......

ST @IWILEY )
& InterScience®

DISCOVER SOMETHING GREAT

Rev. Med. Virol. 2007; 17: 115-131.

Published online 12 February 2007 in Wiley InterScience
(www.interscience.wiley.com)

DOI: 10.1002/rmv.532

Reviews in Medical Uirology

REVIEW _ ,
=] Viral metagenomics
f ol Eric L. Delwart*

: \f} Blood Systems Research Institute, University of California, San Francisco, CA, USA

SUMMARY

Characterisation of new viruses is often hindered by difficulties in amplifying them in cell culture, limited antigenic/
serological cross-reactivity or the lack of nucleic acid hybridisation to known viral sequences. Numerous molecular
methods have been used to genetically characterise new viruses without prior in vitro replication or the use of virus-
specific reagents. In the recent metagenomic studies viral particles from uncultured environmental and clinical
samples have been purified and their nucleic acids randomly amplified prior to subcloning and sequencing. Already
known and novel viruses were then identified by comparing their translated sequence to those of viral proteins in
public sequence databases. Metagenomic approaches to viral characterisation have been applied to seawater, near
shore sediments, faeces, serum, plasma and respiratory secretions and have broadened the range of known viral
diversity. Selection of samples with high viral loads, purification of viral particles, removal of cellular nucleic acids,
efficient sequence-independent amplification of viral RNA and DNA, recognisable sequence similarities to known
viral sequences and deep sampling of the nucleic acid populations through large scale sequencing can all improve the
yield of new viruses. This review lists some of the animal viruses recently identified using sequence-independent
methods, current laboratory and bioinformatics methods, together with their limitations and potential improvements.
Viral metagenomic approaches provide novel opportunities to generate an unbiased characterisation of the viral

populations in various organisms and environments. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Classical methods used for the identification of
viruses include in vitro viral amplification fol-
lowed by electron microscopy and the use of refer-
ence serum from previously infected or vaccinated
hosts. Cell culture combined with visual observa-
tion for cytopathic effects, followed by testing for
immunological cross-reactivity using large panels
of sera, is a powerful and relatively rapid method
when the unknown viral agents replicate in the
particular cell lines used and cross-reactive
reagents are available. Tentative identification of
the virus then allows the use of more specific
reagents, particularly degenerate PCR primers,
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targeting the likely viral group for definitive gene-
tic characterisation [1-11]. Strictly molecular meth-
ods that do not require in vitro replication and
scarce serological or antigenic reagents have also
been developed and successfully used to allow
the characterisation of numerous novel animal
viruses. Some of these methods are described
below with special emphasis on sequence-inde-
pendent amplification and plasmid library sequen-
cing of nucleic acids in biological fluids or
environmental samples collectively referred to as
viral metagenomics. The diversity of bacterioph-
age obtained from seawater, in which viral garti—
cles can be found at levels as high as 10" per
litre of surface seawater [12], in near-shore sedi-
ments and in human faeces has been recently
reviewed by the pioneering group in the rapidly
growing field of viral metagenomics [13,14].

THE NEED FOR BETTER VIRAL

DISCOVERY TOOLS

The human virome

The emergence of previously unrecognised viruses
as a result of improved transmission opportunities
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and/or adaptive mutations underlines the need
for a better characterisation of the full range of
viruses replicating in humans (i.e. the human vir-
ome) [15,16]. Highly prevalent infections with
anelloviruses [17-21] and GBV-C [10] have been
shown in humans. The only recent identification
of these two highly common chronic human infec-
tions using molecular methods hints at the possibi-
lity of a wider human viral flora. While initially
thought to induce hepatitis these two diverse viral
groups are now thought to be largely commensal
[22-27].

Recently identified pathogenic viruses of appar-
ently strictly human origin include the Norwalk
norovirus from a gastroenteritis outbreak in
1991 [28]; the human herpesvirus 8 from cases of
Kaposi’s sarcoma in AIDS patients in 1994 [29];
the metapneumovirus from children with a wide
range of respiratory symptoms in 2001 [30]; a new
human coronavirus in 2004 [8,31-33] and a new
human parvovirus in 2005 [15]. Improving ecologi-
cal opportunities, seen in the large numbers of
immunocompromised AIDS patients, has increased
the incidence of pathological infections with viruses
such as HHVS8 and JCV (human polyomavirus)
[34,35] and provided fertile grounds for virus
spread and evolution. Newly characterised human
viruses of unknown pathogenicity include another
recently identified parvovirus and new anellovirus
variants in the blood of febrile patients [36].

The animal viromes

Frequent viral epidemics in crowded domesticated
animal populations as well as in wild animals
have potential spill-over effects into human popu-
lation and emphasise the need for epidemic sur-
veillance in animals. HIV1 and HIV2 originate
from Chimpanzees and Sooty mangabey, respec-
tively, and are thought to have entered the human
population during the last century through hunt-
ing and consumption of non-human primate
(NHP) [37-39]. Central African bush-hunters
have been shown to be infected with simian foamy
virus [40] as well as the STLV3 related retrovirus
HTLV3 and the newly characterised HTLV4 [41].
Some NHP workers in the U.S. show signs of
infection with simian foamy viruses [42,43] and
5V40 [44] and have been deferred as blood donors
in Canada [45]. Other viruses recently transmitted
from animals to humans include the SARS

coronavirus from civet cats whose infection may
originate from bats [46]; the West Nile virus in
North America from mosquitoes feeding on
infected birds [47]; H5 influenza throughout Asia
and H7 influenza in Holland from poultry hand-
ling [48]; hantaviruses from rodents’ urine in the
S.W. region of the U.S. starting in 1993 [49]; the
Ebola virus from NHPs possibly infected from
bats in the Democratic Republic of Congo and
Sudan in the late 1990s [50,51]; monkeypox viruses
from African rodent pets in the Midwestern U.S. in
2003 [52], and the Nipah virus in humans and pigs
in Malaysia also possibly transmitted from
infected bats [53,54].

Emerging virus surveillance

The characterisation of viruses in highly exposed
populations such as injection drug users, Central
African bush-hunters, zoo and NHP facility work-
ers or highly susceptible populations such as AIDS
and immunocompromised transplant patients
using non-biased methods may be used as a sur-
veillance tool for the early detection of emerging
viral infections. A large scale viral metagenomic
analysis of the less exposed but more easily obtain-
able voluntary blood donors as a means of virus
surveillance was proposed [16]. Molecular ana-
lyses of samples from patients suffering from
symptoms of unknown aetiology with a possible
infectious origin have recently yielded new human
viruses and a large fraction of encephalitis [55],
hepatitis [56-58], gastrointestinal diseases, myo-
carditis as well as some auto-immune diseases
may be associated with infections by yet unknown
viruses [59]. As multiple cancers are now recog-
nised to result from viral infections (i.e. HBV,
HCV, HPV, HIV, HTLV-1, EBV and HHVS) it is
also conceivable that yet uncharacterised viruses
are involved in other forms of tumorgenesis [60].
Federal and state programmes in the U.S,, in the
European community as well as numerous other
countries, are active in collecting specimens from
both symptomatic as well as highly exposed
human populations and testing them for known
infectious agents [61]. Similar studies of domesti-
cated and wild animal populations may also iden-
tify newly emerging and established viruses
with the potential to cause economic or environ-
mental problems and cross-over to exposed
humans [62].
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MOLECULAR METHODS OF

VIRAL DISCOVERY

Methods based on specific nucleic acid
hybridisation and antigenic cross-reactivity
Microarrays spotted with viral sequence oligonu-
cleotides have been used to genetically charaterise
the SARS-CoV from cell culture supernatant
[63,64], and a novel retrovirus from frozen human
prostate tissue [60]. Microarrays provide a power-
ful tool for viral discovery provided the new
viruses are sufficiently related to those already
known to permit specific hybridisation. Degener-
ate  PCR primers are based on conserved
sequences within viral groups and have an
impressive track record having identified numer-
ous macaque herpesviruses [1-5], GBV-C [10,11],
HCoV-NH [18], animal retroviruses [6,7] and
picornaviruses from seawater [9]. This approach
is limited by each viral group requiring the use
of different degenerate primer sets and the use of
highly degenerate primers for highly variable viral
groups. Expression libraries generated using
sequence-independent amplification methods can
also be generated and screened using seropositive
plasma (which resulted in the identification of
HCV [65] and GBV-C [66]) or screened using virus
enriched labelled nucleic acid probes (which
yielded the Borna Disease virus [67]). These
powerful library screening methods therefore
require the use of specific reagents in which the
antibody or the unknown virus is already known
to be present.

Subtractive hybridisation

A number of related methods termed subtractive
hybridisation or representational difference analy-
sis (RDA) involve DNA hybridisation between tes-
ter nucleic acids from infected tissue and
uninfected driver nucleic acids. Viral nucleic acids
are selectively amplified through several rounds of
hybridisation and purification of un-hybridised
single stranded tester nucleic acid using hydroxa-
patite chromatography [67,68] followed by sub-
cloning. Plasmids expressing the antigen of interest
may be identified by immunoreactivity with appro-
priate serum antibodies or by sequence homology
to known viruses. RDA therefore requires infected
and non-infected tissues from the same individual
and following multiple cycles of hybridisation and
PCR reamplification can result in the preferential

amplification of sequences unique to the tester
samples [69]. RDA has led to the discovery of
HHVS8 [29], TTV [17], and GBV-A and B [70]. Sub-
tractive hybridisation-based techniques require
large amounts of infected and uninfected materials
from the same person and are technically demand-
ing therefore limiting the number of samples that
can be analysed.

SEQUENCE-INDEPENDENT NUCLEIC

ACID AMPLIFICATION

The biological samples available and the suspected
nature of the virus, dictate the most appropriate
method for virus discovery. A conceptually related
set of methods relies on sequence-independent
amplification, subcloning and sequencing of puri-
fied viral nucleic acids followed by in silico
searches for sequence similarities to known
viruses. When applied to environmentally col-
lected samples or unmanipulated biological sam-
ples this approach has been labelled viral
metagenomics [13,14,71]. The term viral metage-
nomics may also be loosely used to describe the
general approach of non-specific amplification
and sequencing of viral nucleic acids from cell cul-
ture supernatants where the presence of an
unknown virus is suspected based on the appear-
ance of cellular cytopathic effects. The primary
advantages of sequence-independent amplifica-
tion and sequencing methods for characterising
novel viruses are simplicity and relative speed,
the lack of bias towards any particular viral group
or requirement for specific reagents and the ability
to detect new viruses that are highly divergent
from those already known through conserved pro-
tein motifs. A limitation of sequence-independent
nucleic acid amplification methods for viral dis-
covery is their general unsuitability with samples
in which host nucleic acids and viral nucleic
acids cannot be easily separated, such as tissue
biopsies and PBMC, since the resulting fraction
of viral sequences relative to host nucleic acids
would be extremely low. For studies of cellular
samples the use of microarrays, degenerate primer
PCR or subtractive hybridisation may be more
appropriate. Sequence-independent nucleic acid
amplification methods are particularly useful for
the study of samples from which cells can be
easily filtered and residual host nucleic acids
removed by enzymatic digestion while viral genet-
ic material remains protected within viral capsids.
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Therefore, plasma, serum, respiratory secretions,
cerebrospinal fluid, urine, faeces or filterable
environmental samples are most appropriate for
viral metagenomic studies.

Sequence-independent single primer
amplification (SISPA)
SISPA was originally developed to amplify low
copy number nucleic acids for human genomics
applications [72]. SISPA is based on endonuclease
restriction of target DNA followed by ligation of
adaptor linker complementary to the overhanging
bases on the target DNA. RNA viruses can also be
amplified by SISPA following random primed
cDNA synthesis followed by dsDNA synthesis
(using the DNA polymerase activity of reverse
transcriptase following RNAse H digestion of the
RNA component of the RNA/DNA hybrid). A
PCR primer complementary to the ligated linker
is then used to amplify the sequences located
between pairs of restriction sites. SISPA, combined
with immunoscreening of expression clones, was
used to genetically characterise Norwalk virus
from faeces [28] and a human astrovirus from cul-
ture supernatants [73]. Hepatitis E Virus (HEV)
was also cloned using this method, combined
with differential hybridisation with labelled
nucleic acids from infected and non-infected tis-
sues to identify viral subclones [74,75]. The genetic
characterisation of a new human coronavirus from
a culture supernatant was performed using two
different SISPA primers annealing to different
restriction sites followed by a second round of
PCR using the same primers with an extra 3’ base
to limit amplification to a subset of the original
amplification products [32]. This and other modifi-
cations of SISPA were recently reviewed [76,77].
DNAse-SISPA is a modification of SISPA where
plasma samples are first filtered to remove bacteria
and eukaryotic cell sized particles, and then trea-
ted with DNAse 1 to remove contaminating
human and other naked DNA [78]. Remaining vir-
al nucleic acids protected within their capsids are
then extracted and DNA or RNA (following con-
version to dsDNA using random primers) ampli-
fied by SISPA and the amplification products
subcloned [78]. Plasmid inserts are sequenced
and analysed for sequence similarities to known
viruses. This method was successful in identifying
new parvoviruses in bovine sera [78] and human
plasma [36].

Linker amplified shotgun library (LASL)

A related method has been to physically shear
dsDNA from purified viruses at random sites
(using HydroShear from Genomic Solutions,
Inc.), repair the ragged ends with T4 DNA poly-
merase and T4 polynucleotide kinase, ligate a
defined sequence linker to the extremities and
use a primer complementary to the linker to PCR
amplify the DNA fragments prior to plasmid sub-
cloning [79,80]. By first purifying the viral RNA
and performing dsDNA synthesis, this method
was also recently applied to RNA viruses in sea-
water [81]. LASL and SISPA are related methods
with nucleic acids non-specifically PCR amplified
from attached linkers ligated at random sites ver-
sus endonuclease restriction sites.

Arbitrarily primed PCR (AP-PCR)

This simple method is typically used to analyse the
differences between complex genomes (such as
strains of Staphylococcus) or to detect differences
in mRNA expression profiles. It takes advantage
of the ability of arbitrarily designed PCR primers
to initiate PCR at many different sites in a complex
mixture of nucleic acids when annealed at very
low temperatures [82-85]. Using a single PCR pri-
mer pair (whose exact sequence is arbitrary), the
first round of PCR is performed at 40°C, allowing
the primers to initiate PCR at many partially com-
plementary sites, followed by 40 more PCR cycles
performed at a more stringent annealing tempera-
ture (~60°C). PCR products are then typically
analysed by denaturing gel electrophoresis to
detect differences in the band patterns, but can
also be directly subcloned for sequencing. This
method was used to clone a new human pneumo-
virus from cell culture supernatant [30].

Random PCR amplification

This method is based on the theoretical amplifica-
tion of all nucleic acids present using PCR primers
with a random nucleotide sequence at their 3’ end
(size 4-8 N) and a defined sequence at their 5’ end.
For RNA viruses reverse transcription is first per-
formed with such a primer at a low annealing tem-
perature of 37°C to allow randomly primed cDNA
extensions. Another single round of extension
with the same primer is then performed following
denaturation of the cDNA/RNA hybrid, and pri-
mer annealing at low temperature followed by

Copyright © 2007 John Wiley & Sons, Ltd.
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Klenow DNA polymerase extension. Then, using a
PCR primer complementary to the defined 5 of
the initial primer, 30-40 cycles of PCR are per-
formed at high annealing temperature. For DNA
target amplification two rounds of low tempera-
ture annealed primer extension are performed
before random PCR using the defined sequence
primer. Random PCR is the method of choice to
amplify and label probes with fluorescent dyes
for microarray analysis [60,64,86]. Random PCR
has been used to characterise a new human parvo-
virus and identified numerous known RNA and
DNA viruses from respiratory secretions [15]
(Table 1), to amplify both RNA and DNA viruses
from cell culture [87] and to identify a short DNA
sequence with no sequence similarity in Genbank
whose prevalence in plasma is higher in non-A-E
hepatitis than control patients [88].

PhiX29 DNA polymerase based
amplification

The genomics field is often limited by the amount
of starting DNA available. The properties of
PhiX29 polymerase make it possible to amplify
the entire human genome, starting from as little
as 10 cells, until 20-30 pg of DNA are isothermi-
cally produced [89,90]. This method is based on
the ability of bacteriophage PhiX29 DNA polymer-
ase to efficiently displace an annealed DNA strand
in front of its advancing 3’ end coupled with its
very long processivity (>70000 bases) resulting
in multiple displacement amplification reactions
[89,90] (Figure 1). The DNA polymerase is primed
with modified random hexamer oliogonucleotides
(resistant to the 3-5 exonuclease activity of
PhiX29). When single DNA strands are generated
by PhiX29, they can themselves be used as tem-
plates (Figure 1). This method achieves unbiased
amplification at every human locus analysed
[90,91] (Figure 1). The high proof reading ability
of PhiX29 DNA polymerase also reduces artifac-
tual mutations [92]. Use of PhiX29 DNA polymer-
ase based amplification for viral discovery has
been recently reported, successfully amplifying
circular DNA anellovirus [19,93].

Rolling circle amplification (RCA)
This method has successfully amplified numerous
circular DNA viral genomes. When the PhiX29
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Figure 1. Principle of multiple displacement amplification using
PhiX29 DNA polymerase [164]

polymerase comes full circle on a circular viral
genome it displaces its 5 end and continues to
extend the new strand multiple times around the
DNA circle. Random primers can then anneal to
the displaced strand itself and convert it to double
stranded DNA [94]. The long dsDNA products can
then be cut with a restriction enzyme, expected to
cut once within the circle sequence, to release lin-
ear fragments the length of the circle (Figure 2).
This technique, generally used to amplify plasmid
libraries [94,95], was recently used to amplify the
circular genomes of human papillomaviruses in a
cervical keratinocyte cell line, a fibropapillomatous
wart [96] and in a Florida manatee [97]. RCA
initiated with random primers and the DNA of
various organs has also yielded full genome
sequences of polyomaviruses [98,99], anellovirus
[100], circoviruses [101] geminiviruses [102], plant
begomovirus [103] and wasp polydnavirus [104].
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Figure 2. Principle of rolling circle amplification using PhiX29 DNA polymerase [96]

Computational subtraction

A strictly informatics-based approach involves
computational removal of known human
sequences from expressed-sequence tag (EST)
sequence data. Foreign sequences can then be ana-
lysed for sequence similarities against known
viruses. Various viral sequences were identified
in EST libraries derived from normal and cancer-
ous tissues (HBV, HCMV, Human papilloma-
viruses 18 +16, HHV8, HCV, EBV and human
spumavirus) [105]. When a ¢cDNA library from a
post-transplant lymphoproliferative disorder tis-
sue was similarly analysed, 10 EBV sequences
were identified among >27000 human cDNA
sequences [106]. This approach relies on sequence
data gathered for other purposes as the yield of
viral sequences is very low due to the predomi-
nance of human sequences.

PURIFICATION OF VIRAL NUCLEIC ACIDS
The key to metagenomic based viral discovery is
increasing the levels of viral nucleic acids while
reducing background prokaryotic and eukaryotic
nucleic acids. For environmental samples available
in large volume such as seawater, virus concentra-
tion and reduction of background nucleic acids
from prokaryotic and eukaryotic cells can be per-
formed. Three complementary approaches for
viral nucleic acid purification prior to their ampli-
fication have been used: filtration, density gradient
centrifugation and enzymatic removal of non-par-
ticle protected, nucleic acids.

Filtration and density gradient ultra-
centrifugation based virus purification

A large body of literature has reported on the
removal of viral particles during the manufacture
of blood derived biologicals using filter pore size
as small as 35nm [107,108]. When the purpose is

concentration of viral nucleic acids a filtration
pore size of 160-450nm was initially used to
remove bacteria, eukaryotes and large aggregates
[15,79]. Since the largest known virus is the mimi-
virus at 400 nm in diameter, a size comparable to
that of a small bacterium [109], such a filter size
represents a compromise expected to allow the
flow through of all but the largest viruses. Further
filtration to concentrate viruses was used when the
starting sample volume was large as with faeces
[110,111] or seawater [79,9,81]. Studies analysing
seawater DNA bacteriophages used tangential
flow filtration with a cutoff of Mr 100000 to con-
centrate viral particles prior to ultra-centrifugation
in a cesium chloride step gradient to collect the
1.35-1.5g/ml DNA phage density fraction [79].
CsCl density gradient ultra-centrifugation was
also used directly on plasma pools for the purifica-
tion of human DNA viruses [93]. Ultrafiltration
using a tangential flow filter with a cutoff of
Mr 30000 was also used to purify viruses from fil-
tered seawater followed by ultracentrifugation to
pellet viruses [9,81,112]. Following the initial large
particle removal by filtration, viral particles were
further purified from lower density material by
centrifugation through a 30% sucrose solution
and resuspension of the viral pellet [87]. The over-
all strategy for large volume samples is therefore
an initial filtration to remove bacteria size parti-
cles, followed by concentration on a small pore
size filter (Mr 30000-100000) to reduce volume,
followed by high speed centrifugation through
sucrose or cesium chloride gradients.

Enzymatic digestion of non-capsid
protected nucleic acids

Host DNA is readily detectable in plasma and
even more so in serum [113] where it might be
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non-covalently bound to histones [114] and can
therefore be a major source of background DNA
when using a total nucleic acid amplification
approach. DNAse I treatment was reported by
Allander et al. [78] as a key factor for the removal
of host DNA in serum prior to SISPA amplification
of viral nucleic acids. DNAse I treatment is
thought to remove naked DNA through exonu-
clease digestion while DNA within viral capsids
(and within the lipid bilayer in the case of envel-
oped viruses) are shielded from enzymatic activ-
ity. Similar treatment using RNAse A has been
used to remove accessible RNA in viral concen-
trates from faeces [80,110] and seawater [81]. Sub-
sequent to DNAse and RNAse treatments the
capsid protected viral and other nucleic acids are
then purified, using guanidinium isocyanate pro-
tein denaturation followed by nucleic acid binding
to silica (e.g. Qiagen viral RNA purification), or by
phenol/chloroform extraction followed by ethanol
or isopropanol precipitation and CTAB cationic
detergent extraction [115]. If the focus is restricted
to DNA or RNA viruses, the extracted nucleic
acids can itself be further digested with the appro-
priate nuclease.

An additional step to reduce non-viral back-
ground nucleic acids has been to treat CsCl
banded viruses with diluted chloroform to disrupt
mitochondrial membranes and expose their DNA
to enzymatic degradation, however, this may dis-
rupt the stability of some lipid enveloped viruses
[93].

BIOINFORMATICS

Software or web sites to generate contigs of over-
lapping sequences with variable number of mis-
matches (due to variants of the same viral
species), starting with hundreds or hundreds of
thousands of input sequences (if using pyrose-
quencing), exist but require a high level of user
expertise  [116-118]. Using computationally
demanding search algorithms such as tBLASTx
to detect low-level translated protein similarities
to known viral sequences is also time consuming
[119,120]. The criterion for classifying sequences
into virus-like sequences is also arbitrary. A
tBLASTx E score of <0.001 to a known viral
sequence has frequently been used to define a
sequence as being of viral origin [79-81, 110,
111], although others have used a more stringent
cutoff of E<107° [15].

A fundamental problem is how to detect the pre-
sence of novel viral sequences when they are so
highly divergent from those currently in the data-
bases that sequence similarities are not readily
detected using tBLASTx. A large fraction of
sequences (5%-30%) derived from animal samples
by sequence-independent amplification methods
and an even greater fraction of sequences derived
from environmental samples show no significant
nucleotide and amino acid sequence similarities to
any sequence, including viruses, currently in
Genbank. The origin of these nucleic acids is there-
fore of great interest as they potentially represent
novel and highly distinct viruses. Several
approaches may improve the identification of
highly divergent viral sequences. The search for
conserved protein motifs is expected to help identify
distantly related viral protein sequences since some
viral groupings such as positive strand RNA viruses
encode a number of recognisable core protein func-
tions [121]. Viral hallmark genes encode viral func-
tions that are found in widely diverse virus groups,
have only distant homologues in cells, and whose
origins may predate cellular life [122]. For example,
genes encoding jelly-roll capsid protein structures or
superfamily 3 helicase functions are found in both
large and small DNA and RNA viruses [122].
Searching among the annotation of weak similarity
matches for viral hallmark gene keywords could
also focus further amplification and sequencing
efforts to potential viral sequences. The use of sub-
stitution matrices, used to quantify protein sequence
similarities, generated from viral rather than eukar-
yotic and prokaryotic protein alignments, may also
improve the detection of very low-level similarity to
current viral sequences. The computational genera-
tion of theoretical ancestral sequences to the
numerous extant viral groupings and their subse-
quent use in sequence similarity searches may
also improve the identification of highly divergent
viral sequences since the genetic distances of new
viruses to their common ancestor with extant spe-
cies will be reduced. Further bioinformatics
improvement could also be based on searching for
particular RNA folds related to those frequently
found in some RNA viruses [123] and viroid
RNAT[124]. In silico protein structure predictions
using linear nucleic acid sequence, although not
yet commonly feasible, may also improve the detec-
tion of divergent viruses encoding conserved viral
protein structures.
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Methods that are independent of BLAST based
alignments or predicted RNA and protein struc-
ture based similarities would also assist in discri-
minating among unclassifiable sequences those
likely of viral versus bacterial, archaeal or eukar-
yotic origins. Dinucleotide sequence analysis takes
advantage of compositional biases in a sequence-
independent fashion to establish genomic signa-
tures. The biological pressures that influence geno-
mic composition have been shown to be predictive
of evolutionary divergence [125]. For example, CG
dinucleotide under-representation in vertebrates
relative to bacteria has been attributed to high
levels of CpG methylation [126,127]. Differences
in dinucleotide frequencies have been used to suc-
cessfully identify regions of horizontal gene trans-
fer among bacteria [128-130], discriminate exonic
and intronic regions of human sequences [131]
and differentiate bacterial, plasmid and phage
sequences [132]. Virus genomes persist under
unique pressures that affect their nucleotide com-
position. Rapid rates of replication have been pro-
posed to decrease CG dinucleotides due to
unfavourable high thermodynamic stacking ener-
gies [126] and antiviral host factors, such as APO-
BEC3G cytosine deamination, cause G to A
mutation in HIV [133] and can mold the genomic
composition of viruses. Dinucleotide composition
is therefore another potential tool to help discrimi-
nate viral from other sequences and select from
among unclassifiable sequences those with the
most viral-like dinucleotide composition for
further studies. Analysis of tetranucleotide fre-
quencies has also been used to discriminate among
sequences from different bacterial species,
although its use for the short contigs typically gen-
erated from viral metagenomics may be proble-
matic [134].

A more laboratory-based approach to identify
highly divergent viral sequences will be to search
for closely related nucleic acids repeatedly found
in different animal or human samples. The detec-
tion of closely related yet unclassifiable nucleic
acids in different individuals, particularly those
containing long open reading frames, may reflect
the presence of highly prevalent viruses. Identifi-
cation of such prevalent sequences may target
further shotgun sequencing or specific chromo-
some walking to particular samples or sequences
in order to generate larger contiguous sequences
allowing even weaker sequence or structure simi-

larities to be detected. Transmissibility and
ongoing replication of unclassifiable nucleic acids
may also be determined by analysing blood trans-
fusion recipients for the appearance and mainte-
nance of unclassifiable nucleic acids found in
transfused blood.

FLANKING SEQUENCE WALKING FOR
ACQUISITION OF FULL VIRAL GENOME
When the purpose of a metagenomic analysis is
the description of complete or nearly complete
new viral genomes, a high frequency of viral
nucleic acids relative to other amplifiable nucleic
acids is required to generate large contigs of over-
lapping sequences. Samples containing low viral
concentration yielding only a single viral-like
sequence may be further analysed by simply
increasing the sampling of the nucleic acid mixture
(i.e. sequencing more library subclones or using
novel technologies such as pyrosequencing) or by
improving viral particle purification. Sequencing
costs and limited sample availability (particularly
of rare clinical samples) may preclude such
approaches and require that initial sequence
matches to known viruses be extended into larger
sequences using sequence-specific extension meth-
ods. If two or more subclones show significant
sequence similarity matches to different regions
of the same virus, the regions between them may
be linked simply using long distance specific PCR
[15,36,78]. When only a single subclone shows sig-
nificant similarity to a known virus, this genetic
‘foothold” may serve as a region to hybridise a spe-
cific primer and acquire further flanking sequence
data using 5 or 3’ Rapid amplification of cDNA
ends (RACE). Other chromosome walking meth-
ods rely on linear PCR amplifications using a sin-
gle specific primer bound to the initial foothold
region followed by low temperature annealing
with a single randomly chosen primer and PCR
[135] or first non-specifically binding primers and
extending them followed by the use of a specific
primer [136]. Ligation of an adaptor linker to the
ends of dsDNA followed by PCR using linker
and foothold specific primers [137] or based on
the formation of DNA circles from which inverse
PCR using specific primers [138,139] or RCA can
take place [140] may also be used to acquire flank-
ing viral sequences. Replica plating of randomly or
specifically generated plasmid Escherichia coli
libraries may also be probed by colony Southern
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hybridisation using the initial viral match
sequence as labelled probe. This traditional colony
lift method or PCR screening will identify the E.
coli subclones that contain the initial virus match-
ing sequence and flanking regions thereby fraction
of the viral genomes. Plasmid libraries may also be
screened for specific inserts by self-ligation of
inverse PCR products derived from plasmid
libraries [141,142].

NOVEL VIRUSES IDENTIFIED IN
METAGENOMIC STUDIES OF
UN-MANIPULATED BIOLOGICAL SAMPLES
Human and animal samples

Based strictly on sequence similarities to known
viruses, a number of animal viruses have recently
been identified. Allander et al. initially charac-
terised two novel parvoviruses in bovine sera
using DN Ase-SISPA [78]. Studies of human plas-
ma from febrile patients using DNAse-SISPA [36]
and of nasopharyngeal secretions from patients
with respiratory symptoms using random PCR
[15] identified already known DNA and RNA
viruses as well as two new human parvoviruses,
PARV4 and human Bocavirus (Table 1). Both
new parvoviruses have since been repeatedly
detected and in the case of HBoV shown to be a

Table 1. Results of sequence similarity
searches of plasmid libraries derived from
respiratory secretions

Category Library 1 (%) Library 2 (%)
Human 84 (24) 110 (36)
Bacterial 202 (59) 65 (21)
Phage 6 (2) 2()
Unknown 22 (6) 33 (11)
Virus 29 (8) 99 (32)
Influenza A virus 18 0
Adenovirus 6 0
Respiratory 0 10
syncytial virus
Metapneumovirus 0 1
TT virus 2 0
Coronavirus 1 26
Parvovirus 2 62
Total 343 309

Categorisations of DNA and RNA viruses were based
on tBLASTx E score <107 [15].

common infant respiratory pathogen [143-151].
A study of viruses in the plasma of healthy adults
using PhiX29 DNA polymerase amplification and
LASL identified numerous diverse anelloviruses
as well as significant matches (tBLASTx < 0.001)
to other potentially new viral sequences [93].
A metagenomic study of human faeces using LASL,
focusing on DNA viruses, identified numerous
dsDNA Siphophage [111] whose gram positive
bacterial hosts make up the majority of bacterial
cells in human feces [152]. A later study of human
feces using SISPA and targeting RNA viruses
identified a large number of plant viral pathogens,
the large majority of sequences belonging to pep-
per mild mottle virus [110]. Analysis of equine
feces DNA virus using LASL indicated that over
60% of subclones showed no similarity to any Gen-
bank sequence and greater than half of the remain-
ing sequences were also related to Siphophages
[80]. Using RCA, numerous circular viral DNA
genomes have been characterised from the blood,
tissue and feces of mammals, birds, insects and
plants [96,97-104].

Environmental samples

The landmark paper by Breitbart et al. analysing
viral communities present in seawater started
with 200 litres of seawater [79,111]. Viruses were
first purified by differential filtration and step gra-
dient CsCl density ultracentrifugation. Plasmid
libraries were constructed using LASL. DNA
shearing and PCR amplification, rather than direct
subcloning, were used to disrupt the potentially
toxic viral genes and to remove modified bases
often present in bacteriophage DNA which cannot
be cloned directly into E. coli. Sixty five per cent of
sequences derived from these linker-amplified
shotgun libraries were not related to any sequence
in the database (tBLASTx E scores >0.001). Extra-
polating from <1000 sequenced subclones and
the number of sequences with overlap, the
number of identifiable viral sequences in seawater
was estimated to number between 300-7000 new
viral types depending on contig assembly strin-
gency. Thirty—forty per cent of the significant
tBLASTx hits (E score <0.001) were for phage
sequences, followed by repeat and mobile ele-
ments and bacteria, archaea and eukarya
sequences based on Genbank annotations [79]
(Figure 3). A similar study of dsDNA viruses in
near shore sediments indicated much phylogenetic
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overlap with seawater bacteriophages and the pre-
sence of at least 10* distinct genotypes per kilo-
gram of sediments [153]. Unlike the findings
from the same group using human faecal matter
[111], bacteriophages known to infect gram posi-
tive bacteria were almost completely absent in
marine samples.

A recent study of seawater purified and concen-
trated viral particles through a succession of filter-
ing steps to remove cellular organisms prior to
pelleting viruses by ultracentrifugation [81]. The
resuspended pellet was then treated with RNAse
prior to extraction of nucleic acids protected with-
in viral particles. Extracted nucleic acids were then
treated with DNAse to remove viral DNA. Viral
RNA was then reverse transcribed using random
hexamers as primers and dsDNA generated using
RNAse H and E. coli DNA polymerase. Double
stranded DNA was then treated in a manner simi-
lar to LASL. This approach yielded 60%—-80% of
sequences without sequence similarities in Gen-
bank and among those with tBLASTx <0.001,
98% were related to positive strand ssRNA
viruses. No RNA bacteriophages were detected
indicating that most marine bacteriophages have
DNA genomes and that most hosts of marine
RNA viruses may be eukaryotes. Sequences
resembling viruses known to infect higher plants
and insects were detected alongside new picor-
na-like viruses whose dominance in the sea-water
viral population allowed their genomes to be com-
pletely assembled [81].

FUTURE DIRECTIONS

Viral metagenomic studies of environmental and
animal samples appear poised for rapid growth
driven largely by improved viral particle purifi-
cation methods, the reduced cost of DNA
sequencing, rapidly growing viral sequence data-
bases and improved bioinformatics tools. The
small genome size of most viruses allows new
genomes to be assembled from limited shotgun
sequencing data [81] aided in some cases by spe-
cific PCR amplification based on initial partial
viral genome data [15,36,78]. It is likely that
new technologies will rapidly impact the field
particularly multiplex sequencing methods such
as pyrosequencing [154] and polonies sequencing
[155] which, until now were largely restricted to
bacterial metagenomics [156] and the analysis of
samples with very low levels of highly degraded

DNA such as frozen mammoth and Neanderthal
bone [157,158].

The further development of software to detect
low-level sequence similarities will greatly aid
data analysis [119,120]. The use of multiplex
sequencing tools generating up to 300000 short
sequence reads (100-200bp) per experiment will
also necessitate improvement in the methodolo-
gies used for searching for low-level protein
sequence or RNA structure similarities. The devel-
opment of virus specific BLOSUM matrices used
to measure similarities between distantly related
proteins and the use of predicted ancestral
sequences may also improve the detection of
highly divergent viruses as will the development
of methods analysing metagenomic data using
di- or tri-nucleotide sequence composition.

The development of molecular biology reagents
certifiably free of amplifiable nucleic acids, parti-
cularly from bacteria, will also reduce the
background noise of sequence-independent ampli-
fication methods [159-163]. For example, we have
detected murine leukemia virus reverse transcrip-
tase nucleic acids in commercial reverse transcrip-
tase enzyme preparations as well as sequences
belonging to the widely used agricultural used
viral insect pest control agent Autographa
californica nucleopolyhedrovirus in other protein
reagents likely reflecting commercial reagent con-
taminations.

Collection and analysis of appropriate samples
from clinical cases of diseases with possible uni-
dentified viral aetiology will be key to the rapid
identification of new viral pathogens using meta-
genomics. Samples collected early relative to onset
of disease or during a febrile episode prior to spe-
cific symptom onset might contain the highest vir-
al loads to facilitate virus identification. Samples
from highly exposed populations such as injection
drug users and infection susceptible groups such
as AIDS patients and immunosupressed trans-
plant recipients will also help define the human
virome. Surveillance for animal virus transmission
into human populations will be helped by the
study of exposed African bush-hunters and work-
ers exposed to NHPs and other animals [40-44].
The study of viruses in animals, both wild and
domesticated, where environmental changes or
crowded conditions may accelerate virus transmis-
sion and evolution is also ripe for application of
viral metagenomics techniques.
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With increasing use of sequence-independent
amplification and efficient sequencing methodolo-
gies it seems likely that new viral species will be
identified at a rate considerably greater than the
knowledge of their biology. Determining whether
newly identified viruses are pathogens, even in a
subset of infections, together with their mode of
transmission and replication strategies in host cells
may require large-scale epidemiological, as well as
animal and detailed virological studies. A signifi-
cant fraction of the ever-evolving cast of viruses
infecting humans and animals, both pathogenic
and commensal, may still remain uncharacterised.
Viral metagenomic analyses of appropriate human
and animal samples will assist in the genetic char-
acterisation of these viruses facilitating subsequent
studies of their pathogenicity and possible means
of control.
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