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Emerging technologies in the study of the virome 
Sophie E Smith1,2,*, Wanqi Huang1,2,*, Kawtar Tiamani1,2,  
Magdalena Unterer1,2, Mohammadali Khan Mirzaei1,2 and  
Li Deng1,2,#,$   

Despite the growing interest in the microbiome in recent years, 
the study of the virome, the major part of which is made up of 
bacteriophages, is relatively underdeveloped compared with their 
bacterial counterparts. This is due in part to the lack of a 
universally conserved marker such as the 16S rRNA gene. For 
this reason, the development of metagenomic approaches was a 
major milestone in the study of the viruses in the microbiome or 
virome. However, it has become increasingly clear that these wet- 
lab methods have not yet been able to detect the full range of 
viruses present, and our understanding of the composition of the 
virome remains incomplete. In recent years, a range of new 
technologies has been developed to further our understanding. 
Direct RNA-Seq technologies bypass the need for cDNA 
synthesis, thus avoiding biases subjected to this step, which 
further expands our understanding of RNA viruses. The new 
generation of amplification methods could solve the low biomass 
issue relevant to most virome samples while reducing the error 
rate and biases caused by whole genome amplification. The 
application of long-read sequencing to virome samples can 
resolve the shortcomings of short-read sequencing in generating 
complete viral genomes and avoid the biases introduced by the 
assembly. Novel experimental methods developed to measure 
viruses' host range can help overcome the challenges of 
assigning hosts to many phages, specifically unculturable ones. 
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Introduction 
Viruses are abundant and widespread biological entities, 
with approximately 1031 virions on Earth [1]. They in
fect all other biological entities, such as bacteria, archaea, 
plants, arthropods, mammals, and even other viruses  
[2,3]. The majority of these viruses are bacteriophages, 
or phages, which influence multiple aspects of life on 
Earth by regulating the bacterial abundance, diversity, 
and metabolism [4–6]. In addition, changes in their 
community structure in the human body are linked to 
multiple human diseases [7–9]. Unlike bacteria, viruses 
lack universal phylogenetic markers for amplicon-based 
sequencing, making virome assessment more compli
cated than for bacteria. The development of highly 
sensitive metagenomic high-throughput sequencing ap
proaches provides an opportunity to investigate the 
composition of viral communities (the virome) within 
environmental and clinical samples, allowing the study 
of the correlation between the virome and disease, 
specifically improving the detection of unculturable and 
novel viruses [10]. Despite representing a significant 
step forward in the field of virome studies, commonly 
used metagenomic methods often have issues, such as a 
bias toward dsDNA or circular genomes at the expense 
of ssDNA and RNA viruses, or a low yield of extracted 
genomic material requiring amplification, which can in
troduce further biases [11]. Next-generation short-read 
sequencing can also have problems resolving repetitive 
or complex genomic regions. Viruses in the virome 
identified through metagenomic sequencing cannot ea
sily be linked to any particular host, and identifying 
which bacteria they infect can also be challenging. Here, 
we present some of the newest technologies aiming to 
overcome these problems. 

Methods combating bias in metagenomic 
samples 
For metagenomic studies, genomes must first be ex
tracted, before they are prepared for sequencing. Most 
well-characterized viruses in virome studies are dsDNA 
viruses, with viruses with ssDNA, RNA, or multipartite 
genomes [12] remaining poorly represented in metage
nomic analyses [13], and this is at least in part due to 
genome-extraction protocols favoring dsDNA [14–17]. 
Protocols to specifically extract these genomes have 
been developed: for ssDNA viruses, alkaline extraction 
is used to target circular genomes [18], as well as duplex- 
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specific nucleases that specifically digest double- 
stranded DNA [19]; and NetoVIR is a protocol designed 
to use commercial kits to effectively extract RNA gen
omes in addition to DNA genomes [20]. Metatran
scriptomics provides an interesting new way to identify 
novel ssRNA viruses, which can be extracted and se
quenced in the same way as mRNA transcripts. Recent 
studies have expanded the number of known ssRNA- 
phage genomes from just 25 [21] to tens of thousands  
[21–23]. Many of these studies looked at existing RNA- 
seq data and analyzed it using hidden Markov models to 
identify viral sequences [21]. There is the potential for 
newly developed direct RNA-Seq technologies, which 
sequence RNA without the need for a cDNA step, to 
further expand what we know about RNA viruses [24], 
and this technology is already being used for diagnostics 
of infections caused by RNA viruses [25], and to identify 
novel pathogenic RNA viruses from the complete RNA 
extracted from diseased tissue [26]. In addition, virome 
analyses can be impacted by background contamination 
due to the small genome size of viruses. Therefore, 
multiple computational approaches have been devel
oped for background-contamination identification and 
removal (Box 1). 

Given that low-biomass samples can yield minimal 
amounts of extracted genetic material, an additional 
amplification step before library preparation can be 
useful in order to circumvent this limitation and gen
erate sufficient input material. This is particularly re
levant when discussing the virome as the genome size of 
viruses is smaller and shorter compared with bacteria  
[27,28]. The earliest available methods such as whole- 
genome amplification have been replaced by more 
modern techniques, which will be discussed here [29], 
although the underlying mechanism of most amplifica
tion methods remains either isothermal amplification or 
polymerase chain reaction (PCR)-based. 

One of the most common amplification methods, which 
can be used before library preparation, is called mul
tiple-displacement amplification (MDA) [27,30]. Sam
ples are incubated with random phosphorothioate- 
modified hexamers, dNTPs, buffer, and DNA poly
merase (Figure 1) [29]. Instead of using heat to melt the 
DNA, the polymerase displaces downstream-bound 

primers while it is copying the template strand. The 
polymerase’s high processivity leads to amplified frag
ments with an average length of 12 kb [29]. Although 
MDA can itself show bias, favoring small circular gen
omes and struggling to amplify templates with a high 
guanine-cytosine (GC) content [31], its technology has 
been the basis of several adaptations that aim to reduce 
this bias. The most widely used of these are degenerate 
oligonucleotide primer PCR (DOP-PCR), multiple an
nealing and looping-based amplification cycles 
(MALBAC), and the very similar PicoPLEX. 

In DOP-PCR, degenerate primers bind at low annealing 
temperatures during the first round and then on a fixed 
5′-end with higher temperatures on the second round  
[28,32] (Figure 1). However, DOP-PCR provides low 
genome coverage [32]. MALBAC and PicoPLEX im
prove on the genome coverage and have increased 
evenness of amplification compared with MDA [32]. 
These methods involve two steps. Despite increased 
performance compared with DOP-PCR, the multiple 
steps are more labor-intensive than the single-step 
DOP-PCR and are susceptible to contamination with 
microbial DNA and high error rates [33]. 

In recent years, a new generation of amplification 
methods have been developed, several of which improve 
upon their predecessors by improving the polymerase 
enzyme. The appropriately named ‘improved DOP- 
PCR’ uses a new thermostable DNA polymerase with 
stronger strand displacement than the original method, 
as well as an adjusted primer design [34]. This method 
of amplification produces better-quality amplified DNA 
compared with both DOP-PCR and PicoPLEX [34]. 
Another more recently developed method is WGA-X, 
which builds on MDA, but uses a thermostable mutant 
of the phi29 polymerase. This method enhances genome 
recovery, particularly for high GC-content templates 
when compared with traditional MDA [35]. Linear 
Amplification via Transposon Insertion (LIANTI) takes 
a different approach and uses transposons to introduce a 
T7 promoter, which leads to amplification through 
transcription, before it is reverse-transcribed into DNA 
(Figure 1). This means that the amplification is linear, 
contrasting with the exponential amplification employed 
by other whole genome amplification (WGA) methods. 

Box 1 Computational approaches detecting background contamination in virome data.  

In downstream processes, reliable bioinformatic approaches for quality control are required to predict viral genomes and remove potential 
contaminants in silico, for example, aligning sequencing reads to databases of bacterial housekeeping gene cpn60 chaperonin or microbial rRNA  
[75]. Recently, M. Zolfo et al. (2019) developed a software, ViromeQC, by integrating 16S/18S, 23S/28S rRNA genes and 31 universal bacterial and 
archaeal marker genes to quantify the abundance of microbial contaminants from raw metagenomic reads in virome data [76]. Another viral 
metagenomics analysis platform, METAnnotatorX, can identify viral and nonviral DNA in reads and contigs of sequenced datasets through iterative 
classification steps using a multidatabase of the National Center of Biotechnology Information (NCBI) (Viral RefSeq, Archaeal RefSeq, Bacterial 
Refseq, and Whole RefSeq for eukaryotes) or other alternative databases integrated on-demand, for example, GenBank, VirSorter, or IMG/VR 
databases [77]. Many researchers also used the Virome Decontamination mode of VirSorter to flag potential contamination for removal [78].   

2 The virome in health and disease  
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The use of linear amplification reduces error rate and 
bias, and this method performs better than older 
methods, in terms of genome coverage, allele dropout, 
and bias [36]. 

Although many of these methods have been used to 
amplify RNA virus genomes after a reverse-transcription 
step, there are also methods designed and optimized 
specifically to amplify RNA. Whole-transcriptome am
plification is analogous to WGA and works by reverse- 
transcribing RNA transcripts into cDNA and adding 
universal priming sites that are used for PCR amplifi
cation [37]. Ribo-Single Primer Isothermal Amplification 
uses DNA–RNA chimeric primers to amplify and covert 
to cDNA in a single reaction [38], and Sequence-in
dependent single-primer amplification first developed in 
the early 90s for DNA amplification, has been optimized 
for RNA [39]. 

Methods combating de novo assembly 
difficulties 
The majority of metagenomic studies are done using 
high-throughput short-read sequencing technologies, 
where DNA is digested into small pieces before se
quencing, producing reads that are typically around 
300-bp long [40]. The development of this method of 
sequencing, as well as its increasing availability and 
relatively low cost, was revolutionary for the field of 
viromics; however, the method has some drawbacks. 
Short reads must be assembled into a complete 
genome by looking for overlapping regions, which can 
make it difficult to resolve highly repetitive or complex 
regions [41]. For successful assembly, high coverage is 
required, and this can be a particular problem for the 
virome, where often only a small amount of genetic 
material can be recovered [42]. As already discussed, 
amplification steps may be useful but can bring their 
own biases. Often, assembled viruses are incomplete, 
and short fragmented viral contigs are then filtered out 
and lost during in silico size-selection steps [42]. Since 
short-read sequencing has difficulty resolving re
petitive regions such as terminal repeats, it can be 
difficult to know if viral genomes are complete, and 
incomplete circular genomes can be mistakenly iden
tified as linear [43]. 

A number of techniques have been developed to at
tempt to overcome these shortcomings, including 
paired-end reads and mate-pair reads, and in the last ten 
years or so, long-read sequencing has been developed, 
producing reads that are in excess of 10 kb [40]. There 
have been two main technologies developed for this 
purpose. The first is Pacific Biosciences (PacBio) single- 
molecule real-time sequencing, which uses circular 
consensus sequencing. A polymerase tethered to the 
bottom of a small well adds fluorescently labeled 

nucleotides that can be detected and identified. In this 
way, it can generate long reads of up to 50 kb [40] 
(Figure 2). The other main method for long-read se
quencing is Nanopore sequencing, which passes DNA 
molecules through a pore, and measures the ionic cur
rent fluctuations — each base generates a different 
pattern in current fluctuation (Figure 2). Nanopore se
quencing can generate reads even longer than PacBio — 
the record is 4.2 Mb [44], and most average libraries are 
10–30 kb [40]. Long-read sequencing with these tech
nologies is able to generate longer contigs than short- 
read technology, and therefore, more full-length gen
omes can be assembled [45]. Long-read methods are 
particularly beneficial for viromics studies as they are 
able to sequence whole viral genomes in a single read, 
without requiring any assembly [43]. This also means 
they are able to successfully sequence terminal repeats 
and this gives us additional information about phage- 
packaging strategy [43]. Long reads have been used for 
metagenomic studies, both alone and alongside short- 
read sequencing, and have identified novel viruses that 
were not identified by short-read sequencing alone [46]. 
However, both methods of long-read sequencing have a 
reputation for low accuracy [47]. Both methods often 
introduce indel errors that shift the reading frame and 
introduce false stop codons [42]. This is a problem for 
the virome even more than the rest of the metagenome 
because viral genes are already generally shorter than 
bacterial genes [42]. Also, the majority of viral genes are 
of unknown function, which makes it difficult to eval
uate the accuracy of gene predictions [42]. These 
methods also often require a high amount of input 
DNA [42]. 

Despite recent advances improving the accuracy of both 
methods [40], they remain too inaccurate for some ap
plications. There are also bioinformatics methods that 
can correct errors and polish reads, however, this can be 
time-consuming and intensive work [48]. Long-read 
sequencing also remains more expensive than short 
reads [40]. Therefore, methods that combine the accu
racy and familiarity of the cheaper short-read sequencing 
technology with the benefits of long reads have been 
developed. These methods must find a way to maintain 
long-range data within the scope of short reads, so that 
synthetic long reads (SLR) can be built, while the ac
curacy, low cost, and other benefits of short-read se
quencing can be maintained. These methods can be 
divided into SLR, and linked-read sequencing. In both 
cases, long DNA fragments are spatially separated before 
being digested and barcoded. Then, library preparation 
proceeds as normal for short-read sequencing. This ad
ditional barcoding step allows for the original long frag
ment to be reassembled before additional assembly [49]. 
The difference between the two approaches lies in the 
barcode coverage — SLR sequencing allows the entire 
fragment to be fully reassembled, whereas in linked-read 
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Figure 2  

Current Opinion in Virology

New sequencing technologies. (a) PacBio sequencing [36]. Adaptors are used to circularize the template strands. Primers bind to the adaptor and the 
DNA polymerase binds to the primer. The polymerase attaches one fluorescent base at a time, the order of the fluorescent signals gives the sequence. 
(b) Nanopore sequencing [36]. The DNA molecule is passed through a pore, causing fluctuations in ionic current. Each base causes a different-sized 
drop in current, and the sequence can be identified from the changes in current. (c) Synthetic long-read sequencing [40]. Long transcripts are 
physically separated, digested into small segments, and barcoded. They are then sequenced using short-read technology such as Illumina, before the 
barcodes are used to reassemble the original long reads. (d) Chromosome-conformation capture [41]. Formaldehyde is added to cross-link genome, 
before being digested into small fragments. Cross-linked pieces are ligated to each other to form chimeras, which can then be sequenced. (e) Optical 
genome mapping [42]. The genome is digested by enzymes at fixed motifs, as well as fluorescently labeled. A microscope can then be used to 
visualize the locations where the enzyme has bound, and a consensus genome map can then be created. (f) Linked-read sequencing [40,43,44]. 
Similarly to synthetic long-read sequencing, long DNA fragments are physically separated, digested, and barcoded, in many cases using barcodes 
bound to a microbead. The fragments can then be sequenced using short-read technology and assembled, without the need for a long-read 
assembly step. 
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sequencing, fewer reads are barcoded in such a way that 
the fragment cannot be fully reconstructed, however, 
long-range data are retained and can be used bioinfor
matically for assembly [49] (Figure 2). Different 
methods of the initial separation of DNA fragments have 
been developed. Some methods, such as the GemCode 
platform used by company 10x Genomics, separate 
fragments into compartments using microfluidics. The 
fragments are separated into individual droplets, or 
gems, where they are digested and barcoded. They are 
then amplified before being released from the droplet, 
where they can undergo library preparation and short- 
read sequencing [50]. This platform only requires 1 ng of 
input DNA, however, it does require use of an expensive 
machine that is able to perform the microfluidics [49]. 
More recently developed methods, such as CPT-Seq  
[51], stLFR [52], and TELL-Seq [49], have focused on 
developing ways of partitioning the molecules without 
the need for expensive microfluidics, using equipment 
that is commonly found in most laboratories. In these 
methods, microbeads are each coated with a single bar
code, removing the need to partition altogether. A 
transposon transfers the barcodes from the beads to the 
DNA molecules at the same time as fragmentation, 
meaning that the reaction can happen in a single PCR 
tube [49]. These methods reduce the amount of in
tensive work required, do not require any equipment 
beyond standard consumables, and use readily available 
sequencing technology such as Illumina sequencing 
machines [45,47,48]. 

An alternative method of maintaining long-range info in 
short-read sequencing is through proximity ligation, 
where DNA, which is physically near to each other, is 
linked in some way before sequencing. In the context of 
metagenomics, it is assumed that linked DNA came 
from the same cell and is therefore from the same or
ganism, and this information can be used to correctly 
assemble the metagenome. It can also be used to give 
information about the interactions between viruses and 
their bacterial hosts in the microbiome, a topic that is 
discussed further later in this review. The most com
monly used method of proximity ligation in metage
nomic studies is chromosome-conformation capture (3C) 
technology, where chromatin is cross-linked using for
maldehyde, then digested, and sequenced. Ligated se
quences must have been physically close to each other 
before digestion, giving information on the genomic 
sequence and also the 3D organization of the genome  
[53] (Figure 2). A 3C approach for metagenomics, called 
meta3C, was developed as long ago as 2014 [54], and use 
of this method has allowed metagenomics to be per
formed on complex communities containing closely re
lated strains [55–58]. However, proximity ligation can 
require a high amount of input DNA and can lead to 
issues with assembly, including false inversion or scaf
fold misplacement [59]. 

One alternative method to sequencing is genome map
ping [56,57]. Historically, this was done by using re
striction enzymes to digest an unknown piece of DNA to 
create a unique ‘fingerprint’ of restriction sites [61] 
(Figure 2). More modern methods use enzymes to in
corporate fluorescence that can be mapped using a light 
microscope. The major benefit of using fluorescent op
tical maps over restriction mapping is that they main
tain the order of the restriction sites, which restriction 
mapping does not [62]. Optical mapping can produce 
sequence reads significantly longer than even long-read 
sequencing, and the introduction of microfluidics has 
made it higher throughput than it once was [59]. How
ever, species identification requires that the map be 
matched to an expected map generated from a known 
sequence, so on its own, it is not suitable for identifying 
novel species [60]. It can, however, be used as a scaffold 
for assembly using short-read sequences [59]. 

Methods combating lack of host information 
in viromics data 
One piece of information that metagenomics struggles to 
give us is the host of any phage that is identified in the 
virome. Despite the fact that phages make up the vast 
majority of the virome, the interactions between phages 
and their hosts remain poorly characterized. There are 
various bioinformatics methods that attempt to assign a 
host to a phage genome; however, they all have their 
flaws, for example, some phages can be matched to 
spacers in the host CRISPR–cas system. However, this 
cannot work for bacteria that do not have a CRISPR 
system [63,64]. In recent years, various experimental 
methods have been developed to solve this problem. 
These can be divided into three types: those that use 
PCR to identify phage-marker genes within host bac
teria, those that identify viruses and hosts that are spa
tially colocalized, and finally those that aim to identify 
viruses that have adsorbed to their host. 

The first, and oldest, set of methods are those that use 
primers to amplify phage-marker genes and link them in 
a variety of ways to their host (Figure 3). In all of these 
methods, individual bacterial cells must first be sepa
rated: in microfluidic chambers, as in microfluidic PCR 
and droplet-digital PCR (ddPCR) [65]; spatially sepa
rated within a polyacrylamide gel as with the ipolony 
method [66]; or isolated in an emulsion droplet as with 
emulsion-paired isolation-concentration PCR (epicPCR)  
[67]. The next step is to amplify the target gene with 
PCR. With ddPCR, two PCR reactions take place in 
each chamber — one targeting phage genes, and one 
targeting host genes. If both reactions amplify their 
target gene, it can be concluded that the phage in that 
chamber infects the host in that chamber [68]. With the 
ipolony method, primers targeted at viral genes are 
embedded in the gel along with the phage-infected 
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bacteria. If an amplification sphere, or PCR colony 
(polony) is seen, it identifies that a phage-infected bac
teria is present [66]. epicPCR uses a fusion PCR reaction 
to join and amplify viral and host-marker genes within 
phage-infected cells. These fused amplicons can then be 
sequenced to identify both the host and the virus [67]. 
Another method that uses phage-specific probes in a 
slightly different way is phageFISH. This uses the 
concept of fluorescence in situ hybridization (FISH) to 
visualize the colocalization of phage and host DNA. 
Here, probes are labeled with molecules that bind to and 
activate fluorescently labeled antibodies. In addition, to 
degenerate primers for a phage-specific gene, primers for 
bacterial rRNA genes are used to visualize host cells — 
this allows the covisualization of both the phage and the 
host DNA inside the infected cell, suggesting that the 
phage is infecting the bacteria [69]. The degenerate 
primers used for these methods are designed based on 
metagenomic data to amplify as wide a range of phages 

as possible. However, the design and optimization of 
these primers can be time-consuming and laborious [67], 
and are limited because they only target known genes. 
There are no universally conserved sequences in viruses, 
and it is inevitable that there will be bias toward known 
sequences [70]. 

Other methods have been developed to identify the 
colocalization of phage DNA with host DNA without the 
use of primers (Figure 3). One approach to do this is 
through Hi-C. As previously discussed, this involves li
gating DNA together, which is physically close together. 
If phage and host DNA are found ligated together, it 
must be assumed that the phage DNA was inside the 
host cell and therefore is able to infect that host. Phage 
genomes are assigned to host genomes based on physical 
proximity [71]. Another similar method based on colo
calization is XRM-Seq. In this method, ribosomes are 
cross-linked as in Hi-C, however, at this stage, the 

Figure 3  

Current Opinion in Virology

Methods of identifying phage hosts. (a) Primer-based method. In digital-droplet PCR [60,61] (ddPCR), bacterial cells are separated within microfluidic 
chambers before PCR is performed targeting both a phage-marker gene and a bacterial-marker gene. If both marker genes are amplified, the chamber 
contains both a phage and its bacterial host. In iPolony [62], phage-infected bacteria are embedded in a polyacrylamide gel and primers targeting a 
viral marker gene are used to create ‘polonies’ where a bacteria is infected by a phage. In phageFISH [63], fluorescent probes targeting phage and 
bacterial-marker genes visualize the colocalization of phage and bacterial DNA. (b) Colocalization-based methods. In XRM-Seq [64], ribosomes are 
cross-linked with their mRNA transcripts and ligated to form rRNA–mRNA chimeras that are then sequenced. The presence of viral mRNA alongside 
host rRNA in these chimeras identifies phage-host pairs. (c) Adsorption-based methods. In VT [65,66], fluorescently stained phages are added to a 
target bacterial population. Fluorescent phage-host pairs can then be separated using FACS and sequenced to identify them. In adsorp-seq [59], free 
phages move freely through an agarose gel, leaving just phages bound to their host in the wells. These can then be sequenced and identified.   
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ribosomes and total RNA are extracted and digested 
with an enzyme that only targets RNA that has been 
cross-linked. Then, digested RNA is circularized and 
noncircular RNA is degraded, leaving only cross-linked 
transcripts. The RNA is then converted to cDNA and 
sequenced. Host/virus chimeras once again suggest that 
the virus was inside the host cell and therefore must be 
able to infect that host [72]. 

A different approach to identifying phage hosts is 
through identifying and sequencing phage-host pairs, 
where the phage has adsorbed to the host in preparation 
for infection (Figure 3). One method that does this is 
viral tagging (VT). In VT, phages are stained with a 
fluorescent DNA strain and then mixed with either a 
target host population [73], or a mixed population con
taining a mixture of different possible hosts [74]. The 
fluorescent phages bind to their hosts, and then fluor
escence-activated cell sorting (FACS) is used to separate 
the bacteria that have a phage attached, and therefore 
have a fluorescent signal, from those that do not. Single- 
cell sorting means that individual phage-host pairs can 
then be sequenced, and both can be identified from 
their sequence [73]. Another more recently developed 
method is adsorp-Seq. This takes advantage of the dif
ferent ways that bacteria with phages bound move dif
ferently through an agarose gel compared with free 
phages. Phages are mixed with hosts and then run on a 
gel. Phages that have not bound to the host will run 
freely away from the well, whereas phage-host pairs will 
remain in the well, where they can be extracted and 
sequenced [64]. 

Conclusion 
The development of high-throughput sequencing tech
nologies was revolutionary for viromics research; how
ever, it has still left some gaps in our knowledge and 
understanding of viral communities. In recent years, a 
range of technologies has been developed, which aim to 
overcome the problems associated with short-read se
quencing and fill in these gaps. Many of these technol
ogies are brand new, and their full potential in the field 
of viromics may be yet to be seen. 
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