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Abstract
Copyright ©The authors 2025 The human respiratory tract virome is an underexplored component of the microbiome that includes
eukaryotic viruses, bacteriophages and archaeal viruses. The respiratory virome represents a dynamic and
heterogeneous ecosystem, shaped by host, environmental and microbial factors. Advances in metagenomic
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and chronic respiratory diseases, including acute respiratory infection, asthma, COPD, cystic fibrosis and
Received: 20 Dec 2024 bronchiectasis. While each condition is distinct, they share features of airway inflammation and immune
Accepted: 23 July 2025 dysregulation where the virome may act as a modifier or marker. Across these syndromes, emerging
evidence highlights the consistent detection of respiratory viruses including potential commensals, such as
Anelloviridae, and the often-overlooked role of bacteriophages. We also discuss the concept of viral dark
matter, where large proportions of sequence data remain unclassified, potentially representing novel viral
taxa. Technical and conceptual challenges are evaluated, alongside recent methodological innovations such
as meta-transcriptomics and viral enrichment protocols. We outline how standardised, multi-omic and
longitudinal approaches are urgently needed to clarify the virome’s functional role, interactions with
immunity and microbial communities and its utility as a biomarker or therapeutic target.

Literature review methodology
Literature searches were conducted in PubMed to include articles available up until September 2024.

» @ »

Search terms included “metagenomic next generation sequencing”, “viral metagenomics”, “microbiome”,
“virome”, “virobiota”, “lung”, “respiratory tract”, “nasopharyngeal”, “sputum”, “bronchoalveolar lavage”,
“chronic obstructive pulmonary disease”, “asthma”, “cystic fibrosis”, “pneumonia”, “bronchiectasis”,
“respiratory tract infection” and “acute respiratory infection”. Once identified, articles were reviewed to

determine relevance and bibliographies were searched for additional studies.

Introduction
The human microbiome refers to the diverse community of microorganisms, including bacteria, fungi,
archaea and viruses, which inhabit different anatomical sites of the body. Along with fungi (mycobiome)
and bacteria (bacteriome), the viral component of this ecosystem is known as the virome, see glossary of
terms, table 1. The virome includes eukaryotic viruses that infect human cells, viruses that infect bacterial,
fungal or archaeal hosts, and integrated retroviral elements, as well as viruses with nonhuman hosts, such
a as plant viruses, typically acquired through environmental exposure or diet [1-3]. The human virome is
5r_nC established from birth, is temporally dynamic [4, 5] and exhibits heterogeneity in abundance, diversity and
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composition between anatomical sites [6, 7]. The respiratory tract virome is impacted by environmental
factors including diet, geography, age, birth mode and breastfeeding [8, 9], see figure 1 [8-48].

Despite rapid advancements in lung microbiome research, studies of the respiratory virome remain scarce,
leaving gaps in our understanding of how viral populations interact with host immunity and microbial
communities in respiratory health and disease. Study of the virome in other body systems, such as the gut,
has preceded the respiratory tract. Alterations in virome composition or virome dysbiosis has been linked
to multiple diseases such as diabetes, inflammatory bowel disease and malignancy [49-51].

Although the concept of “sterile lungs” has long been disproven [52], our understanding of the respiratory
virome still lags behind that of the bacteriome. Traditional PCR technologies revolutionised our ability to
detect specific, known respiratory viruses, yet have largely reinforced a narrow focus on pathogenic viruses
such as influenza, respiratory syncytial virus (RSV) and coronaviruses [53, 54]. These viruses are clinically
important, contributing to both acute respiratory infection (ARI) and viral exacerbations of chronic lung
disease (CLD), but they represent only a fraction of the viral diversity present in the respiratory tract
[8, 10, 55-61].

Metagenomic next-generation sequencing (mNGS) enables untargeted detection of the full spectrum of
viral genetic material within a sample, revealing not only established pathogens but also commensal,
transient or latent viruses present during health and disease [60—63]. This broader lens has uncovered novel
and unexpected virome members, such as Anelloviridae, which are highly prevalent in healthy individuals
but of uncertain clinical significance [64-67]. Distinguishing between commensal and pathogenic
microorganisms is increasingly recognised as complex, given their ecological overlap and
context-dependent roles in health and disease [68, 69]. Metagenomic approaches have also highlighted
potential cross-kingdom interactions between viruses, other microbes and the host immune system, with
growing interest in how such interactions may modulate disease risk and outcomes [1, 11, 70-74].

The severe acute respiratory syndrome coronavirus 2 pandemic catalysed global investment in viral
surveillance and sequencing infrastructure [75-77], underscoring the importance of understanding not just

TABLE 1 Glossary of terms used in the text relating to the characterisation of the respiratory tract virome

Term Definition

Respiratory microbiome The community of all microorganisms, including bacteria, fungi, archaea and
viruses, and their genetic material, found in the respiratory tract

Virome The viral component of the microbiome

The collection of all viruses and their viral genomes within a specific host or
environment

Bacteriome The collection of all bacterial species and their genomes present in a specific
environment or host, forming a component of the overall microbiome
Dysbiosis An imbalance in the composition and metabolic activities of the components of the
microbiome at a specific body site, often associated with health or disease
Eukaryotic virus A virus that infects a eukaryotic host cell in order to replicate
Prokaryotic virus A virus that infects prokaryotic organisms, such as bacteria or archaea

Those that infect bacteria are referred to as bacteriophages, while viruses that infect
archaea are known as archaeal viruses
Metagenomics An untargeted sequencing approach that captures the total genetic material within
a sample, enabling analysis of the full microbial community, including bacteria,
viruses, fungi and archaea
Meta-transcriptomics A technique used to sequence the total RNA (rather than DNA) from a sample,
allowing simultaneous analysis of actively expressed genes from viruses, bacteria
and the host, and offering insight into functional activity and host-microbe
interactions

Viral reads Short nucleotide sequences obtained from high-throughput sequencing that
originate from viral genomes and are used to detect and analyse viral presence in
a sample
Viral contigs Longer sequences of viral genetic material assembled from overlapping sequencing

reads, used to reconstruct parts of viral genomes and identify specific viruses in
metagenomic datasets
Bioinformatics A field that combines biology, computer science and statistics to analyse and
interpret biological data, particularly large datasets generated by high-throughput
sequencing methods such as metagenomics

https://doi.org/10.1183/16000617.0284-2024 2

Downloaded from https://publications.ersnet.org on November 11, 2025 by guest. Please see licensing information on first page for reuse rights.



EUROPEAN RESPIRATORY REVIEW

RESPIRATORY TRACT VIROME | M. PURCELL ET AL.

individual viruses but also viral interactions, co-infections and their impact on immune responses and
disease severity [2, 73, 78-80]. However, much of the respiratory virome, especially in adults with CLD,
remains uncharted and virome studies still trail behind those of the bacteriome in both quantity and depth.

Moving beyond a pathogen-centric model, there is growing interest in conceptualising the respiratory
virome as a dynamic ecological system, shaped by host, microbial and environmental factors, with the
potential to influence immune tone, disease susceptibility and therapeutic response [2, 29, 69, 81]. This
review explores the potential of metagenomic approaches to characterise the virome, with a particular focus
on the respiratory tract virome in health and in respiratory diseases including ARI, COPD, asthma, cystic
fibrosis (CF) and bronchiectasis. We evaluate current insights, clinical applications and the technical and
conceptual challenges inherent to virome research, while also highlighting emerging opportunities and
future directions for discovery.
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FIGURE 1 Conceptual framework of respiratory virome dynamics, analysis workflow, functions and future research directions. This figure outlines
key components in understanding the respiratory virome. a) Virome dynamics and development: the virome forms from birth and is shaped by
host, environmental and lifestyle factors. Viral abundance fluctuates over time, especially during acute infections. b) Virome metagenomic
workflow: common steps in respiratory virome analysis, from sampling (e.g. nasopharyngeal aspirate (NPA)/nasopharyngeal swab (NPS), sputum
and bronchoalveolar lavage (BAL)) and nucleic acid extraction to sequencing (short- and long-read) and bioinformatics, including taxonomic
classification and integration with clinical data. c) Functional roles and interactions: the virome may influence health through immune modulation,
disruption of mucosal barriers, direct pathogenicity and microbiome interactions (e.g. gene transfer). It may also serve as a reservoir of viral dark
matter and provide biomarkers or therapeutic targets. d) Research gaps and opportunities: priorities include standardised methods, better
reference databases, host-virome interaction models, longitudinal studies and interventional approaches, such as phage therapy [8-48]. TLR:
Toll-like receptor. Figure created in BioRender (https://BioRender.com/jsxl2wc).
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Viral dark matter and bacteriophages

Characterising the virome remains challenging as a substantial proportion of viral sequences recovered
from metagenomic studies cannot be matched to any known reference genomes, a phenomenon termed
“viral dark matter” [82—85]. Depending on the sample type, methodology and analysis pipeline used, this
unclassified fraction can represent 40-90% of total viral reads [8, 82, 84-87].

Viral dark matter arises from several factors, including the vast genetic diversity of viruses, high mutation
and recombination rates, recovery of short or fragmented sequences, and the limited representation of
environmental and host-associated viruses in public databases [84, 85, 88]. Additional contributors include
the lack of universal marker genes (e.g. 16S rRNA in bacteria), under-representation of RNA viruses due
to technical challenges and poor assembly of low-abundance viral genomes [85, 89]. Contamination from
host genetic material can further obscure detection, while some viruses integrate into host genomes as
prophages, making them difficult to distinguish [89-92]. Many unclassified sequences may also contain
genes of unknown function or auxiliary metabolic genes, which mimic host processes and are challenging
to identify with standard databases [87]. Far from being a trivial artefact, viral dark matter likely reflects a
biologically important reservoir of viral diversity, encompassing both novel eukaryotic viruses and
previously uncharacterised bacteriophages [84-86, 90, 93, 94].

A large portion of viral dark matter is presumed to be composed of bacteriophages. These phages are not
merely passive entities; they are genetically diverse and may play pivotal roles in shaping microbial
ecology, modulating host immunity and mediating inter-microbial interactions [8, 36, 82, 83, 90, 95].
While direct evidence in the respiratory tract is still emerging, studies from other body sites support the
hypothesis that phages can contribute to both microbial homeostasis and dysbiosis (table 2), underscoring
their potential relevance in respiratory health and disease.

Challenges for metagenomic respiratory virome profiling

mNGS characterises all genetic material, including human, bacterial and viral, within a sample [86, 103].
Although this comprehensive and unbiased approach offers unprecedented insight into complex
ecosystems, it also introduces significant technical and analytical challenges. Key decisions made during
study design, such as sampling strategy, sample processing, sequencing platform selection and analytical
pipeline, can influence a range of factors, including potential biases, data quality, reproducibility, and the
accuracy of downstream interpretation, see table 3 [121, 123].

TABLE 2 Summary of proposed bacteriophage functions relevant to the respiratory tract virome

Regulatory mechanism Description/effect References
Regulation of bacterial Phages drive bacterial turnover via lytic infection and may [33-37]
populations promote the expansion of lysogenised bacteria

This shapes community structure and contributes to
microbial homeostasis

Modulation of bacterial fitness Phages influence bacterial gene expression and can carry [30-32, 38]
and virulence fitness-enhancing or virulence-related genes, impacting both
pathogenic and commensal strains
Interaction with host immune Phages engage with host immunity through TLR signalling, [39-41, 43]
system cytokine induction (e.g. IL-1B, TNF-0) and generation of
adaptive responses
Barrier and mucosal defence Some phages bind to mucins via immunoglobulin-like [47, 48]

domains reducing bacterial colonisation at epithelial
surfaces in vitro

Influence on bacterial Phages can alter bacterial metabolic pathways or carry [37, 96, 97]

metabolism metabolic genes, potentially affecting host-microbe
metabolic interactions

Therapeutic and biomarker Due to their specificity and abundance, phages are being [42, 4446,
potential, including RNA explored as therapeutics (e.g. for drug-resistant infections) 98]
phages and biomarkers of microbial dynamics

Role in disease tolerance and In some contexts, phage exposure correlates with protective [99-102]
immune modulation immune-metabolic states and improved clinical outcomes

This table outlines the hypothesised and emerging roles of bacteriophages in modulating respiratory microbial
ecology, host immunity and disease outcomes. While most evidence, to date, is derived from gut or
environmental virome studies, these functions are increasingly recognised as relevant to respiratory health and
disease. IL-1B: interleukin-1B; TNF-o: tumour necrosis factor-a; TLR: Toll-like receptor.
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TABLE 3 Technical challenges facing virome studies across the workflow

Step Challenge

Sampling Low biomass limits detection and increases contamination sensitivity [104]
Temporal and spatial virome heterogeneity [105]
Inconsistent sampling protocols across studies or sites [106]
Nucleic acid extraction Viral loads often below detection thresholds in clinical samples [107]
Sample pre-treatment (e.g. centrifugation and filtration) to remove host or bacteria influence detection of larger
viruses or intracellular viral particles [108]
RNA instability leads to degradation of RNA viral genomes [109]
Extraction method influences virus detection and genome coverage [110]
Library preparation Biases introduced during amplification (e.g. MDA, SISPA and LASL) can distort community composition and reduce
genome coverage [108]
Reverse transcription efficiency varies, limiting consistent detection of RNA viruses [110]
Sequencing Platform-specific biases
Illumina-generated short reads make it difficult to assemble complex and large genomes, but generation of longer
reads using ONT have higher error rates [111]
Contamination through index hopping or sequencing controls [91, 112]
Batch effects and run-to-run variability impact data comparability [113]
Insufficient sequencing depth may limit detection of low-abundance or rare viruses but can also increase the
potential of contaminant detection [114]
Data analysis Choice of assembly tool and analysis pipeline can bias analytical outcome [115]
Viral genomic material may comprise <1% of sequenced reads [24]
Incomplete, sparse, contaminated or taxonomically biased viral reference databases limit accurate identification [116]
Prophages or integrated viral elements can confound separation between bacterial and viral reads [117]
High mutation rates, recombination and genome plasticity make alignment-based approaches less effective for novel
virus detection [118]
De novo assembly is challenged by low genome coverage, short contigs or complex genome structures [119]
Interpretation and Contaminated reference databases can lead to poor annotation, misclassification and misleading biological
validation inferences [120]
Lack of standardised analysis pipelines and reporting guidelines complicates cross-study comparisons [106, 121, 122]

Virome studies are limited by low viral biomass, high host background and variability in sampling and processing protocols. Each step, from
extraction to sequencing and analysis, can introduce biases, affect genome recovery and hinder virus detection, especially for RNA viruses. Sparse
and contaminated reference databases, combined with high viral diversity, further complicate classification and interpretation. This table outlines
key technical limitations across the virome workflow. LASL: linker amplification shotgun libraries; MDA: multiple displacement amplification; ONT:
Oxford Nanopore Technologies; SISPAL: sequence-independent, single-primer amplification.

The virome specifically presents unique methodological challenges due to the diverse array of viral
genome types (double-stranded DNA, single-stranded DNA, double-stranded RNA and single-stranded
RNA) and structures (linear, circular or segmented). Due to the anatomical and microbial complexity of the
respiratory tract, the sampling strategy and site selection can profoundly affect the quality, interpretability
and contextualisation of respiratory virome data. These challenges are heightened by the fact that despite
considerable efforts by researchers, there remains a lack of standardised approaches, not only in
virome-specific studies [121, 122], but also in respiratory microbiome research [106].

Sampling the respiratory tract - where, when and how?

Compounding the technical and analytical challenges surrounding mNGS is the complex and dynamic
nature of the respiratory tract, which is composed of distinct anatomical compartments. It is divided into
the upper respiratory tract (URT) (nasopharynx and oropharynx) and lower respiratory tract (LRT)
(trachea, lower airways and lungs), which are continuously exposed to microorganisms from the
environment [124]. Colonisation of the LRT occurs via micro-aspiration and mucosal migration, balanced
through eradication by host immunity and the muco-ciliary escalator [125, 126]. As a result, the lung
microbiome is transient, shaped by dynamic interactions between microbial immigration, elimination and
growth. Growth and persistence of microbes in the LRT also depend on local environmental conditions,
including temperature, oxygen availability, pH and nutrient levels, as well as host factors such as cough
reflex and airway architecture [127, 128]. Microbial community composition varies across anatomical
regions, with both site-specific and overlapping populations, which adds further complexity to the selection
of sampling method, timing and site [129-131]. Whether similar temporal and spatial patterns exist for
viral populations is less clear.
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Sampling the distinct regions of the airway can be challenging. Differences in viral tropism may impact
which viruses are detected throughout the respiratory tract depending on sampling location [132]. Even
within a single anatomical site, distinct ecological niches exist and the choice of sampling technique can
influence the microbial diversity captured [105]. Noninvasive methods, such as nasopharyngeal swabs (NPS)
or washes and sputum induction, are commonly used in clinical settings, but may not accurately represent the
LRT in disease. Whereas invasive sampling, including bronchoalveolar lavage (BAL) and protected
specimen brushes, provide more direct access to the lower airways, this sampling is resource-intensive and
invasive. Given the continuity of the airway, nasopharyngeal (NP) sampling has been considered a proxy for
the LRT and many respiratory virome studies to date have been conducted using this sample type [129, 133].

Contamination challenges in metagenomic studies

Respiratory tract samples generally yield a low microbial biomass in comparison to other body sites [134].
Community abundance and diversity of microbial populations diminish further distally in the respiratory
tract resulting in lower yield despite invasive sampling [134]. These factors can amplify the risk of
contamination, presenting a major obstacle to generating robust and reproducible virome data.
Contaminants can lead to the misidentification of novel viruses. For example, studies have reported cases
where what were initially thought to be novel viral discoveries were later traced back to contamination
from extraction kits [135, 136].

Contamination of samples can occur across the course of a metagenomic study, see table 4. During
sampling, lower airway specimens may be contaminated by upper airway microbes as instruments traverse
the higher-biomass URT [129]. During processing, contaminants may originate from DNA extraction or
enrichment kits (known as the “kitome”), reagents or consumables, handling by technicians or machines,
or exposure to ambient air [137-139]. These contaminants can be addressed analytically, typically through
in silico removal using negative controls, e.g. bronchoscope washes [140]. However, cross-contamination
between wells and tubes can result in contamination of negative controls (termed the “splashome”), which
may result in removal of genuine low-abundance microbes that may be key ecological features of the
sampled niche [137]. Thus, studies need to not only consider carefully designed controls, but also
experimental design throughout the processing and sample handling stage to reduce contamination. To
address and mitigate the impact of contamination, EiseNHOFER et al. [141] proposed the RIDE checklist, a
minimum standards guidance specifically for low microbial biomass studies.

Innovative approaches for studying the virome

Unlike bacteria, viruses lack universally conserved genetic signatures, such as 16S rRNA, used to target
organisms for ease of molecular analysis, and hence virome characterisation has lagged [10, 63]. PCR
assays enable detection of a targeted panel of pathogenic DNA and RNA RVs, but this approach relies on
prior knowledge. The advent of metagenomics allows for both RNA and DNA viruses within a single
sample to be amplified, capturing a more accurate reflection of viral content and reducing potential
enrichment biases [63, 84]. This is achieved without requiring prior knowledge of the organisms and
represents a tool in novel virus discovery, genome assembly and functional gene analysis [86].

TABLE 4 Potential sources of contamination in metagenomic studies

Contamination Examples
source
Anatomical Contamination introduced by sampling tools passing through high-biomass URT

regions (e.g. bronchoscopy)
Inherent contamination in sample types such as sputum that contain both upper and
lower airway material
Gastro-oesophageal reflux or microaspiration

Background Nucleic acid extraction kits, enrichment kits, lab reagents (water, master mixes) and
consumables (plasticware)

Handling Automated lab equipment, human user (researchers, technicians, etc.) and air

Cross-contamination Sample-to-sample contamination (e.g. wells/tubes), tag switching and index hopping

Analytical Poor quality genomes, alignment artefacts and contaminants present in

reference databases

Contaminants can arise from sampling, reagents, handling, cross-contamination or analytical artefacts, and
must be carefully controlled to ensure accurate virome characterisation. URT: upper respiratory tract.
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Recent technological and analytical innovations in the metagenomics field have significantly advanced the
field of metagenomic virome profiling, see table 5 [27, 81, 92, 106, 111, 120, 122, 142-147, 149-172]. A
recent article has comprehensively outlined the technical and analytical tools available for metagenomic
studies [173]. Long-read sequencing technologies now enable the assembly of complete viral genomes and
the resolution of within-host diversity, while targeted enrichment strategies improve the detection of
low-abundance and diverse viruses [111, 157-160, 142—147]. These approaches enhance the clinical utility
of mNGS by enabling the identification of clinically relevant genome variations and viral subtypes from a
single sample, demonstrating the role of mNGS as an invaluable tool in viral surveillance, diagnostics and
development of therapeutics [111, 157-160, 142-147]. Beyond viral detection and characterising
community composition, resolving host—virus interactions is critical to understanding viral pathogenesis.
Spatial transcriptomics allows localisation of viral presence within tissues, while single cell viromics can
directly link viruses to specific host cells and detect intra-host diversity, such as quasispecies [149-156].

As technology has advanced, data analysis tools have evolved to keep pace. Integrative multi-omic
approaches now enable exploration of the host—virus interactome, while ongoing improvements in viral
assembly algorithms and machine learning applications have enhanced the detection and annotation of
novel viruses, overcoming the need for homologous matching to known sequences in current reference
databases [81, 120, 164-166, 161-163]. Furthermore, publicly available viral sequencing data from
previous studies is more freely available and provides an opportunity to retrospectively perform virome
analysis, offering a cost-effective means to extract new insights from existing data [167-169, 174].
Together, these approaches can provide deeper insights into interkingdom interactions, enhancing our
understanding of the role of the virome in health and disease.

However, despite these advances, the field still lacks standardised protocols and reporting guidelines for
metagenomic virome studies. Establishing consensus frameworks which cover the entire metagenomic
workflow including sampling, sequencing, analysis and metadata reporting, is essential for ensuring robust
and reproducible insights across diverse study settings. Although there has been significant effort within
the research community to develop standardised guidelines, they are not consistently implemented in
practice [92, 122, 141, 170]. This lack of standardisation not only hinders the reproducibility and
interpretability of virome studies, but also limits their clinical applicability, impeding the integration of
virome data into diagnostic workflows, therapeutic strategies and efforts to improve patient outcomes.

Despite these complexities and limitations, increased availability of mNGS, improved bioinformatic
pipelines and expansion of viral genome reference libraries have resulted in the characterisation of the
virome across a variety of sample types, including blood, BAL, sputum and faeces [7, 25, 63, 175],
offering critical insights into its potential role in both health and disease.

The respiratory tract virome in health

Much of our current understanding of the healthy respiratory virome derives from clinically well or
asymptomatic individuals recruited to studies of acute and CLD [12, 17, 25-27, 60, 174, 176-180]. In
these healthy populations, the virome includes eukaryotic respiratory viruses, non-respiratory eukaryotic
viruses and bacteriophages. This resident viral community is thought to impact host immunity and may
modulate susceptibility to disease [60].

A recent meta-analysis of publicly available metagenomic sequencing datasets demonstrated greater virome
diversity in healthy controls than in individuals with respiratory disease, suggesting the existence of
disease-associated shifts in virome composition [174]. Several studies also support the existence of a core
respiratory virome, comprising stable populations of both eukaryotic viruses and bacteriophages, [177].
Among eukaryotic viruses, Anelloviridae are frequently detected in healthy airways and have been
proposed as possible commensals, though they are also linked to immunosuppression and disease states
[176, 178, 179].

Pathogenic viral families, such as Picornaviridae (human rhinovirus (HRV)), Adenoviridae,
Coronaviridae, Orthomyxoviridae (influenza), Paramyxoviridae (RSV) and Parvoviridae (human
bocavirus), have all been detected in the nasopharynx of healthy children [17, 25-27]. DNA viruses,
including Papillomaviridae, Polyomaviridae, Herpesviridae and Adenoviridae, are also common in the
nasal virome of healthy adults and children [12, 176]. Their presence may reflect transient exposure or
asymptomatic carriage, with clearance mediated by the innate immune system.

Bacteriophages form a substantial proportion of the healthy virome, often dominating the sequenced viral
reads. Commonly detected phage families include, Myoviridae, Podoviridae and Siphoviridae [26, 27, 60,
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TABLE 5 Overview of innovative approaches and associated challenges driving progress in the field of viral metagenomics

Approach

What is this approach?

Challenges

Impact on the field

Tools References

Technology

Targeted enrichment

Single-cell viromics

Spatial mapping

Long-read sequencing

Analytical
Machine learning

Interactome

Database curation

Reanalysis of existing
data

Standardisation and
development of best
practice guidelines

Uses bait-capture or hybridisation
to selectively enrich a targeted
panel of viral nucleic acids
before sequencing

Captures genomic material from
individual host cells along with any
associated virus

Adapts spatial transcriptomics to
localise viruses within tissues or
environments

Sequencing technologies that read
longer fragments of DNA/RNA

Uses machine learning models to
predict viral sequences, functions
and host interactions from
sequence data
Integrates metagenomics with
transcriptomics, proteomics and
metabolomics

Development and refinement of
curated metagenome and
metadata databases

Applying new computational
approaches to previously
generated data

Development of consensus
protocols and reporting
frameworks to encompass the
entire metagenomic workflow

Requires prior knowledge of
target viruses
May miss highly divergent or
novel sequences

Currently limited mostly to in vitro
samples or RNA viruses
Technically challenging and low
throughput
Low sensitivity
Limited resolution in complex tissues
and expensive

Higher error rates than short-read
methods

Dependent on quality of
training data
Bias from contaminated or
under-represented genomes
Complex to integrate and interpret
multi-layered datasets

Lag in database updates, incomplete
metadata requiring lengthy curation,
contamination present in reference
databases
Original data may be low-quality,
contaminated or poorly annotated

Inconsistent practices across studies
Lack of standardised guidance
implementation

Overcomes the limitation of a low
proportion of viral reads in complex
samples
Enhances detection of rare or
low-abundance viruses
Reduces background contamination
Allows for increased genome coverage
Direct linking of viruses to specific host cells
Uncovers intracellular infection dynamics
Resolves micro-diversity (e.g. quasispecies)
and uncovers rare or novel viral entities
Enables spatial mapping of virus—host
interactions
Adds ecological and pathophysiological
context
Better resolution of variants and
quasispecies
Portable platforms can facilitate rapid viral
identification and real-time surveillance
during outbreaks
Can detect RNA modifications

Bypasses limitations of current reference
databases
Can annotate novel viruses

Combination of multi-omic data can improve
functional analysis to better understand viral
pathogenesis and reveal targets for novel
therapeutic development
Enhance annotation and identification of
viral sequences, enable global comparative
viromics

Identifies of new virus types
Finds novel disease—virus associations
Cost-effective, but may be hampered by data
quality (e.g. contaminated sequence data,
incomplete metadata)
Improves reproducibility and comparability
across studies
Enhances reliability of viral discovery and
quantification
Enables data integration and meta-analysis
Lays groundwork for clinical translation and
regulatory acceptance

ViroCap, VirCapSeq-VERT, Twist [142-148]
Bioscience Respiratory Virus
Research Panel, Illumina

Respiratory Virus Oligos

kallisto, bustools, PalmDB
ViscRNA-Seq
DART-seq, STRS, Viral-Track

[149-154]
10x Genomics (Visium, Xenium)

[155, 156]

Oxford Nanopore Technologies,  [109, 152, 157-160]

PacBio

DeepVirFinder, MArVD2 [161, 162]

[27, 81, 163]

Integrated Microbial Genomes,
Genomes OnLine Database,

[120, 164-166]

MG-RAST
[167-169]

MIxS, MIUVIG, MISAG, [92, 106, 120,
MIMAG, RIDE 170-172]

Emerging technological and analytical approaches in virome research. This table summarises recent developments aimed at improving viral detection, characterisation and interpretation in
metagenomic studies. Each approach is described alongside its challenges, potential impact, examples of some key tools, where applicable, and representative references.
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177, 180]. While the precise roles of these viruses in respiratory health remain unclear, their presence
suggests an influence on bacterial community structure and host—microbe interactions, as described in table 2.

These findings suggest that the healthy respiratory virome is diverse and includes both potentially
pathogenic and commensal viruses. However, further work is needed to define the functional roles of these
viral communities and their contributions to respiratory homeostasis.

Anelloviridae - respiratory tract commensals?

Anelloviruses are small, diverse, single-stranded DNA viruses first identified in 1997, with no confirmed
pathogenicity [181]. The Anelloviridae family includes torque teno virus (TTV) and they are frequently
detected in respiratory samples, sometimes representing the most abundant eukaryotic DNA viruses
[14, 15, 21, 182, 183]. Longitudinal sampling in children has shown individuals carry a unique and
persistent “anellome” in the URT [182]. Anelloviruses are commonly detected in children with and
without ARI or pneumonia, but no causal link has been demonstrated [14, 15, 21, 24, 26]. TTV abundance
in nasal and plasma samples has been associated with airflow obstruction and disease severity in children
with asthma and bronchiectasis [184, 185]. In COPD, TTV is prevalent in sputum during exacerbations
[186] and increased TTV load has been linked to severe COVID-19 outcomes [187].

Emerging evidence suggests Anelloviridae may modulate host immunity and contribute to chronic disease
trajectories [65, 66, 188]. TTV has been shown to stimulate inflammatory cytokine production in vitro
[189] and circulating TTV DNA is increasingly explored as a biomarker of immune competence
[179, 190]. Redondoviridae, another family of novel, circular DNA viruses, have also been detected at high
abundance in critical illness, correlating with changes in bacterial communities and disease severity
[183, 187]. Further temporal metagenomic studies in health and respiratory disease will determine the role
these novel DNA viruses play in lung health and pathogenesis of respiratory diseases.

The virome in respiratory tract disease

This section explores current evidence from metagenomic studies of the respiratory tract virome across four
clinical contexts, namely ARI, COPD, asthma and CF/bronchiectasis. While these conditions differ in
aetiology and clinical trajectory, they are unified by shared features of airway inflammation, immune
modulation and recurrent infection, settings in which the virome may play a modifying or contributory
role. A visual summary of the key virome features identified across each condition is provided in figure 2
[12, 13, 17, 19-21, 23, 25-28, 60, 65, 81, 131, 176-178, 180, 191-200]. These findings highlight the
potential role of the virome in shaping lung health and here we discuss these studies in more detail.

A list of included studies is provided in supplementary tables S1 [12-26, 182, 192, 193, 195, 201-208]
and S2 [28, 65, 81, 131, 177, 180, 191, 194, 196-200, 209-212]. Several additional studies have
demonstrated the value of mNGS for pathogen detection in the clinical management of respiratory
infections, particularly in severe pneumonia [213-220]. While these highlight important clinical
applications, they are primarily focused on diagnostics rather than ecological characterisation of the virome
and are therefore not discussed in detail here.

The virome in ARI

ARI encompasses infections of the URT and LRT caused by a range of pathogens, including viruses,
bacteria and fungi. Across the studies reviewed, ARI was variably defined, spanning diagnostic clinical
syndromes such as rhinitis, pharyngitis, tonsillitis, bronchitis, bronchiolitis, lower respiratory tract infection
(LRTI) and pneumonia [13, 15, 21, 24, 206, 207], as well as public health case definitions such as
influenza-like illness and severe acute respiratory infection (SARI) [17, 19, 26], see supplementary table S1.
To add complexity, some studies focused on infections of unknown aetiology, while others included
samples with detected bacterial or viral pathogens using standard tests [15, 18, 20, 195, 207]. This
heterogeneity in clinical definitions, pathogen focus and illness severity complicates direct comparisons
across studies and limits the ability to draw consistent conclusions about the respiratory virome in ARI
(supplementary table S1).

The studies also differed in methodological approaches, including the use of various sequencing platforms,
enrichment protocols and bioinformatic pipelines. Respiratory tract samples included NPS, NP aspirates,
sputum and BAL, each representing distinct anatomical compartments with different microbial and viral
communities (supplementary table S1). These technical and anatomical differences likely contribute to the
diversity in virome profiles reported across studies and constrain the generalisability of individual findings.
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Healthy respiratory virome

Eukaryotic viruses
Pircornaviridae
Polyomaviridae

Orthomyxoviridae
Parvoviridae
Anelloviridae

Papillomaviridae
Adenoviridae
Coronaviridae
Herpesviridae

Bacteriophages

A

CF/bronchiectasis

Increased eukaryotic
viruses during
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colonising bacterial
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COPD
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« Herpesviridae Myoviridae « Herpesviridae

« Anelloviridae Podoviridae and bacteriophages
Siphoviridae
Microviridae
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compared to health

Virome disruption during
acute viral exacerbations

FIGURE 2 Respiratory virome changes in health and disease. The healthy respiratory virome includes diverse
eukaryotic viruses and bacteriophages. In acute infections, both increase while Anelloviridae decrease. Asthma
shows increased Picornaviridae, Herpesviridae and Anelloviridae, with fewer bacteriophages. In COPD and cystic
fibrosis (CF)/bronchiectasis, exacerbations are linked to increased eukaryotic viruses and virome disruption,
with phage communities reflecting bacterial colonisation [12, 13, 17, 19-21, 23, 25-28, 60, 65, 81, 131, 176-178,
180, 191-200]. Figure created in BioRender (https://BioRender.com/188z285).

Eukaryotic viruses

Metagenomic studies in ARI consistently identify a high diversity and richness of eukaryotic viral families
in both URT and LRT samples, particularly among patients with severe infection syndromes such as
pneumonia and SARI. Frequently detected families include Paramyxoviridae (e.g. RSV and human
metapneumovirus), Picornaviridae (e.g. rhinoviruses), Orthomyxoviridae (influenza), Adenoviridae,
Anelloviridae, Polyomaviridae, Parvoviridae, Coronaviridae, Herpesviridae, Astroviridae and
Papillomaviridae [15, 17-19, 23, 25, 26, 195, 207, 221, 222]. These viral families have been observed in
both NP and LRT samples (e.g. sputum and BAL), with some studies showing correlations between viral
abundance and disease severity [13, 207, 222]. The severity of pneumonia in immunosuppressed paediatric
intensive care unit subjects was positively correlated with abundance of human mastadenovirus B, TTV
(Anelloviridae family) in BAL [207]. A recent study by Cur et al. [13] demonstrated that children with
pneumonia exhibit distinct respiratory virome profiles compared to healthy controls, with specific viral
taxa, such as human adenoviruses and polyomaviruses, being more prevalent in severe cases.

Across multiple studies, the respiratory tract virome appears more diverse and abundant in pathogenic
eukaryotic viruses compared to that of asymptomatic or healthy controls [17, 25, 26]. In contrast to
subjects with SARI, healthy controls, had significantly reduced abundance and diversity of pathogenic
viruses. In controls, the virome was instead dominated by the possibly commensal Anelloviridae family,
particularly TTVs [26]. This pattern persists in children with recurrent respiratory tract infections (RTIs),
where greater pathogenic viral richness and diversity was observed in those with multiple RTI episodes
compared to single infections, but with Anelloviridae abundance remaining stable between groups [21,
182]. These findings suggest that acute viral infection may disrupt the virome, introducing transient
pathogenic viruses, while a more stable “core virome” may exist across health and disease.

Metagenomic studies of the virome in COVID-19 further support trends in other ARI cohorts. Despite a
marked reduction in circulating seasonal RVs during the pandemic, a diverse range of eukaryotic viral
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families, including Picornaviridae, Adenoviridae, Herpesviridae, Papillomaviridae, Orthomyxoviridae and
Anelloviridae, remained detectable in COVID-19-positive samples [20, 204, 205, 208], but no consistent
associations between virome composition and disease severity could be established. However,
Anelloviridae were found in greater abundance in hospitalised and deceased patients compared to
ambulatory cases, suggesting a potential link between host immune status and Anelloviridae dynamics,
consistent with their proposed role as markers of immune modulation [205]. Complementing these
findings, MEreNnsTEIN et al. [187] observed that Anelloviridae and Redondoviridae were more frequently
detected and present at higher titres in patients with severe COVID-19, suggesting a potential link between
these commensal viruses and disease severity.

Several studies have also detected low-abundance eukaryotic viruses in airway samples using metagenomic
approaches, including bocavirus, picobirnavirus, measles virus, polyomaviruses and retroviruses, with
uncertain clinical significance [17, 20, 23, 24, 204]. In parallel, metagenomic approaches have
demonstrated utility in novel virus discovery and zoonotic surveillance, underscoring their potential for
emerging pathogen detection [16, 17, 23, 24, 202].

Collectively, current studies underscore the complexity and variability of the respiratory virome across ARI
syndromes. The consistent detection of diverse eukaryotic viruses across different patient groups and
clinical presentations highlights the dynamic nature of the virome and its potential relevance to disease
processes. Despite emerging associations with disease severity, causal links and mechanistic insights into
the virome’s role remain underexplored. The detection of viral genetic material in asymptomatic
individuals also raises important questions about persistent colonisation and potential viral commensalism
within the respiratory tract. Emerging tools, such as meta-transcriptomics, which enable simultaneous
profiling of viral, bacterial and host gene expression, offer a promising route to explore these interactions
in greater depth [27, 206]. However, the field remains constrained by fragmented study designs,
inconsistent integration of nonviral microbiota data and a lack of longitudinal approaches. Moving forward,
more standardised, multi-omic and temporally resolved studies will be essential to define both the structure
and function of the respiratory virome in ARI, clarify its role in symptom onset and progression, and
understand its broader interplay with microbial ecology and host immune responses.

Bacteriophages

Bacteriophages have been identified in multiple metagenomic studies of the respiratory tract virome during
ARI [13, 15, 21, 24]. The variety, diversity and abundance of bacteriophages in respiratory tract samples is
thought to mirror the composition of the lung bacterial flora [24, 26]. Families of phage identified in
respiratory samples include, Microviridae, Myoviridae, Podoviridae and Siphoviridae [21, 193, 208]. The
corresponding bacterial hosts for these phages in the respiratory tract include Enterobacteria,
Pseudomonas, Klebsiella, Burkholderia, Streptococcus, Cronobacter, Actinomyces, Escherichia,
Haemophilus, Staphylococcus, Yersinia and Lactobacillus [12, 15, 21, 24, 26].

Bacteriophages may represent biomarkers of microbiome dysbiosis and disease severity. A study
of recurrent RTI in children demonstrated that abundance of Propionibacterium phage was elevated in
recurrent RTI compared to those with single RTI over a 6-year period, which may indicate ongoing
microbial dysbiosis [21]. Increased serum levels of factors associated with tissue inflammation and airway
remodelling, such as tissue inhibitor metalloproteinase 1 and platelet-derived growth factor subunits BB,
were also associated with recurrent RTI. In combination with Propionibacterium phage, these factors
predicted recurrent RTT in the paediatric study population [21]. In COVID-19, phage abundances in the
nasopharynx were higher in subjects with severe COVID-19 relative to those with mild disease [193].
Bacteriophage profiles also varied depending on the age of subjects, highlighting the dynamism of the
virome and impact of environmental factors. The airway “phageome” may hold value as a biomarker of
disease severity and should be included in virome research alongside eukaryotic viruses [193].

Given the diverse roles of phages in other niches (table 2), it is likely they also influence respiratory
health. Barr et al. [47] showed that phages bind airway mucins and reduce bacterial colonisation,
supporting a potential barrier-protective role in the lung. Conversely, some phages may negatively
modulate host immunity; for example, filamentous Pf phages produced by Pseudomonas aeruginosa have
been shown in murine and in vitro models to suppress antibacterial responses via Toll-like
receptor-3-mediated type I interferon signalling, impairing phagocytosis and promoting chronic infection
[43]. These contrasting roles highlight the need to explore phage function, not just composition, in ARI.
Building on extensive research in gut phage therapy, emerging studies indicate that bacteriophage
applications in respiratory infections hold significant promise, both as direct antimicrobial agents and as
modulators of host immunity, paving the way for innovative therapeutic strategies [45, 98, 102].
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The virome in CF and bronchiectasis

RVIs are associated with reduced pulmonary function and increased illness severity during CF viral
exacerbations compared to RVI in non-CF individuals [223]. The CF airway represents a distinct
ecological niche, requiring microbial adaptation to persistent inflammation, thick mucus and antibiotic
exposure [210, 223]. Bacteriophages shape the microbial ecosystem by lysing colonising bacterial hosts
and facilitating horizontal gene transfer, including antibiotic resistance genes, thereby contributing to
microbial persistence and adaptation in the inflamed airway environment [33, 38, 42, 209, 210].

Virome profiling in CF has primarily used sputum samples, where bacterial sequences dominate, and
oropharyngeal contamination may confound interpretation [199]. In a study comparing CF and non-CF
individuals, non-CF subjects exhibited a relatively conserved core eukaryotic virome, while CF patients
showed highly variable profiles, with viruses such as Herpesviridae and Retroviridae dominating in some
cases [177]. A similar divergence was observed in bacteriophage communities, CF viromes contained
phages associated with colonising pathogens such as Pseudomonas, Burkholderia, Enterobacteria and
Streptococcus, whereas non-CF samples contained more stable phage populations [177, 191, 199]. Further
studies have identified eukaryotic DNA viruses in CF sputum, including Anelloviridae, Adenoviridae and
Papillomaviridae, although the exclusion of RNA viruses limits interpretability [131, 199]. Geographically
distinct regions of the lung may host different viral communities, eukaryotic viruses dominate upper lobes,
while bacteriophages predominate in the lower lobes [131]. Functional metagenomic analyses have
revealed that CF airway viromes exhibit distinct metabolic profiles, reflecting adaptations to the unique
conditions of the CF lung environment and could indicate the influence of phages on metabolism of
bacterial populations [177].

In bronchiectasis, RVs are detected year-round, including in clinically stable patients [81, 224]. DNA
viruses are enriched in BAL during exacerbations with Herpesviridae a dominant family across disease
states and Anelloviridae more common in stable disease [200]. Sputum-based virome studies have shown
similar bacteriophage profiles to CF, with >70% of viral sequences mapping to Siphoviridae, Caudovirales,
Myoviridae and Phycodnaviridae families [81]. These communities appear geographically conserved and
may contribute to microbial network dynamics during exacerbations [81]. Specific phage signatures have
also been linked to exacerbation frequency, supporting a potential role for bacteriophages as modulators of
clinical outcomes in bronchiectasis [81]. The high burden of bacterial colonisation in bronchiectasis
suggests that bacteriophages play a central role in shaping airway microbial ecology and contributing to
exacerbation dynamics. As exacerbations may be viral, bacterial, or both, phages warrant investigation not
only as biomarkers but also as therapeutic agents [45, 209, 225]. However, case reports have shown that
adaptive immune responses, including the development of neutralising antibodies, can emerge during
phage therapy and potentially reduce its effectiveness in some individuals [226]. A deeper understanding of
host—phage immune interactions will be key to advancing virome-informed strategies in CLD.

The virome in asthma

Eukaryotic viruses are well-established triggers of asthma exacerbations, particularly HRV and RSV, both
in early life and adulthood [53, 55-60, 227, 228]. These viruses are also linked to asthma development
and severity. Early-life airway microbiome disruption, including virus—bacteria interactions involving
Haemophilus and Moraxella, may further contribute to asthma risk and progression, though causal
mechanisms remain unclear [55, 227-229]. In line with observations from ARI studies, the virome during
asthma exacerbation is dominated by eukaryotic respiratory viruses from six families, namely
Picornaviridae, Parvoviridae, Paramyxoviridae, Anelloviridae, Orthomyxoviridae and Herpesviridae [28].

Recent metagenomic studies have profiled the virome during stable asthma using NP and sputum samples
[65, 180]. In adults, reduced bacteriophage abundance and increased presence of Herpesviridae (including
cytomegalovirus and Epstein—Barr virus) in sputum were associated with asthma severity and exacerbation
risk [180]. Similarly, children with stable asthma displayed virome profiles distinct from healthy controls,
characterised by a lower diversity and abundance of bacteriophages, and a higher prevalence of
Anelloviridae and HRVs [65]. Clustering of virome profiles correlated with clinical severity, suggesting
that virome composition may reflect underlying disease endotypes. Reduced phage presence could
contribute to impaired microbial regulation and airway dysbiosis, although this may also reflect concurrent
loss of microbial diversity [65].

Emerging work has begun exploring how virome dynamics relate to host immune responses in asthma.
Antiviral cytokine responses from peripheral blood mononuclear cells have been shown to correlate with
virome profiles in children with stable asthma, suggesting bidirectional interactions between host immunity
and virome composition [211]. Whether these virome shifts are a cause or consequence of immune
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dysregulation remains uncertain. Ongoing studies aim to leverage virome—bacteriome interactions to restore
balanced lung microbial communities [5, 65, 230].

The virome in COPD

In addition to bacteria, RVs are a common cause of acute exacerbations of COPD (AECOPD), contributing
to healthcare burden, chronic inflammation and deteriorating lung function [231, 232]. Recent interest has
turned toward the role of viral persistence in stable COPD and how virome-microbe interactions may
influence disease severity and progression [56, 233]. A multi-omic and ecological approach is increasingly
recognised as essential to understand COPD pathogenesis and identify potential therapeutic avenues [234].

The virome in healthy smokers, a potential model for early COPD, is dominated by bacteriophages,
particularly Propionibacterium phages, alongside co-detection of Herpesviridae, Adenoviridae and
Papillomaviridae [235]. Smoking was associated with reduced viral diversity and enrichment of
Proteobacteria-targeting phages, alongside distinct metabolomic shifts, suggesting that virome alterations
may reflect smoke-induced inflammation and metabolic change [235]. In established COPD, the LRT
virome (BAL and sputum) contains abundant bacteriophage communities (Siphoviridae, Podoviridae,
Myoviridae) and DNA viruses (Anelloviridae, Retroviridae, Herpesviridae), with diversity declining
alongside COPD severity [194, 196].

Gut virome profiling in COPD has also demonstrated reduced viral diversity and altered phage
composition, with changes linked to disease severity and markers of systemic inflammation [236]. These
findings complement respiratory virome studies and support the hypothesis that virome shifts across
mucosal sites may contribute to COPD progression, potentially through immune modulation or effects on
bacterial metabolism. Notably, bacterial metabolites have been linked to clinical outcomes in COPD [237],
raising the possibility that phages, through their impact on bacterial metabolism, may contribute to host—
microbe interactions relevant to disease progression.

Metagenomic studies of NPS from COPD patients hospitalised with LRTI and acute exacerbation have
identified a range of eukaryotic viruses, such as Picornaviridae, Orthomyxoviridae, Coronaviridae,
Herpesviridae, Paramyxoviridae, Papillomaviridae, Adenoviridae and Anelloviridae, as well as
bacteriophages [197, 198]. During AECOPD, patients with PCR-confirmed viral infections showed
reduced overall viral diversity and a contraction of the phage community, while the bacterial microbiota
remained relatively stable [197]. This contrasts with the more diverse phages and DNA virus-rich viromes
observed in stable COPD, where diversity declined with disease severity [194, 196]. While these findings
highlight a potential role for virome disruption in virus-associated exacerbations, results should be
interpreted with caution given small sample sizes and methodological variability across studies.

Conclusions

The respiratory virome remains an under-characterised component of the airway microbiome, with
emerging evidence suggesting it plays important roles in both health and disease. While studies
consistently detect diverse eukaryotic viruses and bacteriophages in airway samples, major gaps remain in
our understanding of their function, host interactions and temporal dynamics. The concept of viral dark
matter underscores the vast unclassified fraction of the virome and the limitations of current databases.
Bacteriophages may shape microbial ecology, immune responses and host metabolism, yet remain poorly
studied in the respiratory context. The potential for phages to serve as biomarkers or therapeutic agents,
especially in settings of chronic colonisation and recurrent exacerbation, warrants closer investigation.
However, findings to date are limited by small sample sizes, variation in methods and inconsistent
reporting, making standardisation of sampling, sequencing and analytical pipelines essential to enable
comparison between studies.

Emerging technologies such as targeted enrichment, single-cell viromics, long-read sequencing and spatial
mapping, alongside machine learning and multi-omic integration, offer promising avenues to deepen our
understanding of virome function and dynamics. Going forward, multi-omic approaches, including
meta-transcriptomics and host response profiling, offer opportunities to uncover mechanistic insights into
the virome’s role in disease. Importantly, these efforts should be embedded within a broader ecological
framework that integrates the virome with bacterial, fungal, and host factors to fully capture the complexity
of respiratory health and disease. A shift from pathogen-focused detection to ecological characterisation of
the virome could open new avenues for diagnostics, risk stratification and precision therapeutics in
respiratory medicine.
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Questions for future research

»  How can metagenomic approaches be standardised and optimised to comprehensively characterise the
respiratory virome, including both DNA and RNA viruses, and integrate it with broader microbiome
analyses, across diverse populations and clinical settings?

»  What roles do commensal viruses and bacteriophages play in shaping host immunity and influencing the
pathogenesis of respiratory infection and CLDs?

»  Can longitudinal, multi-omic studies establish causal links between virome dynamics and the onset,
progression or exacerbation of respiratory diseases?

»  How can systems biology and functional genomics be applied to model virome—host—-microbiome
interactions and uncover novel therapeutic targets?
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