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The global incidence of colorectal cancer (CRC) is increasing. In the majority of CRC cases, colon cancer develops
from alterations in the adenoma-carcinoma sequence pathway. Currently, there are few studies regarding the
effects of enteric viruses on the adenoma-carcinoma sequence pathway, and subsequently, the progression and
development of the CRC. Here, fecal and tissue samples from a normal control group, an adenomatous polyp
group, and a colorectal adenocarcinoma group were collected to gain a deeper understanding of the variations in
enteric viruses in CRC patients and to analyze their significance. With the progression of CRC from adenoma to
adenocarcinoma, the number of DNA viruses in the virus-like particles (VLPs) of fecal and tissue samples
gradually increased, and there were distinct differences in the composition of enteric viruses among the different
groups. Multiple species correlation analysis revealed extensive interactions among viruses, bacteria, and fungi in
fecal and tissue samples. Functional analysis also revealed that the functional pathways in fecal and tissue
samples also underwent significant changes. In conclusion, the changes in the composition and function of
enteric viruses in the progression of CRC via adenoma-carcinoma sequence pathway were analyzed in this study,
and these changes hold certain importance for exploring the role of enteric viruses in the occurrence of this
disease; however, their mode of action and specific mechanisms require further investigation.

1. Introduction et al., 2016). In addition, a growing body of research suggests that al-

terations in the gut microbiota of CRC may play a role in its occurrence

Colorectal cancer (CRC) is one of the most common cancers world-
wide, accounting for 10 % of the global cancer incidence (F et al., 2018).
It is the second most common cancer in women and the third most
common cancer in men (Dekker, Tanis, Vleugels, Kasi, and Wallace,
2019).

There are three pathways through which CRC develops, namely, the
adenoma-carcinoma sequence pathway, the inflammatory pathway, and
the de novo pathway, and 70-90 % of CRC cases develop through the
adenoma-adenocarcinoma pathway (Dekker et al., 2019). Its multi-
stage development involves a variety of factors, including genetic or
environmental factors (C et al., 2022), yet the majority of CRC cases are
sporadic (Carethers and Jung, 2015). Dietary factors, smoking, alcohol
consumption, and obesity are all known factors for this disease (Moskal

and progression. The majority of the gut microbiome is bacteria (Z et al.,
2022), and the most common phylum is Firmicutes. The most researched
genus is Bacteroides (Shapira, 2016). Disturbances in the gut microbiota
have been associated with a variety of human diseases, with changes in
the gut microbiota found in diseases such as inflammatory bowel disease
(IBD) (Nishino et al., 2018), metabolic diseases such as obesity and
diabetes (Karlsson, Tremaroli, Nielsen, and Backhed, 2013), and auto-
immune diseases (Gong et al., 2021).

In addition to bacteria, many viruses also colonize the human gut.
The number of enteric viruses in adults is estimated to be approximately
the same as the number of gut bacteria, with >10'2 virus-like particles
(VLPs) in each person (Shkoporov and Hill, 2019). The human enteric
virome includes bacteriophages that only infect bacteria, eukaryotic
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viruses that only infect eukaryotic cells, and viruses that only infect
human cells (G. Liang and Bushman, 2021). With advances in
sequencing technology, screening, and culture omics, research on the
population and genetic composition of human enteric viruses has
increased (Breitbart et al., 2003). In a study of IBD in children, the
abundances of Caudovirales and Microvirdae were found to differ
significantly between IBD patients and controls (Fernandes et al., 2019).
Jiang et al. also reported that specific viral taxa, such as Staphylococcus
phages and Herpesviridae, were associated with increased disease
severity in patients with the Alcoholic liver disease (ALD) (Jiang et al.,
2020). Differences in enteric viruses have also been found in COVID-19
infection (Zuo et al., 2020), autoimmune diseases (Tomofuji et al.,
2022), and malnutrition (M et al., 2020). However, there is insufficient
research on enteric viruses in the context of the CRC development via
the adenoma-carcinoma sequence pathway.

In this study, we analyzed the changes in fecal and tissue VLPs and
used metagenomic sequencing technology to analyze the changes in the
composition and function of enteric viruses in the development and
progression of CRC via the adenoma-carcinoma sequence pathway and
to perform multiboundary species correlation analysis to provide a
reference for further exploration of the role of enteric viruses in the CRC
adenoma-carcinoma sequence pathway.

2. Materials and methods
2.1. Selection of study participants and collection of samples

This study was approved by the Medical Ethics Committee (Opinion
No 2022CYFYIRB-BA-Jul20-01), and all participants signed an
informed consent form. From January 2022 to October 2022, stool and
tissue samples from healthy individuals (n = 6), patients with adeno-
matous polyps (n = 10) and patients with colorectal adenocarcinoma (n
= 12) were collected via endoscopic biopsy and examined by patholo-
gists at the First Affiliated Hospital of Chengdu Medical College. The
inclusion and exclusion criteria for specimen collection in this experi-
ment are as follows.

Inclusion criteria:

(1) Age 18 to 80 years old, with no gender restrictions;

(2) Individuals with no intestinal lesions diagnosed by endoscopy are
included in the normal control group;

(3) Those diagnosed with colorectal adenoma through endoscopic
biopsy and histopathology are included in the adenomatous
polyp group;

(4) Those diagnosed with colorectal adenocarcinoma through endo-
scopic biopsy and histopathology are included in the colorectal
adenocarcinoma group.

Exclusion criteria:

(1) Having undergone bowel preparation within 2 weeks;

(2) Having used acid-suppressing drugs, antibiotics, probiotics, pre-
biotics, synbiotics, etc. within 3 months;

(3) Having obvious mental disorders that significantly affect the
conduct of the study;

(4) Having severe heart disease, lung disease, and digestive system
diseases, etc.

The general demographic and clinical information of the study par-
ticipants was collected (Table 1).There were no significant differences
among the groups in terms of gender, BMI, sampling site, abdominal
pain, abdominal distension, diarrhea, constipation, and Helicobacter
pylori infection. Although the incidence of hematochezia in the AF/AT
group was not significantly different from that in the NF/NT group and
the CF/CT group, the incidence of hematochezia in the NF/NT group
was significantly lower than that in the CF/CT group. The age of the NF/
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Table 1

Basic information of the subjects.
Clinical features NF/NT (n = AF/AT (n = CF/CT (n =

6) 10) 12)
Gender (male/female) 3/3 7/3 8/4
Age (years) 32.33+7.31  55.404+9.37 22.76+1.57
BMI (kg/m2) 22.15+1.27 22.76+1.57 22.76+1.57
Sampling site (sigmoid colon/ 4/2 8/2 4/8
rectum)

Abdominal pain ( %) 0 20 33.3
Abdominal distension ( %) 0 30 41.7
Diarrhea ( %) 0 30 41.7
Constipation ( %) 0 20 25
Hematochezia ( %) 0 30 66.7
Prevalence of Helicobacter pylori 16.7 20 33.3

infection ( %)

Abbreviations: NF/NT: feces/tissue of normal control group, AF/AT: feces/tis-
sue of adenomatous polyp group, CF/CT: feces/tissue of colorectal adenocarci-
noma group, BMI: Body Mass Index.

NT group was significantly younger than that of the AF/AT group and
the CF/CT group, and the age of the AF/AT group was significantly
younger than that of the CF/CT group. Regression analysis was con-
ducted on confounding factors such as age, and the results indicated that
age did not significantly interfere with the research outcome.

2.2. VLP staining

Stool and tissue samples (0.5 g each) were crushed in a mortar for
30-60 s, suspended and mixed with 10 ml of 0.02 pm filtered sterile
magnesium salt buffer, and then centrifuged for 10 min (4 °C, 2500 r/
min), after which the supernatant was filtered through a syringe filter
with pore sizes of 0.45 pm and 0.22 pm, respectively, to remove cells.
The filtrate was diluted 10-fold, filtered with a 0.02 pm filter, stained
with 10X SYBR Gold (for DNA viruses) and 10X SYBR Green II (for RNA
viruses) for 15 min, and then washed. Finally, fluorescence visualization
was performed under a microscope.

2.3. Metagenomic sequencing and data processing

Metagenomic sequencing is a high-throughput sequencing method
that is used to analyze the genomic material of environmental or clinical
samples that contain microbial communities, with a focus on microbial
population structure, gene functional activity, the cooperative rela-
tionship between microorganisms, and the relationship between mi-
croorganisms and the environment.The specific experimental details are
as follows: First, genomic DNA was extracted and quality checked: (1)
DNA from tissue samples was extracted using the Magen Hipure Soil
DNA Kit (Magen, China). Approximately 30 mg of fresh frozen intestinal
tissue samples were taken, ground in liquid nitrogen, and transferred to
a 2 mL lysis tube. Then, 500 uL Buffer SL and 20 uL proteinase K (20 mg/
mL) were added, mixed by vortexing, and incubated with shaking at 65
°C for 1 h, with vortexing every 15 min. Next, 100 uL Buffer SC was
added, incubated on ice for 5 min, and centrifuged at 12,000 x g for 5
min. The supernatant was transferred to a new tube and 1.5 times the
volume of Buffer SB was added, mixed, and transferred to a Hipure Soil
DNA Column, centrifuged at 12,000 x g for 1 min. Then, 500 pL Buffer
SW1 and Buffer SW2 were added successively and centrifuged to remove
residues. Finally, DNA was eluted with 50 uL Elution Buffer (pre-
warmed at 65 °C), and the concentration was determined (A260/A280
ratio 1.8-2.0, Qubit 4.0). (2) For fecal sample DNA extraction, the
Hipure Stool DNA Mini Kit (Magen, China) was used. First, 200 mg of
fecal samples were taken and 1 mL Buffer STL was added, vortexed to
homogenize, followed by the addition of 20 uL proteinase K (20 mg/mL)
and incubated at 70 °C for 10 min. Then, 200 pL Buffer SP2 was added,
mixed by vortexing, and incubated at 95 °C for 5 min. After an ice bath
for 2 min, 1 vol of Buffer SI was added, mixed by vortexing, and
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centrifuged at 12,000 x g for 3 min. The supernatant was transferred to a
new tube and 1.5 times the volume of Buffer SB was added, transferred
to a Hipure Stool DNA Column, and DNA was bound by centrifugation.
Then, 500 pL Buffer SW1 and SW2 were used for washing twice, and
DNA was eluted with 50 pL Elution Buffer, and the concentration and
purity were determined (Nanodrop detection A260/A230 > 1.8). Sec-
ond, library construction: We used the VAHTS Universal Pro DNA Li-
brary Prep Kit for Illumina (Vazyme, China) for library construction. The
specific steps are as follows: (1) DNA fragmentation: 1 ug of DNA was
fragmented to the target length (300-500 bp) using the Covaris M220
ultrasonic instrument. The parameters were set as follows: peak power
50 W, duty cycle 10 %, cycle number 200, and processing time 60 s. (2)
End repair and 3’ end A-tailing: Fragmented DNA was mixed with 5 x
VAHTS DNA Damage Repair Buffer and VAHTS DNA Damage Repair
Enzyme, and incubated at 37 °C for 15 min. Then, dATP and VAHTS A-
Tailing Enzyme were added, and the reaction was carried out at 37 °C for
30 min, followed by inactivation at 75 °C for 5 min. (3) Adapter ligation:
Mix the end-repaired products with VAHTS Adapter for [llumina (pre-
diluted to a final concentration of 0.6 uM) and T4 DNA Ligase, and
incubate at 20 °C for 15 min. (4) Magnetic bead purification and frag-
ment selection: Purify using VAFSTM DNA Clean Beads (Vazyme,
China). Mix the DNA and magnetic beads at a volume ratio of 1:0.8 and
incubate at room temperature for 5 min to remove short fragments (<
300 bp). After removing the supernatant, add magnetic beads at a vol-
ume ratio of 1:1 with the DNA and incubate at room temperature for 5
min to elute the target fragments (300 - 700 bp). Finally, elute the DNA
with 20 pL EB buffer and measure the concentration (Qubit 4.0 Fluo-
rometer). (5) PCR amplification: Amplify using VAHTS Pro DNA Library
PCR Mix: Use VAHTS Universal Primer and Index Primer for 8 cycles of
amplification. (6) Library quality control and quantification: First,
perform fragment distribution detection: Use Agilent 2100 Bioanalyzer
(High Sensitivity DNA chip) to confirm that the main peak of the library
is within the range of 400 - 500 bp. Then, measure the concentration:
Use Qubit dsDNA HS Assay Kit (Thermo Fisher) to ensure that the library
concentration is > 2 ng/pL. Finally, sequence on the Illumina Novaseq
6000 (PE150) platform.

The raw image data of the sequencing results are processed by the
software Bcl2fastq (v2.17.1.14) for base recognition and preliminary
quality analysis to obtain the raw sequencing data (Pass Filter Data). The
raw sequencing data are then processed by the second-generation
sequencing data quality statistics software cutadapt (v1.9.1) to remove
adapters and low-quality sequences, etc. (removing primer and adapter
sequences; removing bases with quality values lower than 20 at both
ends; removing sequences with N base content greater than 10 % and
retaining the minimum read length of 75 bp), to obtain the Clean Data
for subsequent information analysis.

Based on the optimized Clean Data, assembly analysis is performed
using the MEGAHIT (v1.1.3) software. MEGAHIT is suitable for the as-
sembly of large or complex metagenomic data and achieves low-
memory assembly by constructing a compact de Bruijn graph. For
each sample, de Bruijn graphs and pre-assemblies are constructed with
different K-mers (59, 79, 99, 119, 141), and the results are combined to
obtain the optimal assembly result for each sample.

The coding genes are predicted using the Prodigal (v3.02) software,
and the gene sequences of all samples are integrated. Further redun-
dancy removal is performed using the sequence clustering software
MMseq2 with default parameters of identity 95 % and coverage 95 % to
obtain the non-redundant gene set unigene sequences. The preprocessed
Clean reads are aligned to the constructed non-redundant gene set
unigene sequences using the SoapAligner (version 2.21) alignment
software to obtain the number of reads aligned to each unigene in each
sample. Then, based on the number of reads aligned to each unigene and
the gene length, the abundance information of each unigene in each
sample is calculated.
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2.4. Species and gene functional annotation

The NR database (Non-Redundant Protein Database, NR) is a non-
redundant protein database. Its characteristic lies in its comprehensive
coverage, and the annotation results include species information, which
can be used for species classification.The Diamond program was used to
compare the unigene sequences obtained by metagene sequencing with
the NR database, and species annotation of each sequence was per-
formed by obtaining the taxonomic annotation information corre-
sponding to each sequence in the NR database to explore the microbial
composition of the samples. Draw the distribution of the top 30 species
at the genus and family levels for each sample as bar charts.

The KEGG database (Kyoto Encyclopedia of Genes and Genomes,
KEGG) is a database for systematically analyzing gene functions and
genomic information. It integrates information from genomics,
biochemistry, and systems functional genomics, and maps correspond-
ing biological pathways according to different types of biological pro-
cesses. Through annotation analysis of genes, one can view the
biological pathways and corresponding biological functions that the
genes are involved in. On the basis of the predicted protein sequence of
the coding gene, BLAST software (version 2.2.31+) was used to compare
the protein sequences in the KEGG database. The E value of the sequence
alignment was set as 1e-5, and the optimal matching result was selected
as the annotation result of the gene.

2.5. Composition and differential analysis of species and functions and
multispecies coabundance analysis

The species and functions of the samples were compared, and the
unique and shared species and functions among the groups are pre-
sented in the form of bar graphs and Venn diagrams. Analysis of simi-
larities (ANOSIM) was used to test whether the differences among
groups were significantly greater than the differences within groups to
determine whether the grouping was meaningful. The microbial com-
munities whose abundance significantly differed between two groups
were detected at the genus level via MetaStat software. Principal
component analysis (PCA) was used to analyze the species community
compositions of different samples, reflecting the similarities and dif-
ferences between samples. The species found within in the samples were
visualized in multidimensional space in the form of points through
nonparametric multidimensional scaling (NMDS), and the degree of
difference between different samples was reflected through the distance
between points. KEGG metabolic pathway enrichment analysis was used
to identify the enriched pathways in the differentially expressed genes
(DEGs) between two groups to determine the functions of these genes in
the body. Multispecies coabundance analysis was conducted via
Spearman correlation to calculate species correlations at the genus level.
The results were screened according to a cor value > 0.6 and a P value <
0.0001, and Cytoscape (v3.6.1) was used for network mapping.

2.6. Statistical analysis

SPSS 26.0 software was used for statistical analysis. Qualitative data
were compared between groups using the chi-square test or Fisher’s
exact probability test.The quantitative data that conformed to a normal
distribution are presented as the mean +standard deviation (SD), and
the overall differences among the three groups were compared via
ANOVA. For quantitative data with a nonnormal distribution, the
Kruskal-Wallis rank sum test was used to analyze the overall differences
among the three groups. In the sophisticated differential analyses of the
enteric virus composition and the gene functional annotation analysis,
as the majority of the data presented a skewed distribution, the Kruskal -
Wallis rank sum test was employed to analyze the differences among the
three groups, followed by the utilization of the Bonferroni correction
method to analyze the differences between two groups. A statistically
significant difference was defined as P < 0.05 (*p < 0.05, **p < 0.001).
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3. Results

3.1. The number of DNA viruses in the intestine was higher in both of the
CRC groups than the healthy control group

VLPs were isolated from the feces and tissues of different groups, and
DNA viruses and RNA viruses were stained and observed (Fig. 1A & 1B).
The number of DNA viruses in feces and tissues was significantly higher
in the disease groups (adenoma group and adenocarcinoma group) than
in the normal group (P < 0.05), whereas there was no significant dif-
ference in the number of RNA viruses among the three groups (P > 0.05)
(Fig. 1C & 1D). Therefore, during the development and progression of
CRC, the number of DNA viruses in fecal and tissue VLPs gradually in-
crease, while the number of RNA viruses were relatively stable. Thus,
metagenomic sequencing was selected for subsequent analysis.

3.2. The composition of enteric viruses in feces and tissues significantly
changed at various species levels during the development and progression
of CRC via the adenoma-carcinoma pathway

The viruses in the three fecal groups mainly belonged to the Uro-
viricota phylum (Fig. 2A & 2C), and there was no significant change in
viral abundance among the three fecal groups (P > 0.05). In tissues,
viruses mainly belonged to the Artverviricota phylum (Fig. 3A & 3C).
Compared with that in the tissue of adenomatous polyp group (AT), the
relative abundance of Artverviricota viruses in that of the colorectal
adenocarcinoma group (CT) was significantly lower (P = 0.036), but
there was no significant difference compared with that in the healthy
control group (NT).

Viruses belonging to the Limestonevirus genus had the highest
abundance in the feces among the three groups (Fig. 2B & 2D). The
abundances of Coetzeevirus and Tequatrovirus were detected only in the

A

NF-DNA AF-DNA

NF-RNA AF-RNA

NT-DNA AT-DNA

500pm

NT-RNA AT-RNA
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fecal samples of the healthy control group (NF). During the progression
of CRC via the adenoma-carcinoma pathway, the proportions of Hen-
drixvirus and Ravinvirus gradually decreased, and the proportion of
Roufvirus gradually increased. Gammaretrovirus was the most abundant
virus in the tissue of each group at the genus level (Fig. 3B & 3D). The
proportion of Roufvirus gradually increased during the progression of
CRC. At the genus level, the composition and number of common and
different enteric viruses among the groups were determined. Thirteen
viral genera were common in the feces among the three groups, and the
AF had the greatest number of endemic genera (24) (Fig. 2E). There
were 33 common virus genera in the tissue samples among the three
groups, with no unique viruses in the NT and only 1 genus of viruses
unique to the AT and CT (Fig. 3E).

At the species level, the abundance of Lactobacillus virus phiJL1 was
detected only in the NF. Compared with those in the AF, the relative
abundances of Lactobacillus phage LF1 (P = 0.027) and Lactobacillus
phage LfeSau (P = 0.027) in the CF were significantly lower (Supple-
mentary Figure 1A). The abundance of human betaherpesvirus 6A in the
AT (P = 0.000) and CT (P = 0.014) was significantly lower than that in
the NT (Supplementary Figure 1B).

3.3. Pronounced variations in the abundance of several enterovirus
species in the feces and tissues of different groups were detected

ANOSIM revealed that there was no significant difference in the
abundance of enteric viruses in feces (R = 0.03, P = 0.282) or tissues
(R=-0.008, P = 0.472) among the three groups (Supplementary
Figure 2A & 2C). MetaStat analysis suggested that there were five spe-
cies with significant differences in abundance between the NF and AF at
the genus level, including Gammaretrovirus and Jedunavirus (Fig. 4A);
four species with significant differences in abundance between the NF
and CF, including Hendrixvirus and Ravinvirus (Fig. 4B); and six species
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with significant differences in abundance between the AF and CF,
including Jedunvirus and Fromanvirus (Fig. 4C). MetaStat analysis
revealed that there were two species whose abundance significantly
differed between the NT and AT: Roseolovirus and Roufvirus (Fig. 5A);
however, no species differed between the NT and CT, and only Rose-
olovirus differed in abundance between the AT and CT: (Fig. 5B). The
abundance of Roseolovirus decreased first but then increased in during
the progression of CRC via the adenoma-carcinoma pathway. Next, PCA
and NMDS were used to compare fecal (Fig. 4G & 4H) and tissue (Fig. 5C
& 5D) enterovirus spcies among the three groups, and the analysis re-
sults revealed that there was no significant difference in the samples
among the three groups.

3.4. Variations in microbial interactions were identified during the
progression of CRC via the adenoma-carcinoma sequence pathway

The virus—bacteria—fungi coabundance correlation analysis was
performed at the genus level. Only bacterial interactions were screened
in the NF (Fig. 4D) and AF (Fig. 4E), and bacterial interactions were
significantly reduced in the feces of patients with adenomatous polyps
and adenocarcinoma. Moreover, interactions between Roufvirus, Col-
linsella, and Lachnoclostridium were found in the CF (Fig. 4F):.

Only bacterial interactions were screened in the NT (Fig. 5E), while
associations between viruses, bacteria and fungi were also found in the
AT (Fig. 5F) and CT (Fig. 5G). There were interactions between Gam-
maretrovirus and different bacteria (such as Enterobacter, Enterococcus,
Clostridioides, Escherichia, Klebsiella and other 14 species) and between
Gammaretrovirus and different fungi (Hanseniaspora, Pseudo-
gymnoascus, Zygosaccharomyces) in the AT. In the CT, there was a
correlation between Gammaretrovirus and different bacteria (eight
species, such as Klebsiella, Neisser, etc.) and different fungi (Hanse-
niaspora, Zygosaccharomyces).
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3.5. Significant differences in the KEGG pathway enrichment analysis
results were identified among the groups

At KEGG level 2, the functional pathways associated with the DEGs
in the NF were mainly related to cancer, whereas the functional path-
ways associated with the DEGs in the AF and CF were associated with
DNA replication and repair, with no significant differences among the
three groups (Fig. 6A & 6C). Cancer-related pathways were mainly
enriched in the DEGs identified the tissue samples among the groups
(Fig. 7A & 7C). Lipid metabolism was significantly enriched in the
downregulated DEGs between the NT and the AT (P = 0.003) and in the
upregulated DEGs between the NT and CT (P = 0.041). Moreover, the
upregulated DEGs between the CT and AT were significantly enriched in
DNA replication and repair (P = 0.022).

At KEGG level 3, cysteine and methionine metabolism was the main
enriched pathway in the NF genes, whereas the genes in the AF and CF
mainly were involved mainly in DNA replication, with no significant
differences among the groups (Fig. 6B & 6D). The major functional
pathways involved in all the tissue groups were pathways associated
with cancer (Fig. 7B & 7D). Tryptophan metabolism was significantly
enriched in the downregulated DEGs between the CT and AT (P =
0.037). Then, the number of shared and unique enriched pathways
among groups was determined, and a Venn diagram was produced.
There were 31 common pathways among the DEGs identified from the
fecal samples of the three groups, and the AF had the largest number of
unique pathways (70) (Fig. 6E). There were 173 common pathways
among the DEGs identified from the tissue samples of the three groups,
and no unique pathways were found in the NT, AT or CT (Fig. 7E).

3.6. Significant changes in the functional pathways associated with
enteric viruses were present among the groups

ANOSIM analysis revealed significant differences among the fecal
samples of the three groups (R = 0.115, P = 0.045) but no significant
differences among the tissue samples of the three groups (R=—0.026, P
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= 0.616) (Supplementary Figure 2B & 2D). MetaStat analysis revealed
nine significantly enriched pathways, such as valine, leucine and
isoleucine degradation, in the DEGs between the NF and AF (Fig. 8A),
four significantly enriched pathways in the DEGs between the NF and
CF, including DNA replication (Fig. 8B), and nine significantly enriched
pathways, including MicroRNAs in cancer in the DEGs between the AF
and CF (Fig. 8C). In the fecal samples among groups, with the devel-
opment and progression of CRC, the protein digestion and absorption
pathway was gradually suppressed, whereas DNA replication and the
mismatch repair pathway were gradually activated. Amino acid
biosynthesis and the propanoate metabolic pathway were activated in
the disease groups compared with the healthy group, but the differences
between the AF and CF were not significant. MetaStat analysis revealed
that there was only one significantly different pathway between the NT
and AT, HTLV-1 infection, which was activated in the AT (Fig. 9A).
There was no significant difference between the NT and CT or between
the AT and CT.

Pairwise comparison of the KEGG enrichment analysis results. The
most enriched pathway of the DEGs between the NF and CF was repli-
cation and repair (Supplementary Figure 3A). There were 36 enriched
pathways in the 184 DEGs between the AF and CF, which were mainly
associated with signal transduction, and replication and repair (Fig. 8D).
Signal transduction was the most enriched pathway in the DEGs be-
tween the NT and CT (Supplementary Fig. 3B), whereas 43 pathways
were enriched in the 309 DEGs between the AT and CT, which included
signal transduction, cancer-related pathways and other pathways
(Fig. 9E).

PCA and NMDS analysis revealed that there were no significant
differences in terms of the functions of the DEGs in the fecal (Fig. 8E &
8F) and tissue samples among the three groups (Fig. 9B & 9C).

4. Discussion
Viruses are the most abundant organisms on Earth and can infect
various life forms. Over the past few decades, microorganisms that are

difficult to isolate and grow in the laboratory have been able to be

HTLV-I infection
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studied with the development of metagenomics (Sudarikov, Tyakht, and
Alexeev, 2017). However, few metagenomic studies on the relationship
between enteric viruses and CRC exist. In this study, stool and tissue
samples were collected simultaneously from 12 patients with CRC, 10
patients with adenomatous polyps, and 6 healthy people. The research
findings indicate that the abundance of DNA viruses in feces and tissue
VLPs was increased in the disease groups compared to the healthy group,
whereas the abundance of RNA viruses was relatively stable, which
preliminarily confirmed the existence of viruses in feces and tissues and
their changes in abundance in disease states. The objective of VLP
staining is to compare the differences in viral content along the CRC
adenoma pathway rather than to quantitatively determine the absolute
viral content. By making relative comparisons among the three groups,
the trend of viral dynamic changes can be indirectly reflected. There-
fore, traditional positive and negative controls were not set up. How-
ever, the absence of controls may lead to potential non-specific signal
interference (such as residual host free nucleic acids or bacterial
DNA/RNA), and the experimental results still need to be comprehen-
sively interpreted in combination with molecular biological methods
(such as sequencing).Therefore, metagenomic sequencing analysis was
subsequently carried out to reveal additional changes in enteric viruses
and related functions in CRC patients to provide a theoretical basis for
the prevention and treatment of CRC.

At the genus level, tequatrovirus was only abundant in the NF.
MetaStat analysis revealed that the viruses that differed in abundance
between the NF and AF included Gammaretrovirus,; the viruses that
significantly differed in abundance between the NF and CF included
Hendrixvirus, and Ravinvirus; and the viruses that differed in abun-
dance between the AF and CF were Jedunavirus and Fromvirus. More-
over, the viruses that significantly differed in abundance between the NT
and AT were Roseolovirus and Roufvirus, whereas the virus that differed
in abundance between the AT and CT was Roseolovirus. The results
suggested that the changes in enteric viruses in the fecal samples were
more significant than those in the tissue samples, possibly due to the
contamination of microbial samples by host tissue DNA (Nakatsu et al.,
2018). However, there is no technique that completely prevents
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contamination, and it is inconclusive whether the changes in the fecal
viral community reflect the changes in the tissue microbial community.

According to the latest international classification and nomenclature
principles of viruses (Lefkowitz et al., 2018), the above viruses belong to
the Caudovirales order, with the exceptions of Gammaretrovirus and
Roseolovirus. Among them, Hendrixvirus, Ravinvirus, Roufvirus, and
Fromanvirus belong to the Siphoviridae family, whereas Tequatrovirus
and Jedunavirus belong to the Myoviridae family.

Benler et al. reported that 78 % of intestinal phages belong to the
Caudovirales order (Benler et al., 2021). Hannigan et al. reported that
the viruses with altered microbial compositions in the fecal samples of
CRC patients were mainly phages from the Siphoviridae and Myoviridae
families (Hannigan, Duhaime, Ruffin, Koumpouras, and Schloss, 2018).
This finding is consistent with our results. In addition, the depolymerase
(Dep_kpv79) encoded by Klebsiella phage kpv79 in the genus Jeduna-
virus is a specific B-galactosidase that can cut Klebsiella pneumoniae
K57-type CPS through a hydrolytic mechanism, which can combat sepsis
and hip joint infection caused by Klebsiella pneumoniae in a lethal mouse
model (M. Gao et al., 2022), and is a promising alternative antibacterial
agent (V Volozhantsev et al., 2020). However, this virus has not yet been
studied in the context of cancer.

Gammaretrovirus is a single-stranded RNA virus that is classified into
the Retroviridae family. Currently, gammaretroviruses such as murine
leukemia viruses (MLVs) and feline leukemia viruses (FLVs), have been
identified. MLVs can cause leukemia in mice through early bone marrow
progenitor cells (Tumas-Brundage, Garret, Blank, and Prystowsky,
1996), and FLVs can cause cancer, bone marrow diseases and immu-
nosuppression in cats (Hartmann and Hofmann-Lehmann, 2020).

Roseoloviruses belong to the Herpesviridae family, and the typical
representative of this genus is human herpesvirus 6 (HHV-6), which
includes HHV-6A and HHV-6B (Krug and Pellett, 2014). Roseoloviruses
are cytotropic and can establish a lifelong incubation period in the
human body (Agut, Bonnafous, and Gautheret-Dejean, 2016). The virus
can downregulate host cell-derived MHC Ia and MHC Ib molecules to
trigger immune evasion by blocking MHC Ia in the endoplasmic retic-
ulum and directing it to lysosomes for degradation (Krug and Pellett,
2014). In immunocompromised individuals, Roseolovirus can cause
serious complications, such as encephalitis and pneumonia. In patients
with organ and hematopoietic stem cell transplantation, infection or
reactivation of Roseolovirus can lead to organ rejection and
graft-versus-host disease (Dulery et al., 2012). In addition, Roseolovirus
is closely related to Alzheimer’s disease, hepatitis, colitis and other
diseases (De Bolle, Naesens, and De Clercq, 2005). However, whether
Roseolovirus plays a role in the occurrence and development of CRC
needs further study. Furthermore, the remaining viruses listed above
have not yet been characterized in the context of disease and intestinal
microbiota.

In this study, the abundance and composition of these enteric viruses
in feces and tissues changed during the development and progression of
CRC, suggesting that enteric viruses may potentially contribute to the
occurrence and development of CRC. However, whether enteric viruses
affect the progression of CRC, which specific viruses are expected to be
potential biomarkers for CRC, and whether the mechanisms of action of
viruses in feces and tissues differ need further study.

Fungi, bacteria, and viruses coexist in the gut, and their patterns of
interaction in the colon may change during disease states and may
reflect their potential role in CRC. Therefore, we conducted a multi-
species coabundance analysis and revealed that there is a complex
ecological network among intestinal microorganisms, which may be
damaged by the occurrence of CRC. In the CF, Roufvirus interacted with
Collinsella and Lachnoclostridium. Studies have shown that Lachno-
clostridium can be used as a microbial marker for early screening of CRC
(J. Q. Liang et al., 2020). Moreover, although the changes in Collinsella
in IBD (Joossens et al., 2011), COVID-19 (Hirayama et al., 2021),
rheumatoid arthritis (Ruiz-Limon et al., 2022) and other related diseases
have been confirmed, this bacterium has not been studied in the context
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of CRC.

Both the AT and CT were screened for interactions between Gam-
maretrovirus and different bacteria and fungi (as described previously).
Studies have shown that, compared with those in healthy individuals,
the abundances of certain bacteria that interact with Gammaretrovirus,
such as Enterobacter (Chen et al., 2022), Escherichia (Z. Gao, Guo, Gao,
Zhu, and Qin, 2015), and Klebsiella (Wang et al., 2012), are significantly
greater in CRC patients, whereas the abundances of Enterococcus (Wang
etal., 2012), Clostridioides (Drewes et al., 2022), Neisseria (Zhang et al.,
2022), and other genera are significantly lower in CRC patients. Pro-
fessor Yu Jun’s team isolated and identified a new gene marker "m3’
from Lachnoclostridium sp., Fusobacterium nucleatum and Clostridium
hathewayi and reported that Fusobacterium nucleatum abundance grad-
ually increased during the development of CRC via the
adenoma-carcinoma sequence pathway, indicating the potential of these
bacteria in distinguishing CRC patients from healthy individuals (J. Q.
Liang et al., 2020). Enterococcus faecalis can lead to DNA breakage, point
mutations, and protein-DNA cross-linking, leading to chromosome
instability and CRC risk (de Almeida, Taddei, and Amedei, 2018). The
Pks Escherichia coli genome has a special operon (pks), which induces
DNA interstrand cross-linking and double-strand breakage, promoting
the occurrence of CRC (Pleguezuelos-Manzano et al., 2020). Other
studies have shown that the abundance of Pseudogymnoascus, a fungus
closely associated with Gammaretrovirus, is significantly greater in CRC
patients than in control individuals (Liu et al., 2022), and Pseudo-
gymnoascus sp. VKM F-4518 has been found to have a more than
twofold change in the abundance of fungi enriched in CRC (Coker et al.,
2019). However, Hanseniaspora and Zygosaccharomyces have not been
found to be linked to disease or other intestinal microorganisms. The
above analysis revealed that the interactions between different species
in feces and tissues are not necessarily consistent. Changes in related
bacteria or fungi in the disease state may cause changes in viruses and
mediate their effects on the occurrence of CRC, but the specific effects of
interspecies interactions need further study.

In the KEGG analysis of the DEGs from the tissue and fecal samples
from the three groups, MetaStat analysis showed that the protein
digestion and absorption pathways were gradually suppressed as CRC
progressed, whereas the biosynthesis of amino acids was activated
during the progression of CRC. Compared with that in the NT, the HTLV-
1 infection pathway was activated in the AT. This pathway represents a
series of immune responses caused by HTLV-1 infection in the body,
such as HTLV-1-infected cells upregulating HLA class II molecules and
presenting antigens to induce anergy of antigen-specific T cells, and
subsequently inducing the occurrence of some tumors (Tan et al., 2021).
The above results suggest that changes in pathway activity in feces may
affect the development of CRC, but the specific mechanism needs to be
further verified. The evidence of functional changes in tissues was not
sufficient, but it cannot be completely denied; the reason for the insig-
nificant difference may be the small sample size and the heterogeneity of
the population in this study.

Changes in intestinal microorganisms are closely related to the
development and progression of CRC. Fecal-derived communities can
provide insights into pathological changes in the lumen, but it is
inconclusive whether changes in the fecal microbial community reflect
changes in the tissue microbiota. In this study, fecal and tissue samples
were collected from the same individual, and the community composi-
tion of enteric viruses in the feces and tissues of CRC adenoma patients
were explored via metagenomic technology, along with the possible
metabolic pathways these enteric viruses are associated with. The causal
relationship between the observed differences in this study and CRC
remains undetermined. These differences might be attributed to the al-
terations in the microecology during tumor progression. Currently, there
is insufficient research evidence to confirm that these differences in vi-
ruses can lead to the progression of CRC. However, these differences
could potentially be one of the identifying changes of CRC.The limita-
tions of this study are the small sample size, and the samples were not
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grouped according to disease status and clinical indicators. However,
this study objectively provides a reference for further understanding the
role of enteric viruses in CRC.

5. Conclusion

During the development of the CRC via the adenoma-carcinoma
sequence pathway, VLPs, the composition of enteric viruses, the in-
teractions between virus-bacteria-fungi and the associated metabolic
pathways in both fecal and tissue samples change, which provides a
reference for exploring the role of enteric viruses in the occurrence of
this disease. However, the mechanisms of action still need further study.
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