Journal Pre-proofs

Engineering

Views & Comments
The Infant Gut Virome: Knowns, Unknowns, and Avenues for Future Studies

Nataliia Kuzub, Asier Fernandez-Pato, Sanzhima Garmaeva, Alexandra

Zhernakova

PII: S2095-8099(26)00187-6

DOI: https://doi.org/10.1016/j.eng.2026.03.018
Reference: ENG 2313

To appear in: Engineering

Received Date: 18 April 2025

Revised Date: 10 December 2025

Accepted Date: 6 March 2026

Please cite this article as: N. Kuzub, A. Fernandez-Pato, S. Garmaeva, A. Zhernakova, The Infant Gut Virome:
Knowns, Unknowns, and Avenues for Future Studies, Engineering (2026), doi: https://doi.org/10.1016/j.eng.
2026.03.018

This is a PDF of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability. This version will undergo additional copyediting, typesetting
and review before it is published in its final form. As such, this version is no longer the Accepted Manuscript, but
it is not yet the definitive Version of Record; we are providing this early version to give early visibility of the
article. Please note that Elsevier's sharing policy for the Published Journal Article applies to this version, see:
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article. Please also note that,
during the production process, errors may be discovered which could affect the content, and all legal disclaimers

that apply to the journal pertain.

© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher
Education Press Limited Company


https://doi.org/10.1016/j.eng.2026.03.018
https://doi.org/10.1016/j.eng.2026.03.018
https://doi.org/10.1016/j.eng.2026.03.018
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article

Rest
Views & Comments

The Infant Gut Virome: Knowns, Unknowns, and Avenues for Future Studies

Nataliia Kuzub®, Asier Fernandez-Pato”, Sanzhima Garmaeva, Alexandra Zhernakova*
Department of Genetics, University of Groningen, University Medical Center Groningen, Groningen 9700 RB, The Netherlands

# These authors contributed equally to this work.
* Corresponding author.
E-mail address: a.zhernakova@umcg.nl (A. Zhernakova)

The role of the gut microbiome in both infant and adult health is widely recognized. Until recently, most studies have focused on bacterial
communities, often neglecting other components of the gut ecosystem. However, the virome—a highly abundant and diverse community of viruses
(predominantly bacteriophages)—plays a crucial role in shaping the gut environment. In this review, we describe the composition of the gut
virome, summarize laboratory and bioinformatic challenges associated with virome analysis, and provide an overview of studies examining the
gut virome in early life. This work has highlighted dynamic changes during infancy and associations between viruses and infant diseases. While
research on the gut virome is still in its early stages, the ability of viruses to influence the ecosystem means the gut virome holds significant
potential for improving future microbiome-based treatments.

. General overview of viruses in the human gut

The human gut harbors a vast and diverse community of microorganisms that includes bacteria [1], archaea [2], fungi [3],
protozoa [4], and viruses [5], which is often collectively referred to as the “microbiome.” Until recently, the use of the term
“microbiome” in relation to the human gut was almost exclusively reserved for bacterial communities due to the limitations
of amplicon-based sequencing, and this focus largely persisted even after the introduction of whole-genome sequencing [6].
Extensive work has now linked gut bacteria to various human traits and diseases, including metabolic [7-9], cardiovascular
[10,11], immune diseases [12], mental health [13,14], cancer [15], and other conditions [16]. In parallel, numerous studies
have characterized the rapid assembly and development of the bacteriome in early life and its links to infant and long-term
health outcomes, including immune [17] and neurocognitive development [18-20], metabolic function and obesity [21],
susceptibility to allergies [22,23], and other conditions [24].

In contrast, the composition and significance of the other members of the microbial community, such as viruses, archaea,
and fungi, particularly in the developing gut, remain poorly understood. While archaea and fungi comprise a modest
proportion of the human gut microbiome [2,25,26], viruses are highly abundant, and their number is similar to the number of
gut bacteria [27,28]. Viruses residing in the gastrointestinal tract, which collectively form the gut virome, number up to ~10"!
particles [28]. They are predominantly viruses of bacteria, called bacteriophages, which comprise over 95% of the gut viral
community [29,30]. The remaining fraction comprises diverse viruses that infect other organisms, including viruses of other
gut prokaryotes, archaea [31-33], and viruses of eukaryotes [34,35], including human cells [36]. Most eukaryotic viruses in
the human gut, however, are usually viruses of plants derived from dietary or environmental sources [34,35].

The adult human gut virome shows high inter-individual diversity and relative compositional stability over short-term [37]
and long-term periods [38]. Its diversity and stability can be attributed to the most numerous and abundant members of the
double-stranded DNA (dsDNA) gut phageome, class Caudoviricetes [38] and order Crassvirales [39]. Members of the order
Crassvirales, including the well-studied crAssphage group, often dominate the phage population in the human gut, with
crAssphages alone accounting for up to 90% of viral sequences in some individuals, while being absent in others [37,39—41].
Notably, crAss-like phages are rarely detected in infants at birth but become increasingly prevalent in the microbiome after
one month of life, likely driven by the acquisition of host bacterial taxa [29,35,42]. Generally, the virome expands rapidly
during the first month of life. Studies estimate that there are approximately 108-10° viral particles per gram of infant feces by

a few weeks to one month of age [35,36,43]. This highlights the early establishment of the virome and its potential influence
on infant health and development.

Viruses in the infant gut exist in close association with bacterial populations, shaping each other’s ecology through a
dynamic bidirectional relationship. Bacterial communities strongly influence phage populations through host availability [37],
antiviral defense systems [44], modulation of prophage induction [45,46], and the structuring of mucus and biofilm niches
that limit viral activity [47,48]. In turn, phages can modulate their bacterial hosts and affect early gut colonization, with
pioneering bacteriophages potentially shaping the temporal development of both bacterial and viral communities [49].
Moreover, the gut phageome influences evolution through horizontal gene transfer [50], together with other mobile genetic
elements such as plasmids or integrative and conjugative elements. For instance, phages facilitate the exchange of genes like
those encoding metabolic enzymes or virulence factors, as well as the dissemination of antibiotic resistance genes within gut
bacterial populations [51-55]. The bacterial community can also be altered indirectly during infections by eukaryotic enteric
viruses, particularly those associated with gastroenteritis, as viral infections and diarrheal episodes are consistently
accompanied by shifts in gut microbial composition [56]. Notably, several viruses associated with gastroenteritis, including
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community in a context-dependent manner [57-61].

Beyond ecological interactions, both phages and eukaryotic viruses can also influence early immune and intestinal
development. Eukaryotic viruses do so by directly infecting host cells, and their effects can vary from pathogenic to beneficial.
For example, studies in germ-free mice have shown that certain enteric viruses can partially compensate for the absence of
the gut microbiota by supporting intestinal maturation and immune development [62]. At the same time, gut phages may
contribute to infant immune system development, either directly through interaction with immune cells (after crossing the
epithelial cell layer) [63,64] or indirectly by shaping bacterial communities via processes such as phage-mediated bacterial
lysis (releasing DNA and inflammatory molecules) [65—68], prophage-driven increases in pathogenicity (via virulence factors)
[50], or phage-binding to immune mediators [69].

2. Challenges of virome research

Despite its significance, large-scale research on the infant gut virome faces substantial challenges across multiple stages,
from study design to laboratory methods to data analysis and interpretation (Fig. 1). As the infant gut virome shows high
inter-individual variability and dynamic temporal behavior [49,70-72], large longitudinal population studies with frequent
sampling and careful control for confounding factors (e.g., diet, delivery mode, and antibiotic exposure) are needed to unravel
its role in infant health and the factors shaping its development.

The reproducibility of findings in infant gut virome research is also highly dependent on the laboratory methods and
protocols used. Gut viruses show high variability in genome composition, consisting of single- or double-stranded DNA
(ssDNA, dsDNA) or RNA (ssRNA, dsRNA), and in genome size, which can range from approximately 3.5 to 540 kb (phages)
[73]. However, most early-life human gut studies to date have focused solely on dsDNA viruses, often omitting second-strand
synthesis or reverse transcription steps during nucleic acid processing. As a result, ssDNA viruses (e.g., Microviridae,
Anelloviridae) and RNA viruses (e.g., Picornaviridae-like enteroviruses, Caliciviridae-like noroviruses) may be overlooked,
despite their potential relevance to infant health and early immune modulation [74—77]. Furthermore, the viral fraction that is
recovered can be significantly influenced by methodological choices, including the nucleic acid extraction protocols and viral
enrichment procedures used [78,79]. Viral enrichment, often obtained through the filtration of particles above a certain size,
enhances overall detection sensitivity (enabling the identification of rare viruses), improves the ability to capture actively
replicating viruses, and increases confidence in the viral origin of sequences. However, this approach may hinder the detection
of larger viruses, such as megaphages, as well as temperate or persistent viral infections [80]. Ideally, combining viral
enrichment methods with total metagenome sequencing would provide a more comprehensive view of gut viral communities.
However, few studies adopt this dual approach, often resulting in incomplete virome profiles. This issue is particularly
pronounced in infant studies, where the low biomass in fecal samples further complicates the detection of microbial
populations and often leads to high contamination [81,82]. In addition, sequencing depth plays a critical role, as insufficient
depth can limit detection of low-abundance viral populations, reduce assembly quality, and bias the estimation of viral
diversity, making comprehensive virome characterization more difficult. Simulation studies in microbial communities have
shown that increasing sequencing depth improves genome recovery and community resolution, highlighting the importance
of high-throughput sequencing for accurate metagenomic analyses [83].

In addition to challenges in virus isolation and recovery, accurately identifying viral genomes from sequencing data
represents an additional hurdle. Unlike bacteria, which can be studied using conserved genetic markers like 16S rRNA, viruses
lack universal markers, making their identification, classification, and analysis more challenging [84]. An overview of the
computational tools developed to address these challenges and enable comprehensive characterization of viral genomes is
provided in Table 1 [85-113]. Several tools have been developed in recent years to identify viral genomes within complex

metagenomes. These fall into three main categories: alignment-free or deep-learning-based methods (e.g., DeepVirFinder
[85], Seeker [86]), which use machine learning to detect viral signatures based on sequence features; gene-based methods that
rely on comparison or alignment to reference databases to identify viral protein markers (e.g., VirSorter2 [87], VIBRANT
[88]); and hybrid methods that combine these approaches for improved accuracy (e.g., geNomad) [89]. Further, increasing
efforts have been made to facilitate viral profiling from metagenomes by integrating it with bacterial profiling methods to
enable more comprehensive microbiome analyses [90,114] and develop uniformly processed public gut viral databases that
compile viral genomes from multiple metagenomic studies and public repositories [5,115-117]. Despite these efforts,
metagenomic studies have revealed that a high proportion of the viral sequences in the infant gut show no similarity to known
viruses [60,71,72,118,119], highlighting the vast unexplored diversity of the infant virome and its underrepresentation in
existing viral databases.

The rapid discovery of novel viruses through metagenomics, along with the need for a standardized, evolution-based viral
classification approach, has led the International Committee on Taxonomy of Viruses (ICTV) to adopt a genome-similarity-
based framework for viral taxonomy, integrating metagenomically discovered viruses into the official classification scheme
[120,121]. Newly developed computational methods now allow ICTV taxonomy to be assigned directly from genomic
sequences [91,92]. However, unlike bacteria, the rapid evolution of viruses and frequent horizontal gene transfer challenge
traditional taxonomic boundaries, complicating systematic analysis of the gut virome [122]. Ecology- or function-centered
approaches offer an alternative to address this by grouping viruses based on shared traits, such as virus—host interactions or
viral lifestyles (virulent or temperate) [93,94]. For instance, viral host prediction can significantly improve our understanding
of phage—bacteria dynamics and the ecological roles viruses play within the developing gut ecosystem [49,71]. Additionally,
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alignment-free approaches offer promising solutions. In particular, methods based on protein embeddings derived from
protein language models have been shown to improve viral protein annotation [95,96]. Complementing these approaches,
recent progress in protein structure prediction has enabled the creation of extensive protein repositories, such as the AlphaFold
Protein Structure Database [123] and the ESM Atlas [124], as well as virus-specific databases like the Big Fantastic Virus
Database [125], Viro3D [126], or the Viral AlphaFold Database [127].

Despite these advances, a substantial gap remains in our understanding of the actual functional activity of viruses in the
infant gut. Phage activity and phage—host interactions are highly dynamic, context-dependent, transient, and often spatially
heterogeneous, making them difficult to capture or study using metagenomic approaches. This gap is increasingly being
addressed using methods such as single-cell RNA sequencing (RNA-seq), which captures phage and host transcriptional
activity at the level of individual cells, revealing which viral genes are actively expressed in situ [128]. Techniques that link
phages to their bacterial hosts, such as viral tagging and high-throughput/resolution chromosome conformation capture (Hi-
C), provide complementary insights into host specificity and ecological interactions [129,130]. In addition, live imaging
techniques offer spatial and temporal visualization of phage replication and spread within living hosts, adding a dynamic
perspective on viral activity [131].

Taken together, progress in virome research will depend on continued development and standardization of laboratory and
computational frameworks. Current protocols for DNA isolation and sequencing in viromics introduce distinct recovery biases
that strongly shape downstream results [78,79]. Because these protocols also differ in cost and processing time, full
standardization may not be immediately feasible, but explicit reporting and awareness of methodological biases are essential.
Similar issues arise in bioinformatic pipelines, where diverse viral identification and analysis strategies limit comparability
across studies. In the coming years, the field is likely to benefit from unified, high quality viral reference databases that support
hybrid approaches that combine assembly-based and read-based detection, thereby improving the recovery and profiling of
rare and divergent viruses. In parallel, complementing virus-centric analyses with function-focused perspectives, such as
grouping viruses by shared accessory genes or predicted functional potential, may provide a more robust framework for
linking the virome to ecosystem dynamics. Finally, moving from association to mechanism will require the expansion and
broader use of experimental toolkits, including single-cell RNA-seq, Hi-C, live imaging techniques, and systematic culturing
of phages, ideally coupled with organoid and animal models to reveal how virome variation shapes gut ecology and function.
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Fig. 1. Challenges in studying the infant gut virome. This diagram illustrates the multi-stage challenges in studying the infant gut virome that
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standardized protocols. (b) Challenges in laboratory methods. The low biomass in intant tecal samples and high viral genomic diversity complicate
virus isolation. Most studies currently focus on dsDNA viruses, potentially overlooking ssDNA and RNA viruses that are relevant to infant health.
Viral enrichment methods enhance detection sensitivity but may miss larger viruses and temperate/persistent infections. (c) Challenges in data
analysis and interpretation. The absence of universal viral markers, the diversity of viral genome identification methods, and the vast unexplored
viral diversity all make systematic analysis of the infant gut virome challenging. Integrating viral taxonomy with ecological and functional
characterization will be essential to provide a better understanding of the virome’s role in early-life development and its potential impact on infant
health.

3. Early-life gut virome: dynamics, sources, and health implications

Despite the challenges in the field, a number of studies on the early-life human gut virome have provided insights into its
dynamics and composition (Table 2 [29,35,43,49,55,60,66,67,70,72,118,119,132-154]).

Table 1. Bioinformatic tools and resources for virome analysis.

Analysis Tool Last update Input data Algorithm/ Description and
category Computational approach source

Seeker v1.0.3 DNA sequences (FASTA), Long short-term memory Trained to

Virus [86] (2020) typically ~ contigs  from recurrent neural network, distinguish phage vs

identification metagenomic data alignment-free method bacterial DNA

without needing

similarity to known
genomes, gives a
“phage score” per

fragment and
averages over
fragments

DeepVirFinder v1.0 (2020) DNA sequences (FASTA), Deep learning, convolutional Alignment-free viral
[85] typically  contigs  from neural networks (CNN), k-mer contig classifier
metagenomic data features, motif extraction using CNNs trained

on k-mer motif

signatures, outputs

score + p-value per

sequence
VIBRANT v1.2.1 (2020) (Meta)genomic Neural network (multi-layer Automated recovery
[88] contigs/assemblies (FASTA) perceptron) on protein annotation and annotation of
(DNA or RNA) signatures, similarity-based viral genomes
(hidden markov model (HMM)) determines genome
features, v-score metric completeness,
excises  integrated
proviruses, and
identifies  auxiliary
metabolic genes
(AMGs) for
functional
characterization
VirSorter2 v2.2.4 (Meta)genomic HMM-based feature extraction, Modular pipeline
[87] (2023) contigs/assemblies (FASTA) random forest classifiers trained that detects diverse
(DNA or RNA) per viral group viral sequences

(dsDNA,  ssDNA,
RNA, NCLDV,
virophages),  trims
host regions, and
outputs viral scores
per sequence

VIRity v3.1.0 Metagenomic or HMMs (profile HMMs) for virus-  Pipeline to detect,
[97] (2025) metatranscriptomic  contigs  specific protein domains, annotate, and




Phanta
[90]

geNomad
[89]

vRhyme
Virus [98]
binning/contig
extension

PHAMB
[99]

COBRA
[100]

vL.L1
(2025)

2025
w1.11.2)

v1.1.0 (2022)

v1.0.1(2022)

v1.3.0 (2025)

LA AN VU v U pIU T iues

for assembly

Metagenomic reads

(FASTQ)

Whole
metagenomes,
metatranscriptomes
(FASTA)

genomes,

Viral  scaffolds/ contigs
(FASTA), coverage profiles
across samples

Viral contigs from
metagenomes/metaviromes
(FASTA)

Assembled contigs/scaffolds
(FASTA), coverage table,
read mapping (BAM/SAM)

CAAULL U VVILIY AAivalva AEEv0

Read classification using
Kraken2/Bracken with a curated
viral database, abundance
estimation, viral-bacterial
integration detection

Hybrid classification framework:
IGLOO-based neural network
classifier + marker-based
classifier ~using informative
protein markers

Supervised machine learning
(neural networks + decision
trees), read coverage variance,
network clustering,
protein-redundancy scoring

Deep learning metagenomic
binning algorithm (VAMB),
paired metagenome/metavirome
features, random forest classifier
for viral bin identification

De Bruijn
reassembly,  contig  overlap
detection, paired-read linkage,
coverage comparison

graph-based

Ve vontigs
(including
prophages),  using
curated viral protein
models (ViPhOGs)

Reference-based

pipeline for
identifying and
quantifying viruses
from metagenomic
reads supports
abundance profiling
and detection of
integrated prophages

Identifies viral and
plasmid  genomes,
detects integrated
proviruses, annotates
sequences via marker
proteins, and assigns

up-to-date ICTV
taxonomy

Constructs viral
metagenome-
assembled genomes
(VMAGS) by
grouping contigs
with similar coverage
patterns and

nucleotide features,
and refines bins
using  viral-specific
features such as low
redundancy of
proteins

Bins viral genomes
directly from bulk
metagenomic  data,
and groups them into
taxonomic viral
populations, which
also helps infer viral-
host interactions

Extends and joins
fragmented viral
contigs to improve
genome
completeness  and
contiguity,
potentially forming
circular ~ genomes,
and solves assembly
breakpoints by
analyzing end
overlap and read-pair
information




CheckV

Qu
assessment
Vcontact2
Taxonomic [102]
assignment
PhaGCN2
[103,104]
VITAP
[91]
taxmyPhage
[92]
CHERRY
Host [105]
prediction
iPHOP
[93]

v1 0322024\

v0.11.3
(2022)

v2.3.0 (2024)

v1.7.1 (2025)

v0.3.4 (2025)

2023

v1.4.1 (2025)

Viral contioe or comnlete

metagenomes or isolates

Viral protein  sequences
(FASTA), gene-to-genome
mapping file
Viral genome sequences
(FASTA)

Viral genome sequences or
contigs (FASTA)

dsDNA bacteriophage
genomes (FASTA)

Viral genomes (FASTA)

Viral contigs or genomes
(viruses of archaea or
bacteria) (FASTA)

Reference-haced comnarican  to

to identify viral genes, and
genome termini analysis

Gene-sharing network, protein
clustering, similarity-based
clustering, network propagation

Graph convolutional networks
(GCN),  protein  clustering,
sequence feature embeddings,
and supervised learning

Alignment-based protein scoring,
weighted cumulative taxonomic
scoring, graph-based taxonomic
path selection, and automated
ICTV database updates

MASH-based similarity search
against ICTV-classified genomes,
BLASTn intergenomic similarity
calculation

Graph-based model
protein-organization
sequence similarity, clustered
regularly  interspaced  short
palindromic repeats (CRISPR)
matches, and k-mer features,
GCN encoder + link-prediction
decoder

using
similarity,

Sequence similarity, CRISPR
spacer matching, k-mer frequency
correlation, probabilistic scoring

Detecte and remaoves

108t
contamination,
estimates viral
genome
completeness,
classifying
sequences as:
complete, high
quality, medium
quality, or low
quality
Classifies viral
genomes into viral
clusters based on

shared gene content,
and infers taxonomic

relationships  across
viruses

Predicts viral
taxonomy using
graph-based  deep

learning, uses protein
similarity networks,
and sequence
features to assign
viral genomes to
taxonomic groups

Classifies DNA and
RNA viral sequences
up to genus level,
providing confidence
levels for each
assignment, and
automatically
updates ICTV-based
reference database

Classifies ~ dsDNA
phage genomes at
genus and species
levels using updated
ICTV taxonomy

Predicts prokaryotic
hosts for viruses
(phylum to species).
Integrates  multiple
evidence types in a
unified graph model
to improve host-
prediction accuracy

Assigns potential
hosts to viruses of
archaea and bacteria

using multiple
evidence sources,
including CRISPR
matches and
sequence

composition, and
outputs  confidence

scores for predictions




Phage
Lifestyle
prediction

Functional
annotation

BACPHLIP
[94]

PhaTYP
[106]

Pharokka
[107]

VPF-PLM
(93]

PHOLD
[108]

Empathi
[96]

v0.9.6 (2020)

v0.3.0 (2023)

v1.8.2 (2025)

v1.0 (2023)

v1.1.0 (2025)

v1.0.6 (2025)

Bacteriophage genomes
(FASTA)
Bacteriophage genomes
(FASTA)

Viral contigs or complete

genomes (FASTA)

Viral protein  sequences
(FASTA)

Phage genomes (FASTA,
GenBank)

Viral protein  sequences

(FASTA). Comma-separated
values (CSV) file of protein
embeddings

Random forest classifier, protein
domain presence/absence.

Contextualized protein
embeddings using BERT, a deep
learning classifier

PHANOTATE or Prodigal for
CDS prediction, mmseqs2 and
PyHMMER protein searches,
PHROGs-, CARD-, and VFDB-
based functional assignment,
tRNAs predicted with tRNAscan-
SE 2.0, tmRNAs with Aragorn,
CRISPRs with CRISPR
recognition tool (CRT)

Protein language models (PLMs),
embedding-based classification,
multi-class predictive model

Protein  structural alignment,
ProtT5 embeddings, Foldseek,
large phage protein structure
database

Protein language model
embeddings (ProtT5), support
vector machine (SVM)-based

hierarchical binary classification,
and PHROG-derived functional
ontology

Predicts
bacteriophage
lifestyle (temperate
vs virulent) based on
conserved  protein
domains

Predicts
bacteriophage
lifestyle (temperate
vs virulent) based on
BERT-based
contextual
embeddings for
protein composition
and associations

Predicts CDS,
tRNAs, tmRNAs,
and CRISPRs,
assigns protein

functions using the

PHROGs database,
and identifies
virulence and
antimicrobial

resistance genes via
VFDB and CARD

Uses pretrained
protein language
models to embed
viral proteins and
classify their
function.  Captures
remote  functional
homology  beyond

sequence similarity

Annotates phage
proteins using
structural
information and
embeddings
Predicts phage
protein functions
using ProtT5 protein
embeddings, It
assigns proteins to
newly defined
functional groups

better suited for ML-
based predictions




ViraProfiler vN 2 5 (2023)  Metacenomic reade  Madnlar nineline: read analitv_ FEnd-to-end _maodylar
Inte iral
pipelines (metaSPAdes), viral contig metagenomics:
identification (VirSorter2, performs assembly,
VIBRANT, DeepVirFinder, quality control (QC),
CheckV), binning (vRhyme or viral discovery,
phamb), gene function annotation annotation (AMGs,
(DRAM-v, EggNOG, abricate), gene function),
viral lifestyle prediction lifestyle and host
(BACPHLIP, Replidec), prediction,
taxonomy assignment taxonomic
(vConTACT2, MMseqs2), host assignment, and

prediction (iPHoP), visualization

result visualization

ViWRAP v1.3.1(2024)  Metagenomic assemblies and Modular integration of multiple Integrated pipeline
[110] reads (FASTA/FASTQ) tools: wvirus identification and for viral metagenome
annotation (VIBRANT, analysis, providing
VirSorter2, DeepVirFinder), identification,
virus binning (vRhyme), binning, clustering,
clustering (vConTACT2, dRep), taxonomy, genome
taxonomy classification (NCBI quality, host
RefSeq, VOG HMMs, IMG/VR  prediction, and
v4), genome quality assessment summary
(CheckV), host prediction  visualizations
(iPHoP)
MVP v.1.1.4 (2024) Sequencing reads (FASTQ) Integrated pipeline: viral genome End-to-end modular
[111] and metagenomic recovery (geNomad), quality viromics  pipeline:
contigs/assemblies (FASTA) assessment  (CheckV), viral identifies viruses and
operational ~ taxonomic  unit proviruses, assesses
(vOTU) clustering (ANI-based), genome quality,
read mapping clusters viral contigs,
(Bowtie2/minimap2), functional annotates genes and
annotation (PHROGs, Pfam, AMGs, predicts viral
DRAM-v), viral binning lifestyle, generates
(vRhyme), host  prediction coverage tables, and
(iPHoP), abundance and supports public
summary generation database submission
PhaBOX v2.1.13(2025) Viral genome sequences Integrates multiple specialized Comprehensive viral
[112] (FASTA) with/without tools: ~ PhaMer for phage genome analysis
metagenomic reads identification, = PhaGCN  for pipeline for
taxonomy classification, detection,
CHERRY for host prediction, classification, host
PhaTYP for lifestyle prediction, prediction, lifestyle
and PhaVIP for viral protein annotation,
annotation functional
annotation, and
phylogenetics
Hecatomb v.1.3.4 (2025) Short- and long-read Four-module workflow: (1) read Pipeline performing

[113]

metagenomic data (FASTQ)

QC, contaminant/host removal
(fastp/BBTools, Minimap2) and

read filtering and
annotation,

clustering, (2) MMseqs2 tiered metagenomic
annotation, (3) per-sample and assembly, contig
merged assembly taxonomic
(MEGAHIT/Canu + Flye), (4) annotation, and

contig-based  annotation and
abundance estimation (MMseqs2,
BBMap)

abundance profiling.

Table 2. Overview of sequencing-based gut virome studies. In the fourth column, “N” denotes the number of subjects and “S” indicates the number
of samples. Only sequenced samples are included in this count. *Breitbart et al. [43] used PCR and microarray techniques to longitudinally analyze
the infant gut virome. ** Yinda et al. [143], only samples collected from children aged 0-3 years were counted. VLP: viral-like particles
(sequencing), MGS: metagenomic sequencing.
Study VLP/ Country (participants)

N Inf (S Term/ Timepoints  Design Main findings on the infant gut




MGS

Tnf: N

Mo)

nreterm

(infante

virome

VLP USA

Breitbart et al.
2008 [43]

VLP Finland

Kramna et al.
2015 [132]

VLP Malawi

Reyes et al.
2015 [133]

VLP USA

Lim et al
2015 [134]

VLP

Zhao et al.
2017 [135]

Finland/Estonia

MGS Italy

Asnicar et al.
2017 [136]

MGS

Olm et al
2017 [137]

USA

MGS Italy

Duranti et al.
2017 [138]

VLP
McCann et al.
2018 [139]

Ireland

VLP USA

Pannaraj et al.
2018 [140]

1(1); —

38 (114);

40 (222);
9(9)

8 (40); —

22 (220);

5(8);5(8)

2(37); —
25 (48);
21(21)

20 (20);

10 (10);
10 (10)

Full-term

Not specified

Not specified

Not specified

Not specified

Not specified

Preterm,
gestational age:
<30 weeks

Not specified

Full-term

Full-term

1 week

Longitudinal*

3, 6, and 9 Longitudinal

months

0-30 months  Longitudinal

0,3,6,12,18, Longitudinal

and 24

months

0-36 months Longitudinal

3, 5, and 10 Longitudinal/

months

0—1 months
7 days,
month

1 year

0 month

1

Cross-
sectional

Longitudinal

Longitudinal

Cross-
sectional

Cross-
sectional

* Infant gut virome dominated by
bacteriophages

* Most prevalent fecal viruses not
derived from breast milk or
formula, suggesting a non-dietary
origin

* Infant gut virome changes
dramatically during the first 2
weeks

* No association between virome
composition and islet
autoimmunity

* Gut virome development
disrupted in children with severe
acute malnutrition and not
corrected by therapeutic
interventions

* Anelloviridae and Circoviridae
distinguish malnourished children
from healthy ones

» Gut virome more similar
between co-twins than between
unrelated individuals

* Eukaryotic virome expands
while phage virome contracts and
shifts in composition during the
first 2 years

¢ Children with autoantibodies
associated with type 1 diabetes
(T1D) have less diverse gut
viromes than children without
autoimmunity.

* Higher prevalence and
abundance of Circoviridae in
controls compared to cases

« Disease-associated phage
correlated with abundance of
Bacteroides and Bifidobacterium
contigs

* Enterobacter and Shigella
phages most prevalent

* Pepper mild mottle virus present
and very abundant in 2 of the 5
infant pairs

* Phage blooms shift microbial
composition in the infant gut

« Bifidophages vertically
transmitted from mother to infant

* Infants born via Cesarean
section have lower alpha diversity
and a distinct virome compared to
infants born via spontaneous
vaginal delivery

* The majority of viruses in the
infant gut virome are
bacteriophages

« Different virome composition in
infant stool and maternal milk

« A significant portion of viruses




Aiemjoy et al.
2019 [141]

Magsood et al.
2019 [142]

Yinda et al.
2019 [143]

Vehik et al.
2019 [144]

Gregory et al.
2020 [29]

Liang et al.
2020 [35]

Lindfors et al.
2020 [145]

Taboada et al.
2021 [146]

Beller et al.
2022 [60]

VLP

VLP

VLP

MGS

VLP

VLP

MGS

MGS

VLP

Ethiopia

USA

Cameroon

USA, Germany, Sweden,

Finland

USA, Ireland

USA

USA, Germany, Sweden,
Finland

Mexico

Belgium

269 (269); Not specified

50  (50); Full-term
27 (27)
80

(80); Not specified
%

*

495 Not specified
(12034);
27  (68); Not specified

166 (206); Full-term

166
(1507); —

Not specified

3 (35); — Full-term

8(8); — Full-term

0 months-5

years

0 month

0-89 years

3 months—
4 years

0 month—
2 years

0, 1, 3, 4
months; 2-5

years

3 months—

2 years

2 weeks—
1 year

0-12 months

Cross-
sectional

Cross-
sectional

Cross-
sectional

Longitudinal

Longitudinal

Longitudinal/
Cross-
sectional

Longitudinal

Longitudinal

Longitudinal

chared with maternal milk

« Stool consistency correlates
with virome composition

* Children with watery stools had
higher viral diversity

* Norovirus GII, Aichivirus A,
and adeno-associated virus 2
more abundant in children with
loose or watery stools

* 15% of infant virome shared
with maternal virome

* Viromes of infant twin pairs
more similar to each other than to
unrelated infants

¢ Mother—infant virome
sharedness not impacted by
delivery route

* Picobirnaviruses less abundant
in infants and children

* Anelloviridae more prevalent in
children and the elderly

* Prolonged shedding of
enterovirus EV-B serotype
correlates with islet autoimmunity
« Early-life infection with HAdV-
C associated with a decreased risk
of islet autoimmunity and T1D

« Infant gut virome diversity
highest at birth and declines over
the first 2 years of life

» Most gut viruses are temperate
bacteriophages

* Prophages, induced from the
bacteria and vertically transmitted
from mother to infant, provide the
predominant population of VLPs
* Virome composition shaped by
feeding mode (breastfeeding vs.
formula feeding)

* Human viruses more abundant
in exclusively formula-fed infants

* Frequent exposure to
enterovirus between ages 1 and 2
is associated with celiac disease

* Eukaryotic virome abundance
and richness significantly
increase from 6 to 12 months of
life

* Most detected viruses were from
six bacteriophage families,
including five from the
Caudovirales order

* Infant gut virome is highly
individual-specific (70.5% of
phages infant-specific + only
7.8% present in > 50% of infants)
« Infant gut virome shows rapid
increase in richness and
decreasing proportion of
temperate phages during the first
year of life

* Phages show temporal
correlations with their hosts




VLP USA
Kaelin et al.
2022 [147]

VLP China
Li et al. 2023
[148]

VLP Denmark
Shah et al
2023 [72]

VLP USA
Walters et al.
2023 [149]

VLP Denmark
Leal

Rodriguez et
al. 2024 [67]

VLP Netherlands

Garmaeva et
al. 2024 [70]

23 (138); Preterm,
— gestational age:
<27 weeks

90 (90); Not specified 0 month,

— years

647 (647); Not specified 1 year

53 (454); Not specified 0 months—
53 (233) 3 years

647 (647); Not specified 1 year

32 (89); Full-term

0-11 weeks

Longitudinal

5 Cross-
sectional

Cross-
sectional

Longitudinal

Cross-
sectional

1,2, 3,6, and Longitudinal
30 (116) 12 months

o Infection rate with

ses
dramatically increased upon
entering daycare, but rarely
caused clinical manifestations
* Infant gut virome harbors plant
viruses and phages of
Lactococcus, which is used in
dairy production

« Infant gut virome is individual-
specific, showing lower within-
individual distances than
between-individual distances

* Virome beta-diversity in infants
who developed NEC reduced 10
days prior to NEC onset

* No change in richness and
Shannon diversity over time in
preterm infants

* 137 viral sequences associated
with NEC 10 days prior to NEC
onset

* Infants have lower diversity and
a distinct composition compared
to 5-year-old children

* Discovered 232 previously
unknown viral family-level clades
belonging to Caudoviricetes class
» Temperate phages dominate gut
virome of infants

* Virulent phages more abundant
in one-year-old infants, temperate
phages more prevalent and
diverse

« Skunaviridae phages infecting
Lactococcus (used in dairy
products) were the most abundant
family in infants

* Human host virome prevalent in
infants but not mothers

« The infant phageome, but not
the eukaryotic virome, resembled
adult-like state by age 3

« Infant gut virome richness and
abundance increase over time

« Early life virome development
is shaped mainly by
environmental rather than
maternal exposure

* 19 viral families, mainly
infecting Faecalibacterium and
Ruminococcus, had decreased
abundance in children who
subsequently developed asthma
» Asthma risk score calculated
based on virome composition
independently predicted asthma
occurrence in children

* Virome-asthma risk score was
associated with the transient
asthma phenotype and the infant’s
TLRO rs187084 variant

* Phages are vertically co-
transmitted from mothers to
infants together with their
bacterial hosts

« Infant gut viromes have a higher




MGS Belgium, USA, Finland, 2969

Zheng et al. & Ireland,

New Zealand, Singapore,

2024 [118]
Sweden,
UK, Russia,
Luxembourg
MGS South Africa
Byme et al.
2024 [150]
VLP Kenya
Magsood et al.
2024 [151]
MGS USA

Lou et al
2024 [119]

VLP Denmark

Redgwell et
al. 2025 [66]

69 (69);

72 (147);
63 (159)

52 (735);
42 (34)

647 (647);

MGS USA, Germany, Sweden, 887

Tisza et al Finland

2025 [49]

(12,262);

Full- 0-3 years

Denmark, (8130); — term/preterm
VLP Cameroon, Estonia, Italy,

Full-term 4 weeks

Not specified
15,18, and 21
months

Full- 0-3 years

term/preterm,

gestational age:

<34 weeks

Not specified 1 year

Not specified ~ 0—4 years

Longitudinal/

Cross-
sectional

Cross-
sectional

1,2, 3, 6, 12, Longitudinal

Longitudinal

Cross-
sectional

Longitudinal

ahundance of activelv rPn]ir‘n'ring
)
adult gut viromes, and this
decreases over the first year of
life
* Feeding mode (breastfeeding vs.
formula feeding) and place of
delivery influence infant gut
virome composition
 Formula-fed infants have a
higher abundance of actively
replicating temperate phages

* Created an early-life human gut
virome catalog spanning 82 141
species-level vOTUs

* During the first 3 years, infant
gut virome richness gradually
increased, while the proportion of
temperate phages gradually
decreased

* Delivery mode, gestational age,
and feeding mode influence infant
gut virome composition

* Infant gut virome and
bacteriome show a correlation in
abundance and diversity

* Uninfected but exposed to HIV
infants (nHEU) had an altered gut
virome compared to unexposed
infants

* Virome features in nHEU were
associated with inflammation

« Infant gut virome changes are
driven by age and not impacted
by SARS-CoV-2 infection

« Infant gut virome diversity
resembles adult by age 3

» Approximately 9% of phages
persist over time, most
transmitted from the mother

* Phages with stop-codon
reassignment showed increased
persistence

« Phages with diversity-
generating retroelements
increased with age

* Infant gut virome is individual-
specific and does not have a
typical core, with the most
prevalent vOTU detected in
~70% of samples

* The Hanky P00’ phage-related
cluster, which infects Bacteroides
and carries diversity-generating
retroelements and genes involved
in capsular polysaccharide
synthesis, was the most dominant
in the cohort

» Most prophages identified were
induced, with no environmental
exposures influencing them

* Type 1 diabetes linked to a
slower shift in bacterial and viral
community composition in
children between age one and two
* Phage populations unique to
each individual, but their




MGS Netherlands
Fernandez-
Pato et al
2025 [55]

VLP Denmark

Zhang et al.
2025 [152]

VLP China
Ren at al
2025 [153]

MGS USA
Subramanian
et al. 2025
[154]

28 (172); Full-term 1-6 weeks; 6, Longitudinal

23(23) 12 months
647 (647); Not specified 1 year Cross-
- sectional
107 (107); Preterm, 1 week Cross-
— gestational age: sectional
26.9-36.9
weeks

55(272) Notspecified 1-2days, 2, Longitudinal
6, 12, and

24 months

ecolnoical ancececcion natterna

* Phage data incorporation
enhanced machine learning
models in the ability to
distinguish samples by country

* Infant gut virome is individual-
specific and shows temporal
stability during the first 6 weeks

» Formula-fed infants show higher
richness and distinct virome
composition compared with
breastfed infants

* Mother—infant sharing of
specific gut viral strains is limited
in the first months and increases
only after 6 months

* Virome composition differs by
early-life environment, mainly
with older siblings and urban vs
rural residence

* Dietary factors (maternal fish oil
supplementation and egg
introduction) associated with
distinct virome patterns

* Phage abundances co-varied
with their bacterial hosts, and
some environmentally associated
phages carried metabolic genes

* In preterm infants, higher
virome (but not bacterial)
diversity and distinct virome
profiles are linked to higher risk
of early onset anemia

« Enrichment of Circoviridae, an
uncultured Caudoviridae phage,
and depletion of certain CRESS
viruses are associated with higher
risk of neurodevelopmental delay
* Geobacillus virus Tp84 linked
to lower risk of neuro-
developmental delay but higher
risk of early onset anemia

» Compared to Cesarean-
delivered infants, vaginally
delivered infants have higher gut
viral diversity at 2 months and a
distinct virome up to 12 months,
with different predicted bacterial
hosts and more AMGs
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viral-like particles (VLPs) detectable in the first days of life [35,43]. Although some studies report that virome diversity peaks
at birth [29,134,142] and declines during the first years of life [29,134], most studies agree that the early-life virome is
characterized by low diversity, which is followed by a steady increase with age [35,60,70,148,149]. Similarly to the adult gut
virome, the expanding infant gut virome is dominated by bacteriophages [35,37,70]. Studies have shown that the phage
component of the gut virome reaches an adult-like state by the age of three [96,149]. However, even though eukaryotic virus
diversity declines with infant age, it remains higher in three-year-olds compared to their mothers, suggesting that virome
maturation is still ongoing at this age [149].

Another key feature of early-life gut virome dynamics is a higher fraction of actively replicating temperate phages when
compared to maternal viromes [29,70]. Most bacteriophages exist in either a lytic cycle, where they infect and lyse their
bacterial hosts, producing VLPs, or a lysogenic cycle, where they integrate into bacterial DNA and replicate with their hosts.
Phages capable of switching between these cycles tend to favor lysogeny in the adult gut environment [70,157-159]. In
contrast, the infant gut virome has a higher proportion of temperate phages that peaks a few weeks after birth and then declines,
but remains elevated at one year [70,72]. This abundance of temperate phages likely reflects unique bacteria—phage dynamics
in the newly colonized infant gut, possibly driven by phages responding to bacterial stress [160] and mediated by various
factors, including diet [70,161].

The source of the initial viral seeding remains a topic of debate. Some studies claim that the infant gut virome is primarily
shaped by the environment [149], while others report mother—infant virus sharing starting right after birth [142] and
continuing throughout the first years of infant life [70,96]. Temperate phages have been shown to be pioneering colonizers of
the infant gut [35] and to be transmitted from the maternal gut in the form of prophages integrated into the genomes of host
bacteria [70], with subsequent induction upon bacterial seeding [35,70]. Additionally, both lytic and temperate viral strains
have been shown to co-transmit with their bacterial hosts from mother to infant, further highlighting the role of the maternal
microbiome as a key source of the infant gut virome [70].

A shared environment with other individuals also plays a crucial role in virome development. For example, Beller et al.
[60] reported a rapid expansion of eukaryotic gastroenteritis-associated viruses in infants after entering daycare, suggesting
active viral transmission in communal settings. Another confirmation of the importance of shared environment for infant gut
virome development comes from twin studies showing that twins’ viromes are similar in infancy [133,134] but not adulthood
[162]. Diet can also serve as a source for the infant gut virome, although it is likely to be a transient source that does not result
in long-term colonization. Studies have documented the acquisition of plant viruses [60,149] and phages from industrial
bacterial strains used in dairy products [60,72], both of which appear in the infant gut following solid food introduction,
suggesting a dietary origin.

Beyond the sources of the early-life virome, factors influencing its development have also been identified. A study by
McCan et al. [139] found lower viral Shannon diversity and distinct composition in one-year-old infants born via Cesarean
section compared to those born via vaginal delivery. While one might argue that these changes reflect differences in bacterial
microbiome composition, research shows that such shifts occur in the infant gut virome independently of bacterial dynamics,
suggesting distinct virome signatures [139]. Similarly, several studies have shown that the location of delivery (home vs
hospital) [70] and feeding mode (breastfeeding vs formula feeding) [35,70] also affect gut virome dynamics in early life.
Several studies have indicated that formula-fed infants exhibit higher viral diversity than breastfed infants, with elevated
prophage induction levels [70] and an increased number of eukaryotic viruses [35]. The latter difference is thought to stem
from the protective role of breast milk and its immune-modulating components, such as maternal antibodies [35]. Additionally,
it was hypothesized that formula feeding components might trigger induction of prophages [70] in the same way that other
dietary components were shown to induce prophages [161], although additional evidence is needed to validate both hypotheses.

While being influenced by various factors and exposures, the gut virome has also been shown to affect its human host in
multiple ways. These include direct infection by eukaryotic viruses, modulation of bacterial populations by bacteriophages,
and direct interaction of bacteriophages with the host immune system [64,65,163,164]. These interactions are hypothesized
to play a role in various diseases, as growing evidence suggests associations between the composition of the infant gut virome
and several conditions, including necrotizing enterocolitis (NEC) [147], asthma [67], and autoimmunity [49,144].

NEC is a leading cause of death among preterm infants, with an incidence of 2%—7% and a mortality rate of around 30%
in infants weighing less than 1500 grams at birth [147,165]. While numerous studies have explored microbiome associations
with NEC onset and progression [166—169], recent evidence suggests a role for the gut virome in its development [147]. A
study by Kaelin et al. [147] that included longitudinal sampling of nine infants who developed NEC and 14 matched controls
found that the viromes of the affected infants converged toward higher similarity approximately 10 days before onset. Kaelin
et al. [147] also identified 137 viral contigs associated with NEC onset within this timeframe. To elucidate the functional
importance of the gut virome in NEC development, Offersen et al. [170] used a preterm piglet NEC model in which VLPs
were isolated from donor fecal filtrate and transferred to susceptible recipients. Results showed that fecal virome transfer
(FVT) alone was sufficient to lessen NEC-like intestinal injury and lowered the relative abundance of NEC-associated bacteria,
including Klebsiella pneumoniae and Clostridium perfringens.

Other important links have been identified between the gut virome and predisposition to asthma. Asthma is the most
common chronic lung disease, affecting millions of children worldwide, and its onset is influenced by environmental, genetic,
and immune factors [171-173]. Recent research suggests there is an association between the virome component of the gut
microbiome and asthma development [174,175]. A study of 647 one-year-old found that specific virome features were linked
to the later onset of asthma [67]. Notably, the abundances of 19 asthma-associated viral families, primarily infecting
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(TLR9) rs187084 variant, suggesting direct interactions between phages and the child’s immune system. Phages have also
been reported to directly interact with TLR9, involved in antiviral response in inflammatory bowel disease in adults [176],
thereby activating both phage-specific and non-specific immune responses.

The infant gut virome has also been associated with the development of autoimmune diseases, including type 1 diabetes
(T1D) and celiac disease. A study by Tisza et al. [49] showed that children who eventually developed T1D exhibited a reduced
rate of change in their gut viral and bacterial communities between 400 and 700 days of life, compared to those who did not
develop the disease. This period of decreased microbial community dynamics preceded the average age of T1D diagnosis,
which was approximately 2.4 years [49]. Several studies have found links between specific eukaryotic viruses and these non-
communicable diseases [144,145]. Notably, exposure to enterovirus between ages 1 and 2 was associated with celiac disease,
while prolonged shedding of the Enterovirus-B serotype correlated with islet autoimmunity [144,145]. Conversely, early-life
infection with Human Adenovirus-C was linked to a decreased risk of islet autoimmunity and T1D [144]. These findings
highlight the significance of eukaryotic viruses in non-communicable disease development, although the exact mechanisms
remain unclear.

Together, these findings show that the infant gut virome is a dynamic community shaped by multiple factors, and early-life
viral changes may contribute to diseases such as NEC, asthma, T1D, and celiac disease. The results of current studies may
also help identify at-risk infants and guide future preventive and therapeutic virome-based interventions. Although these
studies provide important insights into human gut virome development, they are largely descriptive and require mechanistic
validation in experimental systems, especially to establish causal relationships between specific viruses, their bacterial hosts,
and infant health. The interaction of bacteriophages with the human host represents a particularly important direction for
future studies, since phages may influence host cells, not only by modulating bacterial populations and metabolism, but also
by crossing epithelial barriers and interacting directly with gut and immune cells [177-179]. However, to clarify the role of
phages in shaping infant health and immunity, the current association-based metagenomic approaches need to be
complemented with additional methods.

Existing studies focused on translational virome research might offer useful conceptual and technical guidance on
approaches to study the infant gut virome, including FVT and phage-focused interventions that show functional effects on
metabolism, pathogen colonization resistance, and immune responses in animal models and early clinical settings
[170,180,181]. Moving forward, integrating infant-derived viral communities with intestinal organoids, gnotobiotic animal
models, and synthetic communities, together with targeted in vitro studies of disease-associated viruses, will help the field
move beyond associations toward defining viral functions that cannot be inferred from sequence data alone.

4. Conclusions

Compared with studies of the bacteriome, far fewer studies to date have examined the gut virome, even though viral
communities are similarly abundant and, at the same time, considerably more variable and individual-specific. Current virome
research offers only limited insight into its functional role and sometimes lacks reproducibility, largely due to technical
challenges and the need for large longitudinal cohorts for association studies, which are not always feasible. Although
pipelines for virome analysis have advanced rapidly in recent years, with multiple tools and databases now available,
substantial methodological challenges remain. Further development, eventual standardization, and integration with
complementary approaches will be essential to move the field beyond associations toward mechanistic understanding.

Existing studies already provide valuable insights into early-life virome composition and dynamics, the origin of infant gut
viruses, and the environmental factors shaping virome development. They also highlight that viral composition often mirrors
the bacterial profile, underscoring the tight interactions between viruses and bacteria in the infant gut. This interdependence,
however, adds complexity when disentangling bacterial versus viral contributions to health outcomes. On the other hand,
evidence on the direct impact of viruses on infant health is emerging. In addition to the capacity of human viruses to modulate
immunity through host-cell infection, the interaction of bacteriophages with innate immunity through Toll-like receptors and
their associations with immune-mediated diseases like T1D raise an important question: To what extent do viruses in the
infant gut influence and shape infant immune development?

While the gut virome field is in its infancy, it holds large potential for health practices. Bacteriophages have the ability to
mediate microbiome composition and might be used as alternatives to prebiotics and antibiotics, offering insights into the role
of gut viruses and viral—bacterial dynamics in gut ecosystem development and health improvement.
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