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Abstract

Pu-erh is a tea produced in Yunnan, China by microbial fermentation of fresh Camellia
sinensis leaves by two processes, the traditional raw fermentation and the faster, ripened
fermentation. We characterized fungal and bacterial communities in leaves and both Pu-
erhs by high-throughput, rDNA-amplicon sequencing and we characterized the profile of
bioactive extrolite mycotoxins in Pu-erh teas by quantitative liquid chromatography-tandem
mass spectrometry. We identified 390 fungal and 629 bacterial OTUs from leaves and both
Pu-erhs. Major findings are: 1) fungal diversity drops and bacterial diversity rises due to raw
or ripened fermentation, 2) fungal and bacterial community composition changes signifi-
cantly between fresh leaves and both raw and ripened Pu-erh, 3) aging causes significant
changes in the microbial community of raw, but not ripened, Pu-erh, and, 4) ripened and
well-aged raw Pu-erh have similar microbial communities that are distinct from those of
young, raw Ph-erh tea. Twenty-five toxic metabolites, mainly of fungal origin, were detected,
with patulin and asperglaucide dominating and at levels supporting the Chinese custom

of discarding the first preparation of Pu-erh and using the wet tea to then brew a pot for
consumption.

Introduction

Tea is one of the most popular and widely consumed beverages in the world. It is normally pro-
duced from the leaves of two varieties of the tea plant, Camellia sinensis var. sinensis and var.
assamica [1]. Tea has important physiological effects on consumers due to the presence of
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compounds such as polyphenols, amino acids, vitamins, carbohydrates, caffeine, and purine
alkaloids, all of which can have health benefits [2-4]. Among the claimed effects of consuming
tea are blood lipid and weight reduction, antimicrobial, antioxidant, and anticancerogenic
activities, and enhanced digestion [4, 5]. Based on processing procedures, tea can be divided
into at least six different types: green, yellow, white, oolong, black (called red tea in China), and
post-fermented tea (called dark tea in China) [6]. Of them, post-fermented tea is unique due

to the microbial fermentation process, which may last from several months to many years.
Post-fermented Chinese teas include Fu-zhuan in Hunan, Qing-zhuan in Hubei, Liu-bao in
Guangxi, and Pu-erh in Yunnan, the latter being best known, both for its taste and its political
economics [7].

Pu-erh tea has been made from C. sinensis var. assamica since the Tang dynasty (AD 618-
906). There are two types: naturally fermented (raw) and purposely fermented (ripened)
(Figure A in S1 File). For raw Pu-erh, the initial processing starts with natural withering of
fresh tea leaves to initiate their drying, roasting of leaves to continue drying and denature plant
enzymes, rolling the leaves to remove additional moisture, and, finally, complete the drying
process through direct exposure to the sun [8]. The dry, raw Pu-erh is then aged for varying
periods to promote natural, solid substrate fermentation. To some extent, the quality and flavor
of raw Pu-erh tea improves with age [9], and consequently aged raw Pu-erh is more valuable.
Ripened Pu-erh, which was developed in the 1970s in order to shorten the aging process
needed for raw Pu-erh, is produced in the same way as raw Pu-erh but with an additional step
called “pile fermentation”, a microbial fermentation of the tea initiated by the addition of water
[1, 10, 11]. Finished Pu-erh tea, both raw and ripened, can be left as loose leaves or compressed
into cakes or bricks to facilitate transport and storage.

The production and quality of Pu-erh is closely related to microbial activity [12], making it
important to understand the Pu-erh microbiome. Previous studies have investigated fungi and/
or bacteria emerging during the pile fermentation of ripened Pu-erh, using either: 1) culture-
dependent [13-15], 2) first-generation, culture-independent approaches such as denatured
gradient gel electrophoresis [15-17] and Sanger, clone library sequencing [18] as well as, 3)
metagenomic sequencing [19, 20]. Aspergillus niger and Blastobotrys adeninivorans were fre-
quently documented as dominant lineages in Pu-erh from both culture-dependent and cul-
ture-independent studies. Some other studies have investigated the microbial diversity in Pu-
erh teas of different ages [21, 22], but none have characterized the microbial communities of
fresh leaves, raw Pu-erh, and ripened Pu-erh, nor attempted to correlate bacterial and fungal
community composition with environmental factors (e.g, the type and age of tea, the tea
producer).

As a product of microbial fermentation, the safety of Pu-erh tea is a topic of continued
concern. Toxic microbial metabolites were investigated from Pu-erh tea samples or fungal
isolates recovered from Pu-erh, but inconsistent results were found in literatures. Some stud-
ies detected no mycotoxins [15, 23, 24], but other studies detected mycotoxins such as afla-
toxin B1, deoxynivalenol, and ochratoxin A [25-28]. Previous studies, however, have not
related microbial community composition to the production of potentially toxic microbial
metabolites.

Recent advances in massively parallel, short-amplicon, sequencing technologies have
launched a breakthrough in microbial ecology studies of the fermentation of wine, milk, and
other foods [29-37]. We employed high-throughput amplicon sequencing to investigate the
microbiome in fresh tea leaves, raw and ripened Pu-erh, and then performed multiplex analysis
of metabolites in the tea samples. Our goals were 1) to identify microbial diversity and compo-
sition in Pu-erh; 2) to compare microbial community structure among fresh tea leaves, and

PLOS ONE | DOI:10.1371/journal.pone.0157847 June 23,2016 2/18



@’PLOS ‘ ONE

Microbiome and Metabolites in Fermented Pu-erh Tea

raw and ripened Pu-erh tea; 3) to identify potential factors affecting microbial communities in
Pu-erh tea, and 4) to identify microbial metabolites in Pu-erh tea.

Materials and Methods
Samples used in this study

Seven samples of fresh leaves of Camellia sinensis var. assamica and 31 Pu-erh tea samples
were examined (Table A in S1 File). Fresh leaves were collected in three different tea gardens
located in Pu-erh City of southern Yunnan Province, southwest China. The 31 tea samples, 15
raw and 16 ripened, were collected from five different companies in Pu-erh City and had been
stored for 0-28 years (raw) and 0-13 years (ripened) (Table A in S1 File). They were either
loose or compressed as cakes or bricks. All samples were subject for high throughput sequenc-
ing. The 31 tea samples were also analyzed for fungal and bacterial bioactive extrolites.

DNA extraction, amplification, and Sanger sequencing of plant gene
fragments

DNA suitable for PCR amplification of plant, fungal and bacterial gene fragments was obtained
using the MoBio PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA),
which involves mechanical lysis, chemical lysis, and DNA purification.

To check the botanical identity of the teas, we amplified two plastid DNA markers of plants:
the maturase K gene (matK) and the large subunit of the ribulose 1, 5-bisphosphate carboxylase
/oxygenase gene (rbcL). We used primers matK472F and matK1248R for matK [38], and
rbcLa_F and rbcLa_R for rbcL [39]. PCR was carried out in 25 pl reactions containing 2.5 pl
10 x PCR Buffer, 2.5 ul 2 mM dNTPs, 1 pl each 10 pM primer, 5 pl 5 x Q-Solution, 1.5 pl
100 pg/ul BSA (bovine serum albumin), 1 ul 25 mM MgCl,, 0.2 pl HotStar Taq Plus DNA Poly-
merase (Qiagen, Valencia, CA, USA), and 1 ul DNA template. PCR conditions were: denatur-
ation at 95°C for 5 min, 40 amplification cycles of 30 sec at 94°C, 30 sec at 48°C (for matK) or
52°C(for rbcL), and 1 min at 72°C; followed by a 10 min final extension at 72°C. PCR ampli-
cons were purified with ExoSAP-IT reagent (USB, Cleveland, OH) following manufacturer's
instructions and then sequenced on an ABI 3730 XL 96-capillary array DNA analyzer using
Life Technologies BigDye terminator version 3.1 at the UC Berkeley DNA Sequencing Facility.
Chromatogram files were viewed using FinchTV 1.4.0 (http://www.geospiza.com/Products/
finchtv.shtml). Sequences were aligned using Muscle 3.8 [40].

Amplification and Illumina Miseq sequencing of fungal ITS and bacterial SSU frag-
ments. From the genomic DNA solutions, we amplified both the nrDNA ITS1 region of
fungi using primers ITS1F and ITS2 [41, 42] and the V4 hypervariable region of the 16S rRNA
gene of bacteria using primers 515f and 806r [43]. A 12-nt barcode unique for each sample
was included in reverse primers. PCR was carried out in the same reactions as plant fragment
amplification but without the Q-Solution. PCR conditions were: denaturation at 95°C for 5
min, 35 amplification cycles of 30 sec at 94°C, 30 sec at 50°C, and 1 min at 72°C; followed by a
10 min final extension at 72°C. Samples were PCR-amplified in triplicate, and the triple ampli-
cons of each sample were pooled before cleaning using the Agencourt AMPure XP PCR purifi-
cation kit (Beckman Coulter Genomics, Danvers, MA, USA).

Purified amplicons were individually quantified using the Qubit dsSDNA HS assay kit (Invi-
trogen, Eugene, Oregon, USA) on the Qubit flourometer (Invitrogen, Carlsbad, CA, USA) and
pooled in equimolar concentrations into two composite samples (one for fungi and one for bac-
teria). Concentrations of the pooled amplicons and length distribution were measured in
an Agilent 2100 Bioanalyzer at the Functional Genomics Laboratory of UC Berkeley. Fungal
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amplicons and bacterial amplicons were pooled at a 2:1 ratio and sent to the Stanford University
Functional Genomics Facility for 250 bp paired-end sequencing on an Illumina Miseq platform.
Fungal and bacterial sequencing primers were also pooled for each read before submission to
the sequencing facility.

Bioinformatics of high-throughput data

Sequence de-multiplexing and bioinformatic processing were performed with the QIIME 1.8.0
[44] and the UPARSE [45] pipelines. Forward and reverse raw reads from the sequencing facil-
ity were first trimmed with CutAdapt1.4.2 [46] to the point where the sequence met the distal
priming site, and further trimmed using Trimmomatic 0.32 [47] to remove any additional low
quality end regions. Reads were paired using USEARCH v 7.0.1090 with a minimum Phred
score sequence cutoff threshold of 3 and a minimum sequence length of 75 bp. After discarding
those reads with > 0.5 expected errors, paired reads were de-multiplexed into a fungal dataset
and a bacterial dataset.

For each dataset, identical sequences were de-replicated, and singleton sequences were dis-
carded. Remaining sequences were grouped into operational taxonomic units (OTUs) in
USEARCH with 97% similarity cutoff. Reference-based chimera filtering was performed against
the UNITE database [48] for the fungal dataset or against the “Gold” database (http://
sourceforge.net/projects/microbiomeutil/files/) for the bacterial dataset. OTUs were classified
taxonomically using a QIIME-based wrapper of BLAST against the UNITE database [49] for
fungi or against the Greengenes database [50] for bacteria. To discard non-target sequences,
unassigned fungal sequences were further evaluated by ITSx 1.0.9 [51], and unassigned bacterial
OTU sequences were further evaluated by Metaxa 1.1.2 [52]. Use of these tools would exclude
from the fungal data set erroneously assigned bacterial SSU sequences and fungal mitochondrial
SSU sequences, and exclude from the bacterial data set erroneously assigned fungal ITS
sequences, archaeal/eukaryotic nuclear SSU sequences and chloroplast or mitochondrial DNA
sequences. Bacterial OTU representative sequences were aligned using Muscle [40], and, after
filtering the top 10% most entropic base positions, a phylogenetic tree was constructed using
FastTree [53]. Representative sequences of fungal OTUs were deposited in GenBank under
accession numbers KT359915-KT360304 and bacterial OTUs under KT360305-KT360933.

OTU tables were constructed by mapping reads to OTUs (—usearch_global -strand plus -id
0.97) and by applying the python script uc2otutab.py (http://drive5.com/python/). Any OTUs rep-
resenting less than 0.005% of the total sequences in the OT'U table were removed to avoid inclu-
sion of erroneous reads that would inflate estimates of diversity [54]. To compare samples on an
equal basis, all samples were rarefied to even sampling depths prior to statistical analysis. Rarefac-
tion depths were set to maximize the number of samples included while still maintaining a reason-
able number of sequences. Specifically, when comparing among fresh leaf, raw and ripened Pu-erh
samples, we rarefied the fungal dataset to 39 507 sequences per sample by keeping all samples; we
rarefied the bacterial dataset to 1 103 sequences per sample by discarding three fresh leaf samples
(LN2, LS2, and LS4) and three raw Pu-erh samples (A3, A14, and A15). When focusing just on
raw Pu-erh samples, we rarefied the fungal dataset to 60 926 sequences per sample and the bacte-
rial dataset to 1 268 sequences per sample, after removing from the dataset three raw Pu-erh sam-
ples (A3, A14, and A15). When focusing just on ripened Pu-erh samples, we rarefied the fungal
dataset to 94 539 sequences per sample and the bacterial dataset to 16 512 sequences per sample.

Statistical analysis of microbial community

Statistical analyses relied on QIIME [44] and R [55]. We calculated a number of common met-
rics used in community ecology, including o-diversity (observed richness, Chao 1, Shannon,
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and Simpson Evenness) and B-diversity (Bray-Curtis, Binary-Jaccard, or weighted-UniFrac).
Principal coordinates were computed from the resulting B-diversity distance matrices to com-
press multiple dimensions into three dimensional principal coordinate analysis (PCoA) plots,
enabling visualization of microbial community relationships. A nonmetric multidimensional
scaling (NMDS) ordination of the resulting B-diversity distance matrices among samples was
also carried out to summarize patterns of fungal/bacterial community structures. ANOSIM
and permutational MANOV A (ADONIS) with 999 permutations were used to test significant
differences between sample groups based on B-diversity distance matrices.

To compare the whole community overlap between fresh leaf, raw and ripened Pu-erh, we
generated a Venn diagram to illustrate the proportion of shared and unique taxa using the 3
Way Venn Diagram Generator (http://jura.wi.mit.edu/bioc/tools/venn3way/index.php). To
identify the specific OTUs that characterize fresh leaf, raw Pu-erh and ripened Pu-erh, we used
the ‘indicspecies’ package [56] in R. We also tested for potential correlation between fungal and
bacterial community composition using a Mantel test based on Binary-Jaccard or Bray-Curtis
distance matrices.

Multiplex analysis of fungal and bacterial metabolites

Milled tea samples were weighed into 50-ml polypropylene tubes, and the extraction solvent
(acetonitrile/water/acetic acid 79:20:1, v/v/v) was added at a ratio of 5 ml of solvent per gram of
sample. Samples were extracted for 90 min on a GFL 3017 rotary shaker (GFL, Burgwedel, Ger-
many), diluted with the same volume of extraction solvent, and the diluted extracts injected
[57]. Centrifugation was not necessary due to sufficient sedimentation by gravity. Apparent
recoveries of the analytes were determined by spiking five different samples with a multi-ana-
lyte standard on one concentration level. The spiked samples were stored overnight at ambient
temperature to allow evaporation of the solvent and to establish equilibrium between the ana-
lytes and the sample. The extraction, dilution and analysis were as described previously [57].

The chromatographic method and the chromatographic and mass spectrometric parame-
ters are as described by Malacova et al. [58]. Briefly, LC-MS/MS screening of target microbial
metabolites was performed with a QTrap 5500 LC-MS/MS System (Applied Biosystems, Foster
City, CA, USA) equipped with TurbolonSpray electrospray ionization (ESI) source and a 1290
Series HPLC System (Agilent, Waldbronn, Germany). Chromatographic separation was per-
formed at 25°C on a Gemini®™ C18-column, 150 x 4.6 mm i.d., 5 um particle size, equipped
with a C18 4 x 3 mm i.d. security guard cartridge (Phenomenex, Torrance, CA, USA). ESI-MS/
MS was performed in the time-scheduled multiple reaction monitoring (MRM) mode both in
positive and negative polarities in two separate chromatographic runs per sample by scanning
two fragmentation reactions per analyte. The MRM detection window of each analyte was set
to its expected retention time +27 s and +48 s in the positive and the negative modes, respec-
tively. Confirmation of positive analyte identification was obtained by the acquisition of two
MRMs per analyte (with the exception of moniliformin which exhibited only one fragment
ion). This approach yielded 4.0 identification points according to European Union Commis-
sion decision 2002/657 (EU2002). In addition, the LC retention time and the intensity ratio of
the two MRM transitions agreed with the related values of an authentic standard within 0.1
min and 30% rel., respectively.

Results
Plant DNA fragment analyses in fresh leaves and Pu-erh tea samples

Direct sequencing of rbcL amplicons was used to test for C. sinensis sequences in all samples of
leaves and tea because it amplified more reliably than matK. Chromatograms of rbcL Sanger
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sequences showed homozygous nucleotide peaks in all but four ripened Pu-erh samples (B4,
B8, B9, and B11) (Figure B in S1 File). For these samples, we visually inspected the heterozy-
gous chromatogram peaks and found nucleotides characteristic of C. sinensis at the variable
positions, indicating the coexistence of C. sinensis and other plants in these samples. Three
other ripened Pu-erh samples (B2, B7, and B13) yielded homozygous DNA sequences that, in
subsequent BLAST searches, represented species of other plant genera, i.e, Musa, Pinus, and
Brassica. Microscopic examination and tasting of tea made from these three samples did not
find obvious differences between them and other ripened Pu-erh samples. To check for the
presence of C. sinensis in these samples, five individual leaves were selected from each sample
and independently processed to yield rbcL sequence. From these samples, which provided
homozygous and heterozygous chromatograms of C. sinensis and the other plants, C. sinensis
rbcL sequences could be observed in each sample. No variation in C. sinensis rbcL sequences
could be detected among any of the samples.

Microbial taxon richness and community composition

We successfully amplified and sequenced DNA from fungal and bacterial communities from
all samples. After removing primers and low-quality ends, merging paired reads and de-multi-
plexing, each sample provided more than 42 383 fungal ITS sequences (7 587 458 in total) and
29 721 bacterial SSU sequences (6 949 251 in total). Further processing to remove singleton
sequences, chimeras, non-target sequences and low-abundance OTUs reduced the yield to
between 39 507 and 214 960 fungal sequences per sample (7 305 834 total) and 66 to 305 472
bacterial sequences per sample (2 413 213 total). The low number of bacterial sequences
detected in fresh leaf and some raw Pu-erh samples was due to amplification of competing
chloroplast SSU DNA, which accounted for 86.23% in fresh leaf samples and 65.81% in raw
Pu-erh samples, compared to just 0.09% in ripened Pu-erh samples (Figure C in S1 File). These
chloroplast sequences were excluded prior to further analysis. The final number of OT'Us pass-
ing abundance filtering (at 0.005%) was 390 for fungi (65 to 175 OTUs per sample) and 629 for
bacteria (18 to 466 OTUs per sample with the lower numbers found in fresh leaves and raw
Pu-erh). The most commonly observed fungal taxa belonged to Ascomycota (305 OTUs;
91.67% of total sequences); the most commonly observed bacterial taxa belong to Firmicutes
(220 OTUs; 37.01% of total sequences), Actinobacteria (172 OTUs; 43.16%), and Proteobac-
teria (158 OTUs; 13.89%) (Figure D in S1 File).

Comparison of microbial community in fresh leaves, raw and ripened Pu-
erh

Using all sequences, about 1/4 of the fungal OTUs (107/390) and 1/6 of the bacterial OTUs
(107/629) were shared among the three sample types (Fig 1a and 1b), indicative of significant
variation in community composition among sample types. When comparing OTUs between
fresh leaf and Pu-erh tea (raw and ripened), 54% of fungal OTUs (173/318) or 22% of bacterial
OTUs (138/625) present in Pu-erh were also found in fresh leaf samples (Fig 1a and 1b), sug-
gesting that fresh leaves are an important microbial reservoir for Pu-erh fermentation. When
comparing raw and ripened Pu-erh teas, 62% of fungal OTUs (196/318) and 50% of bacterial
OTUs (310/625) were shared. To evaluate the effect on microbial community similarity of the
many rare OTUs found in each sample type, we analyzed OTUs shared among sample types
using just the 100 most abundant fungi and bacteria. Focusing on these most abundant
microbes, the fraction of shared fungal and bacterial OTUs rose dramatically (e.g, from 17—
27% to 37-51% for shared OTUs by three types), irrespective of whether all three types or any
two types were compared (Fig 1c and 1d).
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Fig 1. OTU overlap among fresh tea leaves (red), raw (blue) and ripened (orange) Pu-erh tea samples. Venn diagrams illustrate the number of
unique and shared fungal (a, c) and bacterial (b, d) OTUs. We compared both the total OTUs (a, b) and just the first 100 most abundant OTUs (c, d) in the
fungal/bacterial datasets.

doi:10.1371/journal.pone.0157847.g001

Reexamining o-diversity after rarefying to the same sequencing depth, fresh leaves had
more fungal OTUs but fewer bacterial OTUs than Pu-erh tea (Fig 2). For fungi, the difference
between fresh leaves and Pu-erh was significant in a-diversity indices (observed species,
Chaol, Shannon, and Simpson-e), while the difference between raw and ripened Pu-erh was
not significant (Figure E a-d in S1 File). For bacteria, ripened Pu-erh showed significantly
higher richness than either fresh leaves or raw Pu-erh with the observed species or Chaol esti-
mates, but not with Shannon or Simpson-e indices (Figure E e-h in S1 File).

Considering B-diversity, the microbial community differences among fresh leaves, raw and
ripened Pu-erh samples were highly significant in both ANOSIM and ADONIS tests using
Binary-Jaccard and Bray-Curtis B-diversity estimates (Table 1). The type of sample, leaf, raw or
ripened Pu-erh, explained 20-40% of total community difference. Similar results were also
visualized in PCoA (Fig 3) and NMDS plots (Figure F in S1 File). Most interestingly, the oldest
Pu-erh sample (A6) tended to cluster with ripened Pu-erh samples, especially when consider-
ing the fungal community (Fig 3a).
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Fig 2. Rarefaction-based comparison of fresh tea leaf (red), raw (blue) and ripened (orange) Pu-erh samples with regard to fungal (a) and

bacterial (b) richness. Fungi were rarefied at 39 507 sequences to keep all samples, while bacteria at 1103 sequences to exclude three fresh leaf
samples (LN2, LS2, and LS4) and three raw Pu-erh samples (A3, A14, and A15).

doi:10.1371/journal.pone.0157847.9002

Many indicator taxa were found for fresh leaf, raw and ripened Pu-erh samples (Table 2).
As expected, lineages of thermophilic or thermotolerant fungi (e.g, Rhizomucor pusillus and
Thermomyces lanuginosus) and bacteria (e.g, Bacillus coagulans, Bacillus thermoamylovorans,
and Tuberibacillus calidus) were among the indicator taxa found in ripened Pu-erh samples
(Table B in S1 File). Two of the indicator taxa found for Pu-erh (raw and ripened), Aspergillus
niger and Blastobotrys adeninivorans, have been considered to be dominant fungal lineages in
Pu-erh from both culture-dependent and culture-independent studies [15, 16].

Effect of variables on microbial community difference in Pu-erh

We investigated four variables (age, producer, pure tea vs. tea contaminated with other plants, and
loose vs. pressed tea) in addition to sample type to see if they could help explain the microbial com-
munity difference found between raw and ripened Pu-erh. To investigate the effect of aging, we
binned our raw and ripened Pu-erh samples in either two (young and old) or three (young, middle
aged, and old) age stages (Table A in S1 File). Among these variables, only age of tea showed a sta-
tistically significant effect with at least two methods of estimating B-diversity and the two methods
of comparison (ANOSIM and ADONIS), and only for raw Pu-erh (Table C in S1 File).

A Mantel test was used to examine the correlation between fungal and bacterial communi-
ties. We found no correlation between communites of the two types of microbes in raw Pu-erh
based on either Binary-Jaccard or Bray-Curtis distance matrices (Table D in S1 File). We found
a significant correlation for the two types of communities in ripened Pu-erh using the Bray-
Curtis distance matrices with all 16 samples (r = 0.410, P = 0.004), but not using Binary-Jaccard
distance matrices or when excluding the seven ripened Pu-erh samples contaminated with dif-
ferent plant species (Table D in S1 File).

Mycotoxigenic fungi and mycotoxins in Pu-erh teas

Reasoning that common and abundant fungi are more likely to pose a possible mycotoxin
problem to consumers, we further reduced the number of fungi to a set of the 15 most
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Table 1. Comparison among fresh leaf, raw Pu-erh and ripened Pu-erh samples at -diversity level.

Fungi Bacteria
Binary-Jaccard Bray-Curtis Binary-Jaccard Bray-Curtis weighted-Unifrac
All data
ANOSIM
R 0.683 0.685 0.802 0.687 0.572
P 0.001 0.001 0.001 0.001 0.001
ADONIS
R? 0.391 0.338 0.209 0.234 0.290
P 0.001 0.001 0.001 0.001 0.001
Fresh leaf vs. raw Pu-erh
ANOSIM
R 0.999 0.761 0.422 0.392 0.480
P 0.001 0.001 0.007 0.010 0.002
ADONIS
R? 0.376 0.253 0.132 0.151 0.203
P 0.001 0.001 0.001 0.004 0.005
Fresh leaf vs. ripened Pu-erh
ANOSIM
R 1.000 1.000 0.944 0.985 0.956
P 0.001 0.001 0.001 0.002 0.001
ADONIS
R? 0.503 0.424 0.181 0.195 0.360
P 0.001 0.001 0.001 0.001 0.001
Raw Pu-erh vs. ripened Pu-erh
ANOSIM
R 0.376 0.451 0.818 0.622 0.442
P 0.001 0.001 0.001 0.001 0.001
ADONIS
R? 0.134 0.195 0.155 0.179 0.166
P 0.001 0.001 0.001 0.001 0.001

doi:10.1371/journal.pone.0157847.t001

abundant OTUs in a sample type, i.e, leaves, raw or ripened Pu-erh. These dominant fungal
taxa were found in almost all such samples (Table 3), where they accounted for between 68%
and 95% of the total sequences. Several of the fungi found in our Pu-erh samples are known
mycotoxin producers, such as Aspergillus niger [59], Aspergillus restrictus [60], and Penicillium
citrinum [61]. It is possible that some bacteria in Pu-erh produce toxins, but bacterial toxins
are not addressed in this study. Fortunately, some frequently documented toxin-producing
bacterial genera, such as Clostridium, Escherichia, Vibrio, and Salmonella [62], were not
detected in our Pu-erh samples (Table E in S1 File).

Mycotoxin detection by LC-MS/MS was applied to all tea samples. All together 25 com-
pounds were detected, most of them at low concentrations: alternariolmethylether, andrastin
A, asperglaucide, aspterric acid, brevianamid F, chlorocitreorosein, citreorosein, cladosporin,
cyclo(L-Pro-L-Tyr), emodin, festuclavine, fumigaclavine A, fumigaclavine C, lotaustralin, mal-
formin C, methylsulochrin, mycophenolic acid, neoechinulin A, patulin, physcion, quinocitri-
nin, rugulusovin, skyrin, usnic acid, and zearalenone (Fig 4). Five compounds were detected in
all tea samples: asperglaucide (aurantiamideacetate), brevinamide F, emodine, neoechinulin A,
andusnic acid; asperglaucide was present at the highest concentration of any mycotoxin in
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Fig 3. PCoA of Binary-Jaccard dissimilarities of microbial communities of fresh tea leaf (red), raw (blue) and ripened (orange) Pu-erh samples.
The oldest raw Pu-erh sample (A6, 28 years old), indicated by an arrow in both PCoA analyses, is more similar to ripened Pu-erh than to other raw Pu-erh

samples.
doi:10.1371/journal.pone.0157847.g003

both raw (mean concentration 6596 pg/kg) and ripened (6799 pg/kg) Pu-erh. Festuclavine,
fumigaclavine A, methylsulochrin, chlorocitreorosein, and skyrin were detected in ripened
samples only, while lotaustralin was found only in raw samples. Patulin was found in 9 (mean
concentration 1169 pg/kg) of 15 raw samples and in just 2 (915 ug/kg) of 16 ripened samples.
Cyclo(L-Pro-L-Tyr) was found at high concentrations in all ripened samples (735-2825 g/
kg), but in low concentrations only in some raw samples (76-533 pg/kg).

Discussion

Using next generation sequencing of DNA isolated from Pu-erh, we found many more species-
level OTUs, 390 fungal and 600 bacterial, than had been identified in previous studies. For
example, Tian et al. used both culture-dependent and denaturing gradient gel electrophoresis
methods to find ca. 20 fungal and 30 bacterial OTUs from 19 Pu-erh samples [22]. Zhao et al.
used the dilution plating method to find 41 fungal species from 60 Pu-erh samples [21]. Several
fungi have been identified in Pu-erh tea by cultivation. Aspergillus niger, an important indus-
trial fungus, has been recognized as the main fermenting mold in Pu-erh production [14, 15].
We found this fungus in all raw and ripened Pu-erh samples, and its relative abundance was

Table 2. Number of indicator fungal/bacterial OTUs detected for fresh leaf, raw and ripened Pu-erh samples.

Fungi

No. total OTUs

No. indicator OTUs
Bacteria

No. total OTUs

No. indicator OTUs

Fresh leaf Raw Pu-erh Ripened Pu-erh Raw+Ripened Pu-erh
245 286 228 318
135 10 20 40
142 374 561 625
22 18 307 12

doi:10.1371/journal.pone.0157847.1002
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Fig 4. Detection of toxic metabolites in raw and ripened Pu-erh samples. Raw Pu-erh samples are indicated by circles, and ripened samples by
squares. Mean concentrations and standard deviations of each metabolite in raw (in blue) and ripened (in orange) Pu-erh samples are marked.

doi:10.1371/journal.pone.0157847.g004

greater in ripened Pu-erh (second most abundant OTU, 16.1% of sequences) than in raw (15™
most abundant OTU, 1.4% of sequences) (Table 3). In raw Pu-erh, the most dominant fungal
taxon was an undetermined Aspergillus sp. (24.6%). In ripened Pu-erh, the most dominant fun-
gal species was Blastobotrys adeninivorans (46.5%), which, in raw Pu-erh, was the third most
abundant fungus (Table 3). B. adenivivorans, another fungus of biotechnological interest [63],
has been frequently isolated from Pu-erh by other researchers [15, 21]. Some fungal species fre-
quently reported previously, such as Penicillium chrysogenum [21, 64] and Yarrowia spp.[19],
were not found in our study. We cannot tell if the differences between our next generation
approach and these previous studies are due to differences in fungal viability, growth rate,
DNA availability, or amplification efficiency, but all four aspects are likely involved. The
incomplete reference database used for taxonomy assignment is another important factor
because 38% (148/390) of fungal OTUs could not be assigned to species.

One of our major findings is that fungal o-diversity is higher in fresh tea leaves than in Pu-
erh and that bacterial o-diversity shows the opposite trend, that is, lower in fresh leaves than in
Pu-erh (Fig 3; Figure E a-d in S1 File). With bacteria, the difference in a-diversity between
leaves and tea was seen with ripened, but not raw tea (Figure E e-h in S1 File), indicating that
the solid substrate fermentation was responsible for the increase.

A second major finding is that the composition of both the fungal and bacterial communi-
ties changes significantly due to Pu-erh tea fermentation, as shown by significant B-diversity
differences for both fungal and bacterial communities in pairwise comparisons among fresh
leaves, raw and ripened Pu-erh (Table 1). The reasons for these differences must be due to
microbes present in the leaves compared to those that are acquired during processing and fer-
mentation. Fresh leaves contain sequences representing about 54% of fungal OTUs and 22% of
bacterial OTUs found in Pu-erh (Fig 1). These OTUs generally existed at a low abundance in
fresh leaf and were enriched in Pu-erh. The remaining fungal and bacterial OTUs found in Pu-
erh must have their origin in the manufacturing processes that allow the introduction of envi-
ronmental microorganisms (e.g, pile coverings, fermentation room, and worker’s hands).

An interesting finding is that the most sought-after tea, aged raw Pu-erh, has a fungal com-
munity more like ripened than young raw Pu-erh, and a similar trend was seen for the bacterial
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community (Fig 3). This result indicates that the accelerated microbial fermentation of ripened
Pu-erh, encouraged by the addition of water and the warmth generated by microbial fermenta-
tion, results in a microbial community composition similar to that found in much older, raw
Pu-erh. It also provides an ecological explanation for the rapid acceptance and widespread use
of the ripened Pu-erh process.

We sought correlations between four variables in tea production and microbial community
composition, age of the tea, producer of the tea, whether the tea was pure or contaminated with
other plants, and whether the tea was left loose or pressed into cakes. Age of tea showed signifi-
cant correlation with fungal and bacterial community composition only for raw Pu-erh
(Table C in S1 File). From this result, one might infer that raw Pu-erh is a robust but lengthy
method of making the product, and that making ripened Pu-erh is a more demanding process,
but one that does not benefit from aging. This result also seems to support the speculation that
the long transport of raw Pu-erh from Yunnan to Tibet and other remote destinations in
ancient times contributed to its maturation [8]. Aging does not significantly affect the commu-
nities of ripened tea, suggesting that aging ripened tea is unnecessary. The other three variables
did not have a significant effect on microbial communities (Table C in S1 File).

Regarding our discovery in ripened but not raw Pu-erh of rbcL sequences from Musa,
Pinus, and Brassica (Figure B in S1 File), we speculate that they resulted from plants or plant
products used by producers to overlay tea during pile fermentation to retard water loss and
retain heat [15]. Of course, contamination would also be possible from fermentation room
floors, tools, or packaging materials, as well as contamination at harvest. We could not deter-
mine the amount of these contaminating plants in the ripened Pu-erh samples, but the contam-
ination was not enough to cause a significant difference in microbial community composition
(S3 Table), or the taste of brewed tea.

Although Pu-erh tea has been considered to be a safe beverage to drink for hundreds of
years, with no reports of intoxication, the quality and safety of any microbially fermented prod-
uct are topics of continued interest and concern. Among the compounds detected from Pu-erh
in this study, the most commonly encountered was asperglaucide (Fig 4), which was detected
in all samples and in high amounts in raw (6596 pg/kg) and in ripened (6799 ug/kg) tea. This
metabolite is reported to be produced by Aspergillus spp, including A. penicillioides [65], which
was detected in all samples (Table 3). It is also reported from some plants, e.g, Walsura yunna-
nensis [66], but in none of the plants detected in this study. Asperglaucide is reported to have
anti-inflammatory effect and the ability to inhibit cysteine peptidases [48], which may be bene-
ficial in protection against cartilage degeneration. Also detected in all samples was neoechinu-
lin A, which has anti-inflammatory effects and can be produced by some Eurotium spp [67].
Fumigaclavine A, an antibacterial alkaloid produced by Aspergillus spp. [68] was detected in
ripened tea only, while lotaustralin, a precursor to hydrogen cyanide [69], was detected in all
samples of raw tea, but not in ripened tea samples. The fungicide cyclo(L-Pro-L-Tyr), produced
by Lysobacter capsici [70] and Alternaria alternata [71], was detected in 60% and 100% of sam-
ples of raw and ripened tea, respectively, but in substantially higher amounts in ripened tea.
This distribution was also the case for rugulusovin, which is produced by Penicillium spp. and
has been shown to have cytotoxic effect against human and murine tumor cells [72-75]. It
was detected in half of the raw and all of the ripened samples, a distribution that may be
explained not only by differences in the microbiome, but also by differences in growth condi-
tions between the two tea categories.

Patulin was detected in 60% of the raw samples with a mean concentration of 1169 pg/kg,
and in only 12.5% of the ripened samples at a mean concentration of 915 pg/kg. Patulin is of
concern because it is produced by a large number of fungi and is suspected of being clastogenic,
mutagenic, teratogenic, genotoxic, and cytotoxic [76]. The US FDA has set an upper limit of
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50 pg/kg for patulin in apple juice and apple juice concentrates. Although the concentration of
patulin would be expected to be lower in a cup of properly prepared tea than the roughly

1000 pg/kg found by us in dry tea leaves, the patulin concentrations in prepared tea would be
expected to surpass the limit set by the FDA. The discrepancy between our finding of high
patulin concentration and the healthy reputation enjoyed by Pu-erh may be explained by the
modulation of patulin toxicity through the action of green tea polyphenols [77].

Although we detected patulin in Pu-erh, we do not know its source. Known producers of
patulin are Penicillium spp. (P. expansum, P. griseofulvum, P. carneum, P. glandicola, P. copro-
bium, P. vulpinum, P. clavigenum, and P. concentricum), Aspergillus spp. (A. clavatus, A. gigan-
teus, and A. terreus), Paecilomyces variotii, and Byssochlamys nivea [78]. However, none of
these species was detected in our tea samples. It is therefore likely that there are species present
in the tea that have not yet been reported to produce patulin. Conversely, we found fungal spe-
cies reported to produce ochratoxin A (Aspergillus niger in all samples and A. ochraceus in six
of the ripened samples), but no ochratoxin A was detected. This result is in accordance with
Mogensen et al. [24], who found no content of ochratoxin A in five Pu-erh teas investigated
but different from Haas et al. [26], who detected ochratoxin A in four out of 36 Pu-erh samples.
In the present study, a small amount of zearalenone was detected in one sample only, while
aflatoxin, fumonisins or trichothecenes were not detected. Haas et al. did not find aflatoxins or
fumonisins in the 36 Pu-erh samples tested [26]. Wu et al. investigated 70 Pu-erh samples and
found that all tea samples were safe regarding fumonisin B1 and T-2 toxin, however, 8 samples
displayed higher concentrations of aflatoxin B1 than the safety limit, and 63 samples exceeded
the safety limit for deoxynivalenol [28]. An explanation for finding fungi capable of producing
mycotoxins, but not detecting the toxins themselves, may be found in a recent report that tea
extracts inhibited aflatoxin production by Aspergillus flavus whereas they did not inhibit myce-
lial growth of the fungus [79]. Inhibition of mycotoxin production without inhibiting fungal
growth was also reported for plants other than tea [80]. This situation might be the case for
ochratoxin, as well. As noted above, to drink Pu-erh safely, most producers or distributers of
Pu-erh tea recommend discarding the first brew, a practice that may be advisable to remove
water-soluble or suspended contaminants.

Conclusions

Next generation sequencing revealed high fungal and bacterial diversity in Pu-erh tea. Fungal
diversity drops and bacterial diversity rises as a result of raw or ripened fermentation. The
composition of microbial communities changes significantly among fresh leaves, raw and rip-
ened Pu-erh with the aged raw tea having similar community to ripened tea. Age of tea is iden-
tified as a significant variable affecting microbial community of raw tea, but not of ripened tea.
Multiple mycotoxins were detected from either or both categories of Pu-erh, but all but patulin
and asperglaucide were under the safety limit. For safe drinking, we recommend discarding the
first brew.

Supporting Information

S1 File. Figure A in S1 File. Raw and ripened Pu-erh display differences on both tea appear-
ance (a, ¢) and the color of infusion (b). Figure B in S1 File. Illustration of rbcL sequencing
results from samples used in this study. Figure C in S1 File. Proportion of chloroplast sequences
within each sample in the bacterial SSU dataset. Figure D in S1 File. Relative proportions of
OTUs/sequences assigned to each fungal/bacterial phylum. Figure E in S1 File. o-diversity
comparisons among fresh leaves, raw and ripened Pu-erh samples on different o-diversity indi-
ces. Figure F in S1 File. Ordination (nonmetric multidimensional scaling; NMDS) of microbial
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community structure (Bray-Curtis dissimilarity) on fresh tea leaf (in black), raw Pu-erh (in
blue), and ripened Pu-erh (in red). Table A in S1 File. Metadata used in this study. Table B in
S1 File. Fungal and bacterial indicator taxa detected for fresh tea leaf, raw Pu-erh, ripened Pu-
erh, and raw+ripened Pu-erh. Table C in S1 File. ANOSIM and ADONIS test of four variables
on fungal/bacterial community in raw/ripened Pu-erh. Table D in S1 File. Mantel test between
the fungal and bacterial communities based on either Binary-Jaccard or Bray-Curtis distance
matrices. Table E in S1 File. The first 15 most abundant bacterial OTUs in fresh leaf, raw and
ripened Pu-erh samples.

(PDF)

Acknowledgments

We thank Drs. Kabir Peay, Sara Branco, Sydney Glass, and Rachel Adams for their sugges-
tions/help during experimental implementation and/or data analyses. The support provided
by China Scholarship Council during a visit of Yongjie Zhang to Berkeley (201208140025) is
acknowledged.

Author Contributions

Conceived and designed the experiments: YZ IS JWT. Performed the experiments: YZ IS MS.
Analyzed the data: YZ IS. Contributed reagents/materials/analysis tools: XL MR. Wrote the
paper: YZISJWT.

References
1. Preedy V. Teain Health and Disease Prevention. San Diego: Academic Press; 2013.

2. Horie H, Kohata K. Analysis of tea components by high-performance liquid chromatography and high-
performance capillary electrophoresis. J. Chromatogr. A 2000; 881: 425-438. PMID: 10905725

3. Bansal S, Choudhary S, Sharma M, Kumar SS, Lohan S, Bhardwaj V, et al. Tea: A native source of anti-
microbial agents. Food Res. Int. 2013; 53: 568-584.

4. da Silva Pinto M. Tea: A new perspective on health benefits. Food Res. Int. 2013; 53: 558-567.

Zhang L, Zhang ZZ, Zhou YB, Ling TJ, Wan XC. Chinese dark teas: Postfermentation, chemistry and
biological activities. Food Res. Int. 2013; 53: 600-607.

Liu T. Chinese Tea. Beijing: China Intercontinental Press; 2005.

7. ZhangJH. Puer Tea: Ancient Caravans and Urban Chic. Seattle and London: University of Washing-
ton Press; 2014.

Saberi H. Tea: A Global History. London: Reaktion Books; 2010.

9. Duan HX, Zhou H, Hu CM, Research on ingredient changes of Pu-erh tea in different storage time.
Southwest China J. Agr. Sci. 2012; 25: 111-114.

10. HoCT, Lin JK, Shahidi F. Tea and Tea Products: Chemistry and Health-Promoting Properties. Boca
Raton: CRC Press; 2008.

11. LvHP, ZhangYJ, Lin Z, Liang YR. Processing and chemical constituents of Pu-erh tea: A review. Food
Res. Int. 2013; 53: 608—618.

12. ZhouHJ, LiJH, Zhao LF, Han J, Yang XJ, Yang W, et al. Study on main microbes on quality formation
of Yunnan Puer tea during pile-fermentation process. J. Tea Sci. 2004; 24:212-218.

13. Mo HZ, Xu XQ, Yan MC, Zhu Y. Microbiological analysis and antibacterial effects of the indigenous fer-
mented Puer tea. Agro Food Industry Hi-Tech 2005; 16:, 16—18.

14. Xu X, YanM, Zhu Y. Influence of fungal fermentation on the development of volatile compounds in the
Puer tea manufacturing process. Eng. Life Sci. 2005; 5: 382—386.

15. Abe M, Takaoka N, [demoto Y, Takagi C, Imai T, Nakasaki T. Characteristic fungi observed in the fer-
mentation process for Puer tea. Int. J. Food Microbiol. 2008; 124: 199-203. doi: 10.1016/j.iffoodmicro.
2008.03.008 PMID: 18455823

16. Yang XP, Luo JF, Xin L, Liu TX, Lin WT. Microbial community structure and change during solid fermen-
tation of Pu-erh tea. Food Sci. 2013; 34:142-147.

PLOS ONE | DOI:10.1371/journal.pone.0157847 June 23,2016 15/18


http://www.ncbi.nlm.nih.gov/pubmed/10905725
http://dx.doi.org/10.1016/j.ijfoodmicro.2008.03.008
http://dx.doi.org/10.1016/j.ijfoodmicro.2008.03.008
http://www.ncbi.nlm.nih.gov/pubmed/18455823

@’PLOS ‘ ONE

Microbiome and Metabolites in Fermented Pu-erh Tea

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Zhang Y, Zhao SX, Liang HZ, Li W, Zhao TF, Li CW. Changes of fungal community in Puer tea fermen-
tation. China Brewing 2012; 31:122-125.

Zhao M, Xiao W, Ma Y, Sun T, Yuan W, Tang N, et al. Structure and dynamics of the bacterial communi-
ties in fermentation of the traditional Chinese post-fermented pu-erh tea revealed by 16S rRNA gene
clone library. World J. Microbiol. Biotechnol. 2013; 29: 1877-1884. doi: 10.1007/s11274-013-1351-z
PMID: 23591759

Lyu C, Chen C, Ge F, Liu D. Zhao S, Chen D. A preliminary metagenomic study of puer tea during pile
fermentation. J. Sci Food Agr. 2013; 93: 3165-3174.

Zhao M, Zhang DL, Su XQ, Duan SM, Wan JQ, Yuan WX, et al. An integrated metagenomics/metapro-
teomics investigation of the microbial communities and enzymes in solid-state fermentation of Pu-erh
tea. Sci. Rep. 2015; 5:10117. doi: 10.1038/srep10117 PMID: 25974221

Zhao ZJ, Tong HR, Zhou L, Wang EX, Liu QJ. Fungal colonization of Pu-erh tea in Yunnan. J. Food
Safety 2010; 30: 769-784.

Tian J, Zhu Z, Wu B, Wang L, Liu X. Bacterial and fungal communities in Pu'er tea samples of different
ages. J. Food Sci. Tech. 2013; 78: M1249-M1256.

Hou CW, Jeng KC, Chen YS. Enhancement of fermentation process in Pu-erh tea by tea-leaf extract. J.
Food Sci. 2010; 75: H44—H48. doi: 10.1111/j.1750-3841.2009.01441.x PMID: 20492177

Mogensen JM, Varga J, Thrane U, Frisvad JC. Aspergillus acidus from Puerh tea and black tea does
not produce ochratoxin A and fumonisin B2. Int. J. Food Microbiol. 2009; 132: 141-144. doi: 10.1016/j.
iffoodmicro.2009.04.011 PMID: 19439385

Zhang DH, Li PW, Yang Y, Zhang Q, Zhang W, Xiao Z, et al. A high selective immunochromatographic
assay for rapid detection of aflatoxin B1. Talanta 2011; 85:736—742. doi: 10.1016/j.talanta.2011.04.
061 PMID: 21645767

Haas D, Pfeifer B, Reiterich C, Partenheimer R, Reck B, Buzina W. Identification and quantification of
fungi and mycotoxins from Pu-erh tea. Int. J. Food Microbiol. 2013; 166: 316—-322. doi: 10.1016/j.
ijfoodmicro.2013.07.024 PMID: 23973844

Liu QF. Detection of zearalenone, fumonisin, aflatoxin, ochratoxin, deoxynivalenol and T-2 toxin in fer-
mented tea and plant perfume by ELISA. China Trop. Med. 2011; 11: 1381-1382.

Wu JY, Yang GY, Chen JL, Li WX, Li JT, Fu CX, et al. Investigation for Pu-erh tea contamination
caused by mycotoxins in a tea market in Guangzhou. J. Basic Appl. Sci. 2014; 10: 349-356.

Humblot C, Guyot JP. Pyrosequencing of tagged 16S rRNA gene amplicons for rapid deciphering of
the microbiomes of fermented foods such as pearl millet slurries. Appl. Environ. Microbiol. 2009; 75:
4354-4361. doi: 10.1128/AEM.00451-09 PMID: 19411407

Roh SW, Kim KH, Nam YD, Chang HW, Park E, Bae JW. Investigation of archaeal and bacterial diver-
sity in fermented seafood using barcoded pyrosequencing. ISME J. 2010; 4: 1-16. doi: 10.1038/isme;j.
2009.83 PMID: 19587773

Alegria A, Szczesny P, Mayo B, Bardowski J, Kowalczyk M. Biodiversity in Oscypek, a traditional Polish
cheese, determined by culture-dependent and -independent approaches. Appl. Environ. Microbiol.
2012; 78:1890—-1898. doi: 10.1128/AEM.06081-11 PMID: 22247135

Ropars J, Cruaud C, Lacoste S, Dupont J. A taxonomic and ecological overview of cheese fungi. Int. J.
Food Microbiol. 2012; 155: 199-210. doi: 10.1016/j.ijfoodmicro.2012.02.005 PMID: 22381457

Marsh AJ, O'Sullivan O, Hill C, Ross RP, Cotter PD. Sequencing-based analysis of the bacterial and
fungal composition of kefir grains and milks from multiple sources. PLoS ONE 2013; 8: e69371. doi:
10.1371/journal.pone.0069371 PMID: 23894461

Bokulich NA, Ohta M, Lee M, Mills DA. Indigenous bacteria and fungi drive traditional kimoto sake fer-
mentations. Appl. Environ. Microbiol. 2014a; 80: 5522-5529.

Bokulich NA, Thorngate JH, Richardson PM, Mills DA. Microbial biogeography of wine grapes is condi-
tioned by cultivar, vintage, and climate. Proc. Natl. Acad. Sci. USA 2014b; 111: E139-148.

Sun ZH, Liu WJ, Bao QH, Zhang JC. Hou Q, Kwok L, et al. Investigation of bacterial and fungal diversity
in tarag using high-throughput sequencing. J. Dairy Sci. 2014; 97: 6085-6096. doi: 10.3168/jds.2014-
8360 PMID: 25129502

Wolfe BE, Button JE, Santarelli M, Dutton RJ. Cheese rind communities provide tractable systems for
in situ and in vitro studies of microbial diversity. Cell 2014; 158: 422—-433. doi: 10.1016/j.cell.2014.05.
041 PMID: 25036636

Yu J, Xue JH, Zhou SL. New universal matK primers for DNA barcoding angiosperms. J. Syst. Evol.
2011; 49:176-181.

PLOS ONE | DOI:10.1371/journal.pone.0157847 June 23,2016 16/18


http://dx.doi.org/10.1007/s11274-013-1351-z
http://www.ncbi.nlm.nih.gov/pubmed/23591759
http://dx.doi.org/10.1038/srep10117
http://www.ncbi.nlm.nih.gov/pubmed/25974221
http://dx.doi.org/10.1111/j.1750-3841.2009.01441.x
http://www.ncbi.nlm.nih.gov/pubmed/20492177
http://dx.doi.org/10.1016/j.ijfoodmicro.2009.04.011
http://dx.doi.org/10.1016/j.ijfoodmicro.2009.04.011
http://www.ncbi.nlm.nih.gov/pubmed/19439385
http://dx.doi.org/10.1016/j.talanta.2011.04.061
http://dx.doi.org/10.1016/j.talanta.2011.04.061
http://www.ncbi.nlm.nih.gov/pubmed/21645767
http://dx.doi.org/10.1016/j.ijfoodmicro.2013.07.024
http://dx.doi.org/10.1016/j.ijfoodmicro.2013.07.024
http://www.ncbi.nlm.nih.gov/pubmed/23973844
http://dx.doi.org/10.1128/AEM.00451-09
http://www.ncbi.nlm.nih.gov/pubmed/19411407
http://dx.doi.org/10.1038/ismej.2009.83
http://dx.doi.org/10.1038/ismej.2009.83
http://www.ncbi.nlm.nih.gov/pubmed/19587773
http://dx.doi.org/10.1128/AEM.06081-11
http://www.ncbi.nlm.nih.gov/pubmed/22247135
http://dx.doi.org/10.1016/j.ijfoodmicro.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22381457
http://dx.doi.org/10.1371/journal.pone.0069371
http://www.ncbi.nlm.nih.gov/pubmed/23894461
http://dx.doi.org/10.3168/jds.2014-8360
http://dx.doi.org/10.3168/jds.2014-8360
http://www.ncbi.nlm.nih.gov/pubmed/25129502
http://dx.doi.org/10.1016/j.cell.2014.05.041
http://dx.doi.org/10.1016/j.cell.2014.05.041
http://www.ncbi.nlm.nih.gov/pubmed/25036636

@’PLOS ‘ ONE

Microbiome and Metabolites in Fermented Pu-erh Tea

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kress WJ, Erickson DL, Jones FA, Swenson NG, Perez R, Sanjur O, et al. Plant DNA barcodes and a
community phylogeny of a tropical forest dynamics plot in Panama. Proc. Natl. Acad. Sci. USA 2009;
106: 18621-18626. doi: 10.1073/pnas.0909820106 PMID: 19841276

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucl. Acid
Res. 2004; 32: 1792-1797.

Smith D, Peay K. Sequence depth, not PCR replication, improves ecological inference from Next Gen-
eration DNA Sequencing. PLoS One 2014; 9: €90234. doi: 10.1371/journal.pone.0090234 PMID:
24587293

White TJ, Bruns T, Lee S, Taylor JW. Amplification and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, White TJ, editors. PCR Protocols: A
Guide to Methods and Applications. New York: Academic Press; 1990. pp. 315-322.

Caporaso JG, Lauber CL, Walters WA, Berg—Lyons D, Huntley J, Fierer N, et al. Ultra-high-throughput
microbial community analysis on the lllumina HiSeq and MiSeq platforms. ISME J. 2012; 6: 1621—
1624. doi: 10.1038/ismej.2012.8 PMID: 22402401

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K. Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat. Meth. 2010; 7: 335-336.

Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Meth. 2013;
10: 996-998.

Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.jour-
nal2011; 17: 10-12.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data. Bioinfor-
matics 2014; 30: 2114—2120. doi: 10.1093/bioinformatics/btu170 PMID: 24695404

Nilsson RH, Tedersoo L, Ryberg M, Kristiansson E, Hartmann M, Unterseher M, et al. A comprehen-
sive, automatically updated fungal its sequence dataset for reference-based chimera control in environ-
mental sequencing efforts. Microbes Environ. 2015; 30: 145-150. doi: 10.1264/jsme2.ME14121 PMID:
25786896

Kéljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AF, Bahram M, et al. Towards a unified para-
digm for sequence-based identification of fungi. Mol. Ecol. 2013; 22: 5271-5277. doi: 10.1111/mec.
12481 PMID: 24112409

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a chimera-
checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol.
2006; 72:5069-5072. PMID: 16820507

Bengtsson—Palme J, Ryberg M, Hartmann M, Branco S, Wang Z, Godhe A, et al. Improved software
detection and extraction of ITS1 and ITS2 from ribosomal ITS sequences of fungi and other eukaryotes
for analysis of environmental sequencing data. Methods Ecol. Evol. 2013; 4: 914-919.

Bengtsson J, Eriksson KM, Hartmann M, Wang Z, Shenoy BD, Grelet GA, et al. Metaxa: a software tool
for automated detection and discrimination among ribosomal small subunit (12S/16S/18S) sequences
of archaea, bacteria, eukaryotes, mitochondria, and chloroplasts in metagenomes and environmental
sequencing datasets. Antonie Van Leeuwenhoek 2011; 100: 471-475. doi: 10.1007/s10482-011-
9598-6 PMID: 21674231

Price MN, Dehal PS, Arkin AP. FastTree: computing large minimum evolution trees with profiles instead of
a distance matrix. Mol. Biol. Evol. 2009; 26: 1641-1650. doi: 10.1093/molbev/msp077 PMID: 19377059

Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, Knight R, et al. Quality-filtering vastly
improves diversity estimates from lllumina amplicon sequencing. Nat. Meth. 2013; 10: 57-59.

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. 2014; Available: http://www.R-project.org.

De Caceres M, Jansen F. Indicspecies: Relationship between Species and Groups of Sites. R pack-
age, Version 1.7.4. 2014. Available: http://cran.r-project.org/web/packages/indicspecies/index.html.

Sulyok M, Berthiller F, Krska R, Schuhmacher R. Development and validation of a liquid chromatogra-
phy/tandem mass spectrometric method for the determination of 39 mycotoxins in wheat and maize.
Rapid Commun. Mass Sp. 2006; 20: 2649-2659.

Malachova A, Sulyok M, Beltran E, Berthiller F, Krska R. Optimization and validation of a quantitative
liquid chromatography-tandem mass spectrometric method covering 295 bacterial and fungal metabo-
lites including all regulated mycotoxins in four model food matrices. J. Chromatogr. A 2014; 1362: 145—
156. doi: 10.1016/j.chroma.2014.08.037 PMID: 25175039

Schuster E, Dunn-Coleman N, Frisvad JC, Van Dijck PW. On the safety of Aspergillus niger—a review.
Appl. Microbiol. Biotechnol. 2002; 59: 426—-435. PMID: 12172605

Brandhorst TT, Kenealy WR. Production and localization of restrictocin in Aspergillus restrictus. J. Gen.
Microbiol. 1992; 138: 1429-1435. PMID: 1512575

PLOS ONE | DOI:10.1371/journal.pone.0157847 June 23,2016 17/18


http://dx.doi.org/10.1073/pnas.0909820106
http://www.ncbi.nlm.nih.gov/pubmed/19841276
http://dx.doi.org/10.1371/journal.pone.0090234
http://www.ncbi.nlm.nih.gov/pubmed/24587293
http://dx.doi.org/10.1038/ismej.2012.8
http://www.ncbi.nlm.nih.gov/pubmed/22402401
http://dx.doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://dx.doi.org/10.1264/jsme2.ME14121
http://www.ncbi.nlm.nih.gov/pubmed/25786896
http://dx.doi.org/10.1111/mec.12481
http://dx.doi.org/10.1111/mec.12481
http://www.ncbi.nlm.nih.gov/pubmed/24112409
http://www.ncbi.nlm.nih.gov/pubmed/16820507
http://dx.doi.org/10.1007/s10482-011-9598-6
http://dx.doi.org/10.1007/s10482-011-9598-6
http://www.ncbi.nlm.nih.gov/pubmed/21674231
http://dx.doi.org/10.1093/molbev/msp077
http://www.ncbi.nlm.nih.gov/pubmed/19377059
http://www.R-project.org
http://cran.r-project.org/web/packages/indicspecies/index.html
http://dx.doi.org/10.1016/j.chroma.2014.08.037
http://www.ncbi.nlm.nih.gov/pubmed/25175039
http://www.ncbi.nlm.nih.gov/pubmed/12172605
http://www.ncbi.nlm.nih.gov/pubmed/1512575

@’PLOS ‘ ONE

Microbiome and Metabolites in Fermented Pu-erh Tea

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Hetherington AC, Raistrick H. Studies in the biochemistry of microorganisms. Part XIV. On the produc-
tion and chemical constitution of a new yellow colouring matter, citrinin, produced from glucose by Peni-
cillium citrinum Thom. Phil. Trans. R. Soc. London Ser. B 1931; 220: 269-295.

Park DL, Ayala CE, Guzman-Perez SE, Lopez-Garcia R, Trujillo S. Microbial toxins in foods: algal, fun-
gal, and bacterial. In: Helferich W. Winter CK, editors. Food Toxicology. Boca Raton: CRC Press;
2000. pp. 93-135.

Boer E, Steinborn G, Florschiitz K, Kérner M, Gellissen G, Kunze G. Arxula adeninivorans (Blastobotrys
adeninivorans)—A dimorphic yeast of great biotechnological potential. In: Satyanarayana T, Kunze G,
editors. Yeast Biotechnology: Diversity and Applications. Netherlands: Springer; 2009. pp. 615-634.

Peng XC, Yu M. Isolation and identification of culturable microorganisms in a 10-year-old fermented
Pu-erh tea. Food Science 2011; 32: 196-199.

Isshiki K, Asai Y, Tanaka S, Nishio M, Uchida T, Okuda T, et al. Aurantiamide acetate, a selective
cathepsin inhibitor, produced by Aspergillus penicilloides. Biosci. Biotech. Bioch. 2001; 65: 1195—
1197.

Luo XD, Wu DG, Cai XH, Kennelly EJ. New antioxidant phenolic glycosides from Walsura yunnanensis.
Chem. Biodivers. 2006; 3: 224-230. PMID: 17193261

Kim KS, Cui X, Lee DS, Sohn J, Yim J, Kim YC, et al. Anti-inflammatory effect of neoechinulin A from
the marine fungus Eurotium sp. SF-5989 through the suppression of NF-kB and p38 MAPK pathways
in lipopolysaccharide-stimulated RAW264.7 macrophages. Molecules 2013; 18: 13245-13259. doi:
10.3390/molecules181113245 PMID: 24165583

Pinheiro EA, Carvalho JM, dos Santos DC, Feitosa Ade O, Marinho PS, Guilhon GM, et al. Antibacterial
activity of alkaloids produced by endophytic fungus Aspergillus sp. EJCO8 isolated from medical plant
Bauhinia guianensis. Nat. Prod. Res. 2013; 27: 1633-1638. doi: 10.1080/14786419.2012.750316
PMID: 23234304

Frehner M, Scalet M, Conn EE. Pattern of the cyanide-potential in developing fruits: Implications for
plants accumulating cyanogenic monoglucosides (Phaseolus lunatus) or cyanogenic diglucosides in
their seeds (Linum usitatissimum, Prunus amygdalus). Plant Physiol. 1990; 94:28-34. PMID: 16667698

Puopolo G, Cimmino A, Palmieri MC, Giovannini O, Evidente A, Pertot |. Lysobacter capsici AZ78 pro-
duces cyclo(L-Pro-L-Tyr), a 2,5-diketopiperazine with toxic activity against sporangia of Phytophthora

infestans and Plasmopara viticola. J. Appl. Microbiol. 2014; 117: 1168—1180. doi: 10.1111/jam.12611

PMID: 25066530

Cimmino A, Puopolo G, Perazzolli M, Andolfi A, Melck D, Pertot |, et al. Cyclo(l-pro-I-tyr), the fungicide
isolated from Lysobacter capsici AZ78: a structure-activity relationship study. Chem. Heterocycl.
Comp. 2014; 50: 290-295.

Arai K, Kimura K, Mushiroda T, Yamamoto Y. Structures of fructigenines A and B, new alkaloids iso-
lated from Penicillium fructigenum Takeuchi. Chem. Pharm. Bull. 1989; 37: 2937-2939.

Kozlovskii AG, Zhelifonova VP, Adanin VM, Antipova TV, Shnyreva AV, Viktorov AN. The biosynthesis
of low-molecular-weight nitrogen-containing secondary metabolites—alkaloids—by the resident strains
of Penicillium chrysogenum and Penicillium expansum isolated on board the Mir space station. Microbi-
ology 2002; 71: 666—669.

Xin ZH, Zhu WM, Gu QQ, Fang YC, Duan L, Cui CB. A new cytotoxic compound from Penicillium aura-
tiogriseum, symbiotic or epiphytic fungus of sponge Mycale plumose. Chin. Chem. Lett. 2005; 16:
1227-1229.

Chai YJ, Cui CB, Li CW, Wu CJ, Tian CK, Hua W. Activation of the dormant secondary metabolite pro-
duction by introducing gentamicin-resistance in a marine-derived Penicillium purpurogenum G59.
Marine Drugs 2012; 10: 559-582. doi: 10.3390/md10030559 PMID: 22611354

Glaser N, Stopper H. Patulin: Mechanism of genotoxicity. Food Chem. Toxicol. 2012; 50: 1796—1801.
doi: 10.1016/j.fct.2012.02.096 PMID: 22425938

Song E, Xia X, Su C, Dong W, Xian Y, Wang W, et al. Hepatotoxicity and genotoxicity of patulin in mice,
and its modulation by green tea polyphenols administration. Food Chem. Toxicol. 2014; 71: 122—-127.
doi: 10.1016/}.fct.2014.06.009 PMID: 24949943

Frisvad JC, Thrane U. Mycotoxin production by common filamentous fungi. In: Samson RA, Hoekstra
ES, Frisvad JC, editors. Introduction to Food and Airborne Fungi, 7 edn. Utrecht: CBS; 2004. pp. 321—
331.

Mo HZ, Zhang H, Wu QH, Hu L.B. Inhibitory effects of tea extract on aflatoxin production by Aspergillus
flavus. Lett. Appl. Microbiol. 2013; 56: 462—466. doi: 10.1111/lam.12073 PMID: 23573983

Adjovi YC, Bailly S, Gnonlonfin BJ, Tadrist S, Querin A, Sanni A, et al. Analysis of the contrast between
natural occurrence of toxigenic Aspergilli of the Flavi section and aflatoxin B1 in cassava. Food Micro-
biol. 2014; 38: 151-159. doi: 10.1016/j.fm.2013.08.005 PMID: 24290638

PLOS ONE | DOI:10.1371/journal.pone.0157847 June 23,2016 18/18


http://www.ncbi.nlm.nih.gov/pubmed/17193261
http://dx.doi.org/10.3390/molecules181113245
http://www.ncbi.nlm.nih.gov/pubmed/24165583
http://dx.doi.org/10.1080/14786419.2012.750316
http://www.ncbi.nlm.nih.gov/pubmed/23234304
http://www.ncbi.nlm.nih.gov/pubmed/16667698
http://dx.doi.org/10.1111/jam.12611
http://www.ncbi.nlm.nih.gov/pubmed/25066530
http://dx.doi.org/10.3390/md10030559
http://www.ncbi.nlm.nih.gov/pubmed/22611354
http://dx.doi.org/10.1016/j.fct.2012.02.096
http://www.ncbi.nlm.nih.gov/pubmed/22425938
http://dx.doi.org/10.1016/j.fct.2014.06.009
http://www.ncbi.nlm.nih.gov/pubmed/24949943
http://dx.doi.org/10.1111/lam.12073
http://www.ncbi.nlm.nih.gov/pubmed/23573983
http://dx.doi.org/10.1016/j.fm.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/24290638



