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Green Tea Liquid Consumption Alters the Human Intestinal
and Oral Microbiome
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Kanakaraju Kaliannan,* and Zhongjun Shao*

Scope: GTPs (green tea polyphenols) exert anti-CRC (colorectal cancer)
activity. The intestinal microbiota and intestinal colonization by bacteria of
oral origin has been implicated in colorectal carcinogenesis. GT modulates
the composition of mouse gut microbiota harmonious with anticancer
activity. Therefore, the effect of green tea liquid (GTL) consumption on the gut
and oral microbiome is investigated in healthy volunteers (n = 12).
Methods and results: 16S sequencing and phylogenetic investigation of
communities by reconstruction of unobserved states (PICRUSt) analysis of
both fecal and saliva samples (collected before intervention, after 2 weeks of
GTL (400 mL per day) and after a washout period of one week) in healthy
volunteers show changes in microbial diversity and core microbiota and
difference in clear classification (partial least squares-discriminant analysis
[PLS-DA]). An irreversible, increased FIR:BAC (Firmicutes to Bacteroidetes
ratio), elevated SCFA producing genera, and reduction of bacterial LPS
synthesis in feces are discovered in response to GTL. GTL alters the salivary
microbiota and reduces the functional pathways abundance relevance to
carcinogenesis. Similar bacterial networks in fecal and salivary microbiota
datasets comprising putative oral bacteria are found and GTL reduces the
fecal levels of Fusobacterium. Interestingly, both Lachnospiraceae and B/E
(Bifidobacterium to Enterobacteriacea ratio—markers of colonization
resistance [CR]) are negatively associated with the presence of oral-like
bacterial networks in the feces.
Conclusion: These results suggest that GTL consumption causes both oral
and gut microbiome alterations.
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1. Introduction

Green tea (GT), which represents 20% of
world consumption, is second only to wa-
ter in terms of worldwide popularity. GT
is characterized by the presence of large
amounts of polyphenols, also known
as catechins, such as epigallocatechin-3-
gallate, epigallocatechin, epicatechin gal-
late, and epicatechin.[1] Several health
benefits have been claimed for GT ex-
tracts (GTE) and GT polyphenols (GTPs),
including prevention of cardiovascular
disease,[2] metabolic syndrome (MS),[3]

and colorectal cancer (CRC),[4] some
of which are supported by evidence
from randomized trials.[5,6] At the same
time, conflicting results have been re-
ported from epidemiological studies re-
garding the pathogenic effects of GT.[7]

The mechanism(s) underlying the
CRC chemo preventative activity of GT
is unclear. It has been shown in animal
models that the intestinal microbiota
may play a role in colorectal carcinogen-
esis based on the association of CRC
with a specific intestinal microbiome
profile, or so-called dysbiosis, character-
ized by reduced FIR:BAC (Firmicutes to
Bacteroidetes ratio),[8,9] depletion of SCFA-
producing members of Lachinospiracea
and Ruminococacea such as Eubacterium
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and Roseburia,[10,11] as well as presence of putative pathobionts of
oral origin such as Fusobacterium.[12] One possibility is thatmodu-
lation of the gut and oralmicrobiotamay contribute to the cancer-
preventative properties of green tea liquid (GTL).
Research from animal models suggest that GTP intake is as-

sociated with differences in intestinalmicrobiota[13,14] and intesti-
nal formation of SCFA.[15] There have only been two clinical trial
reports of the effect of GT capsules on targeted human intestinal
microbiota.[14,16] Therefore, a plausible hypothesis is that GTL in-
take alters the human intestinal and oral microbiome relevant to
intestinal dysbiosis associated with colorectal carcinogenesis.
To date, however, there are no animal and/or clinical trial data

regarding the effect of GTL on oral microbiota. Moreover, there
are no data regarding simultaneous analysis of changes in the
gut and oral microbiome associated with GTL, the association
between GTL-altered oral and fecal microbiome changes, and
high-throughput 16S sequencing analysis of human microbiota
changes induced by GTL. To address the above hypothesis, we
studied the effect of GTL on the intestinal and oral microbiome
of healthy volunteers aged between 27 and 50 years (a population
relevant to CRC screening and chemoprevention), with an inte-
grated “washout” period, with which to determine reversibility.

2. Experimental Section

2.1. Subjects, Study Protocol and Design, and GTL Preparation
and Tea Polyphenols Evaluation

The subjects were all volunteers who were recruited by distribut-
ing leaflets at the Fourth Military Medical University in Xi’an,
China, during the period from September to October, 2016. Sub-
jects were healthy, normal weight (BMI 18–24 kg m2), or over-
weight/obese (BMI>24 kgm2) and aged between 27 and 46 years
(Table S1 and Figure S1, Supporting Information). This study
protocol was approved by the Ethical Committee of the First Affil-
iated Hospital of Fourth Military Medical University. Please refer
to the supporting text in the Supporting Information for further
details.

2.2. Fecal and Saliva Samples Collection

Baseline (BL), GTL intervention (GT), and washout (WO) period
samples (both feces and saliva) were collected 3 days (day 4) be-
fore starting GTL intervention, after completing 2 weeks (day 21)
of GTL consumption (400mL per day) and after a washout period
of 1 week (day 28), respectively (Figure S2, Supporting Informa-
tion ). Desirable green tea intake is up to 1200 mL per day).[7]

Subjects in a study consumed 1000 mL per day and they found
GT effects onBifidobacterium species althoughGTwas given only
10 days.[14] Nevertheless, we decided to use moderate amount of
GTL (400mL per day) for 2 weeks to avoid adverse effects of GTP.
For further details, please refer to the Supporting Information
for online publication (Text S1C). Fecal samples (�5 g) were col-
lected in preweighed plastic stool collection tubes kept on ice for
analyses of the gut microbiota. Subjects were advised to collect
only one sample in a day although they were asked to record all
the bowel movements they had for that day.

For the saliva collection, unstimulated saliva samples
(�10 mL) were collected between 7 a.m. and 8 a.m. with pre-
viously established protocols.[17] Subjects were asked to refrain
from eating, drinking, and smoking for at least 1 h before
sample collection. To avoid the impact of oral hygiene habits
on the oral microbiome, volunteers were not allowed to use
toothpaste during the night before and during the day of the
saliva collection. Subjects were instructed to rinse the mouth
thoroughly with normal saline prior to the collection. Naturally
outflowed saliva was allowed to accumulate in the floor of the
mouth and the subject spat it out into the preweighed test tube
every 60 s for a period of 10 min. Both fecal and saliva samples
were collected by subjects at home, stored at −20 °C for a brief
period of time and then delivered to the laboratory within 24 h.
Both fecal and saliva samples were then immediately processed
for genomic DNA (gDNA) extraction.

2.3. DNA Extraction

Bacterial gDNA was extracted from fecal samples using
TIANamp DNA Stool Kit (TIANGEN, Beijing, China) accord-
ing to the manufacturer’s instructions (Text S2, Supporting
Information).

2.4. 16S rRNA Library Preparation and DNA Sequencing

The V4, V5 regions of the bacteria 16S ribosomal RNA gene
were amplified by PCR (95 °C for 2 min, followed by 25
cycles at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s
and a final extension at 72 °C for 5 min) using primers
515F 5′-barcode-TGCCAGCMGCCGCGG)-3′ and 907R 5′-
CCGTCAATTCMTTTRAGTTT-3′, where barcode is an eight-
base sequence unique to each sample. PCR reactions were per-
formed in triplicate 20μLmixture containing 4μL of 5× FastPfu
buffer, 2 μL of 2.5 mm dNTPs, 0.8 μL of each primer (5 μm), 0.4
μL of FastPfu polymerase, and 10 ng of template DNA. Ampli-
cons were extracted from 2% agarose gels and purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA) according to the manufacturer’s instructions
and quantified using QuantiFluor -ST (Promega, USA). Purified
PCR products were quantified by Qubit 3.0 (Life Invitrogen,
USA) and every 24 amplicons whose barcodes were different
were mixed equally. The pooled DNA product was used to con-
struct Illumina Pair-End library following Illumina’s genomic
DNA library preparation procedure. Then the amplicon library
was paired-end sequenced (2 × 250) on an Illumina Hiseq plat-
form (Beijing Capitalbio Technology Co., Ltd) according to the
standard protocols. Raw fastq files were demultiplexed, quality-
filtered usingQIIME (version 1.17) with the following criteria: (a)
The 250 bp reads were truncated at any site receiving an average
quality score <20 over a 10 bp sliding window, discarding the
truncated reads that were shorter than 50 bp. (b) Exact barcode
matching, two nucleotide mismatch in primer matching, reads
containing ambiguous characters were removed. (c) Only se-
quences that overlap longer than 10 bpwere assembled according
to their overlap sequence. Reads which could not be assembled
were discarded. Operational taxonomic units (OTUs) were
clustered with 97% similarity cutoff using UPARSE (version 7.1
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http://drive5.com/uparse/) and chimeric sequences were iden-
tified and removed using UCHIME. The phylogenetic affiliation
of each 16S rRNA gene sequence was analyzed by RDP Classifier
(http://rdp.cme.msu.edu/) against the Silva (SSU123)16S rRNA
database using confidence threshold of 70%.[18]

Generation of α and β diversities and analysis and visual-
ization of partial least squares-discriminant analysis (PLS-DA),
principal coordinate analysis (PCoA), and principal component
analysis (PCA) plots were performed using PAST[19] and XLSTAT
software. The α-diversity of each group was calculated based on
the annotated data using the diversity-indices of the PAST ver-
sion 2.17 software packages. Based on a non-parametric two-
sample t-test using the default number of Monte Carlo permu-
tations (999), a comparative analysis of the group-specific α-
diversity indices was performed at all the taxonomic levels. The
relationship between the microbiota of the BL, GT, and WO time
points was explored using a PLS-DAmethod.[20] PLS-DA is amul-
tivariate method used to eliminate the genera related to differ-
ences between groups. PLS-DA model enhances predictive abil-
ity and simplifies interpretation. Following construction of the
PLS-DAmodel, the variable importance in projection (VIP) score
of each taxon was calculated to select candidate taxa that reflected
the difference between three time points. AVIP score higher than
one is commonly utilized in multivariate analysis as the criterion
for an important variable for driving the observed group sepa-
ration. The similarity percentage analysis (SIMPER) was used
to identify the specific genera with the greatest contribution to
the differences observed between the groups identified.[19] Or-
dinations are the dimensional-reduction techniques which are
commonly used to visualize complex relationships between com-
munities between groups (β-diversity). Dimensional reduction
of the Bray–Curtis distance between microbiome samples using
PCoA ordination method (PAST software) was done and signif-
icant differences among groups at all the taxonomic levels were
tested with permutational multivariate analysis of variance (PER-
MANOVA), a multivariate non-parametric one-way ANOVA,
which utilizes the sample-to-sample Bray–Curtis distance matrix
directly. Differential abundance (non-parametric ANOVA with
Benjamini-Hochberg false discovery rate [FDR] correction for
multiple comparisons; p < 0.05) of taxon were identified using
XLSTAT (Addinsoft, USA) software program, those with p< 0.05
were grouped, their relative abundance were shown by heat-
map with hierarchical clustering (HCN) analysis and their con-
tribution to groups (between and within groups) were analyzed
using PCA (variance-covariance type) ordination method.[21] To
compare the RA of taxa between any two time points, a non-
parametric paired t-test was used. Linear discriminant analysis ef-
fect size (LEfSe) is a biomarker discovery and explanation tool for
high-dimensional data.[22] It couples statistical significance with
biological consistency and effect size estimation. Microbiota-
based biomarker discoveries were done with LEfSe using on-
line galaxy server (https://huttenhower.sph.harvard.edu/galaxy/)
and the LDA scores derived from LEfSe analysis were used to
show the relationship between taxon using a cladogram (cir-
cular hierarchical tree) of significantly increased or decreased
bacterial taxa in the microbiota between groups. The relative
abundance (RA) of each biomarker taxon across all samples was
shown with straight and dotted lines that plot the means andme-
dians, respectively, in each subgroup. Levels of the cladogram

represent, from the inner to outer rings, phylum, class, order,
family, and genus. Color codes indicate the groups, and letters
indicate the taxa that contribute to the uniqueness of the cor-
responding groups at an LDA >2.0. Hierarchical Ward-linkage
clustering based on the Pearson correlation coefficients of the RA
of genus level OTUs in fecal microbiota of 12 healthy subjects
were performed using data from all 3 time points. Then, oral
biofilm co-abundance groups (CAGs) and oral pathogen CAGs
were defined on the basis of recently published literature.[12]

2.5. Functional Capacity of Microbiota

The functional capacity of the microbiota present in each sam-
ple was inferred using Phylogenetic Investigation of Communi-
ties by Reconstruction of Unobserved States (PICRUSt), which
reconstructs the functional composition of a microbial commu-
nity sample using 16S rRNA phylogeny and a database of anno-
tated reference genomes.[23] For each functional pathway from
the Kyoto Encyclopedia of Genes and Genomes (KEGG) that
was putatively identified, comparisons were made between the
time points using LEfSe, which identifies features that are sta-
tistically differentially abundant among biological classes (in this
case time points) and then performs comparative tests between
pairs of biological classes to identify where these features are sig-
nificantly enriched or diminished. PLS-DA plots were also gen-
erated to check whether the samples from three different time
points are clustered according to predicted gene enrichments for
microbial functions.

2.6. Statistical Analysis

Data are expressed as means ± standard errors of the means
(SEM). To compare samples collected from any two time points, a
non-parametric paired Student’s t-test (Wilcoxon matched-pairs
signed rank test) was performed. PLS-Canonical Correspondence
Analysis (CCA), non-parametric Mood test, multivariate analy-
sis of variance (MANOVA), and generation of 3D views using
plot scores were performed using XLSTAT (version 2017) and
PAST software tools. All the univariate statistical analyses, in-
cluding linear regression analysis, were performed using either
with SPSS software (version 23.0) or GraphPad Prism (version
7.04) for windows. All statistical tests were two-sided and differ-
ences were considered statistical significant if p < 0.05.

3. Results

3.1. GTL Consumption Alters the Gut Microbiome

To assess the impact of GTL consumption on gut microbiome
(composition, abundance and function), we performed high-
throughput sequencing of the 16S rRNA gene V4-V5 regions of
the fecal samples. A total of 2 316 907 reads were generated from
the V4-V5 hypervariable region of 16S rRNA gene using 36 fe-
cal samples. After strict quality and size filtering, a total of 6293
OTUs were detected across all samples. To reveal the most im-
portant microbial communities affected by GTL, we performed
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several high-throughput multivariate analyses (Text S3a, Sup-
porting Information). Amultivariate statistical analysis approach
is a powerful tool for integration and interpretation of such
datasets toward sub-phenotypes.[24] First, SIMPER identified top
23 taxa, which were defined as those with >1% contribution
to samples. Among them, the differences between the bacte-
rial communities of samples are largely driven by the domi-
nance of the taxa belonging to the phylum Bacteroidetes (fam-
ily Prevotellaceae; genus Prevotella 9) with an average abundance
of 16.2% in the BL samples, 7.65% in the GT samples and 10.5%
in the WO sample (Figure 1A). Second, the RAs of core micro-
biome (CM),[25] which were defined as those taxa with relative
abundance >1.0% and shared taxa among three time points,
are expressed in the form of heat map with HCN, a clustering
technique for graphically summarizing the inter group relation-
ships in the form of a dendrogram. In our study, 12 taxa belong-
ing to phylum Firmicutes and Bacteroidetes were identified as es-
tablishing the CM although 16S sequencing found 13 phyla in
total. HCN clearly separated the CM affected by GTL as a sin-
gle cluster from the CM of BL and WO periods, which form
two clusters within a clade (Figure 1B). Third, based on mea-
surement of the RA of 559 microbial taxa in feces, a PLS-DA
(cross validation ANOVA with p-value <0.05) (Text S3b, Sup-
porting Information) was built to depict fecal microbial signa-
ture associated with BL, GT intervention and WO periods (Fig-
ure 1B) as described by Riba et al.[20] A 3D PLS DA score plots
revealed a clear discrimination of microbial profile for GT com-
pared to BL. Moreover, WO samples were separated from the BL
and this may indicate that GT-induced global shift in microbial
taxa might be persistent even after stopping the GTL. Associ-
ated VIP scores (Figure 1C) allowed to rank key microbial phy-
lotypes (the top 25 taxa with high VIP scores has been shown)
based on their importance in discrimination between three time
points. Notably, SCFA-producing Ruminococcaceae[10,11] and anti-
inflammatory Bifidobacterium[26] deserved the highest VIP score
(2.5 and 2.1, respectively) with PLS-DA. Fourth, LEfSe analysis
was performed to determine high-dimensional biomarker bac-
terial taxa that significantly differed between BL, GT, and WO
samples[22] (Figure 1E). Then, a cladogram (Figure 1F) was gen-
erated from LEfSe analysis to show the relationship between
biomarker taxa. This approach revealed a SCFA-producing genus
Dorea[10,11] as one of the biomarkers bacteria, which is signifi-
cantly higher withGTL consumption. Fifth, the differential abun-
dance analysis (DAA)[27]revealed 7 taxa (FDR corrected p-value
<0.05) belong to phylum Firmicutes and Actinobacteria (Table
S4, Supporting Information). In summary, these comprehen-
sive multivariate analyses helped us to determine the overall
microbiota changes (PLS-DA and HCN) and taxa that largely
(SIMPER), commonly (CM), and significantly (PLS-DA and
DAA) contributed to all three time points. In addition, this ap-
proach led us to further focus on those taxa which were revealed
with multivariate analysis.
It has been shown that CRC patients showed changes in

the bacterial diversity measures.[9,28] We next performed α and
β diversity analysis on whole microbiota 16S profiling and at
lower taxonomic levels as described by Collado et al.[29] GTL
consumption is associated with significantly elevated levels of
all of these α-diversity measures (Text S3c, Supporting infor-
mation) only at the taxonomic level of genus and species (Fig-

ure 2A,B and Figure S2A–C, Supporting Information). Rarefac-
tion curves show that a plateau of species richness was achieved
in approximately 50 000 reads per sample (Figure S2D, Sup-
porting Information). β-diversity (between-subject diversity), us-
ing PCoA with Bray–Curtis dissimilarity index (BCD) revealed
a significant irreversible impact of GTL on overall and also be-
tween three time points only at the taxonomic level of phylum
(Figure 2C), class and order (Figure S2E,F, Supporting Infor-
mation). We next performed DAA and PCA at lower taxonomic
levels to find out those bacterial groups significantly affected
by GTL. Overall, 13 bacterial phyla were detected, with most
OTUs affiliated with Bacteroidetes (54.6%), Firmicutes (39.4%),
Proteobacteria (4.2%), Fusobacteria (1.4%), Cyanobacteria (0.18%),
and Actinobacteria (0.1%) (Figure S2G, Supporting Information).
GTL significantly increased Firmicutes and Actinobacteria, re-
duced Bacteroidetes and increased the FIR:BAC (Figure 2D–H).
Decreased FIR and increased BAC have been shown in the
CRC patients.[10,27,30,31] Most importantly, GTL-induced phylum
level changes were irreversible (Figure 2C–H). For each bacte-
rial group in the PCA biplot diagram (Figure 2D), the length
of the line is directly proportional to contribution and the direc-
tion of the line indicates the time point that bacterial group con-
tributed to. At the level of family, GTL significantly increased the
SCFA-producing Lachinospiraceae and Ruminococcaceae,[10,11,30,32]

elevated Erysipelotrichaceae and Bifidobacteriaceae and Coriobacte-
riaceae and decreased Prevotellaceae (Figure 2I–O).[30] Notably, the
GTL effect on Ruminococcaceae and Bifidobacteriaceae were irre-
versible (Figure 2K,M). At the taxonomic level of genus, increased
levels of SCFA-producing Roseburia, Feacalibacterium, Eubac-
terium, Blautia, Coprococcus, and Dorea (Figure 3A,B)[10,11,30,32]

were found with GTL. Also, elevated levels of Bifidobacterium
and B/E (Bifidobacterium to Enterobacteriacea ratio), which is a
well-established marker of colonization resistance (CR) against
pathogenic bacteria,[33] and decreased proinflammatory Fusobac-
terium genus (Figure 3A,B)[3,32,34] were found with GTL. At
the level of species, significantly elevated levels of uncultured
(UCO) species from Roseburia, Faecalibacterium, Eubacterium rec-
tale group, Blautia,Coprococcus,Dorea formicigenerans,Dorea long-
icatena, Clostridium scindens, and Bifidobacterium longum (Figure
3C,D) and lower levels of uncultured Prevotella 9 were associated
with GTL (Figure 3C,D).
Next, to determine whether the taxonomic differences be-

tween the groups’ microbiota corresponded to functional
changes, we performed a predictive functional analysis of the
16S rRNA sequences present. Using this validated pipeline—
PICRUSt—we constructed a virtual metagenome for each of the
samples’microbiomes.[23,35,36] Analysis of functional pathways (as
defined by KEGG, level 3) with PLS-DA clearly classified all three
time points (Figure 3E). Both PLS-DA and LEfSe showed that BL
microbiota is associated with increased LPS biosynthesis (VIP =
1.428), LPS biosynthesis proteins (VIP = 1.425) and glutathione
metabolism (VIP = 1.426), which have been proved as mark-
ers of inflammation and inflammation-induced carcinogenesis
(Figure 3F–I).[37,38] Also, glycosaminoglycan degradation (VIP =
1.124), which may be associated with etiology of CRC,[38,39] was
significantly lower in the GT compared to BL samples (Figure
3J). Analysis of microbiome data of healthy subjects with obesity
(BMI > 24; n = 5) showed a clear classification between BL and
GT samples with PLS-DA, elevated levels of f Ruminococcaceae,
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Figure 1. Green tea liquid consumption alters the overall gut microbiota composition. A) Similarity percentage (SIMPER) analysis using Bray–Curtis
dissimilarity index showing the top 23 taxa with the greatest contribution (>1%) to the differences observed between 3 time points. B) Hierarchical
clustering (HCN) with a heat map shows the relative abundances of core microbiota (relative abundance >1.0% and shared taxa among three time
points). C) 3D view of score plots showing the results of supervised partial least squares-discriminant analysis (PLS-DA) with model fitness parameters
of R2(cum) = 0.937 and Q2(cum) = 0.704, respectively. D) The top 25 taxa with variable importance in projection (VIP) scores (between 1.6 and 2.5)
possibly responsible for discrimination of the GTL from BL and WO samples. The scores are given with upper bound (95%) and lower bound (95%).
E) Linear discriminant analysis (LDA) scores (log 10) derived from LEfSe analysis, showing the biomarker taxa (LDA score of >2 and a significance of
p<0.05 determined by the Wilcoxon signed-rank test) for BL and Tx (GT) andWO. F) Cladogram generated from LEfSe analysis showing the relationship
between taxon (the levels represent, from the inner to outer rings, phylum, class, order, family, and genus). Taxa are shown as phylum, family, and genus
in (A), (B), and (D).
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Figure 2. Green tea liquid (GTL) consumption is associated with altered gut microbiota diversity measurements. (A,B) α-diversity (within-subject diver-
sity) measurements (observed taxa, Simpson Evenness Index, Shannon Diversity Index and Chao1 Richness Index) at the taxonomic level of genus and
species for baseline (BL), GTL intervention (GT) and washout (WO) fecal samples. C) Principal-coordinate analysis (PCoA) and PERMANOVA signifi-
cance test (overall and pair wise comparisons) with Bray–Curtis dissimilarity index based on the relative abundance (RA) of phylum level OTUs identified
in the feces at BL, GT, and WO samples. D) Differential abundance analysis (DAA) (non-parametric one-way ANOVA with FDR correction (p < 0.05)
for multiple testing) followed by principal-component analysis (PCA) (variance-covariance type) showing the top three OTUs at phylum (p) level and
Firmicutes (FIR) to Bacteroidetes (BAC) ratio included as vectors. The magnitude and direction correspond to the weights. (E–H) RA of FIR and BAC and
FIR/BAC ratio. I) DAA with PCA analysis showing the top 7 OTUs at family level. J–O) RA of those families with FDR corrected p-value <0.05. Data on
the scatter plots with bar are expressed as means± standard errors of the means (SEM). Data with different superscript letters are significantly different
(p < 0.05) by Wilcoxon matched-pairs signed rank test. n = 12. PERMANOVA, permutational multivariate analysis of variance; FDR, false discovery rate;
OTUs, operational taxonomic units.
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Figure 3. Green tea liquid consumption is associated with altered genus and species level microbiota composition and functions. A,B) Differential
abundance analysis (DAA) followed by PCA (variance-covariance type) showing score plots (A) and RA (B) of top eight OTUs at genus (g) level and
Bifidobacterium (B) to Enterobacteriacea (E) ratio included as vectors for BL, GT and WO samples. The magnitude and direction correspond to the
weights. C,D) DAA with PCA showing score plots (C) and RA (D) of top ten OTUs at species level for BL, GT, and WO samples. Species with invisible
vectors were not mentioned in the PCA biplot. E,F) Functional prediction of microbial genes associated with BL, GT, and WO samples using PICRUSt
followed by 3D projection of score plots (E) showing the results of PLS-DA withmodel fitness parameters and LDA scores (F) of discriminating functional
pathways between BL and GT derived from LEfSe analysis. G) Boxplots of RA of markers of microbial functional pathways relevance to inflammation.
Data on the scatter plots with bar are expressed as means ± standard errors of the means (SEM). Data with different superscript letters are significantly
different (p < 0.05) by Wilcoxon matched-pairs signed rank test. n = 12. ANOVA, analysis of variance; RA, relative abundance; FDR, false discovery rate;
OTUs, operational taxonomic units; LDA, linear discriminant analysis; LEfSe, LDA effect size.
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g Faecalibacterium, and g Roseburia, and a clear trend of either
increase or decrease in other microbial parameters (major bac-
terial groups, predicted bacterial functions, α-diversity measures
and FIR/BAC ratio) altered with GT consumption (Figure S2H–
L, Supporting Information). Combined, these results report the
effect of GTL on the gut microbiota harmonious with anticancer
activity.

3.2. GTL Consumption Alters the Salivary Microbiome

A total of 2 316 299 reads were produced for 36 saliva samples.
After quality filtering, a total of 8399 operational taxonomic units
(OTUs) were detected across all samples. SIMPER showed that
Streptococcus, within the Firmicutes, is the most abundant genera
across all samples (Figure 4A). Thirteen taxa belong to Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria, and Fusobacteriawere
established as core microbiome (Figure 4B) and heat map with
HCN (Figure 4B) separated the core microbiome of GT from BL
and WO samples that formed two individual clusters within a
single clade. Next, PLS-DA clearly classified all three time points
(cross validationANOVAwith p-value<0.05) (Figure 4C,D). Also,
the LEfSe analysis (Figure 4E) and cladogram visualization (Fig-
ure 4F) revealed the high-dimensional biomarkers genera associ-
ated with GTL (e.g., genusAlloprevotella) and all three time points
were associated with different types of biomarker bacteria. Fi-
nally, DAA revealed 17 taxa for BL, GT, and WO samples (Table
S4, Supporting Information).
GTL had no effect on α-diversity measures derived either from

whole 16S profile or at lower taxonomic levels (Figure S3A–F,
Supporting Information). On the other hand, β-diversity anal-
ysis distinctly clustered the GT samples at overall microbial
community structure and also at the taxonomic level of class
(Figure 5A,B). Interestingly, GTL effects on salivary microbiota
looked reversible (Figure 5A,B). The ten most abundant bacte-
rial genera across all saliva samples were Streptococcus (16.2% of
all assigned reads), Neisseria (14.6%), Haemophilus (10.4%), Pre-
votella 7 (8.8%),Alloprevotella (8.03%), Porphyromonas (5.8%), Pre-
votella (4.2%), Fusobacterium (4.1%),Veillonella (3.8%), andRothia
(2.4%) (Figure S3H, Supporting Information). These genera cov-
ered almost 80% of the total RA and the proportional abundance
values are similar to those reported in previous studies of the mi-
crobiota associated with the oral cavity.[12,40]

Next, the PICRUSt analysis revealed a significantly decreased
abundance of pathways relevance to environmental information
processing[41] and oral carcinogenesis[42] with GTL consumption
(Figure 5C,D). In comparison, GT samples showed increased lev-
els of pathways (Figure S4A–D, Supporting Information), which
were shown as salivary functional biomarkers in healthy control
subjects compared to patients with oral cancer.[42] Overall, these
results reveal the impact of GTL consumption on the salivary
microbiome.
Oral bacterial networks are detected in the feces of healthy

subjects. Recently, oral bacterial networks were detected in
colonic mucosa and are enriched in CRC.[12] These are two co-
abundance groups (CAGs) comprised of oral pathogen CAG[12]

and oral biofilm CAG. Members of oral pathogen CAG are
linked with late colonization of oral biofilms (e.g., Parvimonas,
Solobacterium, Dialister, Gemella, Peptostreptococcus, and Fusobac-

terium). Members of oral biofilm CAG[12] are dominant bac-
teria in early dental biofilm formation and associated with
relatively healthy tooth pockets, including Granulicatella, Acti-
nomyces, Haemophilus, Rothia, Streptococcus, and Veilonella. We
followed the same method (hierarchical Ward-linkage clustering
based on the Pearson correlation coefficients of the RA of mem-
bers of CAG) as Flemer B[12] to identify and cluster the members
of CAG in the feces. Interestingly, we found similar clusters of
oral pathogen CAG and oral biofilm CAG in the fecal samples
collected at three different time points (Figure 6A). However, a
comparative analysis between saliva (Figure 6B) and feces (Figure
6B) showed a relatively lower presence these two CAGs in the fe-
ces our subjects except for the generaDialister and Fusobacterium.
Notably, the RA of Fusobacterium, which has extensively been
studied in CRC,[3,22] was significantly lower after GTL consump-
tion compared to BL (Figure 6B) although no changes were found
with Fusobacterium in the saliva. Also, most of the members of
these two CAGs (e.g., Streptococcus and Peptostreptococcus) were
significantly lower in the saliva of GTL compared to baseline (Fig-
ure 6B). Interestingly, we found a negative correlation between
oral pathogen CAG and Lachnospiraceae CAG in the feces (p <

0.001) (Figure 6C) of our subjects after combining all the sam-
ples regardless of time points.Moreover, we discovered a negative
correlation between B/E ratio and oral pathogen CAG in the feces
of same subjects (p < 0.001) (Figure 6D). Next, comparison be-
tween fecal and salivary microbiota profile showed a significantly
higher α-diversity measures in the saliva than feces (Figure 7A
and Figure S4G, Supporting Information). Likewise, PCOA with
PERMANOVA significance test performed at the genus level dis-
tinctly clustered the fecal and saliva samples (Figure 7B). Analysis
of microbiome data of healthy subjects with obesity (BMI > 24;
n = 5) showed a clear classification between BL and GT samples
with PLS-DA, decreased levels of specific CAG genera (Strepto-
coccus, Dialister, Fusobacterium, Gemella, and Solobacterium), in-
creased levels of predicted bacterial functions (e.g., peroxisome
and inorganic ion transporters and metabolism) and unaltered
α-diversity measures with GT consumption (Figure S3H-J, Sup-
porting Information). Together, these results indicate the benefi-
cial influence of GTL on the oral-like bacterial networks detected
in the feces of healthy subjects.

3.3. Influence of Demographic Characteristics on the Overall
Composition of Microbiota

There was no effect of age, sex, BMI, bowelmovements, and peri-
odontal disease (PD) status on fecal and salivary baseline micro-
biome profile or treatment effect of GTL intervention (Table S5,
Supporting Information). On the other hand, analysis performed
after combining all the samples showed elevated α-diversity mea-
sures only in the feces of subjects with constipation compared
to subjects with normal bowel movements (Figure 7C), which is
consistent with a recent report,[43] although age, sex, BMI, and PD
status did not have any effect on the same measures both in the
feces and saliva (Figure S5H-O, Supporting Information). Both
PCoA plots and PLS-CAA showed that the overall compositions
of the gut microbiota (all OTUs with >1%) were significantly
shifted only by sex, BMI, and the status of bowelmovements both
in the feces (Figure 7D,F) and saliva (Figure 7E,G). Together, our
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Figure 4. Green tea liquid consumption alters the overall salivary microbiota composition. A) Similarity percentage (SIMPER) analysis. B) Hierarchical
clustering (HCN) with a heat map shows the relative abundances of core microbiota. C) 3D view of score plots showing the results of supervised PLS-DA
with model fitness parameters. D) The top 25 taxa with VIP scores (between 1.7 and 2.8) possibly responsible for discrimination of the GT from BL and
WO samples. The scores are given with upper bound (95%) and lower bound (95%). E) LDA scores (log 10) derived from LEfSe analysis, showing the
biomarker taxa for BL, Tx (GT) and WO. F) Cladogram generated from LEfSe analysis showing the relationship between taxon. LEfSe, LDA effect size.
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Figure 5. GTL consumption is associated with altered β-diversity and functions of salivary microbiota. (A,B) 3D view of score plots showing the results
of PCOA and PERMANOVA significance test (overall as well as pair wise comparisons) based on the relative abundance (RA) of whole microbiota
(A) and class level (B) OTUs identified in the feces at BL, GT and WO periods. C) Functional prediction of microbial genes associated with BL, GT
and WO samples using PICRUSt followed by LEfSe analysis showing LDA scores of discriminating functional pathways between 3 time points. D) RA
of biomarker microbial functional pathways relevance to environmental information processing and carcinogenesis was shown in a panel where the
straight and dotted lines plots means and medians of the RA, respectively, in each subgroup. n = 12. RA, relative abundance; FDR, false discovery rate.
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Figure 6. Higher fecal Lachnospiraceae and B/E ratio were negatively associated with colonization of gut with oral-like bacterial networks. A) Hierarchical
Ward-linkage clustering based on the Pearson correlation coefficients of the RA of genus level OTUs in fecal microbiota of 12 healthy subjects. Data
from all three time points were combined for this analysis. Oral biofilm co-abundance groups (CAGs) and oral pathogen CAGs were defined on the
basis of a recently published literature (please refer main text). B) Results showing comparative analysis performed between members of salivary biofilm
and pathogen CAGs and oral-like bacterial genera (members of both CAGs) present in feces using RA of genus level OTUs. C,D) Linear regression
analysis showing an association between oral pathogen CAG and Lachnospiraceae CAG and between oral pathogen CAG and B/E ratio using the sqrt
transformed RA of members these two CAGs identified in the whole fecal microbiota data profile. Data are expressed as means ± standard errors of
the means (SEM). Data with different superscript letters are significantly different (p < 0.05) by Wilcoxon matched-pairs signed rank test. n = 12. RA,
relative abundance; OTUs, operational taxonomic units; CAGs, co-abundance groups; B/E Bifidobacterium to Enterobacteriacea ratio; �%, square root
transformed percentage values. p < 0.05 considered significant.

results are consistent with recently published findings regarding
the influence of age, sex, and BMI on gut microbiota.[44,45]

4. Discussion

The purpose of this study was to explore the effect of GTL
consumption on the fecal and oral microbiome and test our

hypothesis that GTL alters the oral and gut microbiome har-
monious with anti-cancer activity and commonly studied in the
context of intestinal dysbiosis associated with colorectal carcino-
genesis. This is the first study to investigate whether GTL alters
the gut and oral microbiome in humans using high-throughput
16S rRNA gene sequencing, PICRUSt, and modern multivari-
ate data analyzing software programs. We present for the first
time that the combined analysis of gut and oral microbiota of
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Figure 7. α and β diversity differences between fecal and salivary microbiota. A) Differences in the α-diversity measurements of fecal and salivary
microbiota. B) Genera shared between feces and saliva were identified and then PCOA and PERMANOVA significance test were performed based on
the RA of OTUs identified at genus level. C) The effects of status of bowel movements (normal vs constipation) on the α-diversity measurements of
fecal and salivary samples. D,E) The influence of age, sex, BMI, bowel movements, periodontal disease (PD) status on the overall composition of fecal
(D), and salivary microbiota (E). F,G) Results of PLS-CCA showing the correlation between environmental variables and RA (>1%) of OTUs identified at
genus level in fecal and salivary 16S profile. Variable biplot dotted lines indicate direction of environmental gradient. Inserts in the corresponding figures
show the VIP scores derived from PLS-CCA. Overall p < 0.0001 (1000 permutations) for both feces and saliva. Variables with VIP score close to 1 or >1
exert significant effects on the overall composition of microbiota.
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healthy subjects with nometabolic alterations using samples col-
lected before and after GTL consumption and after a WO period
of 1 week. Indeed, only 2 weeks of GTL drinking, while keep-
ing the energy and nutrients consumption unchanged between
subjects and between three time points, caused changes in fecal
and salivary microbiota. Considering the worldwide popularity
about GTL consumption,[1] the novel findings in this study are
1) GTL consumption induced irreversible shift of overall fecal
microbiota structure; 2) GTL consumption was associated with
irreversible elevation of α-diversity measures at the taxonomic
levels of genus and species in feces; 3) GTL induced irreversible
elevation of Firmicutes, reduction of Bacteroidetes, and elevation
of FIR/BAC; 4) GTL induced the growth of SCFA producing
members of family Lachnospiraceae, Ruminococcaceae, and Bifi-
dobacteriacea; 5) GTL induced a global functional shift related to
microbiota metabolism. Notably, GTL significantly reduced the
markers of inflammation and bacterial translocation[37]; 6) GTL
consumption altered the composition (overall and at class level)
and functions (e.g., pathways relevance to oral carcinogenesis)
of salivary microbiota; 7) We detected similar bacterial networks
in fecal and oral microbiota datasets comprising putative oral
biofilm forming and pathogenic bacteria in these healthy sub-
jects and GTL drinking was associated with reduction of most
of these bacteria in the saliva; 8) GTL lowered the abundance of
oral-like genus fusobacterium in the feces; 9) Most importantly,
GTL elevated the abundance of Lachnospiraceae and B/E ratio in
the feces and both high abundance Lachnospiraceae and elevated
B/E ratio were negatively associated with the presence of oral-like
bacterial networks in the feces.
The GTL-induced elevated levels of SCFA-producing so-called

“beneficial” bacterial genera such as Faecalibacterium, Blautia,
Bifidobacterium, Roseburia, Eubacterium, and Coprococcus and re-
duction of functional markers of inflammation (e.g., LPS biosyn-
thesis) may be relevant to one of the mechanisms underlying
the CRC chemo preventative activity of GTL. Studies of CRC pa-
tients have reported elevated intestinal inflammation due to the
reduction of SCFA-producing bacteria[46,47] and increase of LPS-
producing bacteria[10,27] compared with healthy controls. An in-
crease in SCFA-producing and LPS-suppressing bacteria such
as Bifidobacterium, leading to increased mucosal SCFA exposure
and decreased mucosal LPS-induced intestinal inflammation,
has been suggested to reduce mucosal inflammatory tone.[48,49]

Therefore, our findings are harmonious with a hypothesis that
GTL drinking is associated with gut microbiota changes driving
increased luminal SCFA exposure and reduced intestinal inflam-
mation. Interestingly, our findings are supported by both animal
studies[15,50] and a recent in vitro study showing proliferation of
certain SCFA-producing genera with GTP and an elevated level
of SCFA produced in cultures with tea polyphenols.[16] Whether
the changes in intestinal microbiota that we observed with GTL
intervention increase in luminal SCFA levels is a question that
will require a metabolomic approach.
We propose another mechanism by which the GTL drinking

could maintain the normal gut homeostasis may be conferring
CR to opportunistic pathogens growth due to intestinal inflam-
mation and CRC-associated oral taxa. Most recently, a causal
role of oral bacteria ectopically colonizing the intestine has been
shown, so it is important identifying members of the normal
gut microbiota that can provide CR against orally derived bac-

teria that could induce chronic inflammation in the gut.[51] Our
hypothesis regarding the beneficial effect of GTL on CR is sup-
ported by GTL-induced elevation of B/E ratio, a well-established
marker of colonization resistance against pathogenic bacteria[33]

and the abundance of Lachnospiraceae, which has recently been
shown that it might confers CR to oral-like bacterial network
in the gut of both healthy and CRC patients.[12] Interestingly,
in agreement with Flemer et al.,[12] we detected a negative as-
sociation between the abundance of fecal Lachnospiraceae and
oral pathogen present in the feces of healthy subjects in this
study. Similarly and for the first time, we show a negative cor-
relation between B/E ratio and oral pathogen CAG in healthy
subjects. Moreover, we found similar bacterial taxa found in the
oral cavity colonize in the colon of healthy subjects and form
bacterial coabundance networks although the RA of these oral-
like bacterial taxa were found lower in the feces of our subjects.
Among them, the genus Fusobacterium, a proinflammatory bac-
terium causatively linked with CRC,[52] was relatively higher in
the BL samples and GTL drinking was able to reduce the abun-
dance of Fusobacterium in the feces. Similar to our results, the
Fusobacterium genus has been detected in the feces of healthy
controls[12,53,54] although it was shown relatively higher in the
CRC patients.
Decreased FIR/BAC has been observed in the gut of inflam-

matory bowel disease (IBD), one of themajor causes of CRC, and
CRC patients.[8,9] Based on the observed findings in the healthy
subjects, we propose that GTL consumption may prevent the re-
duction of FIR/BAC If CRC patients consumeGTL. A significant
reduction of Bacteroidetes after GTL drinking in this study is sup-
ported by a most recent in vitro report that showed an inhibited
Bacteroides-Prevotella growth with GTP.[16] Our results and hy-
pothesis highlight the need for further studies with large number
of CRC subjects to investigate the GTL effects on microbiota. On
the other hand, the microbiomemodifying effects of GTL should
be investigated in large number of subjects with obesity and/or
MS to confirm the GTL effects on FIR/BAC because an elevated
FIR/BAC ratio has been foundwith obesity and associatedMS.[55]

The strengths of this study include the utilization of high-
throughput 16S sequencing and PICRUSt-based predicted func-
tional analysis that allowed to examine both composition and
functions of microbiota of fecal and saliva samples collected at
the same time at three different time points, application of differ-
ent types of multivariate analyses that allowed to find the most
important taxa affected by GTL, bacterial diversity analysis per-
formed at all the taxonomic levels, examination of the associa-
tion between oral-like bacteria and gut bacteria, and the effect of
various demographic of the study on fecal and oral microbiota.
It has been shown that differences in the diet were associated
with inter-individual and intra-individual variations in micro-
biome composition between individuals. To minimize the effect
of dietary and life style differences on the microbiome,[56,57] our
study subjects, who had relatively similar lifestyle, were enrolled
from a single university and instructed to consume the same
diet during the 4 consecutive days before their visit on day 21
and 28 for samples collection according to the recorded days be-
fore the BL measurement. It is conceivable that GTL interven-
tion in this study overcame the influences of diet and other fac-
tors influencing the microbiota based on the results that HCN
separated the CM[25] affected by GTL from baseline and washout
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periods.Methodological weaknesses were a small number of sub-
jects and the lack of colorectal tissue to study the effect of GTL on
the mucosa-associated microbiome. The mucosa-associated mi-
crobiome in intestinal tissue differs from the lumen,[9] and these
microbes also potentially play important roles. The results of this
study seem to warrant further investigation using colorectal tis-
sue to confirm the GT-induced alterations in Firmicutes and Bac-
teroidetes. Also, the predictive functions should be examined with
care as we are not sure whether the bacteria identified by 16S se-
quencingwere alive and active. As a result, the future studies with
GTL intervention will require a metatranscriptomic approach.
Following the approach used by Collado,[29] performing both

α and β diversity analysis at different taxonomic levels captured
α-diversity differences at lower taxonomic levels (e.g., species)
when we did not find α-diversity differences at higher taxonomic
levels (e.g., OTUs in general). This could be possible because
several interventions caused alteration in the abundance of mi-
crobiota only at lower taxonomic levels.[58] Although the precise
mechanism has yet to be clarified for not founding α-diversity
differences with salivary microbiota, it might be achieved with
higher dose and/or longer duration of GTL. Higher α-diversity
with saliva samples compared to fecal samples in our studymight
be due to the impact of previous day(s) food timing condition be-
fore sampling the saliva and fecal samples. The food timing influ-
ences the daily rhythm inα-diversity salivarymicrobiota although
no significant effects of food timing were observed in α-diversity
fecal microbiota.[29]

Our findings suggest the possibility that GTL-induced gut mi-
crobiome changes might be persistent for a period of time as we
observed irreversible fecal microbiome changes after one week
WO period although microbiota recovery depends on the dose
and duration of a particular intervention. An interesting ques-
tion, which needs further research, would be whether irreversible
changes might be due to the effects of GTP on the activity several
endogenous colonic anti-microbial peptides that maintain the
gut microbiota homeostasis. On the other hand, the reversible
salivary microbiome changes could be due to the lack of pro-
longed contact between GTP and microbes because of the con-
stant swallowing of saliva and oral hygiene habits.[59] Indeed, to
answer whether this will be persistent for longtime, we need fur-
ther research with longer duration of WO period. From our find-
ings, we could recommend that one could stop drinking the GTL
for a week without losing some of the microbiome-related ben-
efits if there is a concern regarding the adverse effects of GTL
drinking.[7]

In summary, we preliminarily identified that GTL given for 2
weeks is associated with significant alterations in gut and oral
microbiota composition and functions although verification of
the current findings in large cohorts is required. The increase
in SCFA producing genera and FIR/BAC, elevated levels of CR
markers such as B/E ratio and Lachnospiracea and reduction of
oral-like Fusobacterium genus in the gut are compatible with the
known anti-inflammatory and antineoplastic properties of GTL
consumption.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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