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Abstract The gut microbiota plays an important role in the development and progression of colorectal cancer
(CRC). To learn more about the dysbiosis of carcinogenesis, we assessed alterations in gut microbiota in patients
with CRC. A total of 23 subjects were enrolled in this study: 9 had CRC (CRC group) and 14 had normal colons
(normal group). The microbiome of the mucosal-luminal interface of each subject was sampled and analyzed
using 16S rRNA gene amplicon sequencing. We also used Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) to predict microbial functional profiles. The microbial
composition of the mucosal lumen differed between the groups, and the presence of specific bacteria may serve
as a potential biomarker for colorectal carcinogenesis. We identified a significant reduction in Eubacterium, which
is a butyrate-producing genera of bacteria, and a significant increase in Devosia in the gut microbiota of CRC
patients. Different levels of gut microflora in healthy and CRC samples were identified. The observed abundance
of bacterial species belonging to Fubacterium and Devosia may serve as a promising biomarker for the early

detection of CRC.
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Introduction

Colorectal cancer (CRC) is one of the most common
malignant tumors in the Western world and, second to lung
cancer, causes the greatest number of deaths from cancer
[1,2]. The incidence of CRC in China has recently
increased.

Epidemiological studies have shown that the occurrence
and development of sporadic CRC is a multifactorial and
multi-step process that is jointly affected by environmental
and genetic factors [3]. However, certain populations are at
higher risk of developing the disease than others, including
those with a family history of CRC and colon polyps, a
personal history of CRC or polyps, patients with chronic
inflammatory bowel disease, and those over 50 years of
age. Accumulating evidence shows links between micro-
bial populations and different stages of tumor develop-
ment. For example, Helicobacter pylori is correlated with
the development of gastric cancer [4].

Alterations in the gut microbiota, whether caused by
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lifestyle, diet, environmental factors, or infection, can
change the symbiotic relationship between a host organism
and its environment and have increasingly been associated
with the occurrence of CRC [5,6]. No single bacterial
species has yet been determined to be a risk factor for
CRC, but pathogenic bacterial species are directly
responsible for approximately 15% of all CRC cases [7].
Fusobacterium is a common bacterium significantly
enriched in the gut microbiota of CRC patients compared
with that in normal controls [8—10]. The Clostridium
leptum and Clostridium coccoides subgroups are specific
to CRC in fecal microbiota [11]. The pathogenesis of CRC
is not well understood, and whether specific intestinal
bacteria are associated with the dysbiosis of CRC remains
unclear. Microbiota from mucosal samples represent the
underlying dysbiosis and seem to be more appropriate for
detecting shifts in microbial composition than fecal
samples [11]. However, previous studies mainly focus on
differences in fecal microbiota between CRC and healthy
controls. Therefore, whether the intestinal microbiome
plays a major role in the early stages of CRC remains
unclear. Moreover, most of the relevant studies are
conducted in Western populations, the lifestyles and
dietary habits of which are quite different from those of
Chinese populations.
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In this study, we determined the microbial composition
of samples from normal and CRC-diagnosed subjects.
Most published studies use fecal samples to detect gut
microbiota because these samples are convenient to
collect; however, in the present work, we used colonic
mucosal-luminal interface samples and analyzed them
using 16S rRNA sequencing. The role of butyrate-
producing bacteria, which present distinct interactions
with the host at mucosal surfaces, in the dysbiosis of CRC
is a current area of research. Some butyrate-producing
bacteria, such as Eubacterium and Faecalibacterium, are
well suited to colonize intestinal mucosal surfaces, thereby
indicating that mucosal-luminal interface samples, rather
than stool samples, may be more suitable for detecting
these important bacteria. Here, we compared the bacterial
community structures of CRC with those of normal colons
and identified several potential bacterial genera and species
associated with the dysbiosis of CRC.

Materials and methods

Subject enrolment

A total of 23 subjects, 9 with CRC and 14 with healthy
colons, were selected randomly from Shanghai Jiao Tong
University Affiliated Sixth People’s Hospital, China.
Written informed consent was obtained from all partici-
pants, and the study protocol was approved by the
Research Ethics Board of the Hospital. Endoscopy is the
gold standard for the diagnosis of colorectal diseases. All
eligible adult patients who were scheduled to undergo
colonoscopies and were not diagnosed with other diseases
except CRC were included in the study. Patients with intact
colons served as normal controls. The exclusion criteria
were related to known conditions affecting the intestinal
microbiota composition including: (1) irritable bowel
syndrome, (2) use of any antibiotics or probiotics within
the past 30 days before colonoscopy, or (3) infectious
gastroenteritis within the past 60 days.

Sample collection

Mucosal-luminal interface samples were collected from the
ascending colon using an operation method similar to that
previously published [12]. Preparations for the colono-
scopy were completed within a day based on standard
protocols. During colonoscopy, when the cecum and
proximal ascending colon were reached, any loose fluid
and debris that were present were aspirated. Sterile water
was flushed onto the mucus to remove the mucus layers
from the mucosal epithelial cells, and the mixture of water,
mucus, and intestinal cells was aspirated into sterile
containers through the colonoscope. These mucosal-

luminal interface samples were instantly frozen in liquid
nitrogen and then stored at —80 °C for analysis.

DNA extraction and 16S rRNA sequencing

DNA extraction from the mucosal-luminal interface
samples was performed using the QIAamp DNA Mini
Kit (Qiagen, Germany) according to the manufacturer’s
instructions. DNA integrity was assessed using 1% agarose
gel electrophoresis, and purity and concentration were
assessed using a NanoDrop2000 UV spectrophotometer
(Thermo Scientific, USA). Barcoded amplicons were
generated covering variable region 6 (V6) of the 16S
rRNA gene using universal primers (1048F, 5'-
GTGSTGCAYGGYYGTCGTCA-3"; 1194R, 5'-
ACGTCRTCCMCNCCTTCCTC-3") and incorporating
the Illumina paired-end sequencing adapters and barcode
sequences. PCR was conducted using a GeneAmp® PCR
System 9700 thermal cycler (Applied Biosystems) with the
following parameters: 3 min of initial denaturation at
94 °C, followed by 25 cycles 0f 94 °C for 10 s, 55 °C for 15
s, and 72 °C for 30 s, and a final extension at 72 °C for 7
min. Each PCR reaction mixture (25 uL) contained 10 ng
of genomic DNA, 2.5 uL of 10 x Ex Taq Buffer (Takara),
0.5 pL of each primer, 1 pL of ANTP (2.5 mmol/L each),
and 0.1 pL of Ex Taq DNA polymerase (Takara). The
amplicons of each sample were separated on a 1% agarose
gel and purified using an Agencourt AMPure XP kit
(Beckman Coulter, USA). The concentration of purified
DNA for each reaction was measured using the Qubit
dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA).
Finally, amplicon libraries from all samples were pooled at
equal molar concentrations and then sequenced using a
500-cycle MiSeq reagent kit via the paired-end (2 x 251
bp) method on the Illumina MiSeq platform.

Bioinformatics analysis of sequencing data

Raw sequences were assigned to different samples
according to their barcodes. After removing adapters and
reads with an average quality value lower than 20 or any
sequence where the longest homopolymer was greater than
8 nt, only reads longer than 350 bp were considered.
Unique clean reads were aligned in accordance with the
SILVA database [13] using k-mer-based methods. The
resulting sequences were processed and analyzed using
Mothur software (v.1.39.5) [14]. Potential chimeric
sequences were screened using the chimera.uchime
command and deleted by the remove.seqs command of
Mothur. The sequences were then classified using the
Bayesian classifier with the classify.seqs command, and
undesirables were removed by the remove.lineage com-
mand.

We combined the nearest neighbor algorithm in Mothur
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with a 0.03 distance unit cut-off to cluster the reads. For
high-quality sequences, operational taxonomic units
(OTUs) were clustered at 97% similarity. The bacterial
community composition of each sample was counted at
different taxonomic levels by comparison with the Green-
genes 13.5 database. Thereafter, we analyzed the richness
estimator (Chao), diversity index (Shannon), and species
composition at various taxonomic levels (i.e., phylum,
class, order, family, genus, and species). In the present
data, sequences > 97% identical to each other were
considered to correspond to the same OTUs, representing
a group of reads presumably belonging to the same species.

We also performed unweighted UniFrac principal
coordinate analysis (PCoA) based on the matrix of
distance. By using a nonparametric Kruskal-Wallis rank
sum test, linear discriminant analysis effect size (LEfSe)
[15] analysis allows for a quick comparison between
multiple groups; species with significant differences in
abundance were identified as biomarkers.

We performed Phylogenetic Investigation of Commu-
nities by Reconstruction of Unobserved States (PICRUSY)
[16] analysis to predict the functional potential of bacteria
communities based on the 16S rRNA data. To do so,
pick closed reference otus.py script was used to cluster
the reads into a collection of OTUs sharing 97% sequence
identity. The OTUs were normalized based on 16S rRNA
gene copy numbers by employing the normalize by co-
py_number.py script. The normalized OTU table was used
as input data to predict microbial community metagenomes
with the predict_metagenomes.py script, and metagenome
prediction was further categorized into Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathways at levels 2
and 3. The edgeR package in R was applied to identify
KEGG pathways that were significantly different between
groups.

Statistical analyses
Data were analyzed using the Kruskal-Wallis test or

Mann—Whitney test (two-sided) for continuous variables
and Fisher’s exact test for categorical variables using

GraphPad Prism 6 or R (version 3.4.0). The threshold of
statistical significance was set at P < 0.05.

Data access

The 16S rRNA gene sequencing data generated in this
study were submitted to the NCBI Sequence Read Archive
under accession number SRP139052.

Results

Eligible subjects and samples

A total of 23 subjects were included in this study: 14
healthy individuals in the normal group (NG) and 9
individuals in the CRC group (CG). The mean age of the
subjects was 62.6 £ 8.9 years in CG and 44.1 £ 15 years
in NG. Seven males (50%) were in NG, while six males
(67%) were in CG (Table 1). CG had more males and older
participants than NG. Details of the clinical information of
the patients are shown in Supplementary Table 1.

Characteristics of 16S rRNA gene sequencing

After removing sequences shorter than 350 bp and
sequences with ambiguous bases or homopolymers longer
than 8 nt, a total of 540 119 high-quality sequences were
obtained from 23 samples. Samples showed an average of
23 483 sequences, and no significant difference between
NG and CG was found (Fig. 1A, P = 0.27). The Chao
community richness estimator is shown in Fig. 1B.
Although no significant difference in community richness
between the two groups was found, CG tended to have
lower richness than NG (P = 0.08). The Shannon index
(Fig. 1C) suggested that CG has lower bacterial diversity
than NG. To compare the types and amounts of microflora
between the two groups, we conducted unweighted
UniFrac PCoA based on the OTUs of each sample. The
overall microbial communities of the CRC and normal
groups were similar according to PC1 and PC2 (CG=

Table 1 Summary of population information

NG (n = 14) CG(n=9) P value
Male/female 7/7 6/3 0.6693
Age (year), mean£SD 44.1£15 62.6+8.9 0.0041
BMI (kg/m?), mean+SD 22.03+2.68 22.37+2.17 0.7527
Family history of CRC, % 0 22.2 0.0001

P values are based on the Mann—Whitney test (two-sided) for continuous variables and Fisher’s exact test for categorical variables. BMI, body mass index;

NG, normal group; CG, CRC group.
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8.2% of the variance explained; NG= 6.52% of the
variance explained; Supplementary Fig. 1); however, CG
exhibited lower diversity than NG.

Comparisons of gut microbiota at different levels

We analyzed the bacterial communities in the mucosal-
luminal interface samples taken from NG and CG
participants. The overall microbial structures at the
phylum, class, order, and family levels were assessed by
taxonomic assignment for each group (Fig. 2). The
dominant phyla in both groups were Firmicutes, Proteo-

bacteria, Bacteroidetes, and Fusobacteria (Fig. 2A).
Firmicutes was the highest contributor to the bacterial
populations in NG (50.48%) and CG (45.08%). Proteo-
bacteria was the second highest contributing phylum and
accounted for 33.55% and 43.76% of the bacteria in NG
and CG, respectively. Bacteroidetes was the third highest
contributing phylum and accounted for 13.05% and 6.95%
of the bacteria in NG and CG, respectively. Fusobacteria
was the fourth most abundant phylum, contributed 1.45%
of the bacteria in NG and 3.06% of those in CG. Within
individual study participants, the composition of the
microbes was highly variable. For example, Firmicutes
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Fig. 1 Quality control of the sequencing data. (A) Sequence number, (B) Chao richness estimator, and (C) Shannon index of the 16S
rRNA sequencing data for the normal (NG) and CRC (CG) groups.
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accounted for 5.09%—85.99%, Bacteroidetes contributed
0.47%-45.17%, and Fusobacteria provided 0.11%—
15.52% of the microbial composition in all study
participants (Supplementary Fig. 2). In addition, the
numbers of Bacteroidetes were higher whereas the
numbers of Proteobacteria were lower in the gut micro-
biota of the NG samples compared with those of the CG
samples. Although the distribution of these phyla did not
differ significantly between the groups, Fusobacteria
increased in CG relative to that in NG. This trend was
also observed at the class, order, and family levels
(Fig. 2B-2D). Clostridia was the dominant class and
order, and a trend, although not statistically significant,
toward decreasing numbers from NG to CG was found.
The compositions of the dominant genera in the samples
are shown in Supplementary Fig. 3. Blautia, Salmonella,
Faecalibacterium, Bacteroides, Dorea, Hemophilus,
Coprococcus, Prevotella, Neisseria, and Streptococcus
were the 10 most abundant genera in NG. In CG, the 10
most abundant genera were Salmonella, Faecalibacterium,
Blautia, Bacteroides, Coprococcus, Hemophilus, Dorea,
Neisseria, Fusobacterium, and Streptococcus. These
genera constituted over 60% of the total bacteria in each
group, and nine of these genera were common to both
groups. Salmonella was the most abundant genus in CG
(21.7% vs. 10.9% in NG, P = 0.07), while Prevotella was
higher in NG than in CG. Only the 20 most abundant
species in each group are shown in Supplementary Fig. 4.
Although not statistically significant, Clostridium perfrin-
gens was higher in NG (0.16%) than in CG (0.0042%).

Identification of key contributors for structural segre-
gation of the groups

LEfSe software presents a powerful identification function
that can identify high-dimensional biomarkers and reveal
genomic features through statistically significant biological
differences. The algorithm emphasizes statistical signifi-
cance and biological correlations, allowing researchers to
identify different features and related categories. In this
study, LEfSe was used to identify specific bacterial
phylotypes for which the abundance was significantly
different between the groups (Fig. 3); the details are shown
in Supplementary Table 2. Devosia (class Alphaproteo-
bacteria, order Rhizobiales, family Hyphomicrobiaceae)
was enriched in the CG. The species stercorea (genus
Prevotella, family Prevotellaceae), copri (genus Prevo-
tella, family Prevotellaceae), and producta (genus Blautia,
family Lachnospiraceae; the genera Fubacterium (family
Erysipelotrichaceae), 02406 (family Clostridiaceae), Phas-
colarctobacterium (family Veillonellaceae), Leptotrichia
(family Leptotrichiaceae), and Klebsiella (family Enter-
obacteriaceae); and the family Desulfovibrionaceae (class
Deltaproteobacteria, order Desulfovibrionales) were
enriched in NG (Table 2 and Fig. 3).

Functional properties predicted by PICRUSt
We performed PICRUSt analysis of the 16S rRNA

sequences to determine whether the taxonomic differences
between the groups corresponded to functional changes

Table 2 Relative abundance of significantly enriched bacterial taxa from different groups

Group enriched Taxonomic rank Bacteria NG (%) CG (%) P value

CG Genus Devosia 0.006 (0.003-0.010) 0.023 (0.009-0.029) 0.008
Family Hyphomicrobiaceae 0.006 (0.003-0.010) 0.023 (0.009-0.029) 0.008
Order Rhizobiales 0.008 (0.003-0.012)  0.027 (0.019-0.034)  0.012
Class Alphaproteobacteria 0.010 (0.006-0.017) 0.031 (0.027-0.039) 0.020

NG Species stercorea 0.063 (0.042-0.138) 0.004 (0-0.035) 0.001
Species copri 0.126 (0.051-0.993) 0.009 (0.004-0.115) 0.006
Family Prevotellaceae 0.225 (0.172-1.310) 0.042 (0.023-0.170) 0.006
Genus Eubacterium 0.025 (0.016-0.123) 0.005 (0-0.017) 0.009
Genus Klebsiella 0.020 (0.010-0.090) 0.008 (0.005-0.012) 0.014
Order Desulfovibrionales 0.127 (0.049-0.441) 0.037 (0.021-0.104) 0.014
Class Deltaproteobacteria 0.127 (0.049-0.446) 0.037 (0.025-0.104) 0.017
Family Desulfovibrionaceae 0.126 (0.045-0.368) 0.037 (0.017-0.104) 0.017
Genus 02d06 0.044 (0.015-0.074) 0.009 (0-0.025) 0.018
Species producta 0.189 (0.033-0.287) 0.014 (0.008-0.059) 0.023
Genus Phascolarctobacterium  0.062 (0.005-0.125) 0.005 (0-0.014) 0.027
Family Clostridiaceae 0.269 (0.164-0.843) 0.122 (0.033-0.182) 0.038
Genus Leptotrichia 0.028 (0.021-0.132) 0.010 (0.005-0.016) 0.038

Data are shown as medians and interquartile ranges (IQR). Statistical analysis was conducted via the Mann—Whitney test. NG and CG data reflect the relative
abundance (percentage) of all sequences in each group. Taxonomic rank indicates the level of the taxon in taxonomic hierarchy.
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(Table 3). Compared with normal group, the CRC group
showed a remarkably larger abundance of KEGG path-
ways affiliated with cancers (small cell lung cancer,
colorectal cancer, P < 0.05), infectious diseases (influenza
A, toxoplasmosis, P < 0.05), cardiovascular diseases
(viral myocarditis, P < 0.05), cell growth and death (p53
signaling pathway), transport and catabolism (endocytosis,
P < 0.05), immune system (FcyR-mediated phagocytosis,
P < 0.05), and endocrine system (GnRH signaling path-
way, P < 0.05), as well as a significantly lower abundance
of the KEGG pathway affiliated with Vibrio cholerae
infection (P < 0.05).

Discussion

Many studies have shown that the gut microbiota and their
metabolites are associated with CRC; however, changes in
the populations of intestinal microbes, their effect on CRC,
and the related mechanism(s) remain unclear. Although no
microorganism that is pathogenic to any host from a
microecological point of view has yet been uncovered,
specific perturbations to the intestinal microbiome are
indicative of some disease states, and specific gut bacteria
are known to be involved in the pathogenesis of CRC. In
this work, we compared microbial populations in mucosal-
luminal interface samples from study participants with

CRC versus normal controls. Previous studies report that
the diversity of the gut microbiota in CRC patients is
reduced compared with that in healthy controls, which may
be caused by inhibition of the immune response in the
pathological tissue. In the current study, PCoA results
exhibited a slight difference in the overall microbiota
structure between CG and NG (Supplementary Fig. 1)
using the first two principal component scores, which
indicates that changes in the gut microbiota may contribute
to the pathogenesis of CRC. In addition, no distinct
clustering of the points for the two groups based on visual
inspection of the PCoA score plot was found, which is
likely related to the low power of the study because of its
small sample size.

The human microbiome contains over 1000 microbial
species; the gastrointestinal tract itself harbors up to 100
trillion bacteria [17]. Although many types of bacteria are
found in the gut, the amounts of each species vary widely.
Over 99% of the gut microbiome is composed of 30—40
types of bacterial species [18]. These bacteria can be
divided into three broad groups according to their different
physiological functions in the gut: commensal bacteria,
conditional pathogens, and pathogenic bacteria. Commen-
sal bacteria occupy more than 99% of the gut microbiota,
produce beneficial substances, and protect human health
[19]. Compared with commensal bacteria, fewer condi-
tional pathogens are found in the gut; however, allowing
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Table 3 Selected main microbial pathways grouped into level-3 functional categories determined by PICRUSt

KEGG pathways NG CG P value
Cancers

Small cell lung cancer 0.10 (0.07-0.18) 0.30 (0.13-0.40) 0.016
Colorectal cancer 0.10 (0.07-0.18) 0.30 (0.13-0.40) 0.017
Bladder cancer 30.26 (11.85-69.91) 42.23 (29.89-109.37) 0.441
Renal cell carcinoma 55.01 (22.16-123.0) 69.56 (37.40-201.82) 0.443
Infectious diseases

Vibrio cholerae infection 0.90 (0.54-3.02) 0.57 (0.37-0.79) 0.005
Influenza A 0.10 (0.07-0.18) 0.30 (0.13-0.40) 0.016
Toxoplasmosis 0.10 (0.07-0.18) 0.30 (0.13-0.40) 0.016
Pertussis 541.81 (190.97-942.52) 596.60 (481.92-1893.19) 0.256
African trypanosomiasis 37.04 (20.87-72.41) 43.24 (32.99-109.60) 0.400
Chagas disease (American trypanosomiasis) 31.72 (20.66-72.18) 43.15 (32.76-109.52) 0.403
Cardiovascular diseases

Viral myocarditis 0.10 (0.07-0.18) 0.30 (0.13-0.40) 0.016
Cell growth and death

p53 signaling pathway 0.10 (0.07-0.18) 0.30 (0.13-0.40) 0.016
Meiosis-yeast 5.88 (2.38-8.91) 1.77 (1.17-5.87) 0.088
Apoptosis 1.79 (1.56-2.06) 2.27 (0.82-6.38) 0.295
Transport and catabolism

Endocytosis 0 0.04 (0-0.05) 0.044
Lysosome 621.65 (352.94-720.52) 428.15 (241.70-638.47) 0.282
Biosynthesis of other secondary metabolites

Stilbenoid, diarylheptanoid, and gingerol biosynthesis 3.89 (1.75-5.86) 3.67 (1.58-6.24) 0.085
Betalain biosynthesis 0.06 (0.03-0.14) 0.05 (0.02-0.24) 0.199
Butirosin and neomycin biosynthesis 601.70 (441.17-668.97) 356.68 (328.17-538.20) 0.451
Flavonoid biosynthesis 26.09 (22.30-43.97) 24.90 (10.00-35.72) 0.485
Endocrine system

GnRH signaling pathway 0 0.04 (0-0.05) 0.043
Melanogenesis 0.01 (0-0.05) 0.03 (0-0.12) 0.061
Proximal tubule bicarbonate reclamation 124.57 (83.98-164.06) 101.69 (95.73-231.88) 0.453
Immune system

FcyR-mediated phagocytosis 0 0.04 (0-0.05) 0.043
RIG-I-like receptor signaling pathway 30.90 (13.48-42.25) 14.64 (7.41-26.66) 0.065

Data are shown as medians and interquartile ranges (IQR). Significant differences were defined as a P value < 0.05 (marked in bold).

these pathogens to reproduce under certain conditions can
have deleterious effects on the body. Pathogenic bacteria,
such as Salmonella, Shigella, Proteus, Escherichia coli,
and Jerson, directly cause disease. Salmonella was the
most abundant genus in CG and found in higher amounts
in CG than in NG, thus indicating that intestinal flora
disorder is potentially more serious in the former than in
the latter. In both groups, the intestinal microbiome was
composed mainly of Firmicutes, Bacteroidetes, and
Proteobacteria, followed by far less abundant Fusobacteria
and Actinobacteria. On average, participants in CG had
higher amounts of Proteobacteria and Fusobacteria and
lower amounts of Bacteroidetes and Firmicutes than those
in NG. These results are consistent with previous studies of

human samples and animal models of CRC [20,21].
Fusobacteria is a small group of Gram-negative bacteria
commonly found in the digestive tract that can cause some
diseases. Large numbers of Fusobacterium are associated
with CRC, but its role in disease development is unclear
[8,22,23]. Although the average number of Fusobacterium
in the mucosal-luminal interface samples was higher in CG
than that in NG, further studies with larger sample sizes are
needed to confirm this trend. Previous studies have shown
that the C. leptum and C. coccoides subgroups are specific
to CRC [24], but neither species was detected in the
present study. However, we found that Clostridium
perfringens tended to decrease in CG, which is similar to
a finding by Sasada et al. from mouse models [25].
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Firmicutes includes a large group of bacteria, most of
which are Gram positive. Firmicutes is highly enriched in
the intestinal lumen and can enhance energy harvesting
from the diet [26]; the phylum consists of several genera,
including Clostridium, Blautia, Coprococcus, Dorea, and
Streptococcus, and the butyrate producers Eubacterium
and Faecalibacterium. Butyric acid is an important short-
chain fatty acid that is an energy source for colonic
epithelial cells and regulates gene expression, inhibits
inflammation, and prevents tumorigenesis [27]. The in vivo
supply of butyrate strongly depends on butyrate-producing
bacteria, which mainly exist in the cecum and colon. Here,
we identified a significant reduction in Eubacterium in the
gut microbiota of CRC patients; this genus was further
identified as a biomarker by LEfSe analysis. Balamurugan
et al. reported that Eubacterium and Faecalibacterium
decreased by approximately 4-fold in CRC patients
compared with those in healthy control volunteers [28].
In the present study, Faecalibacterium comprised 10.5%—
13.0% of the microbiota in the different patient groups
with no significant differences between groups. A
randomized clinical trial showed that butyrylated starch
intake can prevent red meat-induced O6-methyl-2-deox-
yguanosine adducts in human rectal tissue [29]. In another
dietary intervention study, the abundance of Eubacterium
showed a strong positive correlation with fecal butyrate
concentrations in response to carbohydrate intake [30],
thus revealing the importance of Eubacterium in the
production of butyrate in vivo. Many animal experiments
and clinical studies have shown that butyrate plays an
important role in the repair of intestinal mucosa and the
treatment of esoenteritis. According to a study by Sengupta
et al., the delivery of adequate butyrate to the appropriate
sites appears to protect against early tumorigenic events
[31]. Therefore, our results, together with previous reports,
suggest that Eubacterium may play an important role in
protecting hosts from colorectal carcinogenesis. However,
a study with greater power requires a larger sample size;
further research is also needed to explore the underlying
mechanisms.

We observed significant increases in the richness of
Devosia in CG compared with that in NG to CG. Devosia
is a type of mycotoxin deoxynivalenol-degrading bacter-
ium that belongs to the family Hyphomicrobiaceae [32].
The proportion of Devosia bacteria increases as the degree
of radiation in polluted soils raises, and Devosia is one of
the most abundant genera in propylene oxide saponifica-
tion wastewater treatment plants [32]. Consistent with
these data, we observed high levels of Devosia in the CRC
samples, as well as a negative correlation between
enterobacterial and Devosia levels. These findings suggest
that the genus could be a promising biomarker for
tumorigenesis. Nevertheless, further investigation is
required to fully understand and evaluate its role in the
progress of CRC.

According to the predictive functional profiles of
microbial communities determined by PICRUSt analysis,
the most abundant functions were infectious diseases,
cancers, transport and catabolism, biosynthesis of other
secondary metabolites, and endocrine system (Table 3).
Disorders of the KEGG pathways of colorectal cancer,
small cell lung cancer, and the p53 signaling pathway may
be related to the carcinogenic mechanism of CRC.
Increases in the endocytosis pathway indicated increased
communication between cells and CRC environments.
Alterations in the KEGG pathways of influenza A,
toxoplasmosis, viral myocarditis, the GnRH signaling
pathway, and FcyR-mediated phagocytosis may explain
the serious adverse health effects caused by CRC.

Because of the difficulties associated with obtaining
samples from the intestinal mucosa, one limitation of the
current study is the sample size of each group; this
limitation inhibits the drawing of definitive conclusions
related to the changes to the intestinal microbiota during
the progression of CRC based solely on the results of this
study. In addition, this research only focused on character-
izing the observed microbiota; intestinal metabolites were
not analyzed. We believe that further studies including the
analysis of intestinal metabolites will provide a better
understanding of the mechanisms leading to CRC.

In conclusion, in this case-control study, the abundance
of gut microbiota at different levels were detected in CRC
patients and healthy volunteers. The presence of exclusive
microbial genera in each group indicates the existence of
potential biomarkers for the disease. Our results reveal that
the observed abundance of species belonging to Eubacter-
ium and Devosia may act as a promising biomarker for the
early detection of CRC. Nonetheless, more detailed
information on these taxa and further exploration of
intestinal lumen-associated microbiota remain essential.
Further research on the relationship between different
organisms and the etiology of CRC could lead to the
monitoring of individual microbial strains for the early
detection of intestinal cancer. Eventually, future work may
establish new treatments based on the application of
probiotic strains.
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