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Abstract

Background The multi-kingdom gut microbiota (e.g., bacteriome, mycobiome, and virome) characteristics of colo-
rectal cancer have been extensively studied, yet there is still an insufficient description of the microbiota features in its
early-stage, colorectal adenoma, particularly in the gut virome aspect.

Methods Based on the Metagenomic Gut Virus catalogue (MGV) containing 54,118 non-redundant gut viral
genomes, this study characterized the virome composition and diversity using publicly available metagenomic
sequencing data from 419 individuals with premalignant colorectal adenoma and 552 healthy controls. Furthermore,
we identified and assessed the reliability and classification performance of adenoma-associated microbial signatures
through comparative analysis and the random forest model.

Results Our results revealed a notable shift in the gut virome structure of patients compared to healthy controls,
characterized by a significant increase in viral families such as Microviridae, Podoviridae_crAss-like, and Quimbyviri-
dae. At the viral operational taxonomic unit (vOTU) level, we identified 479 vOTU signatures showing significant
differences in relative abundances between patients and controls, including some patient-enriched vOTUs tend-

ing to infect Bacteroidaceae and Lachnospiraceae. Correlation network analysis revealed specific bacterial species
correlated with adenoma-associated viruses, suggesting frequent interactions between them. Moreover, random
forest models trained on gut viral and bacterial signatures demonstrated area under the curve (AUC) scores of 0.68,
0.82, and 0.76 for classifying healthy individuals versus patients with tubular adenomas, patients with sessile serrated
adenomas, and patients with both conditions, respectively. In three independent validation cohorts, the classification
performance achieved AUC scores ranging from 0.61 to 0.65.
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Conclusions Our study provides insights into the gut virome in premalignant colorectal adenoma, highlighting its
potential role in disease development and diagnosis. Further investigations are warranted to elucidate the underlying
mechanisms of gut virus-bacteria interactions and validate diagnostic models in larger populations.

Keywords Gut virome, Colorectal adenoma, Metagenomics, Viral signatures, Microbiota

Introduction

Colorectal cancer (CRC) is the third most common can-
cer worldwide with significant global health concerns,
representing a major cause of morbidity and mortality,
particularly in low- and middle-income countries [1, 2,
3]. In 2018 alone, a staggering 1.85 million individuals
globally were diagnosed with CRC [4]. Projected on the
trajectories of population aging and growth, it is antici-
pated that the incidence of new colorectal cancer cases
will surge to 3.2 million by the year 2040 [5]. The genesis
and progression of CRC commonly involve the evolution
of colorectal polyps and adenomas, recognized as precur-
sor lesions to colorectal cancer. Two primary premalig-
nant lesions, tubular adenomas (TA) and sessile serrated
adenomas (SSA), play integral roles in this progression [6,
7]. A comprehensive understanding of the background of
colorectal adenomas is vital, given their pivotal role in the
incremental journey toward malignancy. Factors contrib-
uting to the development of colorectal adenomas include
a combination of genetic predisposition and environ-
mental exposures such as smoking, alcohol consumption,
obesity, and unhealthy dietary habits [8, 9, 10].

Research interest in the gut microbiome concerning
CRC and adenoma has grown significantly. Numerous
studies have extensively explored the association between
the gut bacteriome and colorectal cancer and adenoma
[11, 12, 13, 14]. Typical findings include a decrease in
microbial diversity in cancer and adenoma patients,
along with the enrichment of certain opportunistic
pathogens, such as Fusobacterium nucleatum [15, 16].
This pathogen has been demonstrated to be causative in
animal models of CRC carcinogenesis and progression
[17, 18]. Importantly, recent meta-analysis studies have
identified a high consistency of CRC bacterial signatures
across populations and established a functional link with
choline degradation [16, 19]. However, despite the exten-
sive focus on the bacterial component, exploration of the
viral fraction, specifically the virome, in CRC and adeno-
mas is relatively limited [20]. A representative study by
Cheng et al., through meta-analysis, found differences
in the gut virome of cancer and adenoma patients com-
pared to healthy controls, indicating that viral signatures
contribute to distinguishing cancer cases [21]. Nonethe-
less, studies investigating the gut virome in these patients
face challenges, including sample size limitations, diverse
analysis methods, and the subdivision of disease subtypes

such as SSA and TA. Moreover, beyond its relevance in
CRC and adenomas, the gut virome has been explored in
various systemic diseases, including inflammatory bowel
disease (IBD) [22], autoimmune disorders [23, 24, 25],
and liver diseases [26]. Typically, alterations in the gut
virome of individuals with these diseases manifest as a
reduction in diversity and changes in specific viral taxon-
omies and functionalities. Considering that premalignant
colorectal adenomas are often precursors to cancer, and
predictive models based on gut bacterial composition
often exhibit cross-sectional efficacy, we hypothesize that
the gut virome might offer a potential avenue for predict-
ing disease progression.

To these ends, herein, we conducted a reanalysis of a
large-scale dataset comprising fecal metagenomes from
419 patients, including 62 patients with SSA, 321 patients
with TA, and 36 patients with both conditions, along
with 552 healthy controls. The dataset was sourced from
a recently published study [14], providing a comprehen-
sive platform for investigating the potential associations
between the gut virome and colorectal adenomas.

Materials and methods

Dataset and processing of sequencing reads

The fecal metagenomic dataset used in this study, com-
prising samples from 419 adenoma patients and 522
controls, was obtained from the NCBI Sequence Read
Archive (SRA) with accession code PRJNA784939 [14].
Initially, we filtered out low-quality sequencing reads in
each metagenome using fastp with the following param-
eters “-190 -q 20 u 30 -y --trim_poly_g” [27]. The human
reads were then removed by aligning against the GRCh38
human reference genome using Bowtie 2 with default
parameters [28]. The reads that did not map to the
human genome were considered clean reads and used for
subsequent analyses.

Analyses of the gut virome

After filtering out human-derived metagenomic reads,
the remaining data from all samples were aligned to the
Metagenomic Gut Virus catalogue (MGV) [29], which
is constructed from over 11,000 publicly available fecal
metagenomes, to generate gut viral compositions. The
MGYV, comprising nearly 190,000 viral genomes, was
grouped into 54,118 viral operational taxonomic units
(vOTUs) based on an average nucleotide similarity
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threshold of 95%. Total clean reads of all samples were
randomly subsampled to the same sequencing amount
(20 million), and then were mapped to 54,118 vOTUs
using Bowtie 2 with default parameters. The relative
abundance of each vOTU was calculated as the number
of reads mapped to this vOTU divided by the total map-
ping reads. Additionally, the relative abundance of each
viral family was generated by summing up the relative
abundances of vOT Us annotated with this family.

Protein-coding genes of the vOTUs were predicted
using Prodigal with the option “-p meta” [30]. Taxo-
nomic annotation of viral sequences was performed
through protein sequence alignment against a compre-
hensive database, which combined resources from the
Virus-Host DB [31] and viral proteins from crAss-like
[32], Flandersviridae, Quimbyviridae, and Gratiaviridae
[33]. A viral sequence was assigned a family-level clas-
sification when over a quarter of its proteins displayed
match to the same viral family. Virus-host predictions
were carried out using two bioinformatic methodolo-
gies: CRISPR-spacer matches and prophage blasts, fol-
lowing the previous methodologies [34, 35]. Functional
annotation of viral proteins was performed using the
DIAMOND tool with the parameters “--query-cover 50
--subject-cover 50 --id 30,” utilizing the Kyoto Encyclope-
dia of Genes and Genomes (KEGQ) database [36]. Each
protein received a KO assignment based on the best-hit
gene in the database.

Analyses of the gut bacteriome

We conducted bacterial taxonomic profiling of the
fecal metagenomic dataset for patients with colorectal
adenoma and healthy controls using MetaPhlAn 4 with
default parameters, relying on the mpa_vJan21_CHOC-
OPhlAnSGB_202103 database.[37], which relies on
clade-specific marker genes to unambiguously classify
metagenomic reads to taxonomies and yield relative
abundances of taxa identified in the sample. The analy-
sis included taxonomic classification at the phylum, class,
order, family, genus, and species levels. A uniform num-
ber of reads (20 million) were randomly selected from
each fecal sample to calculate the relative abundance of
each bacterial taxon.

Statistical analyses

Statistical analyses and visualization were conducted
under the R platform and any functional modules not
specifically mentioned were set to use the default param-
eters. Gut virome diversity indexes were estimated based
on the profiles at the vOTU level. The observed number
of vOTUs was calculated as the count of vOTUs with rel-
ative abundance greater than 0. The Shannon and Simp-
son diversity indexes were calculated using the vegan:
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diversity function with the options index="shannon"
and index="simpson", respectively [38]. The Bray—Cur-
tis distances between samples were calculated using the
vegdist function. Distance-based redundancy analysis
(dbRDA) of Bray—Curtis distances was implemented via
the capscale function. Permutational multivariate analy-
sis of variance (PERMANOVA) was carried out using the
adonis function.

The identification of viral markers at the vOTU level
was conducted between any two groups using the wilcox.
test function from the R stats package. The resulting P
values were adjusted using the p.adjust function with the
option “method=BH” A vOTU with a P value of<0.05
was recognized as a disease-associated viral signature.
Additionally, the same statistical testing methods and
filtering criteria were applied to identify disease-associ-
ated bacterial signatures. The correlation coefficient of
gut viral and bacterial markers was measured by the cor.
test function with the option “method =Spearman”. Data
visualization was performed using Cytoscape software
[39]. The random forest models based on adenomas-
associated viral or bacterial markers were built using the
randomPForest package followed by five times of fivefold
cross-validations, and their performances were evaluated
based on the area under the receiver operating character-
istic curve (AUC) that was calculated by the roc function.
The importance ordering of markers was obtained via the
importance function.

Results

Overview of the gut viral community

To profile the gut viral community in individuals with
colorectal adenoma, we conducted a re-analysis of
metagenomic sequencing data obtained from fecal sam-
ples of 419 patients, including 321 TA patients, 62 SSA
patients, and 36 patients diagnosed with both TA and
SSA, in addition to 552 healthy controls (Table S1) [14].
Gut viral compositions of all samples were generated
based on the MGV catalogue [29] (see Materials and
Methods). In total, 51,121 vOTUs were identified from
metagenomic reads of colorectal adenoma patients and
healthy controls, accounting for 10.6% (+2.2%) of their
total reads. Of these vOTUs, 44.6% were taxonomically
assigned into 22 viral families. Notably, Siphoviridae and
Myoviridae emerged as dominant families, constituting
28.9 and 6.2% of all vOTUs, respectively (Fig. 1A). The
remaining vOTUs belonged to families such as Podoviri-
dae, Quimbyviridae, Microviridae, Podoviridae_crAss-
like, and others. In terms of composition, we observed
that viruses from the Myoviridae, Podoviridae_crAss-
like families exhibited higher relative abundance across
all samples, while Microviridae viruses demonstrated
an average relative abundance lower than that of other
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Fig. 1 Overview of the gut viral catalogue used in this study. A Pie plot showing the distribution of viral families of 51,121 viral operational
taxonomic units (vOTUs). B Distribution of average relative abundances of vOTUs belonging to different families. C Pie plot showing the distribution
of prokaryotic hosts (grouped at the bacterial family level) of 51,121 vOTUs. (D) Distribution of average relative abundances of vOTUs predicted

to infect different bacterial families

families (Fig. 1B). Additionally, we predicted the prokary-
otic hosts of 56.4% of vOTUs. The majority of predicted
hosts were associated with Firmicutes (predominantly
Lachnospiraceae, Ruminococcaceae, Oscillospiraceae, and
Acutalibacteraceae at the family level), Bacteroidaceae
(primarily  Bacteroidaceae), Actinobacteria (mainly
Coriobacteriaceae and Bifidobacteriaceae), and Proteo-
bacteria (mainly Enterobacteriaceae) (Fig. 1C). In terms
of abundance, viruses predicted to infect Bacteroidaceae
exhibited a higher average relative abundance, whereas
those infecting hosts in the Bifidobacteriaceae family
generally displayed a lower relative abundance (Fig. 1D).

Diversity and structure of the gut virome in relation

to colorectal adenoma

Rarefaction curve analysis revealed that the coverage
of vOTUs in all samples tends to saturate at the current
number of reads, indicating that the gut virome is well

represented (Fig. 2A). When comparing different groups,
the vOTU richness of the gut virome showed no signifi-
cant differences among the three patient groups and the
control group (Fig. 2B). Similarly, at the vOTU level, both
the Shannon diversity index and Simpson index were not
significantly different between patients and healthy con-
trols (Wilcoxon rank-sum test p>0.05; Fig. 2C). To fur-
ther explore differences between patients and healthy
controls, we conducted dbRDA analysis based on the
Bray-Curtis distance of the gut virome. The analysis
revealed a noticeable shift in the dbRDA plot for patient
groups, including TA patients, SSA patients, and patients
with both conditions, compared to healthy controls
(Fig. 2D).

At the family level, a substantial proportion of the total
viral sequences were attributed to vOTUs belonging
to unknown viral families (Fig. 2E). This was consistent
with findings from previous studies [35, 40], indicating
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Fig. 2 Diversity and composition of the gut virome in adenoma patients and healthy controls. A Rarefaction curve analysis showing the coverage
of viral operational taxonomic units (vOTUs) as a function of the number of reads for each sample. B Rarefaction analysis showing an increase

in the number of vOTUs observed as the number of random samples increased. C Boxplot showing the comparison of alpha diversity indexes
between patients and controls. Boxes show medians/quartiles; error bars extend to the most extreme values within 1.5 interquartile ranges.

D Distance-based redundancy analysis (dbRDA) of the Bray—Curtis distance of the gut virome of all samples at the vOTU level. Samples are

shown at the first and second principal coordinates (CAP1 and CAP2), and the ratio of variance contributed by these two principal coordinates

is shown. Upper and left boxplots show the sample scores in CAP1 and CAP2, respectively. E Bar plot showing the gut viral composition of fecal
metagenomes from patients and controls at the family level. Only the top 12 viral families with the highest abundance are shown. More details
can be found in Table S2. F Boxplot showing the relative abundance of differentially abundant viral families between patients and controls. The
statistical test results for all viral families can be found in Table S2. Wilcoxon rank-sum test: *p < 0.05; **p < 0.01; ***p < 0.001

a significant underrepresentation of the gut virome.
Siphoviridae and Myoviridae were identified as the most
dominant families in all fecal samples, with no signifi-
cant differences between patients and controls (Wilcoxon
rank-sum test p>0.05). Three families, including Micro-
viridae, Podoviridae_crAss-like, and Quimbyviridae,
exhibited significant differences between TA patients and
healthy controls (Wilcoxon rank-sum test p<0.05 and
<0.10), with a notable increase in abundance observed
in TA patients (Fig. 1F; Table S2).

Identification of viral signatures of colorectal adenoma

To explore the gut viral signatures associated with colo-
rectal adenoma, we conducted a comparative analysis
of the viral profiles between each patient group and the
healthy controls at the vOTU level. This analysis identi-
fied a substantial number of vOTU signatures exhibiting
significant differences in relative abundances between
patients and controls, including 138 signatures in SSA
patients (131 SSA-enriched and 7 SSA-depleted), 103
signatures in TA patients (72 TA-enriched and 31 TA-
depleted), and 262 signatures in patients with both
conditions (196 both-enriched and 66 both-depleted)

(Wilcoxon rank-sum test p<0.05; Fig. 3A—C; Table S3).
Taxonomically, the SSA-enriched vOTUs comprised 36
Siphoviridae (corresponding to 27.5% of the 131 SSA-
enriched vOTUs), 10 Myoviridae (7.6%), 3 Microviridae
(2.3%), and 1 Podoviridae_crAss-like (0.8%) members and
81 family-unclassified viruses (61.8%), whereas the SSA-
depleted vOTUs included 3 Siphoviridae, 1 Flandersviri-
dae, 1 Podoviridae crAss-like member, and 2 unclassified
viruses (Fig. 3D). The TA-enriched vOTUs were mostly
unclassified viruses (n=>57; corresponding to 79.2% of the
72 TA-enriched vOTUs), along with several members of
Myoviridae (n=7), Siphoviridae (n=7), and Quimbyviri-
dae (n=1). In contrast, the TA-depleted vOTUs included
members of Siphoviridae (n=11; corresponding to 35.5%
of the 31 TA-depleted vOTUs), Microviridae (n=3),
Myoviridae (n=2), and Podoviridae_crAss-like (n=2)
and some unclassified viruses (n=13; corresponding to
41.9% of the 31 TA-depleted vOTUs) (Fig. 3E). vOTU
signatures that enriched in patients with both SSA and
TA included 29 members of Siphoviridae (correspond-
ing to 14.8% of the 196 both-enriched vOTUs), 17 Myo-
viridae (9.7%), 9 Quimbyviridae (4.6%), 1 Inoviridae (0.5),
1 Microviridae (0.5%), 1 Podoviridae_crAss-like (0.5%),
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and 140 family-unclassified viruses (71.4%), whereas
the vOTUs depleted in these patients were 14 members
of Siphoviridae (corresponding to 21.2% of the 66 both-
enriched vOTUs), 6 Myoviridae (9.1%), and 1 Podoviri-
dae_crAss-like and 45 unclassified viruses (68.2%)
(Fig. 3F). We further examined the host assignment of
the vOTU signatures and found that the viruses enriched
in three adenoma patient groups exhibited a remarkable
preference for infecting Bacteroidaceae (corresponding
to 19.1, 40.3, and 45.4% of SSA-, TA-, and both-enriched
vOTUs, respectively) and Lachnospiraceae (13.7, 8.3, and
13.8% of SSA-, TA-, and both-enriched vOTUs, respec-
tively) (Table S3).

Next, we annotated the functions of the protein-coding
genes of adenoma-associated viruses based on the KEGG
database. Out of the total 33,738 genes identified from
the adenoma-associated vOTUs, 12.9% could be assigned
to KEGG orthologs (KOs). To further investigate whether
these functions are related to the disease, we compared
the occurrence rates of each KO in disease-enriched and
disease-depleted vOTUs within three patient groups
(i.e., SSA, TA, and both). This analysis revealed differ-
ences in the occurrence rates of 2, 13, and 20 KOs in
SSA-enriched/depleted, TA-enriched/depleted, and
both-enriched/depleted vOTUs, respectively (Fig. 3G-L;
Table S4). Notably, K01448, an N-acetylmuramoyl-L-ala-
nine amidase potentially involved in bacterial peptidogly-
can hydrolysis [41], was significantly more frequently
observed in SSA-depleted vOTUs compared to SSA-
enriched vOTUs. Conversely, K08968, an L-methionine
(R)-S-oxide reductase involved in methionine biosyn-
thesis, was more common in TA-enriched and both-
enriched vOTUs compared with control-enriched
vOTUs.

Correlations between adenoma-associated gut viral

and bacterial signatures

To investigate whether gut viral signatures can interact
with bacterial signatures, we first identified a set of dif-
ferentially abundant bacteria for three groups of patients,
including 30 bacteria associated with SSA, 28 bacteria
associated with TA, and 18 bacteria associated with both
conditions (Wilcoxon rank-sum test p<0.05; Table S5).
Using Spearman correlation analysis, we constructed
correlation networks between viral and bacterial sig-
natures for the three groups, revealing 167 correlations
between SSA-associated vOTUs and bacteria, 141 corre-
lations between TA-associated vOTUs and bacteria, and
248 correlations between both-associated vOTUs and
bacteria (Spearman correlation coefficient |p|>0.2 and
q<0.05; Fig. 4). We found that in the SSA network, SSA-
depleted bacteria such as Faecalicatena fissicatena and
Clostridium symbiosum, as well as SSA-enriched bacteria

Page 7 of 12

like Ruminococcus torques and Clostridiaceae bacterium
OMO08 6BH, were correlated with numerous viruses.
Similarly, in the TA network, TA-enriched bacteria such
as Phocaeicola massiliensis were associated with many
viruses. Strikingly, in the “both” network, we observed
that a both-enriched bacterium, Bacteroides uniformis,
contained the majority (55.2%) of correlations, followed
by several both-enriched bacteria such as Alistipes sha-
hii and Eubacterium rectale. These findings suggest that
these bacteria and viruses may frequently interact with
each other, potentially influencing the disease.

Distinguishing colorectal adenoma states using gut viral
signatures

Finally, to assess whether the identified gut viral signa-
tures could aid in colorectal cancer prediction, we con-
structed random forest models for each of the three
patient groups based on the relative abundances of their
respective adenoma-associated vOTUs. To achieve
optimal classification performance, we initially trained
the random forest models using all the viral signatures
obtained from each group as features and calculated the
importance of each signature (Mean Decrease Accuracy).
Subsequently, we ranked the signatures by their impor-
tance and iteratively added them for model training (for
example, the top 1, top 2, top 3, etc.), calculating the AUC
for each model to evaluate its classification performance.
All model training and predictions were performed using
five times of five-fold cross-validation. This analysis
revealed that the ability of viral signatures to distinguish
between SSA, TA, and both patients and healthy indi-
viduals reached AUCs of 0.80, 0.66, and 0.76, respectively
(Fig. 5A-D). Using the same approach, we also built
models using adenoma-associated bacterial signatures,
which showed significantly lower discriminatory ability
between patients and healthy individuals compared to
vOTUs. Furthermore, we combined the viral and bac-
terial signatures to construct models, and the perfor-
mance of the combined signatures was superior to that
of either viral or bacterial signatures alone in all three
patient groups, with AUCs of 0.82 (95% CI 0.76-0.87),
0.68 (95% CI 0.65-0.73), and 0.76 (95% CI 0.70-0.83) in
the SSA, TA, and both groups, respectively. Additionally,
we investigated the importance of each signature in the
combined models and found that in all three groups, the
majority of (76.6%, 71.9%, and 98.4% in the SSA, TA, and
both groups, respectively) the most important signatures
were viruses (Fig. 5E-G). To assess generalizability, we
tested the combined bacterial-viral model in three inde-
pendent external cohorts for distinguishing CRC patients
from healthy controls. The model demonstrated consist-
ent performance, with AUCs ranging from 0.61 to 0.65
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(Fig. 5H), reinforcing the potential of multi-kingdom
microbial signatures in CRC risk prediction.

Discussion

Almost all colorectal tumors arise from precancerous
polyps known as colorectal adenomas [42]. A few stud-
ies have explored the potential roles of gut viromes in
the progression from adenoma to carcinoma; however,
all these current investigations lack systematicity and

comprehensiveness. In this study, the fecal metagen-
ome datasets sourced from 419 patients with colorectal
adenomas and 552 healthy controls were investigated to
characterize the diversity, taxonomic composition, and
functional profile of the gut virome community associ-
ated with premalignant colorectal adenomas. Further-
more, the interaction between the gut bacteriome and
virome was also investigated, providing valuable insights
into the cross-talk between these two distinct kingdoms.
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The human gut virome contains both eukaryotic
viruses and bacteriophages. Herein, we found that most
of the identified viruses correspond to bacteriophages,
with temperate phages being predominant. These results
were in line with previous research suggesting that the
human gut virome is primarily composed of temper-
ate phages [20, 43, 44]. It should be noted that bacterio-
phages have been found to exhibit an indirect association
with the development of CRC in humans [45, 46]. The
bacteriophage has the potential to modulate bacte-
rial community structures and alter bacterial behavior,
thereby contributing to colorectal carcinogenesis [12,

20]. Additionally, studies have also suggested that bac-
teriophages can directly infiltrate colonic epithelial cells,
thereby facilitating the progression and invasiveness of
CRC [47, 48]. However, the impact of bacteriophages on
CRC carcinogenesis is still in its early stages and requires
further investigation.

Several studies have indicated that the CRC cohorts
exhibited a greater virome diversity in the gut com-
pared to the control group [12, 49]. Similarly, we found
an elevated diversity in the enteric virome among indi-
viduals with colorectal adenoma. The observed increase
in colon virome diversity, particularly the diversity of
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bacteriophage, may be associated with a simultaneous
decrease in bacterial diversity among patients with ade-
noma and CRC. In addition to the modification of virome
diversity, discernible alterations in viral profiles at the
vOTU level were observed between patients with ade-
noma and healthy controls. These findings suggest that
the utilization of vOTU-based relative abundance pro-
files can serve as a valuable approach for discerning fecal
samples obtained from individuals exhibiting a healthy
status, adenomatous polyps, or CRC.

The modulation of gut bacteriophages can shape the
dynamics of gut bacterial communities. In this study, we
have observed a clear correlation between phages and the
composition of bacterial communities in the colon, how-
ever, the interaction between phages and bacteria lacks
specificity. These findings suggest that the oncogenesis of
CRC is not attributed to the direct alterations of influen-
tial bacteria by specific phages, but arises from the mod-
ulation of overall bacterial community. In our study, we
observed a significant reduction in the abundance of Fae-
calicatena fissicatena within the adenoma cohort. Fae-
calicatena fissicatena has been reported to play a crucial
role in the production of short-chain fatty acids and has
shown an inverse correlation with CRC [50]. However, it
was noted that certain other probiotics demonstrated an
increase in abundance among adenoma patients. These
also corroborate the above notion that phages exert an
impact on cancer by modifying the overall bacterial pop-
ulation rather than directly manipulating the influential
bacteria.

However, the following limitations should be consid-
ered in this study. All recruited adenoma patients were
classified based on their clinical pathology, regardless of
their clinical symptoms. This may allow us to disregard
the potential association between the virus and specific
clinical manifestations. Besides, the utilization of the
sequencing approach in this study imposes certain limi-
tations on obtaining more comprehensive information.
To maximize access to virus data, it is recommended to
employ the viral-like particle (VLP) enriched metagen-
ome sequencing method.

In conclusion, we found that temperate phages con-
stitute the predominant constituents of the gut virome.
Alterations in phage composition induce changes in the
overall gut bacterial composition, thus promoting the
development of adenomas and potentially leading to
carcinogenesis. Our findings will enhance the under-
standing of enterovirus profiles among individuals with
colorectal adenomas, thus facilitating further investi-
gation into virome-level mechanisms involved in CRC
carcinogenesis. Additionally, based on the findings of
this study, exploring enterovirus biomarkers in patients
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with adenoma would be beneficial for early detec-
tion and improved clinical efficacy in managing CRC
patients. However, this study does have several limita-
tions. On one hand, our model did not perform opti-
mally in the validation cohort, which may be attributed
to population heterogeneity; therefore, a larger sample
size is needed to further refine the model’s performance
and enhance its predictive accuracy. On the other hand,
this study focused solely on the association between
viruses and adenoma development, without establish-
ing causal relationships. Future work should incorpo-
rate intervention experiments using animal models to
validate these findings.
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