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Preface

Grapevine yellows diseases were reported in most viticultural regions worldwide
even before their association with phytoplasmas had been established. Due to the
significant losses in yields through widespread “bois noir”” and several epidemics of
the quarantine “flavescence dorée” in European vineyards, a lot of effort has been
put recently into research on phytoplasmas associated with these two diseases. The
knowledge that has been obtained considerably improves our understanding of their
epidemiology, as well as their alternative host plants and the biology of their insect
vectors. Moreover, new data have greatly contributed to further understanding the
interaction between phytoplasmas and their hosts in general.

This book reflects the knowledge gained by the authors over many years of basic
research and diagnostic practices on grapevine yellows diseases. Here we have
examined all the disease aspects, including their worldwide distribution, the taxon-
omy of their agents, and the interactions between the host plant grapevine and phy-
toplasmas. The last chapter of the book presents the state-of-the-art diagnostic
applications, with some promising ones that have not been generally used in routine
practice. The presented topics, such as validation, measurement of uncertainty, and
solutions that guarantee quality assurance, are of crucial importance for phyto-
plasma diagnostics.

The authors hope that this book will bring useful information to researchers and
professionals at all levels and will even stimulate additional scientific work in the
field of the still poorly understood phytoplasma world.

We would like to thank our colleagues at the National Institute of Biology: the
Alma Mater Studiorum, University of Bologna; and AgriBio who have supported
our research and our collaborators, with whom most of the new data on the phyto-
plasmas were obtained through partnerships in international projects. We also
express our gratitude to Dr. Christopher Berrie for his linguistic touch.

Ljubljana, Slovenia Marina Dermastia
Bologna, Italy Assunta Bertaccini
Bundoora, VIC, Australia Fiona Constable

Ljubljana, Slovenia NataSa Mehle
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Chapter 1
Phytoplasmas — Dangerous and Intriguing
Bacteria

Abstract Phytoplasmas were discovered almost 50 years ago and initially they
were named mycoplasma-like organisms. These cell-wall lacking bacteria and
members of the class Mollicutes inhabit plant phloem sieve elements and are trans-
mitted and spread primarily by leafhoppers, plant hoppers and psyllids that feed on
infected plants phloem. Phytoplasmas interact with their hosts in a strong manner,
through manipulation of the morphological features of the plants, and in several
cases, also of the biology of their insect vectors. Molecular genetics analyses have
improved the understanding of phytoplasma taxonomy, and also enhanced the abil-
ity to identify phytoplasmas that are detected in hosts and insect vectors. In particu-
lar, it has been determined that, among the plant species infected by phytoplasmas,
grapevine is one of those that are most severely affected, at a worldwide level.
Molecular studies have provided considerable insights into phytoplasma molecular
diversity and genetic relationships, taxonomic ranking has been achieved by using
16S ribosomal gene classification and other phytoplasma genes as epidemiologic
molecular markers. On the other hand, the inability to fulfil Koch’s postulates
severely restricts the understanding of the real roles of phytoplasmas in diseases and
in plant—insect interaction. Together with the new possibility to cultivate phytoplas-
mas in artificial media, molecular genetics studies are now opening possibilities for
studying the best management of these bacteria that severely threaten worldwide
agriculture, and in particular viticulture.

1.1 History and Biology

Phytoplasmas belong to the taxonomic domain Bacteria, but unlike most bacteria
they lack a cell wall and are therefore obligate parasites that live in plant phloem and
insect haemolymph. They can induce disease symptoms by sequestering metabo-
lites produced by host cells and also by altering the expression of plant homeotic
genes (Himeno et al. 2011). Phytoplasmas are introduced into plant sieve tube ele-
ments by vector insects during feeding, and they spread then systemically. In most
cases, a specific insect vector in different geographic regions transmits distinct phy-
toplasmas. However, mixed phytoplasma infections are also common, although lit-
tle is known in terms of mixed infections in insect vectors, and whether they occur
as often as in plants. Mixed phytoplasma infections appear to be more common

© The Author(s) 2017 1
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2 1 Phytoplasmas — Dangerous and Intriguing Bacteria

where farming is intensive and mixed culture is routine practice. Under these condi-
tions, polyphagous insect vectors can feed on non-host plants that can become
infected, if they are susceptible to the phytoplasma carried by the visiting vectors.
These phytoplasmas might then be exposed to a new group of insect vectors and
begin to establish a new biologic and ecologic cycle that can quite often end in a
new disease outbreak (Lee et al. 1998a). Transovarial transmission of phytoplasmas
has also been reported in some insect vector—phytoplasma combinations (Alma
et al. 1997; Kawakita et al. 2000; Hanboonsong et al. 2002; Tedeschi et al. 2006).
However, one of the most important ways that phytoplasma spread in the field, and
especially over long distances, is through the vegetative propagation methods that
are used to multiply the plant material and that avoid sexual reproduction, such as
grafting, cutting, and micropropagation.

Although phytoplasmas have the smallest genome among plant pathogenic bac-
teria, gene duplication and redundancy, and differences in chromosome size have
been reported, with many core housekeeping genes present in multiple copies. In
their divergence from Gram-positive bacteria, they have lost several metabolic path-
ways, and they were assigned to the ‘Candidatus Phytoplasma’ genus (IRPCM
2004) that comprise the organisms incompletely described (Murray and Stackebrandt
1995). The entire genome sequences have now been completed for two strains of
aster yellows (‘Candidatus Phytoplasma asteris’), two strains of ‘Ca. P. aus-
traliense’, and one strain of ‘Ca. P. mali’ (Oshima et al. 2004; Bai et al. 2006; Tran-
Nguyen et al. 2008; Kube et al. 2008; Andersen et al. 2013).

Symptoms of phytoplasma infection vary considerably among plant hosts
according to a range of factors, such as concentration and localisation of phyto-
plasma in host tissues, seasonality of infection, and ultimately the metabolic inter-
actions that occurr between the phytoplasmas and the host species (Bertaccini
2007). In some perennial woody plant hosts, phytoplasmas can lay dormant through
a season (Jarausch et al. 1999; Seemiiller et al. 1984), or they can accumulate while
remaining asymptomatic in some species that act as reservoirs for their further
spread (Carraro et al. 1998). Finally, one phytoplasma strain can induce different
symptoms among multiple hosts, and indeed some shared symptoms among infected
hosts can arise from infections by different phytoplasmas and/or from other unre-
lated causes (Bertaccini et al. 2014). Laboratory-based methods for phytoplasma
detection and identification are therefore prerequisites for the early control of
infected hosts, for phytosanitary screening processes, and for biosecurity concerns
regarding cross-border disease outbreaks that can result from the introduction of
phytoplasma infected vectors and/or hosts.

The information achieved to date through full genome sequencing mainly relates
to phytoplasma putative biochemical pathways. This information has shown that
phytoplasmas are very special microorganisms, because they lack many relevant
features of other bacteria, such as mobility and key enzymes. However, metabolic
pathways allow phytoplasmas to have a trans-kingdom’ life and interact with both
plant and insect hosts, upon which they are dependent for survival. As many phyto-
plasma genes encode transporter systems, with some present in multiple copies, it
has been suggested that they import many metabolites from their host cells, and this
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might induce disease symptoms in plants through the consequent metabolic imbal-
ance. The phytoplasma strains that have been sequenced show the lack of ATP syn-
thase genes, which suggests their strong dependence on glycolysis for energy
production. Interestingly, a genomic region containing genes that encode five glyco-
lytic enzymes is duplicated in a strongly pathogenic ‘Ca. P. asteris’ strain, while
mild strains and other aster yellows strains do not have this duplication, which sug-
gests duplication of these genes as pathogenicity mechanism (Oshima et al. 2007,
Hoshi et al. 2009). On the other hand, glycolysis genes are completely absent in the
‘Ca. P. mali’ genome, which has a gene that encodes 2-dehydro-3-
deoxyphosphogluconate aldolase, this finding lead to the hypothesis that in these
phytoplasmas pyruvate is formed independently of glycolysis (Kube et al. 2012).
Phytoplasmas have also been shown to have secretion systems, and the identifica-
tion of effector proteins such as SAP11, SAP54 and P38 suggested that phytoplas-
mas can also induce symptoms by secretion of effector proteins and modification of
the plant-gene activity (Sugio et al. 2011; MacLean et al. 2011; Neriya et al. 2014).
The occurrence of major surface epitopes that are unique to each phytoplasma spe-
cies, suggests that these proteins are key participants in specific interactions with
host cells, as these might also trigger plant responses. It is possible that the patho-
genic mechanisms are different according to the phytoplasma strain and/or the
diverse environmental conditions, such as the different host species.

The biology of phytoplasmas therefore remains very unclear aspect in phyto-
plasma research. Recently, evidence that phytoplasmas can be grown in or on artifi-
cial media has been reported (Bertaccini et al. 2010; Contaldo et al. 2012, 2013,
2014). This represents an important breakthrough in the study of phytoplasma biol-
ogy, as, despite having a reduced genome size in comparison to their ancestors,
phytoplasmas have been shown to reatain independent metabolic pathways that
allow them to survive as parasites in environments as diverse as the plant phloem
and the insect haemolymph. Therefore, phytoplasmas might still have unexplored
metabolic pathways.

More recently, the isolation of phytoplasmas has been achieved from naturally
infected grapevine plants, for “flavescence dorée”, “bois noir” and aster yellows
phytoplasmas (Contaldo et al. 2016a, b). New complex media that can support the
growth of four phytoplasma strains from naturally infected grapevine are based on
formulations that have been successfully used for growing plant endophytes in the
presence of high NaCl concentrations, which are used to reduce bacterial growth.
The availability of flexible media that can support phytoplasma growth and colony
production will help in studies aimed at the definition of semi-selective media for
the deeper biologic characterisation of these and possibly other prokaryotes still
uncultured. The cultivation of some of the main phytoplasmas that are associated
with grapevine yellows diseases is also an important step towards designing effec-
tive field management and containment measures based on the preparation of anti-
sera for large-scale field screening, and the verification of the presence of differential
susceptibilities of grapevine genotypes to these pathogens in breeding selection
programmes.
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Plant species with different susceptibilities to phytoplasma infections have been
reported; moreover, different strains of the same phytoplasma can reach different
concentrations in infected hosts. In co-inoculation experiments, it was shown that
an aggressive strain of ash yellows phytoplasmas was detected sooner and more
frequently than a less aggressive one, and differences in strain aggressiveness have
also been confirmed for other phytoplasmas using both biologic and molecular
methodologies (Seemiiller et al. 2010).

1.2 Taxonomy and Detection Methods

Since the first discovery of phytoplasmas five decades ago (Doi et al. 1967), trans-
mission electron microscopy has been widely used to visualise this pathogen
directly within the phloem tissue. Early attempts at phytoplasma detection and iden-
tification generally relied on broad biological descriptions of host-plant specificity
and disease symptomatology (Mc Coy et al. 1989), together with graft transmission
to healthy susceptible indicator plants and the use of DNA-specific dyes. However,
these techniques cannot differentiate or classify phytoplasmas as it is needed for
their correct management. Protocols for the production of enriched phytoplasma-
specific antigens were developed to allow their serological detection. However, this
methodology gained little application due to difficulties in the antisera production.

Detection and identification of phytoplasmas in both plant material and insect
vectors is now routinely carried out by nucleic-acid techniques that have been
developed in the last 25 years. In particular, polymerase chain reaction (PCR) -based
approaches have allowed targeted amplification of phytoplasma-specific gene
regions and development of a taxonomy based on 16S rRNA gene polymorphism
(Lee et al. 1995, 1998b; Zhao et al. 2009a). Historically, restriction fragment-length
polymorphism (RFLP) analysis has been the dominant method for the identification
of phytoplasma groups/subgroups in individual samples after PCR amplification
(Fig. 1.1), and this method allowed the first discrimination between several
grapevine-infecting phytoplasmas (Davis et al. 1993; Bertaccini et al. 1995, 1996,
1997).

The provisional taxonomy is based on ‘Candidatus’ status IRPCM 2004), and
this runs in parallel in several cases with the group/subgroup classification. The
‘Candidatus’ status is achieved mainly by comparative analysis of genetic distances
and/or phylogenetic analysis on a relevant portion of 16S rDNA (not shorter than
1,200 nucleotides). Sequence analysis also provides a means to detect nucleotide
variations among samples that might indicate the presence of taxonomic diversity.
However, sequencing can also be confounded by PCR heterogeneity caused by
co-amplification of different phytoplasmas present in a sample, or by heterogeneity
between the two ribosomal operons in the same phytoplasma (Schneider and
Seemiiller 1994). Cloning multiple replicates of PCR products is a system of deal-
ing with these sequence heterogeneity problems. As for most microorganisms, iden-
tification of phytoplasmas in field-collected material is carried out on populations
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Fig. 1.1 Polyacrylamide gel 6.7% showing the differential restriction profiles of 16S rDNA
amplicons (M1/B6, about 1200 bp; Martini et al. 1999) from diverse phytoplasma strains belong-
ing to ribosomal group 16SrV digested with Tagl. Samples are: FD88, “flavescence dorée” (FD)
strain 1988 from France (16SrV-D) (kindly provided by E. Boudon-Padieu former INRA, Dijon,
France); BO13, FD strain from Bologna Italy (16SrV-D); CATAL, FD strain from Catalunia, Spain
(16SrV-D) (Torres et al. 2005); FD70, FD strain 1970 in broadbean (16SrV-C) (kindly provided by
E. Boudon-Padieu former INRA, Dijon, France); AL202, PV259, TV54, LIG, SERBIA, VR32,
PC4, FD strains from grapevine from Piedmont, Veneto, Liguria, Serbia, Veneto, Emilia respec-
tively (16SrV-C) (Martini et al. 2002; Duduk et al. 2004); MO31, RE, elm yellows strain in grape-
vine (16SrV-A) (A. Bertaccini, unpublished); ALY, alder yellows (16SrV-C) and RuS, rubus stunt
(16SrV-E) both in periwinkle (C. Marcone, University of Salarno, Italy); EY1, elm yellows from
USA (16SrV-A) (I-M. Lee, USDA-ARS Beltsville, MD, USA); ULW, elm yellows from Europe
(16SrV-A) (http://www.ipwgnet.org/collection); JWB, jujube witches’ broom from China (Tian
et al. 2000). PHY X174, marker phiX174 Hae 111 digested with fragment sizes in base pairs from
top to bottom of 1,353; 1,078; 872; 603; 310; 281; 271; 234; 194 and 118

rather than on individual clones. When the diseases are endemic, PCR detection and
identification can usually detect only the most abundant phytoplasmas present in a
sample at the time of collection. However, new technologies have improved the
capacity to study phytoplasma diversity in grapevine samples and recently multiple
16Sr groups/‘Ca. P. species’ phytoplasmas have been found in a single grapevine
plant after examination by group-specific nested-PCR using deep amplicon sequenc-
ing (Nicolaisen et al. 2011).

Sequence analysis of phytoplasma 16S rDNA has shown that phytoplasmas con-
stitute a coherent, genus-level taxon and a monophyletic clade. Biological differ-
ences, such as specific insect hosts or geographic separation, are also used to
implement the ‘Candidatus’ definition in cases in which the rules based on homology
percentages of 16S rDNA cannot be used. For example, the ‘Ca. Phytoplasma’ spp.
infecting pome and stone fruit show 99% homology for their 16S rDNA, but differ
in their insect vectors, that are different Cacospylla species (Seemiiller and
Schneider 2004). Similarly, ‘Ca. P. balanitae’ shows 98% or greater homology with
other described ‘Candidatus Phytoplasma’ species in the 16SrV group, but infects
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Balanites triflora, which is a species that is only reported to grow in Myanmar (Win
et al. 2013). However, the very recent description of ‘Ca. P. meliae’ in Argentina
(Fernandez et al. 2016) was made based only on geographic distribution of the phy-
toplasmas in a plant species that is present worldwide. Moreover, the symptomatol-
ogy in the experimental host periwinkle does not differentiate this strain from
phylogenetically related strains, nor to those belonging to other ribosomal groups or
‘Candidatus’ species. Additionally, only one restriction site on 16S rDNA and poly-
morphisms on the ribosomal protein gene were used to differentiate ‘Ca. P. meliae’
from the just published ‘Ca. P. hispanicum’ (Davis et al. 2016). However, for both
of these, the biological properties, such as the range of their natural host species or
their insect vectors are not known. This provides a good example that indicates the
urgent need for the revision of present rules for phytoplasma classification, espe-
cially as phytoplasmas associated with some very important and epidemic diseases,
such as palm lethal yellows and grapevine “flavescence dorée” (Martini et al. 2002;
Ntushelo et al. 2013), need to be classified despite the difficulties represented by the
lack of the required 16S rDNA homology distance from the already described
‘Candidatus’. Moreover a revised phytoplasma classification system needs to be
backed up by real data that are statistically validated on a consistent number of
strains for the robust classification of new phytoplasmas. The RFLP-based phyto-
plasma 16Sr groups have been shown to be consistent with the groups (clades)
defined by phylogenetic analysis of near-full-length 16S rRNA gene sequences, and
to the diverse ‘Candidatus Phytoplasmas’ (Table 1.1). However, because of the
highly conserved nature of the 16S rRNA gene, many biologically or ecologically
distinct phytoplasma strains might warrant designation as new taxons following
new updated requirements, which should include additional genetic markers for
‘Ca. Phytoplasma’ or subgroup designation. Over the last decade, the number of
phytoplasma strains reported worldwide has increased almost exponentially, which
has made it difficult to updating the classification scheme in a timely manner.

A number of additional genetic markers have been studied, such as the 16S-23S
rRNA intergenic spacer region, and the ribosomal protein (rp), secY, secA, tuf,
vmpl, and groEL genes. Primers have been developed to specifically detect phyto-
plasmas as supplementary tools towards finer strain differentiation and more effec-
tive epidemiologic studies (Smart et al. 1996; Schneider et al. 1997; Langer and
Maixner 2004; Martini et al. 2007; Lee et al. 2006b, 2010, 2012; Hodgetts et al.
2008; Cimerman et al. 2009; Mitrovi¢ et al. 2011, 2015). Moreover, for the majority
of phytoplasmas maintained in collections (Bertaccini 2015), a barcode identifica-
tion system was established according to two genes; i.e., 600 base pairs at the begin-
ning of the 16S ribosomal gene, and 500 bais pairs in the fuf gene (Makarova et al.
2012; Contaldo et al. 2015). Accurate molecular distinction is very often necessary
for phytoplasma strain characterisation and epidemiologic studies, and therefore the
use of at least two molecular markers to cross-confirm both the phytoplasma pres-
ence and identity during severe epidemic outbreaks is highly recommended to carry
out the best focused disease management. The molecular markers should be selected
among those that are more informative for the different taxon, considering their
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Table 1.1 Phytoplasmas classified according to 16S rDNA sequences/RFLP (those in bold have
been detected in grapevine)

Ribosomal
‘Candidatus’ spp. subgroup Disease Relevant literature
N.a. 16SrI-A North American Davis et al. (1998)
grapevine yellows
‘Ca . P. asteris’ 16SrI-B Aster yellows Lee et al. (2004a), Alma
et al. (1996) and
Gajardo et al. (2009)
N.a. 16SrI-C Clover proliferation Gajardo et al. (2009)
‘Ca. P. lycopersici’ 16SrI-Y “Brote grande” of Arocha et al. (2007)
tomato
‘Ca. P. aurantifolia’ 16SrII-B Lime witches’ broom Zreik et al. (1995)
‘Ca . P. australasia’ | 16Sr1I-D Papaya mosaic White et al. (1998) and
Gibb et al. (1999)
‘Ca. P. pruni’ 16SrIII-A Peach X disease Davis et al. (2013)
N.a. 16SrIII-1 North American Davis et al. (1998)
grapevine yellows
N.a. 16SrlIII-J Chayote witches’ Montano et al. (2000)
broom and Fiore et al. (2015)
‘Ca . P. ulmi’ 16SrV-A Elm yellows Lee et al. (2004b) and
Fiore et al. (2015)
N.a. 16SrV-C Palatinate grapevine Maixner et al. (2000)
yellows and and Martini et al. (1999)
“Flavescence dorée” C
N.a. 16SrV-D “Flavescence dorée” D | Martini et al. (1999)
‘Ca. P. ziziphi’ 16SrV-B Jujube witches” broom Jung et al. (2003a)
‘Ca. P. rubi’ 16SrV-E Rubus stunt Malembic-Maher et al.
(2011)
‘Ca. P. balanitae’ 16SrV-F Balanites witches’ Win et al. (2013)
broom
‘Ca. P. trifolii’ 16SrVI-A Clover proliferation Hiruki and Wang (2004)
‘Ca.P. 16SrVI-I Passionfruit disease Davis et al. (2012)
sudamericanum’
‘Ca . P. fraxini’ 16SrVII-A Ash yellows Griffiths et al. (1999)
and Gajardo et al.
(2009)
‘Ca. P. phoenicium’ 16SrIX-B Almond witches’ broom | Verdin et al. (2003)
N.a. 16SrIX n.a. Canik et al. (2011)
N.a. 16SrIX-C Picris echioides yellows | Heinrich et al. 2001)
and Salehi et al. (2016)
‘Ca. P. mali’ 16SrX-A Apple proliferation Seemiiller and
Schneider (2004)
‘Ca . P. prunorum’ 16SrX-B European stone fruit Seemiiller and

yellows

Schneider (2004), Varga
et al. (2000) and Duduk
et al. (2004)

(continued)
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Ribosomal
‘Candidatus’ spp. subgroup Disease Relevant literature
‘Ca. P. pyri’ 16SrX-C Pear decline Seemiiller and
Schneider (2004)

‘Ca. P. spartii’ 16SrX-D Spartium witches’ Marcone et al. (2003a)
broom

‘Ca. P. oryzae’ 16SrXI-A Rice yellows dwarf Jung et al. (2003b)

‘Ca. P. cirsii’ 16SrXI-E Cirsium malformation Safarova et al. (2016)

‘Ca . P. solani’ 16SrXII-A “Stolbur” Quaglino et al. (2013)

‘Ca . P. australiense’ | 16SrXII-B Australian grapevine Padovan et al. (1995)
yellows and Davis et al. (1997)

‘Ca. P. japonicum’ 16SrXII-D Japanese hydrangea Sawayanagi et al.
phyllody (1999)

‘Ca. P. fragariae’ 16SrXII-E Yellows diseased Valiunas et al. (2006)
strawberry

‘Ca. P. convolvuli’ 16SrXII-H Bindweed yellows Martini et al. (2012)

‘Ca. P. hispanicum’ 16SrXIII-A Mexican periwinikle Davis et al. 2016)
virescence

‘Ca. P. meliae’ 16SrXIII-G Melia azedarach yellows | Fernandez et al. (2016)

‘Ca. P. cynodontis’ 16SrXIV-A Bermudagrass white leaf | Marcone et al. 2003b)

‘Ca. P. brasiliense’ 16SrXV-A Hibiscus witches” broom | Montano et al. (2001)

‘Ca. P. graminis’ 16SrXVI-A Sugarcane yellow leaf Arocha et al. (2005)
syndrome

‘Ca. P. caricae’ 16SrXVII-A Papaya bunchy top Arocha et al. (2005)

‘Ca. P. americanum’

16SrXVIII-A

American potato purple
top wilt

Lee et al. (2006a)

‘Ca. P. castaneae’ 16SrXIX-A Chestnut witches’ broom | Jung et al. (2002)

‘Ca. P. rhamni’ 16SrXX-A Rhamnus witches’ Marcone et al. (2003a)
broom

‘Ca. P. pini’ 16SrXXI-A Pinus phytoplasma Schneider et al. (2005)

‘Ca. P. palmicola’ 16SrXXII-A Mozambique coconut Harrison et al. (2014)

yellows

16SrXXIII-A

Buckland Valley
grapevine yellows

Constable et al. (2002)

‘Ca. P. omanense’ 16SrXXIX-A Cassia witches’ broom Al-Saady et al. (2008)

‘Ca. P. tamaricis’ 16SrXXX-A Salt cedar witches’ Zhao et al. (2009b)
broom

‘Ca. P. costaricanum’ | 16SrXXXI-A Soybean stunt Lee et al. (2011)

‘Ca. P. malaysianum’

16SrXXXII-A

Malaysian periwinkle
virescence

Nejat et al. (2012)

‘Ca.P.
allocasuarinae’

16SrXXXIII-A

Allocasuarina
phytoplasma

Marcone et al. (2003a)

N.a. not available



1.3 Management of Phytoplasmas and Insect Vectors 9

reported molecular diversity and specificity in phytoplasma detection (Alvarez et al.
2014).

Host range, geographic distribution and vector transmission specificity are also
biologic properties that need to be included for unique phytoplasma species delinea-
tion, especially when the dropping of the ‘Candidatus’ classification will be
achieved through the acquisition of phenotypic information from cultures and their
inclusion in at least two official collections as required by the taxonomy rules
(Brown et al. 2007).

1.3 Management of Phytoplasmas and Insect Vectors

In the management of phytoplasma diseases, the primary concern is prevention and
containment, rather than treatment. The commercial movements of living plants
from areas affected by phytoplasmas to the disease-free areas is generally not per-
mitted. However, these diseases might not be recognized until after significant dis-
tribution of infected material has taken place. Furthermore, quarantine rules varies
according to the geographical areas involved. Effective quarantine measures can
also help to minimise the impact of phytoplasmas by restricting their dispersion and
establishing the insect vector species. In affected areas, disease management meth-
ods include control of the insect vectors and host-plant reservoirs in weeds (which
might be latent hosts that do not show symptoms), rogueing of symptomatic plants
and avoiding planting susceptible genotypes next to crops harbouring phytoplasmas
(Lee et al. 2000; Weintraub and Beanland 2006; Alma et al. 2015). One practical
advantage of knowing the vectors of phytoplasmas in a given pathosystem is that it
allows targeted use of insecticides, with spraying only when and where monitoring
shows the insect vectors to be present (Mori et al. 2008). This lessens the material
and labour costs, as well as the environmental impact, and can provide useful levels
of disease management.

Overall, preventing a phytoplasma-associated disease from becoming estab-
lished in a given area is central to its effective management. Growing awareness
about phytoplasmas and the availability of molecular methods for their detection
should help this to be achieved more effectively in future years. While there is a
range of methods available for vector control, the development of resistant cultivars
and replanting of affected areas with these is the best long-term strategy; however,
pathogen populations can adapt to new host genotypes, and resistance breakdown
has been reported in many pathosystems. Ultimately, this will demand the use of
resistance management strategies such as stacking of resistance genes in a given
cultivar, using mixed cultivar plantings rather than the use of a single cultivar over
wide areas, and combining host-plant resistance with other methods, including vec-
tor control. At present, however, the development of such advanced integrated dis-
ease management systems for phytoplasmas is in its infancy.
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Chapter 2
Worldwide Distribution and Identification

of Grapevine Yellows Diseases

Abstract Grapevine yellows diseases occur in most viticultural regions worldwide
and they are associated with at least 24 different phytoplasmas. Their epidemiology
is often different, and it can be strongly linked to the environment, particularly to
factors such as the presence of alternative plant hosts and the biology of the insect
vector(s). Sometimes the epidemiology of grapevine yellows diseases associated
with the phytoplasmas also differs at the regional level. Therefore, it is important to
understand every aspect of the disease biology and epidemiology, so that specific
management practices can be designed to reduce the risk of the spread of grapevine
phytoplasmas and the associated disease. In this chapter, an overview of the biology
and epidemiology of the different grapevine yellows diseases is presented.

2.1 Introduction

Grapevine yellows (GY) diseases have been described for many viticultural regions
worldwide, including the Americas, Africa, Australia, Asia and Europe. Many
grapevine cultivars, both red and white, are susceptible, although cvs. Riesling and
Chardonnay are considered the most susceptible in many regions, while rootstocks
are usually symptomless (Constable 2010). Significant reductions in yield have
been reported for some GY diseases (Caudwell 1964; Magarey and Wachtel 1986b).

Although the symptoms associated with each GY diseases are similar, distinct
GY phytoplasmas (GYP) that can be classified into various ribosomal groups and
subgroups are present across different viticultural regions and within the same
regions. GY diseases show most of the following symptoms:

— irregular yellowing in white cultivars or reddening in red cultivars (Fig. 2.1);
— yellow leaf tissue can become necrotic;

— backward curling of the leaves (Fig. 2.1);

— overlapping of leaves on affected shoots;

— shortened internodes;

— rows of black pustules on the green bark;

— death of tips and shoots;

— lack of lignification;

— aborting flowers;

— shrivelling of berries and early drying of whole clusters of berries (Fig. 2.1).
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Fig. 2.1 (a, b) FD-infected grapevines. (a) Young leaf of red cultivar showing early symptoms in
part of the lamina represented by the sectorial reddening (courtesy B. Duduk, Institute of Pesticides
and Environmental Protection, Belgrade — Serbia); (b) heavily late summer expressed reddening,
backward curling of the leaves, and shrivelling of berries and early drying of whole clusters of
berries in cv. Refosco d’Istria (Photo: archive NIB). (¢, d) BN-infected grapevines. (¢) Yellowing
and backward curling of the leaves of cv. Chardonnay (Hren et al. BMC Genomics 2009, 10:460);
(d) shrivelling of berries and early drying of whole clusters of berries in cv. Zweigelt (Photo:
G. Brader)

In some GY diseases, such as “flavescence dorée” (FD), “bois noir” (BN) and
“Australian GY” (AGY), recovery or remission of symptoms can occur, although
this is dependent upon the grapevine cultivar, and presence of re-infection events.
Decline and/or death of GY-affected grapevines have also been reported, and is
frequently observed in GY-diseased grapevines in the USA (Constable 2010). It is
important to note that symptomless infections can also occur in phytoplasma-
infected grapevines, especially under severe epidemic situations (Bertaccini et al.
1998).

Prior to the development of serological and molecular tools, GY diseases were
distinguished based on their biological characteristics. For example, BN and
“Vergilbugskarkeit” were differentiated from FD because they were not transmitted
by Scaphoideus titantus (Caudwell 1990). As the ability to characterise phytoplas-
mas at the molecular level improved and expanded, so too did the knowledge of the
diversity of grapevine-infecting phytoplasmas. As of 2016, sequencing and/or
restriction fragment-length polymorphism (RFLP) analysis of the 16S rRNA gene
has led to the identification of at least 24 distinct grapevine-infecting phytoplasmas
that represent nine 16Sr groups, including 16Sr1, -IL, -II1, -V, -VII, -IX, -X, -XII and
-XXIII, and multiple subgroups within some 16Sr groups (Table 2.1). Multilocus
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sequence typing (MLST) using genes such as tuf, secY, map and uvrB-degV has
indicated that there is further diversity among the BN and FD GYP strains (Martini
et al. 2002; Botti and Bertaccini 2007; Ayran et al. 2014; Plavec et al. 2015), and this
additional diversity might be linked to differences in their biology and epidemiol-
ogy (Constable 2010).

The epidemiology of GY diseases is complex, particularly as in some cases alter-
native plant hosts have an important role, as these can act as a reservoir from which
the insect vectors transmit phytoplasmas to grapevines. Transmission from grape-
vine to grapevine via an insect vector also occur. Phytoplasma vectors are primarily
leafthoppers, plant hoppers and psyllids species (Weintraub and Beanland 2006);
however, the insect vector species for many GYP remain unknown. Transmission of
phytoplasmas through infected grapevine propagation material is also important,
particularly for long-distance movements that expand their geographic distribution
within a country or a continent, and also to other continents (Arnaud et al. 2007,
Rott et al. 2007).

A summary of some of the important epidemiologic information available for
each of the GY diseases reported worldwide is presented in Table 2.1. A more
detailed description of diseases occurring in different regions throughout the world
is also presented.

2.2 Grapevine Yellows Phytoplasmas in Europe

2.2.1 16SrV Phytoplasmas: “Flavescence dorée”
and “Palatinate GY”’

“Flavescence dorée” (FD) is a serious and economically important disease of grape-
vines, and it affects a broad range of Vitis vinifera cultivars across nine European
countries, where it is a quarantine pathogen (Table 2.1) (Constable 2010; EPPO
2014; EFSA PLH Panel 2014). FD is associated with 16SrV-C and 16SrV-D phyto-
plasmas (Martini et al. 1999), which are both transmitted by the leafthopper
Scaphoideus titanus (Mori et al. 2002). FD is often epidemic, as large numbers of
vineyards in a region can become diseased and the proportion of affected grapevines
within a vineyard can reach 95% (Murari et al. 1996; Bressan et al. 2006). It has
been shown that in the absence of containment measures, a phytoplasma infection
can spread by a factor of 40 per year (Prezelj et al. 2013).

V. vinifera cultivars can differ in their susceptibility to FD-associated phyto-
plasma. Grapevine cultivars such as Barbera, Cabernet Franc, Cabernet Sauvignon,
Chardonnay, Pinot noir, Pinot gris, Glera, Riesling, Sangiovese, Garganega and
Refoscod’Istria are relatively susceptible to FD, while cultivars Nebbiolo, Merlot,
Sauvignon Blanc and Syrah are more tolerant (Belli et al. 2000; Kuzmanovic et al.
2003; Pavan et al. 1997; Sancassani and Posenato 1995; Vercesi and Scattini 2000;
Prezelj et al. 2013).
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In Germany Palatinate GY (PGY) is also associated with 16SrV-C group phyto-
plasmas that have a high 16S ribosomal sequence similarity with FD strains and
with alder yellows phytoplasmas (AldY) (Angelini et al. 2001, 2003; Arnaud et al.
2007; Ember et al. 2011). Unlike FD, with PGY, grapevine is a secondary and inci-
dental host, and PGY is not known to be epidemic (Maixner et al. 1995). The pri-
mary host of PGY phytoplasma in Germany is common alder (Alnus glutinosa)
(Maixner et al. 2000), although strains have also been detected in common alder and
grey alder (Alnus incana) in Montenegro (Radonji¢ et al. 2013).

FD can cause significant yield losses in epidemic years, and for susceptible cul-
tivars such as Garganega and Perera, it can be lethal (Bellomo et al. 2007; Pavan
et al. 2012b). However, some grapevine cultivars can recover from FD and although
they might not be as productive as plants that have not been affected, it can be eco-
nomically feasible to maintain these plants rather than to replace them (Bellomo
et al. 2007; Caudwell 1961; Morone et al. 2007; Osler et al. 2003; Pavan et al.
2012b). The recovery response does not appear to be linked to the FD strain (Belli
et al. 1973; Caudwell et al. 1994; Angelini et al. 2006), although this might be
related to the phytoplasma titre, and possibly the phytoplasma distribution within a
grapevine, as FD-associated phytoplasmas are not detected in the canopy of recov-
ered grapevines and they are not acquired by S. titanus from recovered grapevines
(Pavan et al. 2012a; Galetto et al. 2014). On the other hand, the continued presence
of infectious vectors in vineyards can lead to re-infection events and the expression
of FD symptoms in subsequent years, which highlights the need for control of the
insect vectors (Morone et al. 2007).

Alternative and symptomless hosts of FD include wild Vitis spp. such as V. armu-
rensis, V. champinii, V. doaniana, V. labrusca, V. longii, V. pentagona, V. riparia, V.
rubra, V. rupestris, V. simpsonii, V. sylvestris and interspecific hybrids that are used
as grapevine rootstock (Moutous 1977, Eveillard et al. 2012; EFSA 2014). Latent
infections in rootstocks are a significant risk for the transmission of FD to suscep-
tible V. vinifera scions by grafting (Caudwell et al. 1994). Infectious S. titanus
nymphs and adults have been found on symptomless wild V. riparia in European
woodlands, and thus wild Vitis species can also act as a reservoir for the phyto-
plasma strains in nearby vineyards (Lessio et al. 2007).

FD-associated phytoplasmas can also infect Clematis vitalba, Ailanthus altissima
and A. glutinosa when these occur near vineyards, although they remain asymptom-
atic (Ember et al. 2011; Filippin et al. 2007; Angelini et al. 2004; Filippin et al.
2010, 2011; Mehle et al. 2011; Radonji¢ et al. 2013; Atanasova et al. 2014). It is
possible that these alternative hosts and wild Vitis spp. that occurr externally and
adjacent to vineyards also act as a reservoir of FD in the grapevines, and this hypoth-
esis is supported by edge effects in the spatial distribution of diseased grapevines
within vineyards (Pavan et al. 2012b). Molecular evidence suggests that the same
16SrV-C FD strain can be exchanged among grapevines and C. vitalba, and A.
altissima (Angelini et al. 2004; Filippin et al. 2010, 2011). It is interesting to note
that 16SrV-C FD strains have been found on C. vitalba in Bosnia and Herzegovina
and 16SrV-C and 16SrV-D FD strains have been found in common and/or grey alder
in the Former Yugoslav Republic of Macedonia and Montenegro, where FD-infected
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grapevines are not known to occur, further supporting their role as a wild FD host
(Filippin et al. 2007; Deli¢ et al. 2011; Radonji¢ et al. 2013; Atanasova et al. 2014).

FD and PGY strains each fall into to two distinct 16SrV subgroups, 16SrV-C and
16SrV-D (Martini et al. 1999; Davis and Dally 2001) and the 16SrV-C strains also
include AldY (Angelini et al. 2003). The multilocus sequence typing (MLST) anal-
ysis using the rp, secY, map and uvrB-degV genes can further divide FD within the
16SrV-C and 16SrV-D groups into genetically distinct strains. These were origi-
nally detected in FD strains from France and Italy, and were designated as
mapFD1(FD-C; 16SrV-C) with high genetic variability, mapFD2 (FD-D; 16SrV-D)
with lower genetic variability, and mapFD3 (FD-C; 16SrV-C), which is genetically
very distinct from the previous 16SrV-C group (Martini et al. 2002; Arnaud et al.
2007). Strains of these clusters were also recently found in grapevines from Hungary
and in A. glutiniosa in the Republic of Macedonia and in Montenegro (Radonji¢
et al. 2013; Atanasova et al. 2014). Further FD strain differentiation has been
achieved with the rp and secY genes in FD from other countries, including Italy,
Serbia, Croatia and Slovenia (Bertaccini et al. 2003, 2009; Botti and Bertaccini
2006a).

Bioinformatics analysis of the concatenated sequences of the tuf, rpsC-rplV,
rplF-rplR, and map genes of FD, PGY and AIdY strains indicates that these form a
single cluster of strains that is distinct from other 16SrV phytoplasmas, and they are
thought to have a common origin in Europe (Arnaud et al. 2007; Malembic-Maher
et al. 2011). There are distinct epidemiologic differences between FD, PGY and
AldY strains. In particular S. titanus transmits both FD strains (Mori et al. 2002),
but does not transmit AldY and PGY (Maixner et al. 2000). Although genetic diver-
sity amongst FD strains has been useful for the identification of potential origins
and dispersal within the environment, the biological differences between these
strains are not so clearly studied.

The leathopper S. titanus transmits FD from grapevine to grapevine, and its biol-
ogy is strongly linked to FD epidemics (Schvester et al. 1969; Boudon-Padieu 2005;
Bressan et al. 2006). S. titanus has a univoltine lifecycle and, although it is oli-
gophagous, it lives only on grapevine in Europe (Bressan et al. 2006; Chuche and
Thiery 2014). It is the only insect vector known to transmit FD from grapevine to
grapevine. It is not known to transmit FD between alternative hosts and grapevine,
and although it can feed on only a few other hosts, the possibility that it acquires FD
from these hosts cannot be ignored (Arnaud et al. 2007; Filippin et al. 2007; Chuche
and Thiery 2014). Other insects, such as Oncopsis alni and Dictyophara europaea
can occasionally introduce FD to grapevine (Filippin et al. 2009; Maixner et al.
2000). Orientus ishidae is a further potential insect vector, which can occur in
FD-infected vineyards and can harbour 16SrV-C and 16SrV-D strains. However,
their ability to transmit phytoplasmas has yet to be demonstrated (Mehle et al. 2010;
Trivellone et al. 2016; see also the last chapter of this book).

The geographic distribution of S. titanus has expanded significantly throughout
Europe since its introduction from the USA into France, which is hypothesised to
have occurred on infested propagation material early in the twentieth century
(Caudwell 1983; Bertin et al. 2007; Arnaud et al. 2007). S. titanus populations have
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little genetic diversity and it appears that there have been two introductions of S.
titanus into Europe (Papura et al. 2012; Chuche and Thiery 2014). It also suggests
that long-distance dispersal throughout Europe is facilitated by movements of
infested propagation material (Papura et al. 2012). The current extremes of distribu-
tion of S. titanus known for Europe are Portugal in the West, Romania in the East,
southern Italy in the South, and Slovakia and the Champagne region of France in
the North (EFSA 2014; Téthova et al. 2015). No correlations between FD strains
and S. titanus haplotypes have been recorded to date (Papura et al. 2009).
Interestingly, less genetic diversity was observed among S. titanus populations
infected with FD compared to healthy S. titanus populations, and thus FD might be
associated with reduced fitness and reduced dispersal of the leathopper (Bressan
et al. 2005a, b; Papura et al. 2009).

Although all five nymph instars and adults can acquire FD phytoplasma, the
adult S. titanus are considered more important than the nymphs for the spread of
FD. Although they do not fly long distances, adults will always move further than
nymphs, and they can spread FD from grapevine to grapevine within and between
vineyards (Riolo et al. 2014). Adult S. fitanus also acquire and transmit FD more
efficiently than nymphs (Bressan et al. 2006). The lower efficiency of nymphs might
be due to less probing for feeding, but might also be due to lower phytoplasma titres
earlier in the season when nymphs are prevalent (Galetto et al. 2014). Low phyto-
plasma titres in grapevines tolerant to FD also reduce the chances of FD to be
acquired by adults (Bressan et al. 2005b). Higher grapevine planting densities
increase the population density of S. titanus, which can result in an increase in FD
within a vineyard, and its rapid spread to other vineyards (Chuche and Thiery 2014;
Lessio and Alma 2004). Based on the life-cycle acquisition and transmission of FD
by S. titanus nymphs and adults, it is recommended that insecticides are applied
when nymphs first appear, to reduce their population and the potential spread of FD
(Bressan et al. 2006).

The populations of S. fitanus can be clustered in vineyards and can contribute to
the observed clustering of FD (Arno et al. 1993; Riolo et al. 2014). A mix of recov-
ery, persistent infection and new infections is likely to contribute to the random
distribution of FD that has been observed in vineyards where clustering had previ-
ously been observed (Constable 2010).

The detection of 16SrV-D (mapFD2) FD strains in many regions of Europe pro-
vides evidence for its dispersal through grapevine cuttings, although the uneven
distribution of FD in grapevines (Prezelj et al. 2013) means that not all cuttings are
likely to be infected (Arnaud et al. 2007). Risk of dispersal of FD to other regions
increases with symptomless FD-infected rootstocks and scion wood, which can also
be symptomless if collected in the year of the infection event (Caudwell et al. 1994;
Morone et al. 2007). The increasing expansion of S. titanus and dispersal of FD
through planting material into previously unaffected regions further spread the
disease.
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2.2.2 “Bois noir”

“Bois noir” (BN; “Vergilbungskrankheit”; “Legno nero”) disease of grapevine is
associated with ‘Candidatus Phytoplasma solani’-related strains (16SrXII-A) and
occurs in vineyards throughout Europe and in China, Georgia, Iran, Israel, Jordan,
Lebanon, Syria and Turkey (Boudon-Padieu 2005; Duduk et al. 2010; Maixner
2011; Contaldo et al. 2011; Salem et al. 2013; Ertunc et al. 2015; Mirchenari et al.
2015; Quaglino et al. 2014, 2016). ‘Ca. P. solani’ was also reported for BN-affected
grapevines in Chile in 2003 (Gajardo et al. 2003) and in Canada in 2006 where it
was subsequently eradicated (Olivier et al. 2014).

The “bois noir” phytoplasmas can infect more than 90 plant species across 36
families (Kessler et al. 2011, Sforza 1998; Quaglino et al. 2013; Langer and Maixner,
2004; Reidle-Bauer et al. 2006; Johannesen et al. 2012; Cvrkovi¢ et al. 2014; Aryan
et al. 2014). Stinging nettle (Urtica dioica), and bindweed (Convolvulus arvensis
and Calystegia sepium) are the most important hosts of BN in Europe, as they are
the primary hosts of this phytoplasma and the planthopper vector Hyalesthes obso-
leteus (Bressan et al. 2007; Lessio et al. 2007; Maixner 2011; Sforza et al. 1999).
However, when other BN host-plant species occur near to or within vineyards, these
can contribute to the occurrence of BN disease (Mori et al. 2008; Oliveri et al. 2015;
Kosovac et al. 2016; Sharon et al. 2015). In Europe, grapevine is only an incidental
feeding host of H. obsoletus, as it is not the H. obsoletus developmental host, and it
is an unlikely acquisition host of BN. Therefore, grapevine is generally considered
a dead-end host for this phytoplasma (Lee et al. 1998; Sforza 1998; Bressan et al.
2007; Johannesen et al. 2008). In Israel BN is acquired by H. obsoletus from grape-
vine, but subsequent transmission has yet to be shown, and it is not known if grape-
vine is a relevant acquisition host in this region (Sharon et al. 2015).

Although genetic variability occurs among strains of BN, they form a distinct
genetic cluster based on genes other than 16Sr (Johannesen et al. 2012; Quaglino
et al. 2013). The variability associated with biological differences in the BN cycle
was detected by analysis of the fuf gene, which identified differentiable types of BN
associated to stinging nettle and bindweed and possibly to the specialisation of bio-
types of the vector H. obsoleteus to each of these weed hosts (Langer and Maixner,
2004; Johannesen et al. 2012; Aryan et al. 2014; Contaldo et al. 2016). The use of
other genes showing genetic diversity allows analysis of the spatial and temporal
movement of BN strains between grapevines and alternative hosts (Murolo and
Romanazzi 2015; Landi et al. 2015; Oliveri et al. 2015). For example, analysis of
the diversity of the vimp 1 gene identified potential insect vectors and alternative host
plants, that might contribute to the occurrence of BN disease in regions where H.
obsoletus has not been reported (Oliveri et al. 2015).

In Europe and Israel, H. obsoletus is the primary vector of BN to grapevine
(Maixner 2006; Sharon et al. 2015). It is polyphagous and feeds on many plants,
which might explain the large number of alternative hosts, although H. obsoletus
preferred developmental hosts in or near European vineyards are nettle and bind-
weed (Maixner 2006; Bressan et al. 2007). However different preferred plant spe-
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cies for H. obsoletus have been reported in different geographic regions in Europe:
in some parts of Italy, nettle is the primary host, but in Germany, bindweed is the
preferred host, although nettle is becoming more important (Johannesen et al. 2008).
Nymphs acquire BN from the roots of their primary hosts, then transmit them as
adults to grapevines and other plant hosts (Bressan et al. 2007). There is only one
generation of H. obsoletus per year in Europe, while there are two generations per
year in Israel (Sharon et al. 2015).

The BN epidemiology in Israel appears to be different to that in Europe and it
remains unresolved. In Israel, Vitex agnus-castus is a preferred plant host for H.
obsoletus, but it does not host BN nor is it found frequently near vineyards (Zahavi
et al. 2007; Sharon et al. 2015). However, BN-infected H. obsoletus are found more
frequently in vineyards and they can acquire the phytoplasmas from grapevines
although transmission to grapevines has yet to be shown (Sharon et al. 2015).

“Bois noir” occurs also in viticultural regions in Europe, Israel and Lebanon
where H. obsoletus is not abundant, and therefore other vectors of BN are probably
present (Oliveri et al. 2015). The planthopper Reptalus panzeri was recently reported
as a vector for BN in Serbian vineyards (Cvrkovi¢ et al. 2014), and the leathopper
Anaceratagallia ribauti and planthopper Pentastiridius leporinus are vectors of
‘Ca. P. solani’ strains to other crops, although again, their transmission to grapevine
has not been reported (Gatineau et al. 2001; Reidle-Bauer et al. 2008; Aryan et al.
2014). Experimental vectors of BN to grapevine include the leathoppers Aphrodes
bicinctus, Euscelidius variegatus, Euscelis lineolatus, Issus sp. and Macrosteles
quadripunctulatus, and the planthopper Reptalus quinquecostatus (Lavind et al.
2006; Landi et al. 2013; Pinzauti et al. 2008; Batlle et al. 2008).

BN phytoplasma can be transmitted through propagation material, and although
the rate of transmission is believed to be low, propagation material can assist in the
spread of BN, to regions where it has not previously been observed (Osler et al.
1997). This is demonstrated by the detection of BN-infected grapevines in Canada,
which appear to have come from a nursery in France (Rott et al. 2007).

“Bois noir” can reach incidences higher than 80% in a single year (Johannesen
et al. 2008; Romanazzi et al. 2007); however, incidence fluctuates from year to year
and is associated with recovery, and expression of disease associated persistent
infection and new infection events (Osler et al. 1993). Recovery is an almost com-
pletely irreversible phenomenon, and the disappearance of symptoms is associated
with the lack of detection of BN in the canopy (Osler et al. 2003; Maixner 2006;
Morone et al. 2007; Romanazzi and Murolo 2008; Terlizzi and Credi 2007).
However, different cultivars have different propensities for recovery (Romanazzi
et al. 2007), and the ability of grapevines to recover also appears to be affected by
the rootstock (Romanazzi and Murolo 2008).

Management strategies for BN focus on the control of weed hosts in vineyards,
although this is not always possible (Mori et al. 2012). Abiotic stress, such as partial
uprooting, pollarding and pruning, and the application of chemical elicitors are all
methods that are thought to induce a stress response that can reduce BN phyto-
plasma concentrations and assist, at least to some extent, in grapevine recovery
(Romanazzi and Murolo 2008; Romanazzi et al. 2013).
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2.2.3 Aster Yellows Phytoplasmas in Europe

The 16SrI group (aster yellows) is one of the largest and most molecularly diverse
of all of the phytoplasma groups, with 28 subgroups described to date (Lee et al.
2004). Phytoplasmas in this group infect a broad range of host plants, which are
monocots and dicots, herbaceous and woody. The 16SrI phytoplasmas are more
widely distributed among the viticulture regions around the world, and they occur
in Europe, Eurasia, North America, South America and Africa. In Europe and
Eurasia, 16SrI phytoplasmas occur sporadically in GY-diseased grapevines. 16SrI-B
phytoplasmas have been found in grapevine in Italy, Slovenia, Croatia and Turkey,
while 16SrI-C a phytoplasmas have only been reported for Italy (Alma et al. 1996;
Saric et al. 1997; Mikec et al. 2006; Canik et al. 2011; Landi et al. 2013; Jezi¢ et al.
2013; Ertunc et al. 2015). Electron microscopy and serological techniques were
used to detect 16SrI phytoplasmas in Romanian grapevines, but the specific sub-
group was not determined by molecular methods (Ploaie and Chireceanu 2012).
16S1I phytoplasmas were detected in declining Syrah grapevines in France, but
their subgroup was not determined (Renault-Spilmont et al. 2006). Similarly, 16SrI
phytoplasmas have been reported in GY-affected grapevines in Israel; however, the
sequence was only 178 base pair-long and had 85% sequence identity to aster yel-
lows phytoplasmas, so the identity of the detected phytoplasmas could not be
assessed (Orenstein et al. 2001).

Four European leathopper species can transmit 16SrI-B phytoplasmas to grape-
vine including Euscelis incisus and Macrosteles quadripunctulatus, which are the
most efficient vectors, and Euscelidius variegatus, and S. titanus, which are less
efficient (Alma et al. 2001). M. quadripunctulatus, E. variegatus and E. incisus are
important vectors of 16Srl phytoplasmas, and of other phytoplasmas to other plant
hosts in Europe (Palermo et al. 2001; Weintraub and Beanland 2006). It was reported
that M. quadripunctulatus does not survive on grapevine (Batlle et al. 2008).
Another study has shown that other possible vectors infected by 16SrI-B and
16S1I-C phytoplasmas are found in Italian vineyards, although the phytoplasmas
were not detected in grapevines (Landi et al. 2015). The preference of their insect
host and their survival on grapevine might explain the sporadic 16SrI phytoplasma
infection of grapevine in European vineyards. These insects would appear to be
completing their life-cycle on other plants that are near to or within vineyards that
are also hosts for the phytoplasmas and probably represent a phytoplasma reservoir
for grapevines with grapevine likely to be their incidental host.

2.2.4 Minor Phytoplasmas Reported in Europe and Eurasia

In Lebanon and in Iran 16SrIX-C phytoplasmas occur in grapevine and at least 12
wild plant species (Casati et al. 2016; Salehi et al. 2016). A 16SrIX phytoplasma
species has also been reported in a few GY-affected grapevines in Turkey (Canik
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etal. 2011; Ertunc et al. 2015). Phytoplasmas of the 16SrX group are also scattered
detected in Italy, Hungary and Serbia (Bertaccini et al. 1996; Varga et al. 2000;
Duduk et al. 2004).

2.3 Grapevine Yellows Phytoplasmas in America

2.3.1 Grapevine Yellows Phytoplasmas in USA

In the USA, North American GY (NAGY) disease occurs in Maryland, Missouri,
New York State, Ohio, Pennsylvania and Virginia, and it is is associated with
16SrI-A and 16SrIII-A phytoplasmas (Table 2.1; Uyemoto et al. 1977; Pearson
et al. 1985; Wolf et al. 1994; Prince et al. 1993; Davis et al. 1998; 2015). Both phy-
toplasmas can occur in the same vineyard with similar prevalence (Stoepler and
Wolf 2014). The cultivars Chardonnay and Riesling are the most susceptible to
NAGY, where this disease persists and is frequently lethal (Wolf et al. 1994; Stoepler
and Wolf 2014).

Little is known about the genetic diversity of the 16SrI-A phytoplasmas that have
been detected in NAGY-affected grapevines. Earlier studies placed NAGY 16SrIIl
strains in the sub-group 16SrIII-I (Davis et al. 1998). However, recent studies of the
genetic diversity of the NAGY-associated 16SrIIl strains have shown that NAGY
disease is associated with two 16SrIII-A ‘sequevars’ 16SrIllo and 16SrIIIp that are
closely related to, but are distinct from ‘Ca. P. pruni’, which is associated with
peach X disease (Davis et al. 2015). The implications of this diversity of grapevines
infected by these 16SrIlla and 16SrIII strains is not known.

Alternative hosts of NAGY phytoplasmas that occur near affected vineyards
include wild Vitis spp., Prunus serotina, Ulmus americana, Platanus occidentalis,
Taraxacum sp., Trifolium pratense, T. repens, and Lespedeza spp. (Stoepler and
Wolf 2014). The roles of these plant hosts in the epidemiology of NAGY are not yet
known. However, clustering of NAGY-affected grapevines and edge effects observed
in affected vineyards have also been correlated with the feeding behaviour of sev-
eral potential insect vectors on weeds near to and within affected vineyards, and
detection of 16SrI and 16SrIII phytoplasmas in symptomless V. riparia (Prince et al.
1993; Davis et al. 1998; Beanland et al. 2006).

Epidemiological studies in the USA have identified several potential vectors,
including the FD vector S. titanus, although none have been confirmed (Beanland
et al. 2006; Stoepler and Wolf 2014). S. titanus has high potential as a vector of
NAGY as it has been shown to transmit NAGY to braod bean (Vicia faba) plants,
although the identity of the phytoplasmas at the time of the study was not studied
(Maixner et al. 1993). Also, S. titanus can transmit Italian 16SrI phytoplasmas to
grapevine (Alma et al. 2001). Additionally, S. titanus is native to the USA and can
occur on its preferred hosts V. labrusca and V. riparia in woodland and hedgerow
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vegetation near NAGY-affected vineyards (Maixner et al. 1993; Beanland et al.
2006; Chuche and Thiéry 2014).

2.3.2 Grapevine Yellows Phytoplasmas in Canada

The greatest diversity of the grapevine-infecting 16SrI phytoplasmas has been
reported for Canadian vineyards, where 16SrI-A, 16SrI-B and 16SrI-C subgroups
and five novel subgroups/strains have been detected (Olivier et al. 2009b; 2014). Of
these subgroups and strains, the 16SrI-A phytoplasmas have been detected most
frequently, while 16StIII phytoplasmas have been reported erratically (Saguez et al.
2015).

Grapevine yellows disease and GYP have been observed in at least 20 grapevine
cultivars from British Columbia, Ontario and Quebec in Canada (Olivier et al.
2014). The cultivars Sauvignon blanc, Cabernet franc, Shiraz and Cabernet
Sauvignon are considered to be most susceptible in these regions (Olivier et al.
2014; Vincent et al. 2015). In Canadian vineyards, most GY-affected grapevines do
not persistently express symptoms from year to year and the incidence of phytoplas-
mas has also been variable, which suggests possible remission or recovery phenom-
enon (Olivier et al. 2009b, 2014).

Phytoplasmas have been less frequently detected in the west coast grape growing
region of British Colombia (<1%) compared to the eastern regions of Ontario and
Quebec (>2.4%). These observations are similar to those in the USA, where GY
diseases have been reported only in some eastern states, including New York State,
which borders Quebec and Ontario (Stoepler and Wolf 2014). However, there are
some interesting epidemiologic differences between GY diseases in Canada and the
NAGY in USA: Canadian grapevines are predominantly infected by 16SrI phyto-
plasmas, but in the USA 16SrI and 16SrIII phytoplasmas occur with similar preva-
lence in the same vineyards (Constable 2010). Also, phytoplasma-infected
grapevines in Canada are predominantly symptomless (ca. 90%), which is contrary
to the situation in the USA, where grapevines infected with 16SrI-A or 16SrIII phy-
toplasmas mostly express GY symptoms and can decline and die (Wolf et al. 1994;
Olivier et al. 2009b, 2014). This rate of symptomless infection in Canada is much
higher compared to any other viticultural region worldwide (Constable 2010). The
reason for the high rate of symptomless infections in Canadian vineyards is not
known, and further studies to determine how the 16StI phytoplasma strains interact
with the plant, including the host response, localisation within a grapevine with time
and the impact of the environment, would be useful, as this information might assist
in the development of control strategies for all viticultural regions. Temperature has
been shown to affect the development of symptoms associated with 16SrI phyto-
plasmas in the plant host Chrysanthemum carinatum: symptoms evolved later and
slower at lower temperatures, and later but quicker at higher temperatures, com-
pared to intermediate temperatures (Maggi et al. 2014). If this can be extrapolated
to grapevines, it might explain the differences in symptom expression in the cooler
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climate of Canada compared to the warmer climate of the GY-affected grape-
growing regions of the USA.

Phytoplasmas have been detected in 37 leafthopper species collected from
Canadian vineyards, and 11 are known phytoplasma vectors (Olivier et al. 2014;
Saguez et al. 2014). In particular, the known 16Srl vectors are Amplicephalus
inimicus, Aphrodes bicinctius, Colladonus geminatus, Euscelis maculipennis,
Gyponana hasta, Macrosteles quadrilineatus, Paraphlesius irroratus, S. titanus and
Scaphytopius acutus (Lee et al. 2004; Olivier et al. 2009a, 2014). Except for S.
titanus, the ability of these species to transfer the 16SrI phytoplasmas to and from
grapevines is not known (Alma et al. 1996). M. quadrilineatus is a strong candidate
as a vector to grapevines as it can feed on Vitis spp. and it occurs with great abun-
dance in Canadian vineyards (Olivier et al. 2014; Saguez et al. 2014). The other
known 16SrI vectors occur less frequently in Canadian vineyards, and although
most are polyphagous, their ability to feed on grapevine is not known, with further
work required to determine their vector ability in grapevine (Nielson 1968; Lee
et al. 2004; Saguez et al. 2014).

In Canada, management of phytoplasmas and GY diseases focuses on removing
young shoots and branches of grapevines to prevent colonisation or feeding of the
vectors. Control of alternative hosts of both the vector and phytoplasmas within or
near to the periphery of vineyards is also recommended (Saguez et al. 2015).
Specific alternative hosts near to or within vineyards have not been reported.
However, 16Srl phytoplasmas are found in a broad range of hosts throughout
Canada, which suggests that the 16SrI phytoplasmas are endemic or naturalised in
this environment, and therefore can easily spread to grapevine from these hosts
(Olivier et al. 2009a).

2.3.3 Grapevine Yellows Phytoplasmas in South America

Grapevine yellows diseases were reported in Chile and Argentina in 1988, and an
uncharacterised phytoplasma was observed in phloem cells of affected grapevines
in Chile and was later detected by PCR (Caudwell 1988; Gajardo et al. 2003;
Herrera and Madariaga 2003). The epidemiology is very likely complex because the
disease in Chile is associated with six phytoplasmas: 16SrI-B, 16SrI-C, 16SrIII-J,
16SrV-A, 16SrVII-A and 16SrXII-A (Fiore et al. 2007; Gajardo et al. 2009;
Gonzalez et al. 2011). The incidence of each of these phytoplasmas in Chilean vine-
yards has not been reported, although a 50% incidence of GY disease has been
observed in some Chilean vineyards (FIA 2009).

The 16SrlIII-J phytoplasmas are perhaps the best studied amang the grapevine-
infecting phytoplasmas in Chile. Paratanus exitiosus can transmit 16SrIII-J phyto-
plasmas to grapevines and, experimentally, Bergallia valdiviana can transmit
16Sr1II-J phytoplasmas to periwinkle (Fiore et al. 2015a). In Chile, 16SrIII-J phyto-
plasmas are associated with disease in a broad range of herbaceous and woody
hosts, both weeds and crops (Fiore et al. 2015b; Quiroga et al. 2015; Zamorano and
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Fiore 2016). Both P. exitiosus and B. valdiviana vectors are widely distributed
throughout Chile, and they occur commonly on weeds in Chilean vineyards,
although they appear to visit grapevines infrequently (Fiore et al. 2015a; Quiroga
et al. 2015).

Very little additional information is known about the other grapevine-infecting
phytoplasmas in South America. Studies have shown that weeds collected from
Chilean vineyards also contain other grapevine-infecting phytoplasmas, including:
C. arvensis infected with 16SrI-B, 16SrVII-A and 16SrXII-A phytoplasmas;
Polygonum aviculare infected with 16SrI-B and 16SrVII-A phytoplasmas; and
Galega officinalis infected with 16SrVII-A phytoplasmas (Longone et al. 2011). C.
arvensis is important in the epidemiology of the 16SrXII-A phytoplasma, as it is
associated with BN in Europe. However, H. obsoletus, the primary vector of BN in
Europe that completes its lifecycle on C. arvensis, has not been reported in Chile
(Constable 2010).

2.4 Grapevine Yellows Phytoplasmas in Africa

Grapevine yellows diseases were first reported in Africa in Tunisia in 2004, and
were associated with 16SrI-B phytoplasmas (M hirsi et al. 2004). There is no fur-
ther information about GYP in this northern African region.

In 2006, there were two separate reports of GY disease for the western Cape of
South Africa: one was associated with a mixed infection of 16SrXII-A and 16SrII-B
phytoplasmas, and the other was associated with 16SrI-B phytoplasmas (Botti and
Bertaccini 2006b; Engelbrecht et al. 2010). Subsequent studies have shown that
16S1I-B  phytoplasmas occur most frequently in South African grapevines,
(Engelbrecht et al. 2010; Carstens 2014). GY disease has been observed in several
cultivars, although like many other grapevine growing regions, cv. Chardonnay is
most frequently affected. In South Africa, yield losses of up to 30% have been
reported in some GY-affected vineyards (Carstens 2014). Cultivar Chardonnay
grapevines are highly susceptible to phytoplasma infection, and rapid decline and
eventual death of the grapevines has been observed (Carstens 2014).

In South African vineyards, the yearly incidence of GY disease is often lowest in
the first year, and increases in subsequent years. A cumulative incidence of up to
37.7% over 4 years has been reported for some vineyards, which indicates that new
infections are likely to occur each season (Carstens et al. 2011; Carstens 2014). GY
disease clusters near borders in affected vineyards, and spread from adjacent vine-
yards has been observed (Carsterns 2014). The 16SrI-B phytoplasmas have also
been detected in 11 other plant species within and around vineyards, including
Catharanthus roseus, Bidens bipinnata, Erigeron bonariensis, Sonchus oleraceus,
Raphanus raphanistrum, Cucurbita sp., Setaria verticillata, Triticosecale sp., Zea
mays and Urtica urens (Kriiger et al. 2015a). Although not shown definitively, it is



2.5 Grapevine Yellows Phytoplasmas in Australia 33

possible that some of these species act as reservoirs from which the phytoplasmas
spread to grapevines.

Mgenia fuscovaria, which is a leafhopper native to South Africa, is the vector of
16SrI-B phytoplasmas to grapevine in South Africa (Kriiger et al. 2011). M. fusco-
varia can also transmit 16SrI-B phytoplasmas to Zea mays, Triticosecale spp., and
Triticum spp., although this leathopper does not transmit 16SrI-B phytoplasmas to
other known plant hosts (Kriiger et al. 2015a). M. fuscovaria is the most abundant
leafthopper in South African vineyards, and adults are present all year round (Kriiger
etal. 2015a). Adults and nymphs were frequently collected from grapevines and can
be found on other plants within and around vineyards (Kriiger et al. 2015a). M.
fuscovaria are more attracted to yellow, and in feeding trials adults preferred
phytoplasma-infected leaves to uninfected leaves (Kriiger et al. 2015b). Grapevine
is not yet a proven acquisition host, but if M. fuscovaria can acquire 16SrI-B phyto-
plasmas from grapevines and transmit them to subsequent grapevines, then GY dis-
ease incidence in South African yellows might increase significantly and have a
significant impact on production, particularly in susceptible white varieties.

2.5 Grapevine Yellows Phytoplasmas in Australia

Australian GY (AGY) disease was first reported in 1976 (Magarey and Wachtel,
1983). AGY and associated phytoplasmas (AGYP) are found in most viticultural
regions of Australia, although the disease is prevalent in warmer inland areas
(Bonfiglioli et al. 1995; Magarey and Wachtel 1986b). The cvs. Chardonnay and
Riesling are the most frequently affected, although the associated AGYP and AGY
disease have also been detected in other white and red varieties (Magarey and
Wachtel 1986a; Bonfiglioli et al. 1995). AGY is associated with phytoplasmas from
three different 16Sr groups: 16SrII-D, ‘Ca. P. australasiae’ (tomato big bud phyto-
plasma); 16SrXII-B, ‘Ca. P. australiense’; and 16SrXXIII, Buckland Valley GY
phytoplasma (BVGY) (Table 2.1) (Padovan et al. 1995; Davis et al. 1997; Constable
et al. 2002; Gibb et al. 1999; Wei et al. 2007). Although ‘Ca. P. australiense’ and
16SrII-D phytoplasmas have been reported for various plant species in Australia
and other countries, they have only been detected in grapevines in Australia.

‘Ca. P. australiense’ is most frequently detected in AGY-affected grapevines, and
it is distributed across many grape-growing regions in Australia (Gibb et al. 1999).
‘Ca. P. australasiae’ is less frequently detected in affected grapevines and can occur
in mixed infection with ‘Ca. P. australiense’ (Constable et al. 2003a; Gibb et al.
1999). Both AGYP can move systemically throughout a grapevine, although they
can be unevenly distributed or show uneven titres (Constable et al. 2003a).

In Australia, ‘Ca. P. australiense’ and ‘Ca. P. australasiae’ occur in numerous
plant hosts throughout a wide geographic range, and from tropical to cool temperate
regions (Constable 2010; Schneider et al. 1999). However, in regions where BVGY
occurs, ‘Ca. P. australasiae’ has not been detected and ‘Ca. P. australiense’ has only
been detected once (FE Constable unpublished data). BVGY occupies a unique
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ecological niche in a small grapevine-growing region in southern Australia, at the
base of the Victorian Alps (Constable et al. 2002).

Other Australian plant hosts of ‘Ca. P. australiense’ include: bidgee-widgee
(Acaena novae-zelandiae), papaya (Carica papaya), Madagascar periwinkle
(Catharanthus roseus), pumkin (Cucurbita maxima, C. moschata), climbing salt-
bush (Einardia nutans), ruby saltbush (Enchylaena tomentosa), false caper
(Euphorbia terracina), cherry ballart (Exocarpus cupressiformis), strawberry
(Fragaria x ananassa), cottonbush/swan plant (Gomphocarpus fruticosa), Hexam
sp. hexham scent (Melilotus indicus), winged broom pea (Jacksonia scoparia),
sweetgum (Liquidambar styraciflua), paulownia (Paulownia fortunei), bean
(Phaseolus vulgaris), yanga bush (Maireana brevifolia), alfalfa (Medicago sativa,
M. polymorpha) and mung bean (Vigna radiata) (Bayliss et al. 2005; Davis et al.
2003; Constable et al. 2016; Getachew et al. 2007; Habili et al. 2007; Magarey et al.
2006; Pilkington et al. 2003, Schneider et al. 1999; Streten and Gibb 2005, 2006;
Streten et al. 2005). Some of these plant species are domestic or commercial crop
plants (i.e., papaya, pumpkin, strawberry, bean, alfalfa, mung bean) or ornamental
plants (i.e., sweetgum, paulownia) that are not grown in the same areas as grape-
vines, and that probably do not have any role in AGY disease epidemiology. M.
brevifolia, E. tomentosa, E. terracina and E. nutans occur near AGY-affected vine-
yards, but it is not known if they have a role in the epidemiology of AGY disease.

‘Ca. P. australiense’ also occurs in New Zealand, although GY disease is not
known to occur and phytoplasmas have not been detected in grapevine. Although
the reason is not known, it is possible that genetic differences between Australian
and New Zealand strains, sources of inoculum, environment, and vector preferences
contribute to the differences in host range between these two countries. In New
Zealand, host plants of ‘Ca. P. australiense’ include: balloon plant (Asclepias phy-
socarpa), celery (Apium graveolens), coprosma (Coprosma macrocarpa and C.
robusta), cabbage tree (Cordyline australis and C. banksii), strawberry (Fragaria x
ananassa ), mountain flax (Phormium cookianum), New Zealand flax (P. tenax),
logan berry (Rubus loganobaccus), boysenberry (R. ursinus), Jerusalem cherry
(Solanum pseudocapsicum), potato (S. tuberosum) (Andersen et al. 1998a, b, 2001;
Beever et al. 2004, 2008; Liefting et al. 2011).

‘Ca. P. australasiae’ and related strains have been detected in many plant hosts in
Australia, which are too numerous to list here (Schneider et al. 1999, Davis et al.
2003; Streten and Gibb 2006; Lee et al. 2010; Saqib et al. 2007; Aryamanesh et al.
2011; Yang et al. 2013). Their proximity to vineyards and importance as reservoirs
of ‘Ca. P. australasiae’ for grapevine are not known. Alternative hosts of BVGY
have not been reported.

Genetic diversity has been reported among ‘Ca. P. australiense’ strains from dif-
ferent plant hosts in Australia and New Zealand and among strains from Australian
grapevines (Streten and Gibb 2005; Constable and Symons 2004). It is not known if
the diversity of ‘Ca. P. australiense’ strains from grapevines is linked to biological
differences. Some diversity is reported among ‘Ca. P. australasiae’ strains from dif-
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ferent hosts from Australia but not among those from grapevine (Streten and Gibb
2003). No diversity has been observed among BVGY strains (Constable et al. 2002).

The insect vectors that transmit ‘Ca. P. australiense’ to grapevines in Australia are
not known, despite intensive surveys of papaya, grapevine and strawberries that have
been carried out to identify them (Osmelak et al. 1989; Glenn 2000; Beanland 2002;
Elder et al. 2002; Padovan and Gibb 2001; Menzel 2012; Constable et al. 2016). ‘Ca.
P. australiense’ has occasionally been detected in Orosius argentatus collected from
vineyards (Glenn 2000; Beanland 2002). Experimentally O. argentatus might
acquire this phytoplasma from grapevines, but its transmission has not been demon-
strated (Glenn 2000; Beanland 2002). More recently, in a survey of strawberry crops,
‘Ca. P. australiense’ was detected in four insect species, including two leathoppers
(Orosius sp. and Xestocephalus sp.) and two planthoppers (Thanatodictya sp. and an
undetermined species of the tribe Gaetuliini), but no transmission studies have been
done, and their vector status is not known (Constable et al. 2016). Apart from Orosius
sp., these insects have not been reported in vineyards in Australia.

The planthoppers Zeoliarus (Oliarus) atkinsoni and Zeoliarus oppositus transmit
‘Ca. P. australiense’ in New Zealand (Cumber 1953; Liefting et al. 1997; Beever
et al. 2008). However, Z. atkinsoni is monophagous and only transmits ‘Ca. P. aus-
traliense’ among flax plants (Cumber 1953; Liefting et al. 1997). Z. oppositus is
polyphagous and occurs on many different plants; it can transmit ‘Ca. P. aus-
traliense’ to C. robusta and C. australis (Cumber 1953; Liefting et al. 1997; Beever
et al. 2008; Winks et al. 2014). Neither of these planthopper vectors is known to
occur in Australia. ‘Ca. P. australiense’ was detected in leathoppers Arawa varie-
gata and Recilia hospes captured on New Zealand strawberry, but their vector status
is not known (Charles et al. 2002). Arawa spp. and R. hopses have been recorded in
Australia, including in vineyards where AGY disease occurs, although ‘Ca. P. aus-
traliense’ was not detected in these specimens (Beanland 2002).

The leathoppers O. argentatus, Batrachomorphus punctatus and Austroagallia
torrida can transmit ‘Ca. P. australasiae’ to other Australian crops (Hill 1941, 1943;
Helson 1951; Hutton and Grylls 1956; Grylls 1979; Osmelak 1986; Pilkington et al.
2004). It has been shown that O. orientalis can acquire ‘Ca. P. australasiae’ from
grapevines and then transmit the phytoplasmas to the faba bean, although transmis-
sion back to grapevines was not confirmed (Beanland 2002). No vectors of BVGY
are known.

The incidence of AGY disease, associated with any Australian grapevine phyto-
plasma, fluctuates from year to year in some vineyards, and remission of disease as
well as recurrent expression can be observed (Constable et al. 2003b, 2004).
Detection of phytoplasmas in cordons and trunks during winter and in the same
vines from season to season indicates that the phytoplasma infections can be persis-
tent and contribute to recurrent expression of the disease, although new infections
can also contribute (Constable et al. 2003a). Persistent infections were further sup-
ported by experiments in which netted vines showed AGY symptoms in subsequent
years (Magarey et al. 2000).

AGY disease incidence as high as 73.4% has been observed in some cv.
Chardonnay vineyards in a single year, and the cumulative incidence over several
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years can reach more that 95% (Constable et al. 2004). However, the years in which
the incidence peaks or drops is different between vineyards in the same region,
which suggests that disease incidence is caused by local factors rather than regional
factors. AGY clusters are observed, particularly in vineyards with high disease inci-
dence (Constable et al. 2004; Magarey et al. 2006). However, the lack of detection
of potential vectors and alternative host plants within the vineyards supports migra-
tion of infectious vectors from outside the vineyards and feeding clusters, rather
than spread from grapevine to grapevine (Constable et al. 2004). This is further
supported by the AGY disease gradients that were observed in another study, with
highest disease incidence near riparian vegetation or wasteland areas next to a vine-
yard, which also suggests that the source if phytoplasma is outside vineyards
(Magarey et al. 2006).

It has been hypothesised that phytoplasmas are also associated with restricted
growth and late season leaf curl symptoms in Australia (Bonfiglioli et al. 1997).
However, PCR testing for phytoplasmas in grapevines showing restricted growth
and late season leaf curl has yielded different results between laboratories, and a
statistical analysis of AGYP, late season leaf curl, and AGY disease in data collected
over 6 years suggested that these diseases are not always associated with each other
(Bonfiglioli et al. 1995; Gibb et al. 1999; Padovan et al. 1995; Constable et al.
2003a, 2004). Therefore, it was concluded that the association between phytoplas-
mas and restricted growth or late season leaf curl is coincidental (Constable et al.
2004).
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Chapter 3

Interactions Between Grapevines

and Grapevine Yellows Phytoplasmas BN
and FD

Abstract Many aspects of interactions between grapevine yellows phytoplasmas
(GYP) and their grapevine hosts remain unclear. However, based on the available
data, it appears that damage caused by GYP to their hosts is greater than might be
expected from their relatively low titre in the phloem and their uneven distribution
throughout the plant. Moreover, it is hard to define the limits between the common
plant responses to an infection and the real GYP activities towards obtaining the
necessary compounds for their life within the host. Collective evidence suggests
that the accumulation of soluble carbohydrates in GYP-infected plants results in
feedback inhibition of photosynthesis, which causes a source—sink transition. In
many microbe—plant interactions, cell-wall invertase, which hydrolyses sucrose to
glucose and fructose, plays an important role in disease expression. However, it
appears that in the grapevine—GYP interaction, another enzyme has a leading func-
tion, sucrose synthase, on the basis of providing both fructose for the GYP and
UDP-glucose for the plant responses to the infection. In parallel to the responses of
the genes involved in primary carbohydrate metabolism, sink-specific secondary
metabolism pathways that involve genes and metabolites of the shikimic acid and
oxidative pentose phosphate pathway are induced, along with genes involved in
direct defence responses. The observed changes in metabolism of GYP-infected
plants suggest that infected grapevines respond to this pathogen through induced
salicylic-acid-dependent systemic acquired resistance.

3.1 Introduction

Like other biotrophic pathogens, phytoplasmas that thrive in the plant sap or in
insect haemolymph have evolved intimate and sophisticated modes of parasitism
that trigger various responses on the host cells. As with other known bacterium—
plant interactions, the plant responses to phytoplasmas is highly diversified.
Moreover, considering the very low titres of phytoplasmas in host cells, which vary
according to plant organ and season (Prezelj et al. 2013), as for most plant diseases
(Agrios 2005), the amount of damage caused to the host by these pathogens is much
greater than it would be expected from their mere removal of nutrients. However,
our knowledge of this specific interaction is very rudimentary, due to difficulties to
routinely grow phytoplasmas in axenic cultures (Contaldo et al. 2016; see also the
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first chapter of this book) or to maintain them in their original host plants under
greenhouse conditions, where there can be very high rates of recovery or decline.
Phytoplasma studies are thus highly dependent on the unpredictable conditions of
their natural environments, which in the case of grapevine yellows phytoplasmas
(GYP) are the vineyards. Similar studies have already shown the importance of field
experiments to evaluate complex correlations and to recognize inter-relationships
among the biotic and abiotic factors that structure the ecosystems (Schmidt et al.
2004; Izawa 2015). Nevertheless, an understanding of the specific interactions
between GYP and their grapevine host will not only lead to better understanding of
the basic aspects of how phytoplasmas infect plants and how plant hosts respond to
such infection, but will also result in new treatment approaches for the elimination
of these pathogens from plants or to produce plants that are resistant to
phytoplasmas.

A substantial part of the knowledge of how phytoplasmas interact with their
hosts has been predicted from the definition of their draft and complete genome
sequences (Kube et al. 2012). Little data are available on phytoplasma interactions
with their insect hosts (Bai et al. 2006; Sugio et al. 2011a, b). On the other hand,
there is more information available on plant responses to phytoplasma infection.
Several metabolic changes of GYP-infected plants have been revealed using classi-
cal biochemical techniques (Bertamini et al. 2002; Rusjan et al. 2012a, b; Rusjan
and Mikulic-Petkovsek 2015), and these have suggested that phytoplasmas affect
both the primary and secondary metabolism of the host plant. The introduction of
“omics” approaches to phytoplasma research has boosted the knowledge of plant
responses to phytoplasma presence, and has confirmed previous ideas of the pres-
ence of integrated plant responses to this infection. However, most of these studies
on GYP-infected plants have been carried out at the transcriptome level (Albertazzi
et al. 2009; Hren et al. 2009a, b), so rarely at the proteome level (Margaria and
Palmano 2011; Margaria et al. 2013), and with only two studies at the metabolome
level (Prezelj et al. 2016a, b). This appears strange, as the metabolites are the end
products of the cellular regulatory processes, and their levels can be regarded as the
ultimate response of biological systems to genetic or environmental changes (Fiehn
2002; Weckwerth 2011).

In this chapter, the plant responses to infection with ‘Candidatus Phytoplasma
solani’ strains (BN) that are associated to “bois noir”’ (BN) and phytoplasma FD that
is associated to “flavescence dorée” (FD) will be reviewed. Although these phytoplas-
mas are not closely related phylogenetically, they are associated with similar symp-
toms on grapevine, which would appear to be related to a more general plant response
to their presence. However, due to the quarantine status of FD, more information is
available for grapevines infected with BN. Therefore, this interaction is commonly
used as a model for studying grapevine host strategies to cope with GYP.
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3.2 How Phytoplasmas Interact with Their Hosts, Based
on Analysis of Their Genomes

The determination of five complete genome sequences (Andersen et al. 2013; Kube
et al. 2008, 2012; Oshima et al. 2004; Tran-Nguyen et al. 2008), and additionally of
12 draft genome sequences, including the draft sequence of BN (Mitrovi¢ et al.
2014), has opened new ways for the analysis of these pathogenic bacteria. As a
result of their evolutionary adaptation to intracellular life in their hosts, phytoplas-
mas have small genomes that encode minimal metabolism. Phytoplasma genomes
have a high proportion of complex transposons (known as potential mobile units;
Bai et al. 2006), and phage-derived sequences, which result in the different genome
sizes seen for phytoplasmas (Kube et al. 2012). Analysis of the genomic core of the
BN strains has revealed a complete set of proteins that encode for their replication,
for DNA structure and modification, and for DNA repair and transcription (Mitrovi¢
et al. 2014). The BN genome sequence contains genes that encode the membrane
proteins Vmp1 and Stamp, which are believed to be involved in phytoplasma—host
interactions (Cimerman et al. 2009; Fabre et al. 2011), and also gene sets that are
necessary to build the general Sec-dependent pathway. In addition, other genes that
have been identified in the BN genome sequence enclose those that encode ABC
transporters, and proteins involved in the first stages of glycolysis and in energy-
yielding pathways, including alternative energy-yielding pathways. The use of the
alternative energy-yielding pathways, can provide an important carbon source for
the phytoplasmas (Kube et al. 2012). As for some other known phytoplasma genome
sequences, the gene that encodes the membrane-bound phosphoenolpyruvate-
dependent phosphotransferase system is missing from the BN genome, although a
gene that encodes a truncated sucrose phosphorylase is present.

It is believed that phytoplasmas can produce effectors that regulate characteristic
targets in their hosts, to direct variations in the development of plants and insects.
However, at present, it is largely unclear which phytoplasma effectors are involved
in host manipulation (Sugio et al. 2011a, b, Chen et al. 2012; Riimpler et al. 2015),
and such effectors have not been characterised in the genomes of GYP.

3.3 Pre-symptomatic Grapevine Responses to Grapevine
Yellows Phytoplasma Infection

Studies on the distribution and persistence of BN in grapevine cultivars Ancellotta,
Lambrusco Salamino, Sangiovese, Trebbiano Romagnolo and Chardonnay (Terlizzi
and Credi 2007; Hren et al. 2009a) have shown that a very low proportion of asymp-
tomatic leaf samples of otherwise infected plants are BN positive. Again, a low
proportion of phloem samples from dormant cane, cordon and roots from otherwise
BN-infected grapevines were BN-positive when checked during winter (Terlizzi
and Credi 2007). Low titres of phytoplasmas were also shown at the beginning of
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the growing season for FD in grapevine cultivars Blaufrankisch and Refosco d’Istria,
although these increased in close association with the later expression of symptoms.
In plants with very high concentrations of FD in tissues with symptoms, phytoplas-
mas have also been detected in the symptomless tissues (Prezelj et al. 2013). FD has
been detected in flowers, petioles, berry tissues and tendrils, with the highest titre in
berries in the late growing season (Prezelj et al. 2013). Collectively, these data indi-
cate an uneven distribution of phytoplasmas inside plants, and their sporadic sys-
temic spread throughout grapevines, thus having a more indirect influence on the
host metabolism. However, for efficient management strategies, it would be benefi-
cial to have a plant-host marker for accurate detection of phytoplasmas even when
their titres are below the present limits of detection.

A thorough transcriptional analysis of genes shown to be differentially expressed
in BN- and FD-infected grapevines revealed that only a few genes were signifi-
cantly different before symptoms development. While the enzyme products of most
of these genes are more general components of host-plant defence responses, the
up-regulation of the DMR6 gene detected in grapevines infected with BN and FD is
of particular interest (Dermastia et al. 2015; Prezelj et al. 2016a, b), DMR6 encodes
a 2-oxoglutarate and Fe(II)-dependent oxygenase, although its biological role is
uncertain at the moment. However, it has been shown that in Arabidopsis lacking a
functional DMR6 protein, susceptibility to downy mildew was reduced (Van
Damme et al. 2008), and it has been suggested that DMRG6 acts as a suppressor of
plant immunity (Zeilmaker et al. 2015). Although it remains to be determined how
specific the pre-symptom expression of the DMR6 gene is in terms of phytoplasma
diseases, this might represent a potential early marker of GY diseases.

3.4 Ultrastructure of Phloem Infected with Grapevine
Yellows Phytoplasmas

Phloem is the main plant tissue where phytoplasmas can thrive (Christensen et al.
2004). Its ultrastucture has been investigated in grapevine cv. Chardonnay and
tomato infected with ‘Ca. P. solani’ strains (Santi et al. 2013a, b; Buxa et al. 2015),
and in the broadbean (Vicia faba) infected with FD (Musetti et al. 2010). In infected
phloem, many companion and phloem parenchyma cells show plasmolysis, with the
consequent cytoplasm condensation, or undergo necrosis (Fig. 3.1) (Santi et al.
2013a). Infected leaves are characterised by Ca?" influx into sieve tubes, which
leads to sieve-plate occlusion through callose deposition or protein plugging
(Musetti et al. 2013a). Phytoplasma infection is additionally associated with changes
in the plasma membrane surface and distortion of the the sieve-element reticulum
(Fig. 3.2). It has been suggested that actin is displaced from the sieve-element mic-
toplasm and aggregates on the phytoplasma surface. Therefore, these aggregates
might represent a connection between phytoplasmas and the sieve-element cyto-
skeleton (Buxa et al. 2015).



3.5 Infection of Grapevine with Grapevine Yellows Phytoplasmas Affects Photosynthesis 51

Fig. 3.1 Transmission
electron micrography of
the main vein cross-section
of symptomatic C. roseus
infected with ‘Ca. P.
solani’ (genotype
CPsM4_Atl). (a) In sieve
elements (SE) associated
with companion cells (CE),
which has not been lethally
damaged (e.g., CC on the
left of the picture)
phytoplasmas (P) are
numerous. However,
plasmolysis (marked by an
arrow) has already
occurred. CC on the top of
the picture has collapsed;
its cell wall is bent and the
cytoplasm is condensed.
(b) In the SE associated
with completely collapsed
CC, phytoplasmas decline;
a deteriorated chloroplast
(C) is visible. In damaged
CC electronically dense
deposits (D) are

common (Photo: M. Tusek
Znidari¢)

3.5 Infection of Grapevine with Grapevine Yellows
Phytoplasmas Affects Photosynthesis

There is growing evidence that several steps in photosynthesis of GYP-infected
grapevines are repressed during an infection (Albertazzi et al. 2009; Bertamini and
Nedunchezhian 2001a, b; Bertamini et al. 2002; Hren et al. 2009a; Margaria et al.
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Fig. 3.2 Transmission
electron micrography of
the main vein cross-section
of asymptomatic tissue
culture of C. roseus
infected with ‘Ca. P. ulmi’.
Phytoplasma (P) in the
sieve element (SE) with a
distorted reticulum (ER) is
attached to the cell
membrane (indicated by an
arrow). CW, cell wall; CC,
companion cell (Photo:

M. Tusek Znidari¢)

2013). However, it is not clear if the observed alterations are directly linked to the
presence of the phytoplasmas or are general, non-specific, responses to the biotic
stress (Bertamini et al. 2002; Hren et al. 2009a). Data support the theory that chlo-
roplasts are key players in symptom development (Zou et al. 2005).

In leaves of cv. Chardonnay infected with BN, three and 11 genes that encode
chlorophyll a/b binding proteins in photosystem I and photosystem II, respectively,
are significantly down-regulated (Hren et al. 2009a). Significant repression of the
RbcL gene that encodes rubisco large subunit (Hren et al. 2009a) is consistent with
the loss of this protein in infected grapevine (Bertamini et al. 2002). In addition, the
gene that encodes rubisco activase is also significantly down-regulated in infected
plants. In infected leaves, the expression of genes involved in the cytochrome b6f
complex in the electron-transport pathway decreases (Hren et al. 2009a), which cor-
relates directly with the observed down-regulation of genes encoding ATP synthase.
This is also in agreement with the biochemical model of photosynthesis, in which
the regeneration of ribulose bisphosphate is dependent on the rate of electron trans-
port required for the generation of energy and reducing equivalents of ATP and
NADPH. In leaves of grapevine infected with BN, decreases were seen for the chlo-
rophyll, carotenoid and soluble protein contents and the activities of rubisco, nitrate
and nitrite reductase (Bertamini and Nedunchezhian 2001a; Endeshaw et al. 2012;
Rusjan et al. 2012a).

In grapevines infected with FD, similar decreases in photosynthesis have been
detected at the protein level (Margaria and Palmano 2011; Margaria et al. 2013).
Several proteins are down-regulated: two related to the dark reactions (i.e., rubisco,
rubisco activase), and four related to the light-dependent reactions of photosystem
II (i.e., chloroplastic ATP synthase CF1 « subunit, ATP synthase CF1 beta subunit,
oxygen-evolving enhancer protein 2, Mn-stabilising protein). A gradual decrease in
net photosynthesis in FD-infected cv. Barbera was more severe during no drought
than during drought years (Vitali et al. 2013).
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3.6 Grapevine Yellows Phytoplasma Infection is Associated
with Prominent Changes in Carbohydrate Metabolism

The mechanisms of carbon partitioning and its accumulation in grapevine are poorly
understood. However, several plant pathogens, including BN and FD, can manipu-
late host metabolism to turn infected tissues into a carbohydrate sink that provides
them with hexoses (Berger et al. 2007; Hren et al. 2009a; Santi et al. 2013a). This
source-to-sink switch is regulated by cytokinins (Roitsch and Ehness 2000).
However, at the moment it is not known whether a significant transcript increase of
the gene HP from the cytokinin signalling pathway in BN-infected and FD-infected
vein-enriched samples (Hren et al. 2009a; Prezelj et al. 2016a) is related to this
transition.

It is generally believed that the feedback inhibition of photosynthesis that causes
chlorosis, and is described above, is the result of accumulation of carbohydrates in
source leaves (Christensen et al. 2005). Accumulation of glucose, fructose, sucrose
and starch in infected source leaves is indeed a common effect of phytoplasma
infections (Lepka et al. 1999; Guthrie et al. 2001; Maust et al. 2003; Junqueira et al.
2004; Gai et al. 2014). In whole leaves of cv. Chardonnay infected with BN, the
levels of glucose, fructose and sucrose do not significantly differ before the develop-
ment of symptoms; instead, they significantly increase after the appearance of
symptoms (Prezelj 2014). On the other hand, in symptomatic leaves of cv.
Blaufrinkisch infected with FD, the concentrations of fructose and glucose are only
slightly higher, while those of sucrose and starch significantly increase upon infec-
tion (Prezelj et al. 2016a).

Sucrose is the major form of carbohydrate loaded into the phloem of photosyn-
thetic source leaves, and with a concentration of up to 1 M in the phloem sieve tubes
it might represent a food supply for phytoplasmas. However, the sucrose
concentration is not significantly different in BN-infected (Prezelj et al. 2016b) and
FD-infected (Prezelj et al. 2016a) vein-enriched leaf samples of cv. Chardonnay and
cv. Blaufrinkisch, respectively. Sucrose produced in mesophyll cells can load into
the phloem either following a symplastic route through plasmodesmata or through
apoplastic mechanisms, which requires the movement of assimilates across mem-
branes that is conducted by specialised transport proteins located within the mem-
branes. Although there is very little information available about the sugar transporters
that are involved in phytoplasma pathogenicity, there is evidence that some genes
that encode such transporters are expressed in the phloem of GYP-infected grape-
vine leaves (Santi et al. 2013a, b; Prezelj et al. 2016a). In cv. Chardonnay leaves
infected with BN, a transcript of the gene that encodes sucrose transporter SUC27
is down-regulated in comparison with uninfected leaves. On the other hand, genes
that encode a novel family of hexose and sucrose transporters, known as SWEETs
(Eom et al. 2015), show differential expression in leaf-vein-enriched samples of cv.
Blaufrinkisch infected with FD (Prezelj et al. 2016a). There are, however, fluctua-
tions in the expression throughout the growing season of the SWEETI gene from
clade I, which is involved mainly in transport of monosaccharides, the SWEET10
gene from clade III, which is involved mainly in sucrose transport (Chen et al. 2010,
2012), and the SWEET17a gene from clade IV, which is involved in vacuolar trans-
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port of fructose (Guo et al. 2014) and suggested to function predominately in sink
organs (Chardon et al. 2013), irrespective of infection (Prezelj et al. 2016a). Despite
this, the transcript level of S WEET7a is affected by FD infection, as it is signifi-
cantly higher in infected grapevines (Prezelj et al. 2016a). Expression patterns of
SWEET orthologues of clade III in Arabidopsis and rice show induction by biotro-
phic bacteria and by fungi (Chen 2014), which suggests a certain level of pathogen
dependence of the SWEETSs. However, prior to the study of Prezelj et al. (2016a),
there were no reports of pathogens association with SWEETsS from clade I'V. Further
studies are now needed to confirm the role of SWEETI17a in phytoplasma
infection.

The only known enzymes in plants that produce hexoses by sucrose cleavage are
the invertases (Roitsch and Gonzdlez 2004) and sucrose synthase (Koch 2004)
(Fig. 3.3). Source-to-sink transition is usually characterised by increased activity of
invertases, which irreversibly hydrolyse sucrose to glucose and fructose (Roitsch
and Gonzdlez 2004). Three groups of invertases can be distinguished: neutral
(nINV), acid insoluble bound to the cell wall (cwINV), and acid soluble localised in
the vacuole (vacINV). In grapevines two vac INV genes (i.e., INVI, INV2) encode
translation products that are 62% identical, but have different expression patterns
(Davies and Robinson 1996). INV] is expressed predominately in berry skin and
flesh. For INV2, in addition to its elevated expression levels in young leaves, its
expression is greatest in young flowers, with lower expression levels in berries and
no expression in fully expanded leaves (Davies and Robinson 1996). Accordingly,
in vein-enriched samples of phytoplasma-free expanded leaves, there are no detected
transcripts of INVI, and the level of the transcript of INV2 is very low (Hren et al.
2009a). The transcript corresponding to /NV2 is then significantly increased in vein-
enriched samples of leaves infected with BN (Hren et al. 2009a). A slight increase
in the transcription of the gene that encodes cwINV has been reported for grape-
vines infected with BN (Santi et al. 2013a), but not in another study about the same
interaction (Hren et al. 2009a). Similarly, the expression of INV2 significantly
changes throughout the growing season in both healthy and FD-infected vein-
enriched samples, and is up-regulated in FD-infected samples in August (Prezelj
et al. 2016a). In leaf samples infected with BN (Covington et al. 2016) and FD
(Prezelj et al. 2016a), the activities of the different invertase isozymes are not sig-
nificantly higher than in healthy controls. Of particular interest, in the Madagascar
periwinkle (Catharanthus roseus) and tomato infected with stolbur phytoplasmas,
no differential expression of the vacINV gene was observed in leaf tissue, although
its enzymatic activity was increased (Machenaud et al. 2007).

Sucrose synthase reversibly catalyses sucrose breakdown to UDP-glucose and
fructose, and this enzyme is localised in both companion cells and sieve elements of
the phloem (Koch 2004). The genes that encode sucrose synthase are up-regulated
in grapevine infected with BN (Hren et al. 2009a, b; Santi et al. 2013a, b) and FD
(Prezelj et al. 20164, b) (Fig. 3.3). It has been suggested that in grapevine infected
with BN, up-regulation of SUSY4 is co-regulated with down-regulation of SUC27,
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Fig. 3.3 Schematic representation of the metabolites in the primary metabolism pathways affected
during FD (squares) and BN (circles) infection of grapevines, together with selected studied
enzymes. Metabolite levels: light blue, uninfected sample > infected sample (not significant); dark
blue, uninfected sample > infected sample (p < 0.05); yellow, infected sample > uninfected sample
(not significant); orange, infected sample > uninfected sample (p < 0.05). Enzyme activities: open
rectangle/ large ellipse, infected sample not significantly different from uninfected sample; yellow
rectanglellarge ellipse, infected sample > uninfected sample; orange rectanglel/large ellipse,
infected samples > uninfected sample (p < 0.05). Gene expression: orange rhombl small ellipse,
enzyme in infected sample > uninfected sample (p < 0.05); dark blue rhombl/small ellipse, enzyme
in infected sample < uninfected sample (p < 0.05); white, not determined

which induces the establishment of the source-to-sink transition in the phloem of
the leaf, and thus the access to sugars for the phytoplasmas (Santi et al. 2013a, b).
In cv. Blaufrdnkisch, expression of SUSY4 in uninfected samples decreases through
the season. On the other hand, the transcript levels in plants infected with FD only
decreases until July, and then increases in August, when the symptoms are fully
developed (Prezelj et al. 2016a). A significantly higher abundance of the SUSY4
transcript in FD-infected vein-enriched tissues in August agreed with the substantial
increase in the activity of sucrose synthase at the same point in the growing season.
Under phloem conditions of high sucrose and low fructose, sucrose synthase prob-
ably operates as a sucrose-degrading enzyme. However, continuous mobilisation of
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sucrose via sucrose synthase depends upon the removal of fructose (Geigenberger
etal. 1993). Fructose can be used directly by FD, as it was proposed for Spiroplasma
citri, another member of the Mollicutes class of bacteria (Gaurivaud et al. 2000).
Fructose use such as that proposed for these spiroplasmas might impair sucrose
loading into sieve tubes by the companion cells, which would result in accumulation
of carbohydrates in the source leaves, as seen in FD-infected grapevines. However,
a model reported for S. citri operation involved a putative role for acid invertase,
although this enzyme was not studied in this system (André et al. 2005).

Several lines of evidence support additional associations of sucrose synthase
with phytoplasma pathogenicity, specifically with carbohydrate accumulation in the
mesophyll of infected leaves. This appears to be related to physically obstructed
phloem loading and transport due to callose depositions in sieve tubes, as observed
by transmission electron microscopy in V. faba infected with FD (Musetti et al.
2013a, b), as well as in cv. Chardonnay heavily infected with BN (Hren et al. 2009a,
b; Santi et al. 2013a; Dermastia et al. 2015). The sieve-tube localisation of sucrose
synthase (Koch 2004) might facilitate its role in directly supplying UDP-glucose for
rapid biosynthesis of callose plugs in the sieve pores. Callose deposition is a
dynamic process that is coordinated through the activities of callose synthase and
the callose hydrolysing enzyme f-1,3-glucanase. Among seven genes that encode
callose synthase in the grapevine genome, only CAS2 (Santi et al. 2013a, b; Hren
et al. 2009a, b; Dermastia et al. 2015) and CAS7 (Santi et al. 2013a, b) are up-
regulated in BN-infected leaves. Based on observations that glucanase activities are
enhanced under conditions that promote callose accumulation, a short life span of
callose molecules shifted towards catabolism has been suggested (Zabotin et al.
2002). In this regard, transcriptional analyses of cv. Chardonnay showed significant
increases in transcription of f-1,3-glucanase genes upon infection with BN (Hren
et al. 2009a; Landi and Romanazzi 2011). The level of the Glc transcript is also
increased in different grapevine cultivars that are infected with FD (Margaria 2013;
Prezelj 2014).

The starch that can accumulate in the mesophyll of GYP-infected leaves (Prezelj
2014; Prezelj et al. 2016a, b) might be synthesised through glucose 1-phosphate
metabolised from UDP-glucose as a product of sucrose synthase, or alternatively
from glucose as a product of the invertase activity (Fig. 3.3). However, the signifi-
cantly higher sucrose synthase activity in GYP-infected grapevines and unchanged
invertase activity upon infection (Prezelj et al. 2016a, b; Covington et al. 2016)
imply the involvement of the sucrose synthase pathway. Up-regulation of the AGPL
gene, which encodes the large subunit of ADP-glucose pyrophosphorylase that is a
rate-limiting enzyme in starch biosynthesis (Ballicora et al. 2004), is a key feature
of grapevine infections with GYP (Hren et al. 2009a, b; Prezelj 2014; Dermastia
et al. 2015; Prezelj et al. 2016a, b). In agreement with the abundant AGPL transcript
in infected leaves, there is also a trend towards higher ADP-glucose pyrophosphory-
lase activity in FD-infected leaves of cv. Blaufrinkisch, and significantly higher
starch concentrations (Prezelj et al. 2016a, b). The high starch concentrations in
phytoplasma-infected mulberry leaves have been explained by lower expression of
genes and/or lower activity of enzymes for the degradation of starch (Gai et al.
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2014). In contrast with this observation, the gene encoding a-amylase in grapevines
infected with BN is up-regulated (Hren et al. 2009a). Although transient starch deg-
radation has not been followed in GYP-infected grapevines, the possibility of its
phosphorolytic degradation leading to the increase in hexose-6-phosphates observed
in GYP-infected vein-enriched leaf samples (Prezelj et al. 2016a, b) cannot be
excluded. However, the expression of genes that encode the enzymes involved in
starch degradation, glucan, water dikinase and -amylase (Smith et al. 2005) are not
differentially expressed in grapevines infected with BN (Hren et al. 2009a).

3.7 Grapevine Yellows Phytoplasma Infection Affects
the Plant-Energy-Associated Network

It has been shown in other plant—pathogen interactions that the increased activities
of carbohydrate transporters and sucrolytic enzymes, and the increase in respiratory
metabolism, are coupled with the promotion of a favourable energy balance for plant
defence (Rojas et al. 2014). Induction of the energy-associated network is indicated
by increases in fructose 6-phosphate (Prezelj et al. 2016a, b), multiple isoforms of
the enolase involved in glycolysis (Margaria et al. 2013), and several metabolites of
the tricarboxylic acid cycle, including malate, citrate (Prezelj et al. 2016a, b) (as the
predominant organic acids in phloem and xylem sap; Ziegler 1975) (Fig. 3.3) and
aconitase (Margaria et al. 2013), which catalyses the reversible isomerisation of
citrate to isocitrate in grapevine tissues infected with GYP. It has been suggested that
the content of these metabolites is regulated as a consequence of phytoplasma infec-
tion (Kube et al. 2012). As shown by the comparison of known phytoplasma
genomes, including that of BN (Kube et al. 2012; Mitrovi¢ et al. 2014), phytoplas-
mas lack all enzymes from the membrane-bound phosphoenolpyruvate-dependent
phosphotransferase system, which most bacteria use as an energy efficient way of
simultaneously importing and phosphorylating sugars such as sucrose, glucose and
fructose. In contrast, the genes needed to perform the energy-investing initial part of
the glycolytic pathway are present in all known phytoplasma genomes, as also in the
genome sequences of BN and FD ( Carle et al. 2011; Kube et al. 2012; Mitrovi¢
et al. 2014). This discrepancy would be overcome by an uptake system allowing the
use of phosphorylated hexoses from the phytoplasma host. It has been suggested
that phytoplasma can use sucrose and trehalose compounds from phloem sap or
insect haemolymph, respectively, using the phosphoglucose isomerase encoded in
all known phytoplasma genomes. However, this step would not be necessary if fruc-
tose 6-phosphate is available (Kube et al. 2012). On this basis, significantly increased
amounts of fructose 6-phosphate in BN-infected and FD-infected grapevines (Prezelj
etal. 2016a, b) (Fig. 3.3) might also be used by phytoplasmas. Fructose 6-phosphate
can enter the phytoplasma glycolysis pathway if it is converted to fructose 1,6-bispho-
sphate by plant phosphofructokinase, the gene for which is in fact up-regulated in
BN-infected grapevines (Hren et al. 2009a). In addition, malate concentrations
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increase upon GYP infection (Prezelj et al. 2016a, b), which might enter the sug-
gested alternative energy-yielding pathway of glycolysis (Kube et al. 2012) that
includes the step of malate uptake through the MleP symporter that is encoded in the
BN genome (Mitrovi¢ et al. 2014).

3.8 Changed Concentrations of Amino Acids in Infected
Vein-Enriched Grapevine Samples

When exposed to stress conditions, plants accumulate an array of metabolites, and
particularly amino acids (Hayat et al. 2012). In grapevine vein-enriched samples,
the concentrations of several amino acids (i.e., serine, glycine, valine, leucine, ala-
nine, p-alanine, threonine, aspartate, pyroglutamate, proline) increase upon infec-
tion with BN and FD (Prezelj et al. 2016a, b) (Fig. 3.3). A large body of evidence
suggests a positive correlation between proline accumulation and plant stress.
Proline protects plants from stress and helps the plants to recover from it, through
its actions as a metal chelator, an antioxidative defence molecule, and a signalling
molecule (Hayat et al. 2012; Anil Kumar et al. 2015). The sixfold and threefold
increases in proline in BN-infected and FD-infected plants, respectively (Prezelj
et al. 2016a, b), is in line with this suggestion. In addition, a gene that encodes cys-
teine synthase is up-regulated in cv. Chardonnay infected with BN (Albertazzi et al.
2009; Hren et al. 2009a), as well as its protein product in FD-infected cv. Nebbiolo
(Margaria and Palmano 2011).

At the same time, the level of chloroplast glutamine synthetase (Margaria et al.
2013), as well as its product glutamine (Prezelj et al. 2016a, b), are decreased in
FD-infected plants (Fig. 3.3). It has been shown that Pseudomonas syringe pv.
tabaci in tobacco provokes chlorosis through inhibition of glutamine synthetase,
which results in accumulation of toxic levels of ammonia (Anzai et al. 1989). This
ammonia could uncouple photosynthesis and photorespiration, and destroy the thy-
lakoid membrane of the chloroplast, thereby causing chlorosis as a prominent
symptom of GYP infection. The final effect is the reduced ability of the plant to
respond actively to phytoplasmas as has been suggested for P. syringe pv. tabaci
(Agrios 2005).

3.9 Changes in the Flavonoid Pathway in Grapevine Yellows
Phytoplasma Infected Grapevines

Flavonoids comprise a large class of plant secondary metabolites of >10,000 com-
pounds with very diverse roles, including grapevine responses to biotic stress (Gutha
etal. 2010; Vega et al. 2011). After cv. Chardonnay infection with BN, the amounts
of transcripts of several genes that encode enzymes involved in biosynthesis of phe-
nolic compounds are increased, as well as the activities of their enzyme products
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(Fig. 3.4). Specifically, genes that encode phenylalanine ammonia lyase, chalcone
synthase, flavanone 3-hydroxylase, and leucoanthocyanidin dioxygenase are up-
regulated in leaves upon BN infection (Hren et al. 2009a; Landi and Romanazzi
2011; Dermastia et al. 2015). In addition, the enzyme activities of phenylalanine
ammonia lyase, chalcone synthase/ chalcone isomerase, flavanone 3-hydroxylase,
and polyphenoloxidase (Rusjan et al. 2012a) are also increased in infected leaves.
As a consequence, BN infection leads to increases in hydroxycinnamic acids (e.g.
caftaric acid, sinapic acid glucose derivate, coutaric acid), flavanols (e.g., procyani-
din B1, procyanidin dimer 3, catechin, epicatechin) and flavonols (e.g., quercetin
3-0O- glucuronide, quercetin 3-O-glucoside) in leaves, especially in the period up to
vérasion. At the vérasion stage in infected berries, the amounts of caftaric and
coutaric acids, p-coumaroyl hexose, procyanidin B1, procyanidin trimer, quercetin-
3-O-glucoside, quercetin-3-O-glucuronide and quercetin-3-O-xyloside are dimin-
ished. At berry softening, BN infection significantly increases the contents of total
phenolics, hydroxycinnamic acids and flavanols, but decreases the flavonol con-
tents, especially in symptomatic berry skins. At harvest, BN infection is associated
with an additional significant decrease in coutaric acid and p-coumaroyl pentose;
moreover, increases are also seen for procyanidin B1, procyanidin dimers and tri-
mers, kaempferol-3-O-glucoside, and for most of the quercetins identified, except
for quercetin-3-O-xyloside. During this period, non-symptomatic berries from
infected plants show similar dynamics in their total phenolics contents, compared to
berry skins from uninfected plants. On the other hand, the total flavanols and flavo-
nols contents are similar to those in symptomatic berries (Rusjan et al. 2012b).
Incomplete lignification of the shoot and the one-year-old canes of grapevines is a
frequent symptom of infection with GYP. Lignification is a complex process that
involves the phenylpropanoid and cinnamate/monolignol pathways (Boerjan et al.
2003). Infected canes have been demonstrated to have 4.6-fold higher induction of
flavonols, 1.8-fold higher of flavanols, and 1.3-fold higher of stibenoids, in com-
parison with BN-free canes. Thus incomplete cane lignification in phytoplasma-
infected grapevines is associated with changes to many phenolic substances,
especially individual flavonoids and stilbenoids, in the earlier phenological stages
of cane lignification. Moreover, the significantly higher concentrations of hydroxy-
cinnamic acid and monolignol derivatives, and of flavanone, in canes from
BN-infected grapevines suggest alterations to the monolignol pathway, which might
be responsible for lack of cane maturation (Rusjan and Mikulic-Petkovsek 2015).
The flavonoid pathway is also affected in FD-infected leaves of grapevine culti-
vars Barbera, Nebbiolo and Blaufrinkisch (Fig. 3.4). Activation of anthocyanin
accumulation in infected leaves has been indicated through transcript analysis of the
genes of several enzymes involved in this pathway (e.g., chalcone synthase,
flavanone-3-hydroxylase, leucoanthocyanidin dioxygenase, UGT-
glucose:anthocyanin 3-O-glucosyltransferase, UAGT-transcription factor, anthocy-
anidine  reductase, leucoanthocyanidine reductase, flavonol synthase,
FLS-transcription factor) (Margaria et al. 2014; Prezelj et al. 2016a), and quantifica-
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Fig. 3.4 Schematic representation of the metabolites in the phenylpropanoid metabolism path-
ways affected by FD (squares) and BN (circles) infections of grapevines, together with some of the
enzymes that have been studied. Metabolite levels: light blue, uninfected sample > infected sample
(not significant); dark blue, uninfected sample > infected sample (p < 0.05); yellow, infected sam-
ple > uninfected sample (not significant); orange, infected sample > uninfected sample (p < 0.05).
Enzyme activities: open rectanglel/large ellipse; infected sample not significantly different to unin-
fected sample; yellow rectanglellarge ellipse, infected sample > uninfected sample; orange
rectanglellarge ellipse, infected samples > uninfected sample (p < 0.05). Gene expression: orange
rhombl/small ellipse, enzyme in infected sample > uninfected sample (p < 0.05)

tion of anthocyanins (e.g., flavonols, proanthocyanidins). This is less pronounced in
infected leaves of cv. Nebbiolo, which is known to be less susceptible to FD infec-
tion (Margaria et al. 2014).



3.10 Induced Salicylic-Acid-Dependent Systemic Acquired Resistance in Grapevines... 61

3.10 Induced Salicylic-Acid-Dependent Systemic Acquired
Resistance in Grapevines Infected with Grapevine
Yellows Phytoplasmas

The source—sink transition upon pathogen infection is typically linked to coordi-
nated defence responses, which enhances the expression of defence-related genes
and the production of secondary metabolites (Ehness et al. 1997; Roitsch 1999;
Rojas et al. 2014). Studies on GYP-infected grapevines are in agreement with these
suggestions. Among the several classes of pathogenesis-related (PR) proteins, the
significant up-regulation of genes from group 5 (PR-5; which encode thaumatin-
like and osmotin-PR proteins) and group 2 (PR-2; which encodes f-1,3-glucanase)
has been shown in BN-infected leaves (Albertazzi et al. 2009; Hren et al. 2009a, b;
Landi and Romanazzi 2011; Santi et al. 2013b; Dermastia et al. 2015). As well as
catalysing the hydrolysis of p-1,3-linkages of the cell-wall polymers found in plants,
B-1,3-glucanases can hydrolyse fungal cell-wall p-1,3/1,6-glucans, and are induced
when plants are stressed by microbial pathogens and/or herbivores (Iglesias &
Meins 2000; Renault et al. 2000; Hao et al. 2008). At the moment, the possibility
that increased gene transcription of p-1,3-glucanase in grapevine is due to phyto-
plasma infection cannot be ruled out. Increased gene transcription of p-1,3-glucanase
potentially makes callose degradation products usable for phytoplasmas and/or to
facilitate the phytoplasma spread through the plant, as has been suggested for plan-
thopper attacks (Hao et al. 2008) and the spread of plant viruses (Iglesias and Meins
2000). On the other hand, under stress conditions, osmotin helps in the accumula-
tion of the osmolyte proline, which quenches reactive oxygen species (ROS) and
free radicals (Anil Kumar et al. 2015), and has been shown to be greatly increased
in grapevines infected with GYP (Prezelj et al. 2016a, b).

The PR-2 and PR-5 genes are commonly used as molecular markers for salicylic-
acid-dependent systemic acquired resistance signalling, and their expression is co-
ordinately regulated by salicylic acid (Frias et al. 2013). It has been suggested that
BN induces salicylic-acid-dependent systemic acquired resistance in leaves of
infected tomatoes, which delays phytoplasma multiplication, in contrast to the
jasmonic-acid-dependent and ethylene-dependent defence pathways (Ahmad et al.
2015). Significant up-regulation of the PR-2 and PR-5 genes in BN-infected sam-
ples, together with significant up-regulation of the gene encoding the enzyme
responsible for biosynthesis of methyl salicylate, S-adenosyl-L.-methionine: sali-
cylic acid carboxyl methyltransferase (Hren et al. 2009a; Dermastia et al. 2015),
and the 26-fold increase in salicylic acid-glucopyranoside (Prezelj et al. 2016a, b),
support this idea.

In cv. Blaufrénkisch infected with FD, up-regulation of the PR-2 and PR-5 genes
is not significant, and also the increase in salicylic acid and salicylic-acid-
glucopyranoside (i.e., 7.52-fold, 13.13-fold, respectively) is not as pronounced as
after BN infection. In contrast, the PR-5 gene product increases 77-fold in
FD-infected cv. Nebbiolo, which is known to be less susceptible to FD than other
cultivars (Margaria and Palmano 2011). This might indicate the more aggressive
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nature of FD and the stronger susceptibility of cv. Blaufrinkisch. It has been sug-
gested that although FD infection triggers a defence response, this response is not
sufficient to block the FD infection (Gambino et al. 2013; Prezelj et al. 2016a).

3.11 The Recovery and Oxidative-Stress Phenomena

The progress of GY diseases appears to depend on antagonistic influences of the
spontaneous disappearance of symptoms from the crown of the affected plants and
of plant reinfection. The phenomenon of spontaneous disappearance of symptoms
is known as recovery (Bertaccini and Duduk 2009), and although interesting, this is
still a very unclear process. This can occur as either latent infection with temporal
remission of symptoms, or complete recovery from the pathogen (Maixner 2006).
Growing evidence has indicated that recovery is accompanied with ultrastructural
and biochemical changes in the phloem, where phytoplasmas are located.
Specifically, in phloem of grapevine cv. Chardonnay recovered from infection with
BN the tissue is well preserved, in contrast to the similar one in infected plants.
Callose deposits at sieve plates of recovered plants resemble more those of healthy
than infected plants (although they sometimes occlude the lumen of the sieve pores),
and P-protein occurs as condensed plugs or as filaments (Santi et al. 2013a). In
grapevine cv. Prosecco (now cv. Glera), it was shown that recovery from FD infec-
tion coincides with accumulation of H,O, in the sieve elements (Musetti et al. 2007).
Additional work on cv. Barbera recovered from FD confirmed up-regulation of sev-
eral genes that encode enzymes involved in H,O, metabolism (i.e., germin-like pro-
tein, glycolate oxidase), as well as the presence of large amount of H,0, (Gambino
et al. 2013). H,O, is one of the ROS that are commonly present in all aerobic cells.
ROS can act up and/or downstream of various signalling cascades. The extent of
ROS accumulation determinates their role in the cell, where at low levels, ROS can
act as important signal-transduction molecules, or at high levels as toxic molecules
with strong oxidant power. Their production and quantity is constantly equilibrated
with the ROS scavenging systems (Camejo et al. 2016). It has been suggested that
recovered plants can accumulate H,O, because of the stable down-regulation of two
genes that encode the main enzymatic H,O, scavengers: catalase and ascorbate per-
oxidase (Musetti et al. 2007). Proteomic analysis of recovered cv. Barbera grape-
vines confirmed down-regulation of ascorbate peroxidase (Margaria et al. 2013),
and catalase activity was lower in recovered grapevines of cv. Prosecco in compari-
son with FD-uninfected and infected plants (Musetti et al. 2007). However, in
BN-uninfected and BN-infected plants of cv. Chardonnay, the changes in catalase
activity appear insignificant (Landi and Romanazzi 2011).

In cv. Chardonnay recovered from BN, the transcript levels of sucrose synthase
and vacuolar invertase were similar to those of healthy plants, although sucrose
transporters and cell-wall invertase were expressed to greater degrees in recovered
leaves than in healthy leaves (Santi et al. 2013a, b; Dermastia et al. 2015). It has
been suggested that recovered plants acquire structural and molecular changes that
lead to increases in sucrose transport and defence signalling (Santi et al. 2013a, b).
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Chapter 4

Detection of Phytoplasmas Associated

to Grapevine Yellows Diseases in Research
and Diagnostics

Abstract Research into grapevine yellows diseases and their control relies on detec-
tion and identification of the phytoplasmas associated with them. Detection methods
for phytoplasmas can be divided into four main categories: biological tests, micros-
copy techniques, and immunological and molecular approaches. The suitability of
each of these methods for different studies is discussed in this chapter, along with their
advantages and disadvantages. Among these methods, PCR-based assays in particular
are routinely used in diagnostic laboratories because of their high sensitivity and
potential to be automated for high-throughput testing. Recently, isothermal amplifica-
tion methods have been developed for rapid on-site phytoplasma diagnostics, such as
loop-mediated isothermal amplification assays. The development of any diagnostic
assay requires thorough validation to ensure its sensitivity, specificity, repeatability,
and reproducibility and that the assay is fit for purpose. In addition, for validated detec-
tion, measures to reduce the uncertainty of tests that are carried out need to be imple-
mented through the whole diagnostic process, which must therefore also be robust.

4.1 Introduction

The phytoplasmas associated with grapevine yellows diseases (GYP) have little experi-
mental accessibility and their diagnostics can be difficult. The reasons for this include
their low titres in woody host plants that vary according to season and plant organ, and
their uneven distribution in the phloem tissues of infected plants (Del Serrone and Barba
1996; Gibb et al. 1999; Constable et al. 2003; Terlizzi and Credi 2007; Prezelj et al.
2013). Furthermore, there are also difficulties associated with their routine cultivation in
artificial media (Contaldo et al. 2016). At the same time, to confirm that an infected
insect is indeed as a vector of a specific phytoplasma and that its infection is not just a
result of random feeding on infected sap from plant phloem, this needs to be confirmed
by establishing experimental transmission of the phytoplasmas to healthy plants.
Phytoplasmas cannot be controlled by chemical treatments in their plant hosts as
it is not economically feasible nor environmentally friendly to use tetracyclines,
which are the only effective chemicals that can be used (Ishiie et al. 1967). Therefore,
the control of phytoplasma diseases relies on the prevention of their spreading. The
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erratum to this book can be found at DOI 10.1007/978-3-319-50648-7_5
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practices for managing these diseases were extensively reviewed by Weintraub and
Wilson (2010) and by Bertaccini (2014). For correct planning of disease control, the
epidemiology of the diseases needs to be studied in depth. The first step is therefore
the identification and characterisation of the pathogen and its vector(s). Accurate
diagnosis of GYP is therefore a prerequisite for the management of GY diseases
(Firrao et al. 2007).

Detection methods for GYP include biological tests, microscopy techniques, and
immunological and molecular approaches. These can be applied to the plant hosts
and/or the insect vectors. They can be used to examine whether phytoplasmas are
present in a sample (i.e., generic detection methods) or to identify a specific phyto-
plasma in a sample (i.e., specific identification methods). A number of useful proto-
cols for detection of phytoplasma associated with plant diseases are collected in the
book edited by Dickinson and Hodgetts (2013). In this chapter, we provide an over-
view of the classic and new methods (Table 4.1) that are currently used in phyto-
plasma research and diagnostics, with the focus on identification of the phytoplasmas
associated with “flavescence dorée” (FD) and “bois noir” (‘Candidatus Phytoplasma
solani’-related; BN) in plant and insect materials. The suitability of different meth-
odologies, including their advantages and disadvantages, are discussed.

4.2 Biological Tests

For a long time, biological testing has been the only approach suitable for confirma-
tion of the viability of phytoplasmas. However, a newly developed methodology of
phytoplasma cultivation from naturally infected grapevine plants in artificial
medium (Contaldo et al. 2016) should graetly widen the possibilities GYP research.
The main disadvantages of biological tests are that they are time-consuming and
need space, and that the results are not always easy to interpret without further
molecular tests, as the symptomatology is quite often not very specific.

4.2.1 Transmission of Grapevine Yellows Phytoplasmas
to Madagascar Periwinkle (Catharanthus roseus)

The traditional indexing procedures for phytoplasmas are based on their transmis-
sion to healthy indicator plants that belong to the same or to other susceptible her-
baceous species such as Madagascar periwinkle (Catharanthus roseus) (Hodgetts
etal. 2013). C. roseus is a valuable experimental host, to which many phytoplasmas
have been experimentally transmitted (Bertaccini 2007; Bertaccini and Duduk
2009), and it provides the opportunity to compare symptoms induced by different
phytoplasmas in the same host plant species (Seemiiller et al. 1998). As a tropical
plant, C. roseus allows maintenance of different GYP during the whole year under
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Fig. 4.1 (a-b) Symptom differences between BN strains in C. roseus (a) strong phyllody and
virescence after infection with phytoplasma genotype CPsM4_At6 (tuf-type bl). (b) Yellowing of
the leaves and malformed white flower after infection with phytoplasmas genotype CPsM4_At4
(tuf-type a). (¢) Healthy C. roseus cv. Sorbas Reinweiss (Photo: A. Aryan)

glasshouse conditions. Phytoplasma concentrations in C. roseus are also relatively
high (Marcone et al. 1999), which provides a good reference for further DNA and
RNA analysis. C. roseus can in some cases show species-specific and strain-specific
symptoms, which provides a valuable phenotyping tool for GYP analysis (Fig. 4.1)
(Hodgetts et al. 2013; Aryan et al. 2016). This is also especially interesting for C.
roseus infection with the two major genotypes of BN, which have as reservoir hosts
either nettle (tuf-types a, b2) or bindweed and several other plants (tuf-type bl)
(Aryan et al. 2014; Maixner 1994). In C. roseus, this experimental host shows either
white dwarf flowers combined with strong yellowing and faster decline (tuf-type a
and bl), or strong dwarf flowers combined with strong phyllody and virescence
(tuf-type b2) (Aryan et al. 2016; Brader et al. 2016).

A major bottleneck for the analysis of GYP in C. roseus is the transmission of
GYP strains from field grapevine samples. GYP can be transmitted by collecting
populations of infected insect vectors (Bosco and Tedeschi 2013). The planthopper
Hyalesthes obsoletus is the major vector of BN, whereby these feed on infected
bindweed and nettle, and it has been shown that they can then transmit the BN to
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grapevines (Maixner 2011). Transmission experiments with the leafthopper
Anaceratagallia ribauti have also shown transmission of BN to broad bean (Vicia
faba) (Riedle-Bauer et al. 2008). Both H. obsoletus and A. ribauti have been used to
transmit GYP to the experimental host C. roseus by using wild insect collections
infected with different GYP strains. Successful transmission was shown with
H. obsoletus and A. ribauti collected by vacuum sampling of populations, with
infection rates of 10—40%, with 10-50 individual specimen in cylindrical cages
with a single C. roseus plant maintained in a growth chamber under long day condi-
tions (16 h light) (Aryan et al. 2014). Symptom development in the C. roseus plants
occurred within a few weeks, where the insects had no choice for their feeding.
Also, the leathopper Scaphoideus titanus has been shown to transmit FD to the
herbaceous plant broad bean and to grapevine plants (Mori et al. 2002; Chuche and
Thiery 2014).

With insect transmission, however, it is difficult to access the GYP strains in
grapevine plants, as the vector populations need to be identified and vector trans-
mission is limited to the seasonal occurrence of the adult vector insects. Various
dodder species (Cuscuta spp.) have been used to overcome these limitations in the
transfer of phytoplasmas (Bertaccini 2007; Bertaccini and Duduk 2009; Ptibylova
and Spak 2013). Transmission has also been reported from phytoplasma infected
woody plants such as apple, alder and pear (Carraro et al. 1988; Marcone et al.
1997, 1999). This approach can be tedious and requires a number of different dod-
der species to achieve successful transmission (Marcone et al. 1997), moreover it is
not an efficient means of transmission especially with GYP strains.

4.2.1.1 Heterologous Grafting

Interestingly, several reports have also shown transmission of phytoplasmas using
heterografting, which refers to grafting of an infected scion of one species to the
rootstock of another (Fig. 4.2). Heterografting transmission from phytoplasmas of
different 16S rRNA groups has been demonstrated and enclose the phytoplasma
groups of 16SrI (Tanne and Orenstein 1997; Kaminska and Korbin 1999; Kaminska
et al. 2001), 16SrIII (Tanne and Orenstein 1997; Castro and Romero 2004), 16SrVI
(Castro and Romero 2002), 16SrX (Aldaghi et al. 2007) and 16SrXII (Aryan et al.
2016). GYP classified as aster yellows (16SrI) and X-disease (16SrIII-A) and two
different strains of ‘Candidastus Phytoplasma solani’ have been successfully trans-
mitted to C. roseus by this way (Tanne and Orenstein 1997; Aryan et al. 2016).
The transmission rates of heterografting depend on the plant material (as both the
scion and the rootstock) and the grafting method, and they can be particularly high,
even with relatively distantly related plants (Aldaghi et al. 2007). High success rates
(>80%) have been obtained using cleft grafting with field-infected grapevines as the
scion and C. roseus as the rootstock (Aryan et al. 2016). For this method, the root-
stock is cut in a V-shape, the scion is sharpened, and they are immediately clipped
together using 2-mm or 3-mm plastic clips or parafilm. All grafted plants must be
maintained under high humidity (>95%) for scion survival for sufficient time to
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Fig. 4.2 Heterologous
grafting on C. roseus with
BN-infected grapevine leaf
scion (phytoplasma
genotype CPsM4_Atl,
tuf-type b2) (Photo:

A. Aryan)

allow the phytoplasma transmission. Grapevine scions can be collected in the field
and stored at 4 °C until grafting, although for a maximum of 48 h storage. For suc-
cessful transmission, the age of both the scion and the rootstock are important; the
younger the rootstock and the earlier in the season, the greater the transmission
success rate (Aryan et al. 2016; unpublished). Nevertheless, a certain phytoplasma
titre should be present in the scion, which makes midsummer the best time for graft-
ing field samples. Middle grafting is an additional method that can be used for het-
erologous grafting, where stems of two growing plants are cut so that the cambium
is connected, and they are then taped together. However, this requires an infected
growing grapevine plant as the donor. Heterologous transmission of FD to C. roseus
from grapevines has not been reported, but it appears to be possible given the reports
for transmission of GYP from three other ribosomal groups (Tanne and Orenstein
1997; Aryan et al. 2016). However, it has been tried with 'Ca. P. australiense' infected
grapevine material and was not successful (F. Constable, unpublished), suggesting
that for some phytoplasmas it may be an inefficient means of transmission.

4.2.2 A Case Study: Identification of Orientus ishidae
as a Possible Vector of FD phytoplasma

The polyphagous leathopper Orientus ishidae has been shown to carry different
strains of FD (Mehle et al. 2010; Gaffuri et al. 2011; Trivellone et al. 2015).
However, just the presence of phytoplasmas in an insect is not evidence of its vector
status for the phytoplasmas it carries. Therefore, a transmission assay is required to
provide conclusive evidence. Transmission assays can be carried using either
laboratory-reared colonies of insects (Sforza et al. 1999; Bosco and Tedeschi 2013)
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or by a field-collected insects (Bosco and Tedeschi 2013; Weintraub and Gross
2013). Infected insects are then caged together with susceptible test plants, and the
rates of plant infection are estimated afterwards. The ability of an insect to transmit
phytoplasmas can also be determined by testing for transmission to an artificial
feeding medium (Bosco and Tedeschi 2013), although this does not indicate that the
phytoplasmas that are transmitted to the feeding medium can successfully grow in
plants.

Here is presented an example of the testing of field-collected O. ishidae speci-
mens for transmission of FD (for more details, see http://www.euphresco.net/media/
project_reports/grafdepi2_final_report.pdf). A catcher was used to collect adult
insects from common alder (Alnus glutinosa) trees that had been confirmed to be
infected with a mix of different FD strains. Transmission by these insects was first
tested for the artificial feeding medium, using feeding chambers as described by
Bosco and Tedeschi (2013). At the end of the inoculation period, two to four days
after the start of the experiment, the feeding media were collected from each of the
feeding chambers and the DNA they contained was extracted using the King-Fisher
procedure (Mehle et al. 2013). DNA was also extracted using the same procedure
from the specimens of O. ishidae, which were crushed in liquid nitrogen. Each
DNA sample was analysed using real-time PCR (qPCR) (Hren et al. 2007). Here,
60% of all of the insects tested died in the first day of the transmission trial, and
these were excluded from further testing. The rest of the O. ishidae specimens sur-
vived in the feeding chambers for up to 4 days. All of the insects tested were positive
for FD, and the same phytoplasma was detected in 15% of feeding media samples
on which O. ishidae had fed for 2 days. This increased to 43% phytoplasma positive
feeding media samples on which the insects had fed for three to four days. As only
the successful transmission to the plant is the final evidence of successful vectoring,
experiments for transmission to grapevines were performed in a quarantine green-
house using O. ishidae captured from the same alder trees as for the feeding medium
experiment. The results of the transmission trial to grapevines in this quarantine
greenhouse revealed that O. ishidae only occasionally transmitted the FD to the
grapevines, and these phytoplasmas did not become established in the inoculated
grapevines.

4.3 Microscopy Techniques

Phytoplasmas inside plant tissues can be visualised under light and fluorescence
microscopy, and by transmission electron microscopy. Microscopy techniques used
for detection of phytoplasmas and for studying the cellular relationships between
phytoplasmas and host plants were reviewed by Musetti and Favali (2004). While
light and fluorescence microscopy are rapid and less expensive, visualisation by
transmission electron microscopy is laborious and requires specialised laboratory
equipment and technical skills. However, none of these methods are suitable for
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high-throughput analysis, and they usually also lack sufficient sensitivity and do not
allow phytoplasma identification.

To detect and localise phytoplasmas in infected tissues using light microscopy,
different staining methods have been applied to semi-thin sections of free-hand cut
and resin-embedded materials such as Dienes’ staining and thionin-acridine orange
staining. Although Dienes’ staining is not specific for phytoplasmas, the colonised
sieve tubes stain blue under the light microscope, while sieve tubes of healthy plants
remain unstained (Deeley et al. 1979). Similarly, thionin-acridine orange stains only
the abnormally filled sieve tubes of infected plants (Cousin et al. 1986). Therefore,
stained tissue indicates only the possible presence of phytoplasmas. DNA-binding
fluorochromes are thus more specific for phytoplasmas, such as 4’,6-diamidino-2-
phenylindole (DAPI), which binds to AT-rich regions of DNA. It has been shown
that phytoplasma DNA is AT-rich (Seemiiller, 1976; Hiruki and Rocha 1986;
Eriksson et al. 1993; Hogenhout and Seruga 2010). Resin-embedded leaf sections
stained with DAPI or other specific DNA probes (e.g., SYTO13) and their examina-
tion under epifluorescence microscope, have been successfully used for in-situ visu-
alisation of BN in tomato plants (Buxa et al. 2016).

Transmission and scanning electron microscopy enable visualisation of phyto-
plasmas at the cell level (Musetti and Favali 2004; Lebsky and Poghosyan 2014).
With new sample preparation methods (e.g., cryofixation with freeze substitution,
and plunge freezing with direct transfer to the microscope stage), and more recent
advances in instrumentation, the study of phytoplasma ultrastructure is now possi-
ble under conditions close to their native state (Devonshire 2013). Using transmission
electron microscopy allowed the discovery of phytoplasma (Doi et al. 1967), and
showed that they are pleomorphic, as they can appear in many shapes and sizes
(Waters and Hunt 1980), and that they can almost completely fill the phloem sieve
tubes (Fig. 4.3). Transmission electron microscopy has also been proven to be indis-
pensable in studies on the cytological interactions between GYP and the phloem of
grapevines (Meignoz et al. 1992).

Although these microscopy techniques do not allow different phytoplasmas to be
distinguished and identified, this can be achieved by combinations of light and/or
electron microscopy with immunological techniques (see below) (Musetti and
Favali 2004). However labelled oligonucleotides for in situ hybridization in combi-
nation with electron microscopy (Lherminier et al. 1999) or confocal microscopy
(Bulgari et al. 2011; Webb et al. 1999) can be used to specifically and locally detect
phytoplasma species, including FD and ‘Ca. P. solani’, in plant cells.

4.4 Immunological Approaches

Serological assays that are suitable for large-scale routine testing of several patho-
gens have not been successfully applied to phytoplasma detection. The main rea-
sons are the absence of good quality antisera and lack of sensitivity, which is
associated with low phytoplasma titres.

However, a few specific polyclonal and monoclonal antibodies have been raised
against some GYP. The main obstacle to the production of antibodies is the extrac-
tion and purification of phytoplasmas from plant tissues. Caudwell et al. (1988)
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Fig. 4.3 Transmission
electron micrography of
the main vein cross-section
of asymptomatic tissue
culture of C. roseus
infected with ‘Ca. P. ulmi’.
Phytoplasmas (P) may be
very numerous inside the
the sieve element (SE) and,
as indicated by the arrow,
they can move through the
sieve plate (SP). C
chloroplast; P1
plasmodesma; CC
companion cell; M
mitochondrion (Photo:

M. Tusek Znidari¢)

showed that the experimentally infected herbaceous host, broad bean (V. faba), can
provide higher FD antigen concentrations than grapevine. To reduce plant antigenic
contaminants, immune-affinity purification of phytoplasmas from plant extracts
was introduced into the production of monoclonal antibodies against FD (Seddas
et al. 1993, 1996). FD in leathopper vectors and other potential insect vectors has
been successfully detected by immunofluorescence, immunosorbent electron
microscopy and dot-blot techniques (Boudon-Padieu et al. 1989; Lherminier et al.
1989, 1990). BN has been successfully detected in H. obsoletus and in some herba-
ceous hosts, including bindweed using enzyme-linked immunosorbent assays
(ELISA) with specific monoclonal antibodies (Fos et al. 1992). ELISA and indirect
immunofluorescence staining with monoclonal antibodies against GYP have also
been shown to detect phytoplasmas in infected C. roseus. However, the extremely
low titres of GYP in the phloem of grapevine plants has restricted the use of this
technique (Chen et al. 1993). Dot-blot immunoassays with specific antibodies have
been shown to be a little more sensitive, but the interference of plant proteins from
grapevine samples shows that cross reactions are relatively common (Chen et al.
1993).

4.5 Molecular Approaches

4.5.1 Extraction of DNA

The success of molecular approaches in phytoplasma research and diagnostics
depends on the extraction of total DNA, which needs be of good quality and enriched
in phytoplasma DNA. It is also of great importance that the extraction step includes
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reduction of the enzyme-inhibitory plant polyphenols and polysaccharides (Firrao
et al. 2007). Several different protocols for total DNA extraction from phytoplasma-
infected grapevine tissues (e.g., Prince et al. 1993; Daire et al. 1997; Angelini et al.
2001; Green et al. 1999) and from the insect vectors (Marzachi et al. 1998; Trivellone
et al. 2005) have been published and the efficiencies of some of these were com-
pared by Boudon-Padieu et al. (2003).

The complexity of most DNA extraction procedures limits the number of sam-
ples that can be processed. On the other hand, a simple and rapid homogenisation
step of a crude extract followed by DNA extraction based upon the binding of DNA
to magnetic beads can provide rapid total DNA extraction, and it is applicable to
large numbers of grapevine samples or insects (Mehle et al. 2013; see also below).

4.5.2 Dot-Blot Hybridisation

Dot blot hybridization has been used to detect GYP in crude plant sap from the
field-collected samples of grapevine (Del Serrone and Barba 1996). However, more
reliable detection of GYP using this technique has been achieved on DNA extracted
from the field-collected samples of grapevines and insect vectors (Daire et al. 1992;
Bertaccini et al. 1993; Chen et al. 1993; Davis et al. 1993; Del Serrone and Barba
1996).

4.5.3 Techniques Based on Polymerase Chain Reaction

In a comparative study, Chen et al. (1993) showed that the sensitivity of GYP detec-
tion by dot-blot hybridisation is greater than that of ELISA, although both of these
techniques have been dramatically improved by PCR-based protocols, which are
now regarded as the most suitable detection techniques for phytoplasmas.

Several PCR primer combinations have been used to amplify phytoplasma DNA
from insect vectors and symptomatic grapevine samples. For initial screening, it is
advisable to start the detection with universal phytoplasma-primers that amplify
DNA from most known phytoplasma groups. As the phytoplasma 16S rRNA gene
is highly conserved and has two copies, it is relatively easy to amplify, and most
universal primers can be used to amplify this gene. In addition, primers for the
amplification of different genetic loci distributed throughout the phytoplasma
genome have also been developed as universal primers (Hodgetts and Dickinson
2010; Duduk et al. 2013).

For identification of the specific phytoplasma group, additional group-specific
primers have been developed. The specific primers for detection of FD and BN
amplify the 16S rDNA and/ or the spacer region between the 16S and 23S rRNA
genes (Lee et al. 1994, 1998; Maixner et al. 1995; Margaria et al. 2007), the ribo-
somal protein (rp) genes (Lee et al. 2004; Martini et al. 2007), or also non-ribosomal
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genes, such as the fuf gene, which encodes the elongation factor Tu (Schneider et al.
1997; Malembic-Maher et al. 2011), the secY gene, which encodes a translocase
that is part of the translocation system for the secretion of proteins across the cyto-
plasmic membrane (Daire et al. 1997; Angelini et al. 2001; Arnaud et al. 2007,
Fialova et al. 2009). For differentiation of FD and BN strains, analyses of several
other genes have been implemented, such as the variable genes that encode surface
proteins vmp1, stol-1HI0 and stamp (Cimerman et al. 2009; Pacifico et al. 2009;
Murolo et al. 2010, Aryan et al. 2014). For simultaneous detection and differentia-
tion of FD and BN, non-ribosomal group-specific primers have also been used in a
multiplex PCR protocol (Daire et al. 1997; Clair et al. 2003).

As the titres of GYP in grapevine tissues are low, routine diagnostic protocols
usually involve a nested PCR step (Lee et al. 1995; Gibb et al. 1999; Boudon-Padieu
et al. 2003; Clair et al. 2003). However, this step can increase the risk of contamina-
tion, and can thus lead to false-positive results.

For assignation to a specific 16S rDNA phytoplasma group, PCR is usually fol-
lowed by restriction fragment length polymorphism (RFLP) analysis (Lee et al.
1998; Gibb et al. 1999; Martini et al. 1999; Zhao et al. 2013). The PCR product
obtained can also be analysed by sequencing.

These methods can also be applied for phytoplasma identification with DNA
barcoding system (Makarova et al. 2013). In this approach, DNA extraction is fol-
lowed by amplification of a short DNA sequence with nested PCR, using a set of
generic primers. The product is then sequenced, and the sequence is compared with
sequences from a database of standards (Q-bank database). Two barcodes that are
based on 16S rRNA and the 7uf genes offer simultaneous identification of phytoplas-
mas from several different ribosomal groups, including those associated with GY
diseases (Makarova et al. 2013; Contaldo et al. 2015).

In addition to RFLP and sequencing analysis of the PCR products, a single-
strand conformation polymorphism assay was developed to detect minor variability
between closely related strains within the 16SrXII-A ribosomal subgroup. When
used for determination of sequence variations or for differentiation among phyto-
plasma strains, single-strand conformation polymorphism could be more sensitive
than RFLP analysis. Furthermore, it is less time-consuming, and thus more suitable
for rapid screening of large numbers of samples (Seruga Musi¢ et al. 2008); how-
ever, it is not used in routine analysis because of difficulties in the result
interpretation.

Although these techniques do not have the correct characteristics that are needed
for routine diagnostic assays, in terms of high throughput, specificity, sensitivity
and robustness, they are interesting for the development of methods with multiplex-
ing potential. Such multiplexing methods are of specific importance in the study of
GY diseases, as these can be employed with various phytoplasmas, and in several
cases, they also may show the presence of mixed infections. Such approaches
enclose heteroduplex mobility assay (Angelini et al. 2003; Wang and Hiruki 2005),
terminal RFLP (Hodgetts et al. 2007), which can be used as semi-quantitative
method for measuring fluxes in phytoplasma populations between samples (Hodgetts
and Dickinson 2010), nanobiotransducers, which distinguish between similar
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amplicons (Firrao et al. 2005), microarray-based technologies (Frosini et al. 2002;
Nicolaisen and Bertaccini 2007; Hren et al. 2009), and oligonucleotide-coupled
fluorescent microsphere diagnostic assay (Dumonceaux et al. 2014).

4.5.3.1 Real-Time (Quantitative) PCR for Grapevine Yellows
Phytoplasma Detection and Quantification

Currently, the most rapid detection of phytoplasmas is through real-time or quanti-
tative PCR (qPCR), which is based upon measurement of the fluorescence emitted
during PCR amplification. Two main types of molecules are used with qPCR: inter-
calating agents like SYBR Green, and fluorogenic probes like TagMan probe.
SYBR Green binds non-specifically to all amplicons and can lead to false positives
if melting temperatures for each system is not compared to a reference strain, while
TagMan probes ensure higher specificity, as they require hybridisation to the tem-
plate. Several protocols based on qPCR have been described for phytoplasma detec-
tion. Christensen et al. (2004) and Hodgetts et al. (2009) developed a universal
phytoplasma qPCR protocol. An FD-specific qPCR assay was developed by Bianco
et al. (2004). Galetto et al. (2005) developed a qPCR assay for the specific detection
of FD and BN (with SYBR Green), and an assay for common detection of 16SrV,
16SrX and 16SrXII phytoplasma groups (with TagMan). Angelini et al. (2007)
developed qPCR assays for identification of phytoplasmas associated with FD, BN
and aster yellows. Hren et al. (2007) developed a qPCR-based detection system for
FD and BN using TagMan Minor Groove Binder probes, which greatly reduced the
detection of non-specific target DNA (Afonina et al. 1997). A triplex qPCR for
simultaneous detection of FD and BN was designed by Pelletier et al. (2009).
Additionally, Margaria et al. (2009) designed FD-specific and and BN-specific
RT-gPCR detection assays using the same crude extract as for grapevine virus
detection, and with amplification of the RNA. The qPCR assays are designed to
amplify either the 16S rRNA gene (Bianco et al. 2004; Galetto et al. 2005;
Christensen et al. 2004; Angelini et al. 2007; Margaria et al. 2009), the 23S rRNA
(Hodgetts et al. 2009) or non-ribosomal genes, such as secY or Stoll 1 genomic frag-
ments (Hren et al. 2007), map (Pelletier et al. 2009), rpli4 (triplex qPCR; EPPO
2016). A disadvantage of qPCR is that it does not provide the possibility for further
characterisation of the detected phytoplasmas, as the amplified product is too short.
This step can be required, as all qPCR assays for FD and BN can also detect other
phytoplasmas from the same 16Sr group. However, compared to nested PCR, gPCR
is less laborious, equally or even more sensitive, and less prone to contamination, as
no post-PCR processing is required.

QPCR has also been used for quantification of GYP (Prezelj et al. 2013).
Quantitative data are useful for the monitoring phytoplasma kinetics, such as the
progress of an infection, and variations in phytoplasma titres through the season and
in different plant tissues (Galetto and Marzachi 2010; Prezelj et al. 2013), which are
crucial measures for an efficient planning of sampling. Quantification is also impor-
tant in the screening of plants for resistance against phytoplasmas, or to estimate the
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number of phytoplasma copies that are carried by an insect vector (Jarausch et al.
2004). As many factors, including inhibitors, can influence qPCR efficiency, the
accuracy of this technique for quantification can vary widely. The limits of qPCR in
quantification of FD have largely been overcome by droplet digital PCR (Mehle
et al. 2014b). In comparison with qPCR, droplet digital PCR does not need calibra-
tion curves for quantification. Its sensitivity is comparable to that of qPCR, but it is
more precise and repeatable for the quantification of FD at low concentrations.

4.5.4 Loop-Mediated Isothermal Amplification

Although the sensitivity and specificity of qPCR-based assays are sufficiently high
when they are correctly applied, they are still time consuming, and require expen-
sive laboratory equipment. Moreover, they are not easily performed in the field,
because they require DNA extraction and cycling steps. On the other hand, isother-
mal amplification methods, such as loop-mediated isothermal amplification (LAMP)
assay, are performed without thermal cycling equipment (Notomi et al. 2000).
Recently, LAMP assays were developed for a range of phytoplasmas (Tomlinson
et al. 2010; Hodgetts et al. 2011; Bekele et al. 2011; Dickinson 2015), including the
23S rRNA LAMP assay for FD detection (Kogovsek et al. 2015), and LAMP assays
for detection of BN based on amplification of the /65 rRNA gene (Gentili et al.
2016) and the secA gene (Kogovsek et al. 2016). In this latter study, it was shown
that these 23S rRNA and secA LAMP assays are comparable (in terms of as effi-
ciency) to qPCR for detection of both BN and FD, without the DNA extraction step.
The results of these LAMP assays with crude leaf-vein homogenates were similar
to those obtained by application of qPCR to extracted DNA from the same BN- and
FD-infected samples. The whole procedure of FD and BN testing, from sampling,
through sample preparation, and to final analysis has been optimised for on-site
diagnostics. The whole testing of grapevine samples using the LAMP-based
approach can also be completed in 1 h (Kogovsek et al. 2015), in comparison with
the nested PCR that requires 3 days to reach a final result, or qPCR that needs
almost 10 h for completion (Mehle et al. 2011; Kogovsek et al. 2015).

4.5.5 Gene Sequencing

Whole genome comparisons after genome sequencing (Oshima and Nishida 2007,
Kube et al. 2012) is a much more powerful tool that enables greater accuracy for the
evaluation of phytoplasma strains than that based on a single gene or multilocus
sequence comparison. Although its use is still limited due to the laborious and dif-
ficult sequencing of phytoplasma genomes, some obstacles have already been over-
come with next-generation sequencing technologies, and draft sequences of
phytoplasma genomes have now been produced (Saccardo et al. 2012).
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4.6 Step-by-Step Routine Detection of Grapevine Yellows
Phytoplasmas

4.6.1 Sampling and Sample Handling

Sampling is one of the most critical steps in the whole diagnostic process here.
Sampling strategies need to be very well planned, with consideration of the method
used for detection, the variations in phytoplasma titres through the season, the
uneven phytoplasma distributions in symptomatic plants, and the possibility of long
latent periods between infections and symptom appearance. To compensate for the
unequal distribution of GYP, different leaves that show symptoms but without
necrotic areas should be randomly collected from different shoots of the same plant
and bulked together for testing (EPPO 2016). The most reliable sampling time is
summer, when symptom expression is highest (Gibb et al. 1999; Prezelj et al. 2013).
Gibb et al. (1999) have shown that in autumn the reliability of PCR tests for phyto-
plasmas declines. When the titres are high enough, GYP can be also detected in
symptomless plant materials, in grapevine tissues other than leaves, and in the other
periods of the growing season. For example, FD has been detected by qPCR in the
late spring in flowers, berry tissues, petioles and tendrils (Prezelj et al. 2013).
Similarly, using nested PCR, BN was detected during the winter in dormant canes,
cordons and roots (Skori¢ et al. 1998; Terlizzi and Credi 2007); and phytoplasmas
of Australian grapevines were detected in shoot, cordon, trunk and/ or root samples
throughout the year (Constable et al. 2003).

As phytoplasmas colonise the plant phloem tissue, a typical step in sample prep-
aration includes sub-sampling of grapevine midribs and veins, after which they
undergo homogenisation with or without liquid nitrogen. This latter step is time-
consuming and prone to contamination, because of the dispersion of plant tissue
powder or unsatisfactory cleaned mortar and/ or pestle. The possibilities of con-
tamination can be reduced by maceration of sample tissue in a buffer solution in
disposable extraction bags or tubes. A simple and rapid homogenisation step used
for samples in tubes (e.g., FastPrep homogeniser) has been introduced in routine
detection of GYP (Mehle et al. 2013). A defined amount of the plant extract is then
used for direct testing through, e.g. LAMP assays, or for nucleic acid extraction.
The efficiency of this last depends on adequate homogenisation, the type of sample,
physiological plant status, amount of sample processed and the reagents used.

Long-term storage of samples at high temperatures and freezing and thawing of
samples, might damage the phytoplasmas and decrease the possibility of their
detection. To avoid these problems, materials for testing should be used fresh or
stored at —20 °C or lower, depending on the storage time (EPPO 2016).

The presence of GYP in the vineyard can also be followed by monitoring their
insect vectors. A number of techniques can be used for the capture of these vectors,
and these have been described elsewhere (Weintraub and Gross 2013). The insects
that are trapped on the sticky traps can be problematic for phytoplasma analysis,
thus the capture of live insects is preferable. After they have been collected, these
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insects should be transferred immediately into ethanol or stored at —20 °C (EPPO
2016). Ethanol should be washed off before testing, because it can inhibit enzymatic
reactions.

4.6.2 Validation of Diagnostic Methods

For diagnostic purposes, it is crucial to evaluate the performance of the chosen test
through validation of several parameters. According to EPPO (2014), a test is con-
sidered fully validated when it provides data for the following performance criteria:
analytical sensitivity, specificity, repeatability and reproducibility. Depending on
the scope of the test, the selectivity might also need to be determined; e.g., when
variations in a test matrix are expected. This is also the case for GYP diagnostics,
due to differences in the chemical compositions associated with different varieties,
different samples taken at different times in the growing season, and different symp-
toms expression. A comparison of the test of choice with other tests is also an
option, although this is advised only if both tests have the same level of analytical
sensitivity and specificity. If this is not the case and this option is used, this needs to
be taken into account during the interpretation of the results. It should be noted that
the characteristics of each method refer to a specific set of test parameters that need
to be stringently defined, because any changes in any of them might influence the
performance of the method (EPPO 2014).

4.6.2.1 Analytical Sensitivity

As GYP are usually present at low titres in their host plants, the analytical sensitiv-
ity of a method is very important. This is expressed as the limit of detection (LOD),
which indicates the minimum number of target GYP that can be detected. However,
because the absolute concentration of GYP is usually unknown, a maximum dilu-
tion at which the phytoplasmas are still detected is used for the determination of the
LOD. The determination of analytical sensitivity in GYP diagnostics is further com-
plicated because of the absence of certified reference materials. Although samples
with known copy numbers of plasmids containing the target DNA sequence can be
used as a reference, the use of such plasmids introduces considerable risks of con-
tamination (Peirson et al. 2003). Significant progress has been made with the intro-
duction of digital droplet PCR technology, which allows accurate quantification of
target nucleic acids without the need for standard curves (Mehle et al. 2014b).

In multiplex molecular tests, the LOD needs to be determined for each amplicon.
Efficient multiplexing requires evidence that the accurate detection of multiple tar-
gets in a single tube is not impaired, i.e., that the assay efficiency and the LOD are
the same as when the assays are run in simplex fashion. This is of particular impor-
tance, when targets of appreciably lower abundance are co-amplified with highly
abundant targets (Bustin et al. 2009).
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4.6.2.2 Analytical Specificity

The specificity of a test needs to be checked to guarantee that the method only reacts
with the target. This needs to be done experimentally by testing a range of target
phytoplasmas that covers their genetic diversity, different geographic origins, differ-
ent cultivars of grapevine and other hosts, and relevant non-target organisms (in
particular those known to be associated with grapevines). The concentration of non-
targets should be high enough to maximise the possibility of cross reactions,
although it should still be realistic. These non-targets can be characterised or non-
characterised, or pathogenic or part of the normal microflora of the grapevine. The
sample material that is itself from different uninfected grapevine cultivars also
needs to be tested. For molecular tests, there also needs to be done specificity in
silico, through searches against publicly available DNA sequence databases.

4.6.2.3 Repeatability and Reproducibility

As a basic requirement, diagnostic tests should give repeatable results. Repeatability
refers to the precision of the test with the same samples analysed repeatedly in the
same assay, while reproducibility refers to the variation in the results between runs
or between different laboratories. These can be expressed as a level of agreement for
a tested sample. Repeatability and reproducibility provide information on the level
of uncertainty of the results, and as an example for qPCR, trend analyses of run
sequence plots can be used to visualise cycle threshold (Cq) variance, where Cq is
a point on the fluorescence curve where the signal increases above background.
(Mehle et al. 2014a).

4.6.3 Measures to Reduce Uncertainties of the Diagnostic
Methods

The results of all diagnostic methods are subject to the measurement of uncertain-
ties, because the outcome depends on the method, the procedure and the operator
used, and on the environmental conditions, and other related factors (Fig. 4.4).
Possible sources and components of uncertainty in qPCR testing for FD and BN
were specified by Mehle et al. (2014a), including measures to minimise or eliminate
these uncertainties. Very similar approaches can also be applied to other phyto-
plasma detection methods.

Many sources of variation can be avoided or reduced by commonly used
approaches, such as the use of standard operating procedures and calibrated equip-
ment, and regular training of personnel, and other approaches that are recommended
in ISO 17025 or other guidelines (Mehle et al. 2014a). These have to be imple-
mented through the whole process, from sampling to issuing the final results, and
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they require the integration of different knowledge and expertise, as each step and
each diagnostic test has its own specific requirements.

Through all of the diagnostic processes special care is required to prevent cross-
contamination of samples and reagents. To monitor possible cross-contamination,
appropriate negative controls should also be used. Additionally, to check whether
the diagnostic process has been done correctly, positive controls must be included.
For DNA-based molecular methods, in-house reference materials are typically used
in diagnostic laboratories. These are either DNA extracted from samples that con-
tain the target GYP, or synthetic controls (e.g., a cloned PCR product). As an exam-
ple, the controls recommended for PCR-based procedures are presented in Table
4.2. The appropriate controls should be selected based on the method used. For
example, because PCR amplification can be affected by the presence of PCR inhibi-
tors from the samples or the extraction reagents, any effects of inhibitors need to be
verified.

For the development of new diagnostic methods, and for research, reference
material is needed as the positive control. To maintain viable phytoplasma strains,
C. roseus is commonly used (Choi et al. 2004), because of the several advantages of
this system (Pibylova and Spak 2013). C. roseus is a much better source of phyto-
plasma nucleic acids and proteins than grapevines, because of the higher phyto-
plasma titre and easier extraction. Additionally, as C. roseus can be grown under
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Table 4.2 Common quality controls used in PCR based diagnostics of GYP

Recommendation of

Description Aim using
Nucleic acid isolation sample controls
Negative Water/buffer instead of To reveal Each run

isolation control

sample

contamination of
reagents during
isolation

Healthy grapevine

Cross reactions with
grapevine tissue

Validation procedure

Positive isolation
control

Internal positive control:
samples spiked with
exogenous nucleic acid that
has no relation with the
target GY phytoplasma
(e.g., synthetic internal
amplification controls) or
endogenous nucleic

acid - conservative non-pest
target nucleic acid that is
also present in the sample
(e.g., plant cytochrome
oxidase gene or eukaryotic
18S rRNA)

Confirmation that
the extraction from
different grapevine
samples have been
successful

Each run (to monitor
each individual sample
separately)

External positive control:
naturally infected grapevine
tissue or spiked healthy
grapevine sample

To prove that
detection of the
phytoplasma from
defined samples is
possible

Validation procedure

Inhibition (sample) control
Inhibition Testing of series of DNA To reveal the Validation procedure
control dilutions or spiking with presence of or if needed in each
internal amplification inhibitors in the run (to monitor each
controls sample that can individual sample
influence the separately)
efficiency of the
method
PCR controls
Negative Water instead of sample To reveal Each run
amplification DNA (one at the start, and contamination of
control one at the end of pipetting) | the reaction mix and
pipetting
Positive Sample DNA containing To reveal the errors | Each run
amplification target GY phytoplasma or in PCR reaction and
control synthetic control (e.g., to monitor the

cloned PCR product): at
least one with the
concentration of the target
GY phytoplasma close to
the limit of detection

efficiency of the
amplification
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laboratory conditions, it can provide year-round availability of viable phytoplasmas.
Phytoplasmas can be introduced into C. roseus either by grafting and keeping the
infected plants in a glasshouse or plant growth rooms/chambers (Hodgetts et al.
2013), or by growing infected micropropagated plants in tissue culture (Bertaccini
etal. 1992, 2013). An official micropropagated collection of phytoplasmas includes
some GYP strains and is maintained at the University of Bologna (http://www.q--
bank.eu/Phytoplasmas/; http://www.ipwgnet.org/collection). Micropropagation of
infected shoots of C. roseus is a reliable method to maintain viable phytoplasma
strains over long periods. However, shoots in tissue culture should be routinely
checked for the presence of phytoplasmas, because uneven distributions of phyto-
plasmas has been shown also in shoots used in micropropagation (Bertaccini et al.
2013).
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