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Preface

Since their discovery in 1967 as ‘mycoplasma-like organisms’, the phytoplas-
mas have quickly become established as a unique group of plant pathogens.
Diseases, frequently called ‘yellows’, have been known since the late 1800s;
originally thought to be associated with viruses, many are now known to be
caused by phytoplasmas. During the 1970s, research centred on diagnosis
using symptoms and electron microscopy to visualize the phytoplasmas in
the phloem sieve cells of their hosts, transmission by insect vector and stud-
ies on the spread of the diseases they caused. The biology and taxonomy of
these obligate pathogens were still shrouded in mystery. It was the advent of
the molecular biological revolution in the 1980s that saw the introduction
of techniques such as nucleic acid purification, DNA hybridization and the
polymerase chain reaction, which with the secrets of these fastidious bacteria
begin to emerge. In the 1990s the term phytoplasma had been proposed, and
by 2004 a distinct taxonomic group, ‘Candidatus Phytoplasma’, was defined.
The evolution of molecular techniques has led to more information and, par-
adoxically, less clarity in grouping different phytoplasma ‘taxa’. As of today
there are hundreds of diseases caused by phytoplasmas and about 100 known
insect vectors.

In this book we have tried to examine all aspects related to phytoplas-
mas, their plant hosts and insect vectors and so present the reader with the
state of the art in a logical, coherent fashion. Since phytoplasmas are fastidi-
ous, diagnostic methods and quantification assume greater importance
because one is limited in the scope of available techniques. For example,
serological methods are very limited with an organism that cannot be artifi-
cially cultured. The opening chapter is followed by chapters on sequencing
and functional genomics, which relies heavily on comparing phytoplasma
genomics with that of other known bacteria. As mentioned, there are hundreds
of diseases caused by phytoplasmas, and visual methods (transmission elec-
tron microscopy, DAPI, etc.) do not allow for identification of these bacteria,
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so means of differentiation are primarily based on genome sequences. We
have three chapters that take different approaches to differentiation, classifi-
cation and taxonomy. Having thoroughly examined the phytoplasma from
the inside out, we then turn to organismal aspects, the first group of chapters
being related to aspects of phytoplasmas in plants. The first of these chapters
examines the movement of phytoplasmas within the plant and the develop-
ment of disease. We then look at the biochemical changes precipitated by the
replication of the phytoplasma in plants, and finally at aspects of plant resis-
tance. Chapters on the epidemiology of disease in grasses and grapevines
delve into the disease process in plants. The last of the plant-related chap-
ters examines epidemiological systems with multiple host plants. Turning to
the insect vectors, we start with a chapter describing general aspects of
vectors and their control, followed by an in-depth examination of the psyllid
vectors and their control. Unique control methods are evolving, particularly
symbiotic control of phytoplasmoses. As with plants, phytoplasmas can have
multiple insect vectors, and the ramifications of this are examined. We
conclude with an examination of the distribution and potential spread of
phytoplasma diseases and vectors worldwide.

We believe that we have brought together an ensemble of authors from
all regions of the world that are at the forefront of their respective disciplines.
We hope this book will be useful to researchers/professionals at all levels
and will help illuminate and stimulate thoughts and interest in this challeng-
ing and difficult host-pathogen—vector system.



Acknowledgements

Xii

The editors would like to extend a special thanks to the many people who
contributed their time to review the chapters presented herein.

Athanassios S. Alivizatos, Benaki Phytopathological Institute, Kifissia, Greece

Mark T. Andersen, The New Zealand Institute for Plant & Food Research Limited,
Auckland, New Zealand

Dez Barbara, University of Warwick, Warwick, UK

André Bervillé, INRA UMR 1097 DIAPC, Montpellier, France

Neil Boonham, The Food and Environment Research Agency, York, UK

Toby J.A. Bruce, Rothamsted Research, Harpenden, UK

Michael Deadman, College of Agricultural and Marine Sciences, Sultan Qaboos
University, Sultanate of Oman

Murray J. Fletcher, Orange Agricultural Institute, New South Wales, Australia

Jiirgen Gross, Julius Kuehn Institute (JKI), Federal Research Centre for Cultivated
Plants Institute for Plant Protection in Fruit Crops and Viticulture, Dossen-
heim, Germany

Michael Kube, Max Planck Institute for Molecular Genetics, Berlin, Germany

Daniel Pascal Klaehre, Gartenbauzentrum Bayern Nord, Amt fiir Ernaehrung
Landwirtschaft und Forsten Mainbernheimerstr, Kitzingen, Germany

Lia W. Liefting, MAF Biosecurity New Zealand, Auckland, New Zealand

Roberto Michelutti, Agriculture and Agri-Food Canada, Greenhouse and Process-
ing Crops Research Centre, Ontario, Canada

Thomas Albert Miller, University of California, California, USA

Helena Guglielmi Montano, Universidade Federal Rural do Rio de Janeiro
(UFRR]), Rio de Janeiro, Brasil

Mogens Nicolaisen, Aarhus University, Slagelse, Denmark

Janice Proud, Anglican Church in Ethiopia and the Horn of Africa, Addis Ababa,
Ethiopia



Acknowledgements Xiii

Joél Renaudin, INRA-Université Bordeaux2, UMR 1090 Génomique Diversité
Pouvoir Pathogene, IBVM, Centre INRA de Bordeaux, Villenave d'Ornon,
France

Monika Riedle-Bauer, Hohere Bundeslehranstalt und Bundesamt fiir Wein-und,
Langenzersdorf, Austria

Gianfranco Romanazzi, Marche Polytechnic University, Ancona, Italy

Bernd Schneider, Julius Kuehn Institute (JKI), Federal Research Centre for
Cultivated Plants Institute for Plant Protection in Fruit Crops and Viticulture,
Dossenheim, Germany

Michael Shaw, University of Reading, Reading, UK

Claire Streten, Charles Darwin University, Darwin, Australia

Rosemarie Tedeschi, DIVAPRA — Entomologia e Zoologia applicate all’Ambiente ‘C.
Vidano’, Universita di Torino, Torino, Italy

Ester Torres, Laboratori de Sanitat Vegetal (Generalitat de Catalunya), Barcelona,
Spain

Ivo Tosevski, CABI Europe — Switzerland, Delémont, Switzerland

Lucy Tran-Nguyen, Department of Regional Development, Primary Industry,
Fisheries and Resources, NT, Australia

Chandrashekara A. Viraktamath, University of Agricultural Sciences, Bangalore,
India

Astri Wayadanda, Oklahoma State University, Stillwater, USA

Einat Zchori-Fein, Agricultural Research Organization, Ministry of Agriculture,
Ramat Yishay, Israel



This page intentionally left blank



1 Real-time PCR Diagnosis
and Quantification of
Phytoplasmas

LuciaNA GALETTO AND CRISTINA MARZACHI
Istituto di Virologia Vegetale, CNR, Torino, Italy

Introduction

Since their identification (Doi et al., 1967), phytoplasmas have been identified
as pathogens in numerous plant genera and in some cases have caused severe
epidemics in major crops such as grapevine, sugarcane and coconut. Phyto-
plasmas are vectored by phloem-feeding leafhoppers, planthoppers and
psyllids (Weintraub and Beanland, 2006), and the contemporaneous pres-
ence of phytoplasma, weed reservoir and vector has often been the cause of
severe losses, especially in countries with weak rural economies. As phyto-
plasmas have still not been cultured in vitro, their diagnosis relies mainly on
molecular techniques such as PCR, usually followed by RFLP for assignation
to a ‘Candidatus (Ca.) Phytoplasma’ species or to a 16S rDNA group. The
complete diagnostic procedure is laborious and requires several post-
amplification steps. To overcome these problems, several approaches have
been developed, amongst which universal and group-specific real-time PCR
protocols have been proposed since 2004.

We review here the real-time PCR systems that have been developed for
the diagnosis of phytoplasmas and highlight problems and possible solu-
tions for the use of this technique in routine diagnosis. We also discuss pos-
sible future applications and modifications.

Real-time PCR

Real-time PCR has recently replaced the traditional PCR in efforts to increase
the speed and sensitivity of detection and to improve techniques for mass
screening. Real-time PCR reagents are now readily available and offer
specific, sensitive and quantitative detection. During a real-time PCR run,
accumulation of newly generated amplicons is monitored at each cycle by

© CAB International 2010. Phytoplasmas: Genomes, Plant Hosts and
Vectors (eds P.G. Weintraub and P. Jones) 1
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fluorescent detection methods, and so there is no need for post-PCR manipu-
lation such as electrophoresis, which is required at the end of regular PCR.
The amount of fluorescence, monitored at each amplification cycle, is pro-
portional to the log of concentration of the PCR target, and for this reason
real-time PCR is also a powerful technique for the quantification of specific
DNA. Real-time PCR amplicons are visualized through several labelling
techniques, most of which specifically bind to a target sequence on the ampl-
icon, while others aspecifically stain double-stranded (ds) DNA amplicons.
TagMan® probes are the most commonly used ones for the diagnosis of phy-
toplasmas, although several other sequence-specific detection tools are avail-
able (Monis and Giglio, 2006), which, in theory, can be adapted to detect
these phytopathogens. TagMan probes are labelled at the 5° end with a
reporter dye and at the 3" end with a quenching molecule; during each PCR
cycle in the presence of a specific target DNA, the TagMan probe, bound to
its target sequence, is degraded by the 5°-3” exonuclease activity of the Taq
polymerase as it extends the primer. The fluorescence moiety of the probe is
therefore freed from its quencher-labelled portion and the fluorescence is
detected by the optical system of the apparatus.

SYBR Green I®, a highly specific, double-stranded DNA binding dye, is
also used to detect phytoplasma-specific PCR product as it accumulates
during real-time PCR cycles. The most important difference between the
TagMan and SYBR Green I dye chemistries is that the SYBR Green I dye
chemistry will detect all double-stranded DNA, including non-specific reac-
tion products. A well-optimized reaction is therefore essential for accurate
results, which must be further analysed by running a melting curve analysis.

Real-time PCR Applications for Phytoplasma Diagnostics

Phytoplasmas have resisted all attempts to cultivate them in vitro in cell-free
media, although the recent complete sequencing of several ‘Ca. Phytoplasma’
species genomes and the discovery of their lack of some metabolic pathways
(Hogenhout ef al., 2008) will add new impetus to this task. Moreover, the
uneven distribution of phytoplasmas in the phloem of the infected plant,
their low concentration (especially in woody hosts) and variations in titre
according to the season and plant organ (reviewed in Firrao et al., 2007) are
also important obstacles for efficient diagnosis. For these reasons, although
phytoplasmas seriously threaten the cultivation of some very important crop
species, their diagnosis is not simple. The development of DNA-based
tools such as PCR has been a major step in detection, identification and clas-
sification, and the 165 ribosomal gene has been the major target for design-
ing phytoplasma-universal as well as group-specific primers (Bertaccini,
2007).

The success of these protocols relies on obtaining nucleic acid prepara-
tions of good quality, if possible enriched in phytoplasma DNA. Thus several
methods have been developed to extract total phytoplasma DNA, aiming to
concentrate it while reducing plant phenolics and polysaccharides that can
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inhibit the Taqg DNA polymerase used in the PCR assay (Marzachi et al., 2004).
Most of these protocols require a phytoplasma enrichment step and this adds
to their complexity, reducing the number of samples that can be processed.
To speed up the procedure and increase throughput in routine diagnostic
facilities, several quicker protocols have been developed (Firrao et al., 2007).
These are specially suited when decreased sensitivity can be compensated for
by increasing sample number. Moreover, most universal as well as specific
diagnostic protocols rely on nested PCR, which, although extremely sensitive,
is also time-consuming and poses risks in terms of carry-over contamination
between the two rounds of amplification.

Universal phytoplasma detection

Recently three protocols for the universal diagnosis of phytoplasmas using
direct real-time PCR amplification of the 165 rDNA gene have been devel-
oped (Christensen et al., 2004; Galetto et al., 2005; Hren et al., 2007). All of
them exploited a TagMan probe for detection. Universal phytoplasma DNA
amplification is usually achieved with primers based on the ribosomal operon
sequence, but these can also amplify DNA from other bacteria such as closely
related Acholeplasma spp., which may be present on the surface of some plants
(Tully et al., 1994). To avoid false positives from contaminating bacterial
DNA, a specific probe can be included. In all protocols, following optimiza-
tion of the starting amount of total template DNA healthy controls were
always absent. 165 rDNA-based primer/probe systems can be used to detect
phytoplasmas belonging to several ribosomal subgroups with sensitivity
similar to that of conventional nested PCR. Such sensitivity can be achieved
even in detecting pathogens from field-collected woody hosts and insect vec-
tors (Galetto et al., 2005) with an obvious improvement in the speed of the
assay.

Group-specific phytoplasma identification

Most diagnostic protocols for phytoplasmas include a first PCR amplifica-
tion driven with universal primers, followed by a nested PCR with group-
specific primers (Bertaccini, 2007). RFLP analysis of the group-specific
amplicon may then be required for final identification of the phytoplasma
strain. The entire procedure requires time-consuming post-amplification
steps and is thus laborious. This problem is overcome by the sensitivity of
real-time PCR, coupled to the possibility of designing group-specific primers
and even probes to further enhance the specificity of detection.

Flavescence dorée (FD) and bois noir (BN) phytoplasmas infecting grape-
vines cause important losses in several countries. It is not surprising there-
fore that several protocols have been developed in recent years for diagnosis
of these agents using real-time PCR (Bianco et al., 2004; Galetto et al., 2005;
Angelini et al., 2007; Gori et al., 2007; Hren et al., 2007). ‘Ca. Phytoplasma mali’
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(apple proliferation, AP), ‘Ca. Phytoplasma pyri’ (pear decline, PD) and ‘Ca.
Phytoplasma prunorum’ (European stone fruit yellows, ESFY) are important
pathogens of fruit trees, and several laboratories have proposed rapid, spe-
cific and sensitive diagnostic protocols for these pathogens (Baric and Dalla-
Via, 2004; Jarausch et al., 2004; Galetto et al., 2005; Torres et al., 2005; Aldaghi
et al., 2007; Martini et al., 2007; Bisognin et al., 2008). Table 1.1 lists the cur-
rently available reagents for specific diagnosis of several phytoplasmas using
real-time PCR.

In most cases the 165 rDNA gene is the preferred target, but other genes
or even randomly cloned DNA fragments to which no specific function is
assigned have been used. SYBR Green I detection of 165 rDNA amplicons
has been applied for the diagnosis of AP, PD, ESFY and FD, all quarantine
phytoplasmas affecting fruit trees in Europe. SYBR Green I is the most eco-
nomical chemistry for real-time PCR detection, but the specificity of the reac-
tion is extremely important and needs to be carefully checked. Phytoplasma
concentration in the host plant may be extremely low, and this results in high
threshold cycles (CT), corresponding to late phases during which amplifica-
tion of non-specific DNA may occur. This often happens in field-collected
woody plants and even more with assays of individual insect vectors, despite
the fact that phytoplasmas are usually present in high concentration in the
vector body. In both hosts, bacterial contamination is common and unpre-
dictable, and bacterial sequences may interfere with the diagnosis, especially
when primers derived from the ribosomal operon are used (Wally et al.,
2008). When the real-time PCR amplification of field-collected plants or
vectors results in high CT values (usually around or above 30), analysis of the
melting curve of the amplicon is indispensable, since only those templates
yielding amplicons with the expected melting temperature (MT) are phyto-
plasma-infected (Galetto et al., 2005; Torres et al., 2005). Amplicon detection
with a specific TagMan probe increases the specificity of the reaction and
eliminates the need to run a melting analysis.

Baric and Dalla-Via (2004) developed a real-time PCR assay using a Tag-
Man minor groove binding (MGB) probe to detect AP in plant material. The
TagManMGB probe has an MGB ligand and a non-fluorescent quencher con-
jugated to the 3" end, plus a fluorescent reporter dye at the 5" end. The MGB
ligand allows the use of shorter and more specific probes by increasing the
stability of the probe—target bond. This property allows the use of shorter
probes, with higher specificity than conventional TagMan ones, and the dis-
crimination of even single nucleotide mismatches (Kostina et al., 2007). The
same approach has been applied for specific detection of ‘Ca. Phytoplasma
mali” amongst members of the 165rX taxonomic group (Aldaghi et al., 2007)
as well as FD, BN and other phytoplasmas less frequently infecting grape-
vines (Hren et al., 2007).

Rapid and sensitive detection of infected individuals in field populations
of known phytoplasma vectors is extremely important for disease manage-
ment and to study the characteristics of transmission. It is also decisive in the
search for other potential vectors. In theory, any of the protocols described
can be applied to real-time PCR detection of phytoplasma DNA in the insect,



Table 1.1. Name and sequence of primers and probes designed for the universal or group-specific detection of phytoplasma
DNA by real-time PCR.
Target
Specificity gene Forward primer 5°-3° Reverse primer 5-3° Probe 5'-3° Reference
Universal 16S rDNA CGTACGCAAGTATGAA TCTTCGAATTAAACAACAT TGACGGGACTC Christensen
ACTTAAAGGA GATCCA CGCACAAGCG et al., 2004
Universal 16S rDNA CYS2Fw CYS2Rv CYS2 Probe Galetto
AGGTTGAACGGCCACATTG  TTGCTCGGTCAGAGTT ACACGGCCCAAAC et al., 2005
TCCTC TCCTACGGGA
Universal 16S rDNA UniRNA Forward UniRNA Reverse UniRNA Probe Hren et al.,
AAATATAGTGGAGGTTATC AACCTAACATCTCACGAC ACGACAACCATGC 2007
AGGGATACAG ACGAACT ACCA
FD 16S rDNA fAY rEY / Galetto et al.,
GCACGTAATGGTGGGGACTT GCTTCAATTCGGTGAC 2005
GAAAG
FD 16S rDNA Flavescence dorée Forward Flavescence dorée Reverse Flavescence dorée Probe Angelini
AAGTCGAACGGAGACCCTTC TAGCAACCGTTTCCGATTGT AAAAGGTCTTAGT et al., 2007
GGCGAACGGGT
FD secY FDgen Forward FDgen Reverse FDgen Probe Hren et al.,
TTATGCCTTATGTTACTGCTT  TCTCCTTGTTCTTGCCAT ACCTTTTGACTCA 2007
CTATTGTTA TCTTT ATTGA
FD 16S rDNA F1024 R1112 iProbe Bianco
GTGAGATGTTAGGTT TTGGCAGTCTCGCTAA AACCCCTGTCGC et al., 2004
AAGTCCTAAAACGA AGTCC TAGTTGCCAGC
BN Genomic  StolFw StolRev / Galetto
fragment AACCGCTCGCAAACAGC ATTAGCGCCTTAGCTGTG et al., 2005
BN 16S rDNA Bois noir Forward Bois noir Reverse Bois noir Probe Angelini
GGTTAAGTCCCGCAACGAG  CCCACCTTCCTCCAATT AACCCTTGTTGTT et al., 2007
TATCA AATTGCCATCATTAAG
BN Genomic  BNgen Forward BNgen Reverse BNgen Probe Hren et al.,
fragment AAGCAGGTTTAGCGAT TGGTACCGTTGCTTCAT TTAATACCACCTTC 2007
GGTTGT CATTT AGGAAA

(continued)
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Table 1.1. continued
Target
Specificity gene Forward primer 5-3" Reverse primer 5-3° Probe 5-3° Reference
AP Nitro- fAP, rAP, / Galetto
reductase AAGAGCAATTCGTACTTTCG  GCCGAACTAGTTTCTAAT et al., 2005
TGAC
AP Genomic  AP3 AP4 / Jarausch
fragment GAAACATGTCCTATTGGTGG CCAATGTGTGAAATCTGTAG et al., 2004
AP 16S rDNA qgAP-16S-F gAP-16S-R gAP-16S Baric and
CGAACGGGTGAGTAAC CCAGTCTTAGCAGTCGTT TAACCTGCCTCTTA Dalla-Via,
ACGTAA TCCA GACG 2004
AP 16S rDNA gAP-16S-F gAP-16S-R AP-MGB Aldaghi
CGAACGGGTGAGTAAC CCAGTCTTAGCAGTCGTT CTGCCTCTTAGA et al., 2007
ACGTAA TCCA CGAGG
AP 16S rDNA fAT rATRT TagMan Probe Bisognin
CATCATTTAGTTGGGCACTT  CGCTTCAGCTACTCTTTGTG CCCTTATGACCTGG etal., 2008
GCTACA
ESFY Ribosomal rpLNS2f rpLNS2r2 / Martini
protein GTGCTGAAGCTAATTTATTG CAATATGGCTAGTTCTTTTT et al., 2007
16SrX 16S rDNA P1 R16(X)F1r / Torres et al.,
AAGAGTTTGATCCTGG CATCTCTCAGCATACTT 2005
CTCAGATT GCGGGTC
‘Ca. P. asteris’ tuf Tuf1 Tuf2 TGTTTTAACTAAAA Wei et al.,
(onion yellows) GCTAAAACTTGTCCACG CGGAAATAGAATTGAGG GAAGAAGGAGGAC 2004
TTGTACG ACGGT GTCACACTGCCTT
TTTCTCTC
‘Ca. P. asteris’ 16S rDNA Aster yellows Forward Aster yellows Reverse Aster yellows Probe Angelini
(aster yellows) TTGGGTTAAGTCCCGCAAC CCCACCTTCCTCCAAT CCAGCACGTAATGGTG et al., 2007
TTATCA GGGACTT
‘Ca. P. asteris’ 16S rDNA AACCCTCACCAGGT CACGAGCTGACGACA / Hollingsworth
(aster yellows) CTTGACA ACCAT etal., 2008
Beet leafhopper- 16S rDNA 16Sp303F 16Sp378R 16TM329 Crosslin
transmitted AGGGCCTATAGCTCAGTT GTGGGCCTAAATGGA CACACGCCTGATAAGC et al., 2006
virescence agent GGTTAGA CTTGAAC GTGAGGTCG
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Diagnosis and Quantification of Phytoplasmas 7

and ESFY has been detected with success in batches of Cacopsylla pruni Sco-
poli vectors (Martini et al., 2007), while FD, BN and AP have been detected
even in single field-collected Scaphoideus titanus Ball, Hyalesthes obsoletus
Signoret, Reptalus panzeri (Low), Euscelis incisus (Kirschbaum) and Ca.
melanoneura (Forster) vectors (Jarausch et al., 2004; Galetto et al., 2005; Hren
et al., 2007).

Additional real-time PCR controls

Diagnosis of pathogen in woody plants is often hampered by the presence of
PCR inhibitors such as polyphenolics, polysaccharides and other molecules
that may produce false-negative results even from heavily infected samples.
To prove that the absence of signal is not due to such causes, protocols for
control amplification and detection of the host DNA have been developed.
The chloroplast chaperonin 21 gene (Angelini et al., 2007) and cytochrome
oxidase gene (Hren et al., 2007), the chloroplast gene for tRNA leucine (Baric
and Dalla-Via, 2004) and the 185 rDNA gene (Christensen et al., 2004; Marza-
chi and Bosco, 2005; Martini et al., 2007) have been addressed as targets to
control for the quality of total DNA extracted from grapevine, apple, Prunus
spp. and other plant species, as indicated in Table 1.2. A similar approach can
be applied to check the quality of total DNA extracted from field-collected
phytoplasma vectors, and the 185 rDNA gene has been suggested as target
for this purpose (Marzachi and Bosco, 2005).

Reverse transcription real-time PCR

It is conceivable that, if phytoplasma DNA concentration is low in the host
plant, mRNAs, especially the highly expressed ribosomal ones, may offer a
better target for diagnosis (Firrao et al., 2007). A simple protocol for crude sap
preparation from leaves (Osman and Rowhani, 2006), followed by diagnosis
through reverse transcription (RT) coupled to PCR in a single tube has been
proposed for specific detection of FD in field-collected grapevines (Margaria
et al., 2007). The protocol has recently been modified to include direct detec-
tion of the pathogen-specific amplicon in RT real-time PCR driven with
group-specific primers and TaqMan probes (Margaria et al., 2008). It is also
important to consider that grapevine can be infected by several viruses with
RNA genomes, and so a single total nucleic acid extract can be used for RT-
PCR assays, driven with reagents specific for several grapevine viruses
(Osman et al., 2008) as well as for the most important grapevine phytoplas-
mas. In theory, multiplex reverse transcriptase RT-PCR protocols can be
developed for the simultaneous detection of the most important virus and
virus-like diseases of grapevine, although the different concentrations of
each pathogen in the infected plant may seriously interfere with the linearity
of detection of the least concentrated ones. Extraction of leaf sap is rapid and
straightforward, and less prone to contamination between samples, so



Table 1.2. Name and sequence of primers and probes designed for the quality control of the total DNA extracted from several phytoplasma

hosts.
Host Target gene  Forward primer 5°-3° Reverse primer 5-3° Probe 5-3° Reference
Periwinkle,  18S rDNA GACTACGTCCCTGCCCTTTG  AACACTTCACCGGAC ACACACCGCCCG Christensen
Poinsettia, CATTCA TCGCTCC et al., 2004;
Prunus spp. Martini et al.,
2007
Grapevine, Cytochrome COX-F COX-R COXP Hren et al.,
potato oxidase CGTCGCATTCCAGATT CAACTACGGATATATAAGA TGCTTACGCTGG 2007
ATCCA GCCAAAACTG ATGGAATGCCCT
Grapevine Chaperonin ~ Chaperonin grapevine Chaperonin grapevine Chaperonin grapevine Angelini
gene Forward gene Reverse gene Probe etal., 2007
GGTCCTTTGGATGAGG GAAGTCATTCCCTGCAT GAAACCACTGTCT
ATGG ACTTGG GTGAGCCCAGGA
Apple tRNA gMd-cplLeu-F gMd-cpLeu-R gMd-cplLeu Baric and
leucine CCTTCATCCTTTCTGAAG AACAAATGGAGTTG TGGAAGGATTCCTTT Dalla-Via, 2004
TTTCG GCTGCAT ACTAAC
Marguerite  18S rDNA ChrysFw ChrysRv Chrys Probe Marzachi and
(ITS1) AAGGAAAACTAAACTTAAGA GTGGCTTCTTTATAATCAC CCCCGTTCGCGGT Bosco, 2005
AGCTT-GTT GTGCTCATG
Leafhopper 18S rDNA MqgFw MgRv Mq Probe Marzachi and
species AACGGCTACCACATCCAAGG GCCTCGGATGAGTCCCG AGGCAGCAGGCA Bosco, 2005
CGCAAATTACCC
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Diagnosis and Quantification of Phytoplasmas 9

reverse transcription of phytoplasma rRNAs from leaf sap extracts is a good
choice when screening a large number of samples. Moreover, the crude leaf
extract can be stored for some months at —20°C without affecting results.
Since phytoplasmas are not always present in every part of an infected plant
(Firrao et al., 2007), correct sampling procedure is crucial to obtain reliable
and reproducible results.

Real-time PCR Quantification of Phytoplasma DNA

Competitive PCR was first used to monitor the multiplication of a ‘Ca. Phyto-
plasma asteris’ strain in males and females of its vector Macrosteles quadrin-
lineatus (Forbes) (=fascifrons Stal) by Liu et al. (1994). Quantification was
achieved following co-amplification of phytoplasma DNA and several dilu-
tions of an appropriate internal standard. This approach was complex; several
steps, such as electrophoresis, image analysis of the gels, compensating for
differences in intensity due to the different sizes of the products from the path-
ogen target and the internal standard, were required before the band intensi-
ties could be plotted for linear regression analysis. Nevertheless, this approach
did demonstrate that different quantities of ‘Ca. Phytoplasma asteris” accumu-
lated in female and male vectors. A few years later, a similar protocol, based
on the construction of an internally deleted phytoplasma sequence trans-
formed into a plasmid vector, was used to quantify phytoplasma cells in vari-
ous plant hosts (Berges et al., 2000), and to compare four methods for extraction
of phytoplasma DNA from infected plant tissue (Palmano, 2001).

Real-time PCR is the most suitable method to quantify the nucleic acids
of many plant pathogens, although the lack of growth in pure culture means
that quantification of phytoplasmas can only be achieved in the presence of
high levels of host DNA. Several laboratories have studied this problem and
different approaches have been pursued. In some cases, absolute quantifica-
tion of phytoplasma DNA was achieved per gram of extracted tissue (Wei
et al., 2004; Bisognin et al., 2008) or per insect vector (Jarausch et al., 2004). As
already mentioned, recovery of DNA is strongly influenced by the extraction
method, by different extraction runs and by different species of plant and
insect host, and therefore quantification of phytoplasma DNA in relation to
host DNA yield has been suggested (Baric and Dalla-Via, 2004; Marzachi and
Bosco, 2005; Martini et al., 2007). Results obtained in this way are easily com-
parable. For example, grapevines and apricots can host between 1.5 x 102 and
2 x10* cells of FD and ESFY phytoplasmas per ng of plant DNA, and in both
cases vectors have a much higher phytoplasma concentration, ranging
between 10° and 107 phytoplasma cells per ng of insect DNA (D’ Amelio et al.,
2007; Martini et al., 2007).

The phytoplasma genome-sequencing era, which is just beginning,
should provide much information relative to the molecular pathways fol-
lowed by these bacteria in their parasitic lives and will also give clues on how
to culture them in vitro. Until then, quantitative real-time PCR (Q-PCR) will
be a powerful technique to study several aspects of their biology and
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epidemiology, such as their different multiplication rates in their plant and
vector hosts. The multiplication of phytoplasmas in different compartments
of the host plant has already been studied by measuring phytoplasma con-
centration at different times after vector inoculation at a localized point. Fast
multiplication rates and high concentration of two ‘Ca. Phytoplasma asteris’
strains have been reported in young developing leaves and roots of infected
daisy plants (Wei et al., 2004; Saracco et al., 2006), although conflicting results
were described for a branch-inducing phytoplasma in Euphorbia pulcherrima
(Christensen et al., 2004). Quantification of AP in the roots and shoots of sev-
eral apple cultivars has also been applied to correlate phytoplasma concen-
tration and disease development, in order to unveil mechanisms of resistance
to AP infection (Bisognin et al., 2008).

Quantitative analysis has also confirmed that phytoplasma concentra-
tion varies in individual plants of the same species, even following inocula-
tion under controlled conditions (Saracco et al., 2006), and differences of
several thousand-fold are common in extracts from field-collected potato
plants showing phytoplasma-associated purple top symptoms (Crosslin
et al., 2006). Q-PCR may also be applied in development of resistant varieties,
a hot topic for economically important woody crops such as palms and
grapevines. It is not clear if plants harbouring different phytoplasma concen-
trations behave different