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Abstract

Background Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn's disease (CD), is a chronic
disorder marked by intestinal inflammation and immune dysregulation. While bacterial dysbiosis has been widely
investigated, the gut virome remains less explored. Altered viral communities, particularly bacteriophages, may
destabilize microbial balance and amplify host inflammation.

Methods To characterize virome alterations, we conducted a cross-sectional observational study in Tabriz, Iran,
involving fifty participants divided into five groups: mild UC, severe UC, mild CD, severe CD, and healthy controls.
Stool samples were processed for viral nucleic acid extraction and analyzed using metagenomic next-generation
sequencing. Bioinformatics pipelines included diversity assessment, taxonomic profiling, functional annotation, and
discriminant analysis (LEfSe). Predictive modeling was performed with random forest classifiers.

Results Virome richness and diversity were reduced in severe UC and CD compared with controls, whereas mild
cases showed values closer to healthy individuals. Taxonomic profiling revealed depletion of crAss-like phages and
microviridae in IBD, along with enrichment of Caudovirales families such as siphoviridae and myoviridae. Among
eukaryotic viruses, anelloviridae were prominent in severe IBD, and herpesviridae were enriched specifically in severe
UC. Functional annotation highlighted enrichment of structural and lytic phage proteins in severe groups, whereas
lysogeny-associated domains were more abundant in healthy controls. Random forest models based on viral features
achieved appropriate accuracy, with an AUC of 0.89 for distinguishing IBD from controls and 0.83 for classifying mild
versus severe disease.

Conclusion Thus, IBD is associated with reduced virome diversity, loss of core protective phages, and selective
enrichment of bacteriophages and eukaryotic viruses. These findings suggest that virome features may have
potential as biomarkers for non-invasive diagnosis and severity stratification in IBD, requiring validation in larger and
longitudinal cohorts.
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Background

Inflammatory bowel disease (IBD), which includes ulcer-
ative colitis (UC) and Crohn’s disease (CD), is a long-
term disorder of the gastrointestinal tract that presents
with recurrent episodes of inflammation and immune
imbalance [1, 2]. Its prevalence has been rising world-
wide, particularly in newly industrialized countries,
suggesting that environmental and lifestyle changes
play a major role alongside genetic predisposition [3].
Despite intensive research, the etiology of IBD remains
incompletely understood. Increasing attention has been
directed toward the intestinal microbiome, which is now
recognized as a central element in disease onset and pro-
gression [4]. While bacteria have been the primary focus
of most investigations, the gut virome, mainly composed
of bacteriophages and a smaller fraction of eukary-
otic viruses, has emerged as a potentially important but
underexplored component of intestinal ecology [5, 6].

Bacteriophages, through mechanisms such as preda-
tion, lysogeny, and horizontal gene transfer, influence
bacterial communities and affect microbial structure
and function [7]. Perturbations of viral communities may
destabilize bacterial populations and indirectly modulate
host immune responses [8]. Several studies have shown
that the gut virome in IBD patients differs significantly
from that of healthy individuals. Specifically, caudovirales
families are expanded, while crAss-like phages and
microviridae are reduced, indicating disrupted viral sta-
bility and loss of protective taxa [8, 9]. These alterations
may favor dysbiosis and promote inflammatory condi-
tions by facilitating the growth of pathogenic bacterial
groups [10].

The whole gut ecosystem is impacted during dis-
ease activity, as evidenced by integrated multi-omics
approaches that have demonstrated that viral alterations
frequently coincide with bacterial and fungal disrup-
tions [4, 11]. Moreover, large-scale association analy-
ses have identified reproducible viral signatures across
populations, suggesting their possible relevance for dis-
ease characterization [12]. In addition to bacteriophages,
enrichment of eukaryotic viruses such as anelloviridae
and herpesviridae has been reported in IBD patients,
particularly in severe forms of disease [5]. These results
imply that mucosal damage may be caused by viral reac-
tivation or secondary colonization in inflammatory envi-
ronments. However, a significant percentage of viral
sequences are still unclassified; this is known as “viral
dark matter;” and it reflects the limited understanding of
the gut virome that is currently available [11].

The present study was conducted in Tabriz, North-
west of Iran, with the aim of investigating gut virome
alterations in patients with UC and CD at different dis-
ease severities in comparison with healthy controls. This
study aimed to investigate the composition and diversity
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of viral communities in relation to disease state using
metagenomic sequencing coupled with bioinformatics
analyses. The results are intended to provide baseline
data from this population, enhance the limited litera-
ture on IBD-associated virome alterations, and inform
future research on microbial contributions to intestinal
inflammation. This study characterizes virome alterations
across IBD severity levels, highlighting viral signatures as
potential non-invasive markers for disease stratification.

Materials and methods

Study design and participants

This cross-sectional observational study was conducted
at the Inflammatory Bowel Disease (IBD) Center of
Imam Reza Hospital, Tabriz, Iran, between August 2023
and December 2025. Fifty individuals were recruited and
divided into five groups (n=10 each) including patients
with mild ulcerative colitis, severe ulcerative colitis, mild
Crohn’s disease, severe Crohn’s disease, and healthy con-
trols matched for age and sex. The diagnosis of UC and
CD was established according to clinical, endoscopic, his-
tological, and radiological criteria. Disease activity in UC
patients was assessed using the Mayo score, with mild
disease defined as a Mayo score<2 and severe disease
as a Mayo score>11. For CD, disease activity was deter-
mined by the Crohn’s Disease Activity Index (CDAI),
where mild disease corresponded to CDAI 150-219 and
severe disease to CDAI >450.

Eligible participants were adult patients (>18 years)
with a confirmed diagnosis of UC or CD who had not
received corticosteroids, immunomodulators, or bio-
logic agents during the three months preceding enroll-
ment. Healthy controls had no history of gastrointestinal
or systemic inflammatory disorders and no recent use
of antibiotics, probiotics, or immunosuppressive drugs.
Exclusion criteria included infectious colitis, malignancy,
pregnancy, and or refusal to provide consent.

Sample collection

At the time of recruitment, all participants provided fresh
stool (~10 g) and peripheral blood (~5 mL) samples.
Stool samples were collected in sterile containers and
immediately placed on ice. Samples were transported to
the laboratory within two hours of collection and stored
at —80 °C until nucleic acid extraction. Peripheral blood
was collected under fasting conditions in EDTA tubes for
laboratory analysis. Serum was separated by centrifuga-
tion at 3,000 rpm for 10 min and stored at —80 °C for sub-
sequent analyses.

Viral nucleic acid extraction and metagenomic next-
generation sequencing

Centrifugation and filtration through 0.22 pm filters were
performed to remove host and bacterial cells from fecal
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suspensions and to concentrate virus-like particles. Fil-
trates were treated with Turbo DNase (Thermo Fisher
Scientific, USA) to degrade unprotected nucleic acids,
ensuring preservation of capsid-protected viral genomes.
Viral DNA was then isolated using the QIAamp MinElute
Virus Spin Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. DNA yield and qual-
ity were assessed with a Qubit 4 fluorometer (Thermo
Fisher Scientific), and extracts were stored at — 80 °C until
sequencing. Extracted viral DNA was submitted to Novo-
gene Co., Ltd. (Beijing, China) for metagenomic library
preparation and sequencing. Libraries were sequenced
on an Illumina NovaSeq platform with paired-end 150 bp
reads (2x150 bp). After quality control, an average of
18.3 million clean reads per sample was obtained.

Bioinformatics analysis

Raw reads were checked for quality using FastQC v0.11.9
and trimmed with Trimmomatic v0.39 to remove adapt-
ers and low-quality bases. Host sequences were removed
by mapping to the human genome (GRCh38) with Bow-
tie2 v2.4.5. High-quality reads were assembled into
contigs using MEGAHIT v1.2.9, and viral contigs were
identified by alignment to the NCBI RefSeq viral data-
base with BLASTx v2.13.0 and confirmed with VirSorter2
v2.2.3. Taxonomic classification was assigned using
Kraken2 v2.1.2 and VirFinder. Differential abundance
of viral taxa was assessed using DESeq2 v1.38.3, apply-
ing variance-stabilizing transformation and Benjamini—
Hochberg correction (FDR < 0.05). The Pfam database
was used for functional annotation of viral proteins.
Domain counts were normalized as Reads Per Kilobase
(RPK) to account for sequence length and subsequently
log2-transformed for comparative analyses. Random for-
est models using discriminant viral taxa were applied
to classify controls vs. IBD and mild vs. severe disease,
with performance evaluated by 5-fold cross-validated
ROC curves (AUC, 95% CI). Bacterial host prediction
for viral contigs was performed using CRISPR-spacer
detection (MinCED) and BLASTn-based matching (bit-
score > 45), complemented by nucleotide-identity align-
ment against Unified Human Gastrointestinal Genome
(UHGG) genomes. Approximately 24% of non-redundant
viral operational taxonomic units (vOTUs) obtained host
assignments using these criteria [12].

Statistical analysis

All analyses were performed using R software (version
4.2.2). Continuous variables were tested for normality
(Shapiro—Wilk) and expressed as mean =+ SD. Group
comparisons were made with ANOVA and Tukey’s
post-hoc test or Kruskal-Wallis with Dunn’s correc-
tion, while categorical variables were compared using
the Chi-square test. For the virome data, alpha diversity
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measured by Shannon, Simpson, and Chaol richness and
beta diversity calculated using Bray—Curtis dissimilarity
were evaluated in QIIME2 v2023.2. Group differences
in beta diversity were assessed with PERMANOVA, and
community structures were illustrated using PCoA. To
evaluate the assumption of homogeneous dispersion,
we performed a PERMDISP test. To ensure fair com-
parisons, raw reads were normalized to the minimum
sequencing depth observed across all samples prior to
diversity analysis. Differentially abundant viral taxa were
identified with DESeq2 v1.38.3 and LEfSe. A p < 0.05 was
considered statistically significant. To ensure appropri-
ate control of Type I error across analyses involving mul-
tiple group comparisons, explicit correction procedures
were applied. For parametric post-hoc tests, Tukey’s
HSD was used, and for non-parametric post-hoc tests,
Dunn’s test with Benjamini—-Hochberg false discovery
rate (FDR) adjustment was applied. In differential-abun-
dance testing with DESeq2, Benjamini—Hochberg FDR
correction was applied across all viral taxa, and statisti-
cal significance was defined based on adjusted p-values
(FDR < 0.05). LEfSe’s two-stage testing framework and
LDA threshold (LDA > 2) further minimized false posi-
tives. PERMANOVA was performed with 999 permuta-
tions, and homogeneity of dispersion was confirmed with
PERMDISP.

Results

Demographic and clinical findings

Fifty participants were included, divided into five groups
(mild UC, severe UC, mild CD, severe CD, and healthy
controls; n=10 each). The mean age across all groups was
above 36 years with no significant difference, and sex dis-
tribution was comparable (p>0.05). In terms of inflam-
matory markers, ESR and CRP were markedly elevated in
severe UC and CD compared with mild disease and con-
trols (p <0.001). Patients with mild UC and CD showed
intermediate increases relative to controls. Fecal calpro-
tectin levels were significantly higher in all IBD patients
compared with healthy individuals, with the greatest
elevations in severe CD and UC (p<0.001). Regarding
biochemical parameters, serum albumin concentrations
were significantly reduced in patients with severe disease
compared with mild subgroups and controls (p<0.001).
Creatinine levels remained stable across all groups and
showed no significant difference (p=0.71). For hemato-
logical indices, NLR, PLR, and MLR were significantly
increased in IBD patients compared with controls, with
the highest values observed in severe UC and CD (all
p<0.001). MPV demonstrated the opposite pattern,
being significantly lower in severe subgroups compared
with controls (p=0.01) (Table 1).
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Table 1 Baseline clinical and laboratory characteristics of patients and controls

Variables Controls (n=10) Mild UC (n=10) Severe UC (n=10) Mild CD (n=10) Severe CD (n=10) p-value
Sex, n (%)

Male 5(50%) 5(50%) 5 (50%) 5 (50%) 5 (50%) 1.00
Female 5 (50%) 5 (50%) 5 (50%) 5 (50%) 5 (50%)

Age (Mean =+ SD) 3741 +£953 3962 +£873 41.35410.29 38.14+£987 40.28 £+ 9.66 0.587
ESR (mm/h) 9.29 + 3.09 2174 £ 741 48.64 +12.90 19.86 & 6.49 5243 £ 13.69 <0.001
CRP (mg/L) 1.85+ 092 629+ 276 26.95 £ 9.39 577 £241 2944 £ 10.65 <0.001
Fecal Calprotectin (ng/g) 24.66 41247 176.33 £ 83.09 628.83 + 221.54 19247 +94.18 71149 4 259.81 <0.001
Albumin (g/dL) 444 £ 0.31 4.06 £ 0.39 3184047 4.09 £ 0.38 312+ 051 <0.001
Creatinine (mg/L) 084+ 0.13 097+£0.18 096 £0.16 092 +0.08 090+ 0.19 039
NLR 171+ 063 2824090 565+ 143 259+ 082 587 £ 157 <0.001
PLR 112.36 & 28.93 168.74 £ 41.50 264.96 £ 58.24 15833 £+ 39.38 279.11 £ 62.66 <0.001
MLR 024 +£0.08 033£0.11 052+£0.14 0.31£0.09 0.55£0.15 <0.001
MPV (fL) 10.22 £0.81 963+ 0.72 9.02 £ 061 9.68 + 0.69 8.88 + 0.59 0.004

UC, Ulcerative colitis; CD, Crohn’s disease; ESR, Erythrocyte sedimentation rate; CRP, C-reactive protein; NLR, Neutrophil-to-lymphocyte ratio; PLR, Platelet-to-
lymphocyte ratio; MLR, Monocyte-to-lymphocyte ratio; MPV, Mean platelet volume; FC, Fecal calprotectin; SD, standard deviation

Gut microbiome analysis

With an average of 18.3 million reads per sample, shotgun
metagenomic sequencing generated a total of 0.92 billion
paired-end reads (150 bp) from 50 fecal samples. After
removing host-derived sequences and applying qual-
ity filtering, approximately 75.7% of reads were retained.
Over 92% of bases achieved a Q30 score, indicating high-
quality data suitable for downstream virome analysis, and
7.5% of the reads were assigned to viral contigs.

Alpha diversity indicators showed that virome rich-
ness and diversity were lower in severe UC and CD
cases compared with healthy controls, while mild cases
retained values similar to controls (Fig. 1). Severe UC and
CD patients had lower observed richness compared with
controls, whereas mild cases were similar to healthy indi-
viduals (Fig. 1A). Estimates of total richness based on the
Chaol index were also reduced in severe groups, while
mild groups overlapped with controls (Fig. 1B). Shannon
diversity, which incorporates both richness and even-
ness, was lower in severe cases but remained comparable
between mild groups and controls (Fig. 1C). Simpson
diversity showed the same pattern, with lower values in
severe UC and CD groups and little difference between
mild cases and controls (Fig. 1D). Overall, these results
indicate that reductions in richness and diversity were
observed primarily in severe UC and CD, while mild
disease showed values that were largely comparable to
controls.

Complementary beta diversity analysis based on Bray—
Curtis dissimilarity confirmed global differences in com-
munity composition (PERMANOVA, R? = 0.021, F=3.24,
p<0.001) (Fig. 2). We also conducted a PERMDISP test,
which revealed no significant differences in group dis-
persion (p>0.05), thereby supporting the robustness of
the PERMANOVA results. Severe UC and CD patients
formed distinct clusters away from healthy controls,
while mild cases overlapped largely with controls. No

separation was detected between UC and CD within the
same severity group, although severe groups consistently
diverged from mild groups. These results suggest that, in
this cohort, both within-sample diversity and between-
sample structure of the virome were more related to dis-
ease severity than to disease type.

Viral population composition

Taxonomic profiling of the gut DNA virome across all
cohorts revealed that the community was strongly domi-
nated by bacteriophages, particularly members of the
order Caudovirales (including myoviridae, siphoviridae,
and podoviridae) and microviridae (Fig. 3A). Together,
these accounted for >90% of the total virome, whereas
eukaryotic viruses such as Amnelloviridae, circoviridae,
herpesviridae, and adenoviridae were detected at lower
relative abundances. Analysis of family-level viral com-
position using stacked bar plots (Fig. 3A and B) revealed
distinct patterns across study groups. Healthy controls
carried a higher relative abundance of crAss-like phages
and wmiicroviridae, both considered part of the core
human virome and associated with microbial stability.
In contrast, patients with severe IBD (particularly severe
UC and CD) showed a relative increase in Caudovirales
families, especially siphoviridae and myoviridae, reflect-
ing shifts in bacteriophage composition under inflamma-
tory conditions. Among eukaryotic viruses, anelloviridae
appeared more prominent in severe UC and CD, while
herpesviridae were more abundant in severe UC. Other
families, such as podoviridae, circoviridae, adenoviridae,
and inoviridae, exhibited only minor fluctuations without
consistent group-specific patterns. Overall, these com-
positional profiles point to a depletion of core phages
in severe disease and a relative prominence of specific
eukaryotic viral taxa, particularly in UC, highlighting dis-
tinctive changes of the gut virome in IBD.
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Fig. 1 Alpha diversity of the gut virome across study groups. Boxplots show observed richness (A), Chao1 richness (B), Shannon index (C), and Simpson
index (D). Severe UC and CD cases exhibited significantly lower richness and diversity compared with healthy controls, whereas mild UC/CD retained
values comparable to controls. Statistical significance was determined using pairwise comparisons (*p < 0.05, **p <0.01, ***p <0.001)

We used LEfSe analysis (LDA>2, Kruskal-Wallis
p<0.05; Fig. 3B) to further distinguish viral taxa enriched
in health from disease. In the analysis with five groups,
few taxa distinguished UC from CD within the same
severity level, consistent with p-diversity findings. In the
severity-focused analysis (controls vs. IBD-mild vs. IBD-
severe), LEfSe identified taxa enriched in IBD patients,
with enrichment being most notable in the severe sub-
groups. Consistent with the stacked bar plots, crAss-like
phages and miicroviridae were significantly enriched in
healthy controls, supporting their role as core compo-
nents of a stable gut virome. In contrast, siphoviridae and
myoviridae were enriched across IBD patients, mainly
in both severe UC and CD. Among eukaryotic viruses,
anelloviridae were preferentially enriched in severe IBD,
whereas Herpesviridae showed a Disease-specific sig-
nal, being significantly increased only in severe UC but
not in CD. Other viral families, including podoviridae,
circoviridae, adenoviridae, and inoviridae, showed trends
of higher abundance in IBD but did not reach statistical
significance. These results indicate that IBD is character-
ized by depletion of core commensal phages and selective

enrichment of specific bacteriophages and eukaryotic
viruses, with herpesviridae emerging as a marker of
severe UC.

Functional annotations

Functional annotation of viral proteins against the Pfam
database revealed top dominant protein domains within
the gut virome (Fig. 4). Structural and lytic-associated
domains such as phage tail proteins, portal proteins,
terminase large subunit, peptidase, glycosyl hydro-
lases, holin, and endolysin were more abundant in IBD
patients, with the highest levels observed in severe IBD.
In contrast, lysogenic domains (integrase, recombinase,
RT/Retron) were more abundant in healthy controls and
Mild IBD. This pattern is consistent with the persistence
of temperate phages, such as crAss-like phages, in these
groups. Patients with Mild IBD generally exhibited mod-
est increases in structural Pfam domains compared with
controls, but consistently lower levels than Severe IBD.
Since no significant differences were observed between
UC and CD within the same severity class, the data were
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(p>0.05). Severe UC/CD samples cluster away from controls, whereas mild cases largely overlap with controls. No clear separation was observed between

UC and CD within the same severity class

merged into three categories (Control, Mild IBD, Severe
IBD) for clarity of presentation.

Virome-based prediction of disease severity

To assess the diagnostic utility of the gut virome, a ran-
dom forest classifier was trained using the top discrimi-
nant viral taxa identified by LEfSe (LDA>2). Models
were built to distinguish (a) controls vs. IBD, and (b) mild
vs. severe IBD. Receiver operating characteristic (ROC)
curves with area under the curve (AUC) and 95% confi-
dence intervals were generated. Random forest models
based on viral relative abundances achieved high dis-
criminatory power. For distinguishing IBD patients from
healthy controls, the model yielded an AUC of 0.89 (95%
CI 0.81-0.95), while classification of mild vs. severe IBD
reached an AUC of 0.83 (95% CI 0.75-0.91). ROC curves
demonstrated the potential utility of virome-based bio-
markers in non-invasive stratification of IBD. Variable
importance analysis further indicated that siphoviridae,
anelloviridae, and crAss-like phages were the strongest
predictors (Fig. 5).

Phage-host prediction and ecological assignment

To contextualize the viral signatures observed in this
study, genus-level host prediction was performed for all
viral operational taxonomic units (vOTUs) using CRISPR
spacer matching and nucleotide-identity criteria against
UHGG genomes. Approximately 23.7% of vOTUs met
confidence thresholds for host assignment, which is

consistent with expectations for metagenomic virome
datasets based on short to medium-length contigs.
Host-based comparisons were therefore focused on
four phage groups—crAss-like phages, Microviridae,
Siphoviridae, and Myoviridae—that showed consistent
differential enrichment between IBD patients and healthy
controls, whereas other detected phage families were
not further examined due to the absence of clear group-
specific patterns. CrAss-like phages showed the most
consistent and specific host profile, with the majority of
annotated crAss-like vOTUs aligning with Bacteroides
spp., reflecting the well-recognized specialization of this
family toward Bacteroidetes lineages in the human gut
(Table 2). Microviridae exhibited a similar pattern, with
predicted associations primarily involving Bacteroides
(Table 2). In contrast, Caudovirales families displayed
more heterogeneous host associations. Among vOTUs
that were differentially enriched between groups and
could be confidently linked to a bacterial host, Sipho-
viridae enriched in IBD samples were predominantly
associated with Escherichia and Enterococcus, whereas
IBD-enriched Myoviridae were mainly linked to Klebsi-
ella and Ruminococcus. Consistent with phage enrich-
ment patterns, control-enriched vOTUs were largely
represented by crAss-like phages and Microviridae
associated with Bacteroides, whereas IBD-enriched
vOTUs were mainly affiliated with Caudovirales linked
to facultative anaerobic genera. Host-based analyses
were restricted to vOT Us with confident genus-level host
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assignments, and vOTUs with unclassified or multiple
host predictions were excluded. These results provide
ecological context for the observed virome alterations by
linking phage-level shifts to differences in the distribu-
tion of phages infecting distinct bacterial hosts between
IBD patients and healthy controls.

Discussion

The findings of this study highlight consistent changes
in the gut virome of individuals with inflammatory
bowel disease. To our knowledge, this is the first virome-
based study in an Iranian IBD cohort that systematically

integrates taxonomic, functional, and predictive model-
ing analyses. By distinguishing mild from severe disease
states through viral signatures, our work extends previ-
ous observations of virome alterations and highlights the
potential of viral markers for non-invasive disease strati-
fication. One of the strongest signals was the reduction in
viral diversity, particularly in patients with severe forms
of ulcerative colitis and Crohn’s disease. Diversity loss has
been described before, and our results align with those
reports showing that IBD is consistently marked by a
contracted virome [13, 14]. Pediatric and very early onset
cases sometimes maintain overall richness, although
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Table 2 Host-associated distribution of differentially enriched
phage groups in IBD and healthy controls

Phage taxo- Enrichment group Predicted host Number

nomic group category of vOTUs *

crAss-like Control-enriched Bacteroides 37

phages

Microviridae Control-enriched Bacteroides 20

Siphoviridae IBD-enriched Escherichia/ 26
Enterococcus

Myoviridae IBD-enriched Klebsiella/ 16

Ruminococcus

Counts represent vOTUs with confident genus-level host assignments; vOTUs
with unclassified or multiple host predictions were excluded

their community balance shifts in different ways [15-17].
Taken together, these results indicate that disease sever-
ity and host age may affect the degree of reduction in
viral diversity.

Beyond overall richness, we observed striking com-
positional changes. Members of the Caudovirales order,
particularly siphoviridae and myoviridae, expanded in
IBD patients, whereas crAss-like phages and microviri-
dae were consistently reduced. These patterns have also
been reported in other cohorts, which suggests a degree
of consistency, although variations between studies exist
[13, 14]. The reduction of crAss-like phages is particu-
larly significant, as these phages are abundant and stable
components of healthy gut communities. This decline
may reflect the loss of ecological stabilizers that regulate
bacterial fluctuations and support community resilience
[18]. Experimental work has suggested that excessive
phage induction can activate innate immune receptors

such as toll like receptors, leading to inflammatory cas-
cades [19]. This biological link may provide a plausible
mechanism that connects the observed phage imbalance
with clinical inflammation. Not all reports are completely
consistent—crAss-like phage levels can vary depending
on sampling site or cohort-but this is likely explained
by technical and demographic factors rather than a true
absence of effect [9].

The virome shifts were not limited to bacteriophages.
We also observed increased abundance of certain eukary-
otic viruses. Anelloviridae were enriched in severe cases,
consistent with their proposed role as markers of immune
activation that fluctuate with host immune pressure [5,
20, 21]. Herpesviridae showed a distinct rise in patients
with severe ulcerative colitis. These viruses are known for
their ability to reactivate during stress and inflammation,
raising the possibility that they may exacerbate mucosal
injury [22]. The herpesviridae family, including cytomeg-
alovirus and Epstein—Barr virus, has attracted growing
interest in IBD research, as several studies have reported
their presence in the intestinal lumen of patients more
frequently than in healthy controls [23, 24]. Although
some datasets have reported higher anelloviridae in
healthy individuals [25], the enrichment of herpesviridae
specifically in severe UC in our study remains notewor-
thy and may warrant further mechanistic investigation.

Functional annotation of viral genes provided addi-
tional evidence supporting these observations. Genes
encoding lytic functions, including structural proteins,
peptidase, glycosyl hydrolases, holin, and endolysin,
were significantly enriched in IBD samples, particularly
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in severe disease. Among these lytic modules, terminase,
endolysin, and glycosyl hydrolases showed the most pro-
nounced enrichment in severe IBD. This likely reflects
their central roles in phage replication and host cell lysis.
By contrast, lysogeny-associated domains, such as inte-
grase, recombinase, and RT/Retron-like reverse tran-
scriptase, were more abundant in controls and Mild IBD.
This dual pattern suggests that temperate phages are
maintained in the healthy gut, while inflammatory con-
ditions promote their induction, leading to the expres-
sion of lytic modules. These findings are consistent with
reports highlighting prophage activation during inflam-
mation and illustrate a potential interplay between lysog-
eny and prophage induction in IBD pathogenesis [25, 26].
A plausible model suggests that inflammation triggers
prophage activation, resulting in bacterial lysis and the
release of microbial components that further fuel intes-
tinal inflammation, creating a self-reinforcing cycle [11,
14]. This process coincides with the reduced bacterial
diversity and counts and the expansion of caudovirales
frequently observed in IBD [11, 27]. Prophage induction
accelerates bacterial lysis, releasing debris that activates
innate immunity and mucosal lymphoid tissues. Consis-
tent with this view, integrated prophages are known to
exploit host physiology and population density to modu-
late the switch from lysogeny to lytic replication [11, 28,
29]. Taken together, our results indicate that lytic func-
tional domains are enriched in IBD, particularly in severe
disease, while lysogeny-associated functions are more
abundant in controls and mild cases. This pattern aligns
with the concept of prophage induction under inflam-
matory conditions and supports a model in which the
virome actively contributes to disease progression, rather
than merely reflecting bacterial dysbiosis. Nevertheless,
these functional insights should be interpreted with cau-
tion. The annotation is based on predicted domain con-
tent derived from metagenomic sequences rather than
direct evidence of functional activity. As such, the enrich-
ment of structural or lysogeny-associated domains in
IBD may primarily reflect shifts in viral community com-
position. Confirmation of their biological activity would
require metatranscriptomic or proteomic data to verify
whether these functions are actively expressed in vivo.
Host-prediction analysis provided ecological context
for the viral patterns observed in this study. CrAss-like
phages and Microviridae—well-recognized core mem-
bers of the human gut virome— were primarily associ-
ated to Bacteroides and other Bacteroidetes or Firmicute
genera, consistent with their established host special-
ization in previous metagenomic and culture-based
research [6, 30]. In line with previous work, Caudovirales
families, particularly Siphoviridae and Myoviridae, are
known to infect a broad range of gut Proteobacteria and
Firmicutes, including clinically relevant genera such as
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Escherichia, Klebsiella and Enterococcus [12, 31]. Reports
of temperate phages infecting mucin-degrading Rumino-
coccus gnavus further support the ecological relevance
of these host—phage associations in the human gut [32].
Associations involving other phage groups, such as Podo-
viridae and Inoviridae, have also been described in prior
studies [33], although these families were not further
examined in the present host-based analysis. Although
23.7% of vOTUs could be confidently assigned, the over-
all host—phage distribution observed here aligns with
known biological features of major gut phage families
and supports the ecological interpretation of the virome
signatures identified in this cohort.

One of the most important clinical aspects of this study
is predictive modeling. Using the Random Forest algo-
rithm, we were able to reliably distinguish IBD patients
from healthy controls (AUC = 0.89) as well as differenti-
ate between mild and severe disease states (AUC = 0.83).
In the variable importance ranking, siphoviridae, anello-
viridae, and crAss-like phages emerged as the important
predictors, consistent with the results of our taxonomic
analysis. These findings align with recent virome-wide
association studies, such as the work of Tian et al., which
also reported that phages from siphoviridae and crAss-
like groups are important contributors to IBD classifi-
cation models with comparable performance metrics
[12]. Previous research has demonstrated that crAss-like
viruses possess comparatively large genomes and harbor
a considerable repertoire of auxiliary functional genes,
particularly carbohydrate-active enzymes critical for
polysaccharide metabolism. Consequently, a reduction
in the abundance of crAss-like viruses may suggest the
loss of essential viral functions (such as polysaccharide
metabolism) within the gut virome of patients with IBD
[18, 34—-36]. Consistent with this, Liang et al., reported
that elevated anelloviridae DNA levels in stool may
serve as a potential biomarker of IBD in very early-onset
patients and correlate with immunosuppressive treat-
ment [15]. Our findings suggest that viral signatures may
help to distinguish IBD patients from healthy controls
and could reflect disease activity, although further valida-
tion is required. The accuracy of our classification mod-
els was similar to, or in some cases better than, what has
been reported in previous virome-based studies. When
we considered disease severity and included functional
features, viral signatures alone showed strong predictive
ability. Although combining these data with bacterial
information may further improve accuracy, the fact that
viruses on their own reached this level of performance
highlights their clinical potential [25]. Nevertheless, these
predictive models should be interpreted with caution.
The sample size was limited, and the models were trained
and tested within the same cohort, raising the possibility
of overfitting. Independent validation in larger, external
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datasets will be essential to confirm the robustness and
generalizability.

Previous studies exploring the relationship between
virome dynamics and treatment response in IBD are still
limited, and only a few longitudinal cohorts have exam-
ined pre- and post-therapy viral shifts. Existing evidence
suggests that patients who respond to anti-TNF or fecal
microbiota transplantation (FMT) therapy tend to exhibit
a reduction in Caudovirales and partial restoration of
crAss-like phages, whereas non-responders often retain
an inflammatory virome signature [15, 37-39]. However,
these datasets remain sparse, and virome-based predic-
tors of therapeutic response are not yet well established.
Because all individuals in our study were strictly treat-
ment-naive and the design was cross-sectional, assess-
ing treatment response was not feasible. Nevertheless,
the present findings provide a valuable untreated virome
baseline that may serve as a reference for future longi-
tudinal investigations aimed at linking viral community
shifts with clinical treatment outcomes.

This study has several limitations. The cross-sectional
design restricts causal inference, meaning we cannot
establish whether virome alterations precede or follow
mucosal inflammation. The sample size was 10 partici-
pants per group, which was sufficient to detect major dif-
ferences but limited the statistical power to identify rare
taxa or subtle changes. In addition, collecting samples
from a single center restricts the generalizability of the
findings, as environmental conditions and demographic
characteristics may vary across populations. In addi-
tion, stool samples were used as the only specimen type,
although prior studies indicate that mucosa-associated
virome can differ substantially from luminal communi-
ties. Technical factors, including sequencing depth and
DNA extraction methods, may also introduce detection
bias, despite efforts to standardize procedures. Addi-
tionally, functional predictions were based on bioinfor-
matic annotations and still require direct experimental
validation. Despite these limitations, the study has sev-
eral strengths. Using balanced groups of 10 participants
helped minimize sampling bias, and explicitly stratifying
by disease severity allowed for a clearer interpretation
of virome changes. In addition, combining taxonomic,
functional, and predictive analyses provided complemen-
tary insights and strengthened the overall robustness of
the findings.

In conclusion, this study showed that in patients with
IBD, the gut virome is characterized by the expansion
of caudovirales, depletion of crAss-like phages, reduced
diversity, and enrichment of certain eukaryotic fami-
lies. Predictive modeling demonstrated the potential of
virome-derived features to distinguish between patients
and controls, as well as between mild and severe disease,
while functional signatures indicated increased prophage
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induction. When considered together, these results are
consistent with the possibility that the virome may con-
tribute to the pathophysiology of IBD, although further
studies are needed to clarify its role. The current find-
ings provide preliminary evidence that may inform future
studies exploring therapeutic approaches targeting the
viral component of the gut microbiome and for tak-
ing into account virome-based biomarkers in the clini-
cal management of IBD, even though other validation in
larger and longer-term cohorts is necessary.
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