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Abstract: Developing an effective method to achieve stability and improve the quality of Tibetan tea
has scientific significance. Aspergillus niger K1 isolated and identified from Tibetan tea was inoculated
in unsterilized or sterilized tea leaves to develop the bioaugmented fermentation (BF) and normal
fermentation (NF) processes of Tibetan tea. The results showed that BF resulted in infusions with a
deeper color, a stronger aroma, and a thicker taste compared to NF. The dominant bacterium in BF was
Staphylococcus (23.76%), while the dominant fungus was Blastobotrys adeninivorans (50.95%). Moreover,
859 metabolites were identified, and the level of 90 differentially changed metabolites (DCMs) in BF
increased significantly (VIP > 1, p < 0.05, FC > 2) compared to those in NF, while the level of 37 DCMs
in BF decreased significantly (VIP > 1, p < 0.05, FC < 0.5). Correlation analysis demonstrated that A.
niger significantly positively correlated with theabrownins, caffeine, and glutamylisoleucine (p < 0.05,
Ir| >0.8). B. adeninivorans showed significant negative correlations with 1-(beta-D-ribofuranosyl)-
1,4-dihydronicotinamide and 2-hydroxyacetaminophen sulfate (p < 0.05, Ir| > 0.8). Consequently,
the inoculation of A. niger for BF has the potential to alter the metabolites in tea through a synergistic
interaction with other microorganisms, ultimately improving the sensory quality of Tibetan tea.
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1. Introduction

Tibetan tea, a kind of dark tea, is an essential traditional beverage in the daily life
of the Tibetan people, and it is a product of geographical indication that is exclusively
produced in Ya’an, Sichuan, China [1,2]. It is a traditional Chinese tea with a dark-brown
tea infusion, a mellow taste, and a sweet aftertaste flavor [3]. Currently, dark teas have
been reported to have various health benefits, such as liver protection, reducing the risk of
cardiovascular disease, and neuroprotective activity [4,5]. Meanwhile, Tibetan tea has also
been reported to have multiple health benefits, including anti-obesity, anti-hypertensive,
anti-hyperlipidemic, anti-inflammatory, lipid-lowering, antioxidation, and gastrointestinal
regulation effects [6-9]. Therefore, the production process of Tibetan tea has received
attention from many researchers.

The chemical composition, flavor quality, and health benefits of Tibetan tea are signifi-
cantly influenced by the origin of raw tea materials as well as by variations in processing
techniques and fermenting microorganisms [10]. During the fermentation process of Ti-
betan tea, a high-temperature and humid environment occurs, and the tea leaves involve
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microorganisms that modify the phytochemicals of the tea leaves by performing a multitude
of reactions, including degradation, oxidation, polymerization, methylation, condensation,
and glycosylation [11,12]. Factors such as complex and uncontrollable microbial sources
can often lead to problems, such as unstable quality in the traditional fermentation process.
Therefore, microbial fermentation is crucial for the formation of the unique features of
Tibetan tea, and microorganisms are also a major driver for improving the traditional
fermentation process.

At present, based on the dominant microorganisms in the fermentation process, bioaug-
mented fermentation (BF) is extensively used in traditional fermented food. BF is the inocu-
lation of one or more exogenous microorganisms to an unsterilized raw material in order to
improve the quality of fermented products [13]. It was found that BF of Dagqu by inoculating
Bacillus spp. had a positive effect on the microbiome and metabolome, especially the for-
mer, in the process of Baijiu fermentation [14,15]. Both the flavor intensity and the sensory
quality of Baijiu have been significantly improved by BF inoculation with Saccharomyces
cerevisiae [16]. BF of lignocellulosic material by inoculating Clostridium acetobutylicum and
Shigella flexneri str. increased the content of biohydrogen [17]. Penicillium chrysogenum,
through cooperation with other fungal species, changed the chemical composition and
improved the sensory quality of Pu-erh tea (a kind of dark tea) during the bioaugmented
fermentation stage [18]. Moreover, the identification of appropriate microorganisms plays
a vital role in the BF of dark tea. The examination of microbial community dynamics
at different temperatures during the fermentation of dark tea has demonstrated that As-
pergillus is the predominant fungal genus involved in the fermentation process, and its
presence is closely associated with the development of key quality attributes in dark tea [19].
Notably, Aspergillus sp. isolated from Pu-erh tea fermentation has been found to effectively
convert tea polyphenols into bioactive theabrownins [20]. Meanwhile, the degradation of
methylxanthine alkaloids was achieved through biodegradation of theobromine, which, in
turn, reduced the bitterness of Pu-erh tea and made it mellow [21-23]. Our previous studies
found that the phenolic compounds in tea leaves were degraded through the degradation
of aromatic compound pathways as well as xenobiotic biodegradation and metabolism
pathways by Aspergillus luchuensis [24]. Overall, BF appears to be an effective way of
improving the quality of dark tea, especially based on the superior representatives, such
as Aspergillus.

Aspergillus niger is one of the dominant microorganisms present in dark tea fermenta-
tion, and it can generate great scientific and commercial interest regarding the fermentation
of tea and the direct impacts it can have on the quality of tea [25]. It was found that
the changes in the composition of flavonoids, glycerophospholipids, organo-oxygen com-
pounds, and fatty acids resulted from BF with Aspergillus niger [26]. Ye et al. investigated
the influences of the volatile compounds from Pu-erh tea fermented by four Aspergillus
strains, and they confirmed that Aspergillus niger was the most important microorgan-
ism for the formation of the aroma quality of Pu-erh tea [27]. However, the effects of
Aspergillus niger on the microbiota and the metabolites of Tibetan tea have received little
attention in research. Therefore, the interaction and the metabolic function of microbiota
during Tibetan tea fermentation through BF with Aspergillus niger have scientific and
commercial significance.

We hypothesized that bioaugmented fermentation could improve the quality of Ti-
betan tea by regulating Aspergillus niger. However, there is little systematic information
about how BF affects the microbiota and the metabolites of Tibetan tea. Thus, we in-
vestigated the effects of BF and NF on the physicochemical parameters, microbiota, and
metabolites during Tibetan tea fermentation. Meanwhile, the biomarkers of microbiota and
the core contributors to metabolites were determined. These results may shed new light
on microbiota and metabolic regulation during the fermentation processes, and thereby
provide new ideas for producing Tibetan tea.
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2. Materials and Methods
2.1. Materials and Annotation of Aspergillus niger K1

The raw materials (RM) of tea leaves were “Small and Medium Leaf”, and they
were collected from the production company of Tibetan tea (Ya’an, Sichuan, China) in
August 2022.

Aspergillus niger K1 was isolated and purified from the fermentation process of Ti-
betan tea, and it was identified by phylogenetic analysis of fungal internally-transcribed
spacer sequencing (ITS). Aspergillus niger K1 was grown on potato dextrose agar (PDA) at
25 °C for 7 d, and its DNA was extracted using the Rapid Fungal Genomic DNA Isolation
Kit (Omega Biotech, Norcross, GA, USA) according to the manufacturer’s instructions.
The ITS of Aspergillus niger K1 was sequenced by Meiji Biomedical Technology Co., Ltd.
(Shanghai, China). The genes were annotated by aligning them with those deposited in
the National Center for Biotechnology Information (NCBI) ITS database. Furthermore,
barcodes of 18 species within Aspergillus were downloaded from the GenBank of NCBI, and
were used for phylogenetic analysis [28]. All sequences were aligned using the MUSCLE
algorithm with Molecular Evolutionary Genetics Analysis (MEGA) software ver. 7.0.26,
and the evolutionary history was inferred by using the Maximum Likelihood method based
on the General Time Reversible model in MEGA software [29]. To evaluate the support
for inferred topologies, the percentage of branches in which the associated taxa clustered
together was calculated by bootstrapping with 1000 replicates. The bootstrap percentages
of the maximum likelihood (ML) analysis were presented at the nodes.

2.2. Fermentation of Tibetan Tea

Aspergillus niger K1 was inoculated onto PDA medium and cultured at 28 °C for 7 d.
Then, the spores of Aspergillus niger K1 were collected by washing them with sterilized
water, and 1 x 10° spores/mL spores were prepared by the blood cell count method.

BF was performed as follows: 10 kg tea leaves were mixed with 5 kg sterile distilled
water and 100 mL of spores’ solution of Aspergillus niger K1. Static fermentation was
conducted after evenly mixing and turning every 5 d, fermentation was completed after
30 d, and the finished product was then obtained after heat energy dehydration, ball-
breaking, and sifting. Meanwhile, the treatment without adding the spores’ solution of
Aspergillus niger K1 was normal fermentations (NF). BF and NF of each group were repeated
three times.

2.3. Determination of Characteristic Compositions of Tea Leaves and Sensory Evaluation

The contents of theaflavins (TF), thearubigins (TR), theabrownins (ITB), water extracts
(WE), tea polyphenols (TP), free amino acids (FAA), and soluble sugars (SS) of Tibetan tea
were analyzed by a spectrophotometric method, as described previously [30,31], and the
content of caffeine (Ca) of the tea leaves was analyzed by the near-infrared spectroscopy
method [32].

The sensory evaluation of Tibetan tea was performed according to the Chinese stan-
dard (GB/T 23776—2018), and a randomized double-blind study was employed [33].
Briefly, the appearance of the tea was evaluated by 11 trained sensory testers (26-55 years
old, 6 men and 5 women) and then 3 g of dried tea leaves of Tibetan tea were infused in
150 mL boiled water for 5 min, and, after this, the aroma, the taste, and the color of the tea
infusion and the brewed leaves were evaluated by the testers.

2.4. llumina MiSeq Sequencing

High-throughput sequencing analysis of BF and NF were carried out and analyzed
after DNA extraction, and PCR amplification by Meiji Biomedical Technology Co., Ltd.
(Shanghai, China). The hypervariable regions V3-V4 of the bacterial 165 rRNA gene
were amplified with primer pairs 799F (5-AACMGGATTAAGATACCCKG) and 1193R
(5’-ACGTCATCCCCACCTTCC) by T100 Thermal Cycler PCR thermocycler (BIO-RAD,
Hercules, CA, USA), while the fungal ITS1 gene were amplified with primer pairs ITS1F
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(5-CTTGGTCATTTAGAGGAAGTAA-3") and TIS2R (5'-GCTGCGTTCTTCATCGATGC-
3/). Chimeric sequences were excluded with default parameters and sequences with
similarities > 97% and were clustered into one operational taxonomic unit (OTU) using
QIIME (Quantitative Insights Into microbiota, V1.8.0), as described previously [18,34].

2.5. Metabolomics Analysis

Metabolites in the tea leaves of NF and BF were extracted and then analyzed using a
liquid chromatography-tandem mass spectrometry (LC-MS/MS) based metabolomics ap-
proach, performed by Meiji Biomedical Technology Co., Ltd. (Shanghai, China). Metabolite
identification was dependent on the MS/MS data annotated against an in-house database,
or the matches of both retention times and MS data to some standard compounds [35].
Variable importance in projection (VIP) was an indicator used to evaluate the correlation
between a metabolite and a sample classification, and variables with VIP > 1.0, p < 0.05
(Student’s ¢ test) and fold change (FC) > 2 or <0.5 were considered as differentially changed
metabolites (DCMS) [36].

2.6. Statistical Analysis

IBM SPSS Statistics 22.0 software was used for data processing and statistical analysis.
The data were expressed as mean =+ standard deviation. LSD analysis of variance was
used for statistical analysis, and p < 0.05 was considered significant. Correlation network
analysis was completed by the Spearman method, and it was plotted using Cytoscape 3.8.2.

2.7. Accession Numbers

The sequencing data of Aspergillus niger K1 was submitted to the National Center
for Biotechnology Information (NCBI) Genbank with the accession number OP603895
and the amplicon data of bacterial 165 rRNA and fungal ITS1, which were available
at BioProject (https:/ /bigd.big.ac.cn/bioproject/, accessed on 5 October 2022) with the
accession numbers PRJNA 886445 and PRJNA 886446, respectively.

3. Results and Discussion
3.1. Identification of Isolated Strain K1

The sequence of strain K1 was compared with the NCBI database, the model species
were selected for phylogenetic tree analysis using the Maximum Likelihood method, and
the results were shown in Figure 1. The results showed that the strain K1 was clustered
with NR111348.1. The strain K1 that was isolated and purified from the fermentation
process of Tibetan tea was thus identified as Aspergillus niger K1.

MH137931.1 Aspergillus pseudoglaucus
MHB863985.1 Aspergillus ruber
401 KX022492.1 Aspergillus glaucus
55 MH630012.1 Aspergillus pseudoglaucus
64[[ KX463361.1 Aspergillus proliferans
47|L KP281456.1 Aspergillus ruber
I KY583343.1 Aspergillus ruber
LT627267.1 Aspergillus montevidensis
LT627255.1 Aspergillus chevalieri
4| MG 199954.1 Aspergillus cristatus
KX463349.1 Aspergillus chevalieri
NR121481.1 Aspergillus fumigatus
MK367554.1 Aspergillus sp.
MK332597.1 Aspergillus niger
99| K1
T4NR111348.1 Aspergillus niger
KY990210.1 Aspergillus tubingensis
100| ~ MH277121.1 Aspergillus luchuensis

o)
=
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—_—
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Figure 1. Molecular phylogenetic analysis by Maximum Likelihood method of DNA sequences of
Aspergillus niger K1.
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3.2. Sensory Evaluation and Characteristic Compositions of Tea Leaves

Sensory evaluation revealed that the appearance of the NF tea was even, neat, tight,
and auburnish black; the color of infusions was bright and deep red; the aroma of the
infusions was pure and normal (i.e., a woody aroma); the taste of the infusions was sweet,
mellow, and smooth; and the brewed leaves were soft and open, and had a color of
auburnish black. However, the tea appearance and the brewed leaves of the BF Tibetan
tea by inoculating Aspergillus niger K1 were brownish auburn; the color of infusions was
deeper, which was brownish red; the aroma of infusions was strong and lasting (a woody
aroma); and the taste of infusions was mellow, thick, and smooth (Table 1). Meanwhile,
the sensory scores of the color and the aroma of the infusions in BF of Tibetan tea were
significantly higher (p < 0.05) than those in NF (Figure 2A). Therefore, BF improved the
sensory quality of Tibetan tea.

Table 1. Sensory evaluation of Tibetan tea with BF and NF.

Samol Tea A ran Color of Aroma of Taste of Brewed
ampies €a Appearance Infusions Infusions Infusions Leaves
Even, neat, tight, Brlgh.t, St.rong and Mellow and Softand F)pen,
BF . brownish  lasting, woody . brownish
brownish auburn thick, smooth
red aroma auburn
Even, neat, tight, Bright, Pure and Sweet and Soft and open,
NF . normal, woody mellow, auburnish
auburnish black deep red
aroma smooth black

Tea appearance

——BF
32 ——NF
B d . .
rewe Color of infusions
leawes
Taste of infusions Aroma of infusions
B
60" = BF
40 == NF
*
20} = x
X - -
2 4
g -
g * *
o 4fF —_ =
- -
2k = . —
1 1 1 1 1 _I 1 1

WE TP FAA SS Ca TF TR B

Figure 2. Sensory score (A) and the contents of characteristic compounds (B) of Tibetan tea in BF and
NF. * Indicates significant difference at p < 0.05, WE: water extracts, TP: tea polyphenols, FAA: free
amino acids, SS: soluble sugars, Ca: caffeine, TF: theaflavins, TR: thearubigins, TB: theabrownins.
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As shown in Figure 2B, the contents of WE, TP, FAA, and SS in BF exhibited a significant
decrease when compared to NF (p < 0.05), while the contents of Ca, TF, TR, and TB
demonstrated a significant increase (p < 0.05). This observation aligns with the sensory
evaluation indicating that BF possesses a deeper color and a more mellow taste. It is
hypothesized that these alterations in sensory qualities are closely linked to changes in
metabolites, and that they are likely influenced by microbiota. Furthermore, TB has been
previously reported as one of the most active and abundant pigments found in dark tea,
known for its potential anti-hypercholesterolemia and anti-hyperlipidemia properties [37].
Therefore, the microbiota and the metabolites in the fermentation process were further
investigated by Illumina MiSeq Sequencing technology and metabolomic approaches.

3.3. Influence of Aspergillus niger K1 on Microbiota

After filtering out the low-quality reads and chimeras, 36,710 to 41,785 bacterial
sequences were obtained, and 1921 OTUs were generated using cluster analysis; meanwhile,
37,116 to 53,600 fungal sequences were obtained, and 353 OTUs were generated.

As shown in the Table 2, the Simpson and Shannon indexes of the bacteria in BF were
significantly higher than those of NF (p < 0.05), which indicates that the uniformity and
diversity of bacterial species in BF were higher than those of NF, and the Chaol and ACE
indexes of the bacteria in BF were also significantly higher than that of NF (p < 0.05), which
indicates that the total number of bacterial species in BF was higher than in NF. In contrast,
the Simpson, Shannon, Chaol, and ACE indexes of the fungi in BF were significantly lower
than in NF (p < 0.05). Overall, BF inoculated with Aspergillus niger K1 could significantly
change (p < 0.05) the microbiota in Tibetan tea.

Table 2. Comparative analysis of -diversity indexes of bacteria and fungi in BF and NF.

Simpson Shannon Chaol ACE
Samples . - . . . . . -
Bacteria Fungi Bacteria Fungi Bacteria Fungi Bacteria Fungi
BF 0.98 +0.01*1 0.55 4 0.04 * 8.11+0.26* 2.0540.05* 605.67 £9.29*  113.67 £4.16*  621.00 £7.94*  115.67 & 5.51*
NF 0.89 £ 0.05 0.78 4 0.03 4.96 +1.05 3.03 +0.03 461.33 £ 33.65 138.33 + 4.51 465.33 £ 32.65 141.67 & 4.04

1 *in a column, indicates significant difference at p < 0.05.

The significant dynamic changes in the microbiota of BF and NF during the fermen-
tation process of Tibetan tea were due to complex and dynamic microbial ecosystems,
such as symbiosis, interaction, and communication among bacteria, yeast, and filamentous
fungi [38,39]. The compositions of bacteria with BF and NF were statistically analyzed
at the phylum and the genus levels, respectively (Figure 3A,B). According to the result
of genus annotation, bacterial OTUs of samples were classified into 5 dominant phyla
and 18 dominant genera. Compared to NF, there was a decrease in the proportion of
Proteobacteria (25.80%), Actinobacteria (12.93%), and Actinobacteria (12.93%), and an
increase in the abundance of Firmicutes (31.32%) and Bacteroidetes (6.15%) in BF at the
phylum level. Additionally, the dominant bacteria in BF were Staphylococcus (23.76%),
Clostridium (10.50%), and Brevibacterium (10.33%) at the genus level, while Staphylococ-
cus (15.47%), Bifidobacterium (13.60%), and Ochrobactrum (13.02%) were the dominant
bacteria in NF. In all, inoculation with Aspergillus niger Kl markedly increased the relative
abundance of Staphylococcus, Clostridium, Brevibacterium, Sphingobacterium, Brachybac-
terium, Deinococcus, Pseudomonas, Methylophilus, Bacillus, Camellia, Comamonas, and
Klebsiella, and it decreased the relative abundance of Ochrobactrum, Ralstonia, Kocuria,
Thermus, Bifidobacterium, and Agrobacterium.
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Figure 3. The relative abundance and composition of dominant bacteria at the phylum level (A) and
genus level (B), and dominant fungi at the phylum level (C) and species level (D).

The fungal OTUs were classified into four dominant phyla, including Ascomycota,
Arthropoda, Streptophyta, and Apicomplexa. In NF, the abundances of Apicomplexa
(4.98%) and Streptophyta (1.7%) were increased and the proportions of Ascomycota (81.34%)
and Arthropoda (0.66%) were decreased compared with BF (Figure 3C,D). Additionally,
the dominant fungi in BF were Blastobotrys adeninivorans and Aspergillus niger, accounting
for 50.95% and 25.58%, respectively. In contrast, Debaryomyces coudertii and Blastobotrys
adeninivorans in NF were the dominant fungi, accounting for 25.18% and 23.59%, respec-
tively. In comparison to NF, the abundance of Aspergillus tubingensis, Debaryomyces coudertii,
Candida blankii, Adelina bambarooniae, Aspergillus fumigatus, Aspergillus cibarius, Penicillium
citrinum, Penicillium steckii, Penicillium brocae, and Parastagonospora forlicesenica was reduced
in BE.

Linear discriminant analysis Effect Size (LEfSe) is a possible way to analyze the differ-
ences in microbiota between groups an identify the biomarkers between each group [40,41].
As shown in Figure 4, the bacterial and fungal biomarkers were greatly different between
BF and NF. Our research results showed that 10 bacterial genera were the biomarkers in
BF, including Staphylococcus, Sphingobacterium, Brachybacterium, Peptoniphilus, etc.,
and that the 15 bacterial biomarkers of NF were Ochrobactrum, Ralstonia, Sphingomonas,
Terribacillus, etc. (Figure 4A). For fungi, LEfSe revealed that Penicillium citrinum, Aspergillus
niger, Trichomonascus ciferrii, Emmia lacerate, Camptomyia flavocinerea, Phiebia livida, and
Poteriospumella sp. were identified as the biomarkers for BF, while Debaryomyces couder-
tii, Adelina bambarooniae, Aspergillus fumigatus, Aspergillus cibarius, Penicillium steckii, and
Candida blankie were identified as the biomarkers for NF (Figure 4B).
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Figure 4. Linear discriminant analysis of bacterial (A) and fungal (B) communities in tea samples.

Overall, due to changes in the metabolites of tea leaves and the interactions between
microorganisms during the fermentation process of Tibetan tea, the microbiota of Tibetan
tea undergoes dynamic changes during the fermentation process. These changes in the
relative abundance of microorganisms further explain the changes in the characteristic
components and sensory characteristics of the tea leaves from BF samples.

3.4. Metabolomic Analysis of Metabolites in BF and NF

Metabolites in tea leaves were extracted from the BF and NF, and analyzed using a
LC-MS/MS-based metabolomics approach. A total of 859 metabolites (12 superclasses,
88 classes, and 157 subclasses) were identified (see Figure 5A and Table S1). The major
metabolites included lipids and lipid-like molecules (267 metabolites), organic acids and
derivatives (200 metabolites), and organic oxygen compounds (100 metabolites), and
these were followed by phenylpropanoids and polyketides (74 metabolites); benzenoids
(49 metabolites); nucleosides, nucleotides, and analogues (23 metabolites); organic nitrogen
compounds (15 metabolites); organoheterocyclic compounds (12 metabolites); alkaloids
and derivatives (4 metabolites); hydrocarbons (3 metabolites); lignans, neolignans, and
related compounds (1 metabolite); and organosulfur compounds (1 metabolite) (Figure 5A).
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Number of metabolites

A
1.0

167.0
( 1)
Superclass
MW Alkaloids and derivatives
M Benzenoids
M Hydrocarbons
W Lignans, neolignans and related compounds
Lipids and lipid-like molecules
Nucleosides, nucleotides, and analogues
Organic acids and derivatives
Organic nitrogen compounds
Organic oxygen compounds
Il Organoheterocyclic compounds
W Organosulfur compounds
H Phenylpropanoids and polyketides
Carboxylic acids and derivatives 167
Organooxygen compounds 100
Fatty Acyls 97
Prenol lipids 81
Glycerophospholipids 46
Benzene and substituted derivatives 35
Flavonoids 28
Steroids and steroid derivatives 27
Imidazopyrimidines 18
Organonitrogen compounds 15
Pyridines and derivatives 13
Glycerolipids 13
Coumarins and derivatives 12
Lactones 10
Keto acids and derivatives 10
Indoles and derivatives 10
Hydroxy acids and derivatives 10
Purine nucleosides 9
Phenols 9
Cinnamic acids and derivatives 9
Organosulfenic acids and derivatives 8
Quinolines and derivatives 7
Pyrimidine nucleosides 7
Pteridines and derivatives 6
Benzopyrans 6
Tetrapyrroles and derivatives 5
Pyrans 5
Isoflavonoids 5
Diazines 5 Number
Others 86
0 50 100 150 200

Figure 5. The classification of identified metabolites in BF and NF. Superclass (A) and class

(B) of metabolites.

These metabolites were further grouped into 88 classes (Figure 5B), including car-
boxylic acids and derivatives (167 metabolites), organooxygen compounds (100 metabo-
lites), fatty acyls (97 metabolites), prenol lipids (81 metabolite), glycerophospholipids
(46 metabolites), benzene and substituted derivatives (35 metabolites), flavonoids
(28 metabolites), steroids and steroid derivatives (27 metabolites), imidazopyrimidines
(18 metabolites), organonitrogen compounds (15 metabolites), glycerolipids (13 metabo-
lites), pyridines and derivatives (13 metabolites), coumarins and derivatives (12 metabo-
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lites), hydroxy acids and derivatives (10 metabolites), indoles and derivatives (10 metabo-
lites), keto acids and derivatives (10 metabolites), lactones (10 metabolites), etc.

Volcano plot analysis showed that 127 DCMs were found between BF and NF
(Figure 6). The level of 90 DCMs in BF increased significantly (VIP > 1, p < 0.05,
FC > 2) compared to that in NF. Interestingly, our results found that 16 DCMs increased more
than 10-fold, e.g., prenyl apiosyl-(1->6)-glucoside (263-fold), 1-(beta-D-ribofuranosyl)-1,4-
dihydronicotinamide (189-fold), threoninyl-proline (91-fold), thymidine (69-fold), artemoin
B (56-fold), 2-hydroxyacetaminophen sulfate (40-fold), 3,5-dihydroxy-4-(sulfooxy)benzoic
acid (39-fold), pyrocatechol sulfate (32-fold), hypoxanthine (22-fold), 2-pyrrolidinone
(20-fold), xanthine (18-fold), xanthurenic acid (16-fold), 4-hydroxy-3-(sulfooxy)benzoic
acid (15-fold), L-alpha-glutamyl-L-hydroxyproline (14-fold), 3-methylene-indolenine (13-
fold), and dihydropteroic acid (11-fold). Compared to NF, 37 DCMs decreased significantly
in BF (VIP > 1, p < 0.05 and FC < 0.5), including six amino acids, peptides, and analogues;
three carbohydrates and carbohydrate conjugates; two terpene glycosides; two monoter-
penoids; two glycerophosphates; two fatty acyl glycosides, and others. Among them,
kahweol was reduced by more than 92-fold in the results from our research, and yucalexin
B5 and glutamylisoleucine were degraded 22-fold and 11-fold, respectively (Figure 6).
Benzoic acid is an aromatic acid organic compound with aromaticity and carboxylic acid
properties, and the catalysis of enzymes will be converted into benzoic acid during the
synthesis of dihydrobutyric acid [42,43]. Lubbers et al. indicated that Aspergillus niger can
be engineered to produce protocatechuic acid from plant-derived aromatic compounds [44].
We speculated that these increases appear to result from the metabolites that were mutually
fused and transformed, and we confirmed strong and lasting levels of aromas in the fer-
mented tea. Collectively, our findings suggest that the dynamic fluctuations in the relative
abundance of various microorganisms during the bioaugmented fermentation process
contribute to alterations in the content of metabolites and the overall quality of Tibetan tea.

75

Log,FC(BF/NF)

D1: Kahweol
D2: Yucalexin B5 U7: 3,5-dihydroxy-4-(sulfooxy)benzoic acid
D3: Glutamylisoleucine U8: Pyrocatechol sulfate
U9: Hypoxanthine
U1: Prenyl apiosyl-(1->6)-glucoside U10: 2-Pyrrolidinone
U2: 1-(beta-D-Ribofuranosyl)-1,4- U11: Xanthine
dihydronicotinamide U12: Xanthurenic acid
U3: Threoninyl-Proline U13: 4-hydroxy-3-(sulfooxy)benzoic acid
U4: Thymidine U14: L-alpha-glutamyl-L-hydroxyproline
U5: Artemoin B U15: 3-Methylene-indolenine
U6: 2-Hydroxyacetaminophen sulfate U16: Dihydropteroic acid

Figure 6. Volcano plot analysis of DCMs. The blue dots represent significant decreased (VIP > 1,
p < 0.05, FC < 0.5) metabolites, while the red dots represent significant increased (VIP > 1, p < 0.05,
FC > 2) metabolites.
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3.5. Correlation between Microorganisms, Characteristic Compositions and DCMs in BF and NF

The analysis of correlation between microorganisms, characteristic compositions, and
DCMs was exhibited (Figure 7). It revealed that Bacillus rigiliprofundi, Brevibacterium sp.,
Candida blankii, Debaryomyces coudertii, Ralstonia insidiosa, and Staphylococcus kloosii were
shown to be significantly positively correlated with the characteristic components, such as
TE TR, TB, FAA, Ca, TP, SS, and WE (p < 0.05, Ir| > 0.8). Aspergillus tubingensis, meanwhile,
was shown to be significantly positively correlated with TF, TR, TP, SS, and WE (p < 0.05,

Irl > 0.8), and Aspergillus niger was shown to be significantly positively correlated with Ca
and TB (p < 0.05, Ir| > 0.8). This outcome aligns with previous research indicating that

Aspergillus niger primarily facilitates the formation of TB in dark tea [20].
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Figure 7. Interaction of microorganisms, characteristic compositions, and metabolites based on the
Spearman correlation analysis (p < 0.05, Ir| > 0.8). Red solid lines mean positive correlation, green

solid lines mean negative correlation.

Meanwhile, Aspergillus niger showed itself to be significantly positively correlated
with DCMs, such as glutamylisoleucine (p < 0.05, |r| > 0.8), and Aspergillus tubingensis
was significantly positively correlated with the metabolites of thymidine, artemoin B, and
threoninyl-proline (p < 0.05, Ir| > 0.8). Furthermore, Kocuria koreensis showed itself to
be significantly positively correlated with the metabolites of yucalexin B5, kahweol, and
glutamylisoleucine, while it had a significant negative correlation with hypoxanthine, py-
rocatechol sulfate, and 2-hydroxyacetaminophen sulfate (p < 0.05, Ir| > 0.8). Interestingly,
1-(beta-D-ribofuranosyl)-1,4-dihydronicotinamide showed a negative correlation with the
microorganisms of Bacillus rigiliprofundi, Blastobotrys adeninivorans, Candida blankii, Kocuria
koreensis, Ralstonia insidiosa, and Staphylococcus kloosii (p < 0.05, |r| > 0.8). Previously, there
were similar reports of the correlation between microorganisms and metabolites during
the fermentation process of tea [45-47]. Put simply, most dominant microorganisms had
a significant impact on the characteristic components, and different microorganisms had

different positive and negative effects on the metabolites.
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4. Conclusions

In summary, Aspergillus niger Kl was inoculated into unsterilized tea leaves to initiate
bioaugmented fermentation of Tibetan tea, and the dynamics of microorganisms, charac-
teristic compositions, and metabolites were investigated. The results showed that bioaug-
mented fermentation promoted the oxidative polymerization of phenolic compounds,
regulated the community succession rate, and, thus, significantly increased the content of
theabrownins with health benefits, while also making Tibetan tea darker in color, stronger
in aroma, and thicker in taste. Therefore, inoculated fermentation with Aspergillus niger Kl
can improve the quality of Tibetan tea by a synergistic effect with other microorganisms,
and these results demonstrate the application potential of bioaugmented fermentation in
the dark tea as well as providing guidance for future research on this subject.
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