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ARTICLE INFO ABSTRACT

Keywords: Anaerobic fermentation (AF) is critical process for Yunnan De’ang pickled tea production. Therefore, widely
Da.rk tea ) targeted metabolomics and metagenomics were integrated to reveal the AF mechanism. Lactic acid bacteria
V\//\ldely targeted metabolomics (LAB) (e.g. Lactiplantibacillus plantarum, Lactobacillus vaccinostercus and Lactobacillus paracollinoides) and yeasts
LAB ) o like Candida metapsilosis and Cyberlindnera fabianii dominated in the AF. Based on bacterial community suc-
Candida metapsilosis . . o .. . .

Flavonols cession and metabolites variation, the whole AF processes were divided into two phases, i.e., before and after

four months. A total of 327 characteristic metabolites (VIP >1.0, P < 0.05, and FC > 1.50 or < 0.67) were
selected from the AF. Besides amino acids increase, LAB and yeasts also promoted non-galloylated catechins, and
several simple flavones/flavonols, flavanones/flavanonols and methoxy flavones/flavonols accumulations along
with galloylated catechins, flavonol/flavone glycosides and anthocyanins decrease during the AF. This study
would improve the understanding about AF mechanism of tea-leaves from the perspectives of flavonoids

Correlation analysis

metabolism and microbial community succession.

1. Introduction

Dark teas (post-fermented teas) have been popular recently for
multiple health benefits such as anti-obesity, anti-diabetic and anti-
cancer activity (Lin et al., 2021), and can be basically divided into
two main types: aerobic and anaerobic (Zhang et al., 2019). For
example, despite both made from fresh tea-leaves of Yunnan Dayezhong
variety (Camellia sinensis var. assamica), ripened Pu-erh tea (RPT) and
Yunnan De’ang pickled tea (YDPT) show remarkable differences in
chemical composition and sensory quality (Ma et al., 2023; Wen et al.,
2023). The former is made through pile-fermentation for about 35 days
under natural aerobic condition, while the latter produced by anaerobic
fermentation (AF) for about nine months (Ma et al., 2023; Wen et al.,
2023). At present, the multi-omics with the integration of metagenomics
and metabolomics has been developed to explore the pile-fermentation
or aerobic fermentation mechanism of dark teas including RPT (Zhao
et al., 2019), Qingzhuan tea (Cheng et al., 2024) and Liupao tea (Pan
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et al., 2023). Our previous study (Hou et al., 2023) confirmed the in-
crease of total phenolics and amino acids contents in YDPT processing,
due to special fermentation process, i.e., the AF. However, the AF
mechanism such as metabolites conversion rule, microbial community
succession and their potential connections, has not been revealed yet.
Generally, Aspergillus as dominant fungi in the pile-fermentation,
promotes the structural modification and oxidative polymerization of
catechins (flavan-3-ols) for phenolics decrease, the glycosylation and
hydrolyzation of flavonoids, the accumulation and O-methylation of
phenolic acids, and the degradation and N-acetylation of amino acids
through multifarious extracellular enzymes, including polyphenol oxi-
dase, peroxidases, tannase, pectinases, cellulases, laccases, glycoside
hydrolases, glycosyltransferases and transmethylase (Ma et al., 2021;
Ma et al., 2024; Xu, Wei, Li, & Wei, 2022). Conversely, a completely
different microbial community structure has been found in the AF. For
instance, Lactobacillus (29.2-77.2 %) and Acetobacter (3.8-22.8 %) were
dominated in bacteria, while Candida (72.5-89.0 %) and Pichia
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(8.1-14.9 %) were dominant fungal genera during the AF of Miang
(Unban et al., 2020). Additionally, various yeasts (Leangnim, Aisara,
Unban, Khanongnuch, & Kanpiengjai, 2021), lactic acid bacteria (LAB)
(Cao et al., 2019) and Bacillus strains (Unban, Kodchasee, Shetty, &
Khanongnuch, 2020) isolated from Miang and YDPT, have profound
effect on chemical bio-conversion during the AF. Wen et al. (2023)
revealed the formation of non-galloylated (non-ester) catechins, thea-
flavins and simple flavonols (non-glycosylated flavonols) along with the
reduction of galloylated (ester) catechins and flavonol O-glycosides
(glycosylated flavonols) during tea processing.

Nowadays, ultra-high performance liquid chromatography-triple
quadrupole tandem mass spectrometry (UHPLC-QTrap-MS/MS)-based
widely targeted metabolomics has revealed dynamic variation of
metabolite profiles during tea processing (Xiao et al., 2022; Zhou et al.,
2022). Besides high-performance liquid chromatography (HPLC) for
quantitative determinations of several flavonoids, phenolic acids and
caffeine, widely targeted metabolomics was applied to investigate dy-
namic change of non-volatile metabolites, and high throughput
sequencing-based metagenomics was performed for bacterial and fungal
community analysis during the AF of YDPT. Combined with multivariate
statistical analyses, including principal component analysis (PCA),
principal coordinate analysis (PCoA), hierarchical cluster analysis
(HCA) and orthogonal least square discriminant analysis (OPLS-DA),
this study aimed to elaborate characteristic metabolites variation and
microbial community succession, and reveal biosynthesis mechanism of
relevant flavonoids such as flavonols, flavones, flavanones and flava-
nonols during the AF.

2. Materials and methods
2.1. Chemical reagents

Five catechins, i.e., (+)-catechin (C, > 98.0 %), (—)-epicatechin (EC,
> 98.0 %), (—)-epigallocatechin (EGC, > 98.0 %), (—)-epicatechin
gallate (ECG, > 98.0 %), and (—)-epigallocatechin gallate (EGCG, >
98.0 %), and two phenolic acids, namely gallic acid (GA, > 98.0 %) and
ellagic acid (EA, > 98.0 %), and caffeine (> 98.0 %) were purchased
from Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Four flavonols
including kaempferol (> 98 %), myricetin (> 99.0 %), quercetin (> 98.0
%) and rutin (quercetin-3-O-rutinoside, a flavonol O-glycoside, > 98.0
%), and taxifolin (a flavanonol, > 98.0 %) standards were purchased
from Must Bio-Technology Co., Ltd. (Chengdu, Sichuan, China). Meth-
anol, acetonitrile and ortho-phosphoric acid were purchased from CNM
Technologies GmbH (Bielefeld, North Rhine-Westphalia, Germany). 2-
Chloro-L-phenylalanine (> 98.0 %) and formic acid were purchased
from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA).

2.2. Tea samples collected from the AF of YDPT

The AF was performed at Defeng Tea Industry Co., Ltd. of Dehong
Dai and Jingpo Autonomous Prefecture in Yunnan Province, China for
YDPT production. Fresh tea-leaves with one bud and two uppermost
leaves of Yunnan Dayezhong variety (Camellia sinensis var. assamica)
were harvested from ancient tea plantation with an age over 100 years.
After spreading, fixation and rolling, these tea-leaves were used as raw
material (RW) for AF according to a relevant proprietary technology
(Patent number: ZL201510081460.6). The whole AF process lasted for
nine months in a completely enclosed amphora at room temperature,
during which tea samples were collected at two months (MFT2), four
months (MFT4), six months (MFT6), eight months (MFT8), and nine
months (MFT9), respectively. The collected tea samples were freeze-
dried at —55 °C for 48 h using Genesis ES-55 Series (SP Scientific,
Long Island, NY, USA) freeze dryer, and stored at —80 °C for meta-
genomics analysis. After sieving, tea powder with particles smaller than
425 pm was collected, and prepared for chemical analysis by HPLC and
UHPLC-QTrap-MS/MS, respectively.
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2.3. HPLC determination of ten flavonoids, two phenolic acids and
caffeine

After extraction with 70 % (v/v) methanol solution for 24 h at 4 °C,
five catechins, four flavonols and one flavanonol, and two phenolic acids
and caffeine contents in tea samples were determined by an Agilent
1200 series HPLC system (Agilent Technologies, Santa Clara, CA, USA).
The HPLC separation was achieved by using Poroshell 120 EC-C;g
chromatogram column (100 x 4.6 mm, 2.7 pm; Agilent Technologies,
Santa Clara, CA, USA) coupled with a Phenomenex C;g guard column
(10 x 4.6 mm, 5 pm; Phenomenex, Torrance, CA, USA) (Hou et al.,
2023). The gradient was programmed as follows: 0-16.0 min, 10 %-45
% B; 16.0-22.0 min, 45 %-65 % B; 25.0-25.9 min, 65 %-100 % B;
25.9-29.0 min, 100 % B; 29.0-30.0 min, 100 %-10 % B. The whole flow
rate kept at 0.8 mL/min with a column temperature of 35 °C. The
detection wavelengths were 280 nm (0-16 min) and 360 nm (16-30
min) (Ma et al., 2023). The analytical curves (R? > 0.990) were estab-
lished to calculate their quantitative contents.

2.4. Tea extraction for widely targeted metabolomics

Tea powder (50 mg) was extracted with 700 pL of 75 % (v/v)
methanol solution containing 2 pg/mL 2-chloro-L-phenylalanine as in-
ternal standard (Ma et al., 2021). Tea extraction procedure has been
described in reports of Zhou et al. (2022) and Hou et al. (2023). Quality
control (QC) samples were prepared by mixing an equal aliquot (20 pL)
from each sample.

2.5. Widely targeted metabolomics by UHPLC-QTrap-MS/MS

The 2 pL of tea extraction was injected into an ExionLC AD System
(Sciex Technologies, Framingham, MA, USA) with an ACQUITY UPLC
HSS T3 column (100 x 2.1 mm, 1.8 pm; Waters Corporation, Milford,
MA, USA) for UHPLC separation using 0.1 % formic acid solution (A)
and acetonitrile (B) as the mobile phase (Hou et al., 2023). The gradient
eluted program was as follows: 0-0.5 min, 2 % B; 0.5-10.0 min, 2 %-50
% B; 10.0-11.0 min, 50 %-95 % B; 11.0-13.0 min, 95 % B; 13.0-13.1
min, 95 %-2 % B; 13.1-15.0 min, 2 % B. The whole flow rate maintained
at 0.4 mL/min with a column temperature of 40 °C. The QTrap 6500+
system Triple quadrupole mass spectrometer (Sciex Technologies, Fra-
mingham, MA, USA) equipped with IonDrive Turbo V electrospray
ionization (ESI) source was applied for metabolite assay using multiple
reaction monitoring (MRM) mode (Xiao et al., 2022). Metabolites were
identified based on internal databases and public databases.

2.6. Metagenomics analysis for microbial community structure

2.6.1. DNA extraction and polymerase chain reaction (PCR)

Total genomic DNA was extracted by using Cetyltrimethyl ammo-
nium bromide (CTAB)/Sodium dodecyl sulfate (SDS) method. The uni-
versal primers 341F (5-CCTAYGGGRBGCASCAG-3)/806R (5-
GGACTACNNGGGTATCTAAT-3"), and ITS5-1737F(5'-GGAAG-
TAAAAGTCGTAACAAGG-3")/ITS2-2043R(5-GCTGCGTTCTTCATC-
GATGC-3') were used to amplify the V3-V4 hypervariable region of
bacterial 16S rRNA genes and the ITS1-5F region of fungal 18S rRNA
genes, respectively (Zhao et al., 2019). PCR was carried out with 15 pL of
Phusion® High-Fidelity PCR Master Mix (New England Biolabs, Ipswich,
MA, USA), 0.2 pM of forward and reverse primers, and 10 ng of template
DNA. PCR amplification was carried out in an ABI 9700 Thermal Cycler
(Applied Biosystems, Waltham, MA, USA) with the following thermal
cycling parameters: initial denaturation at 98 °C for 1 min, followed by
30 cycles of denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s,
elongation at 72 °C for 30 s, and final extension at 72 °C for 5 min.

2.6.2. Illumina novaseq sequencing
The amplified PCR products were mixed with the same volume of
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loading buffer, and were detected with 2 % (m/v) agarose gel. DNA
fragments were purified with Qiagen Gel Extraction Kit (Qiagen, Hilden,
North Rhine-Westphalia, Germany). The libraries were generated using
the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San
Diego, CA, USA) according to the manufacturer’s instruction, and
sequenced on an Illumina NovaSeq 6000 sequencing system (Illumina,
San Diego, CA, USA).

2.6.3. Sequence analysis

FLASH software (Version 1.2.7), QIIME software (Version 1.9.1) and
UCHIME Algorithm software were employed to obtain effective tags for
sequence analysis. Sequences with >97 % similarity were assigned to
the same operational taxonomic units (OTUs) using Uparse software
(Version 7.0.1001). Species annotation and phylogenetic analysis were
performed using Silva Database (http://www.arb-silva.de/) and MUS-
CLE software (Version 3.8.31), respectively. Using QIIME software
(Version 1.7.0), a-diversity was assessed through six indices: observed-
species, Chaol, Shannon, Simpson, ACE, and Good’s coverage. Addi-
tionally, PCA, PCoA and non-metric multi-dimensional scaling (NMDS)
were performed by using R software (Version 3.3.5, New zealand) for
p-diversity analysis (Lin et al., 2022).
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2.7. Statistical analysis

Three biological replications were carried out for data acquisition.
One-way analysis of variance (ANOVA) using Tukey’s honestly signifi-
cant difference (HSD) test, the independent samples t-test and the cor-
relation analysis were carried out by using SPSS 20.0 for Windows
(Armonk, NY, USA) to acquire their significant difference levels and
Spearman’s correlation coefficients, respectively. PCA, HCA, heat map
and volcano plots were performed by using Origin 9.0 software
(Hampton, Massachusetts, USA). K-means clustering analysis was per-
formed by using R software for Windows (Version 3.3.5). OPLS-DA was
performed by using SIMCA-P 14.0 software (Umetrics, Umed, Sweden).
Based on characteristic metabolites selected by variable importance in
the projection (VIP) > 1.0, P < 0.05, and fold change (FC) > 1.5 or <
0.67, metabolic pathway analysis was performed by using Metab-
oAnalyst 3.0 (http://www.metaboanalyst.ca/).

3. Results and discussion
3.1. Diversity analysis of microbial community structure

A total of 1,161,627 bacterial 16S rRNA and 1,142,064 fungal ITS
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sequences were obtained from six tea samples through Illumina Nova-
Seq sequencing, and clustered into 2314 bacterial and 2111 fungal OTUs
(Fig. S1), respectively. All samples had good’s coverage over 99.50 %
(Table S1), indicating that their sufficient for microbiomics analysis.
Because of a higher adaptation to anaerobic environment, bacterial
community diversity evaluated by Shannon and Simpson, significantly
(P < 0.05) increased, and bacterial community richness evaluated by
Chao 1 and ACE, kept relatively stable during the whole AF (Fig. 1A and
Table S1). Conversely, the rapid elimination of oxygen caused rapid and
significant (P < 0.05) decrease of fungal community a-diversity during
the first two months of AF, and then, the gradual adaptation to the
anaerobic environment significantly (P < 0.05) improved fungal com-
munity diversity and richness after two months of AF (Fig. 1C and
Table S1). Therefore, the AF exhibited a different a-diversity variation
from aerobic fermentation, such as the pile-fermentation of RPT (Cheng
et al., 2024; Zhao et al., 2019).

PCA, PCoA and NMDS have explored the g-diversity difference in
microbial community structure during the pile-fermentation (Yan et al.,
2021). In this study, NMDS confirmed the significant (P < 0.05) changes
of bacterial (Stress = 0.083) and fungal (Stress = 0.126) OTUs during
the AF (Fig. S2). Concretely, based on their bacterial community, the
first two principal components (PC1 =71.7 % and PC2 = 18.4 %) in PCA
(Fig. 1B) divided these six tea samples into three groups, i.e., raw ma-
terial (RW), Phase I (MFT2 and MFT4), and Phase II (MFT6, MFT8 and
MFT9), which was consistent with PCoA result (Fig. S2B) that explained
91.32 % of total contribution (PCol = 82.13 % and PCo2 = 9.19 %). In
contrast, PCA (Fig. 1D) and PCoA (Fig. S2D) elaborating about 92.00 %
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(PC1 = 64.6 % and PC2 = 27.4 %) and 87.32 % (PCol = 70.8 % and
PCo2 = 16.52 %) of total variances in fungal community, respectively,
both confirmed MFT2 as a separate group and other four AF samples (i.e.
MFT4, MFT6, MFT8 and MFT9) as another group, which indicated a
rapid variation of fungal community during the first two months.

3.2. Dynamic change of microbial community composition during the AF

3.2.1. Bacterial community succession

These bacterial OTUs were mainly classified into 47 phyla, and
dominated by Cyanobacteria, Proteobacteria and Firmicutes in the
relative abundance (RA). Cyanobacteria and Proteobacteria decreased
rapidly from 58.34 % and 38.18 % to 25.00 % and 19.81 %, respectively,
while Firmicutes steadily increased from less than 0.1 % to 19.09 %
(MFT6), 28.65 % (MFT8) and 52.82 % (MFT9) in their RA (Fig. S3A).
Among 396 annotated families, Lactobacillaceae continuously increased
to 50.67 % (MFT9) from 0.06 % (RW) in RA, and became the predom-
inant bacterial family in the AF (Fig. S3B), which have been reported to
transform phenolics such as phenolic acids and flavonoids with multiple
esterases and decarboxylases, as well as related reductases and glyco-
sidases (Gaur & Ganzle, 2023). As facultative anaerobic bacteria,
Enterobacteriaceae (1.7-30.0 %) showed rapid increase in Phase I, and
obvious decrease in Phase II to 9.90 % (MFT9).

Among 628 annotated genera, 9 bacterial genera including Lacti-
plantibacillus (Lactobacillus, 0-32.7 %), Klebsiella (1.00-14.95 %), Pau-
cilactobacillus  (0-8.33 %), Synechococcus_ CC9902 (0-3.15 %),
Secundilactobacillus  (0-4.94 %), Pediococcus (0-3.74 %),
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D: Top 15 species in fungal community and their dynamic changes during anaerobic fermentation.
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Methylobacterium-Methylorubrum (0.1-1.0 %) and Pseudomonas (0-1.0
%) and Bacillus (0-1.0 %) had a RA over 1 % (Fig. 2A). 12 Bacterial
genera (i.e. Lactiplantibacillus, Microbacterium, Bacillus, Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium, Tepidimicrobium, Bartonella,
Pediococcus, Methylobacterium-methylorubrum, Levilactobacillus, Secundi-
lactobacillus and Paucilactobacillus) showed increases along with de-
creases of Pedobacter and Sphingomonas during the AF (Fig. S3C).
Additionally, 9 bacterial genera such as Pantoea, Idiomarina, Ascidia-
ceihabitans, Halomonas and Litoricola sharply increased in Phase I, and
then showed continuous declines in Phase II. Particularly, Lactiplanti-
bacillus increased rapidly from less than 0.1 % in RW to 32.72 % in
MFT9, and became predominant bacterial genus, which was completely
different from other dark teas dominated by Ralstonia (Zhang et al.,
2020), Pseudomonas or Bacillus genera in the microbial fermentation (Le
et al., 2023; Yan et al., 2021).

At the species level, Lactiplantibacillus plantarum (formerly Lactoba-
cillus plantarum, 32.68 %), Lactobacillus vaccinostercus (8.33 %) and
Lactobacillus paracollinoides (4.94 %) became dominant bacteria with
dramatic increases during the AF (Fig. 2B). Additionally, multitudinous
LAB such as Lb. vaccinostercus, Lb. paracollinoides, Lactobacillus brevis,
Lactobacillus helsingborgensis, Lactobacillus sp_ BHWM-4, Lactobacillus
apis, Lactobacillus reuteri, Lactobacillus murinus, Lactobacillus concavus,
Lactobacillus salivarius, Pediococcus ethanolidurans, Pediococcus pentosa-
ceus, Bifidobacterium_longum, Bifidobacterium_animalis, and Bifidobacter-
ium_asteroides, distinctly increased during the AF. Thereinto, as one of
dominant LAB, Lp. plantarum has been identified in or isolated from
anaerobic-fermented dark teas (Bo, Kim, & Han, 2020; Unban, Khat-
thongngam, et al., 2020; Unban, Kodchasee, et al., 2020), such as Laphet
in Myanmar, Miang in Thailand, Ishizuchi-kurocha, Miyoshi and Awa-
bancha in Japan. Particularly, twenty-four Lp. plantarum, one Lactoba-
cillus acidophilus and one Enterococcus casseliflavus strains have been
isolated from YDPT (Cao et al., 2019). Therefore, these LAB, particularly
Lp. plantarum, might contribute to quality formation and chemical
conversion in the AF, which deserves further investigation combined
with metabolomics analysis.

3.2.2. Fungal community succession

These fungal OTUs were mainly classified into 14 phyla, 50 classes,
132 orders, 324 families, 639 genera and 888 species. As previously
observed in the pile-fermentation (Zhao et al., 2019), Ascomycota
(94.4-98.7 %) was superior in fungal community at the phylum level
during the AF (Fig. S4A). Furthermore, incertae sedis Saccharomycetales
(12.9-81.3 %) was confirmed as dominant fungal family (Fig. S4B),
followed by Phaffomycetaceae (4.46-50.4 %), Debaryomycetaceae
(1.23-39.9 %), Cladosporiaceae (0.04-23.97 %), Glomerellaceae
(0.05-7.37 %) and Pichiaceae (0.08-3.37 %). Particularly, Phaffomy-
cetaceae increased dramatically and became predominant fungal family
in the MFT2 (50.4 %), but showed a rapid decrease to 10 % (MFT9).
Additionally, Pichiaceae, Thermoascaceae, Didymellaceae, Lep-
tosphaeriaceae, Sclerotiniaceae, Glomerellaceae, Tricholomataceae and
Debaryomycetaceae showed obvious increases in the AF. Therefore,
different from the predominance of filamentous fungi (mould) in
aerobic-fermented dark teas (Le et al., 2023; Zhao et al., 2019), Sac-
charomycetales (yeast) dominated in the fungal community during the
AF.

Among top 30 fungal genera, 12 decreased radically during the AF
due to the anaerobic environment (Fig. S4C), such as Teratoramularia,
Cercospora, Sarcopodium, Setophoma, Plectosphaerella, Rachicladospo-
rium, Ilyonectria, Paraphaeosphaeria and Cladosporium, while Pichia,
Byssochlamys, Candida, Wickerhamomyces, Ampelomyces, Botrytis, Epi-
coccum and Didymella showed remarkable increase after the six months.
Thereinto, 11 fungal genera, including Candida (12.9-81.3 %), Cyber-
lindnera (3.1-46.9 %), Debaryomyces (1.2-39.9 %), Cladosporium
(0.01-23.8 %), Wickerhamomyces (0.4-9.0 %), Colletotrichum (0.5-7.4
%), unidentified Dothideomycetes (0.1-1.6 %), Pichia (0.1-3.4 %), Epi-
coccum (0.0-1.5 %), Didymella (0.1-1.1 %) and Byssochlamys (0.0-1.1
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%), were over 1 % in the RA (Fig. 2C). Their rapid change was found in
Phase I (MFT 2 and MFT4). For instance, Cyberlindnera increased dras-
tically to 46.9 % in MFT2, and then decreased rapidly to 17.7 % in
MFT4, along with the significant decrease of Debaryomyces from 32.9 %
in RW to 3.4 % in MFT2. Candida and Debaryomyces increased to 41.1 %
and 39.9 % in RA after the eight months, respectively, and became
dominant fungal genera, which was completely different from the pile-
fermentation of RPT and other dark teas (Cheng et al., 2024; Pan et al.,
2023; Zhu et al., 2020). Conversely, Aspergillus was kept as low as below
1 % during the whole AF.

At the species level (Fig. 2D), Candida metapsilosis (12.9-81.3 %) was
superior in RA, followed by Cyberlindnera fabianii (3.1-46.9 %) and
Debaryomyces hansenii (1.2-39.8 %), which all were regarded as domi-
nant yeasts during the AF. In addition, Candida parapsilosis, Candida
tropicalis, Candida quercitrusa, Candida anutae, Candida saitoana, Candida
albicans, Cyberlindnera jadinii, Hyphopichia burtonii, Debaryomyces sin-
gareniensis and Pichia mandshurica also were found in the AF. Generally,
Aspergillus niger and Aspergillus cristatus (Eurotium cristatum) are critical
fungi for quality formation of RPT and Fu-zhuan brick tea through
relevant aerobic fermentation process, respectively (Ma et al., 2024). We
speculated that these yeasts in the AF also promoted flavor formation
and chemical conversion under the anaerobic environment, for chemical
and flavor differences between RPT and YDPT.

3.3. Flavonoids transformation, and phenolic acids accumulation in AF
detected by HPLC

The increasing trend of tea polyphenols content has been observed in
whole AF process of pickled tea (Hou et al., 2023), which was
completely different from the pile-fermentation with remarkable
reduction of catechins to successively formulate thearubigins and the-
abrownins through oxidative polymerization (Ma et al., 2022). In this
study, five catechins, four flavonols, taxifolin, two phenolic acids and
caffeine contents were determined by HPLC to explore their dynamic
changes during the AF. The PCA (Fig. 3A) could basically divide the
whole AF process into phase I (i.e. before four months of AF) and phase I
(i.e. after four months of AF) through the first two components (PC1 =
65.8 % and PC2 = 15.7 %). Heat map analysis (Fig. 3B) also could
achieve the classification of AF phases, and cluster these chemical
compounds into two groups. Specifically, caffeine, EC, EGC, kaempferol,
quercetin, GA and EA showed continuous increases, while ECG, EGCG,
rutin and myricetin showed obvious decreases during the AF. Addi-
tionally, the content of C and taxifolin also exhibited rapid change
during the AF.

Generally, two non-galloylated catechins (i.e. EC and EGC), two non-
glycosylated flavonols such as quercetin and kaempferol, and two
phenolic acids highly significantly (P < 0.01) increased, along with the
highly significant (P < 0.01) decreases of two galloylated catechins (i.e.
ECG and EGCG) and rutin through one-way ANOVA (Fig. 3C), indicating
that AF promoted flavonoids transformation such as catechins and fla-
vonols, and the accumulation of phenolic acids. Caffeine content showed
a highly significant (P < 0.01) increase at Phase I (MFT2 and MFT4), but
then decreased (P < 0.05) at Phase II (MFT6, MFT8 and MFT9), which is
consistent with the report by Wen et al. (2023). The C content showed a
highly significant (P < 0.01) decrease after the two months, and then
highly significantly (P < 0.01) increase after the six months.

During the AF, the galloylated catechins such as ECG and EGCG
could be hydrolyzed into corresponding non-galloylated catechins (i.e.
EC and EGC) and GA. The degradation of polymerized tannins, or the
hydrolysis of galloyl glucose such as 1,3,6-trigalloyl glucose, also
enhanced GA content, which could further be transformed into EA
through oxypolymerization. The significant (P < 0.05) reduction of rutin
might promote the formation of quercetin and kaempferol through
hydrolyzation and further dehydroxylation (Huynh, Smagghe, Gonzales,
van Camp, & Raes, 2016). Apart from hydrogenation, glycosylation,
hydrolyzation and oxidation, the dehydroxylation/hydroxylation also
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one-way ANOVA using Tukey’s honestly significant difference (HSD) test.

conduced to the mutual transformation among various flavonols.
Particularly, myricetin can be transformed into quercetin through
dehydroxylation, or laricitrin through O-methylatation, even 3,4,5-tri-
hydroxyphenylacetic acid and phloroglucinol through the C-ring
fission (Leonard, Zhang, Ying, Adhikari, & Fang, 2021). Therefore, the
biosynthetic pathway of flavonols such as kaempferol and quercetin
during the AF deserves further investigation.

3.4. Metabolite profiling of tea samples collected from AF

3.4.1. Multi/uni-variate statistical analyses

Among the 1253 detected metabolites, 976 metabolites with a rela-
tive content over 1 ppm calculated by their peak areas were selected for
multi/uni-variate statistical analyses. These metabolites involved 376
phenolics (i.e. 167 flavonoids, 43 phenolic acids and their derivatives,
29 coumarins, 21 xanthones, 18 lignans, 11 quinones, 10 tannins, 27
phenols and 50 phenolic derivatives), 92 amino acids (such as 20 pro-
teinogenic amino acids, 31 non-proteinogenic amino acids, 7 cyclic
amino acids, 6 N-acetylated amino acids, 4 N-phenylacetylate amino
acids, 4 N-formylated amino acids, 6 N-methylated amino acids and 4
oligopeptides), 89 organic acids (i.e. 21 aromatic organic acids, and 13
short-chain, 9 medium-chain and 46 long-chain fatty acids), 15 nucle-
otides, 23 nucleosides, 48 saccharides (i.e. 10 monosaccharides, 11 dis-
and tri-accharides, 19 glycosides and 8 sugar derivatives), 136 alkaloids,

99 terpenoids (i.e. 17 monoterpenoids, 29 sesquiterpenoids, 30 diter-
penoids and 23 tri/tetra-terpenoids), 47 sterides, 7 vitamins, 11 prenol
lipids and 33 other metabolites (Fig. 4A). Particularly, as major phe-
nolics, flavonoids including 17 flavanols, 44 flavones, 29 flavonols, 22
flavanones, 19 isoflavones, 13 chalcones, 10 flavanonols, 7 anthocya-
nidins and 6 other flavonoids, were dominant in content (65-74.0 %)
and quantity (38.5 %), followed by amino acids and alkaloids.

The QC samples were located in the center of PCA (Fig. 4B), indi-
cating method reliability for widely targeted metabolomics analysis. In
PCA (Fig. 4B), the first two principal components explaining about 79.0
% of total variances (PC1 = 65.8 % and PC2 = 13.2 %), divided these six
tea samples into three groups, i.e., raw material (RW), Phase I (MFT2
and MFT4) and Phase II (MFT6, MFT8 and MFT9), which was consistent
with HPLC (Fig. 3A) and HCA results (Fig. 4C). One-way ANOVA
(Table S2), heat map analysis (Fig. 4D) and K-mean clustering analysis
(Fig. S5) were performed to elaborate dynamic change of non-volatile
metabolites during the AF. The K-mean clustering analysis (Fig. S5)
indicated profound changes of 384 metabolites, and divided these into
nine clusters during the AF. Generally, 53 metabolites in cluster 1 and 62
metabolites in cluster 4 showed continuous increases, while 26 metab-
olites in cluster 3 and 37 metabolites in cluster 5 showed continuous
decreases during the AF. Additionally, 70 metabolites in cluster 2
showed rapid increase in phase I and kept relatively stable in phase II.



H. Mao et al.

- [
s i
t e A wean
=
]
)

PC2(13.2%)

Raw ma

PC1 (65.8%)

2]

NOO 4

GO0

material ‘ Phase | Phase 11

40000

Distance

20000 4

>4

T 3 g
£ E EEEERBBEEEEERELEE
g3 3 23853332
Anaerobic fermentation processing

LU
W
RW 27

METLM

N
M
M
i
My

083

-
-
-
-

-
-

Food Chemistry: X 24 (2024) 102021

00 083 1.7 25

Vitaming

Sierouds &

Polylerpenoids L {.‘F

Sesquiterpenoids Terpenoids & @

Monotcrpenoids 1 ey

Other alkaloids Alaloids -

Purine alkaloids O P )

Sugar denvatives ‘? »

};l}{uu;k\ . o &\st
15~ and (n-acchandes - -

Monosacchandes Saccharides e;“ \&e

Pyrimudine nucleossdes -

Punine nuclcosides Nuclcosides & »

Nuclcordes &2

l\mLF-\hauu fatty acids o
dedmni-< 3 Fatty acids &

S\lmH‘ myae I t‘(‘

isdcs
q,:d amino acids

A ed ammino acids

yehic amno acids
D-type amumo acids
Non-essentinl anuno acids
Essential amino scids
Phenolic aldehydes
Phenolic esters
Hydroxyphenylacetic acids | Phenolic acids
Hydroxypheny ipropronic acids

nols
Methoxyphenots
Polyphenols
Sinple phenols
-glvcosy lated isoflavoncs

cosylated tsoflavoncs Isoflavones hi
veosy lated chadcones

viaed chalcones Chalcones

ycosylated flavanonols F
cosylaed Navanonoks
5

rAmino acid derivatijes

Non-proicinogenic [~
Proteinogenic

Phenol derivatives ™

Phenols

Other phenolics Amino acids

avanonols

favanones- Flavanones

Flavones
Glycosy
Anihocy

Flavonoids

Anthocyanidins

| Flavonols

o
E
-
=

™
-

Fig. 4. Metabolites distributions (A) and their periodic changes during anaerobic fermentation through principal component analysis (PCA, B), hierarchical cluster

analysis (HCA, C) and heat map analysis (D).

3.4.2. Phenolics

Completely different from its dramatic decrease during the pile-
fermentation (Zhu et al., 2020), the total content of flavanols signifi-
cantly (P < 0.05) increased in phase I due to its generation and liberation
from food matrix, and then showed a significant decrease in phase II
along with the significant (P < 0.05) decrease of galloylated catechins.
Comparatively, the oxygen disappearance prevented the continuous
oxidation and polymerization of theaflavin and non-galloylated cate-
chins into thearubigins and theabrownins during the AF. Other than
flavanols, the glycosylated forms dominated in flavonols, flavones,
chalcones and anthocyanidins, including flavonol O-glycosides, antho-
cyanins, luteolin O-glycosides, and apigenin C-glycosides.

The hydrolyzation of flavonoid glycosides (glycosylated flavonoids)

catalyzed by f-glucosidases and a-glucosidases (Ma, Ling, et al., 2021),
enhanced simple (non-glycosylated) flavonols, flavones and chalcones,
and anthocyanidins about 43.88, 25.93, 2.41 and 3.78 times after the
AF, respectively. Conversely, the C-glycosylation in AF might enhance
the contents of glycosylated forms of isoflavones and chalcones by 4.3
and 1.5 times, respectively. Additionally, the O-methoxylation multi-
plied methoxy flavones/flavonols contents in Phase I, and methoxy
isoflavones content during the AF. In contrast, the hydrogenation of
relevant flavones/flavonols such as apigenin, luteolin and quercetin,
also significantly (P < 0.05) increased the levels of simple flavanones
and flavanonols (Fig. 4D and Table S2).

As the second category of phenolics, phenols and their derivatives
highly significantly (P < 0.01) increased along with the conversion of
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insoluble tea polyphenols during the AF (Table S2). The O-methylation
and amination of related phenols significantly (P < 0.05) improved
methoxyphenols and aminophenols contents during the AF. Phenolic
acids such as hydroxyphenylpropionic acids, hydroxyphenylacetic acids
and hydroxybenzoic acids showed obvious increases during the AF
(Fig. 4D and Table S2), which was mainly derived from the hydro-
lyzation of galloylated catechins (e.g. EGCG and ECG) and hydrolyzed
tannins such as 1,3,6-tri-O-galloylglucose. Additionally, the other phe-
nolics such as lignans, quinones, coumarins and xanthones, kept rela-
tively stable with no significant (P > 0.05) change during the AF.
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3.4.3. Amino acids

The hydrolyzation of water-soluble proteins into proteinogenic
amino acids in phase II (Table S2), significantly (P < 0.05) enhanced
total amino acids content during the AF, which was completely different
from amino acids reduction and N-acetyl amino acids increase in the
pile-fermentation (Chen et al., 2022). Notably, L-theanine hold steady in
the AF for high umami taste of YDPT. However, during the pile-
fermentation and the storage, L-theanine was converted into 1-ethyl-5-
hydroxy-2-pyrrolidinone through intramolecular cyclization, and then
formed into several 8-C N-ethyl-2-pyrrolidinone substituted flavan-3-ols
(flavoalkaloids) through conjugation with the A-ring of non-galloylated
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Number of characteristic metabolites

A: Volcano plots displayed up-regulated (VIP > 1.0, P < 0.05 and FC > 1.50) and down-regulated (VIP > 1.0, P < 0.05 and FC < 0.67) metabolites in three sets of
comparisons, i.e., phase I-RW, phase II-RW and phase II-phase I, respectively, through orthogonal least square discriminant analysis (OPLS-DA).
B: Specific distributions of characteristic metabolites (VIP >1.0, P < 0.05, and FC > 1.50 or < 0.67) in three sets of comparisons.

C: Venn diagram exhibited the distribution of characteristic metabolites.

D: Pathway analysis of 327 characteristic metabolites selected in anaerobic fermentation.

E: Characteristic metabolites amount in each sub-class.
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catechins (e.g. EC and EGC) (Wang et al., 2014). In addition, the AF also
promoted massive accumulation of D-type amino acids by 4.52 times,
such as D-a-aminobutyric acid and D-proline through the racemization
of relevant amino acids.

3.4.4. Nucleosides and purine alkaloids

The AF promoted the continuous increase of nucleosides about 8-
folds, and significant (P < 0.05) increase of nucleotides in phase I and
their significant (P < 0.05) decrease in phase II, due to LAB and yeasts
growth and metabolism. Chlorophyll decomposition and carbohydrate
degradation induced the accumulation of total organic acids, particu-
larly the significant (P < 0.05) increases of medium-chain and long-
chain fatty acids. Soluble sugars such as monosaccharides, and dis-
and tri-accharides significantly (P < 0.05) or highly significantly (P <
0.01) increased in Phase I from the hydrolyzation of insoluble poly-
saccharides such as cellulose.

Purine alkaloids, occupying about 75.0 % of total alkaloids in con-
tent, demonstrated significant (P < 0.05) increases during the AF
(Table S2), which was consistent with caffeine change. Particularly, the
dramatic increase of 3-methylxanthine and 7-methylxanthine indicated
purine alkaloids conversion during the AF. Generally, Aspergillus sydowii,
Aspergillus ustus and Aspergillus tamarii isolated from the pile-
fermentation of RPT promote the degradation or mutual trans-
formation of caffeine, theobromine and theophylline through N-deme-
thylation and oxidization (Zhou et al., 2020). We speculated that
dominant microbes could be applied for methylxanthines production.
Additionally, the terpenoids variation, particularly significant (P <
0.05) increase of sesquiterpenoids in phase I, might help to its fragrance
formation.

3.5. Characteristic metabolites identified in the AF through OPLS-DA

The OPLS-DA acquired excellent discrimination in classification and
identification of AF phases (Fig. S6 and Table S3). Among 976 metab-
olites, 179 up-regulated (VIP > 1.0, P < 0.05 and FC > 1.50) and 44
down-regulated (VIP > 1.0, P < 0.05 and FC < 0.67) metabolites were
identified in the comparison of Phase I-RW, while 56 up-regulated and
64 down-regulated metabolites were identified in Phase II-Phase I,
respectively (Fig. 5A). Particularly, 21 flavonoids, 14 phenols, 5 pro-
teinogenic amino acids, 7 non-proteinogenic amino acids (e.g. 4 D-type
amino acids), 7 sugars, 6 nucleosides & nucleotides and 14 alkaloids
showed 10-folds increase during the AF (Fig. 5B). Furthermore, few
novel characteristic metabolites (only 28) identified in Phase II-Phase I
(Fig. 5C), indicated that the Phase I, i.e., the first four months was the
major period for metabolites regulation during the AF. Overall, these
327 characteristic metabolites mainly involved in flavonoids meta-
bolism, amino acid metabolism, and starch and sucrose metabolism
through KEGG pathway analysis (Fig. 5D). Thereinto, 67 flavonoids (i.e.
18 flavonols, 14 flavones, 10 flavanones, 5 flavanols, 6 anthocyanins, 3
flavanonols, 5 chalcones, 4 isoflavones and 2 other flavonoids) were
dominated in the characteristic metabolites, followed by alkaloids,
amino acids, nucleotides, organic acids, sugars and phenolic acids
(Fig. 5E), which confirmed the significant impact of AF on flavonoids
conversion.

3.6. Flavonoids and phenolic acids variations during the AF

As most abundant secondary components and flavor substances,
flavonoids and phenolic acids demonstrate profound changes during
enzymatic fermentation in black tea processing through hydrolyzation,
oxidation, ring fission and dehydroxylation (Liu, Vinchen, & de Bruijn,
2022). Furthermore, the microbial fermentation promoted catechin
reduction for the generation of theabrownins and multitudinous cate-
chin derivatives such as 8-carboxymethyl-(+)-catechin and puerins (Zhu
et al., 2020), which was attributable to Aspergillus activity and their
secreted extracellular enzymes such as polyphenol oxidase, peroxidase,
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pectinase, cellulase and laccase (Ma et al., 2024). The characteristic
microbial community in the AF leaded to relative stability or increase of
total phenolics content. Therefore, phenolics metabolism, particularly
flavonoid conversion in the AF was explored based on characteristic
phenolics as shown in Fig. S7 and Fig. S8. Among 17 flavanols, up-
regulations of 3 flavanols, i.e., EGC, procyanidin A2 and (—)-epi-
afzelechin during the AF (Fig. S7), should be attributed to the secreted
tannase that catalyzed the hydrolysis of galloylated catechins for non-
galloylated catechins, GA and procyanidin A2 accumulations (Liu
et al., 2020). Comparatively, the oxygen disappearance in the AF limited
the continuous oxidation and polymerization of catechins to formulate
theaflavins, thearubigins and theabrownins. Additionally, the dehy-
droxylation of EC might contribute to the up-regulation of
(—)-epiafzelechin.

Except for flavanols, 18 among 29 detected flavonols showed pro-
found variation during the AF. Thereinto, four kaempferol O-glycosides,
four quercetin O-glycosides, myricitrin (myricetin 3-O-rhamnoside) and
datiscetin obviously down-regulated for the mass accumulation of three
simple flavanols (i.e. kaempferol, quercetin, myricetin), isorhamnetin
(3-methylquercetin), two kaempferol O-glycosides (i.e. afzelin and
kaempferitrin) and quercetin 3-O-glycosides during the AF (Fig. S7).
Concretely, the simple flavonols were mainly derived from the hydro-
lyzation of relevant flavonol O-glycosides such as astragalin, iso-
quercitrin and myricitrin catalyzed by glycoside hydrolases such as
p-glucosidase and a-glucosidase, which could improve health benefits of
YDPT such as delaying decline in global cognition (Barreca et al., 2021;
Holland et al., 2023). Generally, flavonoid 3',5-hydroxylase and flavo-
noid 3-monooxygenase promoted hydroxylation/dehydroxylation
among various flavonols. During the AF, hydroxylation/dehydrox-
ylation could be found in between kaempferol and quercetin as well as
their glycosides, and between quercetin and myricetin as well as their
glycosides. Conversely, flavonoid 3-monooxygenase catalyzed myr-
icetin into quercetin, or quercetin into kaempferol through dehydrox-
ylation, respectively. The O-methylation of quercetin by flavonoid O-
transmethylase conduced the improvement of isorhamnetin over 20-
folds. Furthermore, the O-glycosylation in the AF transformed kaemp-
ferol into afzelin and kaempferitrin. Similarly, the hydrolyzation of
anthocyanins into anthocyanidins, and their mutual transformations
also were found in the AF. The significant decrease of delphinidin-3-O-
glucoside showed potential connections with the enhancements of two
anthocyanidins (i.e. cyanidin and pelargonidin) and two anthocyanins
(i.e. pelargonidin-3-O-glucoside and pelargonidin-3,5-O-diglucoside
chloride) through hydrolyzation, dehydroxylation and glycosylation
during the AF, which might impact infusion color of YDPT.

Among 44 detected flavones, three simple flavones (i.e. apigenin,
scutellarein and tricetin), six methoxyflavones/methyoxyflavone C-
glycosides (i.e. diosmetin, genkwanin, prunetin, tricin, isoscoparin and
linarin) and homoorientin (luteolin-6-C-p-D-glucoside) showed up-
regulations, along with down-regulations of four apigenin C-glycosides
(i.e. meloside A, saponarin, vicenin 2 and vitexin 2"-glucoside) during
the AF (Fig. S7), which confirmed that the AF promoted the hydro-
lyzation of apigenin C-glycosides, the O-methylation of flavones/flavone
C-glycosides, and the C-glycosylation of luteolin. Particularly, the mass
accumulation of tricetin about 30-folds, mainly came from the hydrox-
ylation of luteolin or apigenin that was derived from the hydrolyzation
of apigenin C-glycosides during the AF. Comparatively, AF also pro-
moted the hydroxylation, O-methylation and C-glycosylation of relevant
isoflavones for the up-regulations of 2'-hydroxygenistein, homoferreirin
and puerarin. Particularly, the characteristic chalcones all showed sig-
nificant up-regulation, due to the C-ring cleavage of flavanones, and
subsequent reduction reaction and O-glycosylation. For instance, the C-
ring cleavage of naringenin induced the accumulation of phloretin over
30-folds, which was further transformed into phlorizin through O-
glycosylation, or chalconaringenin through reduction reaction, respec-
tively. Correspondingly, non-glycosylated (simple) flavanones and fla-
vanonols were dominated in total flavanones and flavanonols contents.
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Therefore, the up-regulations of four simple flavanones (i.e. butin,
eriodictyol, liquiritigenin and naringenin) and taxifolin, should be
attributed to the reduction of simple flavones such as apigenin and
luteolin, and flavonol (i.e. quercetin), and their mutual conversion
through dehydroxylation/hydroxylation.

Nine phenolic acids and their derivatives, three tannins, thirteen
coumarins, four lignans, four xanthones, three quinones, nine simple
phenols and eleven methoxyphenols showed significant variations dur-
ing the AF (Fig. S8). Apart from the hydrolyzations of galloylated cat-
echins and tannins, the oxidation of hydroxybenzaldehydes such as
protocatechualdehyde also generated hydroxybenzoic acids such as 3-
hydroxybenzoic acid and GA during the AF. Similar to the pile-
fermentation (Ge et al., 2019), the hydrolyzation of phenolic acid es-
ters such as cynarin and chlorogenic acid promoted the enhancement of
phenylpropionic acids such as trans-caffeic acid. The esterification in the
AF significantly enhanced several phenolic acid esters such as methyl
cinnamate, methyl gallate, methyl rosmarinate and methyl caffeate.
Additionally, the decomposition and hydrolyzation of insoluble phenols,
the O-methylation of coumarins and lignans, and the hydrolyzations or
decompositions of coumarin glycosides and polylignans brought about
phenolics increases during the AF. Overall, the accumulations of simple
flavonols, flavones and flavanones, and their mutual bio-conversions
through hydroxylation, hydrogenation, dehydroxylation, glycosylation
and isomerization, found in the AF, was completely different from that
in the pile-fermentation of RPT (Wang et al., 2022) and the AF of Miang
(Chupeerach et al., 2021) and Hubei pickled tea (Zhang et al., 2020).

3.7. Flavonoids metabolism during the AF

Several Aspergillus such as Aspergillus pallidofulvus (Ma, Li, et al.,
2021), Aspergillus sesamicola, Aspergillus tubingensis, Aspergillus fumigatus
and A. sydowii have been confirmed for the formation of theabrownins,
puerins and simple flavonols such as kaempferol, quercetin and myr-
icetin from oxidation, condensation and polymerization of catechins,
and the hydrolyzation of flavonol glycosides (Wang et al., 2021).
Additionally, the isolated yeasts such as Sporidiobolus ruineniae, Cyber-
lindnera rhodanensis and Debaryomyces hansenii also hydrolyze galloy-
lated catechins into non-galloylated catechins through the production of
cell-associated tannase (Leangnim et al., 2021). In this work, correlation
analysis was executed to explore potential connections between domi-
nant microbes and characteristic flavonoids based on their Spearman’s
correlation coefficients (Fig. 6A) for flavonoids metabolism during the
AF. The synergistic effect between LAB and yeasts such as Candida
metapsilosis and Pichia sp. could be found in the AF. For instance, the
dominant LAB including Lp. plantarum, Lb. vaccinostercus and Lb. para-
collinoides showed significantly positive (r > 0.5 and P < 0.05) corre-
lations with relevant yeasts such as Candida metapsilosis and Pichia sp.,
which indicated that the massive growth of Candida metapsilosis within
the first two months built up an appropriate environment for LAB
breeding in the AF.

Their significant correlation coefficients (Jr|] > 0.5 and P < 0.05)
between LAB and characteristic catechins (Fig. 6A), revealed that the
LAB such as Lp. plantarum promoted the hydrolyzation of galloylated
catechins into non-galloylated catechins, and (—)-epiafzelechin accu-
mulation and theaflavin oxidization during the AF. Conversely, the
impact of yeasts on catechins metabolism was relatively limited during
the AF, due to that Candida metapsilosis only contributed to the
enhancement of procyanidin A2. During the AF, both LAB and yeasts
such as Candida metapsilosis and Cyberlindnera fabianii affected flavonol,
flavone, flavanone, flavanonol, chalcone and anthocyanin metabolisms
(Fig. S7 and Fig. S9), particularly the accumulation or generation of
simple flavonols, isorhamnetin, 3 simple flavones (i.e. apigenin, scu-
tellarein and tricetin), 3 methoxy-flavones (i.e. tricin, diosmetin and
prunetin), simple flavanones (e.g. eriodictyol, naringenin, liquiritigenin
and pinocembrin), homoorientin, phloretin, chalconaringenin, phlorizin
and taxifolin through a sequence of biochemical reactions, such as the
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hydrolyzation, the O-methylation, the C-/O-glycosylation and the hy-
drogenation. Additionally, thirteen bacteria and four fungi might pro-
mote taxifolin formation with significantly positive correlations (r > 0.5
and P < 0.05), through the hydroxylation of eriodictyol or the hydro-
genation of quercetin during the AF (Fig. S9). Comparatively, the yeasts
such as Candida metapsilosis, Cyberlindnera fabianii and Pichia sp.
conduced to the C-ring cleaving of naringenin into phloretin, while the
LAB promoted the accumulations of chalconaringenin and asebogenin
through the isomerization of naringenin and subsequent O-methylation.

Under synergistic effect of dominant LAB and yeasts, flavonoids
pathway during the AF was speculated as shown in Fig. 6B. Generally,
the continuous hydrolyzation of kaempferol-, quercetin- and apigenin-
diglycosides including rutin, kaempferol-3-O-rutinoside, saponarin and
vitexin 2"-glucoside, as well as the hydrolyzation of relevant flavonol
monoglycosides including isoguercitrin, astragalin and myricitrin,
formed kaempferol, quercetin, apigenin and myricetin, respectively. The
hydroxylation/dehydroxylation promoted the mutual conversion
among kaempferol, quercetin and myricetin as well as their glycosides.
However, compared to the hydrolyzation of luteolin glycosides, the
hydroxylation of apigenin induced the accumulation of luteolin, which
could be further transformed into tricetin, diosmetin and homoorientin
through hydroxylation, O-methylation or C-glycosylation, respectively.
Additionally, apigenin, luteolin and quercetin could be reverted into
naringenin, eriodictyol and taxifolin, respectively, by flavone/flavonol
reductase. However, the O-glycosylation promoted kaempferol into
afzelin and kaempferitrin in sequence, and phloretin into phlorizin,
respectively. Except for the mutual conversion between naringenin and
eriodictyol through hydroxylation/dehydroxylation, naringenin can be
further transformed into phloretin and chalconaringenin through C-ring
cleaving or isomerization. The O-methylation also occurred in quercetin,
tricetin and phloretin to generate isohamnetin, tricin and asebogenin,
respectively. Overall, the flavonoids bio-conversion mainly involved
flavonoid 3',5-hydroxylase, flavonoid 3-monooxygenase, glucoside
hydrolases, flavonol O-glycosyltransferase, flavone C-glycosyltransfer-
ase, flavonoid O-transmethylase, flavone/flavonol reductase,
flavanone/flavanol-cleaving reductase, flavanone 3-hydroxylase and
chalcone isomerase released by relevant LAB and yeasts in the AF, which
needs advanced researches.

4. Conclusions

In this work, LAB (e.g. Lp. plantarum, Lb. vaccinostercus and Lb. par-
acollinoides) and yeasts such as Candida metapsilosis, Cyberlindnera
fabianii and Debaryomyces hansenii, were dominated in the AF of YDPT.
The oxygen disappearance in the AF inhibited the growth of aerobic
microorganism such as Aspergillus genus, but contributed to the growth
and metabolism of relevant yeasts and LAB. Generally, the whole AF
process could be divided into two phases, i.e. before and after four
months through multivariate statistical analyses such as PCA and HCA.
A total of 327 characteristic metabolites (VIP > 1.0, P < 0.05, and FC >
1.50 or < 0.67) were identified among 976 detected metabolites, which
mainly involved flavonoids metabolism, amino acid metabolism, and
starch and sucrose metabolism.

Besides amino acids, phenolic acids, phenols, sugars, nucleosides and
purine alkaloids increases, the AF also promoted flavonoids bio-
coversion. Particularly, the LAB and yeasts contributed to the accumu-
lations of non-galloylated catechins, and simple flavones, flavonols and
flavanones/flavanonols, and relevant methoxy flavones/flavonols, as
well as the reductions of galloylated catechins, theaflavins, flavonol O-
glycosides, apigenin glycosides and anthocyanins through hydro-
lyzation, hydroxylation, O-methylation, hydrogenation, oxidation and
isomerization. Additionally, the O-glycosylation and C-glycosylation
also were found in the AF for the generation of afzelin, kaempferitrin,
phlorizin and homoorientin. These findings advanced the knowledge
about AF mechanism of pickled tea and other dark tea, which would
provide theoretical supports for AF technology innovation and
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Fig. 6. Correlation analyses between characteristic flavonoids and dominant microbes (A), and relevant flavonoids pathways during the anaerobic fermentation (B).
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application of relevant effective microbe in dark tea production.
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