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The vast majority of viruses on Earth infect microbial hosts. These viruses of microbes can act as
crucial regulators of microbial populations across ecosystems, from soils to seas, plants and
animals. Traditional culture-based methods revealed insufficient to explore this viral diversity at
scale, driving the development of viromics, i.e. the sequence-based analysis of uncultivated
viruses. Viromics studies already revealed the broad geographic distribution and strong
partitioning of viral communities by ecosystem type and host community composition. The
expansive genetic and functional diversity of the global virome is also progressively being
uncovered, challenging current approaches for functional annotation and viral taxonomy.
Moving forward, large-scale viromics studies combined with new experimental and
computational approaches to infer virus activity and host interactions will enable a more
complete characterization of global viral diversity and impacts.

Introduction

Viruses are found everywhere on Earth, across all ecosystems, and to the best of our knowledge
infect every type of organism'. The global virome, meant here as the entire diversity of viruses on
the planet, includes viruses with a broad range of genome sizes, types, and complexity, as well as a
wide diversity of virion structures®. Because microbes are the primary form of (cellular) life on the
planet, this global virome is mainly composed of viruses of microbes, spanning viruses of
bacteria, archaea, and micro-eukaryotes’. Despite their microscopic size, viral infections of
microorganisms can result in ecosystem-scale impacts including the collapse of algal blooms in
the ocean*’ or the redirection of key microbial metabolisms®’. Viral infections in microbiomes
can thus disrupt critical ecological and human-driven processes such as greenhouse gas emissions
or wastewater decontamination’"’. Meanwhile, viruses of microbes hold incredible promise for
biotechnological applications including for instance the discovery of new molecular tools for
targeted manipulation of microbiomes' .

Over the past 20 years, metagenomics profoundly transformed our view and understanding of this
global virome. Since pioneering studies in the early 2000s**", a robust conceptual and technical
framework has been developed enabling the establishment of large genome catalogues for
uncultivated viruses” . Comparative analyses of the diversity, abundance, and gene content of
these uncultivated virus genomes, typically designated as "viromics" analyses, already revealed
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several key features of the global virome. First, viromics studies identified some of the most
abundant virus groups that had not been previously detected via traditional cultivation assays.
These include viruses such as the “crAssphage” bacteriophages in human gut microbiomes now
established as a formal Crassvirales order*, as well as several viral groups dominating ocean or
soil viral communities*®*. In terms of gene content, studies revealed a broad array of viral-
encoded genes with the potential to alter and redirect key cellular processes™. These include viral-
encoded genes involved in photosynthesis®*”, carbon, methane, nitrogen, and sulphur cycling”®*,
but also genes regulating bacterial sporulation®, highlighting the breadth of cellular processes
potentially impacted by viruses. Some of these viral-encoded genes discovered via viromics also
hold biotechnological potential, such as new CRISPR-Cas systems with unique properties for
genome editing® or novel DNA polymerase enzymes with unusual accessory functions®. Several
viromics studies identified potential new viruses for microbial hosts of interest such as key
ecosystem players or evolutionary models*®, and more generally can provide an initial
reconstruction of potential virus-host networks in microbiomes that can be used to refine
fundamental eco-evolutionary models of virus-host interactions®****, Finally, viromics
approaches have also been used in a human health and microbiome context, for instance to
evaluate viral transmission between mother and infant microbiomes®, or monitor changes in the
viral community during interventions such as faecal microbiota transplantation*".

Considering the ubiquity and multiple uses of these methods and data, we review here the current
state of viromics approaches when used to explore and interrogate viral genomic diversity. We
focus primarily on uncultivated viruses of microbes, most of them bacteriophages, and on eco-
evolutionary rather than clinical or epidemiological research. After describing the current
methods used in the viromics field and the corresponding standard protocols and pipelines now
emerging, we highlight how viromics already changed our understanding of global virus ecology
and distribution, virus-host interactions, and viral impacts on microbiome processes, before
considering potential innovations that could address, in the near future, some of the pressing
challenges in the field.

Current viromics methods and tools

Different sample types provide complementary views of viral diversity

“Viromics” is most often meant as the study of viral diversity based on genomes of uncultivated
viruses, and encompasses a variety of sample processing techniques typically adapted to a target
host, ecosystem, or virus group, and/or designed to address a specific biological question. Among
commonly used methods, two sample processing steps have a major influence on the downstream
dataset and analysis: the use of bulk sample vs separated cellular and viral fractions, and the
sequencing of DNA vs RNA (Fig. 1la). Historically, the former has been driven by sample
constraints and study design: liquid samples are typically collected on filters, so that collecting
and studying the smallest size fraction, typically under 0.2 um, to study viruses was often a natural
extension of existing protocols. For solid substrates, bulk metagenomes are more common,
although viral particle enrichment protocols have also been proposed*® ™. After nucleic acid
extraction, the choice of library preparation is typically guided by the target virus group: methods
specific for dsDNA or inclusive of both ss- and dsDNA are used when targeting DNA viruses, and
RNA sequencing is used for RNA viruses. Even when the analysis of viral genomes is auxiliary to
the main study goals, the type of library preparation, e.g. specific of dsDNA for microbial
metagenomes or of RNA for microbial metatranscriptomes, will strongly influence which type of
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viruses will be primarily recovered (Fig. 1a).

Most importantly, these different datasets provide complementary views of viral diversity. For
instance, viral genomes obtained from cellular fractions will be enriched in “in-cell” viruses, i.e.
viruses currently undergoing active lytic infections or latent infections such as prophages, and
viral fraction metagenomes will mostly recover genomes from viral particles present in the
sample, which is often an overlapping but distinct set of viruses compared to the ones present in
the cellular fraction®*. Direct comparisons have shown that viral fraction metagenomes could
provide better resolution in the dynamics of natural viral communities, although viral size
fractions can also include host-associated sequences for instance from extracellular vesicles™ . A
recent meta-analysis systematically evaluated the difference in virus recovery between these
different types of metagenome preparation, and confirmed that metagenomes derived from
cellular and viral size fractions in particular led to the identification of distinct and only partially
overlapping viral communities™. Overall, a truly extensive and comprehensive survey of viral
diversity in a given sample or ecosystem would require combining these different types of
datasets™.

Genomes from uncultivated virus genomes can also be obtained from other data types such as
single-cell microbial genomes®”*, single-virus genomes®, MDA-amplified viral size fraction®®, or
RNA sequencing of a viral size fraction®*®. All of these datasets are potential sources of
uncultivated virus genomes, yet the type of sample processing must be taken into account for data
analysis to avoid mis-interpretations, e.g. regarding the presence/absence or estimated
abundance of a given virus or virus taxon. To that end, community standards have been developed
to systematically report this sample processing information and improve future re-use of viromics
data®. With viromics increasingly used across diverse study fields such as ecology, evolution, and
epidemiology, the community has been working towards identifying which processes and data
may be common enough to warrant unified approaches and databases, and will continue to
update corresponding guidelines and standards [Box 1].

Box 1 | Standardisation efforts across the viromics communities.

As a field, viromics has been quickly and steadily growing over the past 20 years, both in terms
of technical capabilities and interest from researchers. Nevertheless, it remains a young and
developing field for which standards, guidelines, and universal nomenclatures are still being
established. Community efforts towards this goal include for instance the development of the
Minimum Information on Uncultivated Virus Genome checklist that highlighted key metadata
and best practices to analyze and share metagenome-assembled virus genomes, or the RARP
summit that outlined a potential framework for better interoperability of RNA virus sequencing
datasets®'*, Similarly, the International Committee for Taxonomy of Viruses (ICTV) has been
actively working on integrating uncultivated viruses into the formal virus taxonomic
framework'®. Additional consultations and consensus forming between research
communities, e.g. environmental virus surveillance and microbiome researchers, are still
needed. Some of the most pressing needs include nomenclature clarification, with for instance
viral metagenomes, viromes, metaviromes, and virion-associated nucleic acids (VANA) all
being currently used in the literature to designate viral-targeted metagenomes, or additional
tool benchmarking through community projects, as done for instance in the CAMI and ICTV
Taxonomy Challenge projects”. Together, a standardization of nomenclature along with the
emergence of carefully benchmarked analysis pipelines are critical to lower the barrier of entry
to viromics, enable broader data re-use and robust comparisons, and fully leverage the
potential of viromics for virus discovery, ecology, evolution, and surveillance.
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Figure 1: Overview of the viromics sample processing and pipelines. A. Types of samples and sample
processing methods typically used in viromics. Viral nucleic acids can originate from different sources
including virions, virocells in which active infections are ongoing, or microbial cells under latent infection
by e.g. an integrated prophages. The different methods for sample processing, nucleic acids extraction,
library preparation, and sequencing will determine which part of the original viral nucleic acids will be
preferentially sequenced and most represented in the final dataset. The most common approaches used
currently in viromics are highlighted in black, while others are indicated in grey. B. Overview of the
current standard viromics bioinformatic pipeline and possible analyses performed on metagenome-
assembled viral genomes. Steps typically included in a majority of viromics studies are highlighted in
black, while other analyses are indicated in grey. The parts of the pipeline requiring tools specifically
dedicated to viruses are highlighted in yellow, as opposed to blue highlights for steps leveraging common
metagenomic tools.

An emerging viromics analysis workflow for viral ecology and evolution

Over the past decade, a common set of viromics analyses has emerged for the study of viral
diversity, ecology, and evolution (Fig. 1b). For viral ecogenomics studies and de novo
identification of virus genomes, metagenomic reads must first be assembled into contigs, which
can also be grouped into predicted genome bins® . Several tools are available for metagenome
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assembly”, and most viral ecogenomics studies successfully used standard ones such as
metaSPAdes” and megahit”, although some optimizations have been proposed specifically for
viral genome assemblies”. In most microbial metagenomic analyses, assembly is followed by a
binning step to group contigs belonging to the same genome and obtain Metagenome-Assembled
Genome (MAGs)®"”°. This step is often omitted for viruses as their smaller genome often leads
them to be assembled into a single contig given sufficient sequencing depth’. Genome binning for
viruses can still be useful to identify cases in which a single virus genome was split into multiple
contigs, but must be performed with tools specifically developed for viral genomes to avoid
widespread “over-binning” (i.e. bin contamination)®®. One exception is the study of giant viruses
(Nucleocytoviricota), for which genome binning tools developed for bacteria and archaea seem
efficient™.

Using contigs and/or genome bins obtained after assembly, the main steps of a viromics analysis
are the identification, quality control, and clustering of viral sequences to obtain a set of non-
redundant viral genomes and genome fragments (Fig. 1b, highlighted in bold). These steps are
critical as the choices of tools and cutoffs at this stage will condition the interpretation of most
downstream analyses. Current tools for virus sequence identification typically leverage gene
content analysis, alignment-free nucleotide composition analysis, or a combination of both’”,
Most importantly, all these tools face a sensitivity vs precision trade-off, i.e. conservatively call
virus sequences at the risk of missing more novel and divergent viruses, or incorporating these
potential new virus sequences at the risk of also including non-viral sequences (Box 2). Combining
the output from multiple tools does not necessarily optimise this sensitivity vs precision trade-off,
and requires cautious evaluation of the tools and inclusion criteria used®. Hence, regardless of the
tool(s) selected, researchers should always check the documentation and adjust the minimum
confidence score (or equivalent threshold) used to consider a sequence as viral, in accordance
with the type of sample analyzed, the planned downstream analyses, and the goal of their study.
Following this first step of viral sequence identification, predicted viral sequences are typically
checked for “contamination”, i.e. the presence of non-viral regions detected and removed a
posteriori, and compared to reference databases to predict their “completeness”, i.e. how much of
the whole genome each contig or bin captures. Automated tools, such as CheckV*, are available to
assist researchers with these quality control steps.

Finally, when integrating virus sequences from multiple samples, predictions from individual
metagenomes are most often clustered to form a non-redundant set of viral genomes and genome
fragments, using a standard genome-wide ANI (average nucleotide identity) approach®. Further
selection can also be applied at this stage e.g. requiring a minimum length and/or a minimum
predicted completeness, which again must be considered when interpreting results from
downstream analyses.

Once established, this set of viral genomes can be analysed to evaluate the functional potential,
distribution, taxonomic diversity, and host interactions of the viruses identified. Most of these
analyses use tools building from classical metagenomic analysis but specifically adapted for
viruses, for instance dedicated functional annotation databases and tools***, specific cutoffs to
identify the presence or absence of individual viruses based on read mapping’, or network-based
methods for viral taxonomic classification®. These tools and databases are currently at different
levels of maturity, with taxonomic classification, host prediction, and automated identification of
metabolic genes in viruses (AMGs) in particular being areas of active development and fast-paced
methods improvement®*®,

This emerging viromics workflow offers a unique opportunity to evaluate the predicted
distribution, host range, and potential impacts of viruses at ecosystem scales and without any


https://www.zotero.org/google-docs/?7ofmn1
https://www.zotero.org/google-docs/?UCuJW8
https://www.zotero.org/google-docs/?ws0Qbx
https://www.zotero.org/google-docs/?Wb4UgB
https://www.zotero.org/google-docs/?guWgP8
https://www.zotero.org/google-docs/?GyQy21
https://www.zotero.org/google-docs/?DvbEt1
https://www.zotero.org/google-docs/?0nXHan
https://www.zotero.org/google-docs/?daPjF3
https://www.zotero.org/google-docs/?pvYfAI
https://www.zotero.org/google-docs/?m30BoT
https://www.zotero.org/google-docs/?eyDzwa
https://www.zotero.org/google-docs/?0nZz6h
https://www.zotero.org/google-docs/?aNEpTv
https://www.zotero.org/google-docs/?Fajky1
https://www.zotero.org/google-docs/?EqhCJz

laboratory cultivation. For several steps, such as viral sequence quality control and clustering, a
standard analysis and reporting pipeline has now mostly been adopted®. Integrated pipelines
performing a combination of all the steps outlined above are also being developed®”*, providing a
user-friendly way for researchers to explore the viral signal in their datasets and perform
reproducible and standardized analyses allowing more direct comparisons between studies. The
novel and recent nature of these approaches must be recognized however, and caution is
warranted when interpreting the results of these viromics analyses. This is especially critical
when these results seem to run contrary to established paradigms, for instance the identification
of genes and functions never-before-seen in viruses, or a prediction of host range much beyond
what has been previously observed***. As much remains to be discovered in the viral world,
existing paradigms are likely to shift, yet the results of (semi-)automated viromics workflows must
be complemented with follow-up analyses and experiments alongside careful evaluation of the
technical and methodological biases and limitations of current viromics approaches to do
503137391 [Box 2].

Charting the global virome diversity

Large-scale genome catalogues highlight the global distribution of viruses

Advances in sample processing and sequencing technologies, coupled with improvements in
bioinformatic tools including the emerging end-to-end standard viromics pipeline, have led to a
significant increase in the number and quality of viral genomes obtained from metagenomes in
the last few years. This enabled the establishment of large-scale catalogues of virus genomes,
which provide a broad overview of viral diversity across human gut, oceanic, or terrestrial
microbiomes''»***?7 Other catalogues focus on specific virus groups®*'®, or attempt to

Box 2 |Pushing back the frontiers of the virosphere.

In addition to genuine viral genomes from known viral taxa, a number of viral-like elements
can be identified in viromics analyses that may, in some cases, represent entirely new types of
viruses. Some of these viral-like elements can confuse tools trained to distinguish viral from
non-viral sequences and as such can be a source of error, for instance by leading to a gene
mistakenly being considered as encoded on a virus genome. Important ones to be aware of
when performing viromics analyses include decayed prophages which are remnants of virus
genomes integrated in bacterial and archaeal genomes not able to excise and replicate
anymore'®, endogenous viral elements (EVEs) which often represent partial fragments of virus
genomes in eukaryotic genomes also incapable of replicating and transmitting'”’, gene transfer
agents (GTAs) which retain genes encoding viral-like particles but do not replicate and
encapsidate a viral genome'®, or tailocins which are derived from tailed phage structural
proteins but used for microbe-microbe competition'®. Meanwhile, careful analysis of virus-like
sequences identified in viromics analyses can lead to the identification of candidate genomes
that may represent entirely new virus and virus-like taxa. Such examples include the polinton-
like viruses initially considered as non-viral mobile genetic elements'”’, the mirusviruses'”’, the
“obelisks” RNA elements'?, and possibly the so-called “Borgs” elements initially identified as
large plasmids'”. Hence, viromics can be used to help guide the search for entirely new viruses,
such as the elusive RNA viruses of archaea'*, but requires in that case careful and often custom-
designed analyses and can not rely exclusively on automated and standard pipelines.
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collect distinct virus genomes across the broadest diversity of viral taxa and/or environments
possible''". The latter group includes the IMG/VR v4 database, which currently includes > 5
million virus genomes, and can be used to illustrate emerging patterns of global virus novelty and
distribution revealed by viromics.

When considering the entire IMG/VR v4 database, sampling of taxonomic and ecological diversity
remains uneven. For instance, metagenome-derived virus genome catalogues remain dominated
overall by tailed dsDNA phages (Caudoviricetes) and RNA viruses, while other virus groups
including atypical dsDNA viruses and ssDNA viruses remain likely undersampled and
underrepresented (Fig. 2a). Complete and (near-)complete viral genomes can now be routinely
assembled from metagenomes. However, achieving high-quality assemblies is still easier for
shorter genomes (e.g., inoviruses compared to caudoviruses), simpler microbiomes (e.g., human
gut versus soil samples), and remains biased against rare viruses or those with high population
diversity”™”. Furthermore, based on accumulation curves, current databases seem far from
reaching saturation regardless of the biome, virus taxon, or quality of the virus genome,
suggesting that significant additional sampling is required to eventually chart the entire viral
diversity on Earth (Fig. 2b).

While still incomplete, these large-scale genome catalogues can still provide useful information
about the ecological processes governing the distribution and population diversity of viruses. For
instance, multiple studies have now observed that many viruses seem to be globally distributed
geographically, but restricted to specific ecosystems or biomes, likely reflecting the distribution of
their host(s)"****. Similarly, in IMG/VR v4, many vOTUs are detected in samples from similar
ecosystems but collected thousands of kilometers away from each other (Fig. 2c). This illustrates
how viral communities diversity and structure can now be studied at scale through the
comparison of metagenome-derived virus genomes. In that context, temporal sampling at
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Figure 2: Global diversity and distribution of viruses currently captured from metagenomes. A. Number
of sequences assigned to different viral taxa in the IMG/VR v4 databasel7 (left panel). The three
subsequent panels show the distribution of genome quality, source dataset, and ecosystem of origin within
each taxonomic group. B. Accumulation curve of vOTUs (y-axis) as a function of the number of viral
genomes considered (x-axis), in the IMG/VR v4. From left to right, the panels show accumulation curves in
all, marine, and human gut samples. The top row shows accumulation curves including all sequences,
while the bottom row panels only include genomes predicted as high-quality (completeness >90%). C.
Distribution of the maximum geographic distance within members of a given vOTU observed in marine
(left), freshwater (middle) and human gut (right) samples. For each vOTU, only metagenome-derived
sequences were considered, and pairwise geographic distance was evaluated based on latitude and
longitude information provided for each sample. For all panels, only high-confidence IMG/VR v4
sequences were considered.
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individual sites can be used to reveal short- and long-term variations in viral community

#210719 while viromics studies across ecological gradients can provide insights into
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composition
the influence of viruses on microbiome-driven biogeochemical processes

The vast functional potential encoded in viral genomes

Analyzing viral genomes assembled from metagenomes already confirmed that viruses encode an
extensive and mostly uncharacterized genetic diversity. This was already expected from early
metagenomics studies' and has been confirmed since with larger datasets®'”""". In the current
IMG/VR v4 database for instance, 77% of all genes predicted have no detectable similarity to any
protein conserved domain without noticeable variation across ecosystems (Fig. 3a). This novel
functional diversity is in part linked to a large number of relatively short and conserved ORFs,
most predicted to display novel protein folds'". These novel viral protein families likely include
many involved in host cell manipulation, anti-defense mechanisms, and host lysis, as such
proteins are expected to be highly variable due to virus-host arms race dynamics'*. Functional
assignment approaches not relying on sequence similarity to known references but involving
protein structure prediction and comparison"*"* or genomic and protein language models''>'*°
will likely be required to predict putative functions for these genes.
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Figure 3: Illustration of the vast functional potential encoded by uncultivated viruses. A. Percentage of
predicted proteins with an assigned product (green) or indicated as “hypothetical proteins” (grey) in high-
confidence viral sequences from the IMG/VR v4 database. This percentage is provided for all sequences
(left), and for specific ecosystems (right). B. Genomic neighborhoods of predicted archaeal viruses
encoding the AmoC AMG, adapted from31. C. Genomic neighborhood of selected Cas loci, including the
phage-encoded Casphi (bottom), adapted from34. D. Percentage of high-confidence virus sequences from
IMG/VR v4 including a predicted protein functionally annotated as a Cas gene (left) or AmoC (right). This

percentage is provided for all sequences, and for specific ecosystems.

Among functionally annotated genes, next to the ones directly involved in viral genome
replication and capsid formation, viral-encoded genes directly or indirectly involved in host
interaction and/or host cell takeover have been the focus of extensive research as they may
represent important mechanisms by which viruses reprogram host cell metabolism as well as
unique platforms for biotechnological applications (Fig. 3b and 3c). Viral-encoded genes involved
in reprogramming and/or complementing host metabolism are typically designated as Auxiliary
Metabolic Genes (AMGs)* (Fig. 3b). While initially identified and characterised in cyanophage
isolates’ ™, a broader diversity of potential AMGs have since been predicted in metagenome-
assembled genomes®*”'*, For instance, AMGs with the potential to degrade some pesticide
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precursors and pollutants, as well as AMGs involved in sulfur compound cycling, have been
identified from metagenomes and potentially associated with specific ecological niches™'**"*,
Importantly however, true AMGs are, almost by definition, rare across viral genomes (Fig. 3d),
and thus prone to high false-discovery rates. Given the large scale of current viromics analyses and
the expected rarity of AMGs, even a very low error rate can lead to a substantial number of false
positive AMG predictions, and these computational predictions should always be interpreted and
presented with caution®.

Meanwhile, viruses can also encode enzymes of interest for biotechnological applications. For
instance, new divergent and hypercompact CRISPR-Cas systems were identified in uncultivated
phage genomes and validated in vitroas efficient genome editors*'** (Fig. 3c). More generally, the
general compactness of virus-encoded genes compared to their host homologs was previously
noted, and probably results from the stronger limitation on genome length experienced by
viruses'”. Similarly, uncultivated virus genomes may be the source of novel DNA modification
enzymes, such as methylases'*'”. Finally, viral genes are also mined for potential therapeutic
applications, in particular lysins, which may represent potential new classes of antibiotics"***.
Leveraging the extensive diversity of uncultivated viruses, the natural host specificity and
adaptation of viruses, and recent developments in high-throughput synthetic biology, represents
a promising path forward for the development of new applications and therapeutics based on
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phage genes™.
Future perspectives for viromics studies

Modeling and inferring virus-host dynamics and interactions

Despite all the new discoveries enabled by viromics approaches, a key challenge remains in
connecting uncultivated viruses, known only from their genome content and ecological
distribution, to their potential host(s), which significantly limits our understanding of these
viruses. While host prediction is, intuitively, a critical part of any viromics pipeline, and has been
a topic of extensive work and tool development over the last decade, connecting uncultivated
viruses to their host 7n si/icoremains challenging. The most accurate methods currently available
compare new uncultivated virus genomes to databases of known virus marker genes associated
with a given host range'*'**, or to genomes of candidate hosts to identify signals of host adaptation
and virus-host arms race®'®. Current 7n silico host prediction tools now typically integrate these
different information, often through a machine learning approach, to provide the most reliable
prediction possible™**'”’ (Fig. 4a). Unfortunately, in silico host predictions remain limited by the
host and virus reference databases currently available, and the complexity of the signals
observed. Pragmatically, this means that for some environments (e.g. soil) and virus groups (e.g.
RNA viruses), the majority of uncultivated viruses remain without any predicted host'>'**. Even
when available, host predictions are currently limited to a host taxon, e.g. prediction of the host
family or genus, and better datasets and methods are needed to eventually link viruses to
individual host species and/or strains"*'®.

Beyond sequence alignment-based methods, other approaches have been explored focusing on
the co-localization of viruses and hosts. This type of analysis has been attempted in different ways,
either in silico with e.g. abundance correlation between viruses and potential hosts'*>**
vitrothrough methods like proximity ligation that inform on pieces of DNA physically located next
to each other in a sample*"'*'*, While promising, these analyses can be complicated to interpret,
since direct co-occurrence or co-localization does not necessarily translate into virus-host

, Or in
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interactions. For instance, depending on the type and timing of infection cycle, virus and host
abundances will not necessarily be directly correlated'”. Similarly, some virus genomes may be
present in non-host microbial cells, confounding co-localization signals® (Fig. 4b and c).
Pragmatically, this means that these approaches may be very efficient in some cases, e.g. inactive
prophages residing in host genomes, but challenged in other situations, e.g. lytic virus infecting a
microbe itself engaged in multiple microbe-microbe interactions (Fig. 4b). Moving forward,
significantly improving the rate, resolution, and reliability of host predictions will likely require
transitioning from "black box" tools to prediction frameworks explicitly modelling the different
steps of viral infection (host cell entry, host cell takeover, genome replication, virion production,
and host cell lysis), as well as the complex virus-host ecological networks and dynamics'*
Al developments aided by the fast-paced growth of virus, host, and virus-host interactions
databases represent such an opportunity to more quantitatively evaluate the possibility and
probability of infection of a given host strain by a given virus, and eventually better consider

viruses in large-scale microbiome and ecosystem models''*.
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Figure 4: Host prediction methods and their interpretation in viromics. A. Overview of the three main
types of in silico host prediction approaches typically used in viromics pipelines. From left to right,
sequence similarity to known viral marker genes, sequence similarity to specific sequences from
candidate host genomes (e.g. CRISPR spacer, tRNA, or proviruses), and overall sequence composition
similarity between virus and candidate host genome. B. Schematic representation of the different
situations in which a virus genome would be in close vicinity or within a microbial cell, and thus captured
through host prediction methods such as Hi-C cross-linking and CRISPR spacer matching. C. Example of a
virus-microbe interaction network derived from Hi-C and CRISPR analysis of a deep-sea microbial mat
metagenomic dataset, showing some viruses seemingly interacting with microbes from different phyla

and domains, adapted from™.

Assessing the activity of uncultivated viruses

In addition to linking viruses and hosts, another critical aspect of viral ecology studies is the
evaluation of viral activity, i.e. the identification and quantification of active viral replication
through time and space in a microbiome. Considering the extensive viral diversity recovered by
metagenomics, understanding which viruses are actively replicating or dormant across different
ecological conditions will be key to properly estimate their potential impacts on microbiome
processes. Metatranscriptomics, or shotgun RNA sequencing, currently provides the most
straightforward and accessible window into viral activity. Matching metatranscriptome reads to
metagenome-assembled viral genomes enables the detection of actively transcribed viral genes,
which itself reflects an active infection since the transcription of viral genes should only happen in
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a host cell (Fig. 5). RNA-Seq studies on cultivated virus-host model systems already led to the
identification of different transcriptional activity patterns that may be used as signatures of
different infection rates and stages, for instance lysogenic vs lytic infection in phages'*'**. These
patterns can now be searched in metatranscriptomes to help distinguish between different types
of infection cycles occurring in a microbiome'>"***,

Examples of virus Viral transcripts ~ Viral genomes  Virions
presence and aCtIVIty Present initially Present initially
Extracellular @ ~ &
e Al - DDl ) =
virion & @, A
I n;ggrhaatgg Transcriptional rsgulator
lysogenic )
infection)
Active :“{® Major capsid ~ Terminase Portal A\ @@
lytiC /)&)@ O n . N \ ! e o x\‘g\/?
infection D ks @ Yt
Recent o ® R @D@@
lytic AL - DD - o
infection C/%y

@ Metatranscriptomics (RNA-Seq): identifies expressed viral genes
Stable Isotope Probing (SIP) metagenomics: identifies new genome copies
by comparison to a control

Approaches available

to measure viral activity @ Viral metagenomics: identifies genomes in newly produced virions
by comparison to an earlier time point

@ SIP viral metagenomics: identifies new genome copies in virions
by comparison to a control

Figure 5: Complementary approaches for in situ viral activity measurement. The main schematic shows
a comparison between different types and stages of infections (rows), and their typical respective signals
in terms of gene expression, viral genome replication, and new virion production (columns). The products
(transcripts, genomes, or virions) newly formed are highlighted in yellow, while the ones present in the
control sample (e.g. previous sampling point in a time series) are highlighted in grey. Methods are
indicated with acronyms and indicated next to the type of activity they can detect. MT:
metatranscriptomics, VM: viral metagenomics, SIP: Stable Isotope Probing.

Although the application of metatranscriptomics to measure the activity of uncultivated viruses is
promising, its conceptual and analytical frameworks are still under development. Specifically,
new workflows need to be established and validated to integrate metagenomic and
metatranscriptomic data to robustly quantify the different types of transcriptional activity for
individual viruses. These workflows must also account for challenges such as limited sequencing
depth, variations in viral abundance, differential gene expression levels, and the asynchronicity of
infections within a microbiome (Fig. 5). This latter challenge, leading to a blurred signal when
different infection stages co-occur in the same sample, may be addressed by single-cell RNA
sequencing, which can enable the identification of viral activity separately for individual cells***
¥, Finally, metatranscriptomics is mostly applicable to evaluate the transcriptional activity of
DNA viruses, while transcripts and genomes can be impossible to distinguish for RNA viruses. In
some cases, the detection of replication intermediaries (for ssRNA viruses) or differential
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coverage between coding and non-coding strand (for dsRNA viruses) may still provide insights
into the activity of RNA viruses, but here again analysis frameworks and pipelines remain to be
fully developed'®.

Other approaches have been used to evaluate uncultivated virus activity and can complement
metatranscriptomics. For instance, comparing the relative abundance of virus genomes in viral-
fraction and cellular-fraction metagenomes across a time series can reflect virion production and
thus recent active infections''®. Similarly, Stable Isotope Probing (SIP) metagenomics can be
used to identify actively replicating genomes, which can reflect ongoing viral replication in
environmental samples''®. As these different methods rely on different signals (gene
transcription, genome replication, viral capsid formation), they will reflect virus activity on
different spatial and temporal scales (Fig. 5). A key next step will be to understand and
characterise the specific constraints and limitations of each method, and determine how to best
combine them to explore different aspects of viral activity in microbiomes.

Conclusions

Viromics is now the primary method used to explore and characterise global viral diversity. It
already unveiled fundamental aspects of viral ecology, from the global distribution of viruses and
their vast genetic diversity to the potential association of specific viruses and genes with key
processes shaping global metabolism and human health. This broad characterization of viruses
across ecosystems will likely continue and even accelerate in the next few years as more datasets
are being generated, including through large-scale standardised efforts aiming at characterising
the viral diversity of specific ecosystems such as the human microbiome.

As a global map of viruses on Earth emerges, and the “virus discovery” phase of viromics
progressively slows down, we expect the field to expand towards the detailed characterization of
specific viruses and viral genes identified as especially important, e.g. showing high prevalence or
connected to a host or process of interest. These viromics-guided detailed characterization of
individual viruses and virus genes will require strong interdisciplinary teams able to bridge from
large-scale microbiome data analysis to high-throughput in vitro molecular characterization
approaches, including novel synthetic biology and biological engineering methods. Given the
incredible diversity of viruses and viral genes on Earth, improved computational pipelines, most
likely leveraging recent and upcoming developments in the Al field, will also be required to
efficiently identify and rank potential targets for follow-up experiments. In that context, some of
the most pressing challenges in the current viromics pipeline include (i) functionally characterize
the vast diversity of novel genes encoded by viruses, (ii) linking uncultivated viruses to their host,
or even better their host range, and (iii) modelling viral activity and virus-host dynamics over time
from ‘omics data. With improved methods for 7n vitro characterization of novel viruses and virus
genes alongside a better understanding of microbiome diversity and dynamics, viromics will play
a critical role in the precise evaluation of virus roles across ecosystems. It will also be instrumental
in identifying viruses and genes with potential biotechnological applications, such as phage
therapy and broader microbiome manipulation.
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