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ABSTRACT

Background: Tongue coating microbiota has aroused particular interest in profiling oral and
digestive system cancers. However, little is known on the relationship between tongue
coating microbiome and colorectal cancer (CRC).

Methods: Metagenomic shotgun sequencing was performed on tongue coating samples
collected from 30 patients with CRC, 30 patients with colorectal polyps (CP), and 30 healthy
controls (HC). We further validated the potential of the tongue coating microbiota to predict
the CRC by a random forest model.

Results: We found a greater species diversity in CRC samples, and the nucleoside and
nucleotide biosynthesis pathway was more apparent in the CRC group. Importantly, various
species across participants jointly shaped three distinguishable fur types.The tongue coating
microbiome profiling data gave an area under the receiver operating characteristic curve
(AUC) of 0.915 in discriminating CRC patients from control participants; species such as
Atopobium rimae, Streptococcus sanguinis, and Prevotella oris aided differentiation of CRC
patients from healthy participants.

Conclusion: These results elucidate the use of tongue coating microbiome in CRC patients
firstly, and the fur-types observed contribute to a better understanding of the microbial
community in human. Furthermore, the tongue coating microbiota-based biomarkers provide
a valuable reference for CRC prediction and diagnosis.
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Introduction . o . .
and current screening strategies including fecal immu-

Colorectal cancer (CRC) is a multistep process that
involves genomic alterations in parallel with morpholo-
gic changes [1]. CRC ranks third in terms of cancer
incidence worldwide, and the latest data for China
released by the National Cancer Center indicated about
153,020 new cases and 52,550 deaths because of CRC,
with an increasing trend in the incidence and mortality
[2-5]. Screening and diagnosing CRC at an early stage is
therefore a key factor for reducing CRC mortality rate,

nochemical test (FIT), serum carcinoembryonic antigen
(CEA) test, or colonoscopy technology and tissue biop-
sies are invasive or unaffordable [6-8]. In the past few
years, researchers have proposed that CRC is always
caused by inflammatory bowel disease (IBD), obesity,
diabetes, and a high-fat diet, all of which suggest that
dysbiosis plays a key role in CRC pathogenesis [9]. Some
clinical and epidemiological studies have proven that
imbalance of the gut microbial community promotes
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CRC [10]. Particularly, decreased microbial diversity and
increased richness of Proteobacteria and Fusobacterium
nucleatum (Fn) have been found in the gut microbiome
of CRC patients [11-13]. Further, Fn may promote the
development of CRC with consistent and chronic
inflammation [14]. Besides, studies have reported similar
metabolic regulatory mechanisms between the oral cavity
and gut microbiota [15]; however, the overlaps between
both these regions indicate a specific association with the
development of CRC that can potentially predict the risk
of CRC. The oral cavity is closely associated with the
external environment and has the most diversified
microbiome [16]. Of the microbiome, the phyla
Actinobacteria, Bacteroidetes, Firmicutes, and
Proteobacteria represent microbes in the oral cavity,
which form biofilms such as the coat of tongue and
dental plaque [17,18]. The tongue is a mobile, muscular
organ located in the mouth, which is associated with oral
and systemic infections and aspiration pneumonia [19].
The tongue coating is an important part of the tongue
and has a specific ecosystem with its own microbiome.
Moreover, tongue coating has an essential impact on the
total oral microbiome, and common harmful tongue
coating bacteria can damage immunity and cause
chronic inflammation [20-22]. Nevertheless, in contrast
to the rapidly increasing knowledge on gut microbiota,
discussion on whether the tongue coating microbiota-
based biomarkers can be used for CRC screening and
diagnosing is scarce.

Therefore, the aim of this study was to investigate
the characteristics of tongue coating microbiome to
identify potential non-invasive biomarkers of CRC
using metagenomics sequencing (MGS), which has
high sequencing detection sensitivity and high-
throughput function. Furthermore, the study aimed
to determine the complex interaction between ton-
gue coating microbiome and CRC, as the data on
ecological mechanism of the tongue coating micro-
biome for CRC are scarce and the human micro-
biota community is known to play an active role in
carcinogenesis through DNA damage and chronic
infection.

Materials and methods
Study design and enrolled subjects

A total of 60 specimens from 30 patients with CRC
and 30 patients with CP were collected, and 30
healthy controls were used for comparison. CRC
and CP were diagnosed by colonoscopy and histo-
pathologic examination at the hospital, from
May 2021 to May 2022. A newly established standard
tongue coating collection method was used for sam-
ple collection [23]. All participants provided written
informed consent, and the study protocol was
approved by the Ethics Committee of the hospital.

Subjects diagnosed with CRC or CP were recruited
according to strict inclusion criteria: inpatients with
newly diagnosed CRC or CP (aged 18-85 years) and
had never been treated with aprobiotics or antibiotics
in the 4 weeks prior to taking tongue coating samples.
Exclusion criteria for the CRC and CP groups
included the following: (a) probiotics or antibiotics
use within a month prior to taking tongue coating
samples; (b) pregnant or lactating women; (c) pre-
vious history of CRC or other tumor diseases; (d)
uncontrolled active infection, serious electrolyte dis-
order, obvious bleeding tendency, and severe heart,
lung, liver and renal insufficiency; (e) unable to com-
plete the baseline assessment table and those who
have no legal capacity. In addition, we enrolled 30
matched healthy controls following the inclusion cri-
teria: (a) individuals who had not been administered
probiotics or antibiotics within a month prior to
taking tongue coating samples; (b) aged 20-60 years;
(c) absence of nausea, vomiting, diarrhea, and other
gastrointestinal discomfort within the previous
months.

Sample collection

All participants were asked to rinse their mouth three
times with normal saline and extend their tongue as
far as possible before sampling. The tongue surface
was scraped from the posterior middle area to the
anterior middle area where commonly the thick and
greasy tongue coating exists. This was done 30 times
by rolling a sterile oral swab. The swab head was then
immersed in a product preservation solution (KD-
FM-001, KMHD GeneTech Co., Ltd.), and finally
frozen at —80°C.

Metagenomic shotgun sequencing and analysis

Microbial DNA on the tongue coating was extracted
using a EasyPure Bacteria Genomic DNA Kit
(TransGen, EE161) following the manufacturer’s
instructions. The degree of DNA degradation and
possible contamination was estimated using 1% agar-
ose gel electrophoresis, the optical density (OD) value
of DNA with 260/280 absorbance ratio values of 1.8-
2.0 was detected using a microplate reader (Biotek,
Cytation5), and the DNAs were quantified using
a Qubit 4.0 Fluorometer (Thermo Fisher, Q33226).
Metagenomic shotgun sequencing was performed on
the MGI DNBSEQ-T7 platform with a paired end
library of 350-bp and 150-bp read length, with an
average of 7.72 Gb and 51.46 M reads per sample.
Species accumulation curves show the cumulative
number of species recorded for a certain number of
individuals to provide an estimate of species richness.
The mean cumulative number of species was calcu-
lated for a specified number of random individuals



from the population for 5 times. The sequencing
readings were subjected to quality control using
Kneaddata (https://github.com/biobakery/biobakery/
wiki/kneaddata) [24] and host sequences were
removed based on the human genome (hgl9 build)
database. High-quality sequences were used for quan-
titative profiling of the taxonomic composition of the
microbial communities of all samples using
MetaPhlAn 3.0 (https://github.com/biobakery/
MetaPhlAn/wiki/MetaPhlAn-3.0)  [25], whereas
HUMAnDN 3.0 (https://huttenhower.sph.harvard.edu/
humann) was used to profile gene-family abundances
[26]. Gene families determined by UniRef were
mapped to the MetaCyc metabolic pathway database.
The alpha diversity index (Shannon index) and Bray-
Curtis dissimilarities were calculated using Vegan
package in R. And beta diversity was subdivided
into turnover and nestedness using adespatial pack-
age. Statistical analysis was performed on the
Shannon index between groups using a non-
parametric Wilcoxon test with a p-value <0.05.
Principal coordinate analysis (PCoA) was performed
on beta diversity based on Bray-Curtis distances, and
the differences were compared using permutational
multivariate ANOVA  (PERMANOVA) with
9,999 permutations. LEfSe was used to quantitate
differential taxonomic abundance and pathway abun-
dance using a Kruskal-Wallis test with a value of 0.05
and a log linear discriminant analysis (LDA) score
cut-off of 2 [27]. The above analyses were performed
using the HMGA tools (http://www.gigaomics.com/),
a free online platform for data analysis [28].

A distance matrix was computed using the Jensen-
Shannon divergence (JSD) distance. The optimal
number of clusters was determined using the silhou-
ette width method, and the Partitioning Around
Medoids (PAM) algorithm. Medoids (PAM) algo-
rithm was employed to categorize the samples into
clusters as fur-types. Between-class analysis (BCA)
was performed on fur-types and top 10 contributors
were shown. Heat tree and co-occurrence network
were analyzed on Microbiome Analyst [29]. The asso-
ciation between species, clinical characteristics, and
other confounders was calculated by Microbiome
Multivariable Associations with Linear Models
(MaAsLin2), a multivariable statistical framework
with default parameters.

Species-based classifier

To acquire the best discriminant performance across
CRC and non-CRC individuals, fivefold cross-
validation was performed on a random forest
model using the ‘randomForest’” package v.4.7-1
based on the relative abundances of species level.
The cross-validation error curves from five trials of
five-fold cross-validation were averaged and were
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used to select appropriate features. Seventy percent
of all individuals were randomly selected as the
training set and 30% as the validation set for the
model.

Statistical methods

R (version 4.2) was used for statistical analysis.
Categorical data were tested using the chi-square
test and continuous variables using t-tests to examine
the difference in phenotype index between the
groups. p values <0.05 were considered statistically
significant.

Results
Study population and demographics

Tongue coating microbiome samples from HC
(n=30), CP patients (n=30), and CRC patients (n
=30) were prospectively obtained from workplace-
based colonoscopy tests in the Second Affiliated
Hospital of Guangzhou University of Chinese
Medicine. Significant difference was found in terms
of age, but no significant differences in other demo-
graphically assessed variables such as BMI, gender,
smoking status, and alcohol drinking status among
the groups (Table 1, Supplementary Table S1).

Composition of the tongue coating microbiota

Community profiling analysis showed significant differ-
ences in phylum to species levels between the HC group
compared to the CP and CRC groups (Figure 1 and
Supplementary Figure S1). At the phylum level,
Proteobacteria, Bacteroidota, Firmicutes,
Actinobacteriota, and Fusobacteriota were most abun-
dant, and among these, Proteobacteria, Firmicutes, and
Bacteroidota were the most abundant phyla across
groups. Proteobacteria was the dominant bacteria with
a relative abundance of 41.73% in the HC group, signifi-
cantly higher than that in the CP (29.22%) and CRC
(23.35%) groups (all p<0.05). Actinobacteria had
increased abundance in the CRC group (all p <0.05).
At the class level, CRC patients showed increased levels
of Actinobacteria, Negativicutes, and
Epsilonproteobacteria but a decrease in levels of
Betaproteobacteria and Gammaproteobacteria, compared
to the HC group. At the order level, Actinomycetales,
Veillonellales, ~Eggerthellales, Selenomonadales, and
Campylobacterales were more abundant in the CRC
group, while Neisseriales, Micrococcales, Pasteurellales,
Cardiobacteriales, and Burkholderiales were more fre-
quent in the HC group. In addition to Neisseriaceae,
Prevotellaceae, Fusobacteriaceae, and Actinomycetaceae,
which are dominant bacteria at the family level,
Actinomycetaceae,  Veillonellaceae, — Eggerthellaceae,
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Table 1. Differences in demographic and clinical characteristics between CRC, CP, and NC groups.

Characteristics HC CcP CRC P value
N 30 30 30
Age (meanzSD) 57.20+1.79 54.73£11.74 62.5+11.80 0.0084**
BMI (mean + SD) kg/m2 23.39+2.85 23.89£3.03 23.18+3.28 0.6535
Gender Male n (%) 19 17 19 0.8294
Female n (%) 1 13 1
Smoking status Never smoker n (%) 21 20 18 0.3648
Former smoker n (%) 0 2 4
Current smoker n (%) 9 8 8
Drinker Never drink n (%) 20 23 23 0.4710
<1 standard drink per day n (%) 6 2 5
>1 standard drink per day n (%) 4 5 2
Tumor location Rectum NA NA 12
Distal colon NA NA 10
Proximal colon NA NA
TNM stage Stage | NA NA 5
Stage Il NA NA 8
Stage Il NA NA 13
Stage IV NA NA 4

The continuous variables were presented as mean + SD; *<0.05, **<0.01.

Abbreviations: HC: healthy controls, CP: patients with colorectal polyps (CP), CRC: patients with colorectal cancer; SD: Standard deviations; NA: not

applicable.

Campylobacteraceae, Selenomonadaceae, and
Leptotrichiaceae showed significantly higher relative
abundance in patients with CRC, while Neisseriaceae,
Micrococcaceae, Pasteurellaceae, Cardiobacteriaceae, and
Burkholderiaceae were more frequent in the HC group
(Supplementary Figure S1). At the genus level, CRC
patients had increased abundance in seven species
(Actinomyces, Slackia, Alloprevotella, Campylobacter,
Peptostreptococcus, Megasphaera, Leptotrichia), while
the HC group showed an increase in Neisseria, Rothia,
Haemophilus, Lautropia, and Cardiobacterium (Figure 1
(a)). At the species level, Veillonella atypica, Megasphaera
micronuciformis, and Veillonella parvula were more
abundant in the CRC group, while Neisseria flavescens
and Rothia mucilaginosa were more frequent in the HC
group (Figure 1(b,c)).

Species accumulation curves at the species level
showed that the dataset in this study was sufficiently
large and valid (Supplementary Figure S2). The
sequencing depth was judged to be sufficient as the
curve tended to be flat. The detection rate of the
microbial community was almost flat, indicating
a reasonable sequencing volume that could cover
most species. To examine differences in the micro-
bial community richness and composition between
the three groups, we evaluated the a and p diversity
of tongue coating microbiota. In terms of Shannon
index and Simpson index, samples from the CP and
CRC groups did not significantly differ in their a-
diversity, but were significantly different compared
to the HC group (Figure 2(a)). Based on the f-
diversity analysis, the PCoA plot showed significant
differences in species composition among the three
groups (all p <0.05; Figure 2(b)). Diversity among
communities (p-diversity) is driven by turnover
(replacement of taxa) and nestedness (gain or loss
of taxa resulting in differences in richness).
Compared with HC and CP groups, the CRC

group showed significant turnover (p<0.0001,
Figure 2(c)), indicating that the CRC group harbors
unique taxa. Moreover, noteworthy overlaps in dif-
terentially abundant OTUs were found among the
CRC, CP and HC groups (Figure 2(d)). As shown in
the Venn diagram, there are 204 common species
among the three groups, 35 were specific for the
CRC group and six were unique to the CP group.
Overall, these findings indicate that the composition
of microbial communities differed significantly
among the different groups.

Differential abundance of tongue coating
microbiome across the three groups

To better distinguish the types of disease-causing
microbiota and health status, we identified three
distinct clusters (Figure 3(a)) designated as fur-
types. Fur-type analysis was based on the classifica-
tion of species to better reflect morphological
changes [30]. Each of these three fur-types cannot
be identified by one dominant species. Between-class
analysis (BCA) was performed on fur-types. The
contribution of the bacteria for fur-type classification
were calculated by the column normed scores in BCA
and top 10 contributors were shown, namely

Atopobium  parvulum, Porphyromonas somerae,
Prevotella jejuni, Prevotella salivae,
Lachnoanaerobaculum saburreu, Stomatobaculum

longum, Solobacterium moorei, Mogibacterium diver-
sum, Neisseria flavescens, and Haemophilus parain-
fluenzae were found differed among the fur-types.
Especially, the abundances of Atopobium parvulum,
Prevotella jejuni, Prevotella salivae,
Lachnoanaerobaculum saburreu, Stomatobaculum
longum, and Megasphaera micronuciformis were sig-
nificantly enriched in fur-type 2; Mogibacterium



JOURNAL OF ORAL MICROBIOLOGY e 5

Tree Relatve abundance (%)

group
- P
- CAC

[ — - he
[l o oy 1 st s

75

Relative_abundance

5.

W

i

|

o i

L

| !

g
&
g
g

Figure 1. Comparison of relative abundance among each group. (a) Relative abundance of tongue coating microbiota at the
genus level. (b) Relative abundance of tongue coating microbiota at the species level. (c) Heat map plot of relative abundance of
the top 25 species in each sample (The legend of panel c in this figure is as same as the legend of panel b).

Abbreviations: HC: healthy controls, CP: patients with colorectal polyps (CP), CRC: patients with colorectal cancer

diversum has higher abundance in fur-type 1, and
Porphyromonas somerae, Neisseria flavescens, and
Haemophilus parainfluenzae were over-expressed in
fur-type 3 (Figure 3(b)). Analysis on the differences
shows the frequency of fur-type 1 and type 3 were
higher in the CRC and HC groups, respectively,
while fur-type 2 was not diverse among the three
groups (Figure 3(c)).

To further explore differences in microflora
among groups, the LEfSe algorithm was used to
detect abundance from the phylum to species levels.
As shown in Figure 4(a), 50 discriminatory species
were found in the CRC, CP and HC groups, and one
phylum, three classes, five orders, six families, 10
genera, and 26 species were enriched in patients
with CRC (LDA score > 2.0; Figure 4(a)). At the spe-
cies level, Selenomonas sp. oral taxon 126, Prevotella
multisaccharivorax, Prevotella fusca, and Actinomyces
sp. oral taxon 180 were characteristic of the CRC
group, whereas Neisseria sp. HMSCO064E01 was
excluded from the CRC group (Figure 4(a)).
A cladogram was then generated to visualize and
compare the phylogenetic distribution between three
groups from the phylum to genus level. The results
supported that the HC group was significantly differ-
ent from the CP and CRC groups at each taxonomic
level analyzed, while the CP and HC groups showed
significant difference only at the level of phylum and
genus (p < 0.05; Supplementary Figure S3).

The clustering analysis of microbiota enrichment
verified the diversity of Actinobacteria and exhibited
clusters for Proteobacteria and Micrococcales in the
HC, which also indicated that CRC patients had an
increased abundance of Prevotellaceae, Frimicutes, and
Actinomycetales, compared to the HC (Figure 4(b)).
Moreover, the network map depicting enrichment
relationships among groups at the species level illu-
strated that several bacteria were closely associated
with Prevotella pallens, including Actinomyces graeve-
nitzii, Actinomyces sp ICM47, and Streptococcus para-
sanguinis, which showed an increase in abundance in
the CRC groups and a decrease in abundance the HC
or CP group (Figure 4(c)).

Correlations between tongue coating microbiome
and CRC clinical characteristics

As shown in the multivariable statistical frame-
work (Figure 5), the CRC group significantly cor-
related with Prevotella loescheii, Selenomonas sp.
oral taxon 126, Prevotella fusca, Eubacterium
nodatum, Porphyromonas endodontalis,
Treponema putidum, Morococcus cerebrosus, and
Simonsiella muelleri. Clinical indicators of creati-
nine (Cr), globulin (GLB), and albumin (ALB)
positively correlated with the species Veillonella
parvula, Enterococcus faecium, Corynebacterium
striatum, Campylobacter gracilis, Candida albicans,
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(CP), CRC: patients with colorectal cancer.

Actinomyces sp. oral taxon 181, and Veillonella
atypica, whereas they were negatively correlated
with Catonella morbi, Fretibacterium fastidiosum,
Leptotrichia sp. oral taxon 212, Anaeroglobus gemi-
natus, and Prevotella maculosa. The relative abun-
dance of Veillonella parvula, Enterococcus faecium,
Corynebacterium striatum, Campylobacter gracilis,
Candida albicans, Actinomyces sp. oral taxon 181,
and Veillonella atypica were inversely associated
with total protein levels (TP), while TP levels
showed positive correlations with Catonella morbi
and Fretibacterium fastidiosum. Furthermore, his-
torical or active smoking positively correlated with
the presence of Campylobacter rectus.

Pathway and function enrichment analysis of
differential microbiome

The LefSe analysis shows the enrichment of path-
ways in three groups based on data from the
MetaCyc database (Figure 6(a)). The tongue coating
microbiota-related pathways enriched in the CRC
group were involved in the de novo biosynthesis of
adenosine nucleotides and adenosine ribonucleo-
tides, in which most of the contributing strains
were derived from  Prevotella  jejuni and

Streptococcus infantis (Figure 6(b,c)). Pathways
enriched in the CP group were involved in heme
biosynthesis and the superpathway of tetrahydrofo-
late biosynthesis; the pathway was enriched by
Streptococcus  mitis and  Kingella denitrificans
(Figure 6(d,e)). Meanwhile, dominant pathways for
the HC group included the biosynthesis of amino
acid biosynthesis, especially the biosynthesis of
L-alanine and L-arginine that originated from var-
ious species such as Neisseria flavescens and
Haemophilus parainfluenzae (Figure 6(f,g)). The
MetaCyc pathway analysis predicted different meta-
bolic functions of tongue coating microbiota
between the three groups. Given the dysbiosis of
the tongue coating microbiome in the CRC group,
we believed the microbiota imbalance alters sys-
tematic metabolism.

A classifier based on the tongue coating
taxonomical abundance of our cohort

We next explored whether the tongue coating micro-
biome profiling data could distinguish CRC patients
from non-CRC participants by constructing a disease
classifier using a random forest model and the data for
the relative abundances of species level. Seventy percent



JOURNAL OF ORAL MICROBIOLOGY e 7

1.00-

0.75-

Frequency(%)
o
o
o

0.25-

0.00-
b Cluster 881 =2 =3
Porphyromonas somerae Prevotella histicola Prevotella jejuni
06 Edk ey
0.15 L — | — |
00104 o 0104
L
010 2
L]
0.005 0051 o
0.054 0.2 .
‘ % :
.
0.0004 0.004 00] B3 wliten | 0.004

0.020 4

o
5

05 0010+

0.015+

o
o

0.010

0.010+

=
=)

0.005 4

Relab_Abundance

0.005
e S 0.0054

o
[ 1)
0.004 * f° Bae | o000

0.000 0.0004

1 2 3 1 2 3
e
0.8+ | ]
A
— .
0.6 0.104

0.4
0.054

0.2+

°
0.09 @ 0.004

Cluster

Figure 3. Phylogenetic differences among three fur-types. (a) A BCA plot for showing the different species of three fur-types.
(b) The top 10 contributors of three fur-types showing a different trend among groups. (c) Frequency of tongue coating types
in the three groups. Statistical significance by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, non-significant. BCA:
between class analysis, which visualizes results from principal component analysis and clustering; HC: healthy controls, CP:
patients with colorectal polyps (CP), CRC: patients with colorectal cancer.

samples were randomly chosen as the training group,  receiver operating curve (AUC) of the corresponding
and the rest 30% constituted the testing group. As  ROC curve reached 0.915 (95% confidence interval [CI]
a result, the training and testing groups area under the ~ 0.845 to 0.985) and 0.898 (95% CI 0.745-1.00),
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Figure 4. Differences in tongue coating microbiota from phylum to species in the CRC, CP, and HC groups. (a) Microbiome
biomarkers were identified using a logarithmic linear discriminant analysis (LDA) effect size (LefSe) threshold > 2.0. (b) HeatTree
for clustering analysis. Red indicates a significant increase of abundance, while blue depicts the opposite. (c) Co-occurrence
network analysis of tongue coating microbiota using Pearson’s correlation coefficient. A node represents a species. The node
size indicates the level of abundance. Color scale indicates the proportion of bacterium in the three groups separately. Red
depicts CRC patients, green depicts CP while purple depicts HC. Connecting lines indicate the strength of the relationship. HC:
healthy controls, CP: patients with colorectal polyps (CP), CRC: patients with colorectal cancer.
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Figure 5.Heatmap analysis of the correlation between tongue coating microbiota composition and clinical indexes. The
heatmap of the multivariable model describing the top associations between the independent variables and bacterial features.
Positive associations are in red, while inverse associations are in blue. The color gradient represents the strength of the
association, with darker colors representing stronger associations. The effect size was calculated by the following formula:
(—log(gval)*SIGN (coeff)). Cr: creatinine, GLB: globulin, ALB: albumin, TP: total protein, AST: aspartate aminotransferase, TC: total

cholesterol, LY: lymphocyte.

respectively (Figure 7(a-g)). The bacterial species used
for classification include  Atopobium  rimae,
Streptococcus sanguinis, Prevotella oris, Rothia aeria,
Haemophilus parainfluenzae, Peptostreptococcus stoma-
tis, Prevotella intermedia, and Fusobacterium nuclea-
tum. Among them, Atopobium rimae, which was
increased in the tongue coating microbiome from the
CRC group, had the most predictable power.

Discussion

A series of studies showed the microbiome in the
body always influences our physical health directly
[31]. Similarly, our study found the difference of
tongue coating microbiota existed in patients with
CRC and healthy controls, and Atopobium rimae
could be a potential biomarker for CRC research.
Numerous previous studies have reported the gut-
type bacteria on CRC, particularly Fusobacterium
nucleatum (Fn) [32-34]. Also, some researchers dis-
covered that Fn in the oral cavity would enhance the
viability of cancer cells, and a high burden of Fn in
healthy individuals or patients with colorectal polyps
may lead to CRC [35,36]. Whereas, little attention has
been paid to the potential function of tongue coating

microbiome, whether high abundance Frn in tongue
coating is associated with CRC risk directly maintain
unknown, hampers the mechanistic investigations of
tongue coating bacteria in CRC development.

In our study, we observed a significant shift of
tongue coating microbiome from phylum to species
between CRC and control participants.
Especially, at the phylum level, Proteobacteria was
the most abundant in HC, and Actinobacteria was
present predominantly in the CRC group. Factually,
the dominant phylum sorts we reported in the tongue
coating microbiota were members of saliva and gut
[37,38], confirming the fact that the mouth and gut
are linked along the gastrointestinal tract. More inter-
estingly, Actinobacteria was found to be rich in the
tongue coating of volunteers with adenomas and
CRC is a Gram-positive anaerobic bacterium that is
mostly pathogenic [39]. Brandilyn et al. have found
that genera Actinomyces can be highlighted as
a potential CRC driver bacterium, as it was over-
represented in gut microbiota of CRC patients [40].
The results obtained propose more attention to the
pathogenic microbiota Actinobacteria in the tongue
coating, which may contribute to CRC via inflamma-
tory mechanisms.

levels
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Figure 6. Enrichment of functional pathways of differential bacteria among the three groups. (a) LDA values of different
pathways in samples from the three groups. (b,c) Relative contribution of tongue coating microbes to pathways in CRC
patients. (d,e) Relative contribution of tongue coating microbes to pathways in CP patients. (f,g) Relative contribution of
tongue coating microbes to pathways in HC samples. Enrichment was defined as p < 0.05, q < 0.1, and LDA > 2.0. HC: healthy
controls, CP: patients with colorectal polyps (CP), CRC: patients with colorectal cancer.

Our data of the 10 most abundant bacterial genera ~ Fusobacterium, Actinomyces, Streptococcus, Rothia,
across all three group samples were Neisseria, Prevotella, =~ Porphyromonas, Veillonella, Haemophilus, and
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Capnocytophaga, which are similar to previous studies of
the oral microbiota [41-43]. Besides, we also found that
the relative abundance of Neisseria and Haemophilus in
the healthy people was higher than that in the cancer
group; Actinomyces and Leptotrichia were linked to an
increased risk of CRC, same with those papers that
selected the research samples of tongue coating [7].
However, always, different sample types and different
detection methods may result in ambiguous results. For
example, research from Yang and colleagues conducted
a nested case—control study including 231 incident CRC
cases and 462 controls with 75% of the subjects being
African- Americans, all mouth rinse samples in this study
were detected with 16sSRNA method. As a result, they
found the oral pathogens Treponema denticola and
Prevotella intermedia were associated with an increased
risk of CRC. Their research results are quite different
from ours, for what we found was that Atopobium
rimae, Streptococcus sanguinis, and Prevotella oris were
deferentially abundant in CRC. In addition, the same
analysis on pancreatic head cancer patients suggested
the Leptotrichia, Fusobacterium, Rothia, Actinomyces,
Corynebacterium, Atopobium, Peptostreptococcus,
Catonella, Oribacterium, Filifactor, Campylobacter,
Moraxella and Tannerella were over-represented in the
tongue coating, and Haemophilus, Porphyromonas and
Paraprevotella were enriched in the tongue coating

microbiota of healthy controls [44], showing
a significant divergence with the findings in our study.

There were 50 discriminatory species in the
CRC, CP and HC groups. Of them, the species
Veillonella atypica, Megasphaera micronuciformis,
and Veillonella parvula were significantly higher
in patients with CRC. Notably, similar to the pre-
vious finding, the presence and abundance of
Veillonella atypica, which may undergo lactic acid
metabolism through the tricarboxylic acid cycle
pathway that is involved both in the pathogenesis
of inflammatory bowel disease and CRC [45].
Moreover, Liao and colleagues reported that
Megamonas is highly abundant in the Asian popu-
lation, indicating that the bacteria may be charac-
teristic of Asian populations [46]. Further, salivary
Megasphaera was observed to be more abundant in
lung cancer patients [47], showing the alignment
and divergence of those microbes in the human
body.

Next, we performed a multidimensional clustering
analysis and between-class analysis (BCA) aimed to
distinguish the microbiota types of participants,
basing on relative abundances using Jensen-
Shannon divergence (JSD) distance and the partition-
ing around medoids (PAM) clustering algorithm.
A previous study performed by Arumugam et al.
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suggested that gut microbiota can be roughly divided
into three enterotypes, namely Bacteroides, Prevotella,
and Ruminococcus. Likewise, based on the contribu-
tion of oral bacteria to the tongue coating microbiota,
three distinct clusters were formed, and we desig-
nated these as fur-types. The fur-types were driven
by specific community compositions, but these were
not the highly abundant species. In this work, we
explored the tongue coating microbiome in humans
across three clusters among a panel of 10 biomarkers,
and cluster fur-type 1 and fur-type 3 were higher in
the CRC and HC groups, respectively. The
Mogibacterium diversum rich in fur-type 1, and
Porphyromonas somerae, Neisseria flavescens, and
Haemophilus parainfluenzae over-expressed in fur-
type 3 may be helpful for the diagnosis and differ-
entiation of CRC. In other words, if patients were
driven by those oral microorganisms, such as
Mogibacterium diversum, Porphyromonas somerae,
Neisseria flavescens, and Haemophilus parainfluenzae,
is likely to increase the risk of CRC. However, CRC
may not have been caused by one dominant species,
and further research is required to verify the robust-
ness of the fur-types referred.

We studied the correlations between tongue
coating microbiome and clinical characteristics of
diseased human by using the MaAsLin2 analytic
method. After adjusting for age, gender, and BMI,
Veillonella parvula, Enterococcus faecium, and
Corynebacterium striatum in CRC patients posi-
tively associated with Cr, GLB, and ALB levels,
but displayed an inverse association with the TP
level. However, these indicators negatively corre-
lated with Catonella morbi, Fretibacterium fastidio-
sum, Leptotrichia sp. oral taxon 212, Anaeroglobus
geminatus, and Prevotella maculosa. Besides, tongue
coating microbial dysbiosis was observed in cigar-
ette-smoking patients, especially with the enrich-
ment of Campylobacter rectus. In total, clinical
biochemical indices such as Cr, GLB, ALB, and
TP levels, and smoking, all of which correlated
with the microbiome extracted from tongue coat-
ing, are suggested as factors in the innate immune
response of CRC. Apart from this, CRC could be
an age-associated disease. Research has shown that
Wepericorum, Pricococcus, and Streptococcus are
comicrobiomes in all age groups; Clostridium per-
fringens is present on the tongue of most children;
Uncultured prevotellaceae bacterium B00064B52 has
been reported in just the aged group, and the genus
Poulet was reported in young and middle-aged
groups [48,49]. Given that there are no significant
age differences between groups in our study, we
advise that further study should be undertaken to
determine the association of age and CRC, collect-
ing data from diverse participant groups and
environments.

The MetaCyc pathway analysis found dysregu-
lation in many metabolic pathways in CRC
patients. One mechanism of pathway dysregula-
tion is cancer «cells are fast-growing, with
enhanced metabolic needs and, hence, the require-
ment for de novo synthesis of essential metabolites
is high [50]. To synthesize large amounts of
energy and nucleotides for DNA and RNA of
cancer cells, de novo nucleotide biosynthesis
enables cells to proliferate rapidly. Historically,
the nucleotide synthesis pathway is targeted to
cancer, as nucleotides form building blocks for
DNA synthesis in cells, and cancer cells have
a heightened need due to their fast growth [51].
Therefore, nucleotide biosynthesis over-expression
of the tongue coating microbiome in the CRC
group leads to rapid cell proliferation.

Overall, the spread of tongue coating microbes to
the different individuals and diverse diseases are het-
erogeneous, but all the research results mentioned
above show that the tongue diagnosis may provide
potential screening and early diagnosis method for
cancers. Therefore, the more valuable clues of the
microbes on the tongue coating of cancers, the poten-
tial microbiological indicators of screening and early
diagnosis of cancer are more reliable.

This study has several limitations that can be
improved in future studies. First, limited clinical
information about patients and healthy individuals
was obtained; more basic information, such as meta-
bolic and immunological parameters, is needed for
a broader perspective on the study of CRC. Second,
the present study has a small sample size, and the
clustering analysis findings need to be validated in
a larger sample in the future.

Conclusion

In conclusion, in this study, we confirmed the tongue
coating microbiota profiles of patients with CRC
differ from those of HC; Atopobium rimae with an
AUC of 0.915 was found to be a potential discrimi-
nating biomarker for improving research on CRC
prediction and diagnosis. Furthermore, the predict-
able biomarker and fur-types we proposed here could
advance our understanding of the functional signifi-
cance of tongue coating microbial communities and
provide a new perspective for further study of tongue
coating function in the future. Due to the lack of
metagenome sequencing research on tongue coating
microbiota, further studies are warranted to evaluate
the tongue coating microbiota in larger CRC cohorts,
as well as to investigate the effectiveness of the tongue
coating microbiota-based biomarkers, such as the
presence of Atopobium rimae, in predicting and diag-
nosing CRC.
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