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SUMMARY

Genome sequences from several blood borne and respiratory viruses have recently been recovered directly from
clinical specimens by variants of a technique known as sequence-independent single primer amplification. This and
related methods are increasingly being used to search for the causes of diseases of presumed infectious aetiology, but
for which no agent has yet been found. Other methods that do not require prior knowledge of the genome sequence of
any virus that may be present in the patient specimen include whole genome amplification, random PCR and
subtractive hybridisation and differential display. This review considers the development and application of these

techniques. Copyright © 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

Since the early 1980s, viral genomes have been
recovered by molecular biological methods from
clinical specimens and their sequences have subse-
quently been deduced (Table 1). Often this has
been the first step in the characterisation of pre-
viously unknown viruses, and has led to the
expression of viral proteins for use in diagnostic
assays (e.g. EIAs) and even to growth of the virus
in cell culture from molecular clones (e.g. HCV).
The genomes of the viruses that have been discov-
ered by molecular methods are diverse, and
encompass almost the full range of RNAs and
DNAs, single or double stranded, segmented, lin-
ear or circular (Table 1). The first methods were
devised before the invention of PCR. They ranged
from simple cloning (for parvovirus B19) to recom-
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Abbreviations used

AFLP, amplified fragment length polymorphism; aRNA, antisense
RNA; BLAST, basic local alignment search tool; CoV, coronavirus;
DD, differential display; DOP-PCR, degenerate oligonucleotide
primed PCR; MDA, multiple displacement amplification; PEP-
PCR, primer extension preamplification PCR; PHACCS, phage com-
munities from contig spectrum; RDA, representational difference
analysis; rPCR, random PCR; RT-PCR, reverse transcriptase PCR;
SARS, severe acute respiratory syndrome; SARS-CoV, severe acute
respiratory syndrome coronavirus; SISPA, sequence-independent
single primer amplification; TTV, torque teno virus; VIDISCA,
virus-discovery-cDNA-AFLP; WGA, whole genome amplification.

binant cDNA library construction (for HCV) [1-3].
With the advent of PCR, primers based on con-
served regions of viral genomes (e.g. the polymer-
ase gene) were designed to amplify sequences
from novel viruses for example retroviruses [4-6].
These degenerate or consensus primers are gener-
ally only useful when searching for a specific sort
of virus genome.

Several related PCR methods were developed in
the 1990s involving, first, ligation of primer bind-
ing sites (known as adapter or linker oligonucleo-
tides) to DNA fragments and, second, sequence
enrichment by amplification. Two of the more
well known methods are representational differ-
ence analysis (RDA) and sequence-independent
single primer amplification (SISPA). Although
RDA has been successfully used to discover at
least three viruses, SISPA-type methods have
been more popular in the last few years (Table 1).
This review will discuss these methods and others,
and will attempt to show where they may be
usefully applied. A previous review of this subject
was by Muerhoff and colleagues [7].

SISPA

SISPA was introduced by Reyes et al [8] as a tech-
nique to identify viral nucleic acid of unknown
sequence present at low concentration. It was
used to amplify cDNA prepared from 10ug of
nucleic acid extracted from 1.5 g of a faecal sample

Copyright © 2006 John Wiley & Sons, Ltd.
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Table 1. Some examples of viral genomes initially discovered or characterised by molecular
methods
Virus Disease Advance Genome Methods used Year Reference
knowledge* nucleic
acid
Parvovirus Fifth disease Yes ssDNA Molecular 1984 [1,2]
B19 cloning and DNA
hybridization
Hepatitis C Non-A, non-B No ssRNA Transmission in 1989 [3]
virus hepatitis primates; molecular
cloning and
immunoscreening
Hepatitis E Non-A, non-B No ssRNA Transmission in 1990 [75,76]
virus hepatitis primates; molecular
cloning and
sequence similarity
Retroviruses Various Yes ssRNA Degenerate or 1990 [4-6]
and proviral consensus primer onwards
dsDNA PCR and
sequencing
Rotavirus Gastroenteritis Yes dsRNA SISPA 1992 [14]
segmented
Astrovirus Gastroenteritis Yes ssRNA SISPA and 1993 [10]
immunoscreening
HHV-8, Kaposi's No dsDNA Sequence enrichment 1994 [77]
KSHV sarcoma, B by representational
cell lymphomas difference analysis
(RDA)
GB viruses Not known No ssRNA Transmission in 1995 [46]
A and B primates and RDA
GB virus C Not known Yes ssRNA SISPA, cloning 1996 [11]
and sequencing
TTV or Torque Not known No ssDNA RDA 1997 [47]
teno virus circular
Bovine Not known No ssDNA SISPA, cloning 2001 [19]
parvovirus and sequencing
Coronavirus, Respiratory No ssRNA Cell culture 2004 [23]
HCoV-NL63 disease and VIDISCA
Bocavirus Respiratory No ssDNA Random PCR, 2005 [22]
disease? cloning and
sequencing
Parvovirus 4 Not known No ssDNA SISPA, cloning 2005 [25]

and TT-like
viruses

and sequencing

*Were the investigators searching for a specific type of virus genome?
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Sequence-independent genome amplification

associated with Norwalk virus gastroenteritis [9].
Cloning and immunoscreening of the SISPA-
recovered DNA led to the first sequence of a nor-
ovirus genome, and also that of an astrovirus [10].
It was later used for the recovery of a ‘hepatitis’ G
virus genome [11].

As initially described, the SISPA procedure was
similar to previously published methods for clon-
ing cellular mRNA and chromosomal DNA
[12,13]. One method (Figure 1), described by
Akowitz and Manuelidis [12], was referred to as
primer-directed enzymatic amplification, and
was developed to make cDNA libraries from small
amounts of mRNA. DNA linker-adapters were
generated by annealing together complementary
12-mer and 19-mer oligonucleotides and then
ligating them to the blunt ends of cDNA. The 12-
mer was phosphorylated at the 5" end to increase
the efficiency of ligation because by doing this
both DNA strands could be covalently joined
together by a phosphodiester bond. As the 19-
mer oligonucleotide was complementary to both
ends of the ligated cDNA, it could be used as a pri-

<+—— PCR primer 5
«C
3 TAAG
T
PCR adapter GCTTCCCCARCG
& 3 & 3 3 3
[OH CGGAATTCGARCCCCTTCG + E——-—cH + (B)CGARGGEGTTCG OH
GCTTGGGGRAGC (B  [OoH——-——®  [CHGCTTCCCCARGCTTAAGGC[OH]
5' 3' 5' 3 5
TCGRRCCCCTTEG Blunt-ended cDNA PCR adapter
GAA 3
G

PCR primer —

Figure 1. A linker-adapter with an overhang and one phosphory-
lated 5’ end. The synthetic oligonucleotides used in the work of
Akowitz and Manuelidis [12]. The 12-mer oligonucleotide was
exposed to a kinase to add a 5’-phosphate group, and was then
annealed with the 19-mer oligonucleotide to make the adapter-linker.
This adapter was then annealed to the blunt-ended ¢cDNA. The
cDNA contains the region of interest whose sequence is
unknown. The 19-mer oligonucleotide was used as a PCR primer
to amplify the cDNA, as it was able to anneal to both ends of the
¢cDNA with the attached adapters-linkers. The 5’-phosphate
group on the 12-mer oligonucleotide is intended to increase the
efficiency of the ligation of the linker-adapter to the ¢cDNA
because by doing this, both DNA strands could be covalently
joined together by a phosphodiester bond

mer for PCR amplification. In this way, a represen-
tative bacteriophage Agtl0 cDNA library was
created from about 20 pg of globin mRNA. Anoth-
er method (Figure 2), described by Johnson [13],

Chromosomal DNA

N7 N\ V72 N\ VN VAN VN VIOV IV VAN

!

Mbo-I digestion

Chromosomal
DNA fragment

®CATC TTTT rpa@ O ®ATC I ¢rac@® ™ TIIIIIIIIT ¢rac®

20-mer ®G ATC 24-mer
linker IDID:CTAG@ Linker-adapter ligation TITTIT linker
24-mer l 20-mer
Chromosomal
linker DNA linker
[TIOT SATS T $ATS T

!

— PCR amplification +—

Figure 2. Ligation of a linker-adapter with an overhanging restriction site to DNA digested with the same restriction enzyme. The strat-
egy of Johnson (1990) [13] for amplifying fragments of chromosomal DNA digested with Mbol after ligation of Mbol linker-adapters to
the DNA. Initially chromosomal DNA of unknown sequence was digested with the restriction enzyme Mbol. The linker adapters were
made from 20-mer and 24-mer oligonucleotides, with the 5 end of the 24-mer oligonucleotide exposed to a kinase to add a phosphate
group, for more efficient ligation. These linker-adaptors were ligated onto the Mbol digested chromosomal DNA. The 20-mer oligonu-
cleotide was subsequently used as a primer to PCR amplify the chromosomal DNA of unknown sequence
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involved the digestion of chromosomal DNA by
the restriction enzyme Mbol. A linker-adapter
with an overhanging Mbol site was made from a
complementary pair of oligonucleotides (a 5-phos-
phorylatyed 24-mer and a complementary 20-mer).
This adapter was then ligated to the Mbol digested
chromosomal DNA. The 20-mer oligonucleotide
was subsequently used as a PCR primer.

The original formulation of SISPA (Figure 3)
used elements of both these methods [8]. It
involved the directional ligation of an asymmetric
adapter (referred to as a linker/primer in the ori-
ginal paper) onto both termini of blunt-ended
cDNA. The common end sequence of the adapter
allowed the cDNA to be amplified in a subsequent
PCR using a single primer. Restriction enzyme
sites (EcoRI and NotI) were included within the lin-
ker, so that the DNA generated from the PCR
amplification could be cloned into a vector using
these sites and subsequently easily sequenced. In
addition, each primer had half an Nrul site so
that if the adapters ligated together to form
dimers, they could be removed by digestion with
the enzyme Nrul. The Nrul digest would leave

PCR primer
Not |
EcoRI 1/2 Nru |

5 3
_— CGAGCGGCCGCGAATTCCTT

ceaaTTCCCCGCCCCTes CONA GOTCGCCGGCGCTTAAGG

3 g

1/2@ | Eco RI
Not |
PCR primer

Figure 3. The adapters (linker/primers) used in the original SIS-
PA publication of Reyes and Kim. The adapters were made by
annealing together the top and bottom synthetic oligonucleotides.
They were ligated to cDNA of unknown sequence. The overlap at
one end of the hybrid ensured that the other, blunt end of the
adapters ligated with the blunt ends of the cDNA. The adapters
contained EcoRI and NotI restriction sites so that amplified DNA
could be inserted into cloning vectors efficiently due to the
sequence and size of these restriction sites. EcoRI and NotI are
enzymes that cut DNA infrequently and are unlikely to occur
very often in the cDNA. Hence, they are sites commonly engi-
neered into cloning vectors. The adapters contain half an Nrul
site at their blunt end. Therefore, if two adapters ligate together
to form a dimer an Nrul site is formed. Digestion with Nrul prior
to the ligation will cleave the dimer back into two monomers.
This step is necessary because the dimers may preferentially
ligate into the cloning vector and so reduce the efficiency of the
cDNA cloning (Reyes et al. [8])

the blunt-end termini of the adapters with a phos-
phate group. There was no need, therefore, for the
oligonucleotides to have phosphate groups added
to them with the enzyme polynucleotide kinase, as
was used in the procedures previously described.

SISPA for rotaviruses

A year later, Lambden and Clarke developed a
SISPA methodology for dsRNA viruses (Figure 4)
[14,15]. They demonstrated the feasibility of their
method using a human rotavirus group C genome
segment of 728 base pairs. The oligonucleotide
ligated onto the dsRNA segment was blocked at
the 3’ end with an amino group and phosphory-
lated at the 5 end. Once the RNA strands had
been separated, the ssRNA was reverse tran-
scribed into ¢cDNA. This was then amplified by
PCR with a complementary primer. This method,
and variations of it, has subsequently been used
for recovery of various rotavirus genomes from
clinical samples [16-18].

Enrichment of the target before SISPA

Over recent years, SISPA has been further devel-
oped to amplify both single and double-stranded
RNA and DNA of heterogeneous size and
sequence. Figure 5 gives an overview of the techni-
que. Initially, there needs to be some pre-treatment
of the sample to remove any non-viral nucleic
acid, which might come from both bacteria and
host nuclei or mitochondria. The methods used
to separate viral from non-viral nucleic acid are
based on the relatively small size of viral particles
and the protection of the viral genome by the cap-
sid and, if present, the envelope. For example, for
purification of rotavirus dsRNA from faeces,
Lambden et al. [14,15] treated the faecal suspen-
sion with ribonuclease T1 prior to extraction with
the guanidinium-based reagent RNAzol B and sili-
ca particles (Geneclean II). The high concentrations
of rotavirus present in faeces (e.g. 10'° particles)
facilitated the extraction, and up to 100 ng dsRNA
were recovered. Other viruses in other tissues may
not yield as much genomic nucleic acid, and so the
removal of extraneous DNA and RNA becomes
even more critical. For the extraction of viral
nucleic acid from blood, Allander et al. purified
serum through 0.22 um filters (to remove cells
and mitochondria) and removed any free DNA
by digestion with DNase I [19,20]. For viruses
that are larger than 0.2um, for example herpes-
viruses, a caesium chloride gradient (density of
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5' dsRNA 3
OH
HO
3 5
5
+ PO4- CCCGTCGACGAATTCTTT-NH,
primer 1
T4 RNA ligase l
5' primer 1
NH,
HyN
primer 1
Denaturation to separate | DMSO o
+
RNA sfrands I:Heat AAAGAAT?CGTCGACGGG
primer 2
primer 2 5 primer 1 3'
5' vy NH;
HaN ‘ v 5
primer 1 5 primer 2
RTase
primer 2 cDNA RNA primer 1
primer 1 RNA cDNA primer 2
Alkaline hydrolysis
to remove RNA
cDNA
cDNA
Anneal and
repair

PCR with primer 2

Figure 4. The dsRNA single primer amplification method of Lambden and colleagues. A single oligonucleotide (primer 1) was synthe-
sized with a 3’-terminal amino group to prevent its concatenation during the following ligation reactions. The primer was also phos-
phorylated with ATP at the 5’-terminus to increase ligation efficiency as discussed in the main text, and the ATP was radiolabelled
so that subsequent steps in the method could be monitored. This amino blocked and phosphorylated oligonucleotide was covalently
attached using T4 RNA ligase to each 3’ end of the dsSRNA segment. The dsRNA was denatured into two separate strands by heating
in DMSO and a second oligonucleotide, complementary to the first, was then annealed to the primer-tailed ssRNA. Two single-stranded
(ss) molecules with ds tails were thereby generated, and these served as templates for cDNA synthesis with reverse transcriptase. The
RNA strand of the cDNA/RNA duplex was removed by hydrolysis with alkali, and the remaining cDNA strands were annealed together
and repaired. The unknown cDNA sequence was then amplified by PCR using the second primer. To sequence the PCR products, they
were cloned into the vector M13 mp*, which had been cleaved with Smal and dephosphorylated (Lambden et al. [14])
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SAMPLE PRETREATMENT

a) Remove cells and mitochondria by filtration

b) Remove extracellular DNA by DNase digestion
c) lIsolate virus particles by centrifugation
d) Purify remaining nucleic acid

ss or ds DNA RNA

INAANANNANANANANANANN

l Rase l

[2nd strand synthesis if ss DNA]

< <
<4 <
ANANANNANANANANANANNAN

Remove 2nd strand

RNA synthesis
!
ds DNA
Restriction digestion Blunt-ended ligation of adapter-linker
|
[TTTTI [TTTTI [TTTTT
|
Overhang ligation of adapter-linker
|
Overhang adapter Blunt-end adapter
| |

!

preamplification

|

selective fragment preamplification

Figure 5. An overview of SISPA. This method is used to amplify viral nucleic acid of unknown sequence. Initially, the sample is pre-
treated by a combination of methods to aid purification of the viral nucleic acid. These methods include filtration of the sample to remove
host cells and mitochondria, removal of extracellular DNA by DNase treatment and the isolation of viral particles by centrifugation.
Finally, the remaining viral nucleic acid can be further purified by silica particle and guanidinium extraction methods. The sample
may need to be divided at this stage if it is not known whether the viral nucleic acid is either RNA or DNA. If ssDNA is present, a
second strand of DNA needs to be synthesized; if the sample contains RNA, cDNA needs to be generated. Once dsDNA has been pro-
duced, it can be digested by restriction enzymes. This enables the ligation of adapter-linkers with the relevant overhangs. Alternatively,
adapter-linkers with blunt ends can be ligated onto the termini of undigested dsDNA. To amplify the unknown viral nucleic acid, a
primer can be used that is complementary to the known sequence of the adapter-linker. A further selective round of amplification
can be performed using a primer with an additional nucleotide at the 3’ end. By doing this, in theory, only a quarter of the DNA frag-
ments will be amplified. Finally, the sequence of the amplified viral nucleic acid can be characterised by downstream cloning and
sequencing. More detail on these methods can be found in the main text
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virus particles usually exceeds 1.11g/ml) or a
sucrose cushion (usually 30%) could give a higher
yield than filtration [21]. Another option prior to
extraction is to concentrate viral particles by ultra-
centrifugation [22]. In some cases, it may be possi-
ble to use cell culture to amplify any virus present.
If the cells show a cytopathic effect, nucleic acid
can be extracted from virus purified from the cul-
ture supernatant [23].

The viral nucleic acid is then extracted with
either commercial kits (e.g. Qiagen, Crawley, UK)
or chaotropic agents, such as TRIzol (Invitrogen,
Paisley, UK). Sometimes, it is necessary to divide
the sample at this stage if there is a possibility
that it contains both unknown RNA and DNA
viruses [20,22]. It is necessary to generate dsDNA
from the viral nucleic acid because it is the starting
molecule for SISPA. For RNA viruses, cDNA is
generated via a reverse transcriptase reaction
[22]; alternatively reverse transcription may be
incorporated as part of the SISPA reaction
[14,24]. If an ssDNA virus is suspected, for exam-
ple some parvoviruses which package only nega-
tive-stranded DNA, or the circoviruses with
ssDNA circular genomes, then a second-strand
DNA synthesis reaction needs to be incorporated.

Restriction digestion and adapter ligation
The majority of SISPA methods fragment the
dsDNA with a restriction enzyme before the adap-
ters are ligated [23,25]. As viral genomes are of lim-
ited genomic complexity, restriction enzymes with
four base pair recognition sites are used, for exam-
ple, Csp 6.1 [25] or Msel and HinP1I [23]. However,
for some viral genomes for example HIV-1, EcoRI
may be more appropriate than HinPI1I [23]. The
adapters are designed to have minimal self-
complementary sequences, 58% GC bias for specifi-
city in annealing reactions, and may contain
restriction enzyme sites for downstream cloning
[12]. The adapters can either be designed for
blunt-ended ligation [8] or have overhangs comple-
mentary to the restriction enzyme used to fragment
the viral DNA [23]. To prevent concatamerisation
of the adapters, they can be amino-linked or phos-
phorylated at one end, as mentioned above [14].
After the ligation of the adapters, the dsDNA of
unknown sequence can be amplified by PCR using
a primer complementary to the known adapter
sequence. Due to the low complexity of viral gen-
omes, a restriction digest should produce a large

amount of a limited number of fragments. After
the amplification, these will be visible as discrete
bands on an agarose gel [19]. Larger human or bac-
terial genomes are more complex than viral gen-
omes; therefore many differently sized fragments
are generated from a restriction digest. Amplifica-
tion of these fragments would result in a DNA
smear on an agarose gel. Ultimately, the resulting
viral PCR amplicons can either be cloned and
sequenced [19], immunoscreened [9,10], charac-
terised by hybridisation reactions [8] or be identi-
fied via a DNA microarray [26-28]

The main advantages of SISPA are: (i) that it can
be used to identify an unknown viral nucleic acid
present in relatively limited amounts (10° copies)
and, (ii) that it is culture independent [8,19,29]. The
method can be applied to all kinds of clinical sample
and can be used to identify both ss and dsRNA and
DNA viruses [8,15,21]. The abundance of host and
mitochondrial DNA in samples is the main disad-
vantage, and also the presence of other contaminat-
ing sequences (e.g. bacterial ones). To monitor for
this, the extracted nucleic acid can be screened by
PCR for human 185 rDNA and human mitochon-
drial DNA, and the results of both these PCRs
would be expected to be negative [21]. Some clinical
samples can have a very limited viral content so, ide-
ally, samples should be taken during the viraemic
phase when viral concentrations are highest.

The sensitivity of SISPA is dependent on both the
characteristics of the clinical sample and the proper-
ties of the virus in question. The amount of nucleic
acid that has been used for SISPA experiments has
varied greatly. For example, after 30 cycles of
amplification, 10fg of ® X174 bacteriophage gener-
ated sufficient amplicons to be visible on an agarose
gel [8]. In comparison, sufficient full-length cDNA
for SISPA was generated from 10ng of each dsRNA
group C rotavirus genome segment, extracted from
stool samples [14]. Matsui and co-workers prepared
cDNA from 10 pg of nucleic acid isolated from 1.5g
of infectious stool sample estimated to contain 10°
to 10° virion particles per gram [9]. Vreede et al.
cloned as little as 1ng viral dsRNA using SISPA
with 30 PCR cycles [24].

VARIATIONS AND ADAPTATIONS OF SISPA

VIDISCA

In 2004, a new human coronavirus, HCoV-NL63,
was recovered using a variant of SISPA called

Copyright © 2006 John Wiley & Sons, Ltd.
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Mse | site

TAAT

Hin P11 site
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CG

Mse | anchor
CTCGTAGACTGCGTACC
CTGACGCATGGAT

Mse | primer

»
>

JAdapter ligation

GCGC

Hin P11 anchor
CGGTCAGGACTCAT
CAGTCCTGAGTAGCAG

CTGACGCATGGATTA

CCCGGTCAGGACTCAT
GCGCCAGTCCTGAGTAGCAG

Msel+N
N»

JPCR

<&

Hin P11 primer

<N

Hin P11 + N primer

Figure 6. Anchors and primers used in the VIDISCA method. The starting template is converted to dsDNA as indicated in Figure 5 and is
then digested with two restriction enzymes for example Msel and HinP1I. The two anchors (adapter-linkers) are prepared by annealing
together the top and bottom strand oligonucleotides, and they are then ligated onto the digested dsDNA fragments. The first PCR (e.g. 20
cycles) is done with the two primers, Msel and HinP1I respectively, and the second PCR is performed with the same primer sequences
except that they have an additional 3’-base (N). There are 16 of these primer combinations. The second PCR may be done with an input of
5L of the first reaction, using touchdown conditions (van der Hoek et al. [23])

Virus-Discovery-cDNA-AFLP or VIDISCA [23]
(Figure 6). It is based on the same principles as SIS-
PA but uses two primers rather than one in the
PCR amplification step, as is done in the amplified
fragment length polymorphism (AFLP) technique
[30], which is described below.

The DNA is digested with two frequently cut-
ting restriction enzymes, for example Msel and
HinPII, both of which have four base pair recogni-
tion sites. This produces DNA molecules with Msel
and HinPII overhangs at either end, as well as
some with Msel-Msel and HinP1I-HinP1I over-
hangs. Only the Msel and HinP1l fragments are
amplified in the subsequent PCR as each adapter
binds to one specific end of the DNA fragment,
according to its complementary overhang. Two
primers specific to each adapter are then used in
an exponential amplification reaction by PCR. A
second selective nested PCR amplification can be
used to simplify the resultant PCR products from
a DNA smear to specific bands. By extending the 3’
end of the primers by one to three nucleotides, a
subset of the PCR products is generated [31]. There
are 16 different possible primer combinations
(4 x4) if each primer is extended by only one
nucleotide (i.e. Msel +N and HinP1I+N). The
use of two adapters and primers, and also the

nested PCR step, makes VIDISCA more sensitive
and specific than SISPA.

Other adaptations

Another SISPA variation was devised by Vreede
et al. [24] as an adaptation of Lambden and Clarke’s
method [14] (shown in Figure 4). This variation
allowed full-length copies of the dsSRNA segments,
3-4 kb in size, of the African horse sickness virus
(AHSV) genome to be cloned [24]. The basis of
the method was the use of a primer with a 3'-
poly(A) tail so that cDNA synthesis could be
initiated with an oligo(dT) primer and the whole
genome segment copied. The resultant cloned gen-
ome segments were sequenced and expressed
in vitro. The method was developed further so that
one-tube reactions could be performed for the
adapter ligation, cDNA synthesis and PCR ampli-
fication [17]. A reduced number of PCR cycles
were used (22-30 cycles compared to 30-35 of
other methods), and a minimum of 1ng dsRNA
was needed to clone complete genomes.

Other modifications of SISPA include the incor-
poration of carrier mRNA, which may be espe-
cially helpful when trying to synthesise cDNA
from pg amounts of mRNA. The addition of car-
rier mRNA (20ng) was shown to increase the
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number of recombinant colonies over background 5 DA (upper strand) 3

levels when as little as 20 pg of globin mRNA was — — 5

used as starting RNA for cDNA synthesis [12]. degenerate 3 end “ primer 1

An enrichment system has been devised using
adapters with a biotin/streptavidin capture system
for direct selection of the cDNA to be amplified
[32]. Also, sequence-independent amplification of
DNA has been used for the molecular cloning of
specific microdissected DNA chromosomal
regions [13]. Finally, a common epitope region of
enteroviruses has been identified by SISPA fol-
lowed by immunoscreening [33].

Amplified fragment length polymorphism
AFLP, a DNA fingerprinting technique, is essen-
tially the same procedure as VIDISCA. Prior to
amplification, the DNA is digested by restriction
enzymes followed by ligation of double-stranded
adapters to the termini of the DNA fragments
[31,34]. Like VIDISCA, the selective amplification
is achieved by the use of primers that extend into
the restriction fragments, amplifying only those
fragments in which the primer extensions match
the nucleotides flanking the restriction sites. Using
this method, subsets of restriction fragments may
be visualised by PCR without any prior knowledge
of nucleotide sequence. AFLP has been used to gen-
erate mRNA fingerprints in polyploid crop plants
to identify deleted chromosomes [35]. It has also
been used for the phylogenetic analysis of Bacillus
anthracis [36] and Escherichia coli [37].

RANDOM PCR

Random PCR (rPCR), a technique similar to SISPA,
uses a first primer with a 5 end unique (e.g. 20)
nucleotide universal sequence, containing restric-
tion enzyme sites for subsequent cloning, followed
by a degenerate hexa- or heptamer sequence at the
3’ end [38,39] (Figure 7). A subsequent PCR ampli-
fication step is carried out with a second, specific
primer complementary to the 5 universal region
of the first random primer. This removes the
need for an adapter ligation step, which can render
SISPA inefficient. Random PCR can be used to
detect both DNA and RNA viral genomes [40].
Random PCR was shown to amplify as little as
0.1fg of MS2 phage RNA [38] or two copies of
human chromosome 21 DNA [39]. Microdissected
human chromosomal material was also amplified
by random PCR, but with a primer with a random

unique 5' end

S S

3 5'
Primer extension with DNA (lower strand)
T4 polymerase and
primer 1

VWVAA—p s s s mas s e
A
PCR with l
primer 2
VAMAP — = MAMAAM — = = =
——————————————— L YVVVVVVIN e —AAAAAA

Figure 7. Random PCR. Random PCR can be used to amplify
both DNA and RNA viral genomes. Here, a primer with a unique
5 end sequence (indicated by the wavy line) and a fully degener-
ate 3’ end sequence is used in a PCR reaction to amplify viral
DNA. Usually a lower annealing temperature or touchdown con-
ditions are used. The degenerate part of the primer anneals to
complementary DNA sequences which occur stochastically
throughout the viral genome. The primer is extended using T4
polymerase. Then the generated double stranded sequences are
separated by denaturation and complementary sequences hybri-
dise to form finite portions of dsDNA with the first primer pre-
sent at each end (as shown by the darker lines in the diagram).
A primer representing only the unique sequence of the first pri-
mer is used for subsequent amplification of the fragments of the
target (Stang et al. [40])

pentamer rather than hexa- or heptamer at its 3’
end [41]. HSV-1 was detected in a mouthwash
sample from a patient with chronic fatigue syn-
drome using random PCR [40]. It has also been
used to recover calicivirus RNA [42,43].

REPRESENTATIONAL DIFFERENCE
ANALYSIS

The technique of RDA combines subtractive hybri-
disation with gene amplification to detect differ-

Copyright © 2006 John Wiley & Sons, Ltd.

Rev. Med. Virol. 2006; 16: 365-383.
DOI: 10.1002/rmv



374

H. E. Ambrose and J. P. Clewley

ences between two similar clinical samples [44]. In
virology, the most likely samples to be compared
are pre- and post-infection samples. The DNA iso-
lated from the pre-infection sample acts as the ‘dri-
ver’ and is compared with the DNA isolated from
the post-infection sample, the ‘tester’. The two
DNA samples are hybridised together so as to
reduce common sequences, leaving mainly viral
sequences for downstream analysis.

As Figure 8 shows, the genome complexity is
reduced in both samples by a restriction enzyme
digest, following which adapters are ligated only
to the restriction fragments from the tester DNA.
The two digested DNA samples are then com-
bined, heated to melt the double-strands, and
then cooled to allow the strands to anneal
back together. Complementary sequences from
the tester and driver DNA samples will hybridise
together, while unique tester DNA sequences can
only hybridise to each other. The ends of the DNA
fragments are filled in, and then a primer comple-
mentary to the adapter sequence is used for PCR
amplification. Heterogeneous annealed tester-
driver fragments will undergo linear amplification
because they have only one adapter sequence
(from the tester DNA strand). The unique rean-
nealed tester homogeneous fragments will under-
go exponential amplification because they have
two adapter sequences (from both tester DNA
strands). The homogeneous reannealed driver
DNA fragments have no adapter sequences, and
so should not be amplified. Remaining single-
stranded DNA fragments are digested with
mung bean nuclease, which is specific for single-
stranded DNA. By using the newly enriched tester
amplicon as the starting material for each round,
this subtraction/amplification procedure can be
repeated several times. Sufficiently enriched in
this way, the tester amplicons can then either be
cloned for library construction, used as a probe
source for library screening, or sequenced directly.
Two highly matched nucleic acid sources are
necessary for successful recovery of difference
products, which severely limits the use of RDA.
Also, amplification of sequences from both
DNAs needs to occur equally well, but this cannot
be guaranteed if the DNAs are amplified in sepa-
rate tubes. However, RDA has been used to iden-
tify a gamma herpes virus [45], hepatitis G virus
[46] and an anellovirus, Torque Teno virus (TTV)
[47]. A balanced PCR method involving PCR

amplification of both DNA samples in one tube
has been described [48]. This has been claimed to
eliminate differences in PCR amplification effi-
ciency between the tester and driver samples.

Modifications of RDA

Hu et al. [49] described a modified RDA method
for the identification of unknown viral agents.
Large quantities of cDNA were made by a univer-
sal long-PCR method. Nested-PCR-based subtrac-
tive hybridisation, and the removal of single-
stranded DNA, was then used to give a population
of DNA that could be cloned to give a ¢cDNA
library. Hepatitis C virus was used as a control tes-
ter sample to validate the system, and it was suc-
cessfully found in the cDNA library. As of June
2006, however, we could not find any reference
to the use of this method for the discovery of
any new virus.

Another method that has been described for
pathogen discovery involves high-throughput
sequencing of cDNA libraries made from infected
tissues [50]. A recombinant cDNA library from
RNA was prepared from a post-transplant lym-
phoproliferative disorder tissue sample. The
sequences obtained from the clones were com-
pared with human genome sequences by compu-
tational BLAST searching, and those that did not
match the human genome were further investi-
gated. After sequencing, a cDNA library of 27 840
transcripts, 32 transcripts were identified as non-
human: of these, 10 were proven to be from EBV.
Although we are not aware that this method has
been used to discover any novel viruses, it is note-
worthy that high-throughput or shotgun sequencing
has been used to identify novel microorganism
sequences from both seawater and biofilms
[51,52]. The methods that were used in these two
shotgun-sequencing studies could be applied in
other contexts, including those associated with
viral disease.

DIFFERENTIAL DISPLAY

Differential display (DD) is a powerful method
used to investigate gene expression, specifically
to look for a difference in the expression of
mRNAs between two closely related samples
[53,54]. In the context of infectious diseases these
might be pre- and post-viral infection specimens
that is RNA from a healthy tissue and RNA from
a diseased tissue. RNA extracted from the sources
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Figure 8. Representational Difference Analysis. For RDA, two DNA sources are needed, the tester and the driver. They differ only in that
the tester contains pathogen sequences, while the driver does not. The driver is used at a higher concentration that the tester, to drive the
reaction. The DNA samples are digested with a restriction enzyme (e.g. Dpnl). A linker/adapter (to provide the primer sequence in further
PCR) is added only to the tester DNA digest. The two DNA populations are mixed, heated and annealed to form three kinds of mole-
cules: tester/tester sequences; hybrids of tester and driver; driver/driver sequences. As there is an excess of driver DNA, the tester/tester
molecules should be enriched for pathogen sequences because the tester non-pathogen sequences will hybridise to the corresponding
driver sequences. The ends of the re-annealed DNA are filled in and then amplified by PCR with a primer specific for the linker/adapter
sequence. The tester/tester molecules with the pathogen sequence should be preferentially and exponentially amplified. Nuclease diges-
tion is used to remove unwanted ssDNA and further PCR is performed. More rounds of this procedure may be carried out by combining
the resultant pathogen-enriched difference amplicons with an excess of driver DNA restriction enzyme fragments (Lisitsyn et al. [44])
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to be compared is separately reverse transcribed
with an 11-mer oligo dT-primer with a C, A or G
base at its 3’ end, and AAGC at its 5 end. The
cDNA from this reaction is used as a template in
a PCR with the same oligo dT-primer and with a
13-mer primer with a random sequence. The reac-
tion is carried out in the presence of radiolabelled
dATP that becomes incorporated into the PCR
amplicons. The PCR amplicons are separated by
electrophoresis on a denaturing polyacrylamide
gel and visualised by autoradiography. It is
assumed that any additional bands in the ampli-
fied RNA from the infected tissue are derived
from viral mRNA. A picornavirus infecting honey-
bees has been identified in this way by DD, by
comparing mRNA expression in brains of aggres-
sive workers with that in the brains of nurse bees
and foragers [55]. The workers were found to be
infected with the picornavirus and it was sug-
gested that this caused their aggressive behaviour.

WHOLE GENOME AMPLIFICATION
Sequence-independent amplification should be a
means not only for identification of viral nucleic
acid of unknown sequence, but also for that at
low concentration. Some clinical samples may har-
bour only very few molecules of the unknown
genomic viral nucleic acid, and sequence-independent
amplification may not be sufficiently sensitive to
reveal it. This problem arises because, in general,
PCR amplification methods using generic primers
are much less sensitive than methods using
sequence-specific primers.

To overcome this problem, methods for amplifi-
cation of all the nucleic acid can be applied after
the sample has been sufficiently enriched for viral
nucleic acid, as previously described, but prior to
carrying out the sequence-independent amplifica-
tion methods. Such techniques are called whole
genome amplification (WGA) methods and include
multiple displacement amplification (MDA), omni-
plex amplification, degenerate oligonucleotide
primed PCR (DOP-PCR) and primer extension
preamplification PCR (PEP-PCR).

Multiple displacement amplification

Of the several methods available for amplifying
whole genomes, the most useful one may be
MDA, which is available as a commercial kit (GE
Healthcare UK Ltd., Little Chalfont, UK). DNA

@dary amplification

random primer

random
primer

primary
amplification

.
» L

genomic DNA

Figure 9. Multiple displacement amplification.MDA is accom-
plished with random primers and ®29 DNA polymerase for 16—
18 hours at 30°C. Primary amplification occurs when the polymer-
ase replicates the genomic DNA using the random primers, and
secondary amplification occurs on the displaced product strands
(Dean et al. [56])

from clinical samples can be directly amplified
using MDA without the need for prior purifica-
tion.

MDA exploits the high processivity of bacter-
iophage ®29 polymerase, generating products of
over 10kb in size (Figure 9) [56]. Amplification
occurs by strand-displacement with random exo-
nuclease resistant hexamers during a 16 to 18 hour
isothermal incubation at 30°C. The polymerase has
an error rate of 1 in 10° to 10” nucleotides, which
compares well with Tag polymerase, which has
an error rate of 3 in 10* nucleotides. One signifi-
cant property of MDA is that both large fragments
and amounts of DNA are generated in one step,
and this DNA can be used in further rounds of
reamplification. The yield of DNA is consistent
and is representative of the whole genome, as
was demonstrated by single nucleotide poly-
morphism assays and comparative genome hybri-
disation [56].

There are contradictory reports on the amount
of starting DNA needed for a successful MDA
reaction. Barker et al. [57] claim that consistent
DNA yields are observed regardless of the amount
of starting material, and that 75- to 80-fold ampli-
fication is achieved. Dean et al. [56] suggest that
1 to 10 copies of human genomic DNA can gener-
ate 20 to 30 ug of product. Like Barker, they claim
that clinical samples that differ in quality and con-
centration produce similar and reproducible yields
after MDA. By contrast, Lovmar et al. [58] report
that successful amplification does depend on the
amount of starting material, and they recommend
using 3ng or 1000 genome equivalents.

Omniplex amplification
Omniplex is another WGA method, and also is
available as a commercial kit (Sigma-Aldrich Com-
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pany Ltd., Poole, UK). Genomic DNA is randomly
fragmented generating a restricted size range of
products (from 100 to 1000bp), which are con-
verted into a library of inherently amplifiable
DNA molecules. A high-fidelity polymerase is
used to generate about 1000-fold amplification
[57]. The amplification can be monitored in real-
time and, like MDA, generates very reproducible
amplification across the genome. The main advan-
tage of the Omniplex method is that it can be used
for both degraded and intact DNA, and the result-
ing DNA products can be archived and repeatedly
reamplified.

Other whole genome amplification methods
There are two other methods for whole genome
amplification: DOP-PCR and PEP-PCR [59]. These
were initially designed for amplification from sin-
gle haploid cells for pre-implantation genetic
disease diagnosis. There are caveats to both meth-
ods, however, as they generate non-specific ampli-
fication artefacts and short unusable products, and
there is incomplete coverage of the whole genome.

mRNA
5' ArnnmnAAnAAnAnAnAANnANAAA BARRA T
TTTTT-T7
oligo (dT)-T7 Reverse transcription
promoter site primer | for 1st strand cDNA.
5' AnnArnAnAn~nAnAAnAA~AANAANAANN ADAADNA T
3 TTTTT-T75'
cDNA ¢ Digestion with RNase H.
RNase H e 2nd strand cDNA
DNA polymerase synthesis with RNA
fragments as primers.
5 AAAAA-T7 3 e ds cDNA purification.
3 TTTTT-T7 5
ds cDNA
l T7 RNA polymerase

5' AN~ NANAN TUTUU 3
5' A~~~ TUUUT S
5' AAAAAAAAANAAANAANAA JUUUU 3

aRNA

Both methods use degenerate 15-mer PCR pri-
mers, which could lead to artificial sequences
occurring in the amplification product.

RNA AMPLIFICATION

Whole mRNA amplification is also possible and
there are several commercial kits available. These
involve a series of enzymatic reactions resulting
in linear amplification. Most of these are based
on the antisense RNA (aRNA) amplification meth-
od first described by Van Gelder and Eberwine
[60]. This was developed for amplifying and label-
ling exceedingly small amounts of mRNA for
hybridisation to microarrays, usually for gene
expression studies. Unlike exponential RNA
amplification methods, such as RT-PCR, aRNA
amplification maintains representation of the start-
ing mRNA population [61]. The procedure begins
with total or just poly(A) RNA that is reverse tran-
scribed using a primer containing both oligo(dT)
and a T7 RNA polymerase promoter sequence
(Figure 10). After first-strand synthesis, the reac-
tion is treated with RNase H to cleave the
mRNA into small fragments. These small RNA

e [n vitro transcription.
e Antisense amplified
RNA purification.

Figure 10. RNA amplification procedure. RNA amplification is achieved by making a dsDNA template of the target, and then transcrib-
ing ssRNA copies from it. An oligo(dT)-T7 promoter site primer is used to initiate cDNA synthesis from mRNA by the enzyme reverse
transcriptase. The resulting hybrid of cDNA and RNA is digested with RNase H and the RNA fragments serve as primers for the second
strand ¢cDNA synthesis using DNA polymerase. The double-stranded cDNA is then purified and acts as the template for the in vitro
transcription using T7 RNA polymerase. During the generation of the cDNA, the T7 promoter site has been incorporated into the dsDNA
and serves as the initiation site for T7 RNA polymerase. The resulting antisense amplified RNA is then purified for downstream
applications
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fragments serve as primers during a second-strand
synthesis reaction that produces a double-
stranded cDNA template for transcription. Con-
taminating rRNA, mRNA fragments and primers
are removed and the cDNA template is then
used in an in vitro transcription reaction to pro-
duce linearly amplified aRNA.

VIRUS CULTURE

One advantage of sequence-independent amplifi-
cation is that it is culture independent. This does
not, however, eliminate the possibility of first
inoculating the specimen into cell culture to see
if any cpe can be observed. If it were, it may be
assumed to be due to the growth of an unknown
virus, and would hence provide a means of ampli-
fying the genome. Even in the absence of cpe,
some viral growth may have occurred.

By way of example, in order to characterise
HCoV-NL63, the nasopharyngeal aspirate speci-
men was inoculated onto Cynomolgus monkey
kidney cells, human fetal lung fibroblasts and
HeLa cells [23]. A cytopathic effect was detected
exclusively with the monkey kidney cells, with a
more pronounced cpe being observed on passage
onto another monkey kidney cell line, LLC-MK2.
VIDISCA was then applied to the supernatant of
this culture and subsequently HCoV-NL63 was
identified. A specific PCR was designed to con-
firm the presence of HCoV-NL63, both in the
cell culture and the clinical sample, and was
then used as a diagnostic PCR in further clinical
samples.

In one series of experiments [40], supernatants
from positive virus cultures were used to develop
a random PCR protocol. This protocol was vali-
dated using a mouth wash sample from a patient
suffering from chronic fatigue syndrome. The clin-
ical sample created a cpe in HeLa cells and, by
cloning and sequencing, HSV-1 was shown to be
present.

Novel cell lines are being developed that may be
useful for growth of unknown viruses. These
include semi-differentiated stem cells and cells
deficient in interferon signalling that lack the tran-
scription factor, the signal transducer and activa-
tor of transcription 1 (STAT1) [62]. Transgenic
mice may also be used to support the growth of
novel pathogens [63].

CHARACTERISING THE PRODUCTS OF
SEQUENCE-INDEPENDENT AMPLIFICATION

Sequence analysis

The majority of viruses discovered by sequence-
independent amplification have been charac-
terised by cloning and sequencing the PCR ampli-
cons, and then using BLAST programs and
phylogenetic analysis to analyse the sequence
data [20,22,23,40]. Key to this approach, however,
is that the unknown viruses have some homology
to known viruses present in the databases. It has,
nevertheless, proven possible to identify viruses
that are only very distantly related to known
viruses for example the novel parvoviruses, boca-
virus and Parv4 [22,25].

Specific programmes have been developed for
the analysis of sequence data from defined
sources. For example, for bacteriophage sequence
data, there is the PHAge Communities from Con-
tig Spectrum (PHACCS) programme [64]. This
web-based tool was designed to predict viral com-
munity structure and diversity using sequence
contigs generated from viral shotgun libraries.
The sequence data can be mathematically analysed
to increase understanding of viral ecology and
population dynamics. For example, PHACCS has
been used to verify that phage biodiversity is
greater than in any previously observed commu-
nity. To our knowledge, no programmes have
been designed to calculate this for human viruses.

Microarrays

Wang et al. [26] designed comprehensive DNA
microarrays for viral discovery and sequence
recovery. Their second-generation DNA microar-
ray consists of 70-mer oligonucleotides derived
from every fully sequenced reference viral genome
in Genbank (as of 15 August 2002) [27]. To maxi-
mise the probability of characterising unknown
and unsequenced members of existing families,
the most highly conserved 70-mers from each
virus were selected. A mean number of ten 70-
mers was chosen for each virus, totalling approxi-
mately 10000 oligonucleotides from about 1000
viruses.

This pan-viral array was used as part of the glo-
bal effort to identify the novel coronavirus (SARS-
CoV) associated with severe acute respiratory syn-
drome (SARS). Prior to identification, the virus
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was cultured in Vero cells from a patient suffering
from SARS [65]. Total nucleic acid was purified
from the culture and then amplified and hybri-
dised to the array. For further characterisation of
the virus, approximately 1kb of the viral genome
was cloned and sequenced by physically recover-
ing viral sequences hybridised to the individual
array elements.

In addition, a random PCR amplification strat-
egy was developed in order to amplify viral
nucleic acid to be identified using the microarray
[26]. This was tested using human respiratory spe-
cimens from which multiple viruses were
detected.

Other viral specific microarrays have been
reported against which PCR amplicons from
sequence-independent amplification reactions could
be matched and identified. Boriskin et al. [66]
developed a high-resolution, low-density diagnos-
tic DNA microarray specific for central nervous
system viral infections. It has been utilised for
the detection of multiplex PCR-amplified viruses
in CSF and non-CSF specimens. The array contains
38 gene targets for 13 viral causes of meningitis
and encephalitis, and was tested using 41 clinical
specimens. The clinical sensitivity, specificity
and negative and positive predictive values
were determined to be 93%, 100% 100%, and
83% respectively when the results from these tests
were compared with those of single virus PCR.
However, Boriskin ef al. reported that the interpre-
tation of a negative result is difficult because it is
affected by assay sensitivity, low viral genome
number and sample-specific inhibition. Other
arrays that have been described include an oligo-
nucleotide microarray for the rapid detection and
serotyping of acute respiratory disease-associated
adenoviruses [67], and a DNA probe array for
the simultaneous identification of herpesviruses,
enteroviruses and flaviviruses [68].

An array-based pathogen chip has been devel-
oped for the detection of viral RNA or DNA rele-
vant to the pathologies of the central nervous
system [69]. Open reading frames with highly con-
served and heterogenic sequence regions within
viral families were used to design a total of
715 unique oligonucleotides (60-mers), which repre-
sent approximately 100 pathogens. Viral genes
representing different stages of pathogen infection
were also put on the chip to potentially character-
ise the stage of the viral infection. The array was

tested with six post-mortem brain samples from
which human CMV and HSV were detected.
Microarrays that consist of a comprehensive and
all encompassing set of sequence probes have
much promise for virus characterisation, provided
the viral DNA or RNA present in the specimen can
be amplified and labelled by multiplex, generic or
consensus PCR [70], or by the methods described
in this review, and provided it has sufficient
homology to the known viral sequences.

Other methods for post-amplification
analysis

Reyes et al. [8] used Southern blot hybridisation to
quantify the amount of virus production using
SISPA. Bovine leukaemia virus cDNA pre- and
post- SISPA was analysed by agarose gel electro-
phoresis, Southern blotted and probed with an
env gene fragment specific for bovine leukaemia
virus. The probe only bound to the cDNA sub-
jected to SISPA.

To detect the common epitope region of entero-
viruses, cDNA libraries constructed from SISPA
methods were immunoscreened using anti-entero-
virus guinea pig antisera and the antisera from
patients with aseptic meningitis [33]. Through
repeated immunoscreening, 82 immunopositive
cDNA clones were selected and sequenced. Of
these clones, 31 were located on the upstream
region of VP1.

KOCH’S PROBLEM

Koch'’s postulates are well known as a set of criteria
that have to be fulfilled by a microbe for it to be
proven as the causative agent of disease. They
were modified in 1937 for viruses by Rivers and,
lately, SARS-CoV has been shown to fulfil them,
but at the expense of infecting macaque monkeys
[71,72]. Arguably, the Koch-Rivers’ postulates
need to be adapted for pathogen identification by
sequence discovery. Until that happens, however,
care will need to be taken in interpreting the pre-
sence of viral sequences in a clinical specimen as
proof of causation of disease. The most obvious
strategy following sequence discovery is to make
a specific PCR for the new virus and use it to
test many specimens from different individuals
with that disease and as a control, individuals
without the disease. If there are many positive
results, there is a high likelihood that the virus
is pathogenic for that disease. It needs to be
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remembered that finding the virus is only the first
step in establishing a cause for a disease.

CONCLUDING REMARKS

At present, SISPA and other methods for amplifica-
tion of viral genomes of unknown sequence are
complicated and prone to amplification of sequence
artefacts with spurious results. These methods
have, however, proved their worth in the recovery
of previously unknown viruses (see Table 1) and, if
more reliable, robust and reproducible versions of
them can be developed, they are likely to find wide-
spread application. They have great potential when
combined with suitable end-stage detection meth-
ods such as microarrays and high throughput
sequencing for the identification of candidate
pathogen sequences in clinical specimens.

When investigating diseases of unknown aetiol-
ogy, standard virological techniques should not be
neglected in favour of molecular biological meth-
ods simply because the latter are thought to be
more fashionable. Cell culture has been mentioned
above, but electron microscopy, serology, immu-
nofluorescence and standard PCR tests should
also be used where applicable. Perhaps the start-
ing point for any molecular investigation of a dis-
ease of unknown aetiology should be the use of
PCR with consensus primers for the most likely
virological suspects.

Viruses may often be identified through their
proteins, specifically through antigen—antibody
interactions. In the context of virus discovery, anti-
bodies shown to be absent pre-disease but present
in the sera from patients recovering from disease
may be diagnostic. Convalescent sera may also
be used to purify viruses from complex mixtures,
prior to the extraction and amplification of their
genome. More ambitiously, it may be possible to
reconstruct recombinant antibodies from immune
cells collected from patients with disease, and
then use them to identify antigens from the virus
causing that disease. This approach has been
demonstrated to be feasible for subacute sclerosing
panencephalitis and measles virus, and is being
developed for multiple sclerosis [73,74].

In conclusion, any virus discovery project
should exploit conventional virological methods
as well as molecular techniques for the amplifica-
tion of unknown sequences. Novel cell culture and
antibody-based methods should not, therefore,
be neglected. Epidemiological evidence should

support any proposed link between the disease
being studied and an infectious cause. Lastly,
attention should be given to the collection and selec-
tion of satisfactory samples. In particular, the timing
of the samples is critical in virus discovery.
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