferrous sulfate solution and 1 mL of 3% hydrogen
peroxide solution) and 1 mL of salicylic acid. The mixture was placed in an incubator at
37 ◦C for 15 min. A mixture of Fenton’s reagent, salicylic acid and normal saline was used
as a blank sample. The absorbance at 517 nm was recorded [31].

The scavenging ability was defined as follows:

Scavenging effect (%) = 1 − [A510(sample)/A510(blank)] × 100% (2)

The CFCS of the bacterial fermentation broth (109 CFU and 1010 CFU) was mixed with
4.5 mL of Tris-diacetyl pentaacetic acid solution (pH 8.2, Tris concentration 0.012 g/mL,
diacetyl pentaacetic acid concentration 0.0008 g/mL) and 300 µL of mixed pyrogallol
solution (concentration 0.00025 g/mL). The mixture was incubated at room temperature for
10 min. A mixture of Tris diacetamide pentaacetic acid solution, pyrogallol solution, and
normal saline was used as a blank sample. The absorbance at 517 nm was recorded [32].

The scavenging ability was defined as follows:

Scavenging effect (%) = 1 − [A325(sample)/A325(blank)] × 100% (3)

3. Results
3.1. Physicochemical Analysis

The temperature of fermentation environment is detected during fermentation (Figure 2a).
The pH value increased slightly at the beginning of fermentation, but the pH value de-
creased with fermentation time (Figure 2b). The main antioxidant substances in the fer-
mentation of sour tea were determined (Figure 2c–g). The total amount of water extract
gradually increased at the beginning of fermentation, and then decreased until Day 55
(p < 0.01). The contents of polyphenols and catechins increased significantly at the begin-
ning of fermentation and gradually increased with the fermentation process (p < 0.01). The
contents of these two substances were basically stable after 60 days of fermentation. The
proportion of total soluble sugar increased rapidly in the early stage of fermentation, then
decreased slightly, and then remained stable.
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Figure 2. Physiochemical analysis of sour tea (a) Changes of soil temperature during fermenta-
tion (b) pH value changes during the fermentation of sour tea. Contents of the main antioxidant
substances in sour tea at different fermentation times. (c) The content of water extract in sour tea
fermentation. (d) The catechin content in sour tea fermentation. (e) The tea polyphenol content in
sour tea fermentation. (f) The total amino acid content in sour tea fermentation. (g) The caffeine
content in sour tea fermentation.
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3.2. Free Radical Scavenging Activity of Sour Tea and Lb. plantarum

Bacteria in sour tea were isolated by MRS medium. Bacteria were identified by 16S
rRNA gene sequencing. The antioxidant capacity of the CFCS of 24 strains of Lb. plantarum
was determined (Figure 3a). It was found that the highest DPPH clearance rate of Lb.
plantarum 75-2-2 was 73.25% (73.25 ± 3.41), which was similar to that of Vc (0.8 mg/mL;
72.49% ± 1.34). The clearance rates of other CFCS were lower than that of Vc (0.8 mg/mL).
The hydroxyl radical scavenging rate and the superoxide anion scavenging rate of these
24 strains of Lb. plantarum were weak. The sour tea was sampled at four time points
(0 days of fermentation, one month of fermentation, two months of fermentation, and
completion of fermentation) (Figure 3b). The DPPH scavenging rate, hydroxyl radical
scavenging rate and superoxide anion scavenging rate of the samples were tested. It was
found that the scavenging rate of hydroxyl radicals and superoxide anions increased with
increasing fermentation time (p < 0.01). The DPPH removal rate also increased at the
beginning of fermentation, reaching the maximum value at one month of fermentation.
Post fermentation did not enhance the antioxidant activity of sour tea.
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Figure 3. Antioxidant capacity was measured (a) DPPH free radical scavenging rate of 24 strains of
Lb. plantarum isolated from sour tea. Vc (0.8 mg/mL) was the positive control. Orange represents
the bacterial concentration of 109 CFU, and blue represents the bacterial concentration of 1010 CFU.
(b) Free radical scavenging rate of sour tea fermented at different times.
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3.3. Microbial Communities during the Fermentation Process
3.3.1. Alpha Diversity Index

According to the sequencing results, 1596 OTUs were found in the samples. The
coverage index of all samples was at least 99%, indicating that the information obtained
is sufficient to reveal the existence and relative richness of most components of the bac-
terial community. The evenness, Shannon’s diversity, Faith’s pd, and observed features
indices are represented in the form of box plots (Figure 4a–d). According to Figure 4a–c,
evenness, Shannon’s diversity, and Faith’s pd index values decreased significantly during
the fermentation process, indicating that microbial diversity decreased significantly. This
may be related to the length of fermentation time. The microbial richness was expressed by
number of OTUs. In addition, according to Figure 4d, the observed features index did not
change significantly. There was no significant change in the observed features index, which
may be due to the difference between the algorithm and other indexes [30].

Fermentation 2023, 9, x FOR PEER REVIEW 8 of 15 
 

 

bacterial concentration of 109 CFU, and blue represents the bacterial concentration of 1010 CFU. (b) 
Free radical scavenging rate of sour tea fermented at different times. 

3.3. Microbial Communities during the Fermentation Process 
3.3.1. Alpha Diversity Index 

According to the sequencing results, 1596 OTUs were found in the samples. The cov-
erage index of all samples was at least 99%, indicating that the information obtained is 
sufficient to reveal the existence and relative richness of most components of the bacterial 
community. The evenness, Shannon’s diversity, Faith’s pd, and observed features indices 
are represented in the form of box plots (Figure 4a–d). According to Figure 4a–c, evenness, 
Shannon’s diversity, and Faith’s pd index values decreased significantly during the fer-
mentation process, indicating that microbial diversity decreased significantly. This may 
be related to the length of fermentation time. The microbial richness was expressed by 
number of OTUs. In addition, according to Figure 4d, the observed features index did not 
change significantly. There was no significant change in the observed features index, 
which may be due to the difference between the algorithm and other indexes [30]. 

 
Figure 4. Alpha diversity analysis. Box plot of index differences between groups of (a) evenness, (b) 
Shannon’s diversity, (c) Faith’s pd and (d) observed features at different processing steps. 

  

Figure 4. Alpha diversity analysis. Box plot of index differences between groups of (a) evenness,
(b) Shannon’s diversity, (c) Faith’s pd and (d) observed features at different processing steps.

3.3.2. Comparison of Community Composition

By sequencing and analyzing the samples in the fermentation process, it was detected
that the bacteria mainly came from 10 phyla and showed significant taxonomic differences
(Figure 5a). Proteobacteria accounted for the largest proportion in the microbiota. With
increasing fermentation time, the proportion of Firmicutes gradually increased, and the
proportion of actinobacteria gradually decreased.
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relative abundance of bacteria at the (a) phylum and (b) genus levels are shown. Each bar represents
the relative abundance of each sample. Each color represents a specific phylum or genus.

A total of 68 different bacterial genera were detected, and an overview of the relevant
top 20 was presented. As shown in Figure 5b, the proportions of Latilactobacillus, Enterobacte-
riaceae_unclassified and Tolumona were more abundant in specimens. The highest content of
sour tea samples (0 day) was the sequence that could not be determined at the genus level
(74%), followed by Sphingomonas (5%), Luteibacter (4%), Methylobacterium-Methylorubrum
(4%), Xanthomonas (3%) and Roseomonas (3%). In the process of fermentation, the com-
position of the microbial flora showed significant fluctuations. In the second and third
months of fermentation, the dominant strain became Enterobacteriaceae_unclassified (29–93%)
and Latilactobacillus (0–65%). As a less studied fermented food, sour tea may contain a
large number of uncultured microbes. On days 60 and 70 of fermentation, the abnormal
proportion of Lactiplantibacillus may be due to the change of fermentation environment
(sour tea being taken out of the pit for post-fermentation).

Among all samples, the OTU with the highest sequence proportion was Latilactobacillus
(0–65%). After further analysis, it was determined to be the Lb. plantarum sequence.
At the same time, a relatively high number of OTUs belonged to Enterobacter, which is
consistent with the classification information. This OTU belonged to Pantoea septica after
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blast comparison, which is a bacterium often detected in plants. The changes in these OTUs
during fermentation are shown in Figure 6a (those with low proportions are shown in
red). From Day 25, the proportion of Lb. plantarum increased to 56%, and in most samples
thereafter, the proportion remained at approximately 50%. The highest proportion of Lb.
plantarum was 64% on Day 85 of fermentation. This shows that the main bacteria in the
fermentation process of sour tea are Lb. plantarum and Enterobacter. The tea was pretreated
before fermentation (stir-fry the tea). Although tea was pretreated before fermentation,
some trace bacteria will still be retained. This may be one of the possible sources of Lb.
plantarum in the fermentation process. In the 0 day sour tea samples, Roseomonas and
Sphingomonas account for the highest proportion. They were very common bacteria in the
environment. This was the same as most fermented tea [33].
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Figure 6. The proportion of microbial community in sour tea at different fermentation times. (a) The
proportion of OTUs belonging to Lb. plantarum in the sour tea fermentation process. The proportion
of Lb. plantarum in unfermented sour tea was very low. Lb. plantarum accounted for only 5% 20 days
before the fermentation of sour tea. Lb. plantarum accounted for 56% on the 25th day of fermentation.
The highest proportion of Lb. plantarum was 64% on the 85th day of fermentation. (b) Heatmap
showing changes in the microbial community of sour tea during fermentation. The top 20 bacteria
were selected for their relative abundance at the genus level.
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3.3.3. Microbial Diversity Changes with Fermentation Time

The bacterial sequences shared between the sour teas with different fermentation times
are shown by the Venn diagram. Sour tea fermented for three months shared nearly 60% of
the sequence with sour tea fermented for one month and two months. However, 40% of
bacterial sequences were shared between one-month fermented sour tea and two-month
fermented sour tea (Figure 7a).
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Figure 7. The effect of ferment times on microbial community composition. (a) Venn diagram
showing unique and shared sequences of bacterial communities at different fermentation times.
(b) Principal coordinate analysis of the bacterial community during the fermentation of sour tea. The
analysis was conducted using the unweighted UniFrac method.

For PCoA, based on the unweighted UniFrac distances, the first principal components
accounted for 47% of the total variance, which covered most of the variable information.
As shown in Figure 7b, the microbial communities of the three groups of samples were
separated from each other, and different fermentation times had a major impact on the



Fermentation 2023, 9, 161 12 of 15

bacteria. The larger the difference in fermentation time of samples, the greater the difference
in microbial communities.

The differences and similarities of the bacterial community structure between differ-
ent fermentation times were compared by a heatmap (Figure 6b). There were significant
differences in the types of dominant bacteria at different times during the fermentation of
sour tea. For unfermented sour tea, the main bacterial species included Actinomycetospora,
Bosea, Roseomonas, Xanthomonas, and Sphingomonas. However, their abundance was very
low, and the number was negligible. Conversely, the microbial species were significantly
altered by one month of fermentation, among which the bacteria included Luteibacter,
Vulcaniibacterium, Acinetobacter, Rosenbergiella, Stakelama, Pseudomonas, and Microbacterium.
Latilactobacillus, Enterobacteriaceae_unclassified, and Tolumonas predominated when fermen-
tation proceeded to two months. The proportion of Latilactobacillus increased further during
the third month of fermentation.

4. Discussion

In this study, the microbial community composition and changes in sour tea during
fermentation were analyzed. The antioxidant capacity and antioxidant content of sour
tea were tested. The relationship between the microbial community and the antioxidant
capacity of sour tea was revealed. This provides a basis for improving the fermentation of
sour tea.

According to previous reports, the most abundant bacteria in Japanese Awa-bancha
are Lb. pentosus and Lb. plantarum [34,35]. The most abundant bacterial genus in kombucha
is Acetobacter, followed by Foalobacter and Gluconobacter [36]. The pH value decreases
significantly during the fermentation of sour tea, and the results of our study were consis-
tent with previous reports in this regard [37]. The pH value of the sour tea sample was
higher than that of fermented Kombucha (pH 3) and lower than that of fermented black tea
(pH 5.9) [21,38]. The difference in pH value in the process of sour tea fermentation is the
result of the accumulation of acid secreted by microorganisms and the transformation of
tea ingredients [20]. The most abundant bacteria in sour tea were Latilactobacillus and Enter-
obacteriaceae. Further analysis revealed that K. variicola accounted for the highest proportion
of Enterobacteriaceae. K. variicola was not found in unfermented sour tea, but it accounted
for the highest proportion in sour tea fermented for two months, while the proportion
in sour tea fermented for three months decreased significantly. A large proportion of K.
variicola was also found in Awa-bancha [10]. K. variicola is a gram-negative bacterium that
is isolated from banana trees [39]. K. variicola is habitually isolated from a wide range of
plant ecosystems, where it plays an important role in nitrogen fixation and plant growth
promotion [40]. This shows that the main microorganisms in pickled tea are different in
different regions. This may also be related to the fermentation mode and fermentation time.

With the progress of fermentation, the proportion of Lb. plantarum in sour tea increased
and the antioxidant capacity of sour tea also increased. These findings are similar to those
reported for Miang [41], which show that Lb. plantarum plays an important role in the
antioxidation of sour tea. This may be caused by an excessively long fermentation time.
The DPPH clearance rate of sour tea was lower than that of Lb. plantarum CFCS. This may
be because Lb. plantarum has a variety of esterase (tannase) genes, TanaA (tanALp) [42] and
TanB (tanBLp) [43], which can hydrolyze the ester bond of methyl gallate to generate gallic
acid [44]. Lb. plantarum is the most common LAB in the food fermentation of plants rich in
phenolic compounds and is a model bacterium for studying the metabolism of phenolic
compounds [44]. Phenolic acids and flavonoids exist in tea. Indeed, thousands of molecules
with polyphenol structures have been found in some plants. These molecules are secondary
metabolites of plants [45]. The B ring of polyphenol compounds contains a 3′-4′ dihydroxy
group, and the C ring contains gallic acid ester, which is an excellent antioxidant [16,46].
Phenolic acids account for almost one third of dietary phenols, mainly including benzoic
acid derivatives (such as gallic acid and protocatechin) and cinnamic acid derivatives (such
as ferulic acid, coumaric acid, and caffeic acid), among which tea is an important source of
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gallic acid (3,4,5-trihydroxybenzoic acid). In the reported Lb. plantarum, the transformation
of two carbon frameworks follows a similar two-step metabolism, first esterase action and
then decarboxylation [44].

It is important to explore natural and safe antioxidants from biological resources.
Research on sour tea and Lb. plantarum provided conditions for this exploration.

5. Conclusions

Overall, the complex bacterial structure in the fermentation of sour tea is highly
dynamic, showing significant changes at different stages. The dynamic changes in the dom-
inant bacteria in different fermentation stages were identified. During the third month of
sour tea fermentation, the bacterial composition changed greatly. The decrease in microbial
diversity and the increase in Lb. plantarum and K. variicola during fermentation may be
related to the anaerobic fermentation environment and time. The antioxidant capacity of
sour tea is closely related to fermentation time and the proportion of Lb. plantarum. It is
not the case that the longer the fermentation time of sour tea is, the stronger its antioxidant
capacity. The traditional fermentation method of sour tea needs improvement. In conclu-
sion, sour tea can be considered an important source of biological antioxidants. These data
provide a useful framework for further improving sour tea fermentation and exploring
biological antioxidants.
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