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Abstract: Colorectal cancer (CRC) is influenced by both enteroviruses and bacteria, yet current microbial typing 
schemes rely primarily on bacterial data. To construct a more comprehensive microbial typing scheme for CRC, 
this study integrated enteroviral and bacterial profiling data from fecal samples of 414 healthy controls (NCs), 151 
advanced adenoma (AAs) patients, and 255 CRC patients using Illumina sequencing. Metabolites and trace ele-
ments were analyzed via liquid chromatography and ICP-MS, respectively. Microbial subtyping was performed with 
ConsensusClusterPlus based on combined viral and bacterial sequencing data, leading to the identification of two 
initial viral subtypes (V1, n=309; V2, n=511). The V2 group was further split into two bacterial subtypes (V2B1, 
V2B2), yielding three distinct microbial subtypes. Disease ratios (CRCs&AAs/NCs) were 1.06 (V1), 0.67 (V2B1), 
and 1.29 (V2B2). V1 showed increased Streptococcus agalactiae, Peduvirus, and Imidazopyrimidines; V2B1 had 
higher CAG_127sp900553925, nickel (Ni), and benzene derivatives; V2B2 exhibited elevated Citrobacter farmeri, 
Svunavirus, arsenic, and organic sulfonic acids. Gut disease prediction model was more accurate after virus typing 
(86.54% of accuracy in V2B2 subtype; 73.33% of accuracy without typing). These results suggest that integrating 
enteroviral and bacterial subtypes offers a more precise framework for CRC identification than bacterial-based typ-
ing alone.
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Introduction

Colorectal cancer is a malignant tumor originat-
ing from the epithelial cells of the mucosa in 
the colon or rectum, accounting for more than 
one-fourth of all gastrointestinal cancers and 
one-fifth of cancer-related mortality [1]. Inflam- 
matory bowel disease (IBD) and familial adeno-
matous polyposis are both genetic factors of 
CRC [2]. In addition, low fiber and high red meat 
diets, staying up late, smoking, excessive al- 
cohol consumption, and obesity are all con- 
sidered as high-risk factors of CRC [3-5]. No 
matter what the initiating factor of CRC is, the 
destruction of homeostasis immune balance 
and intestinal microbiome derived signals us- 
ually involve, thus stimulating the overrepair 

response of epithelial cells, a series of gene 
mutations in intestinal stem cells, such as APC 
gene, K-RAS gene or p53 gene, and the occur-
rence of tumors [6, 7].

One characteristic associated with the patho-
genesis of CRC is the dysregulation of the gut 
microbiome. Gut microbiome, including a series 
of microbial genomes, such as bacteria, virus-
es, fungi and so on, is a complex microecosys-
tem. At present, with the progress and develop-
ment of metagenomic sequencing methods, 
intestinal metagenomic databases of 4,644 
gut bacterial genomes [8] and 54,118 viral  
populations (vOTUs) [9] have been construct- 
ed. Host and gut microbes have co-evolved  
and formed a robust immune system defense 
against potentially harmful pathogens. At the 
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same time, gut flora closely interacts with host 
gut epithelial cells and affects the occurrence 
and development of CRC by participating in 
host immune regulation, food metabolism, or 
gene toxin production. It has been found that 
pks plasmid containing Escherichia coli (pks+ 
E. coli) [10] and enterotoxigenic Bacteroides 
fragilis (ETBF) [11] induces intestinal mucosal 
cancer by inducing DNA damage. Fusobacteri- 
um nucleatum can amplify E-cadherin/β-caten- 
in signaling and lead to tumorigenesis leading 
to CRC [12]. In addition, enterovirus coexists wi- 
th its host for a long time. In rare cases, due to 
the high level of mutations in the genome dur-
ing replication, it may also encode some viral 
products, such as Epstein-Barr Virus that pro-
motes CRC by intervening in cell metabolic re- 
programming [13]. However, these microorgan-
isms have only been proved to promote the 
development of CRC, but the presence and 
number of certain microorganisms in the hu- 
man body alone are not enough to cause can- 
cer.

Microbiome interactions are not limited to mi- 
crobes and their hosts, but also exist between 
microbial communities. Gut microbiome coexis-
tence refers to the relationship between differ-
ent types of microorganisms in the gut. In the 
gut, the relationship between microbes can be 
symbiosis, competition, coexistence, reciproci-
ty, and other different ways. In addition to bac-
teria, gut microbes also contain many viruses. 
Bacteria can act as hosts for some viruses, co-
exist with viruses, and maintain their balance  
in the ecosystem. Viruses, such as specific bac-
teriophages, can enter the interior of bacteria 
by interfering with the membrane complex of 
bacteria or using the receptors of certain cells, 
and then destroy the cell structure, change the 
metabolic process, and eventually lead to cell 
death or the activation of immune response 
[14]. On the other hand, bacteria use a com-
mon core genome shared across various bac- 
terial species, along with mobile genetic ele-
ments, to facilitate swift bacterial evolution 
through genome exchange, ultimately achiev-
ing defensive effects [15, 16]. The microbiome 
of microbes that inhabit the human gut is very 
individual diverse and identifies individual dis-
ease states from only a single or a few species 
that lack the mindset to analyze gut microbes. 
The classification of enteroviruses combined 
with gut bacteria is helpful to distinguish the 
disease status of individuals in diagnosis and 

can be used as a risk or susceptibility indicator 
for specific human conditions. In 2011, resear- 
chers used different pairs of bacterial genes  
to identify the different makeup of each per-
son’s microbiome. The population was roughly 
divided into three types (also known as entero-
types): Bacteroides, Prevotella, and Rumino- 
coccus [17]. However, until now, the human 
microbial typing is still mainly based on bacte-
ria, and there is a lack of enterovirus-based 
typing.

In addition, the microbes present in the human 
gut pose impacts on metabolites and metal 
ions in the gut microecological environment. 
Metabolites are diverse, including organic aci- 
ds, amino acids, polybrain, fatty acids, growth 
factors, polysaccharides, aromatic compounds, 
etc. [18]. Gut bacteria affect host metabolic 
processes of energy production, lipid produc-
tion, glucose production and cholesterol syn-
thesis through the production of short-chain 
fatty acids (SCFA) [19, 20]. Meanwhile, gut 
microbes also affect the absorption of metal 
ions such as Fe in the gut [21].

In this study, 820 subjects’ fecal samples we- 
re sequenced by metagenomic sequencing. 
Using viral and bacterial annotation data, the 
subjects were categorized into gut microbial 
types. The differences of gut microbes among 
different subtypes, the differences of metabo-
lites and ions in feces, and the characteristics 
of clinical features were analyzed. This study 
was expected to type the human gut microecol-
ogy from the perspective of bacteria and virus-
es, establish a classification method of gut mi- 
crobes, and clarify the characteristics of these 
subtypes of gut microbes and the relationship 
between microbial subtypes and intestinal dis-
eases (advanced adenoma and CRC), to pro-
vide a basis for describing intestinal health and 
disease status based on intestinal microbial 
typing.

Methods

The flow chart of this study is shown in Figure 
S1.

Subjects and samples

This study recruited the subjects from Huzhou 
Central Hospital from March 2020 to Decem- 
ber 2022, with 414 normal controls (NCs), 151 
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advanced adenoma patients (AAs), and 255 
colorectal cancer patients (CRCs). The clinical 
information was shown as Table S1. All sub-
jects signed informed consent in accordan- 
ce with the guidelines approved by the Ethics 
Committee of Huzhou Central Hospital. The 
patients’ clinical protocol and informed con-
sent have been approved by the Ethics Com- 
mittee of Huzhou Central Hospital (No. 2019- 
1101-01 and No. 202202005-01) and the 
Chinese Clinical Trial Registry (http://www.chic-
tr.org.cn, ChiCTR2100050167).

Inclusion criteria: patients with CRC confirmed 
by pathological examination and patients with 
AA volunteered to participate in the study. The 
pathological diagnosis of CRC and AA was con-
firmed, and the clinical stage of CRCs was de- 
termined according to American Joint Com- 
mittee on Cancer-Staging Manual 8th edition. 
The NCs were endoscopically negative.

Exclusion criteria: 1) Coexistence of other ma- 
lignant tumors; 2) Severe cardiopulmonary dis-
eases; 3) Presence of other intestinal diseases, 
such as ulcerative colitis, Crohn’s disease, etc.; 
4) Recent use of antibiotics within 3 months 
prior to admission; 5) History of oral microbio-
logical and lipid-modulating drug use within the 
last 2 months; 6) Known primary organ failure. 
Informed consent forms were obtained from all 
study participants.

The basic information and clinical detection 
indicators of subjects and pathological data of 
CRCs were obtained from the medical record 
management system of Huzhou Central Hos- 
pital. The stool samples were collected before 
breakfast without the use of laxatives or lubri-
cants, about 5-10 grams and stored in the 
ultra-low temperature refrigerator within half 
an hour (The total storage time was less than 1 
month).

Metagenomic sequencing

Whole-genome shotgun sequencing of stool 
sample was carried on an Illumina HiSeq X in- 
strument and the specific steps are as follows.

Microbial DNA was extracted from stool sam-
ples using the E.Z.N.A.® stool DNA Kit (Omega 
Bio-tek, Norcross, GA, U.S.) according to manu-
facturer’s protocols. The DNA integrity was de- 
termined by electrophoresis in 0.8% agarose 

gels, and the concentration and quality were 
determined using a Nanodrop ND-1000 (Ther- 
mo Scientific). For samples yielding less than 
500 ng of DNA per extraction, the process  
was repeated, and extracts were pooled to ob- 
tain a minimum of 1 μg of DNA for downstream 
applications. High-quality DNA sample (OD260/ 
280=1.8-2.2, OD260/230 ≥ 2.0) was used  
to construct sequencing library. Metagenomic 
shotgun sequencing libraries were constructed 
and sequenced at Shanghai Biozeron Biologi- 
cal Technology Co., Ltd. In briefly, for each sam-
ple, 1 μg of genomic DNA was sheared by Co- 
varis S220 Focused-ultrasonicator (Woburn, 
MA, USA), and sequencing libraries were pre-
pared with a fragment length of approximately 
450 bp. All samples were sequenced in the 
Illumina HiSeq X instrument with pair-end 150 
bp (PE150) mode. Raw sequence reads un- 
derwent quality trimming using Trimmomatic 
(http://www.usadellab.org/cms/uploads/sup-
plementary/Trimmomatic) to remove adaptor 
contaminants and low-quality reads [22]. The 
reads underwent quality control and were sub-
sequently aligned to the human genome (ver-
sion: hg19) using the BWA mem algorithm with 
the following parameters: -M -k 32 -t 16 (source: 
http://bio-bwa.sourceforge.net/bwa.shtml). 
The reads removing host-genome contamina-
tions and low-quality data were named as clean 
reads and used for further analysis.

The human gut microbial genome data were 
sourced from the Unified Human Gastrointesti- 
nal Genome (UHGG) repository (http://ftp.ebi.
ac.uk/pub/databases/metagenomics/mgni- 
fy_genomes/human-gut/) [23], which included 
both assembled genomes and their function- 
ally annotated gene models. For viral genome 
data, we utilized the Metagenomic Gut Virus 
catalog (MGV, https://portal.nersc.gov/MGV/) 
[24], a comprehensive collection of curated 
human gut virome sequences.

Taxonomy of clean reads for each sample was 
determined by Kraken2 [25] using the custom-
ized kraken database. The customized kraken 
database included all bacteria and virus geno- 
me sequences in NCBI RefSeq database (re- 
lease number: 90). All reads were classified  
to seven phylogenetic levels (domain, phylum, 
class, order, family, genus, and species) or un- 
classified. The abundances of taxonomy we- 
re estimated by Bracken (https://ccb.jhu.edu/
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software/bracken/) that can produce accurate 
species- and genus-level abundance even in 
multiple near-identical species. The beta diver-
sity analysis was performed using the commu-
nity ecology package and R-vegan package.

Untargeted metabolomics detecting

LC-MS/MS technique was used for untargeted 
detection of metabolites. The chromatographic 
peaks detected in the samples were integrated 
using CD3.1 data processing software, where 
the peak area of each characteristic peak rep-
resented the relative quantitative value of a 
metabolite, while the background ions were re- 
moved with blank samples, and the original 
quantitative results were normalized using total 
peak area. Afterwards, metabolites with less 
than 30% of Coefficient of Variance (CV) in QC 
samples were retained, and finally the identifi-
cation and relative quantitative results of me- 
tabolites were obtained.

Ions detecting

Pretreatment: After drying the samples in the 
freeze dryer, a certain amount of samples were 
weighed in a graphite digestion tube. First, 15 
mL of nitric acid was add at 80°C for 20 min, 
then 3 mL of perchloric acid was added at  
80°C of digestion for 10 min, after which it was 
heat up to 130°C and maintain 15 min, and 
continue to 180°C for 120 min. Until the diges-
tion solution was colorless and clear, perchloric 
acid evaporated to be almost dry, and the 
digestion was complete. After cooling to room 
temperature, the digestion solution was trans-
ferred to a 50 mL volumetric flask and adjusted 
to the scale line with distilled water to be test-
ed. The relevant reagents and instruments 
were listed below.

Nitroric acid (GR): Sinopharm Chemical Reagent 
Co., LTD. Shanghai 10014508.

Perchloric acid: Tianjin Zhengcheng Chemical 
Products Co., LTD.

Standard material: Tan ink quality inspection 
BWT30121-100-100 B22120033. Instrument 
model number: ICP-MS7800.

Cluster analysis

Package “ConsensusClusterPlus” [26] in R stu-
dio was used to perform cluster analysis to 
identify gut microbial subtypes using metage-
nomic sequencing data.

Statistical analysis

For identification of biomarkers for highly di- 
mensional virus, linear discriminant analysis 
effect size (LEfSe) analysis was conducted [27]. 
Kruskal-Wallis sum-rank test was performed to 
examine the changes and dissimilarities among 
classes, followed by LDA analysis to determine 
the size effect of each distinctively abundant 
taxa [28]. A threshold of 4.0 on the logarithmic 
LDA score was used for identifying discrimina-
tive features.

Wilcoxon rank-sum test (Mann-Whitney U test) 
was used to analyze the species, metabolites, 
or ions of the two groups of samples for signifi-
cant differences (p-value < 0.05). After differ-
ence analysis, false discovery rate (FDR) meth-
od was further adopted to calibrate the ob- 
tained P-values, and species, metabolites or 
ions with significant abundance differences  
in different groups were obtained (Q-value < 
0.05). Kruskal-Wallis sum-rank analyzed the 
species, metabolites or ions of the three groups 
of samples for significant differences. After the 
difference analysis, bonferroni correction me- 
thod was used for multiple correction of p-value 
obtained.

Spearman analysis was made to calculate cor-
relations between different species and groups.

Bioinformatic analysis was performed using the 
OmicStudio tools at https://www.omicstudio.
cn/tool.

Disease prediction model

The entire dataset were randomly assigned to 
the discovery (80%) and test (20%) sets. No 
specific grouping or stratification factors were 
applied during this process to ensure an unbi-
ased split. The methods of model construction 
were the same as previously described [29]. 
Catboost package (version 0.16.5) uses rele-
vant functions in R language rminer Package 
(version 1.4.5) for modeling analysis and impor-
tance calculation of variables by using multi-
nom from nnet package. In classification, the 
class with the highest probability is selected, 
while regression analysis is performed using 
probability averaging. Key biomarkers are iden-
tified for sample categorization. By applying 
varying cutoff values to continuous variables, 
sensitivity and specificity are computed, fol-
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lowed by generating an ROC curve (sensitivity 
vs. 1 - specificity). Model accuracy is assessed 
via a cross-validation matrix (CV matrix).

Results

Gut microbial typing combined enteroviruses 
and bacteria

A total of 820 subjects were recruited, includ-
ing 414 normal controls (NCs), 151 advanced 
adenoma patients (AAs), and 255 colorectal 
cancer patients (CRCs). Metagenomic sequenc-
ing was performed on stool samples of the 
study subjects, and 820 viromic and bacte-
romic data were obtained. Unsupervised clus-
tering of 820 cases of viromic data was per-
formed, and 820 cases were classified into  
two categories (k=2): V1 (309 samples) and V2 
(511 samples) (Figures 1A, S2A, S2B; Table 
S2). Subsequently, unsupervised clustering of 
bacteriological data was performed on sam-
ples V1 and V2 respectively, and the clustering 
effect of V1 was poor (Figure S2C-E). The 511 
samples of V2 were regrouped into two classes 
(k=2), named V2B1 (252 samples) and V2B2 
(259 samples) (Figures 1B, S2E-G). Finally, 
through unsupervised clustering, three sub-
types of gut microbes were obtained: V1, V2B1, 
and V2B2.

The community composition and structure of 
the three subtypes of enterovirus and gut bac-
teria were analyzed respectively. Peduovirus 
was the dominant virus in the three subtypes, 
but the abundance of Peduovirus in V1 subtype 
was significantly higher than that of V2 sub-
type, while the abundance of Lubbockvirus and 
Svunavirus in V2 subtype was significantly high-
er than that of V1 subtype (Figure 1C, 1D). In 
terms of bacteria, Bacteroides had the highest 
abundance of the three subtypes. In addition, it 
was found that the abundances of Bacteroides, 
Prevotella and Phocaeicola gradually increased 
in V1, V2B1 and V2B2. The abundances of 
Escherichia significantly increased in the com-
munity structure proportion of V2B2 (Figure 1E, 
1F).

To verify the representativeness of the three 
subtypes, subtypes V1 and V2 in the first clus-
ter and subtypes B1 and B2 in the second clus-
ter were verified, respectively. Kruskal-Wallis 
test screened out 20 different viruses, includ-
ing Peduovirus, lphppillomvirus and Porprim- 

covirus between V1 and V2 subtypes (Figure 
S3A). LDA analysis found 11 different bacteria 
at the species level, containing Bifidobacteri- 
umscardovii, Collinsellasp900541125, Euba- 
cterium_Msp900540015 and so on (Figure 
S3B). Four differential viruses such as Kris- 
chvirus (Figure S3C) and ten differential bacte-
ria such as Phacaeicoiasp002493165 at the 
species level (Figure S3D) were screened out 
between subtypes V2B1 and V2B2. Microbial 
typing prediction models of virus and bacterial 
subtypes were constructed based on 20 differ-
ent viruses and 20 different bacteria of V1  
and V2, respectively. The results revealed that 
the accuracy of the training set of the virus  
typing model (Figure 1G) was 96.18% (sensitiv-
ity: 98.04%; specificity: 93.12%), and the accu-
racy of the verification set was 84.24% (sen- 
sitivity: 83.50%; specificity: 85.48%). The accu-
racy of the training set of the bacterial typing 
model (Figure 1H) was 86.55% (sensitivity: 
80.75%; specificity: 94.71%), and the accuracy 
of the verification set was 81.19% (sensitivity: 
76.27%; specificity: 88.10%). The results of 
intestinal microbial typing are reliable.

Characterization and difference analysis of gut 
microbes and metabolites based on microbial 
typing

For subtypes V1, V2B1, and V2B2, NMDS an- 
alysis illustrated that the bacterial and viral 
community structures of the three subtypes 
were similar (Figure S4A, S4B). Among the 
three subtypes, 17 different viruses, including 
Peduovirus, Porprimcovirus, and Salasvirus, 
were screened out (Figure 2A); 26 species of 
differential bacteria, including Collinsellasp- 
900547125, CAG_617sp000438115, and Pre- 
votellasp900540415, were screened at spe-
cies level by LDA analysis (Figure 2B).

Moreover, the clinical information of the three 
subtypes were analyzed, and it was found that 
the average age of V1 was high (61.11±9.64), 
and the positive rate of fecal occult blood test 
(FOBT) of V2B2 was the highest. The propor-
tions of CRC&AA/NC in V1, V2B1, and V2B2 
were 1.06, 0.67, and 1.29, respectively (Table 
1). In addition, pathological information of CRC 
was analyzed, and it was discovered that the 
ratio of stage III + V/I + II cancer stages in CRC 
patients with V2B2 subtype was higher than 
that of the other two subtypes (Table 2).
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Furthermore, fecal metabolites were detected 
on 276 samples from 820 subjects. The con-
tent of ions in fecal samples was detected on 
283 samples from 820 subjects, and 32 ions 
were detected. Among the three subtypes, the 
content of Mn ion (Figure 2C) and carboxylic 
acids and derivatives (Figure 2D) was the most 
abundant. There were 12 differential metabo-
lites among the three subtypes. The content of 
Imidazopyrimidines increased in V1, benzene 
and substituted derivatives increased in V2B1, 
and organic sulfonic acids and derivatives in- 
creased in V2B2 (Figure 2E). According to the 
difference analysis, there was no statistical - 
difference between the ion groups of V1, V2B1, 
V2B2. However, there are different ions Ni (Fi- 
gure 2F) between V1 and V2B1 and different 
ions As (Figure 2G) between V2B1 and V2B2.

Characterization of gut microbes based on 
clinical differences in microbial typing

NMDS analysis demonstrated that there was 
no significant difference in the community com-
position of gut microbes in CRC&AA (disease 
group) and NCs (Figure 3A, 3B). In terms of 
enteroviruses, Peduovirus is the most abun-
dant virus in the intestinal tract of all popula-
tions, while Przondovirus and Drulisvirus are 
highly abundant in the intestinal tract of the 
disease group, and Teseptimavirus is highly 
abundant in the intestinal tract of the NCs gr- 
oup (Figure 3C). In terms of gut bacteria, there 
was no significant difference in bacterial com-

position between the disease and NCs groups 
(Figure 3D).

In addition, differential viruses, including Mu- 
virus, Solendovirus, and Chakrabartyvirus (Fi- 
gure 3E), differential bacteria, such as CAG-
312 sp900546565, UBA1259 sp900770685, 
and UBA4636 sp900764595 (Figure 3F), were 
screened out between the disease and NCs 
groups. Intra-group and inter-group correlation 
analyses were performed for different bacteria 
and viruses, respectively. The results demon-
strated stronger associations between bacteria 
and viruses in the NCs group (Figures 3G, S5B), 
whereas weaker correlations were observed in 
the CRCs and AAs groups. Linear regression 
analysis revealed a correlation coefficient of 
0.0017 in the NCs group, which was significant-
ly higher than that in the CRCs and AAs gr- 
oups (0.00022) (Figure S5A, S5B). Inter-group 
correlation analysis indicated that Muvirus was 
more closely related to NCs (Figure 3H). The 
association between CAG-312 sp900546565, 
UBA1259 sp900770685, UBA4636 sp90076- 
4595 and NCs was closer (Figure 3I).

According to different clinical information, the 
population was divided into age > 50 years old 
and age ≤ 50 years old. There were 5 different 
viruses, including Cepunavirus, Friunavirus, Mu- 
virus, Peduovirus and Svunavirus (Figure 4A), 
and 56 different bacteria, including Olsene- 
lla_E sp002160255, Adlercreutzia celatus_A, 
and CAAEEV01 sp900754955 (Figure 4B). The 

Figure 1. Gut microbial typing combined enteroviruses and bacteria. A, B: Unsupervised cluster analysis of enterovi-
ruses and bacteria, respectively. C, E: Percentile chart of enterovirus community and bacterial community of V1 and 
V2. D, F: Percentile chart of enterovirus community and bacterial community of V1, V2B1, and V2B2. G, H: Microbial 
typing prediction models of virus and bacterial subtypes.
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Figure 2. Characterization of gut microbes, metabolites, and ions of three subtypes. A: Kruskal-Wallis sum-rank test 
was used to detect the differential viruses of the three subtypes. B: LDA analysis was used to detect the differential 
bacteria of the three subtypes (LDA score > 4). C, D: Percentile chart of content of metabolites and ions among the 
three subtypes. E: Kruskal-Wallis sum-rank test was used to detect the differential metabolites of the three sub-
types. F, G: Wilcoxon rank-sum test was used to detect the differential ions between V1 and V2B1, and V2B1 and 
V2B2, respectively.

human population was divided into fecal OB (+) 
and OB (-), and 41 differential viruses, including 
Betatectivirus, Bixzunavirus, and Cepunavirus 
(Figure 4C), and 2,189 differential bacteria, 
including Absicoccus porci, Acinetobacter bau-
mannii, and Agathobacter sp000434275 (Fi- 
gure 4D) were screened out. Among these dif-
ferent strains, the viruses found simultaneous-
ly were Svunavirus and Cepunavirus (Figure 
4E). Meanwhile, 37 species of bacteria were 

found, including Adlercreutzia celatus_A, Alli- 
sonella pneumosintes, etc. (Figure 4F).

Construct CRC&AA disease prediction model 
based on microbial typing

CRC&AA disease prediction models were con-
structed based on different groups (Figure 5; 
Table 3). Catboost model had the best perfor-
mance, and CRC&AA disease prediction model 
was more accurate after virus typing. In V2B2, 
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the accuracy of Catboost model was 93.24%, 
with 85.24% of sensitivity and 91.87% of spe- 
cificity in the discovery set. In the test set,  
the accuracy was 86.54%, the sensitivity was 
80.77% and the specificity was 92.31%.

Discussion

Through unsupervised clustering, three sub-
types of gut microbes were obtained in the 
present study, namely V1, V2B1, and V2B2. The 
gut microbe is considered as a “new organ” 
with an important role, and many species of 
bacteria have evolved and adapted to live and 
grow in human gut. The structure and organiza-
tion of the gut microbes reflect the exchange of 
information at the microbial and host levels, 
which promotes cooperation and functional 
stability within this complex ecosystem. The 
normal flora is the microbe of the human body 
as the host, while the microecosystem is com-
posed of the normal flora and its host micro- 
environment (tissues, cells, metabolites). Ac- 
cording to the dominant flora, the gut mi- 
crobes are basically divided into 6 gates in 
terms of phylogenetic status, including Firmi- 

cutes, Bacteroidetes, Proteobacteria, Actinoba- 
cteria, Micrococcus verrucosa and Fusoba- 
cteria. At present, the classification of gut mi- 
crobes is mainly based on the bacteria, thus 
ignoring the role of enterovirus and the correla-
tion between enterovirus and bacteria.

The human gut virome exhibits complex com- 
position and remarkable interindividual vari-
ability, often referred to as the “dark matter”  
of the gut microbiome. Significant differences 
have been observed in the gut virome (parti- 
cularly bacteriophage communities) between 
colorectal cancer (CRC)/adenoma patients and 
healthy individuals [30]. Altered virome diver- 
sity shows positive correlation with disease 
severity in both IBD and CRC patients [31, 32]. 
Current evidence suggests three potential 
mechanisms by which gut viruses may promote 
CRC pathogenesis: ① direct infection of intesti-
nal epithelium triggering chronic inflammation 
and driving tissue dysplasia [33, 34]; ② indi-
rect modulation of host physiology through re- 
gulation of bacterial community stability and 
composition [2]; and ③ interaction with host 
immune system to induce specific immune 

Table 1. Clinical information of three gut microbial subtypes
V1 (n=309) V2B1 (n=252) V2B2 (n=259) p-value

Sex 0.740
    Male 157 120 126
    Female 152 132 133
Age 61.11±9.64 58.77±9.66 60.48±10.03 0.016
    ≤ 50 40 53 40 0.033
    > 50 269 199 218
BMI 24.04±6.18 23.75±5.36 24.60±6.65 0.346
FOBT 0.005
    OB (+) 90 62 92
    OB (-) 181 154 120
    NA 38 36 47
Disease
    NC 150 151 113
    AA 59 36 56 0.006
    CRC 100 65 90
    AA&CRC/NC 1.06 0.67 1.29 0.001
White blood count, WBC 6.17±4.00 6.08±3.61 6.12±2.26 0.962
Albumin 39.30±4.37 39.58±4.06 39.29±5.40 0.829
Triglyceride, TG 1.43±1.17 1.47±1.64 1.35±0.83 0.719
Total cholesterol, TC 4.72±3.86 5.28±6.06 4.64±1.13 0.384
High density lipoprotein, HDL 45.68±12.48 48.31±14.55 49.78±19.09 0.062
Low density lipoprotein, LDL 96.86±31.58 94.03±27.87 95.71±31.26 0.748
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responses [35]. Nevertheless, the extreme 
diversity of viruses and technical limitations in 
sequencing have hindered the establishment 
of a comprehensive human gut virome refer-
ence database, resulting in scarce research on 
virome-based gut microbial subtyping [36]. Our 
study integrating virome data from metage-
nomic sequencing successfully identified three 
novel gut microbial subtypes through unsuper-
vised clustering, providing valuable comple-
mentation to existing classification systems.

By analyzing the clinical information of the 3 
subtypes, it was found that the disease ratios 
(CRCs&AAs/NCs) of the three subtypes were 
1.06, 0.67 and 1.29, respectively, which indi-

cated that enteroviruses and bacteria are 
indeed involved in the incidence of CRC and its 
precancerous lesions. Moreover, the character-
istics of gut microbes of the 3 subtypes were 
analyzed. The abundance of Peduovirus in V1 
subtype was significantly higher than that of  
V2 subtype. The abundances of Bacteroides, 
Prevotella, and Phocaeicola increased gradu-
ally in V1, V2B1 and V2B2, while the abundanc-
es of Escherichia increased significantly in the 
community structure proportion of V2B2. The 
current study proved a link between enterovi-
ruses and inflammatory bowel disease (IBD), 
one of the precancerous lesions of CRC, with 
IBD patients showing a significant increase in 
Caudovirales and a decrease in bacterial rich-

Table 2. CRC clinical information of three gut microbial subtypes
CRC clinical information V1 (n=100) V2B1 (n=65) V2B2 (n=90) p-value
Male 56 43 54 0.554
Age 66.06±10.64 65.92±9.97 64.88±10.35 0.745
BMI 24.15±7.87 25.98±8.39 25.41±9.10 0.350
FOBT 0.239
    OB (+) 59 40 65
    OB (-) 32 20 24
    NA 9 5 1
TNM Stage 0.047
    I 36 16 19
    II 23 18 27
    III 31 21 30
    IV 7 6 11
    NA 3 4 3
Tumor location 0.329
    colon 42 31 42
    rectum 56 32 42
    NA 2 2 6
Pathological type 0.753
    Protrude 34 26 30
    Ulcerative 20 13 18
    Infiltrating 8 2 10
    NA 38 24 32
Differentiated degree 0.618
    Poorly 29 11 22
    Moderately 57 44 54
    Highly 1 0 0
    NA 13 10 14
Mismatch Repair, MMR
    pMMR 75 53 67 0.453
    dMMR 1 0 2
    NA 24 12 21
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Figure 3. CRC and its precancerous lesions related gut microbes. A, B: NMDS analysis of enteroviruses and bacteria beta diversity, respectively. C, D: Percentile 
chart of enterovirus and bacterial community. E, F: Wilcoxon rank-sum test was used to detect the differential enteroviruses and bacteria, respectively. G: Spearman 
correlation analysis between differential enteroviruses and differential bacteria in NCs. H: Intergroup correlation analysis of differential enterovirus. I: Intergroup 
correlation analysis of differential bacteria.
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Figure 4. Gut microbial characteristics based on differential clinical features. A, B: Differential enteroviruses and differential bacteria between age > 50 years old 
and age ≤ 50 years old. C, D: Differential enteroviruses and differential bacteria between FOBT positive and negative. E, F: Venn diagram showed different viruses 
and bacteria based on grouping.



Viral-bacterial subtyping for CRC

4918	 Am J Cancer Res 2025;15(11):4905-4922

ness and diversity [37]. As a member of the 
Polyomaviridae family, John Cunningham virus 
(JCV) has been found to be associated with 
CRC chromosomal instability [38]. There are 
few clinical or mechanistic studies on the rela-
tionship between viruses and CRC. The results 
of our study will open the research idea of the 
relationship between enterovirus and CRC. Fur- 
thermore, the higher positive rate of the fecal 
occult blood test (FOBT) in the V2B2 subtype is 
consistent with our finding that this subtype 
harbors the highest proportion of patients with 
CRC/adenoma. As FOBT positivity is a well-
established indicator for colorectal bleeding 
and CRC risk, this result validates the clinical 
relevance of the V2B2 subtype. Furthermore, 
the co-enrichment of the high-risk bacterium 
Citrobacter farreri and Svunavirus within V2B2 
suggests a potential microbial synergy that 
may contribute to a more aggressive pathogen-
ic environment, potentially explaining the ele-

vated CRC risk. This observation underscores 
the potential of our integrated virus-bacteria 
typing approach to improve CRC risk stratifi- 
cation.

At the same time, the relationship between gut 
microbes and human metabolites and metal 
ions was linked, and the differences of fecal 
metabolites and ions of different subtypes of 
gut microbes were analyzed. Differential me- 
tabolites (Benzene and substituted derivatives, 
etc.) were screened among the three subtypes. 
The content of Imidazopyrimidines increased  
in V1, benzene and substituted derivatives in- 
creased in V1B1, and organic sulfonic acids 
and derivatives increased in V2B2. Coker et al. 
compared gut metabolites between 118 CRC 
patients, 140 colorectal adenomas patients, 
and 128 normal controls, and it was found that 
n-valine and myristate increased from the NC 
group to the CRA group and to the CRC group. 

Figure 5. CRC&AA disease prediction model. A: Disease prediction Catboost model based on differential gut mi-
crobes of CRC&AA and NC. B: Disease prediction models of V1 subtype. C: Disease prediction models of V2B1 
subtype. D: Disease prediction models of V2B2 subtype.
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The metabolites associated with CRC were 
enriched in branched chain amino acids, aro-
matic amino acids, and aminoacyl-tRNA biosyn-
thesis pathways [39]. Different ions Ni between 
V1 and V2B1 and different ions As between 
V2B1 and V2B2 were found. It has been report-
ed that Arsenic exposure increases the inci-
dence of malignant tumors [40]. The correla-
tion between CRC-associated metabolites and 
gut metal ions and gut microbes changed at 
different CRC stages. This study indicates that 
there may be a potentially certain relationship 
or interference between altered metabolites 
and ions in the stage of CRC development and 
gut microbial changes. The changes in gut ion 
content found in this study based on microbial 
typing are a new exploration for CRC research.

In addition, gut disease prediction model was 
more accurate after virus typing. CRC is a het-
erogeneous disease, and individualized treat-
ment is needed to optimize treatment and re- 
duce CRC-related morbidity and mortality. Fo- 
cusing on tumor heterogeneity and genetic 
mutations, it has been reported that different 
CRC subtypes better understand the biological 
characteristics that distinguish patients with 
CRC [41]. Considering enterovirus based on the 
results of metagenomic sequencing, three new 
subtypes of gut microbes were constructed 
based on unsupervised clustering, which is a 
supplement to gut microbes typing. Our res- 
earch results indicate that viral typing signifi-
cantly improves the accuracy of intestinal dis-
ease prediction models, achieving an accuracy 
rate of 93.24% in the training set and 86.54% 
in the test set, which is superior to many report-
ed microbiome prediction models. For instan- 
ce, the “Four-kingdom” model (bacteria, fungi, 
archaea, and viruses) constructed by Liu et al. 
is currently the CRC microbiological diagnosis 
study with the largest sample size (n=1368). 
However, the AUROC of its single-kingdom bac-
terial model was only 0.80, while the AUROC of 
the four-kingdom combined model increased  

to 0.83 [42]. In contrast, our model demon-
strated higher predictive performance by inte-
grating virus-bacterial characteristics. It indi-
cates that it has a stronger generalization 
ability. Furthermore, although the research of 
Qin’s team developed a complex microbial-me- 
tabolite diagnostic detection group (AUROC= 
0.912 for adenoma and AUROC=0.994 for 
CRC) [43], it did not perform stratified optimiza-
tion for CRC molecular subtypes 4. Our model 
further enhances the subtype-specific predic-
tion ability through viral typing (V1/V2/V2B2), 
compensating for the limitations of traditional 
microbial models in differentiating precancer-
ous lesions (such as adenomas) from CRC. Our 
research has for the first time confirmed that 
virus typing can significantly improve the accu-
racy of CRC prediction, and has optimized the 
processing capacity of high-dimensional micro-
bial data through the machine learning algo-
rithm (CatBoost), making it more advantageous 
in clinical transformation. These findings pro-
vide new strategies for the precise classifica-
tion screening and individualized intervention 
of CRC, especially having significant application 
value in the early identification of high-risk pop-
ulations. The combined enterovirus and bacte-
ria for microbiological typing provide a new 
strategy for CRC risk prediction, which would 
more accurately locate CRC high-risk groups 
based on gut microbial typing.

However, there are still some shortcomings in 
this study. First, it is still necessary to expand 
the sample size to strengthen the feasibility  
of enterovirus combined with bacteria for gut 
microbial typing. Future research will delve into 
the correlation between subtypes and microor-
ganisms, subtypes and metabolites, and sub-
types and ions. This analysis aims to define 
characteristic gut microbes, as well as repre-
sentative metabolites and ions for different 
subtypes. These findings will furnish a more 
robust foundation for investigating CRC and its 
precancerous lesions through the lens of gut 
microbial typing.

Table 3. CRC&AA Disease risk prediction model
Discovery Set Test Set

Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity
Normal 77.86% 78.41% 77.35% 73.33% 75% 71.91%
V1 82.49% 80.95% 93.46% 74.19% 69.44% 80.77%
V2B1 86.14% 84.44% 89.55% 70% 70.27% 69.23%
V2B2 93.24% 85.24% 91.87% 86.54% 80.77% 92.31%
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Conclusion

Unsupervised clustering was used to identify 
three subtypes of gut microbes (V1, V2B1 and 
V2B2 subtypes) based on the combination of 
enteroviruses and gut bacteria. These subtypes 
were associated with the incidence of CRC and 
its precancerous lesions. Most importantly, mi- 
crobial subtypes were associated with corre-
sponding changes in fecal metabolites and ion 
content. Compared with bacterial subtypes or 
without unsupervised clustering, the combina-
tion of enteroviral and bacterial subtypes is 
expected to better identify CRC.
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Figure S1. The flow chart of this study. Stool samples were collected from 820 patients for metagenomic sequenc-
ing. The analytical procedure was as follows: Initially, unsupervised clustering based on virome data categorized 
patients into two clusters, V1 and V2. Subsequently, using bacterial metagenomic data, a secondary clustering 
analysis was conducted specifically on patients within the V2 cluster (as the bacterial clustering within V1 was inef-
fective, it was not subdivided), leading to the identification of two subgroups, V2B1 and V2B2. Thus, all patients 
were classified into three final subtypes: V1, V2B1, and V2B2. The study comprehensively compared the differences 
in gut microorganisms (viruses and bacteria), metabolites, ions, and clinical information across these subtypes. 
Finally, a disease risk prediction model for colorectal cancer (CRC) was constructed based on this typing system.

Table S1. Clinical information of three groups
CRC (n=255) AA (n=151) NC (n=414) p-value

Sex < 0.001
    Male 153 96 154
    Female 102 55 260
Age 65.61±10.34 59.82±8.03 56.98±8.03 < 0.001
BMI 24.74±7.74 24.71±5.84 23.42±4.54 0.021
FOBT < 0.001
    OB (+) 164 33 47
    OB (-) 76 99 280
    NA 15 19 87
White blood count, WBC 6.09±3.18 6.06±3.30 6.23±3.76 0.881
Albumin 37.59±4.61 39.61±4.22 42.16±3.70 < 0.001
Triglyceride, TG 1.30±0.82 1.57±1.89 1.43±0.88 0.178
Total cholesterol, TC 4.82±4.65 4.97±4.96 4.84±4.05 0.923
High density lipoprotein, HDL 45.13±15.89 48.08±17.24 47.80±15.61 0.002
Low density lipoprotein, LDL 91.78±31.03 94.52±30.40 95.71±31.26 0.008
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Figure S2. Unsupervised clustering process using ConsensusClusterPlus.

Table S2. Quantitative analysis for selecting the optimal k-value in ConsensusClusterPlus
k PAC (Virus: V1 and V2) PAC (Bacteria: V2B1 and V2B2)
2 0.0476601142159434 0.230986483162484
3 0.234092303315344 0.550574784178099
4 0.327666989695671 0.646007628226215
5 0.27284392957375 0.671672134451191
6 0.292107127086723 0.674194131540967
7 0.303353870865451 0.675474393283368
8 0.230915357510128 0.582050848914296
9 0.220359125273019 0.521964490518061
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Figure S3. Differential gut microbes based on enterovirus and bacterial typing.



Viral-bacterial subtyping for CRC

4	

Figure S4. NMDS analysis of enterovirus and bacteria in three subtypes.

Figure S5. Correlation between bacteria and viruses in the CRCs and AAs.


