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Abstract  
 

The fungi present during pile-fermentation of Sichuan dark tea 

play a pivotal role in the development of its aroma and physical 

characteristics. High-throughput sequencing of Sichuan dark tea 

during pile-fermentation revealed seven phyla, 22 classes, 41 

orders, 85 families, 128 genera, and 184 species of fungi. During 

fermentation, the fungal diversity index declined from the W1 to 

W3 stages and then increased exponentially at the W4 stage. A 

bar plot and heatmap revealed that Aspergillus, Thermomyces, 

Candida, Debaryomyces, Rasamsonia, Rhizomucor, and 

Thermoascus were abundant during piling, of which Aspergillus 

was the most abundant. Cluster analysis revealed that the W4 

stage of fermentation is critical for fungal growth, diversity, and 

the community structure in Sichuan dark tea. This study revealed 

the role of fungi during pile-fermentation in the development of 

the essence and physical characteristics of Sichuan dark tea. This 

study comes under one of the Sustainable Development Goals of 

United Nations Organization (UNO), to “Establish Good Health 

and Well-Being.” 
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Sichuan Dark Tea; Pile-Fermentation; Fungal Community; High-
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Introduction  
 

Sichuan dark tea is manufactured by processing a mixture of 

fresh leaves and mature branches collected from tea plants 

(Camellia sinensis) [1]. Dark tea is one of the six famous tea 

types produced along the northwest and southwest borders of 

China, and the production of this tea is a significant contributor 

to the livelihood of ethnic minorities in China [2]. Sichuan dark 

tea is a post-fermented tea with a unique flavor, can be stored for 

long time, and can be brewed multiple times. It has demonstrated 

health benefits, including anti-hyperglycemia, anti-hypertension, 

and anti-hyperlipidemia effects [1,2]. Dark tea is one of the 

richest sources of biologically active compounds, including 

vitamins, amino acids, organic acids, polyphenols, and trace 

elements [3,4]. It is also a widely used medicinal plant as a 

preventive, especially in traditional Chinese medicine [5,6]. 

However, the over-use of dark tea may have some negative 

health effects. 

 

The processing of dark tea comprises the following steps: 

fixation, rolling, piling, and drying [2]. During piling, the tea 

leaves are piled under warm, humid conditions, during which 

fermentation by associated microbes occurs, so called pile-

fermentation. The microorganisms involved in the pile-

fermentation process of dark tea are unique among tea types. 

Notably, although a considerable number of microbes in raw tea 

is killed after fixation, many microbes retained during 

subsequent processing [7]. Piling is a key determinant of the 

color, aroma, taste, and shape of dark tea. The unique flavor and 

essence of dark tea are predominantly developed through 

polyphenol oxidation, the metabolic activities of microbes, 

biochemical processes, such as those catalyzed by extracellular 

enzymes, and physicochemical properties, such as heat and 

humidity, during pile-fermentation [1,8]. For example, 

Penicillium can hydrolyze the fiber in the tea during piling, 

increase its sugar content, and contribute to the taste of dark tea. 

Aspergillus niger and yeasts produce a variety of hydrolytic 

enzymes that participate in mutual transformation reactions 

among the various substances in tea. In piling, the raw tea 

materials undergo enzymatic reactions and fermentation, which 
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are driven by a series of microorganisms to develop the 

characteristics of quality dark tea, that is a dark leaf color and 

pure aroma [2]. 

 

Recently, the processing techniques and technical equipment 

used in the Sichuan tea industry have improved substantially. 

However, the piling process used to develop the characteristic 

essence and flavor of dark tea are still based on traditional 

natural fermentation. Different successive microbial populations 

contribute to the process of natural fermentation of dark tea 

[9,10], and variations in environmental conditions can 

significantly alter the process that supports different populations 

in the microbial community. In short, the qualitative 

characteristics of dark tea, such as its essence and aroma, that 

develop during the pile-fermentation process are entirely 

dependent on the populations in the microbial community. 

 

Yibin city in Sichuan province is situated on the bank of the 

Yangzi River, and dark tea cultivated here retains a special 

aroma due to the characteristic environmental conditions, unique 

pile-fermentation techniques used, and microbial resources. 

Although dark tea has been extensively studied for its growth, 

bioactive ingredients, and health benefits, little is known about 

the microbes involved in its qualitative improvement [8,11-13]. 

To improve the unique qualities of dark tea, it is imperative to 

carefully analyze and effectively use these diverse microbial 

communities and their metabolic activities during pile-

fermentation. In this study, high-throughput sequencing was 

employed to investigate the composition of the diverse microbial 

communities present in Sichuan dark tea during pile-

fermentation to improve processing. 

 

Material and Methods  
Experimental Materials  
 

Samples of Sichuan dark tea raw ingredients prepared from fresh 

leaves were obtained from the Sichuan Tea Industry Group Co., 

Ltd. (http://www.scteag.com/). No specific permission was 

required for sample collection for academic research. During 

fermentation, the leaves were mixed to ensure homogeneity; tap 
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water was added as needed to maintain the solids content at 65–

75% (w/v), and the temperature was maintained at 45–71°C. 

Samples were collected on days 0 (YC), 8 (W1), 16 (W2), 24 

(W3), and 32 (W4) during fermentation. Three replicates were 

set up, and collected samples were subjected to microbial 

analysis. The temperature at the center of the fermented tea pile, 

at a depth of 40 cm, was measured each day. 

 

DNA Extraction  
 

For DNA extraction, 5 g of sample was weighed and 

immediately soaked in 25 mL of ddH2O. After stirring 

thoroughly, the sample was filtered through three layers of sterile 

gauze to remove large particles and then centrifuged at 12,298 × 

g for 10 min at 4°C. The supernatant was discarded, and the 

precipitate was used for genomic DNA (gDNA) extraction. We 

used the E.Z.N.A
™

 Fungal DNA Miniprep Kit (OMEGA, USA) 

according to the standard protocol to extract gDNA from the 

fungal tissues. The quality of the extracted gDNA was confirmed 

by running 2 µl of each sample on a 1% agarose gel, which was 

visualized under a UV light in a gel documentation system [14]. 

 

PCR Amplification and Sequencing Analysis  
 

The primer pair ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-

3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) was used 

to amplify the ITS1 region of the fungal ITS rDNA sequence 

[15] by PCR. Each reaction contained 4 μL of 5× FastPfu Buffer, 

2 μL of 2.5 mmol/L dNTPs, 0.8 μL each of 5 μmol/L forward 

and reverse primer, 0.4 μL of FastPfu Polymerase, 10 ng of 

DNA template, and ddH2O to 20 μL. The PCR conditions were 

as follows: an initial denaturation step at 95°C for 3 min, 

followed by 32 cycles of denaturation at 95°C for 30 s, annealing 

at 55°C for 45 s, and amplification at 72°C for 45 s, with a final 

amplification step at 72°C for 10 min, and storage at 10°C. To 

confirm amplification and amplicon size, 2 μL of each PCR 

product was separated by 2% agarose gel electrophoresis. The 

PCR product was used to construct a gDNA library, which was 

evaluated by high-fidelity Illumina MiSeq
™

 PE300 sequencing. 

Raw reads were trimed, duplicate reads were merged according 
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to PE read overlap, the quality of the reads was assessed, and 

splicing events were controlled. To distinguish samples, 

barcodes were assigned to each sample at the start and end of the 

sequencing based on the primer sequence. Finally, we obtained 

sufficient sequences, and their directions were corrected [16]. 

 

Sequencing and Phylogenetic Analysis  
 

Phylogenetic clustering analysis was conducted using the Uparse 

OTU clustering software tool (http://drive5.com/uparse/) at a 

97% identity threshold to identify representative sequences of 

operational taxonomic units (OTUs) [17,18]. The RDP classifier 

Bayesian algorithm was used to perform a taxonomic analysis of 

the OTUs at a 97% identity threshold. The community 

composition and scientific classifications of each sample were 

established at the kingdom, phylum, class, order, family, genus, 

and species levels [19]. We calculated the α-diversity of one 

sample of each using the Chao 1, ACE, Shannon, and Simpson 

indices to evaluate sequencing depth and coverage and to 

compare the abundance and diversity of the microbial 

communities in dark tea at different stages [20]. The number of 

common and unique OTUs in all samples was counted and a 

Venn diagram was constructed [21]. Variation in the 

composition of the OTUs in every sample was calculated using a 

97% identity threshold through principal component analysis 

(PCA) and principal coordinate analysis (PCoA) [22]. The 

taxonomic analyses of all samples were compared at each 

classification level, and the R tool was used to construct 

community structure diagrams and histograms as combined 

analysis diagrams [23,24]. 

 

Results  
Statistical Analysis of Sequencing Data  
 

Illumina next generation DNA sequencing (NGS) of all five 

samples of Sichuan dark tea was performed in triplicate, and the 

results were analyzed to identify the identity threshold level 

among the fungal populations present in each sample using ITS 

metagenomics. The ITS1F/ITS2R universal primer pair was used 

to amplify the genomes of the different populations of fungi 
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present in the microbial community of the dark tea 

(Supplemental Table S1). Incomplete and poor quality reads 

were eliminated. Ultimately, we obtained 334593 high-quality 

fungal genomic sequences, with read lengths ranging from 249 

to 278 bp (Supplemental Figure S1 and Table 1). 

 

Rarefaction curves reflect the richness and uniformity of the 

microbial species present in each sample of dark tea. The relative 

abundance curves of samples collected at W1 and W4 at the 97% 

identity threshold appeared to have a small span and a steep 

decline (Figure 1). These results showed that the relative 

abundances of the OTUs between samples were remarkably 

different, the uniformity was very low, the fungal composition 

was relatively single, and diverse fungal species were present. 

On the other hand, the relative abundance curves of the YC and 

W2 samples were wider, and the curves were flat with a gradual 

decline, indicating that the species composition of the YC and 

W2 samples is richer, and the uniformity among species was 

higher (Figure 1). Except for the W2 samples, the microbial 

strains were not obvious and were relatively concentrated. 

 

 
 
Figure 1: Rank abundance curves of all samples. The abscissa represents the 

rank of the number of OTUs at a certain taxonomic level, and the ordinate 

represents the relative percentage of the number of species at that classification 
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level. The position of the abscissa of the extension end point of the sample 

curve is the number of species in each sample. A smooth decline indicates 

higher species diversity in all samples, while a rapid and steep decline indicates 

a high proportion of the major bacterial strains and low diversity. 

 

Operational Taxonomic Unit (OTU) Cluster Analysis  
 

During the OTU analysis, all non-repetitive single sequences 

were separated from the optimized sequences, and redundant 

sequences were eliminated. Except for single sequences, OTU 

clustering analysis of non-repetitive sequences was performed at 

a 97% identity threshold. Subsequently, all chimeric sequences 

were removed, and only a single representative sequence for 

each OTU was included in the analysis. Clustering analysis of 

valid data yielded 270 fungal OTUs, which were classified into 

seven phyla, 22 classes, 41 orders, 85 families, 128 genera, and 

184 species (Supplemental Table S2). Only 11 fungal OTUs 

were common among all five groups, 14 OTUs were common 

between W1 and YC, 53 OTUs were common between W2 and 

YC, 23 OTUs were common between W3 and YC, and 34 OTUs 

were common between W4 and YC (Figure  2). 

 
 
Figure 2: Venn analysis of the OTUs. Different groups are shown in different 

colors, and the numbers in the overlapping portions represent the number of 

species common to all groups. 
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Microbial Diversity Analysis  
 

The coverage threshold for the sequences from the dark tea 

samples collected at all five time points was ˃99%, indicating 

that it represents the true fungal populations in the microbial 

community of each sample. To estimate the species richness or 

total number of microbial species in each sample, the sequencing 

results were analyzed using ACE and Chao 1 indices [25,26]. 

The samples with highest abundance levels, according to the 

ACE and Chao1 values (at 89.27% and 84.57%, respectively), 

were observed in the YC group (Table 2). In contrast, the 

samples with the lowest abundance levels, according to the ACE 

and Chao1 values (at 28.16% and 20.00%, respectively), were 

observed in group W1. The remaining groups had intermediate 

abundance levels according to the ACE and Chao 1 values, 

which were 45.03 and 44.43 in W2, 33.40 and 36.00 in W3, and 

49.53 and 46.27 in W4, respectively. The overall microbial 

species abundance in the Sichuan dark tea samples collected at 

the tested time points was in descending order: 

YC>W4>W2>W3>W1 (Table 2). 

 
Table 2: Indices of fungal community richness and diversity of Sichuan dark 

tea. 

 

Sample Shannon Simpson ACE Chao1 Coverage 

W1 0.84 0.49 28.16 20.00 0.999915 

W2 0.77 0.55 45.03 44.43 0.999928 

W3 0.60 0.70 33.40 36.00 0.999927 

W4 0.94 0.49 49.53 46.27 0.999825 

YC 1.09 0.46 89.27 84.57 0.999650 

 

Note: The first column is the sample names, and columns 2–4 are the Shannon, 

Simpson, ACE, and Chao 1 diversity index values of each sample. The last 

column is average coverage diversity index values. 
 

The Shannon and Simpson indices are comprehensive indicators 

that reflect the proportion of different species in a diverse 

community [25,26]. The Shannon-Weiner index is directly 

proportional to the richness and diversity of different populations 

in a community and is negatively correlated with the Simpson 

index. An Elevated Shannon-Weiner index value indicates 

higher species diversity in a microbial community, whereas an 
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elevated Simpson index value indicates low species diversity. 

The Shannon-Weiner values of the samples was, in descending 

order: YC˃W4˃W1˃W2˃W3. Similarly, the Simpson values of 

the samples were in descending order: W3˃W2˃W1˃ W4˃YC. 

The highest Shannon-Weiner index value and lowest Simpson 

index value of the YC samples showed both high fungal species 

richness and diversity. With continued piling time, the fungal 

diversity first decreased and then exponentially increased in YC 

samples, and the highest diversity was observed before piling. 
 

Fungal Community Structure Analysis  
 

Comprehensive qualitative or quantitative compositional 

analysis of the 40 most frequent populations in the microbial 

communities of Sichuan dark tea at the genus level were used to 

construct a histogram (Figure  3) and heatmap (Figure  4). The 

analysis showed that Aspergillus was the most abundant in all 

tested samples. The abundance of Aspergillus increased 

exponentially to 99.3% at W1 and then decreased over time. In 

addition to Aspergillus, four other genera, Thermomyces, 

Candida, Debaryomyces, and Rasamsonia, also displayed higher 

abundances in the YC group, at 19.1%, 16.9%, 12.4%, and 7.8%, 

respectively. In the W2 group, the genus with the highest 

abundance was also Aspergillus, although Rhizomucor (13.4%) 

and Thermomyces (3.1%) were also frequent (Figure 3). 

 

Other highly abundant fungal genera in W3 were Thermomyces, 

Rasamsonia, and Thermoascus, while the highly abundant fungal 

genera in group W4 were Rasamsonia and Thermomyces (Figure 

3). The highest abundance of Aspergillus species was obvious in 

the heat map (Figure 4). Notably, although information about 

unclassified Trichocomaceae and Ascomycota could not clearly 

be distinguished at the genus level, these likely are mostly 

Aspergillus cristatum. In addition, Candida and Debaryomyces 

were also detected in the dark tea samples after pile-

fermentation, but their abundance was less than 1% (Figure 4). 
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Figure 3: Fungal community structure bar plot at the genus level. Each 

ordinate is the sample name, and the abscissa is the proportion of each species 

in a sample. Different species are shown as columns of different colors, and the 

size and proportion of each species is represented by the length of the column. 

 

 

 
 
Figure 4: Community heatmap at the genus level. The abscissa represents the 

group name, and the ordinate represents the species name. The changes in the 

abundance of different species in each sample are displayed as a color gradient 

in a color block. The bar on the right side of the figure shows the abundance as 

a color gradient. 
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Fungal Community Structure  
 

The OTU composition of all Sichuan dark tea samples was 

analyzed via PCA and PCoA to undermine the Euclidean 

distances and dissimilarity index. The highly abundant fungal 

genera in all samples were used to generate PCA and PCoA 

maps (Figures 5 and 6). PC1 and PC2 were drawn along the x 

and y axes, respectively, and their combined total contribution to 

the PCA score was 98.07% (Figure 5) and that to the PCoA 

score was 95.42% (Figure 6). Notably, YC and W2 were closely 

clustered but distant from the rest of the samples collected at 

W1, W3, and W4. In contrast, the YC and W4 samples 

disintegrated along PC1 and PC2. These results showed obvious 

differences in the fungal communities of Sichuan dark tea at 

different stages of pile-fermentation. 

 

The fungal communities in the dark tea samples collected at pile-

fermentation stages YC, W1, W2, and W3 were remarkably 

similar, but quite different from those in sample collected at W4. 

The community at W4 was separate from the communities in the 

other samples. These results led us to conclude that the late stage 

of pile-fermentation (a critical stage of dark tea production; W4) 

contained prominent factors that affected the population 

structure in the fungal community of Sichuan dark tea. Note that 

the total number of samples and the unique results of individual 

samples have implications for the results of the entire analysis, 

which could be minimized by increasing the total number of 

samples. 
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Figure 5: Multiple sample principal component analysis (PCA) of the OTUs. 

Both selected principal component axes are represented by the x and y axes, 

and the percentage represents the difference in sample composition as 

determined by the principal component; the scales of the x and y axes represent 

the relative distances. Samples are shown as different color points or shapes in 

different groups. The closeness of two points or shapes represents the similarity 

between the species composition of two samples. 
 

 
Figure 6: Multiple sample principal coordinate analysis (PCoA) of OTUs. 

Both selected principal component axes are represented by the x and y axes, 

and the percentage represents the difference in sample composition as 

determined by the principal component; the scales of the x and y axes are the 

relative distances. Samples are shown as different color points or shapes in 
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different groups. The closeness of two points or shapes represents the similarity 

between the species composition of two samples. 
 

Functional Classification of the Fungi in Sichuan Dark 

Tea  
 

Guild/ecological guild refers to the relationship between closely 

or distantly related species inhabiting similar or different 

environments in similar ways [27]. FUNGuild [28] 

(http://www.funguild.org) is a sequencing and analysis platform-

independent Python-based tool that was employed for functional 

classification of the fungal OTUs in each sample of Sichuan dark 

tea. The relative abundance of two ecological guilds, undefined 

saprotrophs and endophytes/plant pathogens, inhabiting the 

Sichuan dark tea samples collected at 8-day intervals during 

piling obtained by FUNGuild was more than 99% (Figure 7). 

The population abundance information for each OTU was also 

obtained, which is a prerequisite for understanding the sources 

and pathways of different microbes. These results showed that a 

considerable portion of the fungal species was assimilated with 

the harvested raw materials for the piling of Sichuan dark tea. 

Herein, the detection of a higher number of endophytes/plant 

pathogens is an indicator of the existence of a wide range of 

fungal communities present in the raw material for dark tea 

(Figure 7). 

 
 

Figure 7: FUNGuild analysis of fungal functional groups. The relative 

abundance of the Guild in different groups or samples is on the x axis, and 
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groups or samples are on the y axis. According to the variation in functional 

groups, FUNGuild can calculate the abundance of each fungal specie and their 

functional classification in each sample. 

 

Discussion  
 

The length of the piling cycle required to develop the unique 

flavor of Sichuan dark tea depends predominantly on the 

composition of the microbial community in the pile. A variety of 

microorganisms are involved in the pile-fermentation of Sichuan 

dark tea. In the past, due to technical limitations, determining the 

composition of the microbial community responsible for the 

essence/flavor development of dark tea required traditional 

separation and culture-dependent methods, which are time-

consuming, laborious, costly, and ultimately non-robust, because 

of the failure to cultivate several microbes. Therefore, only fungi 

which can be cultured on growth medium were explored, and it 

was impossible to fully elucidate the unique role of microbes 

during pile-fermentation [15]. In this study, we used a robust 

high-throughput sequencing method and obtained 334593 high-

quality fungal sequences, with an average length of 269.12 bp, 

with an aim to determine the composition of the fungal 

community during pile-fermentation of dark tea (Table 1). All 

sequences were classified into OTUs at the 97% identity 

threshold, and 270 fungal OTUs were obtained by clustering 

valid data, which were divided into seven phyla, 22 classes, 41 

orders, 85 families, 128 genera, and 184 species. 

 
Table 1: Characteristics of the ITS sequences of the fungal populations in 

samples collected from Sichuan dark tea and the five timepoints during pile-

fermentation. 

 

Sample Reads Total bases Average length (bp) 

YC 69242 16428484 276.6316 

W1 65769 16436511 249.9127 

W2 71262 19845494 278.4863 

W3 65242 17154692 262.9394 

W4 63078 15839408 277.6428 

Note: Column 1 is the sample name, column 2 is the number of sequencing 

reads in each sample, column 3 is the total number of bases, and column 4 is 

the average length, in base pairs, of each run. 
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Based on diversity indices, the abundance of the fungal 

community changed during pie-fermentation, which first 

decreased and then increased. The highest fungal diversity was 

observed at the end of pile-fermentation, which was higher than 

that in the raw materials, indicating that the highest number of 

fungal species was present at the end of fermentation. A possible 

reason for this could be a higher rate of bacterial growth over 

fungal growth at the initial stage of pile-fermentation due to 

temperature conditions that were more suitable for bacteria. 

Bacterial growth appeared to be reduced at the middle and final 

stages due to the increase in temperature. Investigations on the 

possible role of bacteria during pile-fermentation are underway. 

Notably, at the final stages of pile-fermentation, a series of 

catabolic reactions, such as anaerobic bacterial respiration and 

decay of the vegetative parts of tea plants, provided a suitable 

temperature and essential nutrients to support the growth and 

reproduction of fungi. A gradual increase in piling time resulted 

in an increase in the diversity index of the fungal populations, 

indicating that piling time and fungal diversity are directly 

proportional; a similar result was obtained in a previous study 

[29]. 

 

The similarity of the fungal community structure was lower in 

the YC samples and then gradually increased in samples 

collected at stages W1–W3, which is consistent with previous 

findings [8] regarding the structural variations in the microbial 

community during the fermentation of Puer tea [11]. The 

abundance of the fungal community increased exponentially in 

all W4 samples when compared to that of the W1, W2, and W3 

samples, indicating that the W4 step of pile-fermentation is a key 

time point for flavor and quality development. The fungal 

population was relatively rich at the YC timepoint, indicating 

that the raw materials used in the pile-fermentation of dark tea is 

a secondary factor affecting the variation in fungal community 

structure [30]. 

 

During pile-fermentation of dark tea, the growth and 

reproduction of microbes are interdependent, and a balanced and 

stable mechanism will eventually develop to generate the 

conditions necessary for post-fermentation processing. This 
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study revealed that the most abundant fungal genera involved in 

pile-fermentation of Sichuan dark tea are Aspergillus, 

Thermomyces, Candida, Debaryomyces, Rasamsonia, 

Rhizomucor, and Thermoascus (Figures 3 and 4). Given their 

abundance, the abovementioned abundant fungal species likely 

play pivotal roles in development of the unique aroma and active 

ingredients of dark tea. Numerous Aspergillus species, such as 

Aspergillus cristatum (Eurotium cristatum) and Aspergillus 

carbonarius, are economically important and are widely 

employed in food biotechnology to enhance the nutritional value 

of food products, such as tea and coffee, due to the various 

metabolites they produce during fermentation [31,32]. Many 

Aspergillus species produce and secrete various enzymes, such 

as α-amylase, glucoamylase, cellulase, pectinase, xylanase, 

hemicellulase, and protease, which are applied on an industrial 

scale to improve the taste of food items by breaking down 

proteins or lipids and developing unique flavors [33]. 

Additionally, Aspergillus cristatum is widely used in making 

crimson soup from dark tea, and lovastatin, a chemical secreted 

by this genus, is a statin that lowers cholesterol levels [34,35]. 

Further studies are needed to explore the probiotic properties of 

individual fungal species and their role in nutrition enhancement. 

 

Some species of Candida, such as Candida etchellsii, Candida 

milleri, Candida rugosa, and Candida tropicalis, can grow on 

liquor waste and are used in the food and feed industries to 

improve nutritional value and taste and as cell factories for the 

production of single-cell proteins [36]. Debaryomyces hansenii 

(anamorph Candida famata) is also employed in the food 

industry for surface ripening of cheese and meat products, the 

production of riboflavin (vitamin B2), bioconversion of xylose 

into xylitol sweetener, and the biosynthesis of arabinitol and 

pyruvic acid [37]. During dark tea pile-fermentation, some fungi, 

such as Rhizomucor, can secrete antibacterial substances that 

inhibit the growth of bacteria, which makes the tea safer to drink. 

Rhizomucor is also involved in the degradation of bio-waste and 

carbon uptake for the biosynthesis of various useful enzymes, 

such as 1,4-β-xylosidase, endo 1,4-β-glucanase, phosphatase, 

chymosin, protease, and alcohol dehydrogenase, which are 

important for the flavor development of dark tea [38]. 
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Rasamsonia produces cellulase, hemicellulase, pectinase, and 

starch-degrading enzymes, and catalyzes various reactions, such 

as oxidation, oxidoreduction, and proteolysis, which are 

important for dark tea fermentation [39]. The 

unclassified_Trichocomaceae and unclassified_Ascomycota 

reads identified in this study are probably from Aspergillus 

cristatum, commonly known as “golden flower,” which has a 

major impact on the pile-fermentation process of dark tea [7,40]. 

Several indole alkaloids and indole diketopiperazine alkaloids 

can be extracted from a culture of Aspergillus cristatum, which 

possess brine shrimp killing activity, antibacterial activity 

against E. coli, radical scavenging activity against DPPH 

radicals, and marginal attenuation of 3T3L1 pre-adipocytes [41]. 

Therefore, artificial inoculation of dark tea with these fungi 

could improve its health benefits and could be used to produce 

probiotic dark tea. 

 

It is of immense interest to determine the functional 

classification, abundance, source, and metabolic pathways of the 

microbes involved in the flavor development of dark tea. The 

source of the external fungi was the spores present on the raw 

material, and their relative abundance was high in each pile-

fermentation. The high number of endophytes shows the broad 

range and diversity of the fungi in the raw materials of dark tea 

[42]. Our findings provide a scientific basis for the selection of 

adequate raw material for dark tea production, as precise, piling 

stage-specific fungal inoculation may improve the nutritional 

quality and esthetic value of dark tea (Bressani et al., 2021) to 

overcome the challenge of malnutrition, which is a key point for 

one of the “Sustainable Development Goals (SDGs)” of UNO, to 

“Establish Good Health and Well-Being.” 
 

References  
 

1. Wang R, Xiao M, Li D, Ling T, Xie Z. Recent advance on 

quality characteristics and health effects of dark tea. J. Tea 

Sci. 2018; 38: 113–124. 

2. Yincheng W, Haibo Y, Yongwen J. Advances in quality 

components and process of dark tea. Chin. Agric. Sci. Bull. 

2016; 32: 194–199. 

3. Chen Y, Fu X, Mei X, Zhou Y, Cheng S, et al. Proteolysis of 



Prime Archives in Microbiology: 2
nd

 Edition 

20                                                                                www.videleaf.com 

chloroplast proteins is responsible for accumulation of free 

amino acids in dark-treated tea (Camellia sinensis) leaves. J. 

Proteomics. 2017; 157: 10–17.  

4. Xu Y, Liu Z, Liu Z, Feng Z, Zhang L, et al. Identification of 

D-amino acids in tea leaves. Food Chem. 2020; 317: 

126428.  

5. Liu T. Effect of eurotium cristatum fermented dark tea 

extract on body weight and blood lipid in rats. J. Acad. Nutr. 

Diet. 2016; 116: A77.  

6. Peng Y, Xiong Z, Li J, Huang JA, Teng C, et al. Water 

extract of the fungi from Fuzhuan brick tea improves the 

beneficial function on inhibiting fat deposition. Int. J. Food 

Sci. Nutr. 2014; 65: 610–614.  

7. Li Q, Huang J, Li Y, Zhang Y, Luo Y, et al. Fungal 

community succession and major components change during 

manufacturing process of Fu brick tea. Sci. Rep. 2017; 7: 

6947.  

8. Zhang W, Yang R, Fang W, Yan L, Lu J, et al. 

Characterization of thermophilic fungal community 

associated with pile fermentation of Pu-erh tea. Int. J. Food 

Microbiol. 2016; 227: 29–33.  

9. Li Q, Chai S, Li Y, Huang J, Luo Y, et al. Biochemical 

components associated with microbial community shift 

during the pile-fermentation of primary dark tea. Front. 

Microbiol. 2018; 9: 1509.  

10. Zhang Y, Skaar I, Sulyok M, Liu X, Rao M, et al. The 

microbiome and metabolites in fermented Pu-erh tea as 

revealed by high-throughput sequencing and quantitative 

multiplex metabolite analysis. PLOS ONE. 2016; 11: 

e0157847.  

11. Chen H, Cui F, Li H, Sheng J, Lv J. Metabolic changes 

during the pu‐erh tea pile‐fermentation revealed by a liquid 

chromatography tandem mass-spectrometry‐based 

metabolomics approach. J. Food Sci. 2013; 78: C1665–

C1672.  

12. Fu YX, Liu TX. The effect of polyphenol oxidase on the 

Pile-fermentation process and quality of Puerh tea. Mod. 

Food Sci. Technol. 2015; 03. 

13. Ge Y, Bian X, Sun B, Zhao M, Ma Y, et al. Dynamic 

profiling of phenolic acids during Pu-erh tea fermentation 



Prime Archives in Microbiology: 2
nd

 Edition 

21                                                                                www.videleaf.com 

using derivatization liquid chromatography–mass 

spectrometry approach. J. Agric. Food Chem. 2019; 67: 

4568–4577.  

14. Wang J, Abbas M, Wen Y, Niu D, Wang L, et al. Selection 

and validation of reference genes for quantitative gene 

expression analyses in black locust (Robinia pseudoacacia 

L.) using real-time quantitative PCR. PLOS ONE. 2018; 13: 

e0193076. 

15. Li X, Wang YH, Lin JJ, Liu LS, Huang ZZ. Analysis of 

microbial diversity in the fermented grains of Maotai-flavor 

liquor using high-throughput sequencing. J. Fujian Norm. 

Univ. 2017; 33: 51–59. 

16. Mukherjee PK, Chandra J, Retuerto M, Sikaroodi M, Brown 

RE, et al. Oral mycobiome analysis of HIV-infected patients: 

identification of pichia as an antagonist of opportunistic 

fungi. PLOS Pathog. 2014; 10: e1003996.  

17. Peng X, Pang H, Abbas M, Yan X, Dai X, et al. 

Characterization of cellulose synthase-like D (CSLD) family 

revealed the involvement of PtrCslD5 in root hair formation 

in Populus trichocarpa. Sci. Rep. 2019; 9: 1452.  

18. Ye J, Joseph SD, Ji M, Nielsen S, Mitchell DRG, et al. 

Chemolithotrophic processes in the bacterial communities on 

the surface of mineral-enriched biochars. ISME J. 2017; 11: 

1087–1101.  

19. Chen B, The BS, Sun C, Hu S, Lu X, et al. Biodiversity and 

activity of the gut microbiota across the life history of the 

insect herbivore Spodoptera littoralis. Sci. Rep. 2016; 6: 

29505.  

20. Rogers MB, Firek B, Shi M, Yeh A, Brower-Sinning R, et al. 

Disruption of the microbiota across multiple body sites in 

critically ill children. Microbiome. 2016; 4: 66.  

21. Fouts DE, Brinkac L, Beck E, Inman J, Sutton G. PanOCT: 

automated clustering of orthologs using conserved gene 

neighborhood for pan-genomic analysis of bacterial strains 

and closely related species. Nucleic Acids Res. 2012; 40: 

e172–e172.  

22. Calderón K, Spor A, Breuil MC, Bru D, Bizouard F, et al. 

Effectiveness of ecological rescue for altered soil microbial 

communities and functions. ISME J. 2017; 11: 272–283.  

23. Lu Y, Chen J, Zheng J, Hu G, Wang J, et al. Mucosal 



Prime Archives in Microbiology: 2
nd

 Edition 

22                                                                                www.videleaf.com 

adherent bacterial dysbiosis in patients with colorectal 

adenomas. Sci. Rep. 2016; 6: 26337.  

24. Zhou YJ, Li JH, Ross Friedman C, Wang HF. Variation of 

soil bacterial communities in a chronosequence of rubber 

tree (Hevea brasiliensis) plantations. Front. Plant Sci. 2017; 

8: 849.  

25. Chernov TI, Tkhakakhova AK, Kutovaya OV. Assessment of 

diversity indices for the characterization of the soil 

prokaryotic community by metagenomic analysis. Eurasian 

Soil Sci. 2015; 48: 410–415.  

26. Wang J, Ji Y, Yuan Z, Guan J, Liu C, et al. Analysis of 

bacterial community structure and diversity in different 

restoration methods in Qixing River wetland. Adv. J. 

Toxicol. Curr. Res. 2017; 1: 49–55  

27. Schmidt R, Mitchell J, Scow K. Cover cropping and no-till 

increase diversity and symbiotroph: saprotroph ratios of soil 

fungal communities. Soil Biol. Biochem. 2019; 129: 99–109.  

28. Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L, et al. 

FUNGuild: an open annotation tool for parsing fungal 

community datasets by ecological guild. Fungal Ecol. 2016; 

20: 241–248.  

29. Li H, Li M, Yang X, Gui X, Chen G, et al. Microbial 

diversity and component variation in Xiaguan Tuo tea during 

pile fermentation. PLOS ONE. 2018; 13: e0190318.  

30. Zhao R, Xu W, Wu D, Jiang Y, Zhu Q. Microbial community 

diversity of Fu brick tea produced in different regions by 

Illumina MiSeq technology. Chin. J. Ecol. 2017; 36: 1865. 

31. De Souza ML, Ribeiro LS, Miguel MGdCP, Batista LR, 

Schwan RF, et al. Yeasts prevent ochratoxin A contamination 

in coffee by displacing Aspergillus carbonarius. Biol. 

Control 2021; 155: 104512. 

32. Samson RA, Visagie CM, Houbraken J, Hong SB, Hubka V, 

et al. Phylogeny, identification and nomenclature of the 

genus Aspergillus. Stud. Mycol. 2014; 78: 141–173.  

33. Ward OP, Qin WM, Dhanjoon J, Ye J, Singh A. Physiology 

and biotechnology of Aspergillus. Adv. Appl. Microbiol. 

2005; 58: 1–75.  

34. Shi B, He Q, Yao K, Huang W, Li Q. Production of ellagic 

acid from degradation of valonea tannins by Aspergillus 

niger and Candida utilis. J. Chem. Technol. Biotechnol. 



Prime Archives in Microbiology: 2
nd

 Edition 

23                                                                                www.videleaf.com 

2005; 80: 1154–1159.  

35. Zhao ZJ, Pan YZ, Liu QJ, Li XH. Exposure assessment of 

lovastatin in Pu-erh tea. Int. J. Food Microbiol. 2013; 164: 

26–31.  

36. Bourdichon F, Casaregola S, Farrokh C, Frisvad JC, Gerds 

ML, et al. Food fermentations: microorganisms with 

technological beneficial use. Int. J. Food Microbiol. 2012; 

154: 87–97.  

37. Breuer U. In: T Satyanarayana, Gotthard Kunze, editors. 

Yeast Biotechnology: diversity and applications. 2010; 427–

428. 

38. Zhang X, Wang Y, Guo F, He W, Zhou Y. Filamentous 

mycoflora in a Chinese spirit Jiuqu. Mycosystema. 2013; 32: 

224–235. 

39. Waters DM, Murray PG, Ryan LA, Arendt EK, Tuohy MG. 

Talaromyces emersonii thermostable enzyme systems and 

their applications in wheat baking systems. J. Agric. Food 

Chem. 2010; 58: 7415–7422.  

40. Ge Y, Wang Y, Liu Y, Tan Y, Ren X, et al. Comparative 

genomic and transcriptomic analyses of the Fuzhuan brick 

tea-fermentation fungus Aspergillus cristatus. BMC 

Genomics. 2016; 17: 428.  

41. Du FY, Li X, Li XM, Zhu LW, Wang BG. 

Indolediketopiperazine alkaloids from Eurotium cristatum 

EN-220, an endophytic fungus isolated from the marine alga 

Sargassum thunbergii. Mar. Drugs. 2017; 15: 24.  

42. Crous PW, Wingfield MJ, Mansilla JP, Alfenas AC, 

Groenewald JZ. Phylogenetic reassessment of 

Mycosphaerella spp. and their anamorphs occurring on 

Eucalyptus. II. Stud. Mycol. 2006; 55: 99–131.  

43. Bressani APP, Martinez SJ, Sarmento ABI, Borém FM, 

Schwan RF. Influence of yeast inoculation on the quality of 

fermented coffee (Coffea arabica var. Mundo Novo) 

processed by natural and pulped natural processes. Int. J. 

Food Microbiol. 2021; 343: 109107.  

 

Supplementary Material 
 

Supplementary Material can be accessed online at 

https://videleaf.com/wp-content/uploads/2021/11/Supplementary-

Material_PAMICR2ED-20-20.1.zip 

https://videleaf.com/wp-content/uploads/2021/11/Supplementary-Material_PAMICR2ED-20-20.1.zip
https://videleaf.com/wp-content/uploads/2021/11/Supplementary-Material_PAMICR2ED-20-20.1.zip


Prime Archives in Microbiology: 2
nd

 Edition 

24                                                                                www.videleaf.com 

Sub-Chapter 
 

Comprehensive Analysis of Bacterial 

Community Structure and Diversity in 

Sichuan Dark Tea (Camellia sinensis) 
 

Kuan Yan
1,2†

, Linfeng Yan
3†

, Lina Meng
1,2

, Hongbing Cai
3
, 

Ailing Duan
1
, Lian Wang

1
, Quanzi Li

4,5
, Ahmed H El-

Sappah
1,2,6

*, Xianming Zhao
1,2

* and Manzar Abbas
1,2

* 

 
1
Faculty of Agriculture, Forestry and Food Engineering, Yibin 

University, China 
2
Key Laboratory of Sichuan Province for Refining Sichuan Tea, 

China 
3
Sichuan Province Tea Industry Group Co., Ltd, China 

4
State Key Laboratory of Tree Genetics and Breeding, Chinese 

Academy of Forestry, P.R. China 
5
Research Institute of Forestry, Chinese Academy of Forestry, 

P.R. China 
6
Genetics Department, Faculty of Agriculture, Zagazig 

University, Egypt 

 

*Corresponding Authors: Ahmed H El-Sappah, Faculty of 

Agriculture, Forestry and Food Engineering, Yibin University, 

Yibin, 644000, Sichuan Province, China 

 

Xianming Zhao, Faculty of Agriculture, Forestry and Food 

Engineering, Yibin University, Yibin, 644000, Sichuan 

Province, China 

 

Manzar Abbas, Faculty of Agriculture, Forestry and Food 

Engineering, Yibin University, Yibin, 644000, Sichuan 

Province, China 

 

This Book Chapter is a republication of an article published by 

Manzar Abbas, et al. at Frontiers in Microbiology in September 

2021. (Yan K, Yan L, Meng L, Cai H, Duan A, Wang L, Li Q, 

El-Sappah AH, Zhao X and Abbas M (2021) Comprehensive 

Analysis of Bacterial Community Structure and Diversity in 



Prime Archives in Microbiology: 2
nd

 Edition 

25                                                                                www.videleaf.com 

Sichuan Dark Tea (Camellia sinensis). Front. Microbiol. 

12:735618. doi: 10.3389/fmicb.2021.735618) 

 

Funding: First author acknowledges that this work was co-

supported by Sichuan Provincial Department of Science and 

Technology Project (grant no. 18ZDYF0293), the Key 

Laboratory of Sichuan Province for Refining Sichuan Tea, and 

the Sichuan Province Tea Industry Group Co., Ltd. 

 

Data Availability Statement: The datasets presented in this 

study can be found in online repositories. The names of the 

repository/repositories and accession number(s) can be found at: 

European Nucleotide Archive (ENA), Accession number 

PRJEB46897. Our study unique name is  

 

Conflict of Interests: The authors declare no conflict of 

interests. 

 

Author Contributions: Conceptualization, K.Y., M.A., AE-S., 

and X.Z.; writing-original draft, K.Y., and M.A.; drawing 

figures, K.Y., L.Y., L.M., A.H.EL-S and H.C.; editing and proof 

reading, X.Z., Q.L., and M.A.; supervision, K.Y., and X.Z.; 

project administration, K.Y 

 

Abstract 
 

Bacteria and fungi present during pile-fermentation of Sichuan 

dark tea play a key role in development of its aesthetic properties 

such as color, taste and fragrance. In our previous study, high-

throughput sequencing of dark tea during fermentation revealed 

Aspergillus was abundant but scarce knowledge is available 

about bacterial communities during pile-fermentation. In this 

study, we rigorously explored bacterial diversity in Sichuan dark 

tea at each specific stage of piling. Analysis of cluster data 

revealed 2948 operational taxonomic units (OTUs), which were 

divided into 42 phyla, 98 classes, 247 orders, 461 families, 1052 

genera, and 1888 species. Certain members of the family 

Enterobacteriaceae were dominant at early stages of 

fermentation YC, W1 and W2, while Pseudomonas at middle 

stage W3, and highest bacterial diversity was observed at final 
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quality determining stage W4. Noticeably, probiotics such as 

Bacillus, Lactobacillus, Bifidobacterium and Saccharopolyspora 

were also significantly higher at quality determining stage W4. 

Our findings might help in precise bacterial inoculation for 

probiotic foods production by increasing health benefits of 

Sichuan dark tea. This research also falls under umbrella of 

“Establish Good Health and Well-Being” Sustainable 

Development Goals of United Nations Organization. 

 

Keywords  
 

Bacterial Diversity; High-Throughput Sequencing; Sichuan Dark 

Tea; Pile-Fermentation 

 

Introduction  
 

Tea can be considered a medicinal plant with a lot of health 

benefits and being consumed as beverage across the world. 

China is origin of tea plant (Camellia sinensis), and has great 

importance in Chinese culture. In China, plentiful tea products 

are found relying upon growth areas, processing techniques, and 

polyphenol oxidase contents [1,2]. Dark tea is one of the six 

major tea types found in China, and being cultivated in Sichuan, 

Yunnan, Guangxi, Hunan, and Hubei [3,4]. Dried green tea 

leaves are raw material which are processed to make dark tea via 

microbial fermentation and solid-state fermentation (SSF). So, 

growth of microbes such as bacteria and fungi is a key step in 

biosynthesis of dark tea during wet piling technique, which 

determine aesthetic value of dark tea such as stale taste, mellow 

taste and reddish brown wine [5]. 

 

Sichuan province is prominent dark tea production area due to its 

unique and favorable climatic conditions for the growth of raw 

material, and specialty of processing technology in pile-

fermentation. It is hypothesized that potential microbial 

resources of Sichuan region are entirely different as compared to 

other dark tea production areas. Traditional bacterial culture 

techniques have been employed for undermining structural 

variations among microbial communities in dark tea, in which 

only few bacterial strains can be isolated, because selective 
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bacterial strains can grow on available mediums [6]. So, the 

probability of fake results of microbial diversity in fermentation 

of dark tea is very significantly high by culturing techniques.  

 

Contrastingly, culture-independent methods have advantage over 

culture-dependent method because of its potential of microbial 

community structure detection in any kind of medium even with 

low-abundance. Recently, culture-independent methods is being 

widely used in food industry to undermine composition of 

microbes more accurately and comprehensively [5]. The 

principal of culture-independent methods is based on direct 

diversity analysis via sequencing of ribosomal RNA (rRNA) 

genes without any involvement of culture-medium step, that’s 

why it is robust, fast, cost effective and provides high-resolution 

of microbial communities. However, culture-independent 

methods are scarcely applied to investigate microbial community 

structure in dark tea [6-9].  

 

In this study, high-throughput sequencing was employed to 

undermine entire diverse bacterial community structure and to 

specifically reveal dominant bacterial taxa at each stage of pile-

fermentation present in Sichuan dark tea. Our study will provide 

preliminarily exploration of dynamic characteristics of bacterial 

community during piling process, and reveal actual modulator 

behind development of unique aesthetic values of Sichuan dark 

tea. A better understanding of microbial community structure 

and their abundance at each aesthetic value determinant stage 

will pave way to regulate their concentration and develop new 

techniques to precisely develop unique tastes and probiotic foods 

for human being. 

 

Materials and Methods  
Experimental Materials  
 

In order to conduct research, samples of Sichuan dark tea were 

provided by Sichuan Tea Industry Group Co., Ltd., which was 

prepared by fresh leaves of tea plants collected in summer and 

autumn. During fermentation process, leaves of tea plants were 

mixed thoroughly to ensure homogeneity and tap water was 

sprinkled in an adequate quantity to maintain 65-75 % (w/v) 
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solid contents, and temperature at 45-71℃. Samples were 

collected from tea piles with every 15 days interval and 

subjected to sensory evaluation as described by GB/T 23776-

2009 [10]. Fermentation process gets over as tea mass becomes 

reddish-brown and free of stringent taste. Samples were 

collected during fermentation process in triplicate manners and 

at following time intervals; days 0 (YC), 8 (W1), 16 (W2), 24 

(W3) and 32 (W4). Temperature of each fermentation tea pile 

was recorded from the center at the depth of 40 cm, and almost 

every day. 

 

DNA Extraction  
 

For DNA extraction, 5 g of each sample was suspended in 50 

mL sterile Tween-NaCl buffer [0.9% NaCl (w/v), 0.05% Tween 

20 (v/v), 2% polyvinylpolypyrrolidone (w/v)], and homogenized 

by mixing thoroughly for 30 min via sonication at 4℃. Solution 

was further passed through a sterile gauze and subsequently 

centrifuged at 2000 rpm for 2 min at 4℃ to remove course 

material. To collect microbial communities, supernatant was 

shifted in a new tube and centrifuged at 10,000 rpm for 10 min at 

4℃. Microbial genomic DNA was extracted from precipitate 

using E.Z.N.A.
TM

 HP Plant DNA Kit (Omega Bio-Tek Inc., GA, 

USA) according to the manufacturer’s protocol. Finally, DNA 

was purified using E.Z.N.A.
TM

 Soil DNA Kit to remove 

impurities such as polyphenol, that may have negative effect on 

PCR reaction. 

 

PCR Amplification and Sequencing Analysis  
 

Primer pair 338F: 5'-ACTCCTACGGGAGGCAGCAG-3' and 

806R: 5'-GGACTACHVGGGTWTCTAAT-3' was employed to 

amplify V3+V4 region of bacterial 16S rRNA gene [11,12]. PCR 

reaction conditions were as following; initial denaturation at 

95°C for 3 min; denaturation at 95°C for 30 s, annealing at 55°C 

for 30 s, extension at 72°C for 45 s, 30 cycles in total; final 

extension at 72 °C for 10 min; hold at 10°C for 10 min. Total 

PCR reaction system was 20 μL with following ingredients; 4 μL 

of 5×PCR buffer (with Mg
2+

); 2 μL of 2.5 mmol/L dNTP; 0.8 μL 

of 5μmol/L P1 (338F); 0.8 μL of 5 μmol/L P2 (806R); 0.4 μL of 
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5 U/μL Taq Enzyme; 2 μL of DNA template; 10 μL of ddH2O. 

PCR products of all same samples were mixed together and 

electrophoresed by running on 2% agarose gel. Gel cutting was 

performed with a sterile sharp edge blade and subsequently 

AxyPrepDNA Gel Recovery Kit (AXYGEN
®
) was used for gel 

elution to recover correct DNA band. Furthermore, PCR 

products with good quality were subjected to library construction 

and sequenced by using robust Illumina MiSeq
™

 PE300. Pair 

reads were merged into a single sequence by following overlap 

relationship between PE reads, and filtered for quality control to 

avoid splicing effect. Finally, reads obtained by sequencing were 

checked for their quality and sequence direction was corrected 

[13]. According to primer use, proper barcoding/labelling was 

performed on each step to avoid any error.  

 

Taxonomic Assessment and Data Analysis  
 

USEARCH manual version 7.1 (http://drive5.com/uparse/) was 

deployed to extract non-repetitive sequences from optimized 

sequences, which is very useful to remove redundant 

calculations during data analysis 

(http://drive5.com/usearch/manual/dereplication.html), and to 

remove non-repetitive single sequences 

(http://drive5.com/usearch/manual/singletons.html). Similarly, 

UPARSE software (http://www.drive5.com/uparse/) was 

deployed for clustering analysis at 97% similarity index in order 

to get representative sequences of operational taxonomic units 

(OTUs) [14]. RDP classifier Bayesian algorithm was deployed to 

perform taxonomic analysis of OTUs at 97% similar index. 

Bacterial community composition present in every dark tea 

sample was classified and counted at each level of phylogeny, 

such as; kingdom, phylum, class, order, family, genus, and 

species [15].  

 

To construct rarefaction curve, specific number of individuals 

from each sample were randomly selected to evaluate their 

OTUs, and number of individuals with their relevant OTUs were 

used to construct curve. Rarefaction curve is used to compare 

abundance of each specie in given samples with variable 

sequencing reads, and to validate amount of sequencing data. 
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Rarefaction analysis of OTUs at 97% similarity index obtained 

from 16S rRNA gene sequence reads via illumina MiSeq 

platform was performed art mothur website 

(https://mothur.org/wiki/miseq_sop/) and curve was made using 

R tool [16]. In order to evaluate sequencing depth index, α-

diversity such as Chao 1, ACE, Shannon, and Simpson of each 

sample were individually calculated, and abundance as well as 

diversity of microbial communities in dark tea were analyzed at 

different fermentation stages [17]. Venn diagram was 

constructed to count the number of common and unique OTUs in 

all samples [18]. According to taxonomic analysis results, single 

or multiple samples were compared at each classification level, 

and R tool was employed to construct community structure 

component diagrams, histogram combined analysis diagrams, 

and RDA principal coordinate analysis diagram [19,20]. 

 

Statistical Analysis  
 

All data was explained in mean values of standard deviation 

(SD) and analyzed by one-way analysis of variance (ANOVA). 

A Duncan multiple-comparison test was applied to detect 

variations among means of all samples at p-value <0.05 level of 

significance. All correlation and path coefficient analyses were 

performed with SPSS Statistics 20.0 (SPSS Inc., Chicago, IL, 

USA) and Excel 2019. 

 

Results  
Sequencing Data Analysis  
 

We analysed diverse bacterial communities found in Sichuan 

dark tea at 5 different stages during fermentation process by 

large scale sequencing based analysis of 16S rRNA gene 

sequences. The sequencing data of bacterial colonies found in all 

samples collected at five different stages of fermentation is given 

in Table 1. Total number of sequencing reads of sample YC are 

62,456, total number of nitrogenous bases are 26,118,006 bp, 

and average sequence length is 418.59 bp. Similarly, total 

number of effective sequencing reads of sample W1 are 46909, 

total numbers of nitrogenous bases are 19,638,346 bp, and 

average sequence length is 420.24 bp. Sequencing analysis 
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revealed 40,399 full length sequence reads in sample W2, total 

number of nitrogenous bases are 17,285,142 bp, and average 

read length is 427.75 bp. In sample W3; 43,362 full length 

sequencing reads were obtained, with total number of 

18,361,869 bp nitrogenous bases, and average read length is 

423.51 bp. Finally, after elimination of raw and incomplete reads 

60,400 total reads were obtained in sample W4, containing 

25,535,185 bp total number of nitrogenous bases, and average 

length of sequence reads was 422.57 bp (Table 1). 

 

Rarefaction curve was drawn to show sampling depth of each 

sample, which can be used to evaluate either sequencing date is 

sufficient to represent all bacterial strains present in each sample. 

The flatness of each rarefaction curve representing all 5 samples 

proved that sampling process had adequately collected 

experimental material (Figure 1). The bacterial diversity in 

amount of each randomly collected sample was enough to 

construct individual DNA library for each sample. The 

confidence level about amount of each bacterial community 

structure in Sichuan dark tea samples was very high to accurately 

reflect bacterial community. 

 
Table 1: Sequencing analysis of 16S rRNA gene of bacterial communities in 

all five samples. 

 

Sample Reads Total bases Average length 

YC 62,456 26,118,006 418.59 

W1 46,909 19,638,346 420.24 

W2 40,399 17,285,142 427.75 

W3 43,362 18,361,869 423.51 

W4 60,400 25,535,185 422.57 

 

Note: Column 1 represents sample name, column 2 represents reads obtained 

after elimination of raw and incomplete reads, column 3 is comprised of total 

number of nitrogenous bases, and column 4 represents average read length in 

base pair. 
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Figure 1: Rarefaction curves of all samples. The abscissa represents the 

amount of randomly selected sequencing data; the ordinate represents the 

number of species observed. Flat curve shows that the amount of sequencing 

data for this study is sufficient. 

 

OTUs Cluster Analysis  
 

The bioinformatics and statistical analysis were performed at 

OTU level with 97% similarity index. Furthermore, Venn 

diagram was constructed to display compositional similarity 

among different bacterial communities present in all samples and 

overlapping of different samples was intuitively displayed at 

different classification levels. A total number of OTUs obtained 

by clustering the valid data were 2,948, which were further 

divided into 42 phyla, 98 classes, 247 orders, 461 families, 1,052 

genera, and 1,888 species (Supplemental Table S1). Similarly, 

OTUs in each stage were 2,082, 2,116, 381, 399, and 580, 

respectively. Among all samples, YC and W1 samples shared 

highest 1,211 OTUs, YC and W2 samples shared 15 OTUs, YC 

and W3 samples shared 25 OUTs, and YC and W4 samples 

shared 50 OUTs. The unique OTUs which were not common or 

overlapping in each sample were; 360 in YC, 399 in W1, 70 in 

W2, 94 in W3, and 151 in W4, which were 17.3%, 18.9%, 

18.4%, 23.6%, and 26.0% of total OTUs, respectively (Figure 2). 

The total number of common OTUs among all 5 samples 

collected at 5 different stages of pile-fermentation were 103, 

which were 3.6% of total number of OTUs in all samples. These 

results indicated that the bacterial community structure of 
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Sichuan dark tea has undergone significant changes during pile-

fermentation. 

 
 
Figure 2: OTUs Venn analysis. Different groups are represented by different 

colors, and numbers in overlapping portions represent number of species 

common among all groups. 

 

Microbial Abundance and Diversity Analysis  
 

Bacterial community richness and diversity was explored of 

Sichuan dark tea samples collected at different stages of pile-

fermentation. Noticeably, sequencing coverage of all samples 

was higher than 0.9984, which represents actual conditions of 

bacterial communities present in Sichuan dark tea samples 

collected at different stages of fermentation (Table 2). In general, 

higher Shannon index and lower Simpson index represents 

higher bacterial community diversity index in a sample [21]. We 

observed highest bacterial community diversity in Sichuan dark 

tea samples collected at YC and W4 stages, followed by W1 

period, and lowest bacterial community diversity was observed 

in samples collected at W2 stage.  
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Table 2: Bacterial community richness and diversity indices of Sichuan dark 

tea. 

 

Sample Shannon Simpson ACE Chao Coverage 

W1 1.65 0.3649 287 284 0.9984 

W2 0.78 0.6875 242 214 0.9988 

W3 1.67 0.4025 260 267 0.9987 

W4 2.47 0.1857 289 293 0.9995 

YC 2.21 0.1854 329 315 0.9988 

 

Note: First column consists upon sample name, columns 2-4 represent 

Shannon, Simpson, ACE and Chao 1 values of diversity index in each sample. 

Last column contains average of values of diversity index. 

 

In order to investigate abundance of bacterial community 

structure in Sichuan dark tea collected at different stages of 

fermentation, Chao index and ACE index were measured. We 

observed highest bacterial community abundance in dark tea 

samples collected at YC and W4 stages, followed by samples 

collected at W1 stage, and lowest bacterial community 

abundance was observed in samples collected at W2 and W3 

stages. Our results showed that abundance and diversity of 

bacterial community present in Sichuan dark tea samples was 

quite different at different stages of fermentation. 

 

Bacterial Community Structure Analysis  
 

All Sichuan dark tea samples collected at different stages of pile-

fermentation were analyzed to disclose structure of bacterial 

communities. Bacterial communities with higher abundance 

were annotated and clearly classified into 18 genera, while 

bacterial communities with relatively low abundance were 

merged together into single category expressed by others (Figure 

3). For example, bacterial communities with relatively high 

abundance at the genus level were Pseudomonas, 

unclassified_f_Enterobacteriaceae, Bacillus, Kocuria, Ralstonia, 

Lactobacillus, Staphylococcus, etc (Figure 3). At YC stage of 

fermentation, the significantly higher bacterial communities 

were unclassified_Enterobacteriaceae (26.38%), and relatively 

high abundant bacterial communities at the genus level were 

Kocuria (15.72%), Streptomyces (5.92%), Pseudomonas 

(5.02%), Bacillus (4.73%), and Staphylococcus (4.19%). 
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Figure 3: Bacterial community structure barplot analysis at the genus level. 

Ordinate is sample name, and abscissa is proportion of different taxa at the 

genus level in a sample. Different taxa are represented by columns with 

different colors, size and proportion of species. 

 

At stage W1, the dominantly higher bacterial communities were 

unclassified_Enterobacteriaceae (26.38%), and relatively high 

abundant bacterial communities at the genus level were 

Pseudomonas (4.91%), Lactobacillus (3.18%), Bifidobacterium 

(2.90%), and Bacteroides (2.10%). Similarly, the highest 

abundance of bacterial community at stage W2 was unclassified_ 

Enterobacteriaceae (51.55%), followed by Pseudomonas 

(41.50%), unclassified_Bacteria (2.15%), and the relative 

abundance of other bacterial genera were all less than 1%. 

Pseudomonas (61.61%) was absolutely dominant bacterial strain 

at W3 stage, and relatively high abundance were unclassified_ 

Enterobacteriaceae (8.98%), Kocuria (6.86%), and 

unclassified_Bacteria (6.97%). At stage W4, the highest relative 

abundance was of Bacillus (33.20%), followed by Kocuria 

(18.63%), Lactobacillus (13.74%), Staphylococcus (7.92%), and 

Ralstonia (7.39%). We also observed that Pseudomonas and 

unclassified_Enterobacteriaceae displayed higher abundance at 

YC, W1, W2 and W3 stages, while Bacillus, Kocuria and 

Lactobacillus have higher abundance in W4 period (Figure 4). 

Our results showed that the bacterial diversity has obvious 

differences with different piling-fermentation stages of Sichuan 

dark tea. 
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Figure 4: Community heatmap analysis at the genus level. Abscissa represents 

group name and ordinate represents taxa name. Abundance changes of different 

taxa in each sample are displayed by color gradient of color block. Bar on the 

right side of figure represents abundance value by color gradient. 

 

Effect of Bacterial Community Composition on Active 

Ingredients  
 

Redundancy analysis (RDA) is a type of PCA analysis which are 

constrained by environmental factors. For pictorial 

representation of relationship between bacterial flora at genus 

level and environmental factors, samples and environmental 

factors were drawn on same 2D sequence diagram (Figure 5) 

[22]. Among four active compounds of Sichuan dark tea, 

polysaccharides have a positive correlation with total flavonoids, 

and caffeine has a positive correlation with amino acids. 

Furthermore, correlation was analyzed among active compounds 

of dark tea, bacterial taxa and different stages of pile-

fermentation. We observed effective formation of caffeine and 

amino acids predominantly exists at following stages of 

fermentation YC, W1, and W2.  
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Figure 5: RDA at the genus level. Points of different colors or shapes represent 

sample groups under different environments or conditions in the figure; taxa 

are represented by green arrows in the RDA diagram; quantitative 

environmental factors are represented by red arrows; The length of the 

environmental factor arrow can represent the degree of influence of the 

environmental factor on the taxa data; the angle between the environmental 

factor arrow represents the positive and negative correlation (acute angle: 

positive correlation; obtuse angle: negative correlation; right angle: no 

correlation). Projection from the sample point to the arrow of the quantitative 

environmental factor, the distance between the projection point and the origin 

represents the relative influence of the environmental factor on the distribution 

of the sample community. PO, polysaccharides; FL, flavonoids; CA, caffeine; 

AA, amino acids. 

 

Noticeably, the polysaccharides and total flavonoids contents 

were increased significantly during pile-fermentation stage W4. 

Similarly, following bacterial genus Bacillus, Ralstonia, and 

Saccharopolyspora were significantly correlated with total 

flavonoid contents, while Kocuria was closely related with 

formation of polysaccharides. The dominant bacterial genus at 

stage W3 was Pseudomonas, which displayed no any 

relationship any of above mentioned four active ingredients of 

dark tea. These results proved that the biosynthesis of active 

ingredients of Sichuan dark tea were significantly affected by the 

composition of bacterial community found in pile-fermentation. 
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Discussion  
 

Time required for accomplishment of pile-fermentation cycle of 

dark tea and development of flavor, color, fragrance and 

nutritional value are predominantly determined by the 

composition and fermentation stage specific variations in 

microbial community present in fermentation reaction [23]. So, 

better understanding of microbial community in piling process is 

a prerequisite for precise manipulation of microbial flora to 

improve aesthetic value of Sichuan dark tea. On the other hand, 

traditional culturing methods to explore microbial flora in dark 

tea samples is time consuming, labor intensive, and 

unsustainable because all bacterial species cannot be cultivated. 

We employed robust high-throughput Illumina Miseq
™

 

sequencing technology which revealed 253,526 high-quality 

bacterial sequence reads, with an average length of 422.53 bp. 

Furthermore, clustering of valid sequencing data revealed 2,948 

OTUs at 97% identity threshold of 16S rRNA, which were 

classified as; 42 phyla, 98 classes, 247 orders, 461 families, 

1,052 genera, and 1,888 species. These findings lead to 

conclude; bacterial flora present in fermentation process are 

result of inoculation from tea leaves (epiphytic and endophytic 

microbes) and surrounding environment.  

 

In recent years, only fungi are the focus of researchers to explore 

composition of the microbial community in dark tea, such as 

Eurotium cristatum, but the knowledge about bacterial 

community is scarce [24]. Bacterial flora displayed lagging 

growth phase at early flowering stage of Camellia sinensis due to 

exponential growth of E. cristatum, which transformed into 

bacterial exponential growth at late flowering stage to establish 

symbiotic relationship with E. cristatum [25]. Noticeably, 

bacterial flora present in dark tea of different regions is unique 

[26]. In Sichuan dark tea, two relatively abundant bacterial 

genera were unclassified_f_Enterobacteriaceae and 

Pseudomonas sequence analyzed during YC to W3 stages of 

fermentation. Certain members of Enterobacteriaceae family 

retain disease causing potential, encompassing beneficial 

commensal microbiota opportunistic pathogens that can inflict 

considerable morbidity and mortality on compromised hosts and 
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few are harmless, which are widely distributed in environment 

including soil, water, plants, insects and animals [27], that’s why 

members of this genus were abundantly found (51.55%) during 

early stages of pile-fermentation (W2). Pseudomonas, Vibrio, 

Staphylococcus are generally considered to be conditional 

pathogens in dark tea [28]. Comparatively, Pseudomonas was 

higher 61.61% in the dark tea samples collected at W3 stage, and 

further studies are invited to explore its specific role. 

 

The highest diversity in bacterial community was observed at 

quality determining W4 stage of Sichuan dark tea. For example, 

Bacillus was highest 33.20% at W4 stage probably due to 

decrease in temperature, which shows composition of bacterial 

community during pile-fermentation is temperature dependent 

[29]. So, we can control distribution of bacterial community by 

regulating temperature during dark tea pile-fermentation, and 

ultimately quality of dark tea. For example, quick drying of dark 

tea is performed at 50°C temperature during final stage W4, and 

at which abundance of Bacillus is also highest. The genus 

Bacillus are probiotics which have beneficial health effects on 

intestine of animals and humans, play role in frequency and 

characteristics of feces, and skin properties [29]. For example, B. 

coagulans is health beneficial food ingredient, included in 

Qualified Safety Presumption (QPS) list by the European Food 

Safety Agency (European Food Safety Agency, 2008), and 

approved by U.S. Food and Drug Administration (Ganeden 

Biotech, 2011) recognized safety standards (GRAS) [30]. 

Because, probiotic bacterial strain B. coagulans is dominant 

during pile-fermentation process of dark tea, so it can also be 

employed to improve flavor and shelf life of different foods. 

 

Other probiotic genera Lactobacillus and Bifidobacterium were 

also abundantly found at final stage W4, which are also found in 

human intestine, and being widely used in production of various 

types of fermented foods [31]. For example, the relative 

abundance of Lactobacillus was higher (13.74%) at final stage 

W4, which help in digestion, beneficial for human and animal 

intestine, and is being widely used biosynthesis of yogurt and 

sausage [32]. Lactobacillus is also beneficial for intestinal flora 

and health of mice present in black tea [33,34]. The share of 
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Saccharopolyspora was 2.85% at W4 stage, which is an anti-

tumor agent [35], therefore, it can be used in food processing to 

increase health benefits of dark tea. Additionally, Butenyl-

spinosyn is produced by Saccharopolyspora, which is a strong 

insecticidal agent with broad pesticidal spectrum [36].  

 

Biological active compounds present in Sichuan dark tea, such as 

polysaccharides, flavonoids, caffeine, and amino acids are highly 

correlated with the abundance of bacterial genus during pile-

fermentation. During the process of piling-fermentation, the 

concentration of these biologically active components was 

declined due to microbial metabolic activities, and our these 

findings are in accordance to Pu'er tea [37]. Similarly, cellulase, 

hemicellulase and protease enzymes secreted by microbes during 

metabolic activities also have catalytic effect on main 

metabolites [38]. Further studies are invited to unravel 

relationship between biologically active ingredients of dark tea 

and microbial diversity during pile-fermentation process of 

Sichuan dark tea, so that quality of dark tea can be improved. 

 

Conclusion  
 

The Sichuan dark tea is economically important due to its unique 

aroma and being prepared via pile-fermentation since decades. 

Microbes play crucial role in development of unique aroma, 

nutritional value and physical characteristics of dark tea. In depth 

knowledge about piling stage specific bacterial composition will 

provide bench for precise inoculation of probiotic bacteria for 

bio-fortification. High-throughput sequencing of bacterial 16S 

rRNA gene revealed that certain members of the family 

Enterobacteriaceae were dominantly present in early piling 

stages YC, W1 and W2, Pseudomonas was dominant at stage 

W3, and highest bacterial diversity at stage W4. We observed 

probiotic bacterial genera such as Bacillus, Lactobacillus, 

Bifidobacterium and Saccharopolyspora were in abundance at 

final piling stage W4. In conclusion, precise inoculation of 

members of these bacterial genera in dark tea might improve its 

nutritional value and health benefits.  

 

 



Prime Archives in Microbiology: 2
nd

 Edition 

41                                                                                www.videleaf.com 

References  
 

1. Jie G, Lin Z, Zhang L, Lv H, He P, et al. Free radical 

scavenging effect of Pu-erh tea extracts and their protective 

effect on oxidative damage in human fibroblast cells. Journal 

of agricultural food chemistry. 2006; 54: 8058-8064.  

2. Lee Y, Lin Z, Du G, Deng Z, Yang H, et al. The fungal 

laccase‐catalyzed oxidation of EGCG and the 

characterization of its products. Journal of the Science of 

Food. 2015; 95: 2686-2692. 

3. Peng Y, Xiong Z, Li J, Huang Ja, Teng C, et al. Water extract 

of the fungi from Fuzhuan brick tea improves the beneficial 

function on inhibiting fat deposition. International Journal of 

Food Sciences and Nutrition. 2014; 65: 610-614.  

4. Liu T. Effect of Eurotium cristatum fermented dark tea 

extract on body weight and blood lipid in rats. Journal of the 

Academy of Nutrition Dietetics. 2016; 116: A77.  

5. Li Q, Huang J, Li Y, Zhang Y, Luo Y, et al. Fungal 

community succession and major components change during 

manufacturing process of Fu brick tea. Scientific Reports. 

2017; 7: 1-9. 

6. Ge Y, Bian X, Sun B, Zhao M, Ma Y, et al. Dynamic 

profiling of phenolic acids during Pu-erh tea fermentation 

using derivatization liquid chromatography–mass 

spectrometry approach. Journal of Agricultural Food 

Chemistry. 2019; 67: 4568-4577. 

7. Chen H, Cui F, Li H, Sheng J, Lv J. Metabolic changes 

during the pu‐erh tea pile‐fermentation revealed by a liquid 

chromatography tandem mass‐spectrometry‐based 

metabolomics approach. Journal of Food Science. 2013; 78: 

C1665-C1672.  

8. Fu YX, Liu TX. The effect of polyphenol oxidase on the 

pile-fermentation process and quality of Pu-erh tea. Modern 

Food Science Technology. 2015; 31: 197-201. 

9. Zhang Y, Skaar I, Sulyok M, Liu X, Rao M, et al. The 

microbiome and metabolites in fermented Pu-erh tea as 

revealed by high-throughput sequencing and quantitative 

multiplex metabolite analysis. PLoS One. 2016; 11: 

e0157847.  



Prime Archives in Microbiology: 2
nd

 Edition 

42                                                                                www.videleaf.com 

10. Gong S, Chengyin L, Xu L, Yuxiang Z, Hong S, et al. 

"Methodology of sensory evaluation of tea GB/T 23776–

2009". China Agriculture Press. Beijing, China. 2009. 

11. Zeng G, Yu Z, Chen Y, Zhang J, Li H, et al. Response of 

compost maturity and microbial community composition to 

pentachlorophenol PCP)-contaminated soil during 

composting. Bioresource Technology. 2011; 102: 5905-5911.  

12. Apprill A, McNally S, Parsons R, Weber L. Minor revision 

to V4 region SSU rRNA 806R gene primer greatly increases 

detection of SAR11 bacterioplankton. Aquatic Microbial 

Ecology. 2015; 75: 129-137.  

13. Mukherjee PK, Chandra J, Retuerto M, Sikaroodi M, Brown 

RE, et al. Oral mycobiome analysis of HIV-infected patients: 

identification of Pichia as an antagonist of opportunistic 

fungi. PLoS Pathogens. 2014; 10: e1003996.  

14. Ye J, Joseph SD, Ji M, Nielsen S, Mitchell DR, et al. 

Chemolithotrophic processes in the bacterial communities on 

the surface of mineral-enriched biochars. The ISME Journal. 

2017; 11: 1087-1101.  

15. Chen B, The BS, Sun C, Hu S, Lu X, et al. Biodiversity and 

activity of the gut microbiota across the life history of the 

insect herbivore Spodoptera littoralis. Scientific Reports. 

2016; 6: 1-14.  

16. Amato KR, Yeoman CJ, Kent A, Righini N, Carbonero F, et 

al. Habitat degradation impacts black howler monkey 

Alouatta pigra) gastrointestinal microbiomes. The ISME 

Journal. 2013; 7: 1344-1353.  

17. Rogers MB, Firek B, Shi M, Yeh A, Brower-Sinning R, et al. 

Disruption of the microbiota across multiple body sites in 

critically ill children. Microbiome. 2016; 4: 1-10.  

18. Fouts DE, Brinkac L, Beck E, Inman J, Sutton G. PanOCT: 

automated clustering of orthologs using conserved gene 

neighborhood for pan-genomic analysis of bacterial strains 

and closely related species. Nucleic Acids Research. 2012; 

40: e172-e172.  

19. Lu Y, Chen J, Zheng J, Hu G, Wang J, et al. Mucosal 

adherent bacterial dysbiosis in patients with colorectal 

adenomas. Scientific Reports. 2016; 6: 1-10.  

20. Zhou YJ, Li JH, Ross Friedman C, Wang HF. Variation of 

soil bacterial communities in a chronosequence of rubber 



Prime Archives in Microbiology: 2
nd

 Edition 

43                                                                                www.videleaf.com 

tree Hevea brasiliensis) plantations. Frontiers in Plant 

Science. 2017; 8: 849. 

21. Huang YN, Wang XH, Cao Q, Xue-Cong FU, Wen-Yi FU, et 

al. Analysis of microbial community changes in pig 

excrement during compost process based on high-throughput 

sequencing technology. Journal of Microbiology. 2018; 38: 

21-26. 

22. Huhe, Chen X, Hou F, Wu Y, Cheng Y. Bacterial and Fungal 

Community Structures in Loess Plateau Grasslands with 

Different Grazing Intensities. Frontiers in Microbiology. 

2017; 8: 606.  

23. Chai S, Sun QL, Xiao L, Xiao LZ. Research progress on the 

piling fermentation and quality forming of Anhua dark tea. 

Journal of Tea Communication. 2015; 42: 7-10. 

24. Zeng Q, Lv SH, Li X, Hu X, Liang Y, et al. Bioactive 

ingredients and microbial diversity of Fuzhuan tea produced 

from different raw materials. Food Science. 2020; 41: 69-77. 

25. Liu SQ, Hu ZY, Zhao YL. Analysis of bacterial flora during 

the fahua-fermentation process of fuzhuan brick tea 

production based on DGGE technology. Acta Ecologica 

Sinica. 2014; 34: 3007-3015. 

26. Zhao R, Wei XU, Dan WU, Jiang Y, Zhu Q. Quality 

evaluation of Fu brick tea fermented in different regions 

from the same raw tea materials. Food Science. 2017; 38: 8-

14. 

27. Ito K, Honda H, Yoshida M, Aoki K, Ishii Y, et al. A metallo-

beta-lactamase producing Enterobacteriaceae outbreak from 

a contaminated tea dispenser at a children’s hospital in 

Japan. Infection Control Hospital Epidemiology. 2019; 40: 

217-220.  

28. Williams KP, Gillespie JJ, Sobral BW, Nordberg EK, Snyder 

EE, et al. Phylogeny of gammaproteobacteria. Journal of 

Bacteriology. 2010; 192: 2305-2314.  

29. Endres J, Qureshi I, Farber T, Hauswirth J, Hirka G, et al. 

One-year chronic oral toxicity with combined reproduction 

toxicity study of a novel probiotic, Bacillus coagulans, as a 

food ingredient. Food Chemical Toxicology. 2011; 49: 1174-

1182.  

30. Zhao M, Xiao W, Ma Y, Sun T, Yuan W, et al. Structure and 

dynamics of the bacterial communities in fermentation of the 



Prime Archives in Microbiology: 2
nd

 Edition 

44                                                                                www.videleaf.com 

traditional Chinese post-fermented pu-erh tea revealed by 

16S rRNA gene clone library. World Journal of 

Microbiology Biotechnology. 2013; 29: 1877-1884.  

31. Handjiev S, Kuzeva A. Anthropometric study on the role of 

yogurt fermented with Lactobacillus bulgaricus and 

Bifidobacterium animalis subsp. lactis in the prevention and 

treatment of obesity and related diseases. Anthropological 

Researches Studies. 2018; 1: 170-177. 

32. Cavalheiro CP, Ruiz‐Capillas C, Herrero AM, Jiménez‐
Colmenero F, Pintado T, et al. Effect of different strategies of 

Lactobacillus plantarum incorporation in chorizo sausages. 

Journal of the Science of Food Agriculture. 2019; 99: 6706-

6712.  

33. Arellano K, Vazquez J, Park H, Lim J, Ji Y, et al. Safety 

evaluation and whole-genome annotation of Lactobacillus 

plantarum strains from different sources with special focus 

on isolates from green tea. Probiotics Antimicrobial Proteins. 

2020; 12: 1057-1070.  

34. Gao Y, Xu Y, Yin J. Black tea benefits short‐chain fatty acid 

producers but inhibits genus Lactobacillus in the gut of 

healthy Sprague–Dawley rats. Journal of the Science of Food 

Agriculture. 2020; 100: 5466-5475. 

35. Liu R, Cui CB, Duan L, Gu QQ, Zhu WM. Potent in vitro 

anticancer activity of metacycloprodigiosin and 

undecylprodigiosin from a sponge-derived actinomycete 

Saccharopolyspora sp. nov. Archives of Pharmacal Research. 

2005; 28: 1341-1344.  

36. Rang J, Zhu Z, Li Y, Cao L, He H, et al. Identification of a 

TetR family regulator and a polyketide synthase gene cluster 

involved in growth development and butenyl-spinosyn 

biosynthesis of Saccharopolyspora pogona. Applied 

Microbiology Biotechnology. 2021; 105: 1519-1533.  

37. Li Q, Chai S, Li Y, Huang J, Luo Y, et al. Biochemical 

components associated with microbial community shift 

during the pile-fermentation of primary dark tea. Frontiers in 

Microbiology. 2018; 9: 1509.  

38. Abe M, Takaoka N, Idemoto Y, Takagi C, Imai T, et al. 

Characteristic fungi observed in the fermentation process for 

Puer tea. International Journal of Food Microbiology. 2008; 

124: 199-203. 



Prime Archives in Microbiology: 2
nd

 Edition 

45                                                                                www.videleaf.com 

Supplementary Material 
 

Supplementary Material can be accessed online at 
https://videleaf.com/wp-content/uploads/2021/11/Supplementary-

Material_PAMICR2ED-20-20.2.zip 

https://videleaf.com/wp-content/uploads/2021/11/Supplementary-Material_PAMICR2ED-20-20.2.zip
https://videleaf.com/wp-content/uploads/2021/11/Supplementary-Material_PAMICR2ED-20-20.2.zip

