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Metagenomics and future perspectives in virus discovery
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Monitoring the emergence and re-emergence of viral diseases
with the goal of containing the spread of viral agents requires
both adequate preparedness and quick response. Identifying the
causative agent of a new epidemic is one of the most important
steps for effective response to disease outbreaks. Traditionally,
virus discovery required propagation of the virus in cell culture, a
proven technique responsible for the identification of the vast
majority of viruses known to date. However, many viruses cannot
be easily propagated in cell culture, thus limiting our knowledge
of viruses. Viral metagenomic analyses of environmental
samples suggest that the field of virology has explored less than
1% of the extant viral diversity. In the last decade, the culture-
independent and sequence-independent metagenomic
approach has permitted the discovery of many viruses in a wide
range of samples. Phylogenetically, some of these viruses are
distantly related to previously discovered viruses. In addition,
60-99% of the sequences generated in different viral
metagenomic studies are not homologous to known viruses. In
this review, we discuss the advances in the area of viral
metagenomics during the last decade and their relevance to
virus discovery, clinical microbiology and public health. We
discuss the potential of metagenomics for characterization of the
normal viral population in a healthy community and identification
of viruses that could pose a threat to humans through zoonosis.
In addition, we propose a new model of the Koch’s postulates
named the ‘Metagenomic Koch’s Postulates’. Unlike the original
Koch’s postulates and the Molecular Koch’s postulates as
formulated by Falkow, the metagenomic Koch’s postulates
focus on the identification of metagenomic traits in disease
cases. The metagenomic traits that can be traced after healthy
individuals have been exposed to the source of the suspected
pathogen.
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Introduction

Direct-count epifluorescence and transmission electron
microscopy have shown that viruses are highly abundant
in most environments. Bergh ¢/ /. demonstrated that 11
of seawater can contain as many as 10'° virus-like particles
(VLPs) [1], approximately 10 times more than the num-
ber of prokaryotes. Terrestrial environments often have
10? VLPs per gram. By extrapolation from the estimated
number of prokaryotes in different environments [2],
viruses are the most abundant entities in the biosphere
totaling an estimated number of 1.2 x 10°°, 2.6 x 10%°,
3.5 x 10°!, and 0.25-2.5 x 10°! in the open ocean, in soil
and in oceanic and terrestrial subsurfaces, respectively.

In the human holobiont, the 10'* human cells are out-
numbered 10-fold by bacteria and 100-fold by viruses.
Viral acquisition starts early in life iz utero or perinatally
during the first few weeks after birth as demonstrated by
studies of the gut viral communities in infants. While no
VLPs could be detected in the earliest infant stool
samples, there were ~10® virus particles per gram wet
weight of feces by the end of the first week [2]. The
majority of these VLLPs appear to be bacteriophages, the
bacteria-infecting viruses [2—4].

Culture techniques have been the gold standard for the
detection of viruses for over a century. Despite the knowl-
edge gained using the cultivation of viruses in cell culture,
the consensus is that we have barely begun to chart the viral
world, which is the ‘dark matter’ of the biological universe
and a rich source of future discoveries [3]. Since the vast
majority of viruses are not easily cultivatable, exploration of
this dark matter requires culture-independent methods
with larger detection coverage than culture.

While the sequencing of the 16S fragment of the small
subunit of the ribosomal RNA (rRNA) gene has a proven
track record for the detection of known and novel cellular
organisms [4-10], this technique is not applicable to
viruses because they lack the gene. Indeed, viruses do
not share any common gene that could similarly qualify as
a unified phylogenetic marker [11].

Metagenomics is an alternative culture-independent and
sequence-independent approach that does not rely on the
presence of any particular gene in all the subject entities.
This approach was originally developed as a tool for
‘functional and sequence-based analysis of collective
microbial genomes contained in environmental samples’
[12,13]. Early metagenomic studies analyzing the genetic
content of environmental samples yielded the identifi-
cation of metabolic traits, the characterization of organisms
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and the discovery of new antibiotics and enzymes [12-16].
Metagenomic studies now encompass a wide scope of
research fields including marine environmental research,
plant and agricultural biotechnology, human genetics and
diagnostics of human diseases. Accordingly, the number of
metagenomics papers in peer-reviewed journals has
increased greatly since 2002 (Figure 1la). The scope of
applications for metagenomics will likely widen from
environmental microbiome studies to routine clinical diag-
nostics for palliative care of patients, public health, indus-
try and beyond.

The first application of metagenomics to the field of
virology was in the analysis of the viral communities
sampled at two near-shore marine locations in San
Diego [17°°]. Since then, it has been used to survey

Figure 1

viruses in numerous environments including freshwater,
marine sediment, soil and the human gut. Figure 1b
shows an overview of diverse areas where the metage-
nomic approach has been applied for virus discovery
since 2002. The success of these studies relied upon the
advances observed in the past decade in the area of
sequencing technology and in bioinformatics. Alchough
the fundamental concept of metagenomics has not
changed, several technical advances have proven
valuable for the discovery of previously unidentified,
uncultured viruses. While metagenomics originally
depended upon cloning for the analysis of double-
stranded DNA genomes [17°%,18,19,20°], high-through-
put sequencing technologies can now be applied to all
types of genomes, including single-stranded DNA and
RNA [21].
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Overview of viral metagenomic studies between 2002 and 2011. (a) The number of published papers on metagenomics (2003-2010), as determined by
Pubmed searches using the keywords ‘metagenome OR metagenomics’. (b) Timeline of important landmarks and virus discoveries achieved with the
metagenomic approach between 2002 and 2011. The following studies were used to generate the figure: [17°°,18,20°,62,66,70,71,74,84-86,88,104—
123,148,161,162]. M: Main characterization method used: 454NGS, 454 high-throughput sequencing using GS FLX or GS titanium platform; sg-
Sanger, shotgun library with Sanger sequencing method. S: sample, Symbols used for sample type: ip, insect pool; sb, skunk brain; int: intestine;
panc: pancreas; hf: human feces; se, sewer effluent; ms: marine sediment; nasopharyngeal aspirates (NPA).
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Historically, diseases caused by viruses have been known
before the discovery of their causative agents. The
acquired immunodeficiency syndrome (AIDS), poliomye-
litis, cervical cancers, and Burkitt’s lymphoma were ident-
ified before their causative agents. Whereas poliomyelitis
was documented in ancient Egyptian literature as early as
approximately 3700 BC [22], poliomyelitis virus was not
discovered by Landsteiner and Popper until 1909 [23].
Descriptions of clinical conditions likely to have smallpox
have been found in ancient literature from Egypt (1100-
1580 BC), China (1122 BC) and India (1500 BC)—long
before both Jenner’s discovery of smallpox vaccination and
the later isolation of variola virus [24-26].

The future perspectives in virology appear that, the
metagenomic approach will generate a plethora of genetic
information from unknown and potentially infectious
agents, some of which could be associated with human
diseases. The discovery of viruses will start to precede the
characterization of the diseases they cause, well before
the pathogenicity of these agents is defined.

At this turning point in history, important questions need to
be answered. For example, how far has this new viral
metagenomics discipline evolved in its first decade? What
has been learned so far that can be applied to viral discovery
and the forecasting of future viral outbreaks? In this article,
we review virus discovery techniques with a focus on
metagenomic approaches that employ high-throughput
sequencing technologies to characterize novel viruses.

Traditional techniques for virus discovery
Before the advent of molecular methods, many tech-
niques including filtration, tissue culture, electron micro-
scopy (EM), serology and vaccination have been used for
the detection of viruses. In 1892, Ivanovski demonstrated
the presence of infectious agents, coined ‘virus’ by Bei-
jerinck in 1898, in filtrate of infected leaves passed
through a Chamberland filter. This marks the discovery
of the tobacco mosaic virus [27] and the birth of a new era
in virology. Until then, the field of virology was not clearly
defined. The instrumentation, from the discovery of
tissue culture to modern molecular biology methods,
has shaped the field and helped to discover many viruses.
Since the invention of the technique of tissue culture in
1907 and the propagation of poliovirus in animal cells in
1909, cultivation of viruses has remained the gold stan-
dard for virus discovery for over a century [28-30].
Despite the achievements made by the culture tech-
nique, several limitations have hindered the discovery
and detection of viruses in routine laboratory settings.
Virus propagation requires the development of controlled
conditions that mimic the natural ecosystem shared be-
tween viruses and their hosts [31°].

The invention of the electron microscope in 1933 pro-
vided the first visual proof of a virus. However, this

technique is relatively expensive, tedious and lacks both
sensitivity and specificity. Alternatively, serology can
provide a hint of the acquisition of novel viruses — as
was the case for hepatitis C virus [32,33] — before the
viral agents have been cultured or viewed by electron
microscopy. The immune sera method has shown little
value for virus discovery. The inoculation method, how-
ever, not only helped to identify novel viruses, but also
was used as an immunization method to confer cross-
protection against closely related viruses. Indeed, the
cowpox-based inoculation developed by Jenner in 1796
was the first effective vaccine against an infectious dis-
ease. Nearly two centuries later, this strategy was used to
eradicate smallpox. However, it is unlikely that Jenner’s
method would pass the scrutiny of modern ethical review
boards for vaccine or virus discovery [34].

Molecular methods for virus discovery

The trends in clinical virology practices show gradual
substitution of the traditional virus discovery methods
with novel molecular biology technology. Nevertheless,
traditional and the newer molecular biology techniques to
isolate, identify, and characterize viruses play comp-
lementary roles in the viral discovery effort. For a com-
prehensive list and detailed description of molecular
methods used for virus discovery, readers are referred
to reviews by Delwart [31°] and Tang [35°]. Here, we
focus on the viruses discovered using these methods and
their future applications in clinical microbiology and
public health settings.

Two types of molecular methods have been used for
the virus discovery effort: sequence-dependent and
sequence-independent methods.

Sequence-dependent methods, including PCR using con-
sensus primers and hybridization methods such as micro-
arrays, require the knowledge of the nucleic acid for the
detection of novel viruses. Indeed, consensus sequences
of previously known viruses have been used to identify
novel viruses including highly divergent clades of human
immunodeficiency virus [36], simian retroviruses [37—40],
and hepatitis E virus [41]. However, PCR using consen-
sus primers based on previously characterized viruses
have little or no value in detecting completely novel
viruses. The microarray techniques were first introduced
in 1995 to monitor the expression of multiple genes
simultaneously [42]. For virus discovery, microarrays
can be prepared with probes that hybridize known viral
sequences and potentially novel viruses with sufficient
sequence similarity. The method has been applied to
detect a wide range of known viruses as well as novel
highly divergent viral taxa [43]. Microarray screening has
led to the identification and characterization of a novel
gammaretrovirus, xenotropic murine leukemia virus-
related virus (XMRYV), in prostate tumors [43,44]. Sub-
sequent studies did not confirm these initial findings
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[45,46], which points to potential limitations of the
method. Another example of a well-known virus discov-
ered with microarrays is SARS-CoV, a highly divergent
coronavirus discovered amid a worldwide outbreak of the
severe acute respiratory syndrome (SARS) in 2003 [43].
Reproducibility of results between microarray tests is
frequently poor [47].

Unlike PCR and microarrays, the sequence-independent
viral metagenomic approaches do not rely on prior knowl-
edge of viruses in the samples. The suppression subtrac-
tive hybridization (SSH) and representational difference
analysis (RDA) are examples of sequence-independent
virus discovery methods. SSH was used first to study gene
expression [48] and was later applied to investigate the
etiology of diseases of unknown origin [49]. By hybridiz-
ing DNA obtained from patients and control subjects,
nucleic acid from an unknown pathogen(s) can be
detected [49-51]. Use of RDA led to the discovery of
human herpes simplex virus type 8 (HHVS) [52], Torque
Teno virus (T'T'V) [53], GBV-A, GBV-B viruses [54] and a
novel highly divergent murine norovirus [55]. This
method lacks sufficient sensitivity to detect viruses when
the viral burden is low or when the DNA sequence of the
suspected etiological agent is not clearly distinguishable
from the control sample [31].

Sequence-independent  single-primer  amplification
(SISPA) circumvents the viral load limitation of SSH.
Although there are several variations to the original pro-
tocol published by Reyes ¢z /. [56], the main strategy of
SISPA is to exploit the sensitivity and the specificity of
PCR amplification using primers that bind oligonucleo-
tide fragments ligated to any putative viral DNA
materials in the sample. SISPA has been modified to
allow the detection of both DNA and RNA viruses after
the removal of genomic and contaminating nucleic acids
[57]. The SISPA method was used successfully for the
discovery of Hepatitis E virus [58,59], Norwalk virus [60],
Human astrovirus [61,62], and Parvoviruses 2 and 3 [63].
Another sequence-independent technique, the viral
metagenomics (described in detail below), provides
superior capability to detect known and unknown viruses
than the traditional and molecular sequence-dependent
and sequence-independent methods.

Viral metagenomics

Compared to virus discovery approaches outlined above,
viral metagenomics is less biased. Potentially, any viruses
in the samples, culturable or unculturable, known or
novel can be readily detected with the viral metagenomic
approach.

Viral metagenomic methods have evolved significantly
since they were first developed. In early studies
[17°°,18,19,20°], preliminary sample preparation involved
shearing of DNA and cloning. These steps were required

Figure 2
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Flow chart for the generation of a viral metagenome using high-
throughput sequencing.

in order to obtain sufficient DNA given the low amount of
viral DNA in environmental samples (~10 pg/100 | of sea
water). Because viral DNA often contains modified
nucleotides and because some viral genes (e.g. holins
and lysozymes) are toxic to cells, the DNA was randomly
sheared to produce small fragments before cloning
[17°°,18,19,20°]. 'The process of sample preparation has
since been streamlined and the sequencing speed
increased with the advent of high-throughput sequencing
technologies. The replacement of cloning with high-
throughput methods has revolutionized metagenomics.

There are several high-throughput sequencing platforms
commercially available that vary by the sequencing prin-
ciple, the sequencing speed, the cost and read length. An
overview of a typical viral metagenomic protocol that can
be used in a virus discovery study is provided in Figure 2.
Essentially, a metagenomic analysis involves three main
steps: (1) sample preparation, (2) high-throughput
sequencing and (3) bioinformatic analysis. Below we
provide an outline of each of these steps. More detailed
descriptions have been previously published [64°°].

Sample preparation. Theoretically, any type of sample can
be analyzed using the metagenomic approach, including
seawater [65], blood [66], horse feces [67], stool [20°,68—
71], marine sediments [18], coral tissues [72,73], and hot
springs [74]. Because viral genomes are relatively short,
bacterial or eukaryotic nucleic acids can severely interfere
with the isolation and detection of viral DNA or RNA that
typically represents only a small fraction. Thus, removal
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of non-viral nucleic acid is necessary [64°°,75]. Homogen-
ization, filtration and ultracentrifugation are often necess-
ary to concentrate the viral particles present in the sample
(Figure 2). To ensure that viruses are not lost during the
virus preparation, epifluorescence microscopy with
SYBR-gold staining is used on aliquots of samples
obtained after the homogenization, filtration, and chloro-
form treatments to monitor the presence of VLPs [64°°].

Chloroform treatment followed by DNase digestion is
used to remove contaminating DNA. The chloroform
disrupts mitochondrial, bacterial and eukaryotic mem-
branes, thereby exposing non-viral DNA to the sub-
sequent nuclease treatment [76,77]. Unfortunately,
chloroform treatment may also cause enveloped viruses
to lose their protective lipid membrane, thereby render-
ing their DNA subject to DNase digestion [66]. More-
over, DNase treatment does not always completely
eliminate non-viral DNA in the sample [63,64°%]. After
extraction, DNA may need to be amplified with random
primers [78,79]. The Whole Transcriptome Amplification
(WTA) kit can be used for the synthesis of cDNA from
viral RNA [80].

Single virus genomics (SVG) was introduced by Allen and
collaborators to selectively isolate viruses before sequen-
cing [81]. SVG uses flow cytometry to sort viruses based
on a method originally described by Brussard e7 4/. [82].
Following the sorting, DNA of different sizes is immobil-
ized in agarose gel, and then amplified using the multiple
displacement amplification (MDA) method. The SVG
approach can also be applied to RNA viruses provided
a reverse-transcription step is inserted between the flow
cytometry and MDA.

High-throughput sequencing. Early metagenomic appli-
cations involved the generation of shotgun libraries and
direct sequencing of the total DNA content using the
Sanger enzymatic dideoxy-sequencing method. This
approach permitted the discovery of novel phages in
marine environments [61,66]. The Sanger technique
had been the standard method for sequencing since it
was first described in 1977 [83]. Development of the
‘next-generation’ sequencing platforms offered the com-
bined advantages of speed, automation and high-through-
put, thereby increased sequencing capabilities by a factor
of 100 to a million relative to the Sanger technology.

The Illumina/Solexa and Roche 454 next-generation
sequencing platforms have been used most often in virus
discovery (Figure 1). The Illumina/Solexa method is
based on sequencing-by-synthesis chemistry using frag-
ments of the sample DNA ligated to oligonucleotide
adapters. The adapters on a solid support act as primers
for DNA polymerase to incorporate reversible terminator
nucleotides, each labeled with a different fluorescent dye.
A typical sequencing run can generate up to 18 gigabases

of data with an average read length of 75-100 nucleotides
[21]. The Sweetpotato badnavirus and the Sweetpotato
mastrevirus are examples of viruses discovered using the
[llumina/Solexa sequencing platform [84].

The 454 FLX titanium pyrosequencer commercialized
by Roche has been the most used for the discovery and
characterization of novel viruses (http://www.454.com/
publications-and-resources/publications.asp?postback=
true). This platform was used for the identification of an
uncharacterized mycovirus [85], Solenopsis invicta virus 3
[86], Merino Walk virus and a new arenavirus [87,88],
among others (Figure 1b). For sequencing, DNA is frag-
mented and ligated to biotinylated specific linkers. The
complex DNA/linkers fragment is attached to streptavi-
din-coated beads that anchor the DNA inside a droplet of
water and PCR reagents in oil emulsion. Each fragment is
first amplified to produce the template for sequencing
reaction. Sequencing is carried out by annealing primers
to the linker portion of the template complex, followed by
the incorporation of nucleotides by DNA polymerase,
which facilitates the extension of the complementary
DNA. The pyrophosphate released by this process is
measurable by the production of light [89,90]. The Roche
454 system measures the pyrophosphate released as the
result of nucleotide incorporation during DNA synthesis
mediated by DNA polymerase. The amount of light
released is proportional to the intensity of the light signal
captured by a charge-coupled device (CCD) camera,
which then converts light signals into digital data
[91,92]. A typical optimum run using a 454 pyrosequencer
yields about one million reads with an average length of
350-450 nucleotides, totaling about 0.4 gigabases.

Bioinformatic analyses. 'The analysis of the copious data
generated by high-throughput sequencing is the most
challenging aspect of metagenomics. An inherent diffi-
culty in assigning taxonomic designations to viral
sequences is that there is no universally homologous
nucleic acid component present in all viruses that can
be used to build phylogenetic trees — a factor that also
fuels the debate over whether or not viruses belong in the
tree of life [11,93-96]. In most metagenomic studies,
sequences generated by high-throughput sequencing
are queried by homology search tools to previously docu-
mented sequences stored either in a local database or in
public databases such as the Genbank. Unfortunately,
homology searches against known sequences in Genbank
cannot characterize unknown viruses (Figure 3).

The analysis of metagenomic libraries requires fast com-
putation and the right algorithms to characterize
sequences as belonging to putative viruses. To ensure
that bioinformatic analyses are performed only on high
quality data, the reads are typically processed through a
software pipeline to remove any background sequences
including host and bacterial DNA that had not been
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Figure 3
@) Reference Sample type Method Cut off Unknown
Breitbart et al., 2002 Seawater TBLASTX E value =0.001 65%
Breitbart et al., 2003 Human feces TBLASTX E value = 0.001 59%
Breitbart et al., 2004 Marine sediment TBLASTX E value = 0.001 75%
Zhang et al., 2006 Human feces TBLASTX E value = 0.001 91%
Benchet al., 2007 Virioplankton TBLASTX E value = 0.00 61%
Breitbart et al., 2008 Infant feces TBLASTX E value = 0.001 66%
Rosarion et al, 2009 Potable water TBLASTX E value = 0.001 44%
Rosarion et al, 2009 Reclaimed water (DNA) TBLASTX E value = 0.001 70%
Rosarion et al, 2009 Reclaimed water (RNA) TBLASTX  E value = 0.001 57%
Desnues et al., 2008 Stromatolite TBLASTX E value = 0.01 99%
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The unknowns: sequences with no detectable homologs in Genbank. (a) Proportion of the unknowns reported in viral metagenomic studies of diverse
environments. (b) Diagram illustrating the abundance of unknown and known sequences in the environment. The distinction between known and

unknown depends on the thresholds used.

removed by the filtration, chloroform, and DNase I treat-
ments [97-99]. The resulting sequence reads are
assembled with strict parameters to generate contigs,
each made of sequences derived from the same organism
quasi-species. Using a stringent assembly parameter is
critical to avoid sequence chimerization. The contigs
sequences are then compared to the Genbank non-redun-
dant nucleotide database using BLAST [100] or
USEARCH [101]. Note that using a database containing
only viral sequences will not be able to identify bacterial,
archaeal or eukaryotic sequences and lead to an over-
estimation of the fraction of unknowns (see below).

With the increasing number of data generated from
different studies, there is a need for a cross-metagenome
meta-analysis [102,103]. This is particularly important
because of the diversity of different viral metagenomic
protocols and the lack of standard algorithm for down-
stream data analysis. The following items should be
included in any report on viral metagenomic studies:
firstly, the sequencing platform and its version number;
secondly, raw sequence data accession numbers in a

public database; thirdly, details about the bioinformatic
analysis, including the homology search tool and the
database being used to assign the taxonomy, and their
versions; fourthly, a list of known and previously
unknown viruses found, clearly showing if the ‘novel’
viruses are new strains of a previously described species or
completely different viruses; and fifthly, causality evi-
dence if any.

The challenge with the unknown sequences

The most intriguing aspect of viral metagenomics is the
fact that a large number — usually the majority — of
sequences has no significant similarity to anything known.
In this review, we refer to these sequences as the
‘unknown’ (Figure 3a). A typical human or environmental
viral metagenome can contain between 60% and 99%
unknown sequences (Figure 3) [17°%,18,20°,62,66,70,71,
74,84-86,88,104—123]. Factors contributing to this vari-
ation include the sample type, the length of the sequence
reads, the homology search method (BLASTn, tBLASTX,
etc.), the similarity threshold (E-value cutoff), the data-
base and version of that database used for the homology
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searches (Figure 3b). Depending on how they are viewed,
the unknowns can represent either a formidable chal-
lenge or a treasure trove for virus discovery. Although
researchers often tend to consider the unknowns as ‘junk,’
these sequences could be a valuable blueprint for the
discovery of novel viruses [112,124,125]. Thus far, there is
a lack of suitable bioinformatic methods to characterize
the unknown sequences.

A tentative solution is to compare the sequences between
samples in order to at least gain some insight about the viral
entities that are shared between them. A program such as
PHACCS (PHAge Communities from Contig Spectra) can
be used to assess the biodiversity of uncultured viral
communities by mathematically modeling the community
structure using the contig spectrum of metagenome assem-
blies [126]. This method was extended to assess cross-
assemblies of reads from different samples [65], providing a
homology-independent tool for the comparison of meta-
genomes with a high proportion of unknown sequences.
Although PHACCS may provide a glimpse of the compo-
sition and difference between metagenomes, it has limited
value for the characterization of novel viruses. T'wo tools
can be used to predict whether unknown sequences are
from bacteriophages undergoing lytic and lysogenic life-
styles. One such tool described by Deschavanne ez a/. [127]
compares the genome signatures of query sequences
against those of their host genome in order to identify
host—phage relationship and information about the phage
lifestyle. The second method, PHACTS, depends on
residual homology between the putative unknown
sequence and sets of randomly selected viral proteins from
known viruses (K McNair ez al., PHACTS: a computational
approach to classifying the lifestyle of phages, unpublished
data). Alternatively, viruses may be classified by basic
sequence properties. For instance, the circularity of the
contig, its oligonucleotide profile [128], and the open
reading frame (ORF) structure (S Akhter ez a/., PhiSpy: A
novel algorithm for finding prophages in bacterial genomes that
combines similarity-based and composition-based strategies,
under review) may all provide clues whether the unknown
sequence could be from a potential novel virus. These
properties can be combined into a prediction network used
to classify viruses into lifestyle groups or taxonomic clades.

Although newly discovered viruses are often labeled ‘nov-
el the question remains whether these sequences
represent truly novel viruses or ancient viruses that simply
have never been observed before. The age of a sequence
has traditionally been determined by multiple alignments
of query sequences with their homologs and by calculating
the divergence times from a common ancestral node on a
phylogenetic tree. Dates can be estimated using either
a molecular clock [129] or by assigning a calibration date to
a specific node in the tree based on fossil or other evidence
[130-132]. For viral metagenomic sequences, however,
building a phylogenetic tree is itself problematic because

often the sequenced reads may represent non-overlapping
subregions of an unknown viral genome. Moreover, there is
no fossil data available to calibrate the age of nodes in the
tree. A promising approach might be to estimate diver-
gence times from assembled viral contigs. De #ovo assem-
bly allows non-overlapping regions to be combined into a
single consensus sequence. For a given molecular clock,
SNP analysis of the contributing reads could provide an
estimation of how long ago the sequenced reads diverged.
Such estimates may be critical when addressing the ques-
tion of the origin of a newly identified infectious agent.

Koch’s postulates, metagenomics and viral
etiology of diseases

Until recently, virus discoveries were made in the context
of disease etiology. Thus, virus discovery studies were
biased mainly because of the use of convenient samples
available from patients. Because of the difficulties
involved, the investment of efforts and resources required
to isolate viruses often could not be justified outside the
disease context. It is likely that the context of the diseases
has also led to the misconception that all viruses are
pathogenic. This dogma was challenged by the discovery
of viruses such as Torque Teno virus (T'T'V) and hepatitis G
virus (GBV-QC), originally associated with post-transfusion
hepatitis [53,133-135], and then were subsequently
shown be classical examples of viral commensals
[136,137]. The widely accepted notion that viruses act
as obligatory pathogens is beginning to give way to the
concept that viruses can be part of the normal flora of
the human body. Considering their high abundance in the
gastrointestinal tract, on skin and even in blood and lungs
[138] it is unlikely that viruses could only be pathogenic
without any benetfits for their hosts. The abundance of
viruses, particularly phages, in the lung — an environ-
ment previously thought to be sterile — may reflect their
beneficial role in keeping bacterial populations in check
[138]. The pathogenicity of the GBV-C has shifted to a
more radical designation as a ‘good’ virus in cases of co-
infection with HIV. Indeed, GBV-C has been associated
with a more favorable prognosis for patients with HIV
infection by slowing the progression to AIDS [139,140].
Similarly, dengue virus, a known pathogen, has been
shown to limit HIV-1 replication and to reduce the viral
load [141]. These examples need to be taken into account
when metagenomic approach is applied to virus discov-
ery. The characterization of a novel virus can be easily
achieved 7z silico with limited bioinformatics tools but the
determination of causation may not always be trivial.

The causality is not always conclusive even when the
suspect virus is found in the scene of the crime. In other
words, finding a virus in a sample from a patient with an
illness of unknown etiology and even demonstrating the
association does not always prove causation. For this
reason, strict guidelines proposed by Robert Koch and
later modified by Rivers [142] have been used to assign
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Figure 4

Metagenomic Koch’s Postulates

1) Disease Healthy

B
IIIIllll.....

ADEJ

* %
***
III'II B
Rm[s]=1=]

HCIBKLFGMNOPD

ABCDEFGHIJKLM

@

Inoculate

Y

Disease

e

* %

*
II *k
IIIII.I---

APCBEFKHIGDLM

HCIBKLFNQQOMG HCIKBLFDPMONQ

Inoculate Inoculate

\% Vs

Healthy Disease

N . 1
Illillll.....

ACIBKQHNFLOMG HCIEBKFDPLOQN

Current Opinion in Virology

Current Opinion in Virology 2012, 2:63-77

www.sciencedirect.com



Metagenomics and future perspectives in virus discovery Mokili, Rohwer and Dutilh 71

causality to infectious agents. One of Koch’s postulates
requires that the candidate etiological agent be isolated
from a diseased organism and grown in pure culture.
However, many viruses cannot be propagated by culture
techniques [143].

New molecular biology techniques have been used for
virus discovery bypassing the prerequisite of the Koch’s
postulates. For instance, the Merkel cell polyomavirus
(MCV) was identified as the causative agent of Merkel’s
cell carcinoma without satisfying all of the requisites of
Koch’s postulates [144]. Similarly, the sea turtle torno-
virus 1 was associated with fibropapillomatosis using a
culture-independent metagenomic approach [118].

The methodological shift, from culture to metagenomics,
will likely create a paradigm shift in the demonstration of
disease causation. In many instances Koch’s postulates
will no longer be satisfied if culture techniques are used to
prove causality. Falkow [145°°] proposed the modified
Koch’s postulates which uses molecular methods to
monitor the role played by genes in distinct bacterial
virulence. To satisfy the revised molecular Koch’s pos-
tulates, a strong association must be established between
the phenotype or property under investigation and the
pathogenic members of a genus or pathogenic strains of a
species. The gene of interest should be found in all
pathogenic members of the genus or species but be
absent in nonpathogenic strains. At best, the nonpatho-
genic strains could carry the gene with critical mutations
that could render the strain non-virulent. However, new
molecular methods do not always distinctively character-
ize virulence genes and make a clear association with a
disease of unknown etiology. This could be because
genes can be expressed at different time-points during
infection. Genes can be turned on and off and may require
intrinsic factors in order to trigger the disease process.

Alternatively, we propose the metagenomic Koch’s pos-
tulates, which focus on the identification of metagenomic
traits in disease subjects. The metagenomic traits are
molecular markers such as sequence reads, assembled
contigs, genes or full-genomes that can uniquely dis-
tinguish diseased metagenomes from those obtained
from matched healthy control subjects (Figure 4). The
metagenomic traits found in diseased patients can be
monitored in healthy individuals exposed to the sus-
pected infectious agent. Although this novel approach
requires separation or isolation of remaining co-occurring
disease candidates (Figure 4.3), it does not necessarily

require the isolation of the pathogen in tissue culture or
pure culture media unlike the original Koch’s postulates.
Therefore, the genetic make-up of the agent responsible
fora disease can provide early clues before its isolation by
tissue culture.

T'he modified metagenomic Koch’s postulates proposed in
this paper require that: Firstly, the diseased metagenome
be significantly different from the metagenome con-
structed with the same sample type obtained from a
healthy matched control subject. The suspected metage-
nomic traits must be present and more abundant in the
diseased subject compared to matched control (Figure 4.1).
Secondly, inoculating a healthy individual with a sample
from a diseased subject must result in disease state
(Figure 4.2). Differential metagenomic traits in step (1)
recovered in the newly induced diseased subject may be
the biomarker of the candidate etiological agent; and
finally, selective inoculation of samples from the disease
subject (in step 2) must induce disease in another healthy
control subject if the metagenomic contains the trait
associated with the etiological agent of the disease, or
phenotype under investigation (Figure 4.3). Assuming that
the metagenomic trait ‘E’ (Figure 4.3) is a contig sequence
from a previously unknown and unculturable virus, its early
identification using the metagenomic approach could
spearhead the effort to generate diagnostic assays such
as ELISA and PCR, well before the isolation and the
characterization of the viruses by culture techniques.

Fulfilling this metagenomic model of the Koch’s postu-
lates is possible when one or multiple viral agents are
involved in disease causation. With the original Koch’s
postulates or the modified molecular Koch’s postulates, it
is difficult enough to prove causality with one suspected
agent using the culturing prerequisite. The complexity is
even greater when multiple viruses are involved in the
causation of a disease.

A similar approach, the siRNA-ome used previously by
Kreuze et al. [84] led to the detection of etiological viruses
causing diseases in plants despite the low copy number of
the suspected traits [84]. The modified metagenomic
Koch’s postulates could also be tested in human diseases
such as the murine mink cell leukemia caused by a C-type
retrovirus, named the mink cell focus-inducing virus
(MCFIV) [146]. MCFIV requires the cooperative inter-
action with other viruses to increase its propensity to
cause leukemia [146]. The Burkitt’s lymphoma caused by
others Epstein-Barr virus (EBV) in regions holoendemic

(Figure 4 Legend) Metagenomic Koch’s postulates. Comparison between a diseased and healthy control animal shows a significant difference
between the metagenomic libraries (depicted by the histograms of relative abundance reads). In order to fulfill the metagenomic Koch'’s postulates: (1)
The metagenomic traits in diseased subject must be significantly different from healthy subject. For example traits A, D, E and J found in the disease
animal that are not present in the healthy control; (2) Inoculation of samples from the disease animal into the healthy control must lead to the induction
of the disease state. Comparison of the metagenomes before and after inoculation should suggest the acquisition or increase of new metagenomic
traits (A, E and P). New traits can be purified by methods such as serial dilution or time-point sampling of specimens from a disease animal. (3)
Inoculation of the suspected purified traits into a healthy animal will induce disease if the traits form the etiology of the disease.
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for Plasmodium falciparum, the etiology of malaria [147].
Metagenomics could become the future method of choice
enabling the simultaneous analysis of multiple agents in a
sample and assessment of the association and disease
causality without the limitations imposed by culture
techniques [138,148,149].

Future application of metagenomics to public
health

The etiology of many diseases remains unknown. These
ailments are collectively defined as diseases of unknown
etiology when all conventional testing laboratory tech-
niques are unsuccessful. Yet, the diseases with unknown
origin have high rates of morbidity and mortality. For
example, as many as 40% of cases of the infantile diarrhea,
which alone claims ~1.8 million fatalities annually, have
no known specific causative agent [112]. Infantile diar-
rhea, the pyrexia of unknown origin, influenza-like ill-
nesses, chronic fatigue syndrome, Alzheimer’s disease,
various forms of tumors such as diffuse large B-cell
lymphoma and many other diseases of unknown origin
can benefit directly from the metagenomic technology.

The success of metagenomics in identifying novel viruses
in a wide variety of samples opens doors to new application
areas particularly in public health and the prevention of
infectious diseases. Although the metagenomic technology
is not yet part of the routine diagnostics, results from
clinical virology research provides valuable proof of con-
cepts for a new era in clinical virology practices. For
example, Finkbeiner e a/. analyzed samples from 12
children using metagenomics and identified a large num-
ber of known eukaryotic viruses as well as sequences from
putatively novel viruses [112]. Another study identified a
corona-like virus, the Human Cosavirus E1 (HcoSV-E1), in
a child with acute diarrhea [150]. These initial studies
identified promising viral candidates to establish the etiol-
ogy in these cases of diarrhea. The 2009 pandemic of
influenza A (2009 H1N1) provided proof of concept in
that metagenomics was effective to rapidly characterize the
full genome of the flu virus [151]. Using the metagenomic
approach, Palacios ¢ a/. discovered an arenavirus in
samples which had tested negative by culture, PCR, ser-
ology and a microarray assay using oligonucleotide probes
from a wide range of infectious agents [87], suggesting a
potential causative agent for unexplained cases of post-
transplantation death. In another study, Towner e /.
described a new Ebola virus responsible for an outbreak
of a hemorrhagic fever in the District of Bindibugyo,
Uganda [152]. Rapid identification of these agents would
provide the blueprint for the development of therapeutic
regimen or preventive vaccine.

Prevention is better than cure. Potentially, a single or
multiple jump of an animal virus to humans can have
serious consequences. One way to prevent infectious
diseases is through vaccine development. But the

development of a vaccine takes time and demands a
huge amount of resources. Preventing the introduction
of an unknown virus to human populations is rather a far-
reaching goal unless the methods of virus identification
and characterization are put in place. A simple and
practical strategy would be to assess the danger posed
by viruses that thrive in animals and could cross to human
through zoonosis.

Zoonosis is a source of up to 75% of emerging infectious
diseases in humans [153]. As such, cross-species transfer
from animals to humans has serious repercussions not
only in public health but also in the socio-economical and
political stability [68,154—-158]. The detection and charac-
terization of novel viruses are of paramount importance in
the forecasting of future outbreaks of viral diseases in
humans. Surveying natural reservoirs for potential zoo-
notic infection [69] and human populations such as bush
meat hunters who are exposed to animals could help
prevent major outbreaks before the wide spread of viruses
to human population. Data obtained in early identifi-
cation of viruses are valuable for forecasting new emer-
ging and re-emerging viral epidemics.

The experience gained from studying marine environ-
ments and hostile mine environments can be applied in
public health programs that seek to determine the normal
viral population and monitor changes in different geo-
graphical settings. We have termed such an approach
as Public Health Viral Metagenomics Surveillance
(PHVMS). Viral metagenomics surveillance is defined
as the survey of the functional and taxonomic signatures
representing the viruses normally circulating within that
population in the absence of noticeable epidemics. In the
event of a zoonotic outbreak, these functional and taxo-
nomic signatures of the virome will likely show detect-
able shifts. Figure 5 shows a hypothetical rank abundance
curve for six viruses (a—f). The introduction of a highly
pathogenic species (g) can be expected to result in a
disruption of the normal virome, including the appear-
ance of opportunistic viral infections (h).

Using PHACCS analysis [126], several parameters can be
compared between the normal and disturbed viromes in-
cluding the total number of viral species (richness) and their
relative abundance (evenness). Another approach would be
to determine the normal virome, a background viral meta-
genome to refer to in case of an outbreak. Lessons learned
from studies of bacterial microbial metagenomes suggest
that different environments often have different microbial
signatures [159], including the functional metabolic infor-
mation, the nucleotide usage, proportion of different
species. Disrupting key metabolic processes of an environ-
ment can lead to disruption of the balance in that ecosys-
tem. Similarly, the viromes in different human populations
in different locations may display functional profiles charac-
teristic of their respective environment, lifestyle and viruses
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Monitoring of emerging infectious diseases using a metagenomic
approach. A hypothetical example of the potential use of the Public
Health Viral Metagenomics Surveillance (PHVMS) approach for virus
discovery based on comparison of viromes sampled before () and
during (Il) an epidemic. Depicted here are the rank abundance curves for
viral species (a-h), where g represents a newly introduced, highly
pathogenic species and h a less virulent virus.

circulating in each region. The magnitude of disturbance of
the virome profile will depend on the fitness and virulence
of the newly introduced pathogens and the immune fitness
of the host. The viral communities in two different meta-
genomes can be compared using XIPE [160]. This statisti-
cal approach was developed for comparing metagenomic
sequences derived from samples collected from the Sar-
gasso Sea and from acid mine drainage and was able to
accurately predict the physiology, metabolic potential and
ecology of each ecosystem [160].

Conclusion

During the last decade, we have witnessed the emergence
of metagenomics as a powerful novel tool with endless
areas of applications in virology. Epidemiological data
suggest that novel viruses are likely to be introduced into
the human population through zoonosis [153,158]. Also,
the danger of intentional introduction of viruses through
bioterrorism cannot be ignored. Viral metagenomics is a
powerful, fast and sensitive technique available for identi-
fying viruses including those that cannot be detected by
conventional culture and sequence-dependent methods.
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