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Abstract

Viruses are extremely diverse and modulate important biological and ecological processes
globally. However, much of viral diversity remains uncultured and yet to be discovered.
Several powerful culture-independent tools, in particular metagenomics, have substantially
advanced virus discovery. Among those tools is single-virus genomics, which vyields
sequenced reference genomes from individual sorted virus particles without the need for
cultivation. This new method complements virus culturing and metagenomic approaches and
its advantages include, for example, targeted investigation of specific virus groups and
investigation of genomic microdiversity within viral populations. In this Review, we provide
a brief history of single-virus genomics, outline how this emergent method has facilitated
advances in virus ecology, and discuss its current limitations and future potential. Finally, we
address how this method may synergistically intersect with other single-virus and single-cell
approaches.

Introduction

The majority of viruses are assumed to infect microorganisms, which are the most
abundant cellular hosts on Earth, both free-living and those associate with animals and
plants’. Viruses are ubiquitous and likely the most numerous and genetically diverse
biological entities in nature®>. Commonly, the investigation of viruses focuses on their role in
causing disease in humans and commercially important plants and animals, although the
impact of viruses in nature goes beyond disease and mortality alone. Viruses modulate
microbial mortality and community dynamics, horizontal gene transfer, metabolic
reprogramming in infected hosts, and biogeochemical cycles in the environment®’.

For many years, cultivation of virus-host pairs was the only approach available to
provide insights into viral characteristics and the gold standard in taxonomy. Cultivation
facilitates producing clonal virus particles in relatively large quantities, which is typically a
requirement for detailed ultrastructural and molecular analysis. Additionally, culturing
enables experimental investigation of viral-host dynamics, mechanisms of infection, and
responses of the host under controlled conditions in the laboratory; however, these conditions
often do not represent those present in nature®*3. Furthermore, cultured virus isolates only
represent a small fraction of the total virus diversity #8, The mismatch between viral
diversity in the environment and in the number of laboratory isolates is also evident from the
number of sequenced viral genomes. As of February 2020, the DOE-Joint Genome Institute

IMG/VR database®® contained 8,392 genomes of isolated viruses, three times less than the
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number of the uncultured “high-quality draft viral genomes” (n=25,659) and almost 100-fold
less than the number of the viral genomic fragments (n=735,112) predicted from assembled
shotgun metagenomes. Expanding the cultivable viral diversity is limited by the inability to
grow the majority of ecologically relevant hosts or to generate host-derived cell lines!418,
Furthermore, there is an issue of scale. Despite some controversy regarding the extent of
global viral diversity>?°2* even considering the most conservative estimates for dsDNA
viruses with ~4 million different viral proteins??, it is unimaginable that all viruses will ever
be cultured.

Metagenomics is a powerful culture-independent approach to discover novel,
uncultured microbial and viral genetic diversity*1"182531 The use of metagenomics provided
a first glimpse at the level of diversity within uncultured marine viral communities and made
it evident that much of that diversity had yet to be characterized®. More recent large-scale
metagenomics studies continue to shed light on global genetic viral diversity. For example,
the Tara expedition enabled assembly of genome fragments and complete or almost complete
genomes from 15,222 marine viral populations 2°. Another study of ~3,000 metagenomes
sampled in diverse environments around the globe, including human microenvironments,
yielded 125,000 partial DNA viral genomes*. Metagenomics is also expanding our
understanding of viral genetic diversity and function in terrestrial soils. The analysis of 668
global terrestrial metagenomes revealed the distribution of over 24,000 viral sequences and
identified a suite of cosmopolitan virally encoded auxiliary metabolic genes that are
potentially involved in the metabolism of organic carbon in soil. Furthermore, metagenomics
has provided insights of the virus communities in extreme environments (reviewed in Ref %),
A recent study led by researchers at the DOE Joint Genome Institute reconstructed 2,074
genomes of eukaryotic nucleocytoplasmic large DNA viruses (NCLDVs) from global
metagenome data*°. Although NCLDV genome sequences can be found within metagenomes
that target cellular microbes?®3* they typically represent a low-abundance but diverse
fraction of the community, which complicates assembling large contigs and capturing most of
their genetic diversity ?6. This new NCLDV dataset obtained by flow cytometry sorting and
sequencing of multiple sets of 100 sorted viruses combined with metagenomics revealed
novel phylogenetic and functional diversity and connected viral lineages to potential
eukaryotic hosts, highlighting the ecological relevance of NCLDVs across environments.
Metagenomics has been proposed as a framework to develop a sequence-based virus
taxonomy to complement taxonomy based on virus isolates alone®. There is agreement that

much of that diversity remains to be discovered*??23 especially at the genus and species
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level®. However, current metagenomics and bioinformatics methods typically miss important
viral populations mainly owing to biases and limitations in sampling or assembly steps 363,

Viral genetic information can also be obtained by single-cell genomics (SCG) from
uncultivated single sorted, infected cells (further discussed in detail below)*®#. Most
commonly, individual cells are sorted by flow cytometry, chemically lysed and their genomes
amplified (single-amplified genomes, SAGs) by multiple displacement amplification prior to
sequencing®’~*°. Although sorting is not targeted for infected cells, infected cells often are
present at high prevalence, leading to meaningful virus detection®®-%, Single-virus genomics
(SVG) is a new approach that is complementary to metagenomics and SCG. The basic SVG
workflow (Fig. 1) comprises sample collection (typically less than 1-5 ml of sample
containing 10%-108 virions/ml is enough, although samples with lower particle concentrations
take longer to sort); fluorescent staining of viral DNA (for example, SYBR dyes); separation
or sorting of individual viral particles (for example, by flow cytometry); lysis of virion
capsids (for example, through a combination of temperature and chemical shock); whole-
genome amplification (for example, multiple displacement amplification); and sequencing
and data analysis. For more details on SVG methods and protocols refer to®l. SVG can
uncover uncultured, abundant and cosmopolitan viral populations that encompass
microdiversity overlooked by metagenomics®. Missing predominant viruses limits our
understanding of the diversity and interactions of viral and microbial communities and thus
the building of accurate ecological models. In this Review, we discuss the road leading from
SCG to SVG and how SCG helps disentangle genome diversity. We also discuss current
limitations of SVG and its potential, in particular, complementing other tools for
interrogating individual cells and virus particles.
The road to single virus genomics

With every new discovery in virology it becomes clearer that there is little room for
making generalizations about the ecological roles of viruses and that our knowledge of the
biology and ecology of viral populations is limited. Almost every virus-host system has its
own mode of interaction, and outcomes of infection. Whereas the genomes of some viruses
have as little as two genes, others have over one thousand genes including diverse auxiliary
metabolic genes 182°52%3 \which modulate the metabolism of host cells during infection, so
that the virus can replicate more efficiently. Diverse viral capsid morphologies and sizes and
genome types (single stranded (ss) and double-stranded (ds) DNA or RNA) hinder the

development of a single method for studying all viruses in a community. In addition, there is
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no universal genetic marker for taxonomic identification and molecular quantification of
viruses®, complicating virus investigation.

SVG requires very low sample volumes and less than 1 ml volume often is enough®?,
whereas metagenomics typically requires large volumes (liters). Sample volume is not a
limitation for SVG, what matters is viral concentration. The minimum detectable viral
concentration is an important factor for fluorescence-activated virus sorting. The minimum
sample volume that can be analysed and sorted depends on the technical specifications of the
flow cytometry sorter, and can be as low as =200 ul without introducing air bubbles in the
fluidic lane of the instrument. Two previous studies analysed low-concentration,
cryopreserved samples (~10* virions/ml) collected at 4,000 m depth at the Atlantic and
Pacific Oceans®, sorting one or up to 10,000 particles per well and amplifying and
sequencing the whole genome. Samples with even lower viral concentrations could also be
studied by SVG, yet it may be necessary to increase the sample volume and/or the sorting
time to obtain a meaningful number of individual particles for analysis.

Standard procedures for most viral metagenomic (hereinafter referred to as
“viromics”) studies include filtration through filters with 0.2 — 0.45um pore size to exclude
cellular organisms”25323956-59 and to enrich for viral particles. Often, filtration and
purification do not successfully remove small microorganisms and all cellular nucleic acids®°.
As a result, a large fraction of publicly available viromes are not efficiently enriched in viral
sequences®’. Furthermore, filtration cannot discriminate cellular gene transfer agents or
membrane vesicles from real virus particles.

Bioinformatic discovery and identification of viral genome fragments are complex
(Box 1) and there is no common standard procedure widely accepted by the community.
Moreover, bioinformatic tools often can only partially detect and remove cellular
contaminants®®2-54 Although it is now well-established that many viruses carry and express
metabolic genes that are homologs of host genes, such as auxiliary metabolic genes!82°°2:6566
assessing the metabolic potential of environmental viral communities through viromics can
be hindered by cellular contamination in viromes, which might confound the assignment of
predicted genes as viral®. Consequently, the best way to validate the viral origin of sequences
is by their unequivocal placement in assembled virus genome fragments (contigs) or, ideally,
in complete virus genomes. However, viromics data are often fragmented and vyield
consensus sequences hampering the assembly of complete discrete genomes and the study of

viral microdiversity in uncultured assemblages. Uncovering microdiversity is important for
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fully understanding the structure of viral populations and specific host-virus interactions,
which often involve strain-specific lineages. Although ultra-deep sequencing  and
improvements in analysis pipelines, including in quality control and trimming of sequence
reads, assembler algorithms, binning, and manual curation, improve recovery of viral
genomes from metagenomes®67%8 genetic heterogeneity and co-occurrence of viral strains
and variants of hypervariable islands are difficult to resolve bioinformatically36-338°, Often, a
large fraction of reads (up to 80%) remains unassembled in environmental viromes that are
obtained by short-read sequencing®®. Recent advances in long-read sequencing
technologies’® , which yield large assembly-free genomes, are promising. Hybrid assembly of
long Nanopore and short lllumina reads can minimize the high error rate normally associated
with long-read sequencing. This approach enabled recovery more complete viral genomes
and capturing longer genomic island than typically achieved with short-read sequencing’*"2.
Additionally, metagenomics based on large-insert cloning of genomic DNA from virus-
enriched samples into fosmids is another effective strategy for obtaining genetic information
from uncultured viruses, although the insert size is limited by the size of the cloning vector
system, preventing sequencing viruses with genomes larger than 50 Kb”>-7®,

Although metagenomics is extremely powerful, additional culture-independent
approaches, such as SCG, can be complementary. In 2007, SCG emerged as a cutting-edge
technique to provide genomic information from individually sorted uncultured archaeal,
bacterial and eukaryotic cells*24°7783 Mining of SAGs from SCG is a helpful cultivation-
independent approach to discover new bacteria and archaea®°. Following the success and
existing methods for SCG, SVG has now been added to the toolkit available to study viruses.
SVG circumvents several of the limitations of culturing or viromics discussed above3®:5188.90-
92 However, SVG has its own biases and technical challenges. For example, the detection of
viruses with very small capsid size and/or ssSDNA and RNA genomes is virtually impossible
with current flow cytometers, which are mostly designed for targeting cells instead of
nanoparticles®. The low fluorescence derived from the staining of ssDNA and RNA viral
genomes with commercially available dyes and their low side and forward scatter signals are
below detection limit or overlap with background signal and electronic noise®*°. The
development of flow cytometry instruments®*% that can detect very small, low-fluorescence
particles would help pushing the boundaries of SVG to capture hidden viral diversity. Other
strategies for virus detection and sorting based on microfluidic nano-devices and lab-on a
chip with optics integration®® are becoming very attractive alternatives to flow cytometry.

Despite the well-established protocols for detecting and targeting dsDNA viruses using

6
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fluorescent nucleic acid-binding stains®*°%97% to the best of our knowledge, current
commercial dyes with high affinity for ssDONA and RNA do not fully discriminate against
dsDNA, further complicating the distinction of ssSDNA and RNA containing particles.
Furthermore, although Phi29 DNA polymerase and variations of it can amplify DNA, we are
not aware of a commercially available enzyme with the required sensitivity for whole
genome amplification (WGA) of a single copy of a RNA virus genome. Also, no
manufactured enzyme and molecular reagents are contaminant-free®, which is crucial when
working at the level of single-copy cell or virus genomes. Other sources of contamination are
from the sorting instrument or environmental DNA co-sorted within single-virion containing
droplets.

It is imperative that the same strict practices for decontaminating and preventing DNA
contamination used for SCG are implemented throughout the SVG pipeling36:°0°1100 - A
additional recommended practice for SVG is to sequence several WGA reaction control
blanks without any sorted particles. During bioinformatics analyses, these blanks function as
negative controls for subtracting potential contaminant reads from sequence libraries. Further
advances in WGA chemistry are improving the outcomes of SCG and SVG. For example,
WGA-X uses a thermostable mutant of the phi29 polymerase!®?, which improves the speed,
genome recovery and size of new assemblies, even for GC-rich genomes of bacteria, archaea,
protists and virions®, compared to the regular phi29 polymerase!®?,

In addition to technological and chemical advances and strict decontamination
procedures and quality controls®$°%511% we argue that the full potential of SVG for viral
discovery may be achieved through broad use of this tool and combined efforts by the wider
microbiology and virology community. Large-scale SVG studies, analogous to previous
global metagenomics studies, in which hundreds or thousands of single viral particles are
sequenced from samples collected at high spatial and temporal resolution from diverse
terrestrial, aquatic and animal environments, could redefine the role of this tool for
understanding viral and microbial ecology. A limitation to this ambitious proposal may be the
cost and limited access to SVG technology for many researchers. However, several
affordable commercial kits for WGA that also work for single dsDNA viral genomes are
now available. Additionally, commercial services can provide relatively affordable, high-
yield sequencing. A flow cytometry sorter or compatible microfluidic devices that can sort
individual virions are the most expensive requirement for SVG. Based on our experience, a
dedicated instrument for SCG or SVG is not needed as long as there is a thorough instrument-

cleaning step between samples. If research groups do not have access to their own sorter, we

7



234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266

suggest outsourcing virus sorting to well-established fee-for-service flow cytometry facilities,
which exist in many universities, are fully equipped and have experienced technical
personnel. So far, Influx™ and FACSAria™ sorters (BD Biosciences) have proven suitable
for sorting giant viruses®®'% and bacteriophages®*®9 for SVG. Other flow cytometry
sorters may also have the sensitivity to detect and sort viral particles. However, we have not
tested these sorters ourselves and there are no published studies so far. We encourage
testing®®9? additional sorters by fluorescently staining a control viral sample, sorting several
virus particles onto a glass microscope slide and confirming the presence of single virus
particles by confocal or super-resolution fluorescence microscopy.

Bioinformatic analysis (sequencing trimming, genome assembly and annotation) is
crucial for a successful SVG workflow. Genome assembly from viral sequence data is one of
the most important steps. Although, different algorithms and genome assemblers exist,
SPAdes!®, using the ‘single-cell” option for dealing with uneven genome coverage
introduced during WGA step, probably shows the best performance. With the currently
technologies, obtaining complete genomes from whole-genome amplified material is
unrealistic, as demonstrated in SCG, with only one reported example of a complete genome
from a single-cell'®. In our experience and looking at available data, similar issues apply to
SVG. Based on the recently proposed criteria on the minimum information about an
uncultivated virus genome (MIUViG)% (REF), we conclude that genomes assembled from
single-virus sequences are not finished genomes, rather “genome fragments™ (recovery of
<90% of the expected genome length) or “high-quality draft genomes” (>90% of the expected
genome sequence). In metagenomics, nearly 95% of recovered viral contigs (average contig
length of 16.9 kb)!°® are classified as “genome fragments (<90% of the expected genome
length).

Insights from single-virus genomics

Although only few SVG studies have been published so far, they provide important
insights into viral diversity and ecology. We hope the SVG case studies presented below
entice other researches to use SVG approaches in their work.

Sequencing of the genome from a single virus particle was first reported in 2011 by a
team at the J. Craig Venter Institute®2. The researchers sorted virions of lambda and T4
phages of Escherichia coli by flow cytometry'®"1% and they used multiple displacement

amplification to produce enough DNA for sequencing®. Despite the limitations of the study,
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that is, use of a simple mixture of two phage isolates and a low-throughput, it demonstrated
the feasibility of this approach to study uncultured viruses.

A few vyears later, a similar fluorescence-activated virus sorting and WGA strategy
was used to study virus particles in a one-milliliter surface seawater sample collected off the
Patagonian Shelf 1%, However, this study did not investigate single-virus genomes but a pool
of =5,000 virions. Flow cytometry resolved three distinct virus clusters and they were sorted
into three separate tubes prior to genome amplification. The study recovered sequences of
uncultured giant viruses, validating the effectiveness of this approach to target specific viral

groups such as eukaryotic NCLDVs. Ecologically important NCLDV particles'®

are
commonly removed during the filtering step of conventional viromics owing to their big
genomes and capsids. Interestingly, another targeted flow-cytometric bulk sorting study
discovered 16 novel soil NCLDVs, including novel lineages and the largest currently known
viral genome in the Mimiviridae with 2.4 Mb?®.

In 2017, SVG was successfully applied in a high-throughput manner to marine
environmental samples®®**®°, The study sorted 2,234 single virus particles from seawater
samples collected from the Atlantic Ocean (4,000 m depth) and the Mediterranean Sea
(surface and deep chlorophyll maximum) using fluorescence-activated virus sorting and
performed WGA. Subsequently, 44 of these viral single-amplified genomes (VSAGs) were
randomly selected for Illumina sequencing. None of the 44 vSAGs matched known virus
isolates or metagenomics databases. Indeed, they represented 36 novel viral species and 7
new genera or families, which were cosmopolitan and abundant in the ocean®. These
findings suggest that SVG likely recovered dsDNA viral populations that dominate the
oceans. Remarkably, the study also showed that the newly discovered virus vSAG 37-F6
probably is one of the most abundant and cosmopolitan marine viral species and that it is
present both as free virus and associated with host cells, as indicated by its high abundance in
marine cellular metagenomes. Furthermore, 37-F6 virus-like species were also detected in the
deep ocean. A capsid protein of 37-F6 was the most abundant viral protein in marine
ecosystems, as determined by viral proteomics®®. A recent metatranscriptomic study reported
high transcription levels of 37-F6 viral genes in surface microbial communities.
Remarkably, metagenomic data from recruitment patterns and virome simulation data
showed that the 37-F6 viral population was highly microdiverse and that this microdiversity
had hindered metagenomic assembly, which likely explained why 37-F6 had not been
identified before. A recent single-cell genomic study demonstrated that several members of

37-F6 viral population were present in uncultured sorted single cells belonging to the
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candidate genus Pelagibacter from different oceans®®. Fine ecogenomic analyses indicated
that virus 37-F6 was a distinct, unrelated genetic population to previously described
pelagiphage isolates*'2, Now, we know from SCGs that 37-F6 likely is lytic and infects
Pelagibacter, which is one of the most abundant bacteria on Earth®® and thus, this virus is
expected to have a major impact on carbon cycling. Recent estimates from digital PCR

suggest that 10-400 cells per ml are infected at any given time!!3

with a potential carbon
release from 124 fg to 4.9 pg per ml (assuming total carbon content in oceanic bacterial cells
of 12.4 fg per cell 14 As this virus is ubiquitous in all Tara samples®, it is reasonable to
think that an enormous amount of carbon might enter the viral shunt because of this virus.

Intriguingly, these discoveries would have been possible without looking at the most
elemental component of viral communities, the single viral particle through the lens of SVG.
Furthermore, considering that only 44 viruses, a tiny fraction of total sorted viruses, were
sequenced, leading to the discovery of abundant viral species, future work should address
whether other major abundant dsDNA viral populations, in addition to 37-F6, have been
overlooked by viromics so far. Large-scale sequencing of sorted VSAGs from different
oceanic regions from pole to pole, complemented with metagenomic long-read sequencing,
might help to close this gap.

Another marine study® used SVG to target and sequence 12 individual giant ocean
viruses directly recovered from a coastal seawater sample collected at Boothbay Harbor, ME,
USA. A wide viral diversity was identified, including a member of the Iridoviridae, several
members of the Mimiviridae and a taxonomically novel (unresolved) giant virus . The
discovery of a putative viral metacaspase gene in the genome of one of these giant viruses
suggested a mechanism by which the virus could influence host metabolism to promote viral
infection and led to the demonstration that viral metacaspases are widespread in the ocean.
The study also found a putative mimivirus with both a reverse transcriptase and a
transposase, suggesting a novel mechanism of latent propagation®. The experiments for this
study took place in 2011, and it was, to the best of our knowledge, the first study that sorted
viruses (with large genomes) from an environmental sample. A caveat of this study, in
contrast to current sequencing platforms, is that it primarily relied on 454 sequencing using
Titanium chemistry, which was a common method at the time but suffers from non-random
error distribution (mainly homopolymer errors) leading to poor genome assemblies and
annotations, as reflected by the overall highly fragmented genomes (16-1,051 contigs, with a
mean contig length of ~1,000 bp). Despite this limitation the findings support the use of SVG

for deepening the genomic understanding of specific virus groups such as NCLDVs.
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Demonstrating the progress in SVG methods, two recent SCG papers reported the retrieval of
more complete and less fragmented genomes of giant marine viruses**>%® from single sorted
cells. One of the studies discovered the first viruses of choanoflagellates (ChoanoViruses)
and revealed genomes enriched in enzymes that modify organic compounds, for example, for
degrading chitin, and the presence of a viral rhodopsin photosystem with distinct

evolutionary history from those that capture sunlight in cellular organisms**®

. As the giant
viruses where found in individually-sorted cells, it is possible that they represented active
infections with multiple copies of the same viral clone in the infected cells, which would have
facilitated better genome coverage and assembly than in the study from 2011%, which had
single copy genomes as the starting material were single copy genomes.

Although so far SVG has been mainly used to study marine environmental microbial
ecology, SVG has huge potential for application in plant, animal and human virology. In a
recent pilot SVG study in humans®, saliva samples from three volunteers were analyzed
using SVG combined with viromics. Results showed a high proportion of uncharacterized
viruses in the oral cavity. A total of 12 vSAGs were recovered, and one of them, vSAG 92-
C13, was a putative Streptococcus spp. virus and one of the most abundant viruses in the oral

virome.
[H1] Beyond single virus genomics
[H2] Non-genomic approaches to study viral particles

Interrogating single viral particles by SVG is only one of several techniques (Box 2)
that provide biologically meaningful information about single or quasi-individual viral
particles. We envision that continued refinement and standardization of sample processing
and data analysis in SVG together with large-scale, high-throughput SVG studies will lead to
transformative discoveries in virology; especially, when combined with other culture-
independent and non-genomic approaches. For example, combining biorthogonal non-
canonical amino acid tagging (BONCAT) 711° and SVG could potentially identify active
viruses that were recently produced and released. Proteomics, high-resolution imaging, mass
spectrometry, and Raman spectroscopy are other techniques that can provide a wealth of
information on the viral architecture, morphology, chemical composition and structure.
Viruses and many other large biomolecular complexes are in a mass range and size that are
challenging to measure with conventional methods. Recent technological advances in mass
spectrometry have, for example, enabled the first measurements of the molecular mass of

individual viral particles of Escherichia coli bacteriophage T5 (ref.*?%). Furthermore, Raman
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nanospectroscopy*?

can provide chemical and structural information at the single-viral
particle level, which has been used to study different viruses, including human and plant
viruses!?, Altogether, these techniques that focus on the non-genetic molecular components
of virions complement SVG approaches and open a new exciting era to explore (Box 2).

[H2] Single virus technology to study cellular vesicles

Optimized single virus technologies may also be adapted for the investigation of cellular
vesicles. Accumulating empirical evidence indicates that vesicles have important roles in
communication between cells within and across microorganisms and multicellular
organisms*?*1?’. For example, viruses take advantage of communication through
extracellular vesicles between cells of the ecologically important, bloom-forming microalgae
Emiliania huxleyi to promote infection!?®. Vesicles may package nucleic acids and other
biomolecules from the host cell*?®. However, it is unknown whether the pool of vesicles in a
natural sample such as seawater contains specific genes or other biomolecules that the
producing microorganisms have packaged as a response to specific environmental queues,
quorum sensing or intracellular factors. The study of vesicles has similar technical limitations
as SVG . Furthermore, vesicles and viruses cannot be discriminated easily. Indeed, both types
of particles overlap in size (ranging from a few dozen nanometers to over one micrometer)
and they have diverse contents, for example, ss or ds DNA or RNA. Viruses can be further
distinguished by the presence or absence of a lipid envelope. SVG methods could be used for
the investigation of vesicles in aquatic, terrestrial and animal environments. Specifically,
fluorescence-activated virus sorting methods®¢#9.10% can be adapted to detect and sort
vesicles, for example, by using different or additional fluorescence dyes . Lipophilic
fluorescent dyes (such as FM4-64) could stain the membrane of vesicles and they could be
combined with dyes targeting DNA (such as SYBR Gold), protein or cell metabolites in
different vesicle types.

Pairing viruses with their hosts

More than sixty years ago Jacob and Wollman wrote that “viruses may exist in three states:
the extracellular infectious state, the vegetative state of autonomous replication and finally
the proviral state”*?°. Nevertheless, viruses are often seen as extracellular virions comprised
by genetic material enclosed in a capsid protein. As formidably exposed by Patrick Forterre,
individual “viral particles reveal their viral nature only if they encounter a host”**°. In other
words, a virus without its host is likely “convicted™ to irreversible decay. A virus-centric
concept of infected cells ("virocells”) has been proposed, which refers to infected cells whose

function is to produce virions®!. Similarly, a recent theoretical cell-centric framework
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proposed to quantify the fitness of viruses in relation to the proliferation of viral genomes
inside cells instead of enumerating free viral particles outside cells*®?. In summary, the study
of infected cells is key for understanding virus-host dynamics, and dissociating viruses (either
at the community, population or individual level) from their host cells only provides a partial
view. “Virocells” can be studied at the level of individual cells, as exemplified by a study*?
that paired uncultivated viruses with their hosts. The authors sequenced three individual
protist cells from seawater, which belonged to the clade of Picobiliphytes, and sequences
from one of these cells were dominated by reads assigned to a widespread single-stranded
DNA virus that contains a putative replication-associated protein. In 2012, a broader
screening of different uncultured marine protists showed prey preferences and symbiotic
interactions between the protists and different bacteria and archaea®®®. Recently, SCG of 65
individual marine protist cells from 11 essentially uncultured stramenopiles lineages that are
widely distributed around the oceans identified 64 non-redundant viral contigs, only seven of
which could be assigned to known viral families, including an endogenous Mavirus
virophage “3. Another SCG study** revealed two novel circular DNA viruses in the genome
of eukaryotic SAGs from the Micromonas and Ostreococcus genera.

There is a wealth of information on viruses and their microbial hosts from different
environments, ranging from extreme ecosystems'** to the human microbiome®*®. For
example, in 2014 a study identified 69 viral genome fragments representing five new genera
of dsDNA and ssDNA phages in 127 SAGs of the uncultivated bacteria belonging to the
SUPO5 clade from the oxygen minimum zone at the Saanich Inlet in western Canada®!. One
year later, another study identified 20 novel phages (18 draft genomes and 2 complete
genomes) analyzing SAGs of phylogenetically diverse marine bacteria and archaea from
several geographical locations*. Notably, this study discovered the first examples of viruses
infecting Thaumarchaeota, Marinimicrobia, Verrucomicrobia and Gammaproteobacteria
clusters SAR86 and SAR92. Although it is widely assumed that one phage infects one host
cell, we have recently learnt that a ‘ménage a trois’, in which more than one virus infects
(nearly) every cell, might be more frequent than previously thought in nature!®®. Recently,
SCG combined with metagenomics have been applied to unveil host-virus interactions in hot
spring biofilms*¥’. Around 26% of analyzed single cells contained a viral contig and data
suggested that most of these viruses had a predominantly lysogenic lifestyle with limited
diffusion of viruses between the different layers in the biofilm.

Other more targeted approaches, such as PhageFISH or viral tagging have proven

useful to link phages to their hosts in natural microbial communities'®%81%  vViral tagging
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identifies host-virus pairs by adding environmental virions stained with a generic nucleic
acid-binding fluorochrome to cultured'® or uncultured®® host cells. ‘Tagged’ cells and the
’tagging’ viruses can then be identified by fluorescence-activated cell sorting, whole-genome
amplification and sequencing. With this method, a study*® identified 363 unique phage-host
pairs in the human gut demonstrating that most phages only bind to one bacterial species
limiting the risk of horizontal gene transference between species, for example, of antibiotic
resistance genes. In addition, a high level of cross-reactivity between phages and bacteria
from different subjects was observed despite inter-individual variability in the human
microbiome. PhageFISH®*® or VirusFISH uses fluorescence in situ hybridization with
specific probes targeting intracellular and extracellular viral DNA to monitor infection
dynamics and viral production. Although host cells can be identified using rRNA probes,
prior knowledge of virus genetic information is required to design target-specific DNA
probes.

Studying virus-hosts pairs goes beyond DNA; for example, single-cell RNA
sequencing has reveals valuable biological insights into the interactions of single cells
infected with one virus in different human infections, such as dengue, herpes simplex or
influenza'*®1#2, Single-cell RNA-seq of herpex simplex virus 1-infected cells has shed some
light into early stages of infection and connected metabolic activation of viral pathways with
antiviral programs42,

In this way we can identify how a virus modifies the transcriptome of the host cells,
and how the host responds to the infection at single-cell level. Finally, microfluidic and on-
chip investigation strategies are also promising'*®, and one of the best examples is the
characterization of molecular inhibitors of human enteroviruses after screening thousands of
individual virus-cell interactions'**. Studying free single viral particles is very informative,
however, looking at individual infected cells with different techniques provides
complementary insights into the biology of viruses that are difficult to obtain when viruses
are “decontextualized” from their hosts.

Conclusions and outlook

Currently, most studies of uncultured viral communities rely heavily on de novo assembly of
sequencing reads to recover diversity and functional information from metagenomic data.
However, metagenomic assembly is challenging for virome data and can result in fragmented
assemblies and poor recovery of viral community members (see for example the last

comprehensive report®®). Consequently, in most viromics applications and environments, a
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large fraction of reads remain unassembled for different reasons®®-8, some discussed above
such as microdiversity, although some of the limiting factors are unclear as yet. SVG,
although relatively new and with only a handful of studies, has demonstrated the power of
this approach to complement the toolkit in viral ecology and to simplify the complexity of
viral diversity. Development and democratization of this technique largely depend on
technological advances and automatization, such as nanofluidics lab-on-a chip and/or friendly
flow nanoparticle platforms, which will happen sooner rather than later in the era of
nanorobotics and nanotechnology, pushing the technique to unforeseen Ilimits. New
techniques, such as SVG, frequently open new research avenues beyond the one for which
they were initially developed. Looking back at 2002, when multiple-displacement
amplification was initially used for amplifying extracted human DNA*"14% no one anticipated
then that a few years later, this technique would be key to launch the SCG field, which has
provided so many valuable insights not only in the microbial world4®:79.8283146-148 bt alsg in
neurobiology®®%°, stem cell differentiation, pathogenesis*>! and cancer®?1%,

SVG has the potential to change our understanding of viral genetic diversity and viral
infection in the fields of environmental, agricultural and medical virology. Specifically, high-
throughput SVG could speed up discovery by potentially delivering close to complete
genomes of uncultured viruses; improving the coverage of viruses underrepresented in other
datasets, such as giant viruses and microdiverse viruses systematically removed during
standard virome preparation or not captured in metagenomic assembly; enabling the
investigation of microdiversity in viral species and populations, including pathogens, without
the need for previous genetic information and molecular markers; facilitating unequivocal or
quasi-unequivocal identification of the viral origin of sequencing reads through selective
sorting of virus particles removing gene transfer agents, membrane vesicles and other cellular
components . The combination of next-generation short-read and novel long-read sequencing
technologies’ for producing dsDNA viromes and vSAGs from clinical or environmental
samples will generate a wealth of data, which will enable addressing questions about viral
diversity (and microdiversity), evolution, adaptation, and ecology in a more effective and

comprehensive manner than previously possible.
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Figure 1. Methods to study viruses. Culturing has been the standard and most commonly
used technique for many years to study viruses and their hosts (top)!*21>4.  Although
undoubtedly this method is very powerful, it restricted to the few virus-host pairs that can be
cultured and maintained in the laboratory. Viromics (middle)®32°8 which usually requires
high volumes of sample, sequences nucleic acids obtained from bulk environmental samples
(enriched for viruses or cells) to study uncultured microbial and viral genetic diversity.
Metagenomic assembly of viruses often is challenging®-28. Single-virus genomics and single-
cell genomics sequence the genome of individual viruses3:880193 or viruses infecting
individual cells®®*, respectively. As sequenced genomes come from a sorted single
individual (virus or cell), genomic assembly and subsequent bioinformatic analyses are

typically less complex than for metagenomics.

Figure 2. Single-virus genomics workflow. Viruses are fluorescently stained (for example
with SYBR Gold for double stranded DNA viruses) and sorted one at a time from the natural
sample using fluorescence-activated virus sorting or other tools such as microfluidics. Sorted
single viral particles are deposited in multi-well plates and then the capsid is lysed, for
example, by a combination of pH and temperature shock. Free viral DNA is then subjected to
whole genome amplification (for example, real time multiple-displacement amplification).
After amplification, enough DNA is available for DNA sequencing or gene target PCR

screening .

Figure 3. Insights from single-virus genomics. Marine habitats are the first ecosystem in
which single-virus genomics (SVG) has been applied®¢#°9103 From over 2,000 uncultured
viral particles that were sorted, 44 novel viruses from the surface and the deep ocean were
discovered®®. These viruses, which had been overlooed by viromics, are highly abundant and
widespread across all oceans. One of them, the viral single amplified genome (VSAG) 37-F6
potentially is the most abundant virus in the surface ocean and represents a new viral family
infecting the candidate genus Pelagibacter®®. SVG has been successfully applied to study
marine eukaryotic nucleocytoplasmic large DNA viruses (NCLDVS), uncovering novel
viruses, their ecology and interaction with their hosts®*%, The first application of SVG in

human samples resulted in the discovery of Streptococcus spp. phages in saliva®:.
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Figure 4. Present and future of single-virus technologies. Other single-virus technologies
(Box 3) exist beyond single-virus genomics (SVG) and these methods have the potential to
complement each other in the study of viruses and in other fields, for example, in vesicle
research. Combination of SVG with fluorescence-based biorthogonal non-canonical amino
acid tagging (BONCAT)® of new released viruses could help identify active uncultured
viruses in complex natural communities. BONCAT fluorescently tagged viruses, either at the
population or individual scale, from environmental samples could be sorted out by flow
cytometry and analysed through the SVG pipeline to sequence and identify active viruses
produced under certain environmental conditions. Other promising examples are based on
advances in nanotechnology combined with mass spectrometry!?’ or Raman spectroscopy’?
at the level of individual viral particles will support the analysis of the chemical structure of
viruses.

Box 1 | Detecting viruses in (meta)genomes

Unequivocal identification of an assembled DNA fragment as a viral genome fragment can be challenging
because of the lack of a universal gene marker for viruses®. There are two ways to address this task: manually,
which is time-consuming, or automatically with bioinformatics programs, which use different technical
approaches with their own limitations and biases. We would like to highlight a few of several available
programs: Metavir'>®, Virome®®¢, or MetaPhinder's” are based on gene similarity searches and alignment of a
query sequence to previously-known viral sequences. Next-generation bioinformatic tools, such as VirSorterss,
try to mine unknown viruses combining the identification of similar homologuous viral sequences and hallmark
genes with other genetic “features” common in many viruses, such as the enrichment of uncharacterized or
unknown genes and/or the depletion of Pfam-affiliated genes. Recently, artificial intelligence has has been
adapted to ‘hunt’ viruses. Recent examples are the machine learning applications VirMiner's®, MARVEL®, or
VirFinder'®®, which search for k-mer frequency signatures from assembled metagenomic datasets and avoid
gene-based similarity searches. Finally, PPR-Meta'®, and ViraMiner'®! are deep learning-algorithms based
methods that have been tested with contigs from human metagenomes. Alternatively, we also recommend
automatic annotation platforms. Probably the most comprehensive and robust one is the JGI-IMG, whichrelies
on likely the most complete publicly viral databases to date, the Integrated Microbial Genome/Virus system
v.2.0 (IMG/VR v.2.0)%,

Although these bioinformatic programs have been powerful and successful, they have some limitations, mainly
owing to the viral database used to compare with or to perform the “training” in the case of the machine-learning
algorithms. For example, we have isolated and characterized some viruses from hypersaline environments that
were not recognized as having a viral origin. On the other hand, other programs that assign viruses to hosts
based on k-mer signatures have, in our example, assigned these hypersaline viruses that weal isolated from
extremophile Salinibacter ruber, which inhabits environments of >15-35% of NaCl, to standard marine bacteria.
Complementary analysis and manual in-house curation can help to correctly characterize and identify the
obtained viral genome fragments. Careful review of the protein annotation of the supposedly viral assembled
fragments to analyze the different gene functions in the same genome fragment and genetic context is
fundamental. Complementary strategies might help to identify a putative virus, such as virome fragment
recruitment, which support recognizing a viral contig when it shows a high recruitment rate when compared
against reads obtained from viral metagenomes. Other tools such as the network-based application vConTACT
2.0 (ref. %2) builds a viral network based on gene-sharing relationship among different viruses and help to
visualize the location and relatedness of the recovered virus against other viruses from the same environment.
Box 2 | Non-genomic approaches to study single virus particles and hosts

In plague-mass spectrometry imaging

In plague-mass spectrometry imaging (MSI) visualizes temporal changes of the metabolome during viral infection?®,
Unlike studies with bulk liquid samples, in plaque-MSI maps metabolic states to infection states by analyzing
individual plagues formed in host cultures grown on solid media®. A plaque originates from the infection of a single
host cell by a single virus at the center of the plaque. As progeny virions infect adjacent cells, the plaque expands in
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concentric rings, creating a temporal metabolomic record of the infection. This novel and powerful method provides a
unique opportunity to further understand of infection dynamics and consequences. However, it is limited to hosts that
are amenable to growing in the laboratory.

Viral-BONCAT

This method!® is a modification of biorthogonal non-canonical amino acid tagging (BONCAT)!" coupled to
fluorophore addition through ‘click chemistry’*® to track host-virus interactions and to measure virus production.
Viral BONCAT measures the transfer of L-homopropargylglycine (HPG), a methionine analogue, from HPG-Ilabelled
host cells to newly formed virions. The method has been tested in cultures and field seawater samples. Although
epiflorescence was used to visualize labelled host cells and virus particles, flow cytometry could make this method
compatible with SVG. Viral-BONCAT in combination with SVG may enable targeted genomic investigation of newly
produced virions in environmental samples, that is, active, ecologically-relevant lytic viruses at the time of sampling.

Proteomics

Proteomic approaches and advances in mass spectrometry methods have revolutionized our ability to determine the
composition and function of proteins in virions as well as protein interactions and cellular changes in infected host
cells, advancing our understanding of viral diversity, infection mechanisms and pathogenesis!®®>®. Viruses are
particularly suitable for genome-wide analyses due to their relatively small genomes. Sequenced viral genomes
provide a blueprints for possible viral gene products and are powerful references for testing protein properties and
functions by proteomics. Consequently, SVG complements proteomics through the expansion of the viral genome
sequence space.

Optical tweezers

Optical tweezers use a laser to tether small particles (nanometer to micrometer size) in place under a microscope.
Optical tweezers enable non-invasive manipulation of single cells and virions. Biotinylated single virions trapped to a
bead by a DNA tether can be delivered to a live host cell to investigate the physical host-virus surface interactions and
viral entry'®”. This method requires prior knowledge of host proteins that are incorporated into virions for
biotinylation. Hence, it is limited to well-characterized cultured host-virus systems, but it is amenable to investigate
RNA and ssDNA viruses, which are undersampled by fluorescence-based recognition techniques, including
microscopy and flow cytometry*®%,

High-resolution imaging

Imaging of single virus particles provides critical ultrastructural information. The combination of high-resolution
imaging and SVG would greatly advance the understanding of uncultured viruses. X-ray crystallography has been the
defining tool for structural biology to resolve the structure (and hence the function) of important biomolecules such as
viral capsid and envelope proteins. Recently, improvements in X-ray free-electron lasers, Cryo-electron microscopy
(Cryo-EM) and Cryo-electrom tomography (Cryo-ET) provide similar resolution limits as X-ray crystallography.
These techniques enable the generation of images from individual symmetrical and asymmetrical virions under nearly
native conditions without the need to crystalize the particles'®-'"*, Nano-infrared spectroscopic imaging was recently
implemented to detect and quantify subtle chemical and structural changes in single enveloped virions prior to
membrane fusion'2. We suggest that flow cytometry could be used to sort individual virus particles from a discrete
population, based on fluorescence and light scattering signals, which likely would belong to the same viral species or
genus. Some of the sorted particles could be sequenced and others imaged. Combining observations of structural
details of the capsid and binding sites, with the genomic content of viruses from the same population would, for
example, shed light on host specificity and infection mechanisms. A limitation of this approach would be that particles
in a flow cytometrically resolved population might represent diverse strains within a species or even represent
different species with differing host ranges'’>*"*, However, high throughput analysis of individual sequenced and
imaged particles would help informing patterns across taxonomic levels.

Glossary terms:

IMG/VR database: Integrated data management and analysis system for cultivated and
environmental viral genomes that is publicly available for the scientific community
Metagenomics: the study of sequenced nucleic acids obtained from bulk environmental

samples (enriched for cells or viruses).

33



1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187

Tara expedition: Oceanic 3-years expedition around the world to investigate planktonic and
coral ecosystems in the perspective of climate changes. More than 150 international scientists
have taken part.

Auxiliary metabolic genes: Cellular host genes contained in the viral genome that modulate
the cellular metabolism during infection to improve viral replication.

Nucleocytoplasmic large DNA viruses (NCLDVs): Group of large DNA viruses with
genomes ranging from 150 kb to 1.2 MB classified within the phylum Nucleocytoviricota.
These viruses are referred to as nucleocytoplasmic because they are often able to replicate in

both the host's cell nucleus and cytoplasm.

Contigs: High confidence overlapped DNA sequenced reads that represent a consensus
region of a genome.

Flow cytometry: Technique used to detect and measure some physical and chemical
features of a population of cells, viruses or particles suspended in a fluid that flow one at a
time through a laser beam, where the light scattered is detected along with other fluorescence
features. Sample is often fluorescently stained with cell/virus markers.

Single-amplified genomes (SAGs): Genome sequence obtained from sequencing and
assembly of the amplified genetic material from an individual sorted single cell.

Multiple displacement amplification: Common whole genome amplification technique
used in Single-cell genomics to amplify minute amounts of DNA. DNA synthesis and
amplification is carried out by Phi29 DNA polymerase.

Virions: Complete viral particles, in their extracellular phase, and able to carry out the
infectious process. Typically, the viral genome is enclosed in a protein structure (capsid) and
sometimes surrounded by a lipid membrane.

Gene-transfer agents: Phage-like entities that only contain a random piece of cellular
genome, that is insufficient to encode its protein components.

Consensus sequences: is the calculated order of most frequent residues, either nucleotide or
amino acid, found at each position in a sequence.

Ultra-deep sequencing: DNA sequencing performed at very high coverage. Deep
sequencing refers to sequencing a genomic region multiple times, sometimes hundreds or
even thousands of times

Fosmids: Clone system based on the bacterial F-plasmid usually in Escherichia coli that can
hold DNA insert of up to 40 kb in size

Deep chlorophyll maximum: Region below the surface of water with the maximum

concentration of chlorophyll.
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Viral single-amplified genomes (VSAGSs): Genome sequence obtained from sequencing and
assembly of the amplified genetic material from an individual sorted single viral particle.
Viral shunt: mechanism mediated by virus infection and consequently cell lysis that prevents
(prokaryotic and eukaryotic) marine microbial particulate organic matter (POM) from

migrating up trophic levels by recycling them into dissolved organic matter (DOM)

ToC blurb

Viruses are extremely diverse and not all of this diversity has been captured so far. In this
Review, Martinez Martinez, Martinez-Hernandez and Martinez-Garcia explore the potential
and limitations of single-virus genomics and how this emerging technology can complement

other methods.
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