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Summary

New diseases continue to emerge in both human and animal 
populations, and the importance of animals, as reservoirs for virus-
es that can cause zoonosis are evident. Due to intensive globaliza-
tion on, climatic changes, and viral evolution, among other factors, 
the emergence of viruses and new viral diseases has increased in 
the last decades. Thus, an increased knowledge of the viral flora in 
animals, both in healthy and diseased individuals, is important both 
for animal and human health. In this situation, it is crucial to apply 
powerful methods for the broad-range detection and identification 
of the emerging viruses. In combination with classical methods, the 
molecular based techniques provide sensitive and rapid means of 
virus detection and identification. However, most of the conven-
tional diagnostic tests are designed to be virus specific or aimed 
at a limited group of infectious agents. In contrast, the novel viral 
metagenomics approaches allow unbiased detection of a very wide 
range of infectious agents in a culture independent manner. There 
are different possible steps of a viral metagenomics study utilizing 
sequence-independent amplification, high- throughput sequenc-
ing, and bioinformatics to identify viruses. The objective of this 
review is to importance of the applications of viral metagenomics 
in veterinary science and discusses some of the viruses discovered 
within this field.
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Introduction

Throughout recorded history, viruses have caused diseases 
in animals and humans, with descriptions of possible viral in-
fections appearing long before viruses were first discovered. 
However, the concept of a virus (meaning poison or toxic) was 
introduced in 1898 by Beijerinck, who found that the agent 
causing tobacco mosaic disease in plants could not, as bacteria, 
be filtered out and could not grow by itself but required living 
and growing cells in which to replicate [7]. They can infect a 
wide range of hosts including plants, bacteria, fungi, algae, pro-
tozoa, vertebrate or non-vertebrate animals. In nature, around 
1 × 1031 numbers of different viruses are present. The number 
it-self suggests the diversity of viruses in nature [35].

The abundance of viruses in nature is around 1000 times 
more than observed through cell culture dependent technique 

suggesting that the large pool of viruses is still unknown, only 
around 219 viral species (belonging to 23 families) that are 
known to infect humans, among which more than two-thirds 
are of zoonotic origin [10]. New diseases continue to emerge 
in both human and animal populations, and the importance of 
animals, as reservoirs for viruses that can cause zoonosis are 
evident. Because of this, an increased knowledge of the viral 
flora in animals, both in healthy and diseased individuals, is im-
portant both for animal and human health [15].

Thus, an improved detection of newly emerging and re-
emerging viruses and a systematic characterization of the full 
range of viruses that infect humans are needed [4]. In this sit-
uation, it is crucial to apply powerful methods for the broad-
range detection and identification of the emerging viruses. 
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In combination with classical methods, the molecular-based 
techniques provide sensitive and rapid means of virus detec-
tion and identification [8]. However, most of the conventional 
diagnostic tests are designed to be virus-specific or aimed at a 
limited group of infectious agents. This makes them unsuitable 
for the detection of unexpected and/or completely new viruses, 
as well as novel viral variants [8]. In contrast, viral metagenom-
ics approaches allow unbiased detection of a very wide range 
of infectious agents in a culture-independent manner and novel 
and highly divergent viruses can be discovered and genetically 
characterized for the first time [14]. This technology, hold the 
promise to significantly improve diagnosis and disease control, 
in line with the ‘‘One World, One Health’’ principles [8].

Therefore, the objective of this seminar is:

•	 To review metagenomics as a powerful tool for the ap-
plication of viral metagenomics in veterinary science and dis-
cuss some of the viruses discovered within this field.

History of Viral Metagenomics

The genomic age began in 1977 when ΦX174, a virus that 
infects Escherichia coli, was sequenced [35]. The metagenomics 
of viruses began in 2002 with the publication of two uncultured 
marine viral communities [19]. Mya Breitbart, Forest Rohwer, 
and colleagues used environmental shotgun sequencing to 
show that 200 liters of seawater contains over 5000 different vi-
ruses [19]. More than 65% of the sequences could not be identi-
fied, but a large portion of the identified sequences was from 
phages, covering most of the major dsDNA phage families [19]. 
Since then, other studies have been performed, including the 
viral RNA world [20]. Similar techniques have also been used 
to study the viral population in various environments, such as 
feces [18], blood [16] and potential viral reservoirs (e.g., bats) 
[48]. Because these techniques investigate the complete viral 
community within a sample, it is possible to study both the nat-
ural viral flora and emerging pathogens in disease complexes.

Even though historically it was first associated with the study 
of uncultured microbial organisms (bacteria and archaea) in en-
vironmental samples [37], more recently, it has also been ap-
plied to the characterization of viral communities, a task that 
it is particularly suited because the small size of viral genomes 
makes their coverage more comprehensive using the same 
number of metagenomic sequences. Today, viruses are con-
sidered the most abundant and diverse living forms on earth 
[20,72]. Their diversity has been explored by metagenomics in 
a wide variety of environments: oceans [37], stromatolites [24], 
acidic hot springs and subterranean and hypersaline environ-
ments [24]. The first metagenomic surveys performed on en-
vironmental viral communities showed that more than 60% of 
the sequences had no significant similarity to sequences stored 
in public databases [16]. This listed benefit is critical for devel-
oping countries to participate to the metagenomics race [15], in 
particular because of the applications to genomic medicine by 
implemen ting molecular diagnostics and molecular epidemiol-
ogy. Science and technology, in particular the life sciences, are 
increasingly recognized as vital components for national prog-
ress in developing countries (Virgin and Todd, 2011).

Workflow of Viral Metagenomics

In the laboratory space, viral metagenomics consists of four 
major steps: (1) viral enrichment to minimize background of 
prokaryotic and eukaryotic nucleic acids thus increasing the rel-
ative proportion of viral nucleic acids, (2) amplification of viral 
nucleic acids, (3) sequencing with or without cloning of ampli-
fied polymerase chain reaction (PCR) fragments, and (4) bioin-
formatics analysis of the resulting sequence output [42].

Viral Enrichment

For accurate results, sample collection, proper handling, 
transportation, stage of the sample is very crucial. There are 
many standard protocols available for collection of diferent 
samples to laboratory and its storage techniques. Diferent pro-
tocols are used for fluid sample and for tissue samples. The tis-
sue sample is generally homogenized in autoclaved saline and 
collected supernatant filtered through 0.8, 0.45 and 0.2 μm li-
ters, this serial filtration procedure is used to separate larger 
particles and bacteria from viruses. If necessary, the first step of 
sample procession is homogenization (physical, e.g., homoge-
nizer, mortar and pestle, freeze-thaw cycles; or enzymatic tech-
niques, e.g., salt solution, detergents, alkaline lysis), centrifuga-
tion of the sample and filtration of the supernatant (through 
0.22 and 0.45 μm pore membranes) to remove non-viral nucleic 
acids (i.e., host cellular debris and bacteria). The filtrates can 
be treated with a mixture of DNases and RNases to further re-
duce background nucleic acids originating from the host cells 
and bacteria. The method chosen in this step depends on the 
physical properties and other characteristics of the sample type 
[21,54].

Following sample homogenization and reduction of the 
amount of debris and background nucleic acids, viral particles 
can be concentrated at various efficacies. Commonly used 
methods include tangential-flow filtration, poly-ethylene glycol 
precipitation, and ultracentrifugation. Density gradient ultra-
centrifugation using Cesium Chloride (CsCl) gradient provides 
highly purified virus particles. Concerning the step of viral nu-
cleic acid extraction, the picture is more complex. Viral particles 
are disrupted by using “lysis buffer,” which may contain chao-
tropic acids (e.g., guanidine hydrochloride), detergents (sodium 
dodecyl sulfate, Triton X-100), and/or proteases (e.g., protein-
ase K). During the subsequent separation phase, the nucleic ac-
ids could be isolated from other components. This can be done 
by liquid-liquid extraction or liquid-solid extraction.

During the liquid phase extraction different types of alcohol 
are used (e.g., phenol-chloroform- isoamyl alcohol, isopropa-
nol, etc.). The solid phase extraction may include one of the 
following procedures: gel filtration, where nucleic acid is sepa-
rated through gel- matrix (e.g., Sephadex), ion exchange chro-
matography (e.g., anion exchange resin, DEAE-C), and affinity 
chromatography (silica surface, paramagnetic beads). In gener-
al, liquid-solid extraction methods use less hazardous chemicals 
and provide increased throughput. Various formats have been 
marketed providing flexible, fast, and scalable viral nucleic acid 
extraction [21,55,75].

Table 1: Examples of virus detected in Suid species by metagenomic diversity studies.

Animal species Type studies
Animal viruses 

(Viral reads taxonomic assignation)
Zoonosis

Pigs
DNA/RNA virome (serum) Asfariviridae, Anelloviridae, Retroviridae Togaviridae (Alphavirus)
DNA/RNA virome (stool) Picornaviridae, stroviridae, Caliciviridae Not documented

Bush Pigs DNA/RNA virome (serum) Parvoviridae, Circoviridae, Retroviridae Not documented
Source: (Temmam et al., [74]).
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Nucleic Acid Amplification

Amplification of the nucleic acids is performed in a sequence-
independent manner to show the true genetic composition of 
the sample. This step is able to simultaneously multiply several 
viral genomes including highly divergent and completely novel 
viruses and thus enable their discovery and genetic character-
ization [3,9,23]. Some of the more commonly used sequence-
independent strategies are briefly described in the following 
sections as well as a number of different sequencing technolo-
gies.

Sequence-independent single-primer amplification: The 
ligation of adaptors to cDNA and DNA, either directly or after 
restriction digestion, enables sequence-independent amplifica-
tion of all nucleic acids in a sample. Two decades ago, a version 
of this strategy, called sequence-independent single-primer am-
plification (SISPA) [64], was shown in combination with immu-
noscreening to retrieve and aid in the genetic characterization 
of a Norwalk virus in fecal samples [51]. This strategy and modi-
fications to it, such as DNase-SISPA [2] and VIDISCA [79], have 
successfully been used to identify a number of viruses, such as 
new Anello- and Parvoviruses in humans [41] and Bungowan-
nah virus in pigs with Porcine Myocarditis (PMC) syndrome [44].

Random PCR: An alternative amplification technology is 
random PCR (rPCR), which neither requires the digestion of 
the DNA/cDNA nor the ligation of adaptors. The rPCR utilizes 
a primer that consists of a known adaptor sequence at the 
5-prime end followed by a degenerate hexa- or heptamer at 
the 3-prime end. Using this primer in the cDNA synthesis step, 
the cDNA is labeled with the adaptor sequence at both ends 
(a similar step can be performed on the DNA), which enables 
the creation of primer target sites for the subsequent PCR reac-
tion. This strategy has been widely used for the investigation of 
viral metagenomes, and a number of novel viruses have been 
discovered using this strategy in combination with sequencing 
[30].

Displacement amplification: Another efficient amplification 
strategy is the use of random primers in combination with a 
displacement polymerase [40]. Phi29 is a high-fidelity displace-
ment polymerase with high processivity that can incorporate 
over 70,000 bases prior to detaching from its template [12,27], 
and only a few nanograms of starting material can produce sev-
eral micrograms of DNA in one reaction. Using random primers 
and phi29, circular targets are efficiently amplified through a re-
action termed ‘‘rolling-circle amplification,’’ which creates long 
concatemers of multiple copies of the target [22].

Circular targets are ideal for this amplification strategy. How-
ever, linear targets can also be amplified in a similar manner 
[22]. For short linear DNA viruses and cDNA, amplification is 
less efficient, and additional steps, such as ligation, may have 
to be included for amplification (Berthet et al., 2008). This strat-
egy has also been successful in studying different viral metage-
nomes, and several novel viruses have been discovered by this 
method, such as a fibropapilloma virus in sea turtles [55], Anel-
lovirus in harbor seals [56], Bocavirus in pigs [15], and Papillo-
maviruses in humans [63].

Sequencing Technologies

Owing to efforts in research and innovation (Figure 3), se-
quencing capacity and speed have dramatically increased over 
the past decade, while the cost is continuously decreasing. 
These achievements together led to the capacity to produce bil-
lions of nucleotide bases in a single sequencing run, which was 
unconceivable some time ago [26].

To identify the viral nucleic acid in a sample, sequencing is of-
ten utilized. One approach is to construct viral shotgun libraries 
and sequence these [16] by a standard sequencing technology 

Figure 1: Different Ways to Explore the Virosphere: A tree is used 
to represent the total phylogenic diversity of RNA viruses. The 
colored circles illustrate the extent of this diversity that can be 
discovered using three common approaches for virus discovery: 
cell culture, consensus PCR, and metagenomics.
Source: (Zhang et al., [84]).

Figure 2: Overview of general procedures of metagenomics.
Source: (Bhukya and Nawadkar, [10]).

Figure 3: Metagenomics timeline and milestones: Timeline show-
ing advances in sequencing technologies from Sanger sequencing 
to Nanopore sequencing.
Source: (Kaszab et al., [42]).
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such as for example Sanger sequencing (Sanger et al., 1977). 
This approach creates high quality sequence data and can now-
adays produce sequence reads of up to almost 1000 nucleotide 
(nt). But as this approach is highly laborious in comparison to its 
yield, the use of new high-throughput sequencing technologies 
is often replacing Sanger sequencing for metagenomic studies. 
High throughput sequencing omits the need for bacterial clon-
ing and produces greater amounts of data compared to Sanger 
sequencing [43,52].

For viral metagenomics, this enables the detection of viruses 
with low copy numbers. And even though a variety of methods 
are used to reduce the host and other contaminating nucleic ac-
ids, a vast amount still remains and has the potential of masking 
the viral nucleic acids. Therefore, high- throughput sequencing 
is often required in the viral metagenomics screening although 
Sanger sequencing is still often used in the follow-up studies 
due to its capacity to produce longer sequencing reads [14].

High-throughput sequencing: In 2005, the 454 platform 
by Roche was the first commercial high-throughput sequenc-
ing technology to be released [49]. In the following years, two 
other platforms (Solexa/Illumina and the SOLiD system) also be-
came commercially available. Both the clonal amplification and 
the sequencing strategy differ between these three technolo-
gies, as do the amount of data produced and the read length. 
Both 454 and SOLiD utilize emulsion PCR for the clonal ampli-
fication, while the Solexa/Illumina system uses bridge PCR. As 
mentioned before, the actual sequencing chemistry also differs 
between these platforms [43,52]. The 454 platform is based on 
pyrosequencing and while it produces the longest reads (400 
nt) compared to the others, its throughput is less (0.4–0.6 Gb/
run). Solexa/Illumina uses a system with reversible terminators 
and has a higher throughput (3–6 Gb/run) with a read length 
of 100 nt. The highest throughput has SOLiD (10–20 Gb/run), 
which is based on ligation and cleavable probes, but the reading 
length is only 50 nt [60].

There are benefits and drawbacks to these sequencing tech-
nologies that should be considered when choosing between 
the different platforms. For viral metagenomics studies, the 
454 platform is widely used because of the longer read lengths, 
which facilitate de novo assembly. However, Solexa/Illumina 
has also been used for this purpose. For example, by analyz-
ing a Solexa/Illumina dataset originating from small RNAs iso-
lated from mosquitoes, several viruses were found [83]. New 
platforms are also being introduced, one being Ion Torrent (Life 
Technologies), which is based on the release of hydrogen ions 
as nucleotides are being incorporated by the polymerase [60].

Although the above-mentioned sequencing technologies do 
not require bacterial cloning, they all still require each product 
to be clonally amplified prior to sequencing. However, there are 
new single-molecule sequencing technologies in development 
that do not require this step [60] and in 2007, Helicos BioScienc-
es released the first single-molecule sequencing platform [34]. 
Single-molecule sequencing can be an advantage as it avoids 
errors that are introduced by the pre-sequencing amplification 
and it will also give a truer picture regarding the frequencies of 
different DNA fragments. In addition to the above-mentioned 
advantages, some of the technologies being developed also 
show promise in obtaining substantial longer read lengths. 
They are based on alternative sequencing strategies such as: 
(1) nanopore sequencing in which DNA is threaded through 
a nanopore and each base recorded as it moves through the 
pore or (2) sequencing by synthesis in which polymerases are 

immobilized and the incorporation of nucleotides into a DNA 
molecule is recorded [34].

Bioinformatics of Viral Metagenomics

One of the challenges in viral metagenomics can be found in 
the analysis of the vast amount of sequencing data produced. 
Unlike re-sequencing of viral genomes with high-throughput 
sequencing by which it is possible to map the reads into an 
existing genome, the datasets from metagenomic studies are 
complicated by the fact that they contain a mixture of different 
species. Bioinformatic analyses of viral metagenomes attempts 
to answer three questions: how many viruses are there (diver-
sity), ‘what are they (taxonomy), and what are they doing (func-
tion)? [80].

Also, the genomes in the datasets are usually incomplete 
with some cases wherein there are only a few numbers of short 
fragments belonging to each genome. Furthermore, some 
reads display a high divergence compared to sequences that 
are deposited in databases [82]. For these reasons, de novo as-
sembly can be a difficult task, and many of the existing de novo 
assemblers have been developed for the longer reads produced 
by Sanger sequencing. However, a number of de novo assembly 
algorithms are being evaluated for their suitability to this spe-
cific task, and more are sure to be developed [5,53,62]. After 
assembly, many researchers rely on the use of programs, such 
as Blastn® and Blastx®, for database searches to find homolo-
gies to known viruses. Although these methods have been used 
to detect known viruses as well as highly divergent viruses, they 
often fail to discover completely novel viruses because they do 
not show similarity to anything deposited in the databases.

Most metagenomics datasets include a number of sequenc-
es that cannot be annotated through homology searches in da-
tabases. To find novel viruses, other tools have to be developed. 
Toward this end, many researchers are investigating if it is pos-
sible to use motifs, such as di and tri- nucleotide frequencies, 
codon usage, and secondary structures, to distinguish viral se-
quences [23,78]. Several programs and platforms have been de-
veloped such as, MEGAN® [38,39] PathSeq [45] and CAMERA® 
[5,69] that can help with both the analysis of the data as well as 
with the visualization of the results.

Follow-up of Findings and Causations

Depending on the purpose of the study and on the viral dis-
covery, the results of a viral metagenomic study can be followed 
up in a variety of different ways. Generally, the complete ge-
nomes of the discovered viruses are not obtained through cur-
rent viral metagenomic procedures, and further genetic char-
acterization for complete genome characterization is required. 
Virus isolation, molecular and genetic characterization, design 
of diagnostic tools, prevalence studies, experimental infections, 
etc., can be used for a better understanding of the role of the 
discovered virus(es) [47]. If the study aims to determine the eti-
ology behind a disease, it is important to remember that the 
detection of nucleic acid using these techniques is not sufficient 
to prove causality [29]. To prove causality, more comprehensive 
studies have to be performed. However, viral metagenomics 
can help to guide the direction of the investigation [14].

Applicat﻿ion of Viral Metagenomics

Application of viral metagenomics is being continuously ad-
opted and used in veterinary medicine. In clinical diagnostics, 
the recognition and the treatment of novel and rare patho-
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gens is a real challenge. With the new technical inventions, this 
problem could be solved. Another application is the real-time 
investigation of outbreaks caused by viral pathogens and the 
prevention of potential epidemics. The environmental monitor-
ing of pathogens by viral metagenomics may also have an im-
portant role in efforts of infectious disease control. In this case, 
the quick reaction, the regulation, and risk assessment based 
on laboratory confirmed evidence is very important. Moreover, 
broad- range detection and identification of novel viruses or 
novel types of known viruses will be able to help us to broaden 
our range of vision, facilitate protection against viral agents, and 
understand viral diversity [42].

Viral Discovery

In former times, the discovery of new viruses or novel virus 
variants happened mainly as the consequence of isolation on 
cell culture, embryonated chicken eggs, or in animal models. 
Virus growth was detected due to disease development, cyto-
pathic effects, and the use of broad diagnostics like electron mi-
croscopy or antisera for neutralization or staining. Detection of 
completely new viruses was often by accident only, depending, 
e.g., on the possibility to grow the virus.

Novel DNA sequencing techniques, known as Next-Gener-
ation Sequencing‖ (NGS) techniques, are new tools providing 
high-throughput sequence data with many possible applica-
tions in research and diagnostic settings. With the development 
of different NGS platforms, it is now possible to sequence all 
viral genomes in a given sample without previous knowledge 
about their nature with the use of sequence-independent am-
plification followed by high-throughput sequencing. This com-
bination of techniques, known as viral metagenomics, allows 
the discovery of completely new viral species within a complex 
sample and, due to decreasing costs, is nowadays exponentially 
increasing [6]. A growing number of examples exists now where 
viruses were detected in samples from diseased animals or in 
animal reservoirs [36].

Diagnostics

Clinical diagnostics is perhaps the most desirable develop-
mental goal of viral metagenomic pathogen detection. In many 
cases, clinical diagnoses of viral infections require tedious cul-
turing and diagnostic tests; however, for rare or novel patho-
gens these tests may be insufficient or in conclusive, and even 
identification of common pathogens remains challenging [73]. 
Additionally, the difficulty associated with identifying viral 
pathogens may lead to improper clinical treatment, such as the 
administration of antibiotics [61]. The unambiguous and target-
independent identification of all viral pathogens in a relevant 
clinical sample would help clinicians to direct treatment prop-
erly and avoid misdiagnoses. When applied in clinical samples, 
this approach also has the ability to identify coinfections, some 
of which may previously have been overlooked after the diag-
nosis of an initial infection. Although technical developments 
are necessary to deploy viral metagenomics as a stand-alone 
diagnostic approach, the disruptive potential of viral metage-
nomics is immense and has great potential to shift the way we 
conduct clinical diagnoses of viral infections [11].

Outbreak Response

Another application for which metagenomics is well suited 
is the detection and response to viral pathogen outbreaks [65]. 
Wildlife often act as a reservoir for viruses in nature, and as the 
interface between wildlife, humans and domestic animals in-

creases due to encroachment, these viruses have the potential 
to spill-over and cause diseases and/or death in the new hosts 
(Daszak et al., 2000). Viral metagenomics studies have dem-
onstrated the abundance and divergence of viruses present in 
bats, and these studies have identified bats as important viral 
carriers of known and currently unknown viruses. Approximate-
ly, 72% of all emerging zoonotic diseases are estimated to have 
a wildlife reservoir, including SARS and Hantavirus pulmonary 
disease (Feldmann et al., 2002; Jones et al., 2008).

Another sub-application is for detection of pathogens de-
ployed in bioterrorism attacks. Pathogenic viral strains may 
be either naturally or engineered to be divergent from known 
relatives, hindering traditional diagnostics. Synthetic genes in-
serted into a viral host result in both a more infectious agent 
and an agent that can escape detection by traditional methods. 
For example, in the case of a novel wild type Ebola virus out-
break, not all traditional tests identified Ebola virus; however, 
the metagenomic approach identified the causative agent in all 
cases. Through a monitoring network enabled by viral metage-
nomics, previously termed ‘Public Health Metagenome Surveil-
lance’, we will be better suited to defend against and respond 
to all disease outbreaks, both natural and human- made [54].

Environmental Monitoring

In complex environmental samples such as sewage-polluted 
water, the potential for pathogen diversity is high. Typically, ar-
eas such as recreational beaches are monitored for concentra-
tions of fecal coliform bacteria; however, it has been long rec-
ognized that these bacteria are not accurate indicators of viral 
pathogens [31]. Pathogen diversity is likely high in environments 
affected by pollution. Target-independent metagenomic viral 
pathogen detection has the potential to direct research efforts, 
risk assessment, and regulation more effectively at pathogens 
that are highly enriched in the environment [81]. Initial surveys 
have indeed shown high and unexpected pathogen diversity, 
with identification of emerging viruses being far more prevalent 
than for viruses that are typically monitored. Identifying actual 
pathogen presence and diversity through metagenomics, rather 
than solely the presence of indicator organisms, represents a 
significant improvement over current environmental monitor-
ing practices and regulation [66].

Food Safety

The incidence and impact of foodborne illness constitutes a 
significant global issue to public health. It is another field for 
which diagnostic metagenomics can improve pathogen detec-
tion. Foodborne pathogenic bacteria like Salmonella, Listeria, 
or toxin-producing Escherichia coli strains, but also norovirus 
(65%) and Hepatitis A virus and parasites (Trichinella, Giardia) 
can cause disease out- breaks accompanied by vomiting and 
more or less severe diarrhea [76]. Metagenomics for exam-
ple offers the advantage of a less biased pathogen detection 
methodology through direct sequencing of the specimen’s ex-
tracted DNA. This approach has the potential to capture a thor-
ough representation of the microbial community. A number of 
clinically relevant applications stand to benefit from such data, 
rapid identification of the etiological agent (known or novel) 
and gene content including virulence and AMR, or inferring 
functional pathways to elucidate multifaceted illnesses. Thus, 
routinely applied for foodborne pathogens, resulting metage-
nomics data can be helpful for surveillance as well as foodborne 
outbreak investigation and will improve the hazard identifica-
tion by increased specificity and potentially by a fundamental 
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change in the definition of the hazard being rather a specific 
virulent strain, subtype, or gene instead of a not well-specified 
species [70].

Basic Research in (veterinary) Virology

While the aforementioned examples illustrate the impact 
of high-throughput sequencing on veterinary diagnostics and 
the closely connected field of food safety, there are of course 
diverse applications beyond. Researchers only recently started 
using shotgun high-throughput sequencing to systematically 
assess the pathogen content of historic samples available in 
museums or other collections and ancient DNA from archaeo-
logic specimens. Whereas anthropologists already successfully 
analyzed ancient samples immediately after the early second-
generation sequencers became available [32,50,58].

Systematic investigation of historic samples will not only 
help discover the diversity of the virome but will essentially 
contribute to the elucidation of viral evolution and the poten-
tial impact of vaccination on the evolving virome. At the mo-
ment, however, no reports on the analysis of historic animal 
samples have been published, but the studies of historic DNA 
samples are focused to human samples. Duggan and colleague 
sequenced a complete variola virus genome from a 17th century 
child mummy from Lithuania [25]. The authors were able to re-
construct the complete viral genome, which was found to be 
basal to all strains from the 20th century. The authors concluded 
that much of variola virus evolution and diversification occurred 
recently driven by the impact of vaccination [25]. Another study 
published shed further light on the long-term evolution of va-
riola virus. In their study, they report on the sequencing and 
analysis of two complete variola virus genomes from historic 
human specimens from a museum in Prague. Together these 
two studies using shotgun high-throughput sequencing provide 
a new level of insight into long-term virus evolution [59].

Challenges and Future Aspects of Viral Metagenomics

Challenges of Viral Metagenomics

Metagenomics has quickly become a major tool for explor-
ing viral diversity, yet several challenges need to be addressed 
in order to fully leverage the potential of these methods. First, 
metagenomes built from limited input material are still difficult 
to reliably obtain and interpret, and do not yet provide a com-
prehensive and quantitative view of the viral community pres-
ent in the sample [67]. 

The second major challenge lies in the absence of direct 
host information for genomes assembled from metagenomes. 
In a clinical context, this means that one of Koch’s postulates, 
which requires that the candidate etiological agent be isolated 
from a diseased organism and grown in pure culture, cannot 
be fulfilled. A modified Koch’s postulate for the metagenomics 
era has been proposed in which potential new pathogens first 
must be present and more abundant in the diseased subject 
compared to matched control. Then, experiments using either 
a sample from a disease subject or an artificial virus obtained 
through DNA synthesis and expression in cell cultures must 
be performed to demonstrate that this agent induces disease 
in another healthy subject [67]. Still, we lack clear knowledge 
about the link between the diversity of virus in the environ-
ment and during outbreaks, our surveillance is merely based on 
a biased collection of only clinical samples and their study. This 
limits our knowledge about disease spread. 

Prediction of future outbreaks and limiting the spread of dis-
ease needs proper study, development of strong tool [57].

Future Aspects

The amazing diversity and novelty of viral metagenomes 
mean that large-scale sequencing efforts like the acid mine 
drainage and Sargasso Sea projects need to be carried out on 
the viral component. These surveys will provide the raw data 
necessary for understanding the size of the viral metagenome 
and community structure. Methods to clone and sequence ssD-
NA and RNA viruses also need to be developed and incorporat-
ed into these surveys to include all viruses in these analyses. At 
the bioinformatics level, tools need to be automated and made 
freely available so individual labs can carry out viral metage-
nomics analyses on communities of interest [16].

Conclusion and Recommendation

In summary, viral metagenomics and the tools for the anal-
ysis of the data produced will continue to be developed and 
refined with rapid improvement in the genomic sequencing 
techniques. The overall metagenomics approach is very valu-
able for discovery of new viruses, novel genes, surveillance of 
pathogens, discover new pathway, host virus interaction, func-
tional studies. These listed benefits are critical for developing 
countries to participate to the metagenomics race. The leads 
obtained through this exercise may have great impact on early 
diagnosis and treatment. While metagenomics studies also ex-
perience limitations and challenges, which need to overcome in 
near future to obtain a precise result. Unified genomic extrac-
tion techniques and development of improved analysis mod-
ules may suffice the needs of metagenomics in future.

•	 Collaborative research must be promoted to advance 
developing countries in the early detection of the causative 
agent for preliminary preparation using metagenomics so that 
emerging and re-emerging diseases won’t pose threats.

•	 Viral metagenomics can solve problems associated 
with clinical interventions, like treatment of animal diseases 
which fail due to a limited knowledge about the viral agents, so 
supporting and funding research involving viral metagenomics 
can enhance animal’s health which indirectly enhancing public 
health.
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