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Purpose The association between the fecal microbiota and colorectal cancer (CRC) risk has been suggested in epidemiologic stud-
ies. However, data from large-scale population-based studies are lacking.

Materials and Methods In this case-control study, we recruited 283 CRC patients from the Center for Colorectal Cancer, National
Cancer Center Hospital, Korea to perform 16S rRNA gene sequencing of fecal samples. A total of 283 age- and sex-matched healthy
participants were selected from 890 cohort of healthy Koreans that are publicly available (PRJEB33905). The microbial dysbiosis
index (MDI) was calculated based on the differentially abundant species. The association between MDI and CRC risk was observed
using conditional logistic regression. Sparse Canonical Correlation Analysis was performed to integrate species data with microbial
pathways obtained by PICRUSt2.

Results There is a significant divergence of the microbial composition between CRC patients and controls (permutational multivari-
ate analysis of variance p=0.001). Those who were in third tertile of the MDI showed a significantly increased risk of CRC in the total
population (odds ratio [OR], 6.93; 95% confidence interval [Cl], 3.98 to 12.06; p-trend < 0.001) compared to those in the lowest
tertile. Similar results were found for men (OR, 6.28; 95% Cl, 3.04 to 12.98; p-trend < 0.001) and women (OR, 7.39; 95% Cl, 3.10 to
17.63; p-trend < 0.001). Bacteroides coprocola and Bacteroides plebeius species and 12 metabolic pathways were interrelated in
healthy controls that explain 91% covariation across samples.

Conclusion Dysbiosis in the fecal microbiota may be associated with an increased risk of CRC. Due to the potentially modifiable
nature of the gut microbiota, our findings may have implications for CRC prevention among Koreans.
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Introduction

Colorectal cancer (CRC) ranks as the third most common
malignancy and second in terms of mortality [1]. In 2020, it
was estimated that more than 1.9 million new CRC cases and
935,000 deaths due to CRC occurred worldwide, represent-
ing approximately one in 10 cancer cases and deaths [1].

The incidence patterns of CRC are broadly recognized as
a marker of a country’s socioeconomic condition since the
incidence varies according to the economic development of
the country [1]. Of the known risk factors for CRC, lifestyle-
related factors are important for its prevention since most of
them are modifiable [2]. There is convincing evidence that
physical activity has a protective effect against CRC, while
obesity and frequent consumption of red and processed meat
and alcohol drinks increase the risk [3]. Lifestyle, body fat

percentage, and dietary patterns can also influence CRC-
related morbidity [4]. Recently, several studies have indicat-
ed that the gut microbiome is also a key factor that regulates
the development of CRC [5,6].

The human gut hosts a diverse community of bacteria that
play essential roles in modifying the host’s immunity and
metabolic functions and help to digest and convert dietary
constituents into their active forms [7,8]. The gut microbial
population, known as the gut microbiota, has more than 100-
fold more genes than the human genome, through which it
regulates numerous processes, such as energy harvesting,
dietary component metabolism, immunity, and host- or
microbial-derived chemical activities [9]. Alterations in the
gut microbial communities are closely associated with sever-
al diseases including inflammatory bowel disease, metabolic
syndrome, and cancer such as CRC [10,11].
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In an epidemiological context, some studies have com-
pared tumor and adjacent normal tissues to observe micro-
bial compositional differences and have identified spe-
cific bacterial species associated with CRC risk [12,13]. The
application of high-throughput sequencing technologies to
investigate the gut microbiota revealed differences in the gut
microbial composition between CRC patients and healthy
individuals [14]. Although numerous studies have already
examined the association between the human microbiome
and CRC risk, data from large-scale population-based stud-
ies are lacking. Moreover, there is a paucity of evidence for
the application of novel compositional analysis techniques
that help to derive definitive and high-quality evidence [15].
Therefore, in the current study, we applied novel analytical
approaches to characterize the composition of gut microbial
communities in a population of Korean CRC patients and
healthy controls.

This study aimed to derive a microbial dysbiosis index
(MDI) by characterizing the fecal microbial composition
using 1:1 matched 283 CRC cases and 283 healthy controls.
Moreover, we observed the association between the MDI and
the risk of CRC.

Materials and Methods

1. Study population

From 2009 to 2012, 197 patients and from 2018 to 2020, 98
patients were recruited from Center for Colorectal Cancer,
National Cancer Center (NCC) Hospital, Korea. Polyps and
other cancers were excluded: 4 and 8 from each set. Finally,
283 patients were selected. Healthy controls were selected
from a publicly available data set in the European Nucleotide
Archive (ENA) repository under accession No. PRJEB33905.
In total, 890 healthy participants were publicly accessible
and were originally recruited from the healthcare center of
Chung-Ang University Hospital (Seoul, Korea) considering
following exclusion criteria: those who had been admin-
istered antibiotics within 3 months prior to the start of the
study, those with a history of major gastrointestinal surgery
or active uncontrolled gastrointestinal disorders, those diag-
nosed with cancer or chronic clinically significant cardiovas-
cular pulmonary, renal or hepatic diseases, and women who
were pregnant or lactating. The detailed recruitment proce-
dure with exclusion criteria has been described elsewhere
[16]. We performed propensity score matching based on age
and sex to select 1:1 matched CRC cases and controls using
the Matchlt R package [17]. The final sample of 566 partici-
pants was composed of 283 CRC patients and 283 healthy
controls for the analysis. The general characteristics of the
study population are shown in Table 1. Since the metadata

Table 1. General characteristics of the study participants

Age (yr) 59.9+11.8 60.7+11.1 0.384
Sex
Male 162 (57.2) 162(572) >0.99
Female 121 (42.8) 121 (42.8)
Tumor site
Colon - 164 (58.0) -
Rectum - 119 (42.1)
Stage
Stage 0-1 - 67 (23.8) -
Stage II - 73 (25.9)
Stage III . 105 (37.2)
Stage IV - 37 (13.1)

Values are presented meantstandard deviation or number (%).
“Student’s t test and chi-squared test.

on sex and age were not publicly accessible for the cohort of
healthy controls, we contacted the principal investigator of
the respective study to obtain sex and age variables for the
890 samples available in ENA. Their study approval infor-
mation and information on written informed consent can be
found in Lim et al. (2021) [16].

2. Sample collection and gene sequencing

Fecal samples were collected from each participant. Fol-
lowing collection, the samples were immediately delivered
to the laboratory for processing, DNA extraction, and 16S
rRNA gene sequencing. The methods of sample collection
and DNA extraction differed slightly between the two study
populations. Details of the methods have been described
elsewhere [16,18]. Briefly, in the NCC study, up to 10 mL of
fresh fecal sample was collected in a sterile tube or OMNI-
gene GUT tube (DNA Genotek, Ottawa, Canada). The sam-
ples were brought to the laboratory within 12 hours, and the
samples were immediately stored at —70°C DNA was extract-
ed using a QIAamp DNA Stool Kit according to the manu-
facturer’s protocol (Qiagen, Valencia, CA). The quality and
concentration of the DNA were checked using a Nanodrop
2000 spectrophotometer (Nanodrop Technologies, Wilming-
ton, DE).

In the cohort of healthy controls, the participants col-
lected fecal samples at home within 48 hours of the study
using OMNIgene GUT tubes (DNA Genotek) according to
the manufacturer’s instructions. DNA was extracted using
a QIAamp DNA stool mini kit (Qiagen, Hilden, Germany).
The extracted DNA samples were stored at —20°C until fur-
ther analysis for 165 rRNA gene sequencing [16].

The 16S rRNA amplicons covering hypervariable regions
V3-V4 of the bacterial 165 rTRNA gene were sequenced using
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the MiSeqTM platform (Illumina, San Diego, CA) in NCC
study [18]. For the study related to healthy controls, library
construction of the V3-V4 hypervariable regions was per-
formed following the 16S metagenomic sequencing library
preparation Illumina protocol. Amplicon libraries for each
sample were pooled at equimolar quantities and sequenced
using a MiSeq 2x300 instrument (Illumina) [16].

Reads from the sequencing were sorted using unique bar-
codes for each PCR product. The barcode, linker, and primer
sequences were then removed from the original sequencing
reads, and the removed reads were merged by paired-end
reads using FLASH v 1.2.11. Raw FASTQ files composed of
paired-end (forward and reverse) sequencing reads obtained
from each study were merged and used for bioinformatics
analysis using Quantitative Insights Into Microbial Ecology
(QIIME2), a plugin-based platform for microbiome analysis.

The paired-end FASTQ files that had already been demul-
tiplexed were imported to generate QIIME2 artifact files.
The DADA2 pipeline was applied to perform the quality
control steps for the raw sequences that helped to remove
low-quality reads, ambiguous reads, chimeric reads, derep-
licate sequences, cluster sequences, and chimeras using
QIIME v2.2021.4 [19]. An amplicon sequence variant (i.e.,
100% exact sequence match) table was generated with for-
ward and reverse truncation lengths of 278 and 210, respec-
tively. Finally, representative sequence file and table file were
obtained as the end products. Sampling depth was identi-
fied based on the table file, and an alpha rarefaction curve
was plotted. Taxonomic classification was assigned based on
the naive Bayes classifier using the classify-sklearn package
against the Silva-138-99 reference sequences. Host mitochon-
dria and chloroplasts, archaea, eukaryotes, and unassigned
reads were filtered before calculating relative abundance.
The microbial composition was normalized using the values
calculated from the taxonomic abundance count divided by
the number of preprocessed reads for each sample to obtain
the relative abundance. Six taxonomy levels were used for
the analysis namely, phylum, class, order, family, genus, and
species.

3. Diversity analyses

Microbial diversity analyses were carried out to measure
within-sample diversity (alpha diversity) and between-
sample diversity (beta diversity). For the alpha diversity,
six indices were calculated, namely, ACE, Chaol, Observe,
Pielou, Shannon, and Simpson. For the beta diversity, dis-
tance matrix was obtained using weighted UniFrac distance
measure, and principal coordinate analysis (PCoA) was per-
formed to visualize the microbial composition between CRC
cases and controls. Permutational multivariate analysis of
variance (PERMANOVA) was used to observe the signifi-
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cance of the beta diversity differences. The diversity analyses
were performed based on the anatomical subsites and the
TNM stages of CRC.

4. Differential abundance analysis and cladogram

Differential abundance analysis of the taxa was performed
for overall, and subgroups based on anatomical location
and TNM stages using statistical analysis of taxonomic and
functional profiles (STAMP v2) software, a tool that provides
extensive hypothesis testing, exploratory plots, effect size
measures, and confidence intervals (Cls) for facilitating the
identification of biologically relevant differences [20]. The
feature table was prepared based on the Silva database as an
input file to plot the cladogram which shows the phyloge-
netic relationship of microbial taxa between CRC cases and
controls.

5. Identification of the enterotypes

Microbial enterotypes (ET) in the human gut microbiome
have been introduced in the Arumugam et al. (2011) [21].
We selected only CRC cases to identify the enterotypes.
Clustering of the samples based on the relative abundance
of genera among CRC cases was performed with the use of
Jensen-Shannon divergence distance and the partitioning
around medoids clustering algorithm. The optimal number
of clusters was obtained based on the Calinski-Harabasz
(CH) index. ET were obtained for overall, subgroups based
on anatomical sites and TNM stage.

6. Deriving the MDI

The concept of the MDI is a unique way of quantifying the
imbalance of the microbial community, although there is no
gold standard to determine the presence or extent of a given
imbalance or disturbance. Several indexes have been defined
and applied. These indexes can help characterize diseases
and adverse conditions, predict treatment outcomes, and
provide information beyond the commonly used alpha and
beta diversity assessments [22,23]. Thus, a positive MDI
indicates a shift towards dysbiosis, where harmful microbial
populations are predominant, and high MDI values have
been associated with an increased risk of CRC. In contrast, a
negative MDI suggests a balanced or healthy microbial com-
munity with a predominance of beneficial microbes that sup-
port gut health and lower CRC risk. Based on the STAMP,
we identified differentially abundant taxa in CRC cases and
controls at the species level. The MDI was calculated as the
log of [total abundance among species increased in CRC]
over [total abundance among species decreased in CRC]
[24]. The mean MDI between CRC cases and controls was
compared using Student’s t test, and the distribution of MDI
between two groups was visualized in Violin plots using the
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Fig. 1. (A) Comparison of alpha diversity indices based on anatomical sites. (B) Based on cancer stage. (C) Principal coordinate analysis
plot of the weighted UniFrac distance. Red indicates colorectal cancer cases and blue indicates healthy controls.
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Fig. 2. (A) Statistical analysis of taxonomic and functional profiles (STAMP) results plot for taxonomic phylum STAMP results plots for

colon cancer (B) and rectal cancer (C) at phylum level.

R package “ggplot2.” The comparison of the MDI between
CRC cases and controls were visualized depending on ETs,
anatomical sites, and TNM stage.

7. Association between fecal microbial dysbiosis and CRC
risk

The MDI was categorized into tertiles based on the dis-
tribution in the control group. The group with the lowest
MDI was used as the reference group. Odds ratios (ORs) and
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95% Cls were estimated using conditional logistic regression
models. The median values of the MDI in each tertile cat-
egory were used as continuous variables to test for trends.
The associations for each enterotype-specific CRC and for
anatomical sites were performed using multinomial logistic
regression models. All statistical analyses were carried out
using SAS v9.4 software (SAS Inc., Cary, NC), the R platform
v3.5.1 (R Foundation for Statistical Computing, Vienna, Aus-
tria), and QIIME2-2021.4 [19].
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Fig. 3. Enterotypes identified from the microbial composition of colorectal cancer cases.

8. Metagenomic functional analysis

The fecal microbial functional gene contents were pre-
dicted using Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States (PICRUSt v2). The
input sequence abundance table was normalized by the pre-
dicted number of marker genes and then the predicted func-
tional profiles per sample were determined. Finally, Enzyme
Commission (EC) number and Kyoto Encyclopedia of Genes
and Genomes (KEGG) Orthology (KO) metagenome and
MetaCyc pathway abundances were predicted based on the
predicted EC number abundances. Differential abundance
pathways were determined using STAMP. Sparse Canoni-
cal Correlation Analysis (SCCA) was performed to identify
group-level correlations between microbial species and their
metabolic pathways as two sets of variables to be correlat-
ed using R package 'PMA." Correlation network was con-
structed for selected interrelated species and their pathways
by detecting the communities within the network based on
greedy optimization of modularity of the network using R
package ‘igraph.” The integration of species and pathways
was performed based on the anatomical sites of CRC.

Table 2. Comparison of MDI between CRC cases and controls

Case Control p-value
Total (n=287)
MDI 0.29+1.85 -1.28+1.64 <0.001
Male (n=164)
MDI 0.26+1.91 -1.31+1.55 <0.001
Female (n=123)
MDI -0.04+1.25 -1.44+0.71 < 0.001

Values are presented meantstandard deviation. CRC, colorectal
cancer; MDI, microbial dysbiosis index.

Results

1. Comparison of diversity measures between CRC patients
and controls

The comparison of alpha diversity measures between
CRC patients and controls showed no significant differ-
ence between two groups (51 Fig.). Also, no significant dif-
ference was observed for each alpha diversity index based
the anatomical sites; colon and rectum (Fig. 1A). Compared
to controls, ACE (p=0.019), Chaol (p=0.019), and Observe
(p=0.028) indices were significantly higher in stage III can-
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Fig. 4. Comparison of microbial dysbiosis index between each anatomical sites of colorectal cancer cases and controls. (A) Total popula-
tion. (B) Each sex. (C) Across cancer stages. (D) Across cancer stages by sex.

cers. There was a significantly higher alpha diversity in stage
III compared to stages 0-I cancers in terms of Observe index
(p=0.038). There was a significantly higher Shannon index
(p=0.032) and Simpson index (p=0.013) in stage IIl compared
to stage II cancers (Fig. 1B).

We performed beta diversity analysis based on the weight-
ed UniFrac distance measure, and the sampling depth was
identified as 6,194 from the table file. The PERMANOVA test
results indicated a significant divergence in the microbial
composition between CRC patients and controls. We further
found that the first three principal coordinates of the PCoA
based on weighted UniFrac distance explained 41.27% of the
overall microbial diversity (PERMANOVA p=0.001), which
was the highest among the four distance measures (Fig. 1C).
Similar difference was observed among colon, rectal cancers
and controls (PERMANOVA p=0.001) (52 Fig.).
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2. Differential abundance analysis of taxa and cladogram
Differentially abundant taxa between CRC cases and con-
trols were identified using STAMP analysis for six taxonomy
levels. The effect sizes with their 95% Cls and the corrected
p values are shown in the figure for each identified taxon. At
the phylum level, Bacteroidota was enriched in controls
whereas Actinoabcteriota, Proteobacteria, and Fusobacteriota
phyla were enriched in CRC cases (Fig. 2A). In colon and
rectal cancers, Proteobacteria and Actinobacteriota phyla were
enriched compared to controls (Fig. 2B and C) Proteobacteria
phyla was highly enriched in stages 0-I and stage II cancers
while Actinobacteriota and Fusobacteriota phyla were enriched
in stage Il and IV cancers compared to controls (S3A-D Fig.).
At the genus level, Fecalibacterium, Prevotella, and Bac-
teroides were the major differentially abundant genera in
controls while Escherichia-Shigella, Alistipes, Bifidobacterium,
Veillonella, and Enterococcus were identified as the major dif-
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ferentially enriched genera in CRC cases (S4A Fig.). In colon
and rectal cancers, Escherichia-Shigella genus was differential-
ly enriched (S4B and S4C Fig.). In stages 0-I, II, and III can-
cers, Escherichia-Shigella genus was highly enriched whereas
Phascolarctobacterium, Parabacteroides genera were highly
enriched in stage IV cancers (S5A-S5D Fig.).

At the species level, Ruminococcus bicirculans, Bacteroides
plebeius, Lachnospiraceae bacterium, Prevotella copri, and Bac-
teroides coprocola were enriched in controls whereas Para-
bacteroides merdae, Lactobacillus ruminis, Fusobacterium nec-
rophorum, Odoribacter splanchnicus, and Alistipes shahii were
enriched in CRC cases (56 Fig.).

Based on the Silva database, we plotted the cladogram up
to the species level. C_Bacteroidia, F_Bacteroidaceae, F_Rumi-
nococcaceae, F_Sutterellaceae, and S_Bacteroides plebeius were
phylogenetically related in healthy controls, while several
taxa, including O_Enterobacterales, O_Fusobacteriales, F_EgQg-
erthellaceae, F_Erysipelatoclostridiaceae, F_Erysipelotrichaceae,
and G_Streptococcus were phylogenetically enriched in CRC
patients (S7 Fig.).

3. Enterotypes among CRC cases

Three optimal clusters were identified based on the CH
index (S8 Fig.). As a result, three ETs were obtained with
respect to the CRC case microbiome at the genus level. ET1
was characterized by Ruminococcus, while ET2 and ET3 were
predominantly characterized by Bacteroides and Prevotella,
respectively (Fig. 3). Consistent ETs were found for the colon
cancers while in rectal cancer, ET1 and ET2 were consistently
characterized by Ruminococcus, and Bacteroides, and ET3 was
characterized by Fecalibacterium (S9A and S9B Fig.). Based
on cancer stages, we found that the ET1 was characterized
by Ruminococcus in early cancers while in advanced cancers,
ET2 and ET3 were consistently characterized by Bacteroides
and Prevotella (S9C and S9D Fig.).

4. Microbial dysbiosis index

Table 2 shows the comparison of the MDI between CRC
patients and controls. Interestingly, we found that the MDI
was significantly higher in CRC patients than in healthy con-
trols in the total population (p < 0.001), males (p < 0.001),
and females (p < 0.001) (S10A and S10B Fig.). According to
the enterotype-specific CRC, the MDI significantly differed
among ET1, ET2, and ET3 CRC patients compared with
healthy controls in overall population (p < 0.001) and each
sex (510C and S10D Fig.).

Based on the anatomical sites, MDI was significantly high-
er in both colon and rectal cancers compared to controls in
overall (p < 0.05) and in each sex (p < 0.001) (Fig. 4A and
B). Based on cancer stage, MDI was significantly higher in
each cancer stage (0-IV) compared to controls in overall (p

< 0.05). However, in males and females, significantly higher
MDI was observed only in stages 0-I, I, and III compared to
controls (p < 0.05) (Fig. 4C and D).

Table 3 shows the association between MDI and CRC
risk. In the total population, those in the third tertile of the
MDI showed a significantly increased risk of CRC (OR, 6.93;
95% CI, 3.98 to 12.06; p-trend < 0.001) compared to those in
the lowest tertile. Males who had a higher MDI showed an
increased risk of CRC compared to those with a low MDI
(OR, 6.28; 95% CI, 3.04 to 12.98; p-trend < 0.001). In females,
those in the third tertile of the MDI showed a significantly
increased risk of CRC (OR, 7.39; 95% CI, 3.10 to 17.63; p-trend
< 0.001) compared to those in the lowest tertile. Regarding
anatomical sites, those who were in the highest tertile of MDI
showed increased risks for colon cancers (OR, 7.63; 95% CI,
4.21 to 18.23; p-trend < 0.001) and rectal cancer (OR, 6.21; 95%
(I, 3.30 to 11.69; p-trend < 0.001). Regarding enterotype-spe-
cific CRC, those in the third tertile of MDI showed increased
risks of ET1-CRC (OR, 9.31; 95% CI, 4.91 to 17.63; p-trend
< 0.001), ET2-CRC (OR, 3.54; 95% CI, 1.80 to 6.97; p-trend
< 0.001), and ET3-CRC (OR, 10.50; 95% CI, 3.62 to 30.43;
p-trend < 0.001) (S11 Table).

5. Integrate microbiome and metabolic pathways

To perform sCCA, 48 species and 202 pathways identi-
fied by STAMP were selected. As a result, two bacterial spe-
cies (B. coprocola and B. plebeius) and 12 microbial pathways
(mannan degradation, L-thamnose degradation I, preQO
biosynthesis, queuosine biosynthesis, superpathway of GDP
mannose derived O antigen building blocks biosynthesis,
GDP mannose biosynthesis, polyisoprenoid biosynthesis E.
coli, 4-deoxy-L-threo-hex-4-enopyranuronate degradation,
NAD salvage pathway I, pyrimidine deoxyribonucleosides
salvage, S-adenosyl-L-methionine cycle I, urate biosynthesis
inosine 5 phosphate degradation) were selected based on
their ability to explain covariance. These 14 features result
in a correlation of 0.68 between two tables (species and path-
ways). Also, selected species and pathways are closely asso-
ciated with healthy controls compared to cases. The associa-
tion of those bacterial species and the 12 pathways could
explain the 91% variation across samples (S12A Fig.). Accord-
ing to the anatomical sites, similar results were observed in
colon cancer having two bacterial species and 12 pathways
which are closely associated with healthy controls than colon
cases (S12B Fig.). For the rectal cancer, two bacterial species
(B. coprocola and B. plebeius) and 10 pathways were integrated
to explain the 90% variation across samples (S12C Fig.).

According to the correlation network analysis, two major
modules were detected as communities within the whole
network. One module was comprised with B. coprocola spe-
cies whereas the other module was comprised with B. ple-
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Table 3. Association between MDI and CRC risk
MDI Case, n (%) Control, n (%) Model: OR (95% CI)

Colorectal cancer
Total

T1 (<-1.87) 30 (10.6) 95 (33.6) 1.00
T2 (-1.87 to —0.64) 44 (15.6) 93 (32.9) 1.35(0.72-2.52)
T3 (>-0.64) 209 (73.9) 95 (33.6) 6.93 (3.98-12.06)
p-trend <0.001
Male
T1 (<-1.95) 19 (11.7) 54 (33.3) 1.00
T2 (-1.95 to -0.79) 22 (13.6) 54 (33.3) 1.04 (0.44-2.50)
T3 (>-0.79) 121 (74.7) 54 (33.3) 6.28 (3.04-12.98)
p-trend <0.001
Female
T1 (<-1.84) 11 (9.1) 41 (33.9) 1.00
T2 (-1.84 to —0.38) 26 (21.5) 39(32.2) 2.18 (0.83-5.74)
T3 (>-0.38) 84 (69.4) 41 (33.9) 7.39 (3.10-17.63)
p-trend <0.001
Colon cancer
Total
T1 (<-1.87) 16 (9.8) 95 (33.6) 1.00
T2 (-1.87 to —0.64) 26 (15.9) 93 (32.9) 1.66 (0.84-3.29)
T3 (>-0.64) 122 (74.4) 95 (33.6) 7.63 (4.21-13.81)
p-trend <0.001
Male
T1 (<-1.95) 9(10.1) 54 (33.3) 1.00
T2 (-1.95 to -0.79) 11 (12.4) 54 (33.3) 1.22 (0.47-3.19)
T3 (>-0.79) 69 (77.5) 54 (33.3) 7.77 (3.48-16.90)
p-trend <0.001
Female
T1 (<-1.84) 8(10.7) 41 (33.9) 1.00
T2 (-1.84 to —0.38) 17 (22.7) 39(32.2) 2.23(0.87-5.76)
T3 (>-0.38) 50 (66.7) 41 (33.9) 6.25 (2.64-14.81)
p-trend <0.001
Rectal cancer
Total
T1 (<-1.87) 14 (11.8) 95 (33.6) 1.00
T2 (-1.87 to —0.64) 18 (15.1) 93 (32.9) 1.31 (0.62-2.79)
T3 (>-0.64) 87(73.1) 95 (33.6) 6.21 (3.30-11.69)
p-trend <0.001
Male
T1 (<-1.95) 10 (13.7) 54 (33.3) 1.00
T2 (-1.95 to -0.79) 11 (15.1) 54 (33.3) 1.10 (0.43-2.80)
T3 (>-0.79) 52 (71.2) 54 (33.3) 5.20 (2.40-11.30)
p-trend <0.001
Female
T1 (<-1.84) 3(6.5) 41 (33.9) 1.00
T2 (-1.84 to —0.38) 9 (19.6) 39(32.2) 3.15(0.80-12.51)
T3 (>-0.38) 34 (73.9) 41 (33.9) 11.33 (3.22-39.85)
p-trend < 0.001

CI, confidence interval; CRC, colorectal cancer; MDI, microbial dysbiosis index; OR, odds ratio.
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Fig. 5. Community detection based on greedy optimization of modularity of the network.

beius species and other 12 pathways. B. coprocola community
was independently correlated with other species and path-
ways (Fig. 5).

Discussion

This study derived MDI based on differentially abundant
species to observe the association between fecal microbial
dysbiosis and CRC risk using 1:1 matched CRC cases and
healthy controls. The MDI was significantly higher in CRC
patients than in controls. The difference of MDI was consist-
ently observed for each anatomical site and cancer stage. A
higher MDI was significantly associated with a higher risk
of CRC. The correlation of B. coprocola and B. plebeius with 12
pathways was closely associated with healthy controls com-
pared to CRC.

In our study, we found that there was no significant dif-
ference in alpha diversity indices between CRC cases and
controls. Previous evidence showed inconsistent findings
related to alpha diversity [25-27]. However, ACE, Chaol, and
Observe indices were significantly higher in stage III can-
cers compared to controls. In a Chinese study, no significant
differences in Chaol, Shannon, and Simpson indices were
observed between CRC patients of stages I-IV and healthy
controls [28]. Notably, beta diversity showed a significant
divergent between CRC cases and controls consistent with
our results [25,29].

In the current study, the Bacteroidota phylum was enriched
in controls, while the Actinobacteriota, Proteobacteria, and
Fusobacterium phyla were enriched in CRC patients. Specifi-
cally, at the genus level, Escherichia-Shigella and Fusobacterium
were highly enriched in CRC patients. Consistent with our
results, Escherichia-Shigella and Fusobacterium were highly
abundant in CRC cases than controls [25,26]. Previous stud-
ies also showed that Porphyromonas and Lactobacillus were
significantly enriched in fecal samples of patients with CRC
[26,30]. In contrast, a nonsignificant higher abundance of the
Lactobacillus genus was identified in controls [31]. Moreover,
Bacteroides fragilis, Enterococcus, Escherichia-Shigella, Klebsiella,
Streptococcus, Peptostreptococcus, Enterobacteriaceae, and Por-
phyromonas displayed a higher relative abundance in CRC
patients, while Roseburia- and Lachnospiraceae-related species
dominated in healthy controls, which are consistent with
our study [32,33]. As we observed for cancer stages, previ-
ous studies reported that Peptostreptococcus, Collinsella, and
Ruminococcus were enriched in stage I patients while Alis-
tipes, and Parabacteroides were highly enriched in stage III-IV
patients [28,34]. We found that Escherichia-Shigella was highly
enriched in stage O-III patients. In contrast, a study reported
that Haemophilus in the CRC stage 0 group was significantly
higher than in the CRC stages I-II groups [35] while another
study reported that there was no significantly different fecal
microbiota at stages I-IV [36].

We found that B. plebeius was highly enriched in healthy
controls in our study similar to previous evidence [37]. It has
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been reported that B. plebeius reduces claudin-2 expression
while increasing intestinal mucosal tightness and restoring
the intestinal mucosal barrier which can directly affect for
enhancing intestinal barrier integrity and thereby prevent
CRC risk [38]. The Fusobacterium genus was highly enriched
in CRC cases in our study. Moreover, we found that F. necro-
phorum was a major species abundant in CRC cases. Plausi-
ble biological mechanisms of Fusobacterium species are abil-
ity to inhibit T-cell proliferation and induce T-cell apoptosis
which may impair the host immunity in eliminating trans-
formed cancer cells and ability of FadA adhesin molecule to
bind to E-cadherin on the colonic epithelium to activate the
Wnt/ p-catenin oncogenic pathway [39]. P. merdae was highly
enriched in CRC cases in a Thai population which is similar
to our results [40]. The bacterial species of the Parabacteroides
genus could degrade the beneficial dietary flavonoids found
in plant-based diets by lowering their bioavailability. Thus,
the beneficial anticancer effect of flavonoids could deterio-
rate while increasing CRC carcinogenesis [40].

A prior study reported that the enrichment of potential
pathogens and the depletion of butyrate-producing mem-
bers represent a specific microbial signature of CRC [41]. Wu
et al. [41] identified 16 genera that were significantly more
abundant in CRC samples than in control samples, includ-
ing potentially pathogenic Fusobacterium and Campylobac-
ter. A recent study classified 12 genera, and four of which
were enriched in controls namely Bacteroides, Parabacteroides,
Roseburia, and Faecalibacterium, similar to our findings [42].
A possible mechanism of microbiota dysbiosis in CRC is the
reduction in the abundance of butyrate-producing bacterial
species which eventually lack the mucosal barrier function
[43]. Moreover, dysbiosis related to Alistipes species has been
linked to colon cancer which is consistent with the highly
enriched Alistipes shahii speices and Alistipes genus in CRC
in our study [44]. In overall, due to dysbiosis, normal physi-
ological functions of gut microbiota are altered leading to
pathological damage to intestinal lining and intestinal bar-
rier. This will eventually induce immune system disorders
which can cause inflammatory diseases such as cancers
[45,46].

We found that the integration of two species namely B.
coprocola and B. plebeius and 12 identified pathways could
explain the covariance across the samples and those 14 mark-
ers are closely associated with healthy controls compared to
CRC cases. One key metabolic pathway identified by sSCCA
is mannan degradation which is a hemicellulose component
found in plant cell walls and microbes are rich source of
mannan [47]. Fermentation of mannan to short-chain fatty
acids has been reported to exhibit biological activity such as
anti-inflammatory, anticancer, immunomodulatory and gas-
troprotective properties [47]. Another key pathway found
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was PreQO biosynthesis and PreQ0 base which is a biosyn-
thetic precursor of queuosine-tRNA derived from Streptomy-
ces ginglanensis has been identified as an unusual metabolite
with anticancer activity [48]. Other two important pathways
are NAD salvage and pyrimidine deoxyribonucleosides sal-
vage enriched in healthy controls compared to CRC cases.
It has been reported that both NAD and pyrimidine ribo-
nucleotides are involved in many cellular functions such
as DNA repair, cell growth, and cell death. Many of those
pathways are typically dysregulated in cancer cells where
DNA repair and cell growth is not under control that leads
to cancer cell proliferation [49]. S-adenosyl-L-methionine is
a naturally occurring sulfur-containing nucleoside synthe-
sized from adenosine triphosphate and methionine has been
identified to have novel therapeutic potential in overcoming
drug resistance in colon cancer cells that would provide bet-
ter clinical outcomes [50]. Furthermore, we found that Cal-
vin-Benson-Bassham cycle, stearate biosynthesis II, palmi-
toleate biosynthesis I, oleate biosynthesis IV pathways which
are beneficial pathways were enriched in healthy controls.
Consistently, a recent Korean prospective study using CRC
cases has identified those pathways as beneficial pathways
to lower CRC risk [51].

In modules identified by the correlation network derived
from those 14 bacterial and pathway markers that were
enriched in healthy controls, B. coprocola species was inde-
pendently correlated with B. plebeius and other pathways.
Notably, both B. coprocola and B. plebeius were identified to
be highly correlated in short-chain fatty acids and mucosal
barrier integrity, respectively [38,52].

There are several strengths of our study. Firstly, we have
relatively larger sample size compared to previous studies
that may improve the statistical power. Secondly, healthy
microbiome data delineates the gut microbial composition in
healthy Koreans and suggests utilization as the control group
for case-control studies [16]. Both data sets used similar 16S
rRNA gene sequencing methods by covering the V3-V4
hypervariable region, which could minimize the errors asso-
ciated with the combination of two separate data sets. How-
ever, there are also potential limitations associated with the
current study. While our study provides valuable insights
into the microbial differences associated with colorectal can-
cer, the noted limitations regarding sample collection and
DNA extraction methods in terms of collecting container and
time between collection and analysis time must be acknowl-
edged. These methodological discrepancies may introduce
biases that affect our findings’ validity and reproducibility.
Lack of information on colonoscopic screening of polyps or
tumor status among controls could introduce selection bias.
Since this study is a combination of two studies, the metada-
ta associated with the study participants are limited such as
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smoking, alcohol consumption, red meat consumption, and
physical activity. However, we tried to perform propensity
score matching based on sex and age to select a 1:1 matched
control group for CRC cases, which may minimize selection
bias. Second, the current study was not a prospective design.
Thus, associations between the fecal microbiome and CRC
risk could have occurred without having a causal relation.

In conclusion, we found that the fecal microbiota of CRC
patients differs from that of healthy controls. Microbial dys-
biosis is significant associated with higher risk of CRC. The
microbial dysbiosis was significantly differed based on colon
and rectal cancers and across cancer stages. Integrating B.
coprocola and B. plebeius species and 12 metabolic pathways
would be closely correlated with healthy participants and
could explain much covariation across samples. Character-
izing the fecal microbial profile associated with CRC would
be beneficial to identify CRC-related bacterial and metabolic
pathway signatures to develop novel CRC preventive and
therapeutic guidelines based on the individual microbiome
profiles of Koreans in the future.
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