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Abstract

By the turn of the century most of the methods for amplifying the pathogen
detection signal had already been developed. However only a few were successfully
incorporated into routine diagnosis schemes. At present, real time PCR became the
predominant choice with signal transduction based on fluorescence generated by
intercalating dyes or fluorescent resonant energy transfer. Real-time PCR is no
more exclusively restricted to niches for which no alternative was feasible; its use is
widening and is substituting or complementing other techniques like ELISA. On the
low technology side and judging from the success in medical fields, Loop Mediated
Isothermal Amplification (LAMP) appears as an interesting alternative.
Convergence into a single platform led to the concept of crop-oriented diagnosis, e.g,
a unique device or system that could be used in the detection of the relevant
pathogens of a crop. However PCR by itself is not enough robust to support the
degree of multiplexing needed and fluorescence detection systems are limited to a
reduced number of dyes that can be used simultaneously. Initial attempts to develop
alternative systems relied in the use of microarrays but suffer from limited
sensitivity. Low Density Arrays, in which individual PCR reactions are spatially
separated and done in parallel appear an interesting option, already available for
grapevine. All these assays only provide an answer regarding the presence of certain
pathogens for which there is an a priori suspicion. Recently introduced high
massively parallel sequencing coupled to metagenomic analysis appears to be a
major breakthrough in diagnosis, enabling the non-targeted diagnosis of bacteria,
virus, fungi and novel agents in a single assay. These have been implemented among
others for citrus and grapevine.

Diversity of amplification methods

The sequence-specific amplification of nucleic acids represented a major
breakthrough in pathogen detection at the turn of the century, enabling to obtain an
unprecedented level of sensitivity and a sound control over specificity.

Besides the well known PCR, a number of techniques to amplify the pathogen
detection signal had already been developed by that time (Table 1). Taken together these
techniques differ widely in the enzymes and kind of primers which are employed. In
some of these (e.g. the Ligase Chain Reaction, LCR) the newly synthesized nucleic acid
strand is, like in PCR, separated from the template by heat denaturation and thus require a
thermocycler. Others, like the Nucleic Acid Sequence-Based Amplification (NASBA) or



the Loop-mediated Isothermal Amplification (Notomi et al. 2000) - described in more
detail below- use an enzymatic activity to separate the nucleic acid strands. Some of these
mimic the DNA replication in vivo. The Rolling Circle Amplification is an isothermal
technique that uses the DNA polymerase from Phi 29 phage and mimics the natural
process of replication of the circular phage genome. The enzyme has a strand
displacement activity and produces a single-stranded linear multimer of the circular
molecule which is by its turn primed and serves as a template for a mass of double-
stranded concatemers (Fig. 1). Other techniques rely on the use of a DNA helicase, an
enzyme which unwinds the ds-DNA, and on single stranded binding proteins. The
Helicase Dependent Amplification (Fig. 1) enables a continuous annealing,
polymerization and strand separation like in PCR but without the need of temperature
cycling (Vincent et al. 2004). A review of Helicase dependent systems can be found in
Jeong et al. (2009).

Contrarily to the expectations that this diversity of techniques might anticipate,
most of them never jumped from Medical or Veterinary fields to the Plant Protection
fields.

Implementation of PCR based methods

At present, PCR, coupled to fluorescent real-time detection of the amplified
products became the preferred choice for routine diagnosis based in nucleic acids.
Probably the expiry of PCR patent in 2006 and the intrinsic robustness of the real-time
PCR platform contributed to this diffusion. In what concerns pathogens of fruit tree crops,
real-time PCR is no more exclusively used in restricted niches for which no alternative
was feasible (e.g. phytoplasmas). Its use is widening and gradually substituting other
techniques, even ELISA for some viruses.

Signal detection in real-time PCR is currently based on the fluorescence generated
by intercalating dyes or, with a gain in specificity, with probes based on Fluorescent
Energy Transfer. These probes are doubly labelled with fluorescent dyes which have a
partial overlap of the emission and excitation spectra and can be found in a variety of
formats: Tagman, Molecular Beacons, Scorpions, Lux primers etc. (Table 2). Typically
the part of the probe complementary to the target has a length ranging between 20 nt and
30 nt. For highly variable pathogens as RNA viruses it may be difficult to find conserved
regions with this length. In such cases it is possible to use probes with a modified
backbone e.g. Minor Groove Binding probes (Kutyavin et al. 2000), Locked Nucleic acid
probes (Kennedy et al. 2006) or Peptide Nucleic acids (Ortiz et al. 1998). These
modifications result in an increase of the melting temperature of the hybrid enabling to
reduce the probe length to 15 nt or less. A panoply of organic fluorescent dyes are
currently offered but in the near future these may be substituted by other materials as
quantum dots. Quantum dots are fluorescent inorganic semiconductor nanocrystals that
have improved spectral properties that encourage their use in a number of biological
labelling applications. These properties include broad excitation and size-tunable
emission spectra, photo-stability and relatively high quantum yields (Algar ef al. 2010).
The current limitation in the use of fluorescent probes resides in the real time
thermocyclers available which, at best (theroretically), are able to simultaneously
distinguish among 4 to 6 different dyes.

LAMP as an alternative to PCR



Loop-mediated Isothermal Amplification, LAMP (Notomi et al. 2000) is a very
interesting alternative to PCR. Among other characteristics, it has an amplification power
one or two orders of magnitude higher than PCR, it can be performed in a non-
sophisticated environment as it relies in an isothermal amplification (at 65 °C, it can be
performed in a warm water bath) and it is more robust than PCR regarding the presence
of biological contaminants (Kaneko et al. 2007). Although developed ten years ago, it
started being intensively used in the medical fields three years ago (more than 200
references since than). In comparison the use of LAMP in phytodiagnostics is still
incipient; nevertheless it has been applied for the detection of viruses, viroids, bacteria,
fungi and nematodes (Fukuta et al. 2003; Fukuta et al. 2004; Nie 2005; Varga and James
2006; Tomlinson et al. 2007; Kubota et al. 2008; Boubourakas ef al. 2009; Kikuchi et al.
2009; Kuan et al. 2010; Rigano et al. 2010; Zhao et al. 2010). The original LAMP
method relies in the activity of Bst DNA polymerase, a polymerase that has a strand
displacement activity, and four primers which anneal to 6 regions of the template (two of
the primers are specific for more than one region). The amplification procedure is
complex (see Fig. 2 and detailed schemes in Notomi ef al. (2000) and Nagamine et al.
(2002)) and is centred around a dumbbell-like structure which will form multimeric
structures during the amplification. Typically this procedure extends for about one hour.
For RNA targets a reverse transcription step can be included by adding Reverse
Transcriptase to the reaction mixture and providing an initial incubation step at the
appropriate temperature. Two additional primers, can also be used to increase the
amplification power (Nagamine et al. 2002). The design of the primers requires some
care as there should be a relationship in their relative stability and it is important to avoid
self priming. Online tools help primer design (http://primerexplorer.jp/elamp4.0.0/).

To see how this technique could accommodate the natural variability of an RNA
virus we designed a set of primers with the intent of detecting the five phylogenetic
groups described (Gouveia et al. 2009) for Grapevine leafroll associated virus-3
(GLRaV-3). The primers target a part of the coat protein gene in which the overall
diversity (single p-distance) is 6.5 %. Care was taken in the design to avoid mismatches
close to the 3’ ends of primers. It was possible to amplify samples from each phylogenetic
group. Another characteristic of LAMP is the insensitiveness to the presence of plant
compounds that usually inhibit molecular biology reactions. This allows its use in
immunocapture assays (Fukuta ef al. 2004) or even with crude plant extracts.

The high amount of DNA produced in LAMP opens new cheap and practical
alternatives to monitor the results of the amplification. Visual or photographic assessment
of fluorescence originated by FRET probes have been used for specific detection of
LAMP products (Curtis et al. 2009). For unspecific detection of LAMP products, diverse
authors have used intercalating dyes like SYBR green or monitored the changes in
turbidity of the reaction originated by the precipitation of magnesium pyrophosphate
(Mori et al. 2001) due to large amount of pyrophosphate originated in the polymerization
reaction. These changes can be followed by a turbidimeter (Mori et al. 2004) or an
ELISA plate reader at 600 nm (Nie 2005). Depletion of magnesium ion due to
precipitation as magnesium pyrophosphate can also be colorimetrically quantified with
hidroxynaphtol blue, a reagent commonly used to titrate the amount of alkaline earth ions
in water (Goto et al. 2009). A lateral flow device has also been used for the detection of
amplified products (Rigano et al. 2010). However, some occasional reports of unspecific
amplifications (see Curtis ef al. (2009)) may restrain the enthusiasm in the development
of unspecific methods for monitoring the amplification.







Pathogen Typing

Although pathogen detection is done at the species level it may in certain cases be
important to identify pathogen variants (strains, serotypes, etc..) that differ in the potential
to cause disease. If data regarding the genomic variability of the pathogen is available and
can be related to epidemiological characteristics an array of probes can be used for
genotyping instead of individual typing reactions. Microarrays have been developed for
typing Cucumber mosaic virus (Deyong et al. 2005) and Plum pox virus (Pasquini et al.
2008), enabling the distinction of the 3 existing serotypes or 4 strains respectively. An
alternative low technology approach is based in PCR-ELISA (Fig. 3). In this case the
PCR amplicons are labelled with Digoxigenin and detected by an anti-Digoxigenin
enzyme conjugate. The specific capture probes are biotinylated and immobilized in the
wells of an ELISA plate by a streptavidin coating. The hybridization and the detection
procedures occur in the same ELISA plate. A great advantage is that the whole procedure
uses the equipment usually existing in diagnostic laboratories and can thus be easily
introduced in routine. Successful examples of this approach have been developed for
typing seven phylogenetic groups of Citrus tristeza virus (Nolasco et al. 2009) or five
phylogenetic groups of GLRaV-3 (Gouveia ef al. 2009).

Crop-oriented diagnosis: multiplexing and probe arrays

Convergence into a single methodological platform, i.e nucleic acids based
diagnosis, led to the concept of crop-oriented diagnosis, i.e. a unique device or system
that could be used for the detection of all the relevant pathogens of a crop. The point of
departure for this development is to multiplex the PCR reaction, i.e. include in the same
reaction all the primers and probes necessary for detection of several pathogens; each
probe is marked with a unique fluorophore which enables the specific pathogen
identification. However, the limitations of real time PCR start surfacing here. The
technique by itself is not enough robust to support the degree of multiplexing needed in
the reaction tube and the fluorescence detection systems are limited to a reduced number
of dyes that can be used simultaneously. In practice the higher degree of multiplexing that
can be found in the literature is four targets. However, in practice, due to competition
between primers this is often reduced to two targets if a good dynamic range is required
(Mumford ef al. 2006).

Following the development of microarrays for gene expression studies, attempts
have been made to implement their use in diagnosis. An initial strategy was to use an
array of capture probes specific for the genes of the major pathogens of a crop
immobilized in an ordered fashion over a solid phase surface, frequently a silanized
microscope glass slide. The array is probed with fluorescently labelled DNA or cDNA
obtained from the samples to be tested, resulting in a localized hybridization if the
correspondent pathogen was present. The hybridization spots are detected by a
fluorescence microscope or a scanner. Due to the enormous number of probing spots that
can be deposited in a microarray this seemed a very attracting methodology with an
almost unlimited power for parallel analysis. Diverse aspects of this technology were
studied in the scope of the COST action 853 “Agricultural Biomarkers for array
technology” which extended from 2001 to 2007. However, without any amplification
stage, microarrays soon proved to be not very sensitive (Vora ef al. 2008) and only a few
have been developed, for example for potato viruses (Boonham et al. 2003; Sip et al.
2010) or Genetically Modified Organisms (Prins et al. 2008). An aspect that has been
extensively discussed is the need of an amplification step before hybridization to increase



sensitivity. This amplification step can be easily included if the pathogens targeted have a
conserved gene for which generic primers are designed, as for the 16S rRNA gene for
prokaryotes or mitochondrial genes for eukaryotes. However this is not feasible for
viruses from unrelated taxonomic groups due to the inexistence of conserved genes. This
issue was overcome by uncoupling the specific target recognition from amplification. One
strategy has been to use Padlock probes - also known as circularizable probes - (Thomas
et al. 1999) for target recognition. These probes have two pathogen specific regions at the
5 and 3’ ends that come together upon hybridization to the target and are ligated by a
DNA ligase. The resulting closed circular molecule becomes permanently locked around
the target strand, like a padlock, enabling very stringent washings. The probe has also one
or two regions between the pathogen specific ones that will function as universal primers
in a subsequent amplification by Rolling Circle Amplification or PCR and a zip-code
sequence for hybridization with a subset of the probes in the microarray (Fig. 4). This
strategy has been used for fungi and nematodes (Szemes et al. 2005; van Doorn et al.
2007). In another strategy, Engel ef al. (2010) used a random primed PCR amplification
before hybridization in the development of a microarray designed to detect 44 viruses of
the grapevine. To avoid the competing simultaneous amplification of host rRNA, those
authors used an enriched ds-RNA preparation instead of total RNA. A comparison of
available alternatives for amplification prior to hybridization can be found elsewhere
(Vora et al. 2004; Vora et al. 2008). A variety of formats for the arrays and equipment for
constructing the array and register the signal exist including electronic solutions in which
hybridization is monitored through changes in impedance - for a review see
Ramanavicius and Ramanaviciene (2007). However the diversity of existing formats does
not help to decrease the price of the equiment and the transfer of microarrays for routine
diagnosis is not at close sight.

Alternatively, an affordable and very simple solution that overcomes the
multiplexing problems and low sensitivity of microarrays has recently been introduced,
called Low-density arrays (LDA). These arrays are just 96- or 384-well PCR plates in
which the primers and probes for real-time PCR for each target are deposited and dried in
the surface of single wells. PCR reaction mixtures are re-constituted just prior to
amplification by adding the common master mix and the template. A great advantage of
the method is the easy and immediate transfer of already validated real time PCR
protocols to this format, the low technology involved in preparing the arrays and the
possibility to continue using the already existent real-time machines. In an assay
exemplified for Grapevine viruses (Osman ef al. 2008) these authors were able to
simultaneously detect 13 viruses.

Non-targeted diagnosis: a new paradigm

The above detection methods only provide an answer regarding the presence of a
certain pathogens for which there is an a priori suspicion and require the previous
existence of specific reagents. Those methods cannot provide an answer to the generic
question: is this plant infected (with any pathogen)? Some, now classic, techniques as
electron microscopy or ds-RNA analysis could answer this question for some viruses but
have a limited throughput and lack of sensitivity. New techniques are now surfacing.

For geminiviruses or other pathogens with a closed circular ss-DNA genome a
generic method relying in random primed Rolling Circle Amplification followed by
enzymatic restriction was developed by Haible et al. (2006). Linear double-stranded
monomers can be obtained by restriction digestion or sequenced. This enables the



identification of known agents or discovery of novel ones with a ss-DNA circular
genome.

DNA bar coding is a metagenomic approach which relies in sequencing a gene or
a part of the genome which is sufficiently conserved among a large group of taxa to allow
the design of general primers, but also sufficiently variable among the species to allow for
their identification by nucleotide alignment. From a practical point of view the sample
under analysis is amplified by PCR with the general primers and sequenced. The
sequences obtained are compared with a dataset and the existing pathogens are identified.
Defining the region to be amplified and generating the large dataset is an enormous task
that has required a cooperative effort among researchers. The bar code datasets may also
be used to design probes for microarrays, thus avoiding the sequencing step. Bar codes
are further developed in a companion paper in this series. The high variability that exists
in viruses excludes them from this approach.

Next Generation sequencing, Deep sequencing or Massively parallel sequencing
(names differ according to the fabricant of the equipment) are automated sequencing
platforms which substitute the time consuming in vivo cloning by an automated in vitro
system. Thousands of random sequences representing multiple coverage of every DNA
molecule are produced in a few hours. By including an initial step of unspecific cDNA
synthesis these platforms have been used as a metagenomic approach for RNA viruses.
To avoid host RNAs, ds-RNA is used instead of total RNA resulting in an enrichment of
viral sequences. This metagenomic approach has been demonstrated for the first time for
animal viruses (Cox-Foster et al. 2007) and more recently to plant viruses in a model
plant (Adams et al. 2009) or in grapevine (Al Rwahnih ef al. 2009; Coetzee et al. 2009;
Engel et al. 2009). Interestingly in all the cases new viral agents were found. An example
of the information retrieved by such analysis is presented in Fig. 5. Additionally, this
approach can be used to furnish the proof that only a certain pathogen is associated with a
particular disease, as shown for Candidatus Liberibacter asiaticus, the putative agent of
Huanglongbing in citrus (Tyler et al. 2009).

Massive sequencing may also be focused in short RNAs, in the size of 20-30 nt. It
is now known that, as part of a defense system, plants respond to virus infection by
generating short-interfering RNAs (siRNAs) ranging from 21 nt to 24 nt which are
complementary to viral genomes and guide a specific degradation of viral genomes. An
important feature of this system is that part of these siRNA are replicated by host RNA
polymerases and systemically delivered through parts of the plant not yet infected.
Screening for virus related si-RNA appears thus as an alternative for viruses which
replicate at low levels or that have an uneven distribution (Kreuze et al. 2009; Pantaleo et
al. 2009).

Conclusions

Except for a few jumps in technology like massive parallel sequencing, the last ten
years did not see the richness of introduction of novel technologies in diagnosis like the
previous period. Instead, phytodiagnosis developed through the consolidation of existing
paradigms — target-oriented, crop-oriented or the new, non-targeted pathogen detection.
The molecular, pathogen-targeted or crop-oriented diagnosis does not depend anymore on
the existence of a sophisticated and expensive laboratory environment. Unfortunately a
sound comparison of the sensitivity and specificity of existing methods is in most cases
still lacking. Availability of this data would help deciding which kind of technology
should be installed in particular scenarios in developing countries.
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Tables

Table 1. Features of some amplification techniques

PCR LCR' G-LCR NASBA 3SR SDA TMA LAT RCA LAMP

Enzymes
DNA polymerase  + - + - - + - - + +
RNA polymerase - - - + + - + + - -
DNA ligase - + + - - - - + - -
RTase +/- +/- +/- + + +/-  + + - +/-
RNAse H - - - + + - - + - -
Restriction Enz. - - - - - + - - - -

Primersorprobes 2 4 4 2 2 4 2 2 lor2 4or6

Isothermal - - - + + + + + + +

(1) - LCR: Ligase Chain reaction; G-LCR: Gap Ligase Chain reaction; SDA: Strand Displacement
Amplification; LAT: Ligation-Activated Transcription; 3SR: Self Sustained Sequence Replication; RCA:
rolling Circle Amplification;, LAMP: Loop-mediated Isothermal Amplification; TMA: Transcription-
mediated Amplification

(2) —Reverse Transcriptase is needed only for RNA templates (+ / -) or mandatory, independently of the
nature of the template (+)

Table 2. Some fluorescent nucleic acid hybridization probes and their mechanism of energy
transfer

Fluorescent hybridization probes Energy transfer

FRET' Contact quenching”
Adjacent probes + -
Amplifluor primers ?
Cyclicons ?

Duplex scorpion primers

HyBeacons

Molecular beacon probes

5'-nuclease probes (TagMan® probes)
Scorpion primers

Strand-displacement probes (Yin-Yang probes)

4+ S+ +

D N e + w1

Wavelength-shifting molecular beacon probes

Source: Marras (2006)

(1) — Quenching of the fluorophore by FRET can occur if the fluorophore and quencher pair have spectral
overlap and remain within sufficient distance of each other for efficient energy transfer to occur.

(2) - Quenching of the fluorophore by contact quenching can occur if the fluorophore comes in close
proximity to the quencher molecule or to a nucleotide, owing to internal hybrid formation within the probe
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Fig. 1. Recent amplification systems. Panel A. Helicase Dependent Amplification (HDA);
Helicase unwinds the template extremities, single-stranded binding (SSB) proteins
maintain the strands opened and allow primers to anneal; the DNA polymerase extends
the primers and new two molecules are formed; being isothermical the process is
continuous. Source: Jeong et al. (2009). Panel B. Rolling circle mechanism with random
primers. Primers anneal in several places of the single stranded template and are extended
by action of DNA polymerase; the strand displacement activity of the DNA polymerase
continuously frees new portions of single strand DNA to which new primers anneal
originating a mass of full-length ds-DNA (adapted from GE Healthcare Templiphi
brochure). If instead of random primers only one specific forward primer is included in
the reaction the result is a multimeric linear ss-DNA which is amplified aritmethically. If
the reverse primer is also included the amplification is exponential and originates ds-
DNA multimers.
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Fig. 2. Some aspects of LAMP. Panel A, amplification scheme. (A) primers; (B) first
extension by FIP primer followed by strand displacement by extension of F3 primer; (C)
BIP primer anneals to the displaced strand and is extended (not shown), resulting in the
dumbbell shape which is central for the cyclic amplification process; (D) cyclic
amplification originating a collection of multimeric sequences with diverse sizes (adapted
from Fukuta et al. (2004). Panel B, electrophoresis of LAMP products obtained from
GLRaV-3 showing the collection of different sized molecules; Gpl and Gp2 -
amplification of isolates from phylogenetic groups 1 and 2, IC - amplification following
immunocapture, M — 100 bp ladder, C- negative control. Panel C, whitish precipitate of
magnesium pyrophosphate formed in tubes where a successful amplification of TYLCV
took place (leftmost tubes); the samples analysed were tomato tissue ground in NaOH;
source: Fukuta et al. (2003)
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Fig. 3. Asymmetric PCR-ELISA Typing. Panel A, scheme of labelling of PCR products
with Digoxigenin by an asymmetric PCRreaction and hybridization in a array of probes
made in an ELISA plate. Panel B, Phylogenetic tree of the coat protein gene of Citrus
tristeza virus used to define the 7 groups and probes. Panel C, Example of the final
results: after adding the ELISA substrate the reaction rate of the hydrolysis is computed
and by software comparison with a panel of values of standard rates for each group the
strain composition of the sample is inferred; notice that some probes react with more than
one group but at different rates and in the ELISA plate shown only the more intense
reactions are conspicuous. Adapted from Nolasco et al. (2009)
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Fig. 4. Microarrays. Panel A, schematic view for padlock probe hybridisation, ligation
and PCR amplification of circularised probes followed by hybridisation to a microarray
system; the padlock probe consists of two target complementary sequences, two universal
forward and reverse primers sequences, and a unique identifier sequence (Zip-code).
Panel B, view of components of a laboratory made system, hybridization chamber,
fluorescence microscope and fluorescent dots obtained in microscope slide array. Source:
Bonants et al. (2007).



Fragment counts for viral species identified in the BLASTN analysis of the total data set

Organism name Total hits
I Il

A

Rupestris stem pitting-associated virus 46,029 46,029
Grapevine rupestris vein-feathering virus 9791 9697
Grapevine Syrah virus-1 - 1527
Grapevine leafroll-assodated virus-9 16 16
Hop stunt viroid 13 13
Grapevine yellow speckle viroid 5 B
Australian grapevine viroid 4 4
B

Grapevine asteroid mosaic-associated virus n3 27
Grapevine fleck virus 1 0
C

Maize rayado fino virus 55 12
Citrus sudden death-associated virus 40 21
Oat blue dwarf virus 34 2
Okra mosaic virus 14 4
Kennedya yellow mosaic virus 2 1
Nemesia ring necrosis virus 2 2
Erysimum latent virus 1 1
Tumip yellow mosaic virus 1 1
D

Cucumber mosaic virus 1 1
Sacbrood virus 1 1
Total 56,133 57365

Column [, initial analysis; column II, after the addition of the GSyV-1 sequence to the
query database. (A) Viruses and viroids expected in grapevine, the presence of which
was confirmed by spedfic PCR analysis. (B) Viruses expected to be found in grapevine,
but not confirmed as present in the sample by specific PQR analysis. (C, D) Viruses not
expected to be found in grapevine (not tested by PCR analysis); (C) Tymoviridae, (D)

others.

Fig. 5. Non-targeted diagnosis. Example of the information retrieved from a single
symptomatic (red leaves, swelling and wood necrosis at the graft union, stem pitting
above the graft union) grapevine plant by massive parallel sequencing. Notice that
besides a new virus (Grapevine syrah virus 1) several other viruses were not expected to

be found in grapevine. Source: Al Rwahnih ef al. (2009)



