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Abstract

Viral metagenomics has expanded our knowledge of the ecology of un-
cultured viruses, within both environmental (e.g., terrestrial and aquatic)
and host-associated (e.g., plants and animals, including humans) contexts.
Here, we emphasize the implementation of an ecological framework in vi-
ral metagenomic studies to address questions in virology rarely considered
ecological, which can change our perception of viruses and how they in-
teract with their surroundings. An ecological framework explicitly consid-
ers diverse variants of viruses in populations that make up communities of
interacting viruses, with ecosystem-level effects. It provides a structure for
the study of the diversity, distributions, dynamics, and interactions of viruses
with one another, hosts, and the ecosystem, including interactions with abi-
otic factors. An ecological framework in viral metagenomics stands poised
to broadly expand our knowledge in basic and applied virology. We high-
light specific fundamental research needs to capitalize on its potential and
advance the field.
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Metagenomics:
sequence-dependent
and cultivation-
independent
characterization of
genetic material
isolated from a sample

Viral ecology: the
study of interactions of
viruses with their
abiotic and biotic
environments,
including with their
hosts, and with other
viruses

Ecological
framework: the
diversity, distributions,
dynamics, and
interactions of
biological entities
within ecosystems
containing
communities
comprising diverse
populations of variable
individuals

Ecology: the study of
interactions of
organisms with their
abiotic and biotic
environment

Virome:

a metagenome that
requires additional
sample processing
steps (e.g., size
fractionation) to
remove microbes and
concentrate virus-like
particles before
sequencing

Bacteriophage
(phage): virus that
infects a bacterium
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1. INTRODUCTION

Viral metagenomics has revolutionized the field of virology by providing culture-independent
methods to detect and characterize the vast diversity of viruses that cannot be cultured and iso-
lated in a high-throughput manner (1-4). Metagenomics is the study of nucleic acid sequences
from a collection of entities in a sample, with viral metagenomics focusing on the nucleic acids
of viruses within the sample. These high-throughput approaches have advanced our understand-
ing of viral ecology by providing insights into the diversity, abundance, and functional potential of
viruses associated with different environments (5, 6). Moreover, applying an ecological framework
to the use of viral metagenomics in areas of virology traditionally considered nonecological holds
enormous promise for advancing virology and understanding the global roles viruses play. In this
review, we (#) describe the importance of an ecological framework for viral metagenomics; (b) re-
view its implications for a suite of specific tools and approaches in viral metagenomics, including
their limitations; (c) highlight the often-overlooked interactions of viruses with other viruses; and
(d) address applications and research needs of viral metagenomics within an ecological framework.

2. THE IMPORTANCE OF AN ECOLOGICAL FRAMEWORK
FOR VIRAL METAGENOMICS

Ecology is the study of how organisms interact with their abiotic and biotic environment, and it
seeks to explain the diversity, distributions, and dynamics of biological systems (Figure 1). Vi-
ral metagenomics is revealing the vast diversity and effect of viruses in ecosystems such as soils,
oceans, and even glaciers (6—11). Within these ecosystems, the effect of viruses on one another and
on the diversity and abundance of their hosts and the hosts’ competitors, as well as the viral effects
on hosts’ metabolic functions, can now be studied beyond the limited virus-host pairs that can be
cultured (7, 12, 13). The indirect effects of viral infections on biogeochemical cycling (14), the
effect on hosts of viruses’ mere presence even without infection (15), and the cascading effects of
viral infection on the entire community their hosts interact with (16) are beginning to be explored
and promise to advance virology in a range of settings, from environmental to medical. The range
of hosts that viruses can infect and the virus-virus interactions (VVIs) enhancing or preventing
coinfection of the same host are also being explored through viral metagenomics (17, 18). Moni-
toring viruses present in ecosystems with the potential to expand their host range to infect humans
or domesticated animals, known as spillover, has already built links from environmental to medical
virology (19, 20).

Advances in metagenomic approaches have been instrumental in the discovery of diverse
viruses of host-associated microbial communities (21-24). A pioneering discovery in this context
is the identification of cross-assembly phage (commonly known as crAssphage) and its relatives
that comprise up to 90% of the human gut virome reads and co-occur with the Bacteroidetes phy-
lum found in the gut (23, 25). The diversity and dynamics of viral community composition have
been associated with outcomes such as the ability of opportunistic bacterial pathogens, such as
Clostridium difficile and vancomycin-resistant Enterococcus, to establish in the gut (26, 27), acquired
immunodeficiency syndrome (AIDS)-associated disease manifestation and progression (28), and
the severity of respiratory tract infections (29, 30). These effects could be the result of multiple
types of ecological interactions between bacteriophages (phage), which are predominant mem-
bers of the commensal microbiota (31-33). For example, they could result from direct parasitism,
from lysing their hosts and thereby altering community composition, or through modulating ge-
netic diversity and functionality of native bacterial communities through horizontal gene transfer
(reviewed in 34). Metagenomic approaches can be applied to better characterize the mechanistic
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Figure 1

The study of viruses within ecological frameworks via metagenomic approaches can provide unique insights
into the ecology of viruses, specifically their diversity, distribution, and dynamics, as well as their interactions
with their hosts, other viruses, and the abiotic and biotic environment. The interactions of viruses with their
hosts are often studied within specific contexts ranging from health and disease to biogeochemical processes
(examples are in the white layer). These can all take place in different types of ecosystems, including soil,
aquatic, and within plants or animals that create an ecosystem for their associated microbial communities.
The pursuit of these ecological interactions across all ecosystems leads to advances in discovery and diagnosis
of viruses and understanding of their molecular mechanisms and their resulting evolutionary dynamics.

ecological interactions leading to these outcomes and to take advantage of them in therapeutic
contexts.

An ecological framework recognizing the importance of localized habitats within the larger
host and between individual hosts is critical for recognizing subtleties of context-dependent in-
teractions. Because different anatomic sites within the human body create distinct habitats and
consequently are associated with distinct viral populations (35), interactions between viruses and
mammalian components within each habitat likely have unique effects. Additionally, factors such
as diet (32), gender (36), and age (37) influence the types and proportions of phages associated
with a particular habitat or ecological niche. Crosstalk between native viruses and the immune
system of mammalian hosts affects immune development and modulation (38). The dynamics and
diversity of specific viruses can provide important benefits, such as therapeutically administered
phages to treat multidrug-resistant bacteria (39).

Viral metagenomics is also advancing the understanding of viral molecular mechanisms. Phage-
bacteria interaction studies can provide detailed insight into how phages influence the structure,
function, and evolution of microbial communities (40); act as agents of lateral gene transfer (41);
and can be exploited in clinical (42, 43) and industrial settings (44). Viral metagenomics, either
independently or in combination with other high-throughput technologies, such as single-cell
genomics or metaproteomics, have enabled more comprehensive cataloging of virus-host associ-
ations in the context of diverse microbial communities (6, 18). These studies serve as primers to
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Virus-like particle
(VLP): particle of
virus size (less than
0.45 pm) with nucleic
acid but identity is
unknown as defined in
viral ecology

design more robust methods to explore the diversity of infection mechanisms adopted by viruses
and assess how these newly discovered virus-host interactions can affect cellular life.

Viral metagenomics of various ecosystems is helping to fill the viral sequence space in pub-
lic databases (1-3), which builds a foundation of characterized viral diversity and evolutionary
relationships to improve viral diagnosis, understand pathogenesis, and identify therapeutic and
prophylactic interventions. Community standards for the minimum information needed about
an uncultivated virus-derived genome sequence further increase the power of these databases by
providing ecological context (45). Determination of near-complete or complete genomes enables
a broader understanding of viral evolution (e.g., 46, 47) and allows classification of these viruses
in a rather dynamic taxonomic framework (47, 48). This foundation of knowledge about viral di-
versity and evolutionary relationships has helped to inform the identification of and response to
novel human pathogens, such as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
(49).

3. IMPLICATIONS OF AN ECOLOGICAL FRAMEWORK FOR THE
TOOLS AND APPROACHES OF VIRAL METAGENOMICS

An ecological framework for interpreting viral metagenomic data conceptualizes multiple popu-
lations of diverse viruses interacting with variable ranges of potential host diversity and accounts
for interactions among viruses via infected hosts in an environment and with ecosystem-level
consequences (Figure 2). The diversity, distributions, and dynamics of viruses and their hosts
can complicate the interpretations of metagenomic data. Viral metagenomics requires specific
bioinformatic approaches (as reviewed in 50) because viral genomes pose unique challenges in
metagenomics. The array of tools and approaches for viral metagenomics was recently reviewed
elsewhere (50, 51), but we summarize key advantages and limitations of cutting-edge techniques
specifically within an ecological framework. We broadly divide these tools into two groups: (#) ap-
proaches for addressing viral diversity and distributions, primarily focused on identification and
detection of viruses, and (b) approaches for addressing viral dynamics and interactions, which focus
on specifying hosts and quantifying the abundance and activity of viruses and their hosts.

3.1. Metagenomic Approaches to Viral Diversity and Their Distributions

The study of viral diversity and virus distribution requires assembly of viral genomes and detec-
tion of their presence. Identification through metagenomics requires assembling genomes, while
detection of specific viral genomes can be accomplished by using marker genes for certain lineages
[e.g., RNA-dependent RNA polymerase (52)] or viral hallmark genes and viral motifs (3, 53, 54).
Genomes can be assembled using multiple approaches, including either short-read or long-read
sequencing of extracted double-stranded (ds) DNA, single-stranded (ss) DNA, or DNA reverse
transcribed from RNNA (complementary DNA). These nucleic acids can be obtained directly from
the sample or extracted from virus-like particles (VLPs) (see definition in 55) obtained through
filtration or centrifugation to isolate viruses. Each approach has various advantages and limitations
for different goals in the detection and identification of viruses.

3.1.1. Considerations for whole sample nucleic acid or virus-like particle-derived nucleic
acid sequencing. When it is time to decide on an approach for identifying the diversity and
distribution of viruses in an environment, the first consideration is whether to focus on the whole
sample or only the VLPs. The entire sample will contain far more nucleic acids from the bacterial,
archaeal, and eukaryotic cells than viral nucleic acids, making it difficult to assemble and detect
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Viruses interact at various levels and thus can be studied from individual entities to larger-scale populations and communities through
viral metagenomics. Hence, viral metagenomics is facilitating the study of viruses within an ecological framework, including studying
viral diversity and distributions across ecosystems, and viral dynamics across variable ranges of potential host diversity and in a
multitude of environments where they can have positive or negative effects.

rarer viral genomes (51, 56, 57). Therefore, to obtain these viral genomes, VLPs often need to be
separated and concentrated before sequencing.

Methods for separating and concentrating VLPs vary depending on the type of sample (58),
with approaches having been optimized for seawater (4), soil (59, 60), fecal matter (61, 62), and
plant (63) or animal tissues (64). These methods often rely on size-dependent filtration or cen-
trifugation. Often samples will first be centrifuged or filtered through a 0.45-pm filter to remove
large particles and eukaryotic cells, followed by a 0.2-pm filter to remove most cells, before a fi-
nal VLP purification step, such as a cesium chloride (CsCl) density gradient, or DNase/RNase,
OptiPrep™, or sucrose density gradient centrifugation to cleave nonencapsidated nucleic acid
(58, 65). It is important to note that some of these methods may affect the virions (58). Finally,
VLPs are concentrated through filtration (e.g., tangential flow filtration), ultracentrifugation, or
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Viral single amplified
genome (VSAG):
sequencing of virus
genome following
single viral particle
sorting and multiple
displacement
amplification

Metatranscriptomics:
uses RINA sequencing
technology to capture
gene expression
profiles or transcripts
from a sample

precipitation (e.g., using polyethylene glycol). VLPs can be collected directly on a 0.02-pwm filter
(66) or by first using ferrous chloride to flocculate viral particles and collecting them on a larger
pore filter (67). The range of viral sizes of interest and the sample type will determine which
protocols will yield the most viral genomes.

Alternatively, a single VLP can be separated (68) for genome amplification and sequencing
[viral single amplified genome (vSAG)] (69, 70). In this method, VLPs are sorted into droplets or
agarose beads and applied to multiwell plates using flow cytometry. Extracted DNA is amplified,
most often with multiple displacement amplification, and sequenced; for RNA viruses, a transcrip-
tomic approach can be used. The advantages of vSAGs lie in assembly and assignment of contigs
to the correct viral genome, especially in the case of multicomponent, segmented, and satellite
viruses, which can be difficult to distinguish bioinformatically from chimeras as sequencing and
assembly artifacts in the scrambled puzzle of viral community short reads (71, 72). vSAGs also
permit assembly of genomes with many variants present in the environment that otherwise chal-
lenge assembly algorithms and can be overlooked, especially in the case of highly abundant and
cosmopolitan viruses with many variants (73). The disadvantages lie in the additional cumbersome
steps and expense in sequencing each genome instead of thousands of viral operational taxonomic
units (vOTUs) in one single sample. However, de novo assembled viral genomes obtained from
vSAGs can be mapped against metagenomic sequence data to determine the relative abundance
and ubiquity of these viruses across multiple samples or environments (74, 75).

Although sequencing the nucleic acid from VLPs (as opposed to the whole sample) has the ad-
vantage of obtaining greater coverage of viral genomes and detecting less abundant viral genomes,
it can miss certain viral genomes, including viruses that are nonencapsidated in hosts, such as retro-
viruses and proviruses integrated into the hosts’ genomes or persisting as replicons in their hosts.
Additionally, any viruses in the process of infecting a host when the sample is run through a filter
would be missed because the host they were adsorbed to or inside of would be filtered out. Metage-
nomics or metatranscriptomics of the entire sample can help address these weaknesses, especially
when used in combination with sequencing of the VLPs. Which approach is taken depends a great
deal on the question being asked, whether the diversity and identity of the entire viral community
is of interest, or whether only a specific subset of viruses or viral states is important.

3.1.2. Considerations for which nucleic acid(s) to sequence. The second consideration, af-
ter whether to sequence nucleic acids from purified VLPs or a whole sample, is which type(s)
of nucleic acid to extract and amplify for sequencing. On one end of the spectrum, eukaryote-
infecting viruses appear to be dominated by RINA viruses, particularly in the case of plant and
fungi-infecting viruses (see 76); on the other end of the spectrum, viruses of bacteria and archaea
are dominated by dsDNA viruses (see 47). These divisions have led to a schism in which viruses are
detected and characterized. To a newcomer interested in characterizing viruses in their environ-
ment of interest, the dominant hosts would direct whether they optimize protocols for detecting
dsDNA or ssDNA or RNA, further biasing our understanding of the virosphere. Below, we de-
scribe how some of these biases came about and how we could overcome them to gain a more
integrated understanding of the full ecological spectrum of viral communities (Figure 3).
Bacteria and archaea make up the vast majority of living organisms on Earth, and as such their
viruses make up the largest proportion of the virosphere. To date, phages with dsDNA genomes
are over-represented in the literature because most viral databases primarily consist of cultured
viruses, which for certain environments are largely represented by medically relevant dsDNA
phages, and most metagenomic preparation protocols exclusively target dsSDNA (60). These chal-
lenges preclude our ability to detect other viruses if their genes are unknown. Recently, standards
were put forth to improve the reporting of uncultivated viral genomes in public databases (45),
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A brief summary of the various approaches that can be used for enrichment of viral nucleic acid for metagenomic studies based on the

genome type of the viruses, i.e., double-stranded (ds) DNA, single-stranded (ss) DNA, dsRNA, ssRNA positive sense (+), ssRNA
negative sense (—), ssSRINA reverse-transcribing (RT), and dsDNA (RT). It is important to note that even though virus-like particle
(VLP)-based approaches enable the targeting of all viral genome types, there exist various viral-like mobile elements (including
satellites) and viruses [such as mitoviruses (198)] that do not encode capsid proteins. Furthermore, retro-transcribing viruses and
temperate phages that have integrated into their host genomes or plasmids may not be detectable using the VLP-based approach.

Multiple displacement amplification (MDA) is commonly used to increase the concentration of nucleic acid and preferentially amplifies

circular molecules, be they single stranded or double stranded. Hence, MDA has been used extensively for identification and
characterization of complete genomes of circular DNA viruses. All these approaches have their own issues when it comes to the de

novo assemblies, and a crude scale of the relative complexity of assembly is provided. Here, good implies relatively straightforward and

feasible methods are available, while poor reflects viral types for which significant complexities challenge de novo assembly. For

example, small interfering RNA (siRINA)-based de novo assemblies that have been used for known viruses may not work well for novel

viruses, as no comparative scaffolds are available and siRNAs are not produced uniformly across the genome. With the total RNA
approach, one needs to be mindful of spliced transcripts. Another important consideration is the library preparation kits, and this is
particularly important when it comes to ssDNA viruses extracted from VLPs, as the majority of kits rely on dsDNA in the library

preparation workflow. To overcome this issue, one would need to amplify DNA using MDA or use a library kit that can quantitatively

amplify both ssDNA and dsDNA (e.g., Accel-NGS 1S Plus DNA Library Kit, Swift Biosciences).

promoting transparency and a better assessment of methods bias (77), allowing for better identi-
fication of key variables across data sets.

Many viruses infecting animals, plants, and fungi have RNA genomes and thus are not detected
by metagenomic methods. During replication in their corresponding hosts, RNA viruses generate
dsRNA intermediates that can be purified based on their binding properties to silica (78). Addi-
tionally, antibodies have been identified and experimentally used for detection and purification
of dsRNA (79). Metatranscriptomic approaches that target total RNA have also been successful
at detecting RNA viruses, although ribosomal (r) RNA, transfer RNA, and the messenger (m)
RNA of the host can dominate the raw sequence data, limiting the resolution of RINA viruses (52).
Host-specific ribodepletion is commonly implemented during library preparation to address this
issue by removing host rRNA. However, the ribodepletion products are available only for certain
organisms. As a final approach to detecting RNA viruses, viral genomes have been assembled via
sequencing of purified small interfering RNA 21-24 nucleotides (80, 81), commonly produced
as a defense to pathogen infection in plants and insects, although in most cases viral genomes as
scaffolds have been used.
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constantly evolving
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sequencing approaches
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3.1.3. Considerations for short- or long-read sequencing. Finally, the length of reads ob-
tained through metagenomic sequencing has advantages and disadvantages for addressing ques-
tions about the diversity and distribution of viruses. High-throughput sequencing of short reads
(100-250 bp) is the most common and cheapest sequencing platform and has the most optimized
computational tools to detect and characterize viral genomes. Over the past 5 years, there has
been tremendous effort to improve long-read sequencing for both quality and throughput, with
some platforms yielding more than 1,500-kb-length reads (see 82). The advantages of long reads
include (#) picking up taxa that are otherwise missed by short reads, which are sometimes rarer
vOTUs but can also be highly abundant ones; (») identifying hypervariable regions in genomes;
(¢) identifying recombinants within a population; and (d) enabling better assemblies of complete
viral genomes (83).

3.2. Metagenomic Approaches to Viral Dynamics and Interactions

Metagenomic approaches can be used to study dynamics of viral and host populations temporally
and spatially but can also be used to hypothesize interactions from genetic signatures in a single
snapshot sample. However, viral metagenomics provides unique opportunities and limitations in
identifying the interactions and dynamics of viruses.

One key viral interaction that can be determined from metagenomic analysis of a single time
point sample is host prediction. This can be done bioinformatically [e.g., matching a viral genome
with CRISPR sequences in a host’s genome (6, 84)] or by sequencing the amplified genomic ma-
terial of infected single cells. Host single amplified genomes (SAGs) also have the opportunity to
reveal coinfection by multiple viruses, another key viral interaction, and provide a powerful oppor-
tunity for identifying the host(s) of viruses, especially when the cells are sorted by some method
of discerning infection status.

Although SAG sequencing can reveal the interaction partners, the dynamics of those interac-
tions require knowledge about activity rates and changes in absolute abundance. Metagenomic
data from a single time point, and particularly the metagenomic analysis of nucleic acids that have
been amplified, cannot be used as a reliable representation of absolute abundance in the sample
and cannot distinguish activity of hosts or replication of viruses. Furthermore, with improvements
in single-cell and single-virus genomic approaches, we are certain to see more identification of
virus-host interactions (see review in 75).

Although replicative and transcriptional activities of viruses cannot be determined from a
metagenomic sample alone, metagenomics can be paired with various methods to investigate viral
dynamics (summarized in Table 1). One approach is to have a paired metatranscriptome from the
same sample. This approach has the benefit of characterizing both DNA and RNA viruses and
gene expression levels from detected viral genomes. While methods for obtaining metatranscrip-
tomes have come a long way, there are still some issues (85), especially with using gene expression
profiles to infer viral activity. Gene expression does not always lead to translation; some genes are
highly conserved or undergo horizontal gene transfer so frequently that they cannot be assigned
to a particular virus (86), and there are many host mechanisms to stop viral infection after gene
expression [e.g., abortive infection (87)]. Additionally, variables that affect a virus’s infection effi-
ciency, including the virus’s burst size and the amount of redirection of the host’s metabolism that
is required, can alter gene expression profiles (88, 89).

Stable isotope probing (SIP) combined with metagenomics has become a popular technique to
characterize specific microbes (or link individuals to specific functions) and the viruses that infect
them (90-93) or to label organisms and viruses active in a sample (94). This technique involves
incubating samples with isotopically labeled substrate(s), separating labeled and unlabeled nucleic
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Table 1 Tools available to pair with metagenomics to overcome limitations in metagenomic methods

Application Benefit(s) Challenge(s)/limitation(s) Reference(s)
SIP Substrate-specific viral influence; Costly (enriched substrate and 93,94, 199, 200
activity; increased resolution; sequencing of multiple fractions);
virus-host linking ~2 pg of nucleic acid required
BONCAT In situ virion production; burst No detection of viruses undergoing 102,201
size; activity; virus-host linking lysogenic infection; often paired
with fluorescence, which cannot
distinguish between a virus and
other virus-sized entities; broad
protein labeling
NanoSIMS/NanoSIP Morphological analysis; Hard to characterize smaller or tailed 102-104
stoichiometry; quantification viruses (e.g., phage)
Paired metagenome- DNA and RNA viruses; gene rRNA consumes RNA signal; mRNA 7
metatranscriptome expression levels production does not always result in
translation to proteins
Single-cell polony Virus-host pairing Virus sequence-specific probes 105-107
required
PhageFISH Intracellular phage infection Virus- and host sequence-specific 108, 109
dynamics; detection of free DNA probes required; absolute
phages; quantification relative quantification
per cell phage DNA copy
number
Virocell-FISH Both host and virus activity Virus- and host-specific nRNA probes | 110
required; activity is inferred from
gene expression
Single-cell viral tagging Virus-host pairing; isolates and Targeted viruses need to be 111,112
plaque formation not required; fluorescently labeled; sufficient
can capture a diversity of viruses labeling is needed to overcome noise
infecting a host in a mixed associated with sorting; cannot be
community sample used to describe infection dynamics
Hi-C Host predictions; may be exploited | Misses lytic phages that rapidly destroy | 113,114
to predict virus coinfections host cells; viral genome must
interact with the host chromosome
Single-cell Hi-C Virus-host genome interactions Epigenetic signature dependent on the | 116,117

(epigenetics)

state of viral replication; viral
genome must interact with the host
chromosome

Abbreviations: BONCAT, bioorthogonal noncanonical amino acid tagging; FISH, fluorescent in situ hybridization; Hi-C, high-throughput chromosome

conformation capture; mRNA, messenger RNA; rRNA, ribosomal RNA; SIMS, secondary ion mass spectroscopy; SIP, stable isotope probing.

acid via CsCl-density centrifugation, and sequencing the different fractions. Heavy-water (H,'#O)

SIP-metagenomics has recently gained a lot of attention because water is a universal substrate and

incorporation of 180 into newly synthesized DNA allows taxon-specific microbial growth and
mortality rates to be calculated (95). Downsides to this method include the expensive cost of iso-

topically labeled substrate, the amount needed to ensure nucleic acid is sufficiently labeled, a high

amount of nucleic acid required for input, and the cost and effort associated with sequencing mul-

tiple fractions as well as an unlabeled control sample to provide enough resolution for ecological

inference (96).
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Another strategy is to combine metagenomics with bioorthogonal noncanonical amino acid
tagging (BONCAT). Like with SIP, samples are incubated with a substrate, but in this case, it
is a synthetic amino acid that is amenable to azide-alkyne click chemistry (97). The two most
widely used synthetic amino acids are azidohomoalanine and homopropargylglycine, which both
replace methionine during translation (98) and can permit the attachment of another substrate,
such as a fluorophore, enabling time-resolved analysis of protein synthesis with epifluorescence
microscopy (99) of single cells or in complex communities. A benefit of this method over SIP is
the capability to quantify virion production; however, major drawbacks include missing temperate
bacteriophage in the lysogenic cycle due to a virion not being produced and the broad labeling
of all proteins in a sample. To overcome these challenges, a different substrate could be used
for the click chemistry (100), or it can be combined with SIP and nanoscale secondary ion mass
spectroscopy (NanoSIMS).

NanoSIP is a powerful technique that brings together NanoSIMS with SIP and could be used
to identify and quantify metabolic activities and track their source and fate (101). These meth-
ods have been applied to viruses to directly quantify virus-to-host ratios, track virus activity and
biogeochemical influence, and illuminate indirect viral effects (such as organomineralization) and
they can also be done in tandem with BONCAT to quantify virion production (102-104).

In contrast to the previously described methods, the single-cell polony method allows for direct
quantification of viral infection (105-107). This method pairs flow-cytometric sorting and PCR-
based polony technique to simultaneously screen thousands of taxonomically resolved individual
cells for intracellular viral DNA, enabling sensitive, high-throughput, and direct quantification of
infection by viruses. Given that this is a probe-based method, viral lineages that share common
sequence regions can be detected with the same probe set. The single-cell polony method thus
relies on some prior knowledge of the viral sequence and does not detect RNA viruses.

Other probe-based techniques include variations of fluorescent in situ hybridization (FISH),
phageFISH and Virocell-FISH, which both use two different probes tagged with fluorophores to
study the virus and the host infection dynamics. PhageFISH enables the detection of replicating
and encapsidated phage DNA using dsDNA probes, and at the same time the host can be iden-
tified and quantified based on rRNA probes. This approach allows for single-cell measurement
(108, 109). Virocell-FISH, however, is based on fluorescently labeled mRINA of a gene of the host
and virus, and thus gene expression dynamics are studied using a high-throughput imaging flow
cytometer. This approach allows for the study of viral infection dynamics via distinct transcrip-
tional states at a single-virocell level (110).

Viral tagging is an approach that links fluorescently labeled viruses to specific host cells
via high-throughput flow sorting and characterizes host-associated viral diversity with high-
throughput sequencing (111, 112). This method has the added benefit of physically linking viruses
to a host, like culture-dependent methods, but it is not limited to isolates or viruses that can form
plaques. This approach cannot be used to characterize infection dynamics, as hosts can become
labeled during infection and remain labeled even if infection is terminated or virion production
and host lysis do not occur.

Finally, high-throughput chromosome conformation capture (Hi-C) is another promising ap-
proach that has been recently applied to gain insights into virus-host interactions in the gastroin-
testinal tract of mice and humans (113, 114). The Hi-C method combines proximity-based fixation
and high-throughput sequencing to capture the 3D architecture of chromosomes and uses confor-
mational signatures to estimate close physical proximity between DNA fragments (115). Although
this approach enables characterization of prophages and slow-growing lytic phages, it potentially
leaves out highly virulent phages that rapidly kill their hosts. Therefore, sequencing of the VLPs
is still required to generate an exhaustive inventory of viral genomes present in the sample.
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Single-cell Hi-C allows for the chromosome-viral genome interaction studies at a single-cell
level and thus can be used to study epigenetics (116, 117).

The full potential of these techniques remains underutilized and untapped. Further research
developing these techniques should include diverse environmental samples, experiments incorpo-
rating multiple inducing agents to track microbial lysis and new virion production from proviruses,
and more exploration of combining these techniques and long-read sequencing.

4. VIRUS-VIRUS INTERACTIONS

Viral metagenomics is helping to bring the social lives of viruses to light. Social interactions be-
tween viruses can alter genetic architecture, phenotypic characteristics, reproduction strategy, in-
fection dynamics, and evolution of viruses, which influence how viruses interact with their hosts
and ultimately the ecosystems. Although, the interactions of viruses with other viruses can have
important consequences for viral ecology, this key interaction type is often overlooked within an
ecological framework. Here, we highlight the role of VVIs, including the new field of sociovirol-
ogy, in driving the diversity, distribution, and dynamics of viruses, their hosts, and their broader
ecosystems.

VVI can be defined as the changes in the infectivity, lifestyle, development, and persistence
during concurrent or sequential infection of the host by two or more viruses (118) (Figure 4). In-
teractions between coinfecting viruses were observed as early as the 1940s; however, the landmark
study that put VVI on the map was performed by Turner and Chao in the late 1990s (119). The
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authors showed that an RNA phage infecting Pseudomonas phaseolicola, called phage $6, adopts a
cooperative strategy that resembles the prisoner’s dilemma. In this scenario, high phage ¢$6 coin-
fection rates boost evolution of selfish phage ¢6 variants with reduced fitness that rely on gene
products of coinfecting genotypes for propagation. Such individual sacrifices and evolution of a
cooperative breeding system allow viruses to essentially chaperone useful genes into successive
generations and favor kin selection.

The interactions of viruses include cooperation, communication, and conflict, such as compe-
tition. Competitive VVIs can range from exploitative competition to interference. Some viruses
infecting bacteria, plants, and mammals induce protection against subsequent infection by a re-
lated virus, a phenomenon termed superinfection exclusion (120). Cooperation and conflict go
hand in hand when helper-dependent viruses (121-125) interact with their helper viruses. Helper-
dependent viruses lack the structural components or replication machinery required for the for-
mation of fully infectious particles, and hence they are obligatorily reliant on another virus, termed
helper virus, for propagation. However, helper-dependent and helper virus pairs can interfere with
one another to alter viral infection dynamics (122), pathogenicity (126, 127), and evolutionary
trajectory (128). In some viral populations, defective interfering particles (DIPs) harboring large
lethal deletions can propagate only in the presence of a fully functional wild-type virus (129).
In the presence of a large number of total infecting particles, DIPs have competitive advantage
over the wild-type variants and attain high population densities by quickly replicating their short
genomes (129). Influenza virus DIPs that out-replicate fully infectious homologous viruses are
regularly generated during human infections, and it has been suggested that they are cotransmit-
ted with the infectious particles (130). Accumulation of DIPs during influenza infection can alter
host immune response and has been correlated with reduced pathogenicity of influenza virus. Re-
cent breakthroughs in high-throughput sequencing shed light on the enormous genetic diversity
of influenza DIPs and revealed viral strain-specific patterns of DIP formation (130, 131). These
studies set the stage to further probe molecular events underlying DIP formation across diverse
influenza strains and study the contributions of distinct DIP populations to disease severity.

Investigators have sampled viral communities from insect vectors to characterize helper DNA
viruses and associated satellite molecules that target plants (132) and even other viruses. Unlike
DIPs that rely on wild-type virus variants for successful propagation, helper-dependent satellite
viruses are incapable of completing their infection cycle without the assistance of a helper virus
belonging to a different virus family. Metagenomic studies have vastly amplified our inventory
of nucleocytoplasmic large DNA viruses (NCLDVs) and smaller satellite viruses that parasitize
NCLDVs, called virophages, and provided insights on the gene repertoire, cognate NCLDVs,
and distinct abundance profiles of virophages associated with unique environments (133-135).
From an ecological perspective, virophages can have profound implications in microbial nutrient
cycling, often referred to as the microbial loop. Predator-prey simulation models indicate that the
presence of virophages regulates helper virus-algal host dynamics and alters carbon flux through
the microbial loop in aquatic ecosystems (136). In parallel, several metagenomic and single-cell
genomic studies have facilitated the discovery of novel NCLDVs and provided insight into their
genetic diversity, biology, evolution, and ecology (133, 136-140).

Mounting evidence suggests that cooperation within and between viruses is also prevalent.
Studies show that two independently replicating yet homologous viruses can recombine (pheno-
typically or genotypically) during coinfection to produce hybrid viral particles that have increased
viral fitness and thereby deleterious consequences for human health (120). Others have demon-
strated that viruses acquired traits that facilitated their collective transmission and enabled them to
function as infection units (141). Some phages have also adapted distinct strategies to eject mul-
tiple phage genomes into the same bacterial host (142). A notable characteristic of filamentous
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coliphage f1, for example, is their ability to encapsulate multiple phage genome copies within a
single capsid. Additionally, factors such as temperature, pH, and salt concentrations can influence
formation of phage aggregates and thereby favor interactions among virions during infection. In
other instances, beneficial cooperative behaviors have been shown to guide infection cycle choices
of phages (143) or allow phages to evade bacterial adaptive immune systems (144, 145). However,
implications of collective behavior of phages on population fitness and evolution under a given
environmental context are open avenues for future exploration.

Recent advances with metagenomic techniques have enabled characterization of the frequency,
extent, and ecology of VVIs. Evolutionary analysis of microphage genomes assembled from public
virome sequences indicates that coinfection events may have primed genetic exchange between
ssDNA or dsDNA viruses (146). Metagenomic studies that uncovered chimeric RNA-DNA
hybrid viruses imply that systematic coinfections have played crucial roles in the ecology and
evolution of these viruses (147, 148). For example, evaluation of 13,103 viruses from 6,564
microbial hosts in three distinct large-scale microbial data sets predicted that host ecology and
VVIs strongly regulate frequency and extent of viral coinfections (149) (Figure 4). Collectively,
these reports indicate that VVI is a major driving force for viral evolution and coinfection is
a widespread phenomenon, and that VVIs should be emphasized in the study of viral ecology
across marny ecosystems.

Sociovirology offers a conceptual foundation to decipher ecological and evolutionary conse-
quences of interactions among and between viruses (118). Coinfecting viruses may exchange ge-
netic material or proteins, complement growth and boost pathogenicity, or cheat and interfere
with infection. Such interplays between coinfecting viruses can have profound consequences on
the evolution of viruses and health of their hosts. The field of sociovirology is still in its infancy,
and deploying high-throughput tools to untangle complex VVIs could reshape the fundamentals
of virology and help the design of next-generation therapeutics.

Deep-sequencing studies have only further highlighted the pervasiveness of VVIs. While in-
vestigating virus-host relationships in publicly available sequence data, Roux et al. (150) discovered
that virus coinfections are common, although the exchange of genetic information is less prevalent.
Single-cell sequencing and viral metagenomic approaches confirm that coinfection is common
across diverse environments (18, 151). Diaz-Muifioz (149) exploited multiple large-scale data sets
of virus-host interactions to pinpoint biotic and abiotic factors that regulate viral coinfections. Col-
lectively, these studies and a recent perspective article (17) highlight how high-throughput tech-
nologies that integrate molecular and evolutionary approaches can be employed to gain insights
into the social life of viruses. These social interactions, and their implications for the diversity, dis-
tribution, and dynamics of viruses, should be accounted for in the analysis of viral metagenomics,
as it is increasingly integrated into an ecological framework.

5. APPLICATIONS AND RESEARCH NEEDS OF VIRAL
METAGENOMICS WITHIN AN ECOLOGICAL FRAMEWORK

Beyond advancing the field of virology, viral metagenomics has yielded important applications
for medicine, agriculture, and conservation biology, and it will continue to advance applications
as critical basic research needs are met. We describe areas of fundamental research needs within
viral metagenomics highlighted by an ecological framework, including in VVIs, that will advance
viral ecology in environmental and human-relevant contexts.

5.1. Applications of Viral Metagenomics Within an Ecological Framework

The steady decline of antibiotic susceptibility among pathogens, coupled with the plummeting
rate of new antibiotic discovery, has resulted in new attention to the application of virulent phages
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for pathogen control. Viral metagenomic approaches have been used to identify the phages and
screen for potential virulence or antimicrobial resistance genes in a commercial phage cocktail
targeting Escherichia coli/ Proteus infections (152). In another study, Fujimoto et al. (153) employed
viral metagenomics to reveal associations between intestinal phages and their hosts and identified
novel phage-encoded antibacterial enzymes that specifically control opportunistic pathogens, such
as C. difficile. However, the development of effective phage cocktails has been hampered in part
by the diversity of phages in nature, limiting replicability and replication of studies (154, 155). A
systematic and high-throughput search for effective phage cocktails using metagenomics to char-
acterize the diversity and potential hosts of phages is required to develop phage-based alternatives
to widespread antibiotic use (154). Considering that viral genomes encode a repertoire of proteins
with therapeutic and/or diagnostic potential (156), culture-independent viral metagenomic tools
are poised to explore novel viral genes and discover novel phage-derived proteins with clinical and
agricultural applications.

Given the complex nature of phage-bacterial interactions, more consideration is needed for the
evolutionary dynamics and consequences of phage resistance in the target bacteria (155). Reports
indicate that spatial heterogeneity (157-159) and the presence of alternate hosts in the neighbor-
ing microbiota (160) can alter the trajectory of phage-host coevolution dynamics and have signifi-
cant implications for the outcome of phage therapy. Another area that deserves further attention is
the effect of phages on nontarget bystander bacteria present in the microbiome. Conflicting views
exist on the potential effect of phage predation on microbiota; one study indicates that phage
infection drives compositional shifts in the murine gut microbiota (161), whereas another group
claims that phages cause negligible fluctuations in phylogenetic compositions of the microbiota
(162). Recent in vitro work provides direct evidence of how phage infection of a clinically relevant
opportunistic pathogen triggers an antibacterial response and consequently restricts the growth
of neighboring bacterial species that are not susceptible to phage infection (16). Together, these
studies set the stage to address two key outstanding questions in the field: (#) how the evolution of
phage resistance in a bacterial species affects its competitive interactions for resources with other
species with similar or overlapping ecological niches and (b)) whether phage-induced changes in
host metabolism result in alterations of the commensal bacterial and phage communities.

Beyond phage therapy, emerging views suggest that the diversity, dynamics, and interactions of
phages influence mammalian health and disease by regulating the native bacteriome and through
direct interactions with the human immune system (34, 163). Several recent reports advocated
correlations between altered virome and human diseases such as inflammatory bowel diseases
(164, 165), acute malnutrition (166), AIDS (28), autism spectrum disorders (167, 168), arthritic au-
toimmune diseases (169, 170), diabetes (171, 172), and cancer (173, 174). Although these disease-
associated shifts in the phage communities imply that phages might be responsible for the co-
occurring bacterial dysbiosis, direct evidence for such reciprocal relationships is missing (164).
However, phage can carry auxiliary metabolic genes (AMGs) (175-177) or antibiotic-resistant
markers (178) and directly influence the ecology and evolution of bacterial communities. Analy-
ses of viral metagenomes from oropharyngeal swab samples resulted in the discovery of phage-
derived virulence genes in these communities (179). Development of computational tools such as
DRAM-v (Distilled and Refined Annotation of Metabolism in viral mode) that predict metabolic
profiles of viromes provides an excellent avenue to exploring phage AMGs (180) and will vastly
increase our knowledge of the functional potential of viromes.

Viral metagenomics also has significant applications within agricultural settings, where it has,
for example, revealed the sensitivity of soil viral dynamics to spatial and temporal changes in fac-
tors such as plant presence (57). RNA sequencing moreover has shown the extent of infection
and coinfection in economically important crop plants through viral metagenomics (181), and
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potential risks and sources of infective plant viruses from irrigation with reclaimed wastewater
(182). Beyond screening for the presence of pathogens, metagenomics has also been used to de-
sign phage-based products such as endolysins for application directly to food for enhancing its
safety and preservation during transport and sale (155, 183).

Viral metagenomics can also be used to achieve goals in conservation biology, from the protec-
tion of individual species of concern to forecasting effects of climate change on soil carbon cycling
and thereby improving projections of future climate change. For example, RNA viruses have been
found in soil that appear to be actively replicating, lysing their hosts and releasing carbon to be
taken up by other organisms (184). Further time series of metatranscriptomics and metagenomics
on soils, including experiments under forecasted future conditions, are needed to understand how
viral-mediated carbon cycling may change in the future and how phages in the rhizosphere could
mediate plant responses to those changes (185). Changes in climate and habitat may also affect the
likelihood of viral disease in wildlife populations that are critically endangered (186) or of high
economic importance in ecosystem management (187). Sequence analyses of viral pathogens from
these populations can shed light on the sources of infection spillover (20, 63, 188). Research into
effective and affordable strategies for using viral metagenomics in a surveillance program could
help protect vulnerable wildlife populations and integrate these data into community ecology
(189) for better management of ecosystems.

5.2. Research Needs in Viral Metagenomics Highlighted
by an Ecological Framework

An ecological framework highlights the need for specific approaches to be better developed and
more widely adopted. These include improving our ability to characterize viral diversity and distri-
butions across scales and the development of more quantitative methods for measuring dynamics
and detecting interactions (summarized in Table 2).

Our ability to characterize viral diversity within and among populations is improving with the
development of new approaches, although limitations remain for each approach. Problems in the
assembly of short reads arise when similar variants of a viral species are present in the sample (71,
190). This diversity, however, may be ecologically relevant (11, 53) and could be better addressed
through methods such as long-read sequencing, vSAGs, and in silico approaches to predict variant
combinations in assembly (9, 11, 75, 83). These methods should especially be developed in more
high-throughput pipelines for more accurately determining whether a genome is complete and
which genes actually belong to that genome.

Additionally, viral metagenomic methods likely miss many of the rarer viral genomes due to
small amounts of nucleic acids present in samples and difficulty in annotating short sequences
(191). Methods such as long-read pipelines should be further developed to help detect those viral
genomes because while rare, they could still play an ecologically important role, as evidenced by
their ubiquity in some cases (192). Methods of extracting nucleic acids from VLPs alone improve
the resolution of viral genomes relative to metagenomes obtained from the whole sample (57),
and these methods continue to improve for low-biomass and difficult samples (10, 60, 193, 194).
Large gaps remain in our knowledge of the distribution of viral diversity, VVIs and virus-host
interactions, and the context-specific nature of viral dynamics across a wide range of habitats and
environmental conditions. Ecological interactions are often dependent on the environmental con-
text and need to be studied within a community ecology framework to understand how context
shapes viral evolution (76, 189, 195). New databases of viral sequences from metagenomic studies
such as the IMG/VR (1) are beginning to shed light on the importance of relatively understud-
ied environments, as well as less-studied habitats within host-associated ecosystems such as the
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Table 2 Fundamental research needs for advancing viral metagenomics highlighted by an ecological framework

Focus Challenge(s) Recent progress Needs
Diversity Detecting the rare virosphere Noucleic acids extracted from Further resolution in high-throughput
VLPs to exclude hosts and viral metagenomics for detecting rare
deeper sequencing; methods species in less sample material;
targeting a subset of the sampling different environmental
community (e.g., SIP to label conditions; using complementary
active members or degraders methods of isolating VLPs for
of a particular substrate) sequencing
Variant heterogeneity Deep sequencing; long-read Wider application of combinations of
preventing assembly sequencing; in silico sequencing approaches; further
approaches to closing development of in silico approaches
viromic islands; single-virus for assembling genomes with variant
sequencing heterogeneity
Determination of genome vSAGs; long-read sequencing; More complete reference genomes in
completeness, including bioinformatics tools databases
segmented/multicomponent
viruses
Prevalence and importance of Paired metagenomes with Wider application of complementary
various types of viruses metatranscriptomes or sequencing techniques, along with
(ssDNA, dsDNA, ssRNA, viromes; paired DNA and methods to determine absolute
dsRNA, etc.) RINA viromes; amplification abundances and ecological effects
methods selecting for both
ssDNA and dsDNA
Distributions | Lack of environmental metadata | Minimum information Studies taking advantage of new
standards and increased database resources and designing
environmental metadata experiments to determine
environmental drivers of distributions
Undersampled environments Greater sampling of novel, Prioritization of environments to
extreme, and overlooked characterize; development of
environments predictive models benchmarked with
empirical data
Uneven sampling across Paired DNA and RNA viromes Wider application of multiple
environments with different sequencing approaches; further
approaches development of unbiased quantitative
sequencing approaches
Dynamics Activity cannot be assessed from | Time series and pairing Development of methods to apply SIP

single metagenome alone

metagenomes with measures
of activity

or other activity measures in situ
across diverse environments

Quantitative estimates of
absolute abundance

Development of low-input
sequencing methods to
reduce the need for
amplification; benchmarking
of quantitative viral
metagenomics with
representative mock
communities

Further optimization of low-input
sequencing methods and statistical
methods for quantifying uncertainty

Context-dependent dynamics

Studies of comparative
dynamics under differing
conditions

Studies manipulating environmental
conditions to compare dynamics and
identify drivers of differences
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Table 2 (Continued)

Focus Challenge(s)

Recent progress

Needs

Prevalence and timing of latent
infections, including lysogeny

Estimates using induction of
lytic phase; searches for
proviruses in genomic data

sets

Better resolution of proviruses and their
prevalence and distributions through
approaches such as SAGs and
bioinformatic tools

Linkages across scales, from
populations to communities to

Studies linking spillover of
zoonotic viruses to humans

Development of in situ tractable model
systems in which to link scales

ecosystems or domesticated animals to
land conversion
Interactions Characterizing and quantifying CRISPR spacers; Optimization of vSAG to infer

the host range of both
cultured and uncultured
viruses

machine-learning predictive
approaches; SAGs of host
cells

phage-bacteria interaction networks
across different habitats and
determine host range of
bioengineered phages

Direct and indirect influences of
viruses on host communities
and ecosystem functions

Studies focusing on the
characterization of
phage-resistant bacteria
during phage therapy; effect
of phage on microbial
community structure;
indirect effects of viral
infection or presence alone
on host communities and
ecosystem function

Broad application of high-throughput
sequencing technologies to explore
how the host and its surrounding
community change in response to
viruses; broadening research focus to
include indirect and cascading
interactions

Characterizing and quantifying
VVIs

Identification of environmental
and biological predictors of
these interactions; improved
characterization of
virus-virus communication
(quorum sensing or arbitrium
system); genetic diversity and
strain-specific profiles of viral
genetic variants within the
strain

Implications of therapeutically
administered coinfecting phages on
(@) replication dynamics and evolution
of the phages and (§) structure and
function of the host-associated
microbial community; effect of viral
strains on VVIs and its
epidemiological implications; studies
of whether and how distinct variants
affect evolution of the homologous

wild-type virus

Abbreviations: ds, double-stranded; SAG, single amplified genome; SIP, stable isotope probing; ss, single-stranded; VLP, virus-like particle; vSAG, viral

single amplified genome; VVI, virus-virus interaction.

human skin and vaginal mucosa. Further work on undersampled environments and modeling to

predict and prioritize specific environments will improve our understanding of viral distributions

and context-specific interactions.

Another key gap in our understanding of viral distributions is the mismatch between the spatial
resolution at which virus-host interactions occur in structured environments, such as soil or human
skin, and the resolution at which we are able to detect viruses and microbial hosts (196). Single-cell
sequencing approaches are beginning to address this in some microbial mats (196, 197). Further

work characterizing the viral distribution on scales difficult to sample will improve with continued

developments in low-input sampling and sequencing techniques.

Viral metagenomic studies have moved from simply characterizing single metagenomes to
seeking ecological inference about the interactions and dynamics of the viruses. The development
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of methods to distinguish actively replicating populations from dormant or dead biomass (e.g.,
SIP) and their use in combination with viral metagenomics should be more widely adopted (for
an example, see 94). Alternatively, metatranscriptomes paired with metagenomes can reveal not
only RINA viruses but also transcriptional activity of DNA viruses, although the small amounts of
mRNA and lack of correlation between transcription and actual translation and virion production
do require care in interpreting such data.

Progress on addressing each of these areas has advanced rapidly in recent years, and we are op-
timistic these challenges can and will be addressed as bioinformatic tools continue to be developed
and laboratory processing of samples continues to be optimized.
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