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Introduction

Many methods have been developed and applied
to diagnose plant viruses. Some of these methods
are biological (e.g. indexing on a susceptible plant
genotype), others are serological (enzyme-linked
immunosorbent assay [ELISA] and lateral flow test
carried out with either polyclonal antisera or mon-
oclonal antibodies) or molecular (nucleic acid hy-
bridization, PCR or real time PCR). Most of diag-
nostic methods are directed at the highly specific
detection of an individual virus target that is
known or presumed to occur (Bos, 1999). There-
fore they could be more properly described as de-
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tection methods. True diagnostic methods find a
causal virus and identify it as such by the applica-
tion of Koch’s rules. Detection establishes the oc-
currence of a predetermined target virus, with a
special emphasis on symptomless plants, while di-
agnosis tries to establish the nature and cause of a
disease, and thus mainly concerns plants already
showing symptoms.

Why to use nucleic acid techniques to
detect plant viruses?

In biological assays the virus that is to be de-
tected is transmitted to a suitable herbaceous or
woody indicator plant (indexing), where it is iden-
tified by reading off the indicator plant’s reactions.
Although bioassays can be very sensitive and re-
liable, the procedures are costly, time-consuming
and require expensive facilities (glasshouses,
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screenhouses, field plots etc.). Moreover, the symp-
toms induced by a virus on indicator plants may
vary according to the virus strain, the age of the
plant, and growing conditions. Moreover, differ-
ent plant species frequently react to different vi-
ruses with the same symptoms. All these factors
mean that biological assays are not always the
certain indicators of a given viral presence. Fi-
nally bioassays do not detect viruses that remain
latent also in the indicator plant. This is now be-
ing recognized as an emerging problem as e.g. with
a strain of Plum pox virus (PPV) from Slovakia.
Glasa et al. (2001) reported that unlike what hap-
pened with other PPV isolates, when the indica-
tor Prunus persica cv. GF 305  was infected with
BOR-3, a natural recombinant isolate of PPV, the
infection produced was either symptomless or
symptoms were very weak. This makes GF305
questionable as an indicator.

Serology explores the different immunological
properties of the viral coat protein, which repre-
sents only a small part of the coding capacity of
the viral genome. Although serology is mostly suf-
ficient for the proper identification of plant virus-
es, it has serious limitations when applied to: (i)
unstable or poorly immunogenic viruses, (ii) vi-
ruses requiring laborious purification procedures,
(iii) detection of non encapsidated double-strand-
ed or single-stranded RNAs, (iv) detection of de-
fective virus particles, defective interfering RNAs
or satellite RNAs, (v) detection of viroids (e.g. in-
fective agents deprived of coat protein), (vi) the
differentiation of very closely related virus strains.
Nevertheless, serology is still widely used and
ELISA remains among the major developments
that have taken place in plant virus detection over
the past 25 years. This is not only because of the
sensitivity of this method but also because of the
number of ELISA analyses carried out in differ-
ent laboratories all over the world each year. The
specificity and robustness of detection has im-
proved greatly with the use of monoclonal anti-
bodies which make it possible to select specific
target epitopes and thus to avoid or dramatically
reduce false positives. Finally, serology offers the
most immediate answer to the increasing demand
for simple commercial methods for the rapid on-
site-testing of large numbers of samples. Tissue
print-ELISA and lateral flow devices (Danks and
Barker, 2000) fit these purposes quite well. Spe-

cificity of these technique is high when using the
appropriate monoclonal antibodies but sensitivity
is relatively low making them more appropriate
for screening plants that already have symptoms.

 Owens and Diener (1981) were the first to show
that nucleic acid-based assays could be used to de-
tect plant pathogenic viruses and viroids, thus in-
troducing a technique that has gained great popu-
larity with many applications ranging from pure
research to large-scale and routine testing. Molec-
ular applications are highly sensitive, reliable,
space- and labour-saving and possess enough flex-
ibility to be carried out in parallel, as in the case of
microarray technology (Schena, 2000).

Hybridization formats

The theoretical basis of nucleic acid hybridiza-
tion is that, under suitable conditions of tempera-
ture and salt concentration, complementary se-
quences of single-stranded molecules will anneal
to form stable double-stranded structures (hy-
brids). When applied as a diagnostic tool, the meth-
od requires the target nucleic acid to be fixed, usu-
ally to a solid support, and the complementary
nucleotide sequence (probe) carries a label that
provides the necessary signal whereby hybridiza-
tion is recognized. Nucleic acid probes can be DNA
or RNA single-stranded or double-stranded and
labelled with either a radioactive (e.g. 32P) or a non-
radioactive (e.g. digoxigenin) reporter group . Un-
less required for specific purposes, the trend is to
prepare and use RNA instead of DNA probes be-
cause: (i) the majority of plant viruses have RNA
genomes; (ii) single-stranded probes are less like-
ly to self-anneal than double stranded probes; (iii)
RNA:RNA hybrids are more stable than RNA:DNA
or DNA:DNA hybrids. Stability of RNA:RNA hy-
brids enables the use of highly stringent hybridi-
zation conditions, enhancing probe specificity and
reducing background problems due to the interfer-
ence of plant sap. Various refinements and modifi-
cations of the hybridization techniques have been
proposed, aimed at improving sensitivity and re-
ducing background interference, which with cer-
tain types of plant material is unacceptably high.
Initially proposed as a detection technique in plant
virology, nucleic acid hybridization is now widely
used to study plant viral genome organization and
virus-host interactions.
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Mixed-phase formats

Dot blot or spot hybridization
This hybridization format simply answers the

question of whether a plant is or is not infected by
a given virus. Dot blotting does not distinguish
between the number and size of hybridized mole-
cules since the hybridization signal is the sum of
all sequences recognized by the probe. However,
the technique is rapid and versatile identifying
specific nucleic acid sequences in samples ranging
from crude plant sap to highly purified prepara-
tions. This makes it suitable for routine and large-
scale testing in, for example, sanitary certification
schemes that require processing of many samples
in a short time. To save time and reduce cost and
labor, the simultaneous use of the six riboprobes
in a hybridization reaction was proposed by our
laboratory for the sanitary certification of tomato
seedlings in the nursery (Saldarelli et al., 1996).
Dot blot hybridization is also widely used in breed-
ing programs to screen for resistance and to detect
viruses in their vector.

Southern and Northern blot hybridization
This hybridization format gives more qualita-

tive results than dot blot since it precisely identi-
fies the molecule recognized by the probe. Total
nucleic acid preparations or viral nucleic acid ex-
tracted from purified virions are suitable material
for this type of analysis. Nucleic acid samples must
be subjected to gel electrophoresis, transferred to
a membrane by capillarity and subjected to hy-
bridization. This technique is useful mainly in ba-
sic research and includes determination of the pat-
tern of the viral nucleic acid, detection of the non-
encapsidated nucleic acid (e.g. subgenomic RNAs,
defective-interfering nucleic acids [DI], satellite
RNAs, small-interfering RNAs [siRNAs] in RNA
silencing studies) and detection of virus-related
transgenic inserts for basic research and for regu-
latory issues.

In situ hybridization.
In situ hybridization (ISH) is used to detect ei-

ther specific viral sequences or proteins; it com-
bines microscopy observation and hybridization. Its
application to the detection of plant viruses is quite
recent and parallels the renewed interest in virus-
host interactions as output of the post-genomic era.
In situ hybridization gives information on the dis-

tribution of the target nucleic acid within a cell or
tissue and is routinely applied to the localization
of specific viral sequences involved in replication
(see, for example, Cillo et al., 2002) and movement,
and to detect the integration of viral sequences in
the plant chromosome (e.g. Banana streak virus in
Musa sp.) (Harper et al., 1999).

Liquid-liquid hybridization

Polymerase chain reaction
Increasing understanding of the nucleotide se-

quence of  viral genomes is making it possible to
design specific oligonucleotides that can be used
as primers for the selective amplification of a tar-
get nucleic acid from a pool of complex template by
a polymerase chain reaction (PCR) driven by a ther-
mostable polymerase (e.g. Taq). The amplified frag-
ment (amplicon) is detected by gel electrophoresis
or characterized by nucleic acid hybridization, se-
quencing and restriction enzyme digestion. A ma-
jor advantage of PCR is that it can be used to in-
crease the concentration of pathogen-related se-
quences which in naturally infected hosts are be-
low detection level either because they occur in too
low amounts, are localized in certain tissues (i.e.
phloem-limited viruses), or are erratically distrib-
uted.

Since Taq polymerase recognizes only DNA tem-
plates, to be applied to RNA viruses, PCR requires
first a reverse-transcription step (RT-PCR). In the
RT-PCR protocol, antisense primers for the syn-
thesis of first-strand cDNA are a crucial factor for
specific amplification. To ensure strain specificity,
these primers must be selected within those regions
of the genome that are highly variable among mem-
bers of the same group. Sense primers are usually
chosen from the more conserved regions, as the
selection has already been made by primers for
first-strand synthesis of cDNA. Designing a mul-
tiplex PCR saves time and reagent costs, and color-
imetric detection of PCR products (e.g. with prim-
ers labelled with different fluorophores) facilitates
interpretation of the results if the technique is used
in routine analyses (Bertolini et al., 2001). Since
templates of different viruses can be co-amplified
in a single reaction using a set of  specific primers
it is possible to simultaneously detect and identify
unrelated viruses in the case of mixed infections.
This may be useful to detect viral diseases affect-
ing vegetatively propagated species, in which a
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great array of viruses have accumulated over time
as, for example, in woody crops. Although PCR can
be very sensitive and specific, its introduction for
routine detection has been hampered by its lack of
robustness and by the complexity of the post-am-
plification analysis required. PCR sometimes fails
to correctly diagnose both infected and non-infect-
ed plant material since carry-over contamination
of amplicons may lead to false-positive results, and
inhibitor components in sample extracts may yield
false negatives.

The sensitivity of PCR amplification can be en-
hanced in a number of ways. The template chosen
can be a viral nucleic acid released from viral par-
ticles that were first trapped on a solid support by
a specific antiserum. This system, named immu-
nocapture-PCR (IC-PCR) (Wetzel et al., 1992),
makes it possible to use sample volumes 200–250
times greater than those utilized in standard PCR,
and has been used with plant extracts or with im-
mobilized targets on paper (print/squash-capture
[PC/SC] RT-PCR) (Olmos et al., 1996) allowing vi-
ral detection from plant material or insect vectors
without extract preparation. A nested (or hemin-
ested) PCR can be helpful when the amount of the
target sequence is below the detection limit of
standard PCR or when the plant sap contains in-
hibitors. However, nested-PCR requires two rounds
of amplification in different tubes, increasing the
risk of contamination. In order to avoid this prob-
lem, several alternatives with single closed tubes
have been developed (Yourno, 1992). Lastly, a tech-
nique known as co-operational PCR (Co-PCR) has
recently been described. Co-PCR is based on the
simultaneous action of four or three primers. The
reaction process consists of the simultaneous re-
verse transcription of two different fragments from
the same target, one internal to the other, the pro-
duction of four amplicons by the combination of the
two pairs of primers, one pair external to the oth-
er, and the cooperational action of amplicons for
the production of the largest fragment (Lopez et
al., 2003). Coupled with colorimetric detection, the
sensitivity observed is at least 100 times greater
than that achieved with RT-PCR, and is similar to
that of nested RT-PCR.

Other applications of the PCR technology in-
clude: (i) direct production of probes by incorpo-
rating nucleotides labelled with a reporter group
into the reaction mix; (ii) direct cloning of the am-

plicon (e.g. pGEM-T [Promega] system or primers
incorporate a suitable restriction site); (iii) direct
transcription of the amplicon (a primer incorpo-
rates an RNA-polymerase promoter); (iv) produc-
tion of overlapping amplicons to obtain the com-
plete nucleotide sequence of large fragments. A
particular format of PCR, PCR-RFLP (RT-PCR-
RFLP for RNA viruses), is a powerful tool to study
plant virus evolution, a subject that, viewed from
a molecular standpoint, is known as molecular
epidemiology (reviewed by García-Arenal et al.,
2001). PCR-RFLP can carry to typify a great
number of isolates and characters using hot spots
provided by sequence data to detect variations in
the resident virus population and can predict the
emergence of resistance-breaking pathotypes as in
recently reported cases of Tomato spotted wilt vi-
rus (Hoffman et al., 2001; Aramburu et al., 2002;
Finetti-Sialer et al., 2002). It can also be used to
assess the risks of new control strategies such as
those involving the use of virus-resistant transgen-
ic plants. Finally, in situ PCR (ISPCR) allows spe-
cific nucleic acid sequences to be detected in intact
cells and tissues. This technique is based on a re-
action performed on fixed whole cells or tissue sec-
tions, to identify amplicons at the site where they
are produced (Nuovo, 1992). When applied to plant
viruses, this technique is an excellent means to
localize virus and virus-related sequences in infect-
ed cells.  Similar results can in principle be ob-
tained with the ISH described above. However, ISH
not only requires hundreds of target molecules per
cell for a reliable signal, but detection of the hy-
brid molecule often involves autoradiography or
immunodetection. Although ISH has been success-
fully applied to plant viruses, there are cases in
which virus and virus-related sequences are be-
low detection level either because they occur in
extremely low amounts, or are restricted to cer-
tain tissues (e.g. phloem) or are erratically distrib-
uted. This problem can be circumvented with a two-
step protocol using in situ PCR to increase the
amount of the target molecules, and ISH to detect
the amplicon.

Real time PCR

Most of the limitations of conventional PCR
mentioned above can be overcame using a real-time
PCR detection system. Real-time PCR, which de-
tects PCR products while the reaction is going on,
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has been available for 7–8 years, but it has shown
a dramatic increase in use in the last 3–4 years. A
Medline search with the keyword “real-time PCR”
will generate thousands of hits, showing how this
technique is emerging into the mainstream of qYny
scientific disciplines. Examples of real-time PCR
as applied to the detection of plant viruses can be
found in Schoen et al. (1996), Eun et al. (2000),
Finetti-Sialer et al. (2000), Roberts et al. (2000),
Boonham et al. (2002), Korimbocus et al. (2002).
Real-time PCR monitoring with specific instru-
ments and fluorescent probes offers the advantage
of combining the amplification, detection and quan-
tification of the target molecule in a single step.
The chemistries (http://www.eurogentec.com/code/
en/catalogues.htm#top) most commonly used with
real-time PCR can be divided in non-specific and
specific. Non-specific methods use a dye (e.g. SYBR
green I [Morrison et al., 1998]) emitting fluores-
cent light when intercalated into double-stranded
DNA (dsDNA). In solution, unbound dye exhibits
very little fluorescence but when the dye is bound
to DNA, fluorescence is greatly enhanced and is
proportional to the amount of total dsDNA in the
reaction. Since these dyes do not discriminate be-
tween the different dsDNA molecules, synthesis of
non-specific amplicons, as well as of dimers, must
be prevented by accurate primer design and con-
dition optimization. Specific methods are based on
the use of oligonucleotide probes labeled with a
donor fluorophore and an acceptor dye (quencher)
(Whitcombe et al., 1999) that generate a light sig-
nal according to fluorescence resonance energy
transfer (FRET) chemistry.

The advantage of fluorogenic probes over DNA-
binding dyes is that specific hybridization between
the probe and the target DNA sequence is required
to generate a fluorescent signal; so that non-spe-
cific amplifications do not generate a signal. Fur-
thermore, fluorogenic probes can be labeled with
different distinguishable reporter dyes to amplify
and detect two or more distinct sequences in a sin-
gle PCR reaction tube, without melting curve anal-
ysis (multiplex PCR). The specific method includes
TaqMan (Livak et al., 1995), molecular beacons
(Tyagi and Kramer, 1996), and scorpion PCR (Whit-
combe et al., 1999). The fluorescent probes and the
instrumentation required are still very expensive,
although there is a less expensive alternative: port-
able rapid cycling real-time PCR platforms (e.g,

Smart Cycler, International Laboratory, which al-
low multiple sample analysis and can be used for
on-site (field) detection.

A reverse format of mixed-phase hybridization: DNA
microarrays

DNA microarrays or biochips are the most re-
cent tool developed for plant virus detection. A DNA
chip allows the simultaneous interrogation of hun-
dreds to thousands of cDNAs arrayed on a small
surface (a microscope slide in the simplest format)
approximately 1 cm2 in size. Each cDNA is located
at a specific address on the surface, called a spot
or a feature. Interrogation is carried out by reverse
mixed-phase hybridization format, in which tar-
get molecules extracted from the sample are cD-
NAs labeled with a specific fluorophore and main-
tained in solution, while probes are cDNAs or short
oligonucleotides (50 bp) obtained from sequence
data of the pathogen to be detected and  arrayed
on the support. The detection system uses one or
more fluorophores, which are  read with laser tech-
nology, while nucleic acids are extracted from the
sample, labelled and hybridized using standard
laboratory techniques. Chip technology can be used
to monitor gene expression in different plant-path-
ogen combinations (see for example Itaya et al.,
2002; Park et al., 2004) and has been applied for
the detection and differentiation of four cucurbit-
infecting Tobamoviruses (Lee et al., 2003) and four
potato viruses (Boonham et al., 2003). Microarray
methodology was examined in those two papers for
its potential in viral diagnostics. Since this meth-
od is completely generic, it can be used to detect
all viruses whose sequence is currently available,
but its cost is very high. Consequently, it is still far
from common in routine detection, but it is being
increasingly used in functional genomics studies.

Concluding remarks

The array of techniques available for the rapid,
specific, and sensitive detection of plant pathogenic
viruses has much improved in the last few years
and signal amplification through chemical, molec-
ular or electronic methods has increased, becom-
ing more and more independent from visible dis-
ease symptoms. As new genomic and proteomic
data become available, techniques with increased
sensitivity and specificity will probably be devel-
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oped and adapted for the simultaneous and real-
time detection of viruses and other plant patho-
gens using hot spots in their genetic profile. These
new approaches, coupled with more appropriate
sampling methods, will provide a more complete
picture of the life-cycle of plant pathogens by im-
proved detection of latent infections, pathogen res-
ervoirs and by a better understanding of the struc-
ture and function of pathogen communities. These
techniques will advance the understanding and
prevention of plant diseases, but will at the same
time also demand a proportionally increasing
amount of economic and expert human resources.
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