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Summary

1 Summary

Apple proliferation (AP) disease is the most important graft-transmissible and vector-borne
disease of apple in Europe. ‘Candidatus Phytoplasma mali’ (Ca. P. mali) is the causal agent of AP
and apple (Malus x domestica) and other Malus species are the only known woody hosts. In
European apple orchards, the cultivars are currently mainly grafted on one rootstock, M. X
domestica cv. M9 because of its good agronomic traits. Unfortunately, M9 like all other M. x
domestica cultivars is susceptible to ‘Ca. P. mali’ remaining infected for lifetime. However,
resistance to AP was found in the wild genotype Malus sieboldii (MS) and in MS-derived hybrids
but they were characterised by poor agronomic value. The breeding of a new rootstock carrying
the resistant and the agronomic traits was the major aim of a project of which this work is a part.
The objective of this thesis was to shed light into the unknown resistance mechanism. For this, the
interaction of the phytoplasma with the plant was studied by analysing differences between the
‘Ca. P. mali’-resistant and -susceptible genotypes related to constitutively expressed genes or to
induced genes during infection. The cDNA-Amplified Fragment Length Polymorphism (cDNA-
AFLP) technigue was employed in both approaches. Differences related to constitutively
expressed genes were investigated by comparing the transcription profiles of two ‘Ca. P. mali’-
resistant hybrid genotypes (4551 and H0909) with that of the ‘Ca. P. mali’-susceptible M9. The
triploid 4551 and the tetraploid HO909 share the common parent MS but H0909 has M9 as father in
addition. 232 cDNA-AFLP bands present in the two resistant genotypes but absent in the
susceptible one were selected and isolated. However, several different products were found
associated to each band. Therefore, two different macroarray hybridisation experiments were
performed with the isolated cDNA-AFLP fragments and 6 and 126 unique spots, respectively, were
selected. The analysis of the corresponding cDNA-AFLP fragments yielded 40 sequences which
encoded for genes of unknown function or a wide array of functions including plant defence. The
analysis of the induced gene expression in the plant-pathogen interaction required a system where
the plants were grown under controlled conditions. Therefore, an in vitro system was chosen based
on healthy and ‘Ca. P. mali’-infected micropropagated plants. Infection trials using in vitro grafting
of ‘Ca. P. mali’-strain AP showed a good transmissibility to susceptible plants (73 % GD; 33 % M9)
but no (H0909, MS) or low transmission to resistant MS-derived genotypes (24% D2212).
Nevertheless, H0909 and MS infected with the ‘Ca. P. mali’-strain AT2 were produced in parallel
work and the resistance phenotype could be reproduced in the in vitro system. These healthy and
infected susceptible and resistant in vitro plants were employed in the plant-pathogen interaction
study. In addition, ex vitro plants were produced in order to have an independent control for the
expression of genes differentially expressed in the in vitro plants. In the cDNA-AFLP analysis of

‘Ca. P. mali’-infected in vitro plants 63 bands were identified in patterns where an over-expression
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in the infected state was observed in both the H0909 and MS genotypes. From the sequence
analysis the major part (37 %) of the sequences showed homology with products of unknown
function. The other genes were involved in plant defence, energy transport/oxidative stress
response, protein metabolism and cellular growth. Real-time qPCR analysis was employed in order
to validate the differential expression of the genes individuated in the cDNA-AFLP analysis. Since
no internal controls were available for the study of the gene expression an analysis on
housekeeping genes was performed showing that the most stable genes in our system are the
elongation factor-1 alpha (EF1) and the eukaryotic translation initiation factor 4-A (elF4A).
Moreover, an algorithm for the fast and reliable analysis of the real-time PCR data was developed
based on two previously published methods (DART-PCR; LinReg). Twelve out of 20 genes
investigated through real-time gPCR were significantly differentially expressed in at least one
genotype either in in vitro plants or in ex vitro plants. In few cases a tendency to over- or under-
expression was observed though not supported by the statistical analysis due to the high variability
of the real-time datasets. Overall, about 20% of the genes confirmed their cDNA-AFLP expression
pattern in M. sieboldii or H0909 in either in vitro or ex vitro plants. On the contrary, 30 % of the
genes showed down-regulation or were found not differentially expressed. For the remaining 50 %
of the genes a contrasting behaviour was observed.

Genes involved in the general response against stress conditions and pathogens were observed in
MS. Here, we hypothesise that in MS the ‘Ca. P. mali’-dependent repression of genes involved in
processes like photosynthesis and in the electron transfer chain will unbalance the photosynthetic
activity and the photorespiration. As result, and in contrast to what was observed in M. x domestica
genotypes, an induction of genes involved in the general response against pathogens was found in
MS. These genes involved the pathway of H,O, and the production of secondary metabolites
leading to the hypothesis that a response based on the accumulation of H,O, in MS would be at
the base of its resistance. This resembles a phenomenon known as “recovery” where the
spontaneous remission of the symptoms is observed in susceptible plants. While the “recovery”
occurs in a stochastic way in old plants the resistance in MS is an inducible but stable feature.

As additional product of this work three cDNA-AFLP-derived markers, nine confirmed and 155
putative SNP markers were developed. The three markers were independently distributed among
the seedlings of two breeding progenies and were associated to a genomic region characteristic of
MS. The identified markers will contribute to the development of molecular markers for the

resistance as well as to map the resistance on the Malus genome.
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2 Introduction

2.1 Apple proliferation

Apple proliferation (AP) disease (Kunze, 1989) was first described in Italy in 1950 (Rui et al.,
1950). Since this year the presence of the disease was reported in all countries of Central and
Southern Europe (Lorenz et al., 1994) classifying AP as the most important graft-transmissible and
vector-borne disease of apple in Europe.

Apple (Malus x domestica) and other Malus species are the only known woody hosts. The
specific symptoms of AP in apple are the development of witches brooms (Figure 1a and Figure
1b), due to the lack of apical dominance in affected shoots, and enlarged stipules on basal leaves
(Figure 1c). Additional symptoms are associated to AP but they are not unique and can be also
observed in other disorders or are peculiar to a specific cultivar. AP-infected plants show also
undersized fruits (Figure 1d) with poor taste resulting in an economic loss due to reduced
production (Kunze, 1989).

Figure 1 Symptoms of AP: a) and b) characteristic witches brooms; c) enlarged
stipules; d) undersized fruits (pictures are copyright of Mauro Varner)

Apple is one of the most important fruit tree crops in Europe. In the 27 EU countries, the
apple production was about 11.4 million tons in 2006 corresponding nearly to 18% of the total fruit
production. Moreover, the cultivated area of about 560000 hectares represented 9% of the total
surface cultivated with tree crops (data collected from the Food and Agricultural Organization -
FAO stat). Fifty per cent of the European yearly apple production is concentrated in the central
region formed by southeastern France, Switzerland, Austria, south Germany and northern Italy. In

this area AP is of major concern (EPPO Plant Quarantine Retrieval System). The highest
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economic impact of the disease in the last decade was reported from the apple growing region of
Trentino (Italy) (Branz, 2003). Trentino is a particular intensively cultivated province with an annual
production of more than 1 million tons corresponding to about 10% of the European apple
production. In the last 15 years, AP disease has attained an epidemic character in this region
causing a huge economic loss. In 2005, a survey of the local authority for the control of plant
diseases estimated an up to 65 % presence of AP-symptomatic trees in those areas where the
apple trees in the orchards were more than 25 years old (Ufficio Fitosanitario della Provincia di
Trento; rapporto 2005). Since 2001, containment strategies to control the spread of AP in Trentino
were started at different levels: the regional research center (Instituto Agrario di San Michele,
IASMA) set up an interdisciplinary research project aiming to analyse the disease spread in order
to find appropriate short-term control measures as well as to find a durable, long-term solution by
the development of resistant plants. This thesis is part of this research activities. In parallel,
insecticide treatments against the presumed insect vectors as well as eradication programs to
uproot infected trees were conducted on a regional level. These control measures were able to
lower the impact of the disease but represent a high economic effort for the province and the
growers. In addition, replanted young apple orchards were not free of the disease but showed in
severe cases up to 3% of AP-infected plants in the second year. Therefore, the demand for the
development of AP-resistant plant material of good agronomic characteristics is high, not only in

Trentino but in all apple growing regions of Europe where AP is an important problem.

2.2 Phytopathogenic mollicutes: phytoplasmas and spiroplasmas

In 1968, Giannotti et al. first reported in France the identification of a phloem-restricted
phytoplasma as the proliferation agent in apple. Apple proliferation is only one of hundreds of
diseases associated with phytoplasmas. However, other types of microorganisms named
spiroplasmas can also cause the typical symptoms of phytoplasmoses. Phytoplasmas and
spiroplasmas are wall-less, phloem-restricted, plant pathogenic gram-positive eubacteria belonging
to the class Mollicutes (Weisburg et al., 1989; Bové and Garnier, 1998). Several hundreds of plant
species worldwide are hosts for both of these microorganisms (Lee et al., 2000; Seemidiller et al.,
2002) that are transmitted through leafhopper or psyllid vectors in which they also multiply
(Weintraub and Beanland, 2006). Spiroplasmas have been cultured on media, are motile and are
characterised by a helical shape maintained both in planta and in vitro (Saglio et al., 1971). The
most studied phytopathogenic spiroplasma is Spiroplasma citri, the causal agent of citrus stubborn
disease (Saglio et al., 1973; Bové et al., 1989; Bove and Garnier, 2003). The possibility to cultivate
S. citri in axenic conditions allowed the study of the morphology, the motility and the relationships
with its two hosts, the plant and the insect vector. Moreover, the development of tools for the gene

transfer and mutagenesis in S. citri has led to new knowledge about the cellular and molecular
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properties of this organism making it a model to study the spiroplasma-plant interactions
(Stamburski et al., 1991; Gasparich et al., 1993; Bove et al., 2003).

In contrast, phytoplasmas (formerly called mycoplasma-like organisms, MLOs) are non-
culturable, unmotile and their size and shape are variable. They are found in round shape
(diameter 60-100 nm), globular shape (150-1100 nm) or filamentous particles (1-2 nm to several
nm long). Because of these small dimensions and the pleomorphism, the phytoplasmas can
spread in the phloem systemically cell to cell through the pores of the sieve plate colonising all the
organs of the plant host. The multiplication may take place through scission or direct division (Lee
et al., 2000; Seemdiller et al., 2002; Christensen et al., 2005). The most severely affected crops by
phytoplasma-associated diseases are the deciduous fruit trees (McCoy et al., 1989; Seemdiller et

al., 1998) which are susceptible to phytoplasmoses known as “yellows diseases”, “witches’brooms

disease” and “X-disease”.

2.2.1 Phytoplasma classification

Four decades ago, it was thought that phytoplasma diseases were caused by viral infections.
In 1967, a Japanese research group demonstrated through electron microscope analysis the
presence of wall-less microorganisms in yellows-diseased plants (Doi et al., 1967).
The new class of plant-disease agents was named “mycoplasma-like organism” (MLO) because of
their morphological and ultrastructural resemblance to the mycoplasmas present in animals.

In the early 1970s and based on experimental results, the yellows diseases were associated to
two different types of phytopathogenic agents: spiroplasmas and virescence agents or not-
helicoidal mycoplasmas.

In the following thirty years, the further characterisation of the yellows diseases-associated
microorganisms demonstrated that the latter were unique and the definition MLO was substituted
with the new term of “phytoplasma” (Kirkpatrick, 1992).

In 1993, the International Committee of Systematic Bacteriology (ICSB) Subcommittee
Mollicutes defined specific criteria that a microorganism has to satisfy in order to be classified as
phytoplasma:

- the analysis by transmission electron microscopy (TEM) must reveal cell wall less pleomorphic
prokaryotes;

- the organisms have to be individuated in the sieve cells of the phloem and in general they have to
be associated with diseases that cause symptoms of decline, yellowing and development
anomalies, in particular of the flowers;

- the organisms are transmitted by phloem-feeding cicadellidae, cixiids or psillyds;

- the organisms are resistant to penicillin and highly sensitive to tetracyclins;

- the genome of these microorganisms is small (530-1350 kb) and the content in guanine (G) and

cytosine (C) is low (23-29 mol % of the total of bases);
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- the sequence analysis must indicate that the organism is phylogenetically related to other
Mollicutes.

The impossibility to cultivate these organisms in an artificial media was and still is the major
problem limiting the acquisition of knowledge about these pathogens. The detection of the
phytoplasmas in the past was done only by electron microscopy of ultrathin sections of infected
tissues or indirectly by light microscopy of stained-sieve cells by Diene’s stain (Deeley et al., 1979)
or DAPI stain (Seemdller, 1976). The identification of the phytoplasma associated with each
disease was based on symptomatology, plant host range, relationships to insect vectors and
sometimes on the geographic area. More specific methods employed for differentiating the
phytoplasmas were based on the lack or the presence of extra-chromosomal DNA, the content in
GC and the dimensions of the genome. The development of serological and nucleic acid-based
molecular probes allowed a first classification of these microorganisms. However, the sensitivity of
these methods was too low for the detection of several phytoplasmas associated with woody plants
in which they are present at low concentration. The development of the polymerase chain reaction
(PCR) technology in the 1980s improved the phytoplasma diagnostics (Chen et al., 1992; Lee and
Davis, 1992). This molecular tool provided relatively simple, sensitive and reliable means for
detection and identification of phytoplasmas. In the late 1980s and early 1990s "universal"
(generic) oligonucleotide primers were designed based on the conserved 16S rRNA gene.
Restriction fragment length polymorphism (RFLP) analysis based on PCR-amplified 16S rDNA
sequences allowed the creation of a comprehensive classification scheme of the phytoplasmas
and further advanced the diagnostics of phytoplasmal diseases (Ahrens and Seemdller, 1992;
Davis and Lee, 1993; Schneider et al., 1993; Seemdiller et al., 1994; Gundersen and Lee, 1996;
Gundersen et al., 1996; Smart et al., 1996; Seemdiller et al., 1998; Lee et al., 1998b; Martini et al.,
2007). Furthermore, analyses based on the spacer region (SR) between the 16S and 23S rDNA,
the regions that code for the ribosomal proteins (RP genes) (Schneider et al., 1993; Lee et al.,
1998b) as well as analyses based on the sequence of the elongation factor Tu (Schneider et al.,
1997) and on the secY gene (encoding for a subunit of the translocation system Sec) (Lee et al.,
2004b) improved the classification of a broad array of phytoplasmas. Particularly effective resulted
the combined analysis of the 16S rDNA sequences and the less conserved RP genes revealing the
latter as useful tool for a more specific differentiation of the phytoplasmas strains that belong to the
same group like the aster yellow and the elm yellow phytoplasmas (Lee et al., 2004a; Lee et al.,
2004b). Moreover, PCR-RFLP analyses on non ribosomal regions using specific primers further
improved the capability to discriminate between closely related phytoplasmas (Jarausch et al.,
2000).

The molecular characterisation of the conserved genes has brought to a partial solution the
classification problems allowing the development of a system that is independent to the characters

of the disease. The genome sequencing of four phytoplasmas, aster yellows witches"broom (AY-
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WB) (Bai et al., 2006), onion yellows (OY) phytoplasma (Oshima et al., 2004), ‘Candidatus
Phytoplasma mali’ (Kube et al., 2008) as well as a strain of ‘Ca. P. australiense’ (Tran-Nguyen et

al., 2008). greatly improved the number of sequences available for a better phytoplasma
differentiation and classification.
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Introduction

Presently the knowledge acquired through the different molecular tools allowed for several
different phytoplasmas to achieve the status of ‘Candidatus’ (Ca) that indicates a provisional taxon
status at the species level (IRPCM Phytoplasma/Spiroplasma Working Team - Phytoplasma
Taxonomy Group et al., 2004). The European Stone Fruit Yellows (ESFY) causal agent
‘Candidatus Phytoplasma prunorum’ and the Pear Decline (PD) causal agent ‘Candidatus
Phytoplasma pyri’ are phylogenetically grouped together with the AP causal agent ‘Candidatus
Phytoplasma mali’ in the AP phytoplasma group (Seemiiller et al., 1998) or 16SrX group (Lee et
al., 2000) within the AP subclade which is one of the major branches in the phytoplasma clade
(Figure 2).

The comparison between the molecular classification of some phytoplasmas and their
phenotypic characteristics like host range, vectors and induced symptoms has shown that there is
no consistent correlation between the type of symptoms and the identity of the phytoplasma
(Schneider and Seemuller, 1994). Closely related phytoplasmas can cause different symptoms in
the same host plant (Lee et al., 1992). Infection trials on Catharanthus roseus (C. roseus, syn.
Vinca rosea; periwinkle), a host widely used to maintain the phytoplasmas in vivo, with different
phytoplasmas showed different symptoms also compared to those that can be observed on their
own fruit tree host (Lepka et al., 1999). This was also the case of ‘Candidatus Phytoplasma mali’
where the symptoms were quite different to those observed in apple showing in C. roseus leaves

with light green colour, mild vein yellowing and smaller flower size.

2.2.2 ‘Candidatus Phytoplasma mali’

The first differentiation and specific detection of the AP causal agent ‘Candidatus
Phytoplasma mali’ (Ca. P. mali) was obtained through dot blot hybridisation using a cloned
fragment of its chromosomal DNA (Bonnet et al., 1990). Further, the application of the PCR
facilitated the diagnosis of the AP-causing pathogen (Firrao et al., 1994; Jarausch et al., 1994a).
The development of specific primers based on the 16S rDNA and on non ribosomal sequences of
‘Ca. P. mali’ in association with the restriction fragment length polymorphism (RFLP) analysis of
the PCR products showed that several genetically slightly different phytoplasmas are associated
with the disease (Schneider et al., 1993; Kison et al., 1994; Jarausch et al., 1994a). Moreover, the
analysis of the chromosome size of several phytoplasmas showed that two isolates of ‘Ca. P. mali’
had a genome size of about 600 kb (AT from Germany) and 690 kb (AP15 from Italy). In
comparison, ‘Ca. P. prunorum’ had a size of 630 kb and ‘Ca. P. pyri’ a size of 660 kb (Marcone et
al., 1999; Seemdller and Schneider, 2004; Kube et al., 2008). Nevertheless, apple is non-host for
‘Ca. P. prunorum’ and ‘Ca. P. pyri’ (Seemiiller and Schneider, 2004) while ‘Ca. P. mali’ was
reported in Prunus avium, Prunus armeniaca and Prunus domestica (Mehle et al., 2007). Although
the three phytoplasmas are characterised by narrow differences in chromosome size and high

similarity of the 16S rDNA sequences, their inter-variability was shown to be slightly higher in the
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16S-23S spacer region (Smart et al., 1996) and more concentrated in the sequence region that
codes for the extracellular domain of the immunodominant protein (IMP) (Seemduller and
Schneider, 2004). IMP may play a role in the pathogen-host interaction and this could explain the
high specificity of ‘Ca. P. mal’’, ‘Ca. P. prunorum’ and ‘Ca. P. pyri’ for different plant- and insect-
hosts (Berg et al., 1999; Barbara et al., 2001; Barbara et al., 2002; Morton et al., 2003).

In the last decade the introduction of more efficient molecular methods allowed a better
characterisation of the phytoplasmas showing that even for ‘Ca. P. mali’ several subtypes can be
classified based on the PCR-RFLP pattern (Jarausch et al., 2000; Cainelli et al., 2004). Moreover,
in a recent study Seemiiller and Schneider showed differences in virulence and in the capability to
colonize the host and to develop the classical AP symptoms between ‘Ca. P. mali’ strains
(Seemiller and Schneider, 2007). Their characterisation based on RFLP patterns using a
combined set of rarely and frequently cutting enzymes showed genetic diversity between the
strains. Although this variability could not be associated to markers correlated with the virulence
character the results showed that there is a considerable genetic heterogeneity in ‘Ca. P. mali’
(Seemiller and Schneider, 2007). Mixed infections of different phytoplasma types can take place in
the same host as shown in several works (Lee et al., 1994; Lee et al., 2000; Lee et al., 2003).
Similarly, mixed populations of phytoplasma strains could be present at the same time possibly
determining a different host answer depending on which strain takes over (Seemiiller and
Schneider, 2007). Recently, the sequencing of the linear chromosome of ‘Ca. P. mali’ (Kube et al.,
2008) allowed the selection of further genes or genomic regions to use as a molecular marker for
the differentiation of ‘Ca. P. mali’ strains (Schneider and Seemidiller, 2009). The availability of these
informations would give in the future the possibility to associate the pathogenicity character to the
presence of specific genomic regions in the ‘Ca. P. mali’.

In the last years, the emerging technique quantitative PCR (QPCR) has been employed for
the quantification of the number of phytoplasma cells present in both hosts, plants and insects. The
method was successfully applied for the analysis of ‘Ca. P. mali’ in infected plants (Baric and Dalla-
Via, 2004; Jarausch et al., 2004b). Because the symptom development appears to be related to
the phytoplasma concentration in the host, the analysis of the gPCR data represents an important
improvement. This analysis would allow the study of the disease dynamics through the relationship
between the phytoplasma concentration, the disease severity and the phytoplasma diffusion in the

plant-host and the insect-vector population (Bisognin et al., 2008a; Bisognin et al., 2008b).

2.2.3 Transmission of ‘Ca. P. mali’

The dynamics that rule the spread of AP constitute a complex system dependent on several
parameters related to environmental conditions and human intervention.

‘Ca. P. mali’ can be transmitted through several ways:
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- phloem-phloem connections
= graftings
= root bridges
- phloem sucking insects
- latently infected planting material

Two main sources are at the base of the disease spread: the introduction of a new inoculum
through infected planting material that escapes the phytosanitary controls done on the young
plants and the spreading of the disease from pre-existing infected plants. While the adoption of
more restrictive controls on the introduction of new plant material in the orchards would eliminate
the first source, the second needs the definition of a multiapproach strategy through application of
defense protocols against the vector and/or the introduction of AP-resistant apple genotypes.

Marwitz et al. (1974) demonstrated the transmissibility of ‘Ca. P. mali’ from apple to C.

roseus by the use of the dodder Cuscuta subinclusa (Petzold and Marwitz, 1976). This type of
transmission takes place through the formation of phloem-phloem connection in a natural way.
Similarly, graftings with infected material can be one cause of spreading of the disease.
In addition, in the modern agricultural practices the short distance between the plants can favour
the formation of root interconnections through which ‘Ca. P. mali’ can infect healthy plants as
observed in experimental trials simulating the conditions present in the orchards (Ciccotti et al.,
2008a). Even after eradication of the infected plants from the orchard, remaining roots in the soil
can represent an inoculum source through the formation of new shoots (Baric et al., 2007; Ciccotti
et al., 2008a).

Classical monitoring methods based on the observation of the characteristic disease-related
phenotype can fail to individuate infected plants for their eradication. This is due to a latent, non-
symptomatic presence of the phytoplasma in the tree which is favored by several parameters like
the plant age and fithess as well as the environmental conditions which can have a positive or
negative influence on the symptoms development. However, the availability of new phytoplasma
detection techniques has improved the sensitivity and the specificity of the screening methods
allowing a more efficient monitoring of the disease spread.

Although the aspects reported above play a role in the disease diffusion, the most important
spread of ‘Ca. P. mali’ takes place by insect vectors. In the past, the transmission through the
leafhopper Fieberella florii (Krczal et al., 1988; Tedeschi and Alma, 2006) and the two psyllid
species Cacopsylla melanoneura (Tedeschi et al., 2002) and Cacopsylla costalis (syn. C. picta)
(Frisinghelli et al., 2000) was demonstrated.

Studies on the insect vector population showed that C. picta is the most efficient vector for the ‘Ca.
P. mali’ transmission in Germany and northeastern Italy (Jarausch et al., 2003; Jarausch et al.,
2007; Mattedi et al., 2008). Although in north Italy C. melanoneura is the most abundant psyllid

(Tedeschi et al., 2002) its relevance as vector seems to be characteristic of the northwestern area
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(Tedeschi and Alma, 2004) while in northeastern Italy and in Germany the transmission capacity of
C. melanoneura appears very low (Mattedi et al., 2008; Mayer et al., 2009). Tests with pesticides
conducted for the control of C. picta showed good efficacy in limiting the insect vector population
(Mattedi et al., 2007). Although the evidences of a high efficiency in pathogen transmission by C.
picta, this indication alone does not explain the high spread of the disease in the Trentino region.
All these factors together like inoculum latency in asymptomatic plants, the introduction in the
orchard of infected planting material, the possibility of alternative ‘Ca. P. mali’ plant hosts and the
spreading through insect vectors act in a synergistic way determining the yearly high rate of new
infected trees. In this context, the use of resistant plants would be the only possible solution
against the diffusion of ‘Ca. P. mali’ within and across orchards. This strategy would furthermore

reduce the inoculums sources.

2.2.4 Phytoplasma plant-host interaction

Phytoplasmas are adapted to live in hosts belonging to different biological kingdoms: plants
and insects. This involves the capability to exploit the different metabolites available in the phloem
sap and in the insect hemolymph.

Studies conducted in plants after phytoplasma infection showed alteration of the normal function of
the sieve cells with blocked phloem circulation or slowered phloem flux (Braun and Sinclair, 1978;
Eden-Green and Waters, 1982; Kartte and Seemdller, 1991).

As consequence, the impaired translocation of photoassimilates in the phloem would result in
carbohydrate accumulation in source leaves and depletion in sink organs (Batjer and Schneider,
1960; Catlin et al., 1975; Kartte and Seemdller, 1991; Lepka et al., 1999) as observed in coconut
palms infected with lethal yellows phytoplasma (Maust et al., 2003). In addition, the peculiar
modifications in the plant morphology could be related to an imbalance in the hormonal and growth
regulators equilibrium, resulting in malformations and anomalies in the plant development (Chang
and Lee, 1995).

Several symptoms observed in infected plants can be correlated to the block of the phloem sap
circulation. The most common ones include alteration of the leaf pigmentation resulting in yellowing
or reddening leaves as well as laminar leaves that become fragile, thick, heavy and rolled on the
leaf stalk. Moreover, presence of rolled leaves, necrosis of the leaf veins, the vegetative apex and
the fruits, thickness of the cortex, necrosis on the roots, reduction of the development until dwarfing
and perishment of the plant are also observed (Lepka et al., 1999; Lee et al., 2000; Maust et al.,
2003). However, because environmental factors also have an influence on such modifications
these cannot be specifically associated to the phytoplasmas presence.

Evidence supporting the possible block of the phloem flux was obtained by transmission electron
microscopy (TEM) analysis. Deposit of callosium in the sieve plates, accumulation of starch in the

chloroplast and their disorganisation, alteration and thickness of the cell wall and accumulation of
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polyphenols were observed in phytoplasma-infected plants (Kartte and Seemidiller, 1991; Lepka et
al.,, 1999; Choi et al., 2004; Christensen et al., 2005). Other experiments evidenced abnormal
deposition of callose on the sieve area that leads to the collapse of the sieve elements and the
companion cells. Moreover, phloem necrosis was observed as symptom of phytoplasma diseases
like pear decline (Batjer and Schneider, 1960), apple proliferation (Kartte and Seemiller, 1991)
and elm yellows (Braun and Sinclair, 1978).

On the other side, interferences with the hormonal balance could be correlated to a series of
morphological changes like virescence (petals are green); phyllody (transformation of the floral
organs in leaves); proliferation (development of leaves from floral organs); witches brooms from
lateral buds; floral malformations and aborts. In addition, flowering and vegetative cycles in the
wrong season (flowering in winter and anticipation of the vegetative growth); modification of the
internodes and production of small and malformed fruits of low economic value are also observed
in phytoplasma-infected plants (Chang and Lee, 1995; Chang, 1998; Lee et al., 2000). The severity
of the anatomical aberrations and the necrosis of the sieve tubes depend on the susceptibility of
the host.

Specific studies on metabolism and secondary product modification showed that the
presence of the pathogen caused a marked reduction in chlorophyll a, chlorophyll b and total
chlorophyll content in aster yellows phytoplasma (AYP)-infected C. roseus plants (Chang, 1998).
AYP seemed to induce the depletion of these pigments in mature chloroplasts of older leaves.
Moreover, in AYP-infected C. roseus also the content of carotenoids in leaves diminish some
weeks after inoculation. The study of the effects in the interaction between ‘Ca. P. mali’ and apple
showed that there is a depletion of the photosystems and photosynthetic activities (Bertamini et al.,
2003). A study supporting the evidence that the hormonal balance of the hosts is affected was
presented by Perica et al. (2007). They demonstrated that in in vitro-grown C. roseus shoots
separately infected with stolbur phytoplasma (SA-I) and aster yellows phytoplasma (HYDB) the
presence of the pathogen influenced the auxin/cytokinin balance. Further studies on the C. roseus-
phytoplasmas interaction showed that in general the whole plant secondary metabolism was
changed after infection (Musetti et al., 2000; Choi et al., 2004; Favali et al., 2004).

Considering the different type of metabolisms that seem to be involved in the phytoplasma-
plant interaction one can argue that a broad range of changes are taking place in the plant after the
phytoplasma infection. Moreover, the impossibility to grow these pathogens in axenic media further
evidence the complexity of the relationship and the dependency of the phytoplasma to their plant
host metabolisms. This challenges the understanding of the mechanisms that are involved in the
symptom development whereas the lack of information is a limit for the design of defence

strategies against these diseases.
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2.3 A strategy for the development of apple proliferation resistant
rootstocks

2.3.1 Use of resistance in the control of AP

In European apple orchards, the cultivars are currently mainly grafted only on one rootstock
cultivar, M. x domestica cv. M9. The good productivity, the constant yield during the years and the
low vigour are all characteristics that contributed to its large diffusion as optimal rootstock.
Unfortunately, M9 like all other Malus x domestica cultivars, is susceptible to ‘Ca. P. mali’
remaining infected for lifetime (Kartte and Seemdiller, 1991).

In studies on the phytoplasma distribution in the plant organs it was observed that in infected
plants the phytoplasmas disappeared from the stems during the winter due to the degeneration of
the sieve tubes of which the organisms are depending (Schaper and Seemiiller, 1982; Schaper
and and Seemdlller, 1984; Seemiiller et al., 1984). In susceptible plants the pathogen is able to
overwinter in the root organ (of the rootstock) and to recolonise the aerial part in the next year
when the new phloematical tissue is generated (Pedrazzoli et al., 2008). This cyclic variation and
migration of the phytoplasma distribution could be generally exploited for several phytoplasmoses
affecting fruit trees in a strategy where resistant rootstocks would hinder the recolonization of the
aerial part in the next season as it happens for the susceptible rootstock (Seemdller et al., 2008;
Bisognin et al., 2008b; Seemiiller et al., 2009). Although the cultivars grafted on the resistant
rootstock can still become infected (through new vector-mediated transmission of the pathogen),
this strategy would avoid or drastically reduce (Seemidiller et al., 2008; Bisognin et al., 2008b) the
recolonization of the canopy in the following years through the effect of the resistant rootstock. The
exploitation of this characteristic would be independently from the cultivar used as scion allowing to
further cultivate the apple varieties present today on the market without the necessity to adopt or
develop resistant cultivars. In the specific case of AP disease wild genotypes showing resistance
against ‘Ca. P. mali’ were individuated (Kartte and Seemdiiller, 1991). These genotypes have given
new perspectives for a solution to AP disease and at the same time to study the phytoplasma-host

interaction.

2.3.1.1 Identification of a natural resistance to AP

In a screening for AP resistance in wild Malus species, ornamental Malus species and hybrid
genotypes, 5 groups were identified based on the response to the phytoplasma (Kartte and
Seemiiller, 1991). Resistance was found in the group formed by plants showing a low mortality and
a high rate of spontaneous remission of the symptoms. These were hybrids obtained from
crossings between the wild species Malus sieboldii with cultivars of Malus x domestica. Although
these plants showed symptoms in the first year after the infection, the symptoms disappeared in

the following years. The terminal growth became normal and at the end of the observation period

15



Introduction

the phytoplasma could be detected only in few plants. Kartte and Seemidiller (1991) observed that
in plants that remitted the symptoms only moderate damage of the phloem tissues occurred, like in
the Malus x domestica genotypes. However, the latter proved to be suitable hosts allowing the
multiplication of the phytoplasmas with development of the characteristic symptoms and remaining
infected lifetime. The analysis of the obtained data revealed a form of resistance associated to the
wild genotype Malus sieboldii. However, the poor agronomic value of this genotype hindered the
possibility to use it directly as rootstock in the orchards. The spontaneous remission of the
symptoms, a phenomenon known as recovery, was observed also from another research group
which showed that in recovered plants the phytoplasma can be still present in the roots but can not
colonise the above ground part of the plant (Carraro et al., 2004). In contrast, symptomatic trees
were completely colonised. Variations in symptom expression are related to the presence or the
absence of phytoplasmas in the aerial part of the plants (Seemiiller et al., 1984). In recovered
plants the phytoplasmas may or may not be eliminated from the bottom part (Schmid, 1965) but
the diffusion of the pathogen in the phloem seems to be hindered. Little is known about the
mechanism of recovery.

It is unknown if a similar mechanism is involved in the resistance shown by the Malus
sieboldii-derived genotypes. However, the observation of Kartte and Seemdiller (1991) suggested a
strategy where the phloem-tolerance and good agronomic traits of the M. x domestica genotypes
and the resistance associated with the wild genotypes can be combined for the breeding of new
hybrids to use as rootstocks in substitution of the AP-susceptible M9. The genotypes that showed
the remission of the symptoms were object of about twenty years of observations (Seemdller et al.,
2008; Bisognin et al., 2008b). The behaviour of the resistant hybrids with regard to the disease and
their classification based on different parameters was established. These parameters monitoring
the type of symptoms shown by the plants, the severity of the symptoms and their manifestation
during the years allowed the selection of genotypes that could be used as donors of the resistance
trait (Seemdller et al., 2008). In addition, a first progeny population derived from the original
ancestor M. sieboldii was object of a study for the association of the resistance character with
specific genotypic traits based on simple sequence repeats (SSR) (Bisognin et al., 2008b). Based
on the data of these two latter works a more complex and organised breeding program was

started.

2.3.1.2 Breeding of new Malus hybrids for the development of a resistant
rootstock

A set of interesting genotypes (Table 1) was chosen to be employed in the development of a
new AP-resistant rootstock. The poor agronomic value of the hybrids (alternance in the production,

fruit fall, too vigorous growth) prevented the direct use of these genotypes in the agricultural
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practice. Therefore, a breeding programme was initiated crossing the plants with the M9 rootstock

because of its good agronomic characteristics.

Table 1 Genotypes selected for the breeding of a new AP-resistant
rootstock with good agronomic characteristics

Name Ploidy Apomixis
M. sieboldii 4n yes
H0909 4n yes
4551 3n yes
D2212 4n yes
4608 3n yes
M9 2n no

The attempt to introduce part of the M9 genome in a new crossing population with M.
sieboldii hybrids was complicated because the latter were deriving from apomictic genotypes.
Apomixis is the asexual reproduction through seeds. The fertile seeds resulting from apomictic
reproduction contain embryos having a genetic constitution identical to that of the female parent
(Schmidt, 1988; Koltunow, 1993). The major problem using these hybrids in the breeding
programme was represented by the low vitality of their pollen requiring using them as mother in the
crossings. Consequently, several plants identical to the original (motherlike) were obtained
because of the high percentage of seeds in which no meiosis occurred. A schema reporting the

possible genetic combinations is represented in Figure 3.

3x 2 X 4x

apomictic hybrid M. domestica cv M. sieboldii
Genome of
parents AAA SS AAAA
Genome of —
gametes AAA S AA| [[aaaa ] [AA
Genome of '
embryo + AAA AAAS AAS AAAAS ||| AAAA | ||AAAA
seedling

H_/

recombination

Figure 3 Inheritance of apomixis of triploid and tetraploid apomictic Malus sp. genotypes
following pollination with diploid cultivar (A: apomixis; S: sexual). The schema is a
modified version of the original suggested by Schmidt (1988) (Bisognin et al., 2009)
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The breeding process is even more complicated due to the polyploidy associated with the
apomictic parents (Table 1) increasing the complexity of the analyses and the selection of the
interesting traits.

In order to try to solve such difficulties important efforts have been started in a coordinated

way to reach the objective of the development of a new rootstock with sufficient agronomic
characteristics and at the same time showing resistance to AP disease. Therefore, a project
(scopazzi del melo apple proliferation; SMAP) between the Istituto Agrario di San Michele a/A
(IASMA,; Italy) as main research partner, the AlPlanta — Institute for Plant Research (AlPlanta —
Agroscience; Neustadt a.d. W.; Germany) and the Julius Kihn-Institute (JKI) (Institute for Plant
Protection in Fruit Crops and Viticulture, Dossenheim, Germany) was established not only focused
on the breeding but also on the study of different aspects of the disease.
The rootstock development was based on the hybrids reported in Table 1 present at the JKI and
characterised in the last two decades by the prof. Seemidiller. To improve the breeding process the
development of genetic markers associated with the resistant traits was initiated in order to follow
the segregation in the new crossing population.

The genotypes previously individuated as interesting were the wild species Malus sieboldii,
the derivated first generation selections 4608 and 4551 and the second generation selections
D2118, D2212, HO909 and HO0801. These genotypes were first characterised through simple
sequence repeat (SSR) analysis in order to define specific markers to be used in the study of the
segregating population (Bisognin et al., 2009).

Some of these genotypes (Table 1) were used in the crossings with M9 as father producing
the new progenies HO909xM9, 4551xM9, 4608xM9, D2212xM9, M. sieboldiixM9. On the crossing
population infection trials were conducted in order to observe the resistance trait (Bisognin et al.,
2008b). Because this work requires several years to collect enough data from the symptom
observations, an in vitro system was established to screen the plants after the infection. The

possibility to perform the infection experiments in in vitro plants offers several advantages.

2.4 In vitro system

The possibility to cultivate and maintain AP-infected Malus genotypes in vitro was shown
since the end of the 1980s (Jarausch et al., 1996). Moreover, the transmissibility of the pathogen
through in vitro grafting was tested and successfully demonstrated (Jarausch et al., 1999a). This
was a very important step that provided the possibility to improve the studies on the phytoplasma-
plant interaction. The method was shown to work also in other woody plants maintained in vitro like
Prunus (Jarausch et al., 1999a). Therefore, this technique opened new perspectives thanks to the
possibility to obtain a high number of infected plants in controlled conditions and in a reproducible
way. The studies on in vitro plants also showed that this system can be used to screen a large

number of different genotypes to test their resistance against the phytoplasma (Bisognin et al.,
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2008a). The most advantageous points of the in vitro system are the economicity of the method,
the relative limited space required for the plant maintenance, the sterile conditions allowing the
control of the plant infection, the short time needed to obtain plants ready for the infection trials
together with the possibility to control important parameters like temperature and light conditions.

Therefore, in the SMAP project it was decided to establish in vitro cultures of the hybrids
used as starting parental material. All the genotypes were adapted to the in vitro conditions
obtaining a standardised population ready for the phytoplasma transmission trials (Ciccotti et al.,
2008b). Moreover, the system allows the fast screening of the new crossing population in order to
improve the data needed to select the most interesting genotypes for the further breeding steps.
The possibility to transfer the in vitro plants into pots through a rooting protocol complete the set of
potentiality of this method allowing the production of ex vitro plants that can be further grown and
maintained in greenhouse conditions.

Another important aspect of the in vitro system is the possibility to conduct gene expression
studies to investigate the phytoplasma-plant interaction in standardised conditions. Therefore, in
order to limit as much as possible external influences to the pathogen-host system, the in vitro
plants represent a valid tool allowing the production of enough standardised material in a relative

short time.

2.5 Individuation of differentially expressed genes in phytoplasmas
diseases

At the beginning of the project the lack of information on which genes are involved in the

response to the phytoplasma infection in woody fruit plants, together with the poor availability of
information on the apple gene expression were the limiting factors. In the past, the differential
display (DD) technique was used for the first time to study the gene expression in C. roseus after
infection with one of three different mollicutes: Spiroplasma citri, stolbur phytoplasma (yellows
symptoms) and ‘Candidatus Phytoplasma aurantifolia’ (proliferation symptoms) (Jagoueix-Eveillard
et al., 2001).
The results showed that in the S. citri-plant interaction several genes were differentially expressed
like sterol-C-methyltransferase (sterol biosynthesis pathway), transketolase (sugar transport;
regeneration of ribulose-1,5-bisphosphate), wall associated kinase, desiccation protectant protein,
chlorophyll a/b binding protein and other for which it was not possible to find similarity with known
sequences.

In the stolbur-C. roseus interaction the genes individuated as differentially expressed were
involved in the photosynthesis (subunit Ill of photosystem | and ribulose 1,5-bisphosphate
carboxylase/oxygenase). In grapevine, microarray analysis of ‘Blois noir' (stolbur group)
phytoplasma-infected plants showed a significant reprogramming of the leaf transcriptome where

genes involved in carbohydrate metabolism, in photosynthesis, in secondary metabolism as well as
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genes coding for osmotin- and thaumatin-like proteins and for callose synthesis were found to be
differentially expressed (Hren et al., 2009).

In another study using again DD analysis carried out in ‘Ca. P. prunorum’-infected Prunus
armeniaca, genes coding for a heat shock protein (HSP70), a metallothionein (MT) and an
aminoacid transporter resulted differentially regulated (Carginale et al., 2004).

Recently, the interaction between M. x domestica and ‘Ca. P. mali’ was investigated through
cDNA-AFLP technique showing that several genes involved in stress response, in signalling, in
photosystem related pathways and in leaf metabolism were deregulated after infection with the AP-
phytoplasma (Aldaghi, 2009).

Another approach for the study of the genes involved in the symptom development was the
comparison of these symptoms with mutants of Arabidopsis thaliana that showed a similar
phenotype focusing the studies on genes known to be involved in the mutant-phenotype
development. In this way, Pracros et al. (2006) showed that the tomato flower abnormalities
associated with the stolbur phytoplasma infection were determined by the differential expression of
genes involved in the flower development. However, in this case the analysed genes were selected
from a previously characterised A. thaliana mutant and not directly identified from the study of the

phytoplasma-plant interaction.

2.5.1 cDNA-AFLP: a suitable technique for the selection of differentially
expressed genes in ‘Ca. P. mali’ infected AP-resistant and -
susceptible genotypes

Although form the previous work it was not possible to obtain a clear picture on the
phytoplasma-plant interaction all these studies clearly showed the high level of complexity of this
system. The particular difficulty to study the pathogen-host relationships and the wide range of
metabolisms and modifications that are involved after the phytoplasma infection further complicate
the comprehension of the phytoplasma-plant interaction. Therefore, in this thesis a technigue that
allows a broad identification of differentially expressed genes after the infection was chosen for the
analysis of the interaction of ‘Ca. P. mali’ with susceptible and resistant Malus genotypes. The
cDNA amplified fragment length polymorphism transcript profiling (cDNA-AFLP-TP) developed in
this version by Breyne et al (2002) was adopted because of the potential of this technique in this
type of studies (Polesani et al.,, 2008; Wang et al., 2009; Baldo et al., 2010; Wang et al., 2010).
The procedure is based on the enzymatic restriction of the cDNA that has to be analysed followed
by the ligation of specific adapters that are compatible with the sticky ends generated by the
enzyme cleavage. The known adapter sequences allow the use of specific primers for the
amplification of the cDNA fragments obtained. Compared to the original cDNA-AFLP procedure
(Bachem et al., 1996) Breyne et al. applied a substantial modification: after the production of the
first set of cDNA fragments through the first digestion, the fragments with the 3’ poly A+ termini are

isolated and then used in the second digestion followed by adapter ligation. Therefore, a single
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fragment per gene should be obtained giving a fingerprinting (transcript profiling) of the RNA of the
organism (Figure 4).

AAAAAAAA -
mMRNA TTTTTTT cDNA synthesis
l ~
cDNA AAAAAAAA  Biotin
TTTTTTTR,
l Biotin
. AV4

AAAAAAAA I 5 RCATGY 3
TTTTTTIT } BstYI digestion 3 {cTacr s

LI

‘CATG Ww 3‘ fragments separation through
R l\ streptavidin-biotin binding

l Biotin

‘CATG Yiv

‘R TTTTTTTT\ } Msel digestion g uﬁ g
Biotin
5CATGY—— ——AAAAAAAA
3R —TTTTTTTT\
Biotin
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| T S |
I

Selective base of BstY| primer
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9 L | Selective amplification

1 Msel primer
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Figure 4 Flowthrough of the cDNA-AFLP-TP procedure

Thanks to the pre-amplification and the selective amplifications a unique pattern
characteristic of every genotype can be produced from every primer combination used. The higher
the number of primer combinations the higher is the possibility to characterise the differences
between genotypes or two different states. In this way, genes that are differentially expressed after

the infection because they are activated or deactivated or because they are over- or under-
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expressed can be individuated based on the intensity or the presence/absence of the signal in the
CDNA-AFLP pattern.

The individuation and isolation of the differentially expressed genes is only the first step of
the gene expression analysis. Following, the results have to be validated to confirm the differences
in the gene expression level. The most used method in the past was the northern hybridisation but
this technique requires a relative high amount of mRNA, it is time consuming and its sensitivity is
low compared with other techniques (Montrichard et al., 2003; Gachon et al., 2004). In the last
years the real-time quantitative PCR (qPCR) has been used in several studies showing that this is
a powerful tool for the gene expression analysis (Bustin, 2002; Nolan et al., 2006) The major
advantages of the gPCR are the low amount of starting material needed, the high sensitivity and
rapidity of the method and the high reproducibility of the results. Therefore, the cDNA-AFLP bands
individuated from the comparison analysis of the infected and healthy plants were studied using

the real-time qPCR technique.

2.6 Gene expression analysis by real-time PCR

The real-time qPCR technique allows to quantify the initial amount or to calculate the relative
guantity of specific targets in DNA, cDNA or mRNA samples. The principle at the base of the
technique is the generation and detection of a fluorescence signal proportional to the quantity of
product that is being synthesised (Lee et al., 1993; Livak et al., 1995). The detection of the signal
during the PCR allows to follow the kinetic of the reaction. The important parameter obtained from
the analysis is the cycle threshold (Ct) value that corresponds to the cycle at which the
fluorescence signal reaches an intensity value equivalent to a predefined threshold chosen in the

linear phase of the PCR reaction (Figure 5).

— — — i el e e o el e e e

Log Fluorescence

20 30 4

Figure 5 Real-time gPCR plot. The PCR cycles are reported on the X axis while the fluorescence
intensity signal is reported on the Y axis. The curves represent different samples. The horizontal
discontinued line corresponds to the threshold chosen for the determination of the Ct values. The Ct
values correspond to the cycle at which the threshold line meets the real-time curves. Higher Ct values
correspond to lower initial amount of target in the sample.
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Comparing the Ct value to those of an internal control or of a standard curve, the initial
amount of product or the relative amount referred to a defined gene can be determined.
Several methods are available for the generation and detection of the signal in the reaction. The
most used are Tagman® probes, molecular beacons and SYBR® Green (Dorak, 2006). The first
two solutions have a greater sensitivity and specificity to the target but on the other side they are
difficult to design and optimise and therefore not applicable to studies in which several different
sequences have to be analysed. The real-time PCR technique is successfully applied for the gene
expression studies in several different organisms. In the latest years the availability of instruments
at a more affordable price increased the diffusion of the real-time PCR approach (Ginzinger, 2002).
Nevertheless, the major part of the gene expression studies carried out using this technique are
applied to animal systems for which several tools are available on the market and the treatment of
the tissues and materials is easier because of the absence of a cell wall and products like lignine,
chitine, cellulose like in plants and fungi. Moreover, if in non-woody plants there is a diffused use of
this technique and therefore availability of knowledge on real-time PCR methods, in woody plants
the northern approach or a microarray approach were still the major source of information in gene
expression studies. Therefore, in this thesis a method for the gene expression analysis was
developed in order to investigate the phytoplasma-apple interaction that could be applied also in
other gene expression studies in woody plants. Since the availability of a fast method for the
analysis of several genes was necessary, it was chosen to adopt the quantitative reverse
transcriptase PCR approach (QRT-PCR) (Gachon et al., 2004). The advantages are that there is
no need to produce total cDNA and the reaction can be performed directly on RNA specifically for
the genes chosen as targets (Montrichard et al., 2003). In addition, lower RNA quality can be
overcomed with this method because the production of full length cDNA is not necessary and
relatively degraded RNA can still deliver reliable data comparable to those obtained from fully
conserved RNA (Fleige and Pfaffl, 2006; Fleige et al., 2006).
Another important aspect in the real-time analysis is the processing of the huge amount of data
generated. The raw values obtained from the experiment have to be statistically analysed in order
to obtain normalised and reliable data. In this thesis a modified procedure of the method decribed
by Peirson et al. (2003) (DART) was developed for the data processing obtained from the gene

expression analysis.

2.7 Aims of the work

The SMAP project was established as a coordinated research project involving different
research groups and institutions. The integrated contributions of different partners were the basis
for other research activities in the project. The themes on which it focused were the development
of a new ‘Ca. P. mali-resistant rootstock with sufficient agronomic values, the study of the

parameters of AP disease spread with the identification and further investigation of the possible
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phytoplasma vectors, and the analysis of the interaction between the phytoplasma and the plant

host.

This thesis was part of this larger project focusing on one main objective: the study of the gene

expression in the pathogen-plant interaction.

The main objective was the study of the plant-gene expression in susceptible and resistant
genotypes after the infection with ‘Ca. P. mali’. The results should contribute to the
elucidation of the so far unknown nature of the resistance mechanism.

As standardised conditions which limit the influence of parameters not involved in the
disease development are a crucial point to perform such analysis, a system that allows the
control of several parameters should be adopted. The in vitro system is a promising
technique that can fulfil the conditions necessary to have a good platform for the gene
expression analysis. A set of infected plants should be produced in order to standardise
the starting material.

The power of the cDNA-AFLP method demonstrated in previous studies on gene
expression makes this technique an optimal tool to investigate the gene expression after
the infection with the phytoplasma. A cDNA-AFLP analysis should be performed
comparing healthy and ‘Ca. P. mali’-infected in vitro plants.

The plant-phytoplasma is a complex system dependent on several environmental
parameters. In order to obtain reliable information on the gene expression plants
maintained in conditions similar to those present in the field should be analysed. Therefore,
a set of ex vitro plants should be produced in order to confirm the genes that will be
individuated in the in vitro system.

The real-time PCR technique is widely employed for the gene expression analysis. Studies
on plant/pathogen interaction in other systems demonstrated the power of this method.
The possibility to analyse several gene candidates in a fast and reliable way makes the
real-time PCR technique an ideal tool for the aim of this thesis.

Because at the beginning of this thesis there were no reports on the gene expression
analysis of the phytoplasma/apple interaction using the real-time PCR technique, a system
should be set up for the rapid screening of several genes to analyse their expression after

the infection.
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3 Materials and methods

3.1 Materials

3.1.1 Plant material

The plant material used in this study derived from a plant collection present at the Julius
Kihn-Institute (JKI) Dossenheim (Germany) (Table 2). The gene expression study of the ‘Ca. P.
mali’-apple interaction was carried out on plants that were obtained from in vitro cultures. The
genotypes maintained in vitro for the infection trials are reported in Table 3 and are referenced in
Bisognin et al., 2008a and Ciccaotti et al., 2008b.

Table 2 Genotypes used as plant material

Genotype Ploidy

Malus sieboldii 4n
4551, 4556: Malus x domestica cv Laxton’s superb x Malus sieboldii an
selection 4551 and 4556

H0909: selection 4556 x M9 4n
D2212: Malus sieboldii x Malus x domestica cv Husmoder x open pollinated 4n
GD:Malus x domestica cv Golden delicious 2n
M29: Malus x domestica rootstock cultivar 2n

As inoculum source for ‘Ca. P. mali’ infected tissue cultures of Malus x domestica cvs Golden
Delicious and Rubinette were used (Bisognin et al., 2008a) (Table 3). Moreover, ex vitro plants
were generated from these cultures for the analysis of the pathogen-plant interaction at conditions

more similar to those present in the orchards.

Table 3 Genotypes maintained in vitro for the generation of standardised
infected and healthy material

Genotypes used for the study of ‘Ca. P. mali’ inoculum sources
the ‘Ca. P. mali’-plant interaction (genotype/strain subtype)
Malus sieboldii GD/AT?2
H0909 Rubinette/AP
D2212
GD
M9
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3.1.2 Chemicals and radioisotopes

The chemicals, biochemicals, tissue culture media and phytohormones used were supplied
by the manufacturers listed below:
Applichem (Darmstadt, Germany), Duchefa (Haarlem, The Netherlands), Flucha (Sigma-Aldrich
Chemie GmbH, Munich, Germany), Gibco BLR (Invitrogen, Karlsruhe, Germany), Invitrogen
(Karlsruhe, Germany), National diagnostics (Biozym Scientific GmbH, Hessisch Oldendorf,
Germany), Roth (Carl Roth GmbH, Karlsruhe, Germany), Sigma-Aldrich (Sigma-Aldrich Chemie
GmbH, Munich, Germany).

Radiochemical (y*P ATP 9.25 MBq; 250 pCi; 1,95 MBg/mmol; product code: AH9968-
250UCI) and blotting membranes, Hybond N*-membrane, were supplied by Amersham

Biosciences (GE Healthcare Europe GmbH, Freiburg, Germany).

3.1.3 Enzymes

The restriction enzymes, Taq DNA polymerase, mesophilic DNA polymerase and DNA
modifying enzymes used were supplied from Eppendorf (Hamburg, Germany), Fermentas-MBI
(St.Leon-Rot, Germany), Invitrogen (Karlsruhe, Germany), New England Biolabs (NEB) (Frankfurt
am Main, Germany), USB (GE Healthcare Europe GmbH, Freiburg, Germany).

3.1.4 Bacterial strains
The cloning procedures were carried out using the Escherichia coli (E. coli) bacteria strain:

DH5a: F #80dlacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17(r,, m,*) phoA
SuUpE44 i thi-1 gyrA96 relAl (Invitrogen, Karlsruhe, Germany)

3.15 Vectors

pUC19 Yanisch-Perron et al 1985 (Fermentas, St.Leon-Rot, Germany)

pNEB205A pUC19 derived vector, (NEB, Frankfurt am Main, Germany)

3.1.6 Buffers and media

LB:
10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract, pH 7.5 adjusted with NaOH, 15 g/L agar
were added for solid medium

SOC:

20 g bacto-tryptone, 5 g bacto-yeast extract, 0.5 g NaCl, 2.5 ml 1M KCI, ddH20 to
1L pH 7.0 adjusted with NaOH, autoclave to sterilize, add 20 ml of sterile 1M glucose
immediately before use
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MLOG6 pH 5.6 (Jarausch et al., 1999a; Ciccotti et al., 2008b):

4.46 g/L Murashige and Skoog (MS) modified as described by Van der Salm et al. (1994)
with macro & microelements + vitamins; 1 mg/L thiamine, 30 g/L sucrose, 8 g/L micro agar

The following hormones are added at a temperature of 50°C:
0.05 mg/L auxine IBA
0.1 mg/L gibberelline GA3
1 mg/L cytokine BAP

XT buffer:
0.2 M NaBO, * 10 H20, 30 mM EDTA, 1% (w/v) SDS (w/v), 1% (w/v) sodium deoxycholate

TAE buffer:
40 mM Tris-acetate pH 8.0, 0.05 M EDTA

TBE buffer:
89 mM Tris-HCI pH 8.0, 89 mM boric acid, 2 mM EDTA

TE buffer:
10 mM Tris-HCI pH 8.0, 1 mM EDTA

TEXdir buffer:
CTAB 2 %, 1.4 M NaCl, 20 mM EDTA pH 8.0, 100 mM Tris-HCI pH 8.0, 2 % PVP25
P1:
25 mM Tris-HCI pH 8.0, 50 mM glucose, 10 mM EDTA pH 8.0
P2:
0.1 M NaOH, 1% SDS
P3:

3M KOAc, 5M glacial acetic acid

3.2 Methods

3.2.1 Plant tissue culture

The tissue cultures used in this thesis were those described by Bisognin et al., 2008a and
Ciccotti et al., 2008b (Table 3). The material necessary for the experiments was prepared from
these cultures that were maintained and propagated into tubes containing ten ml of MLO6 media
(3.1.6) and placed in usual growth chamber at 23/18 °C + 1°C day/night and 16h photoperiod
under cool-white fluorescent lights (60 HE m? s™). Plantlets developed from the transferred shoot

were subcultured every 4 - 6 weeks (Jarausch et al., 1996; Ciccotti et al., 2008b).
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3.2.1.1 Invitro grafting

The phytoplasma-infected in vitro plants were produced by in vitro graft-inoculation as
described in Jarausch et al. (1999a). For each genotype a minimum of 10 healthy shoots of
adequate size were chosen for the grafting with phytoplasma-infected tips. The latter were selected
from ‘Ca. P. mali-infected in vitro plants that were propagated and maintained as inoculums
reservoir (Table 3). The grafting procedure used to infect the plants was carried out joining the
infected tip to the healthy shoot. Tip and shoot had to be prepared producing a small cut in the
middle of the shoot and modifying the extremity of the tip in a wedge form in order to produce a
compatible union (graft) between the two plants (Figure 6). After one month of graft contact, the tip
was separated from the shoot and for each sample the graft-union strength was annotated. The
tips were stored at -20°C while the shoots were further subcultured for another month in MLO6
medium (3.1.6). After this period, the plants were tested through PCR (3.2.4) for the presence of
‘Ca. P. mali’. For those plants that resulted PCR negative and that had a strong graft-union the tip
was PCR-tested for the presence of the phytoplasma. In this way, it was possible to calculate the
transmission rate excluding from the analysis the plants that were negative because grafted with a

healthy tip.

Figure 6 a) preparation of the plant shoot and the ‘Ca. P. mali’-infected tip; b) union of the plant shoot
and the tip

3.2.1.2 Rooting and acclimatization

Homogeneous shoots, longer than 2 cm, were excised from proliferating cultures: 10-30
explants per genotype were incubated in a solution containing 30 g/l sucrose and 5 mg/l IBA in
darkness at 24 = 1 °C for 4 days. After dark induction, explants were transferred to the light on
agarised (0.6%) auxin-free medium with half strength MS salts, without vitamins and with 58.4 mM
sucrose (Ciccotti et al., 2008a; Ciccaotti et al., 2008b). After 25 days rooted plantlets were removed,
rinsed in tap water, transplanted in sterilised potting mixture of peat and agriperlite (15%) and

grown in greenhouse benches under closed environments and under natural daylight conditions.
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Humidity (RH), maintained near saturation, was reduced over a period of 4 weeks by gradually
opening the lid. A weak solution of fungicide was sprayed on the plants to prevent fungal
contamination. Acclimatized plantlets were then transplanted to plastic square pots and maintained
in greenhouse. The plants obtained with this procedure were defined as ex vitro plants.

3.2.2 RNA isolation from plant tissue

3.2.2.1 Preparation of phloem tissue from roots and branches

The phloem tissue used for the RNA extraction was prepared from healthy in field-grown
plants. Opposing excisions were made in the cortex of roots and branches and then peeled away.
The phloem tissue was then removed by scratching with a scalpel and the material immediately
frozen in liquid nitrogen and stored at -70°C.

3.2.2.2 Collection of the material from in vitro and ex vitro plants

For each genotype and healthy state 7-8 in vitro shoots with homogeneous size were
respectively collected and pooled and used as material in the RNA extraction. For the analysis in
ex vitro plants, 4-5 fully developed leaves where collected from 3-4 different plants for each
genotype and healthy state respectively. As root material several primary and secondary roots
were collected and pooled from 3-4 different plants for each genotype and healthy state. After

sampling the material was immediately frozen in liquid nitrogen and stored at -70°C.

3.2.2.3 RNA extraction procedure

Total RNA extraction was performed with a modified hot borate method as described in
Moser et al. (2004).
The following reagents have to be added to the XT buffer (3.1.6) immediately before its use

in the extraction:

o 2% R3-mercaptoethanol (or DTT 10 mM)

e 0,5% spermidin

e 1% Nonidet P-40 (IGEPAL) (or Tween 20)
o 2% (w/v) PVP

3.5 ml complete buffer/g tissue is required.
The extraction is carried out in 2 ml Eppendorf tubes.

Procedure:
1) Pre-warm the buffer to 80 °C in waterbath
2) grind the tissue with liquid nitrogen, as fine as possible. Transfer 0.4 g of powder in pre-chilled

2 ml Eppendorf tubes
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3) immediately add the hot buffer to the powder by slow flow to avoid foam formation. Vortex
briefly to favour the contact of the powder with the buffer. Incubate the Eppendorf tube for 5
minutes at 80°C in a thermoblock

4) add 2.5 mg/g tissue of proteinase K (Sigma 100 mg; 20 mg/ml solution). Incubate 1 h at 42°C
in the thermoblock. Mix every 10 minutes

5) add 2 M KCI at final concentration of 160 mM. Mix gently. Place the Eppendorf tube 45 min in
ice (formation of an insoluble precipitate)

6) centrifuge 15 min at 12000 rpm (15000xg) at 8°C

7) transfer clarified upper liquid in a new Eppendorf tube and add 8 M LiCl at final concentration
of 2 M and 1% [3-mercaptoethanol

8) incubate overnight at 4°C (on ice) for RNA precipitation

9) centrifuge 25 min at 12000 rpm (15000xg) at 8°C

10) discard liquid and wash the pellet (generally relatively pigmented) once with 1 ml cold 2M LiCl

11) centrifuge at 13000 rpm (21000xg) at 8°C for 15 minutes (the pellet must be compact)

12) if the pellet is not sufficiently clean, repeat the steps 10-11 with 1 ml of cold 2 M LiCl

13) dissolve the pellet in 600 pl of 10 mM Tris-HCI pH 7.5

14) add 1/10 volume of 2 M KAc pH 5.5. Put the Eppendorf tube 10 minutes on ice

15) centrifuge 15 min at 13000 rpm (21000xg) at 8°C

16) transfer the liquid (clean and transparent) in a new Eppendorf tube, and add 0.9 volumes of
cold isopropanol. Incubate 1 h at —20°C

17) centrifuge 20 min at 13000 rpm (21000xg) at 8°C

18) wash the pellet with 1 ml cold 80 % EtOH

19) centrifuge 15 min at 13000 rpm (21000xg) at 8°C

20) dry the pellet on ice

21) resuspend the pellet in 100 pl of RNAse free water

3.2.3 DNA isolation from plant tissue

The total DNA of plant tissues (leaves, petiols, root phloem, branch phloem or in vitro plant)

was extracted with the method described below (W. Jarausch, personal communication):

Plant material: about 0.5 g plant tissue + 3 ml TEXdir buffer (3.1.6)

1) homogenise the material in ELISA bag in a homogenisator (Bioreba)

2) transfer 1.5 - 2 ml of liquid in 2 ml Eppendorf tube

3) centrifuge 4 min at 2000 rpm (2200xg)

4) transfer 1 ml of the supernatant in a new 2 ml safe cap Eppendorf tube

5) incubate 30 min — 60 min at 60°C (waterbath/heatblock), spin to take down the condensed
water at the cap

6) add 1 ml chloroform
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7) mix by inverting the tube 1 min

8) centrifuge 5 min at 13000 rpm (16000xg)

9) transfer 900 pl of agueous phase in a new 1.5 ml Eppendorf tube
10) add 0.8-volumes isopropanol and vortex

11) incubate 15 min at RT

12) centrifuge 15 min at 13000 rpm (16000xQg)

13) discard the supernatant

14) wash the pellet in 500 pl of 70 % EtOH, vortex

15) centrifuge 10 min at 13000 rpm (16000xQ)

16) discard the supernatant and dry the pellet in a speedvac
17) dissolve the pellet in 100 pl H,O

3.24 General PCR

Several PCR reactions were optimised for the specific procedure or protocol carried out in
this thesis. However, when not specified in the method descripted a standard PCR procedure was

performed as follows:

PCR mix:
1 pl primer forward (20 uM)
1 ul primer reverse (10 uM)
0.5 ul dNTPs (5 mM each)
2 ul 10X Taq buffer (Eppendorf)
0.1 ul Taq (5 U/ul;Eppendorf)
X ul template (10 ng plasmid DNA- 100 ng genomic DNA or RNA)
H,O to 20 pl

PCR reaction parameters:

95°C 4 min

95°C 30 sec

X°C 30 sec 35 cycles
72°C Y sec

72°C 4

16°C oo

X is the optimal annealing temperature of the primer pair used
Y is the elongation time that depends on the insert size (1000 bp/minute was used as parameter

for the calculation of Y)
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3.25 Gradient PCR

The optimal annealing temperature of each primer was empirically defined through the
application of a gradient PCR. A specific thermal cycler was used (Epgradient; Eppendorf) in which
different temperatures are applied depending on the position of the sample in the thermoblock. The
temperature gradient, increasing from left to right, was applied using a range between 52°C and
64°C. Each position in the block has its own temperature. The same reaction mix and the cycle

parameters described in 3.2.4 were used.

3.2.6 RT-PCR

The primers developed for the real-time PCR analysis were tested on RNA using a one-step
RT-PCR protocol (one-step RT-PCR Kit; Invitrogen) to verify presence of the target in the RNA and
to evaluate the quality of the primers. Moreover, with this method were produced the PCR products
that had to be sequenced to control if the right target was amplified (kit containing the Platinum Taq
High Fidelity; Invitrogen).

Reaction mix:

0.5 pl enzyme mix (Superscript Il and Platinum Taq or Platinum Taq
High Fidelity; Invitrogen)

0.5 yl NTPs (5 mM each)

1 ul primer forward (10 uM)

1 ul primer forward (10 uM)

2 pl 10X RT buffer (Invitrogen)

X ul RNA (100 ng)

H.0 to 20 pl

PCR parameters

RT step 55°C 10 min

95°C 5 min

95°C 30 sec

60°C 30 sec 40 cycles
72°C 30 sec

72°C 4 min

16°C oo

3.2.7 Phytoplasma detection

The presence of the phytoplasma in the infected plants was detected through PCR as
described in Jarausch et al. (1994a) wusing the specific primers AP3 (5-
GAAACATGTCCTATTGGTGG-3’) / AP4 (5-CCAATGTGTGAAATCTGTAG-3)).
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The DNA extracted from the plant tissue was used as template in the PCR mix prepared as
follows:

2 pl primer AP3 (10uM)

2 ul primer AP4 (10uM)

0.5 pl ANTPs mix (5 mM each)

2 ul 10x PCR buffer (Eppendorf)

0.2 yl Tag DNA polymerase (5 U/ul; Eppendorf)

12.3 ul H,O

1 pl of DNA

20 pl final volume

PCR reaction conditions:

95°C 5 min

95°C 15 sec

57°C 15 sec 40 cycles
72°C 30 sec

72°C 4 min

16°C oo

The PCR products were loaded on a 2 % agarose gel (3.2.21) and the electrophoresis performed
at 100 V for 30 min

3.2.8 Restriction reactions

The restriction reactions were performed as follows:

5 unit restriction enzyme
2 pl 10X enzyme buffer
300 ng DNA

Final volume 20 pl

For double digestion if the enzymes are compatible:

5 unit restriction enzyme A

5 unit restriction enzyme B

2 pl 10X enzyme buffer (optimal for both enzymes)
0.2 pl 100X BSA

300 ng DNA

Final volume 20 pl

Digestion overnight at the temperature recommended by the supplier.
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3.2.9 Cloning of PCR products

3.2.9.1 TAcloning

The pUC19 vector was modified for the TA cloning of PCR bands. The preparation of the

linearised pUC19 with T extremities was carried out as follows:

5 ul pUC19 (1 pg/ul)
2 yl EcoRV (10 U/ul)
4 ul 10x EcoRYV buffer
29 pl H,0

Final volume 40 pl

Incubate 4 h at 37°C

3 ul of the reaction mix were loaded on a 0.8 % agarose gel (3.2.21) in order to control if the vector
was linearised.

The addition of the dTTP at the 3’ extremities of the vector was performed as follows:

0.4 pl Taqg DNA polymerase (5 U/ul Eppendorf)
10 pl dTTP (10 mM)
Final volume 50 pl

The modified vector was then purified using the QIAquick PCR purification kit (Qiagen)
For PCR products destinated to be cloned a final step of 10 minutes at 72°C in the PCR cycles
was added.

The ligation reaction was then performed using:

50 ng of T modified pUC19 vector
PCR product in a molar ratio 3:1

1.5 pyl 10X T4 ligase buffer (NEB)

1 pl T4 ligase (400 NEB units/ul; NEB)
Final volume 15 pl

3.2.9.2 USER PCR product cloning method

In order to have a rapid and efficient cloning of PCR products the USER (uracil-specific
excision reagent) Friendly Cloning Kit from NEB was chosen (NEB #E5500). This method
combines the use of the plasmid pNEB206A (pUC19 derived vector) with the 5° USER modified
PCR primers. The modification consists in a clamp at the 5’ end of the primers conferring this final

structure:
Forward Primer: 5" -[GGAGACAU + (restriction site) + priming sequence]

Reverse Primer: 5 -[GGGAAAGU + (restriction site) + priming sequence]
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The PCR reaction is performed at the conditions normally used for the unmodified specific
primer. The uracil present in the primer sequence allows the enzymatic modification by the USER
enzyme (a mix of uracil DNA glycosylase and DNA glycosylase-lyase Endo VIII). After the USER
reaction the PCR products present sticky ends because of the excision activity of the enzyme mix.
The extremities are complementary to 5" and 3’ extremities of the linearised pNEB206A allowing

the cloning of the PCR products.
The protocol of the USER cloning is carried out as follows:

10 pl of USER-PCR product (minimum 50 ng)
1 pl of USER enzyme mix

1 pl of pPNEB206 A vector

15 min at 37°C

15 min at RT

3.2.9.3 Preparation of chemically competent E. coli cells

Chemically competent E. coli cells were prepared as follows:

1) asingle E. coli colony is grown overnight in LB media

2) the overnight culture is inoculated in a 100 times volume of LB media and grown until ODggq
value reaches 0.4-0.6

3) centrifuge the culture at 5000 rpm for 5 min at 4°C

4) gently resuspend the pellet in 1/4 original volume ice cold CaCl,

5) chill onice for 15 min

6) centrifuge the suspension at 5000 rpm for 5 min at 4°C

7) gently resuspend the pellet in 1/25 volume ice cold CacCl, containing 15% glycerol

8) freeze the cells in 100 pl aliquots directly in liquid nitrogen

9) keep the aliquots at -70°C

3.2.9.4 Heat shock transformation of E. coli

2 ul of the ligation reaction is added to 50 pl of chemically competent E. coli that are

transformed using a heat shock procedure:

1) incubate the competent cells 30 min on ice

2) heat shock at 42 °C for 45 sec

3) add 600 ul LB medium to the cells

4) incubate 1h at 37°C in agitation (300 rpm)

5) plate 100 pl on previously prepared LB agar plates containing 100 pg/ml ampicillin and 40 pl
of X-gal (40 mg/ml)
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3.2.10 Colony PCR

The colonies were picked with a toothpick and replicated on a new LB agar plate containing
100 pg/ml ampicillin. In order to check the presence of the insert the toothpick was then swirled for
5 seconds in a PCR mix prepared as described in 3.2.4 using the specific primers of the insert that
had to be checked.

The PCR conditions were :

95°C 10 min
95°C 30 sec
X°C 30 sec 35 cycles
72°C Y min
72°C 4 min
16°C oo
X is the optimal annealing temperature of the primer pair used
Y is the elongation time that depends on the insert size (1000 bp/minute was used as parameter

for the calculation of Y).

3.2.11 Plasmid miniprep

The plasmid minipreps were performed starting with an overnight culture prepared by
inoculating a colony in 2 ml of LB + antibiotic (ampicillin 50 pg/ml).

The miniprep procedure was carried out as follows:

1) centrifuge the bacteria 5 min at 13000 rpm (16000xg) at RT

2) discard the supernatant and add 100 pl of P1 buffer. Vortex and wait 5 min

3) add 200 pl of P2 buffer. Mix gently but thoroughly and wait 5 min at RT

4) add 150 pul of P3 buffer. Mix gently but thoroughly and incubate 5 min on ice

5) centrifuge 5 min at 13000 rpm (16000xg)

6) transfer 400 pl of the supernatant to a new 1.5 ml Eppendorf tube and add 800 pl of cold 100
% EtOH. Incubate 2 min at RT

7) centrifuge 5 min at 13000 rpm (16000xg) at RT

8) remove the supernatant and add 1 ml of cold 70 % EtOH

9) centrifuge 5 min at 13000 rpm (16000xg) at RT

10) dry the pellet and resuspend in 20 pl of H,O

11) the presence of the insert is checked through restriction analysis using appropriates restriction

enzymes (3.2.8).
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3.2.12 Poly (A)" mRNA isolation

Poly (A)* mRNA was isolated following a modified procedure of the NEB protocol for

streptavidin magnetic beads (NEB #S1420S):

Elution buffer (EB): 10 mM Tris-HCI (pH 7.5), 1 mM EDTA

Low salt buffer: 0.15 M NacCl, 20 mM Tris-HCI (pH 7.5), 1 mM EDTA

Wash/binding buffer: 0.5 M NaCl, 20 mM Tris-HCI (pH 7.5), 1 mM EDTA

1) prepare a 65°C water bath

2) pre-warm the elution buffer in a 70°C water bath

3) place the low salt buffer in an ice bath

4) dissolve 1.0 Aygo unit of biotin-(dT)g (NEB #S1325S) in 500 ul of 1x wash/binding buffer. Final
concentration 8 pmol/ul

5) aliquot 125 ul (500 pg) of streptavidin magnetic beads per 100 pg of total RNA into a clean
RNase-free microcentrifuge tube. Add 100 pl of 1x wash/binding buffer and vortex to suspend
the beads. Apply the magnetic separator to the side of the tube for approximately 30 seconds.
Remove and discard the supernatant

6) add 25 pl of biotin-(dT),g solution to the magnetic beads and vortex to suspend the beads.
Incubate at room temperature for 5 minutes with occasional agitation by hand. Apply the
magnetic separator then remove and discard the supernatant

7) wash the beads by adding 100 pl of 1x wash/binding buffer. Vortex to suspend, then apply the
magnetic separator and discard the supernatant. Repeat the wash

8) add 5 pl of 10x wash/binding buffer to the volume containing 100 ug of total RNA and adjust
the volume to 50 pl with RNAse free H,O. Heat at 65°C for 5 minutes then quickly chill in an
ice bath for 3 min

9) add the total RNA sample to the previously prepared magnetic beads. Vortex to suspend the
particles then incubate at room temperature for 10 minutes with occasional agitation by hand

10) apply the magnetic separator and remove the supernatant. Add 100 pl of wash/binding buffer,
vortex to suspend the beads. Apply the magnetic separator then remove and discard the
supernatant. Repeat the washing step with fresh wash/binding buffer

11) add 100 pl of cold low salt buffer to the beads, vortex to suspend. Apply the magnetic
separator then remove and discard the supernatant

12) add 25 pl of pre-warmed elution buffer, vortex to suspend the beads then incubate at room
temperature for 2 minutes

13) apply the magnetic separator then transfer the supernatant to a clean RNase-free

microcentrifuge tube
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14) repeat the elution step with 25 pl of fresh elution buffer. Apply the magnetic separator and add

the supernatant to the previously eluted mRNA.

3.2.13 cDNA synthesis

For the cDNA synthesis and the cDNA-AFLP analysis the procedures described by Breyne et

al. (2003) were followed with some modifications and adaptations.

- First strand cDNA synthesis

Incubate 2 hr at 42°C

20 pl poly(A)" mRNA (~1.0 pg)

1 pl oligo-dT zs-biotynilated (700 ng/ul; Invitrogen)
4 ul 10x Superscriptll buffer (Invitrogen)
4ul0.1MDTT

2 ul dNTPs 10 mM (2.5 mM each)

1 pl Superscript 1l (200 U/ul; Invitrogen)

8 ul H,0

- Second strand synthesis

40 pl first strand reaction mixture

16 pl 10x E. coli ligase buffer (NEB)
3 pl dNTPs 10 mM (2.5 mM each)

6 ul 0.1 MDTT

15 U E. coli ligase (NEB)

50 U E. coli DNA polymerase | (NEB)
1.6 U RNAse-H (Fermentas-MBI)
H,O to 160 pl

Incubate 1 hr at 12°C and 1 hr at 22°C

Extract the reaction mixture once with phenol/chloroform and purify the cDNA using a Qiaquick

spin column (Qiaquick PCR purification kit, Qiagen). Check the quality and yield of cDNA by

agarose gel electrophoresis.

3.2.14 cDNA-AFLP

AFLP template preparation (using BstYl and Msel)

- First digestion

Incubate 2 hrs at 60 °C

30 pl cDNA (500 ng)
10 U BstYI

4 ul 10X BstY| buffer
H,O to 40 pl
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- Immobilization of 3'-terminal cDNA fragments on streptavidin magnetic beads

The biotinylated 3'-end fragments are separated from the non-biotinylated fragments by binding to
streptavidin magnetic beads (S1420S; NEB) as follows:

STEX buffer (1X): 1 M NaCl, 10 mM Tris, 1 mM EDTA, 0.1 % Triton X-100, pH 8.0

1. wash 10 pl streptavidin magnetic beads once in 100 pl 2x STEX and resuspend in 40 pl 2x
STEX (the same volume as the restricted cDNA)
add the beads to the restricted cDNA to give a final volume of 80 pl
incubate the mixture at room temperature for 30 minutes with gentle agitation
collect the beads with the magnetic separator (S1506S; NEB) wash once with 100 pl 1x STEX
and transfer to a fresh tube
wash 4 additional times with 100 pl 1x STEX

resuspend the beads in 30 ul TE buffer and transfer again to a fresh tube.
- Second digestion

Add to the 30 pl beads-suspension:

10 U Msel
4 pl 10X Msel buffer
H,O to 40 pl

Incubate 2 hrs at 37 °C with gentle agitation

Collect the beads using the magnetic separator and transfer the supernatant, containing the

liberated template fragments, to a clean tube for the subsequent adapter ligation reaction.
- Adapter preparation

All adapters (BstYl, Msel) are non-phosphorylated oligonucleotides

For adapter BstYI, mix oligo Bst-F and Bst-R such that an adapter is obtained at a concentration of

5 pmol/pl.
Bst-F: 5' - CTCGTAGACTGCGTAGT - 3
Bst-R: 5' - GATCACTACGCAGTCTAC - 3

For adapter Msel, mix oligo Mse-F and Mse-R such that an adapter is obtained at a concentration

of 50 pmol/pl.
Mse-F: 5' - GACGATGAGTCCTGAG - 3
Mse-R: 5'- TACTCAGGACTCAT - 3
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- Adapter ligation

Add to the supernatant (containing the template fragments; 40 pl) a mix of 10 pl containing:

1 pl BstYI adapter (5 pmol)

1 pl Msel adapter (50 pmol)

1 pl 20 mM ATP (Fermentas-MBI)

2 ul 5 x DNA ligase buffer (Invitrogen)
1 U T4 DNA ligase (Invitrogen)

10 U BstYI

H,O to 10 pl

Incubate >= 3 hrs at 37°C

Pre-amplification with a selective Bst primer

Dilute the adapter ligation 10-fold with TE buffer and use 5 pl as a template in the pre-amplification.

BstTO and BstCO are combined with the MseO primer

Primers:
BstTO: 5 - GACTGCGTAGTGATCT - 3
BstCO: 5' - GACTGCGTAGTGATCC - 3'
MseO: 5' - GATGAGTCCTGAGTAA - 3

The reaction contains:

5.0 ul 10-fold diluted adapter ligation

1.5 pl BstTO or BstCO primer (50 ng/ul = 75 ng)

1.5 pl Mse primer (50 ng/ul = 75 ng)

2.0 pI 5 mM dNTPs (0.2 mM final concentration of each dNTP)
1 U Tag DNA polymerase (5 U/ul; Eppendorf)

5.0 pl 10x PCR-buffer (Eppendorf)

H,O to 50 pl

PCR amplification:

94°C 30 sec.
56°C 60 sec. 20 cycles

72°C 60 sec

The pre-amplification is checked by running 10 pl of the reaction mixture on a 1 % agarose gel
(3.2.212).
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Selective amplification reaction using a labeled primer
- Primer labeling
For one single AFLP reaction, 5 ng of labeled primer is needed.

0.1 ul of a 50 ng/ul selective Bst(C orT)+N-primer solution
0.1 pl **P-g-ATP (»2000 Ci/mmol » 50 pmol; Amersham)
0.05 pl 10x T4-kinase buffer (USB)

0.2 units T4-kinase (USB)

H,O to 0.5 pl

0.5 ul final volume vyields a labeled primer at a concentration of 10 ng/pl

Incubate 60 min at 37°C and, subsequently, 10 min at 70°C (inactivation of the kinase).
The actual reaction volumes depend on the number of AFLP amplifications that need to be

performed with the selective primer.

- PCR reaction

For each amplification, 5 pl of a 600-fold dilution of the pre-amplification mixture is used as
template.

A single PCR reaction contains:

5.0 pl pre-amplification mix (diluted 600-fold in T10Eq 1)
0.5 pl labeled Bst(C or T)+N-primer (10 ng/ul --> 5 ng)
0.6 ul unlabeled Msel+N-primer (50 ng/ul --> 30 ng)
0.8 I 5mM dNTPs

2.0 yl 10x PCR-buffer (Eppendorf)

0.6 U Taq DNA polymerase (5 U/ul; Eppendorf)

H,O to 20 pl

PCR amplification:

94°C 5 min
94°C 30 sec
65°C 30 sec cycle 1

72°C 60 sec

cycle 2 to 13: lower the annealing-temperature each cycle by 0.7°C during 12 cycles

94°C 30 sec
56°C 30 sec 23 cycles:

72°C 60 sec
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Polyacrylamide gel analysis

After the selective PCR amplification, the samples were analyzed on 6% polyacrylamide gels
(3.2.21) using the Sequigel system (Bio-Rad). Gel electrophoresis was performed as described in
the common AFLP analysis (Vos et al., 1995). After the run, the gel was vacuum-dried on a

Whatman paper and exposed on a Biomax MR autoradiogram film (Kodak).

cDNA-AFLP band isolation

The bands were selected on the autoradiographic film that was then used as guide for the
isolation of the cDNA-AFLP fragments. Therefore, the position of the band on the blot was
individuated overlapping the film and excising the correspondent zone from the Whatman paper
(and therefore the gel slice). The obtained fragment was then eluted overnight in 100 pl of ddH,0O.

3.2.15 Sequencing

The sequencing of the cloned inserts was performed using the sequencing kit BigDye (ABI).
The capillary electrophoresis analysis was carried out by the company GENterprise (Gesellschaft

fur Genanalyse und Biotechnologie mbH; Mainz; Germany).

Sequence reaction mix:

2 yl BigDye v 3.0

2 ul 5X BigDye buffer

1 ul primer for sequencing (10 uM)
0.5-5 yl DNA (between 170-350 ng)
0-4.5 yl H20

Final volume 10 pl

PCR parameters:

95°C 1 min

95°C 10 sec } 30 cvle
55°C 4 min cycles
16°C oo

For some sequences, the capillary electrophoresis analysis was self performed using ABI prism

3100 sequencer from ABI.

The sequencing of PCR products was carried out from the company 4BaselLab (Reutlingen;

Germany) directly on 10 pl of reaction using the reverse or forward specific primers.
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3.2.16 Sequencing data analysis and software

The sequences were analysed using the BLAST web form and the tools present at the NCBI
(www.ncbi.nih.gov), Expasy (www.expasy.org) and TIGR (www.tigr.org). Analysis of the sequence

chromatograms was performed with the software Chromas (Technelysium Pty Ltd) and the
freeware suite BioEdit 7.0.5 (developed by Tom Hall; Ibis Therapeutics). The development of SNP
markers was carried out using the software Staden package (Staden et al., 2003).

3.2.17 Macro-array production

3.2.17.1 Low density macro-array production for the first hybridisation
screening experiment

The low density macro-array was produced spotting the PCR products obtained from the re-
amplification of the cDNA-AFLP fragments. The specific primers associated with the corresponding
isolated band were used for the PCR reaction carried out as reported in Diehl et al.(2002) and

performed in 96 well PCR plates:

10 mM Tris- HCI pH 8.3 (stock : 100 mM)
2.25mM MgCl; (stock : 50 mM)

50 mM KCI (stock : 500 mM)

0.2mM dNTPs (stock : 10 mM)

15M Betaine (stock : 3 M)

0.25 uM Specific Bst-C+N primer

0.25 uM Specific Msel+N primer

0.1 mM Cresol Red (stock : 50 mM)

0.2 pl Taq Polymerase (Eppendorf 5 U/ul)
1l cDNA-AFLP band

Final volume 40 ul

PCR parameters:

94°C 10 min

95°C 30 sec

56°C 30 sec 35 cycles
72°C 40 sec

72°C 4 min

16°C oo
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Spotting procedure for the low density macro-array production

The spotting procedure was carried out using a 96 pins tool (V&P scientific; product #VP407)
with a spotting volume of 1.5 pl per pin. The presence of the cresol red allowed the control of the
procedure through the red coloration of the spot.

The production of the macro-array was carried out using a 4x4 geometry as spotting grid with 5
positions spotted in double. A total of 96*10 spots were produced on a 10 cm x 14 cm filter
membrane. The geometry is reported below:

Figure 7 Base geometry of the macroarray. P1= plate 1; P2 = plate 2;
P3= plate 3; P4= plate 4; P5= plate5; the white squares are empty

The preparation of the membrane and the spotting procedure were carried out as follows:

Denaturation solution: 1.5 M NacCl, 0.5 M NaOH
Neutralisation solution: 1.5 CaCl, 0.5 M Tris-HCI pH 7.2

1) place the filter membrane (Hybond N+; Amersham) in the denaturation solution for 5 min

2) wet 3 layers of whatman paper with the denaturation solution discarding the excess of liquid

3) place the membrane on the whatman paper avoiding the formation of air bubbles under the
membrane. Avoid the presence of an excess of liquid on the membrane

4)  perform the spotting procedure

5) place the membrane for 5 min on 3 layers of whatman paper previously immerged in
neutralisation solution and eliminating the excess of liquid

6) transfer the membrane on a dryed whathman paper

7) leave the membrane dry

8) the DNA is fixed on the membrane through backing 2 h at 80 °C

The hybridisation procedure is described in 3.2.18.
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3.2.17.2 High density macro-array production for the second hybridisation
screening experiment

Cloning of cDNA-AFLP bands

The eluted cDNA-AFLP bands were cloned for the preparation of a macro-array. The

procedure used was carried out as follows:

1) re-amplification of all isolated cDNA-AFLP bands with the correspondent USER modified

selective primers (3.2.9.2). For all the primers one common PCR cycle is used:

94°C 5 min
94°C 30 sec
56°C 30 sec 30 cycles
72°C 60 sec
2) check the PCR products on a 1 % agarose gel (3.2.21)
3) mix 5 ul of each PCR (pooling) carried out with the same primer combination
4) take 10 pl of the mix and add 1 pl of USER enzyme and 1 pl of pNEB206a vector
5) incubate 15 min at 37°C and then 15 min at room temperature

6) use 5 pl of the reaction mix to transform chemically competent cells as described in 3.2.9.4
7) plate 70-200 pl of the transformed cells

Every cloned pool corresponded to a selective combination. A number of colonies 10-fold the
number of the cDNA-AFLP bands forming the pool were picked and grown overnight in 384 well

plates containing 60 pl LB + ampicillin 120 pug/ml per wells.
Colony PCR of the cloned cDNA-AFLP bands

The 96 pins tool (VP scientific) was used to perform a colony PCR allowing transferring per
each pin about 1 yl of overnight culture in the PCR mix previously aliquoted in 96 well PCR plates.

The mix used is a modified version of that described in a previous work by Diehl et al.(2002).

10 mM Tris- HCI pH 8.3 (stock: 100 mM)
2.25 mM MgCl, (stock: 50 mM)

50 mM KCI (stock: 500 mM)

0.2mM dNTPs (stock: 10 mM)

15M Betaine (stock: 3 M)

0.25 uM primer BstCO

0.25 uM primer MselO

0.1 mM Cresol Red (stock: 50 mM)

0.2 pl Taq Polymerase (Eppendorf 5 U/ul)

Final volume 40 pl
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PCR parameters:

94°C 10 min

95°C 30 sec

56°C 30 sec 35 cycles

72°C 40 sec

72°C 4 min

16°C oo
The PCR products were controlled loading 5 pl on an agarose gel using two samples per plate-
lane randomly chosen.
Then the PCR products were evaporated at 37°C until obtaining 1/2 of the initial volume and used

for the spotting procedure.
Spotting procedure for the high density macro-array production

The production of the macro-array was carried out with the robot Biomek 2000 (Biomek)
using a 4x4 geometry as spotting grid. A total of 6144 spots can be produced on a 14 cm x 10 cm
filter membrane. The geometry is reported below:

Figure 8 Base geometry of the macroarray. P1= plate 1; P2 = plate 2;
P3= plate 3; P4= plate 4; P5= plate5; P6=plate 6; P7=plate 7; P8=plate 8

The preparation of the membrane and the spotting steps were the same as described above for

the low density macro-array procedure.
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3.2.18 Hybridisation and differential screening

Preparation of the DIG labelled probe

The PCR DIG probe synthesis Kit (Roche) was used for the labeling of the PCR products.
The kit allows the production of 25 labeled probes. The ideal ratio of the labeled dUTP-DIG:dTTP
is 1:2 to perform a hybridisation with a single copy gene in a Southern hybridisation analysis.
For the array application, the ratio was changed and a 1:19 ratio was found to be an optimal
condition to obtain good hybridisation signals. In this way, the number of reactions per kit can be
increased to 437.

The PCR reaction mix was prepared as follows:
For the low density macro-array

2 yl of 1:19 dTTP:dUTP-DIG (2mM)

2 pl of dATP (2 mM)

2 ul of dCTP (2 mM)

2 ul of dGTP (2 mM)

2 ul 10X PCR buffer

0.2 yl Tag polymerase (Eppendorf 5 U/ul)
1 pl Bst-CO primer

1 pl MselO primer

2.8 ul H,0

5 ul adapted cDNA-AFLP (diluted 1:500)
Final volume 20 ul

For the high density macro-array

2 yl of 1:19 dTTP:dUTP-DIG (2mM)
2 ul of dATP (2 mM)

2 yl of dCTP (2 mM)

2 yl of dGTP (2 mM)

2 ul 10X PCR buffer

0.2 uyl Taq polymerase (Eppendorf 5 U/ul)
1 ul Specific BstYIl-C+N primer

1 ul Specific Msel+N primer

2.8 ul H,0

5 ul pre-amplified cDNA-AFLP
Final volume 20 pl

The PCR reaction parameter used were the same as described in 3.2.14.
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Hybridisation procedure

The protocol for the hybridisation procedure, was derived from the DIG manual (DIG

application manual; Roche) and optimised with different conditions.

Composition of the used buffer:

Maleic acid buffer 10X: 1 M Maleic acid, 1.5 M NacCl; adjust with NaOH to pH 7.5

Autoclaved. RT stable

Blocking solution: dilute 10X blocking solution 1:10 with 1X maleic acid buffer. Prepared

fresh for every hybridisation

Blocking solution 10X: 10% wi/v blocking reagent in 1X maleic acid buffer. Autoclaved and

stored at 4°C

Detection buffer: 0.1 M Tris-HCI, 0.1 M NaCl, pH 9.5 (20 °C). Autoclaved. Stable at RT

20X SSC: 3 M NacCl, 0.3 M Na-citrate, pH 7.0.

1)
2)
3)

4)
5)

6)
7)

8)
9)
10)

11)
12)
13)
14)
15)

pre-hybridisation of the macro-array filter for 1.5-2 h with 10 ml DIG easy hyb buffer

add the denatured (5 min, 95°C) labeled probe directly into the hybridisation tube

overnight hybridisation with the optimal temperature (47°C) calculated as suggested in the DIG
manual

after the hybridisation, the probe can be maintained at -20° and reused for further hybridisation
place the filter in a plastic tray and add the low stringency (LS) buffer (2X SSC, 0.1 % SDS).
Incubate 5-10 min in agitation at RT. Repeat this step with fresh LS buffer.

add the high stringency (HS) buffer (0.1X SSC, 0.1% SDS) pre-warmed at the 65°C

incubate the filter in agitation at the selected wash temperature (65°C) for 15 min. Repeat the
wash step with fresh HS buffer.

wash once with wash buffer (Maleic acid buffer + 0.3 % v/v Tween 20) for 2 min

discard the wash buffer, add the blocking buffer and incubate 2 h in agitation

discard the blocking buffer and add 20 ml antibody solution freshly prepared (20 ml blocking
buffer + 2 pl 10000X AP-Fab DIG)

incubate 30 min in agitation

wash twice for 15 min with wash buffer

add 20 ml detection buffer. Incubate 3 min in agitation

place the filter on a saran wrap with the hybridised side facing up

add 1 ml CDP-Star (1:200 diluted with detection buffer: 5 pl concentrated CDP-Star + 995 ul
detection buffer) and cover the filter with the saran wrap. The liquid will be distributed over the

filter surface. Avoid air bubbles formation

16) incubate the filter 5 min in the saran wrap envelope

48



Materials and methods

17) place the filter over another piece of saran wrap (eliminate the exceeding liquid) and seal the
contour forming a bag containing the filter. Avoid the formation of air bubbles

18) incubate 5 min in dark and then place the film (Kodak MR light) over the sealed filter

19) 5 -10 min exposure

20) develop the film

Stripping step

1) wash with distilled water 1-5 min

2) wash twice for 15 min with NaOH 0.2M + 0.1 % SDS at 37° C
3) wash with 2X SSC 5 min

4) filter can be maintained in 2X SSC for further hybridisations

3.2.19 Primer design

The design and development of all new primers used in this study was performed with the
online web service of primer3 (http://biotools.umassmed.edu/bioapps/primer3_www.cgi) using the

following standard parameters:

Table 4 Parameters used for the primer development

Parameters Minimum Maximum
Primer size 18 25
Primer GC content 45 65
Melting temperature 57 65
PCR product 120 220
3’ clamp GC content 1 2
Max poly X - 4

3.2.20 Real-time PCR analysis

The real-time analysis was performed using SYBR Green as detection method. The SYBR
Green |® molecule binds specifically double-strand DNA. In this state, after excitation from a 492
nm light-source, it emits a fluorescence signal with a 513 nm wavelength. The emitted signal is
proportional to the quantity of SYBR Green I® bound and therefore to the DNA quantity and length.
In association with a PCR the build-up of the product and the reaction kinetic can be followed

measuring the intensity of the emitted fluorescence proportional to the quantity of DNA.
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3.2.20.1 Real-time PCR on RNA

The gene expression analysis was performed directly on the plant total RNA extracted with
the method described in 3.2.2.

20 pg of total RNA were treated with RNAse free DNAse as follows:

20 pg total RNA

10 pl 10x RNAse free DNAse buffer
1 ul RNAse free DNAse

DEPC water to 100 pl

15 min at 37°C

Add 1 ul EDTA 0.5 M (final concentration 5 mM)

15 min at 70°C

The treated total RNA was directly used as template in the one-step gRT-PCR (Invitrogen kit
#11736-59). The reaction mix was prepared as follows:

0.3 ul gene specific primer forward (10 uM)
0.3 ul gene specific primer reverse (10 uM)
10 pl 2X SYBR Green Il PCR mix (Invitrogen)
0.4 uyl RT/Platinum Taq mix (Invitrogen)

0.5 yl dNTPs (5 mM each) (Fermentas)

7.5 ul H,0

1 pl DNAse treated total RNA

20 pl final volume

The parameters for the gRT-PCR were:

55°C 5 min

95°C 30 sec
60°C 25 sec
72°C 23 sec
Plate read 10 sec
72°C 4 min
Melting curve analysis 55 to 95°C, 1°C/min 10 sec read
16°C oo

40 cycles

3.2.20.2 Real-time PCR on cDNA

The real-time PCR analysis on the cDNA was performed using the cDNA synthesized with

the method described in 3.2.13. The reaction mix for the real-time PCR was prepared as follows:
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0.3 ul primer forward (10uM)

0.3 ul primer reverse (10uM)

2 pl 10x PCR buffer (Eppendorf)

0.5 yl dNTPs (Fermentas)

0.6 yul SYBR Green Il (Biorad)

15.2 ul H,O

0.1 yl Taqg polymerase (5 U/ul; Eppendorf)
1 ul cDNA

The PCR reaction parameters were :

95°C 3 min

95°C 30 sec
60°C 25 sec
72°C 23 sec
Plate read 10 sec
72°C 4 min
Melting curve 55 to 95°C, 1°C/min 10 sec read
16°C oo

40 cycles

3.2.20.3 Preparation of a dilution series for the real-time qPCR primer
efficiency test

For each gene tested in the real-time PCR a dilution series of the plasmids containing the
corresponding cloned insert was prepared. A stock with a concentration of 10° molecules/pl was
set for each plasmid based on their initial concentration and size. Subsequently a ten-fold dilution
series was prepared until obtaining a single molecule/pl as last aliquot (10°>10°).

3.2.20.4 Real-time PCR data analysis

The analysis of the data generated in the real-time PCR is an important part of the gene
expression study. The method used in this thesis for the elaboration of the raw data is a modified
version of the method described in Peirson et al. (2003). In each real-time PCR run the genes were
investigated in double and 2 housekeeping genes were used as internal control for the healthy and
infected samples. Three runs are performed for each gene investigated obtaining 3 values in
double (6 raw values). The collection of the raw data was carried out with the Opticon Monitor 3.1
software (Bio-Rad Laboratories) while their elaboration and statistical analysis (one-factor analysis

of variance - ANOVA with a=0.05; two tailed t-test with a=0.05) were performed with Excel®.
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3.2.21 Agarose gel, polyacrylamide gel preparation and electrophoresis
parameter
Agarose gel

The agarose gels were prepared using the quantity reported in the following table:

Table 5 Quantity of agarose depending on concentration and size of the gel

_ Small size gel Medium size Large size
Concentration
(B5mITBE 1 X) | (110 ml TBE 1 X) (160 ml TBE 1 X)
Grams of agarose (Roth)
0.8 % 0.44 0.88 1.28
1% 0.55 11 1.6
15% 0.825 1.65 240
2% 11 2.2 3.2

The agarose gels were run on TBE 1X buffer at 100 V. Gels were stained in 1% ethidium bromide

and bands were visualised on an UV transilluminator.
Polyacrylamide gel

The polyacrylamide gels used in the cDNA-AFLP procedure were prepared using the
sequencing gel electrophoresis apparatus (Model S2; Biometra, Gottingen, Germany). After the
assembly of the glasses for the gel casting the polyacrylamide solution was prepared as follows:

80 ml SequaGel Monomer Solution 6 % (National diagnostics)
20 ml SequaGel Complete Buffer (National diagnostics)
0.8 ml APS 10 % (fresh prepared)

Mix with a magnetic stirrer and purge carefully between the two glasses of the sequencing
apparatus avoiding the inclusion of air bubbles. Wait 1-1.5 hours for an optimal polymerisation

reaction.

Gel electrophoresis parameters

The parameters for the electrophoretic run of the polyacrylamide gels were:

Voltage: 2500 vV

Power: 80 W

Time: 3 hours or longer in case of the optimised step for the better redolution of the cDNA-
AFLP bands
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4 Results

At the beginning of this thesis nothing was known about the possible mechanism of the
resistance to apple proliferation identified in Malus sieboldii and its hybrids. The trait of resistance
to AP might be associated to constitutive differences in the morphology or in the type and quality of
particular gene products of the phloematic tissues or, the resistance response of the plant might be
induced after infection with ‘Ca. Phytoplasma mali’.

Therefore, the two main objectives of this study were the individuation of constitutive
differences between AP-resistant and —susceptible Malus genotypes for the development of
molecular markers associated with the trait of resistance to apple proliferation and the individuation
in the resistant genotypes of genes involved in the plant response after infection with ‘Ca. P. mali’.
The experimental work was structured in two main parts: in the first part analyses were performed
for the development of genetic markers associated with expressed sequences while the second
part was focused on the study of the variation in the plant-gene expression after the phytoplasma
infection. Thanks to its versatility, the cDNA-AFLP TP technique was chosen as main procedure in
both approaches for the analysis of the gene-expression patterns.

4.1 Analysis of constitutively expressed genes in healthy AP-
resistant and -susceptible Malus genotypes

4.1.1 cDNA-AFLP on healthy field-grown plants

The aim of this first experimental part was the comparison of the expression patterns in the
healthy state of the resistant and susceptible genotypes. The analysis of the constitutively
expressed genes was performed through the application of the cDNA-AFLP TP technique. With
this procedure, differences related to the nucleotide sequence like single nucleotide polymorphism
(SNP), or differences in the expression of the genes can be individuated. In order to maximise the
possibility to find such type of differences, three genotypes were chosen and compared because of
their particular genetic interrelation: H0909, 4551 and M9.

As described in the introduction HO909 and M9 are directly related since M9 was used as
father in the crossing that had produced H0909. On the other side, 4551 was derived from the
same crossing trial (Malus x domestica cv Laxton’s superb x Malus sieboldii) that produced the
genotype 4556 used as mother in the cross yielding H0909. The genotypes 4551 and H0909 were
shown to be resistant to AP while Malus x domestica cv. M9 is susceptible (Seemidiller et al., 2008;
Bisognin et al., 2008b). The attempt to compare the constitutive differences was based on these
relationships because M9 and H0909 share part of their genome while 4551 and HO909 have part
of their genome in common to the ‘Ca. P. mali’-resistant ancestor Malus sieboldii. In this way, we
wanted to define constitutively expressed differences in the expression of genes related to M9 or to

Malus sieboldii. This part of the thesis was directly associated with a more extended work inside of
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the main project SMAP (2.3.1.2) in which a series of resistance screening-trials were programmed
for the collection of data related to the behaviour of the genotypes against AP disease. The
availability of these observations together with the information about the constitutively expressed
differences would allow the linkage of the phenotypic data derived from the infection-trial with the
gene expression data of the cDNA-AFLP analysis. This would give the possibility to individuate
constitutively expressed genes or genetic markers associated to the resistance.

The plant material used for the analysis was collected from phloem tissue preparations
(3.2.2.1) of branches or roots obtained from healthy plants maintained in the experimental orchard
at the JKI Dossenheim (Germany) (Table 6).

Table 6 Genotypes and tissues used for the cONA-AFLP TP analysis

Genotype Tissue
H0909 Root phloem Phloem of branches
4551 Root phloem Phloem of branches
M9 Root phloem Phloem of branches

The samples were immediately frozen in liquid nitrogen and conserved at -80°C. The total
RNA was extracted from the phloem tissues as described in the paragraph 3.2.2 followed by the
cDNA-AFLP TP analysis (3.2.13; 3.2.14)

In the cDNA-AFLP TP procedure every selective amplification produces a specific pattern
associated to the expressed genes of the genotype. This technique was originally applied for the
comparison of differences in the expression level between developmental stages of a chosen
organism (genotype) (Breyne and Zabeau, 2001). Therefore, the validity of this approach for the
comparison of constitutively expressed genes between diploid and polyploid plants had to be
proven. In order to check if reliable results could be obtained it was decided to test initially only the
half of the possible primer combinations. Because the restriction enzyme BstYl used in the first
digestion recognise the degenerated hexanucleotide sequence 5-RGATCY-3’ (R=A or G and Y=C
or T) two types of cDNA fragments are generated: one type with a dCTP and one type with a dTTP
as first nucleotide at the 5’ end. Therefore, after the adapter ligation two different sets of BstYI
primers are available: BstYI-C and BstYI-T. Each primer amplifies a different pool of cDNA
generated from the BstYl digestion. In addition to this first differentiation, the usual selective
amplification of the AFLP technique is carried out combining the four variants of the BstY| specific
primers with the four variants of the Msel specific primers giving 16 primer combinations available

for each set of BstYI primers.
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Branch Root

H DM9 H D M9 HDM9 H D M9 H DM H DM9 HD M9 HD M9
—— — — = 2

v

Figure 9 Example of a cDNA AFLP TP autoradiogram. Every lane corresponds to the pattern
obtained from the amplification of the adapted cDNA of a genotype with the selective primer
combination. Every group of three lanes corresponds to the three genotypes H=H0909 (left lane),
D=4551 (middle lane) and M9 (right lane) respectively, amplified with the same primer combination.
The four groups in the left part of the autoradiogram represent four different primer combinations
tested on the samples obtained from the branch phloem tissue and the four groups in the right part are
the same primer combinations tested on the samples obtained from the root phloem tissue.

Therefore, for the initial analysis the primer combination set associated to the BstYI-C primer
was chosen (Table 7). The selective PCRs were carried out on the adapted fragments generated
in the cDNA-AFLP procedure performed on branch and root phloem tissues (Figure 9). Then the
expression patterns of the constitutively expressed genes were compared between the two
resistant genotypes and the susceptible one. In the analysis of the pattern obtained from the same
primer combination, those bands that showed a signal at the same height (bands with the same
size) in both HO909 and 4551 but no signal in M9 were isolated from the blot (Figure 10).
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Table 7 The four BstYI-C selective primers and the four Msel selective
primers were combined to give 16 primer pair combinations.

BstYI-C selective primers | Msel selective primers
BstYI-C A Msel A
BstYI-CC Msel C
BstYIl-C G Msel G
BstYI-CT Msel T

HDM9 HD M9 H D M9

Figure 10 Zoomed region of Figure 9. The arrows show the type of bands individuated and isolated
from the blot. H=H0909, D= 4551 and M9 indicate the genotypes. Every group of three patterns
corresponds to a different primer combination used on the same tissue type.

From the comparison of the cDNA-AFLP patterns of the 2 resistant genotypes a total of 77
pairs of bands in the branch phloem tissue and 155 pairs of bands in the root phloem tissue were
individuated (Table 8). In total, 464 bands were excised from the blot (3.2.14), 232 for HO909 and
232 for 4551. One code was associated to every band based on the primer combination used for
the amplification and on the relative position that the band had in the pattern lane starting from the

top of the gel.
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Table 8 Number of selected pairs of bands for branch and root phloem tissue
associated with the different primer combination applied in the first cDONA AFLP
TP experiment. Every pair of bands corresponds to 2 bands effectively excised from
the blot (one for each resistant genotype).

Selective base N°of individuated bands present
in HO909 and 4551
of BstYI-C of Msel Branch phloem Root phloem
primer primer tissue tissue
A 0 0
C 2 11
A
G 4 8
T 7 8
A 5 13
C 2 6
C
G 2
T 6 9
A 6 13
C 4 8
G
G 5 11
T 7 16
A 12 11
C 4 16
T
G 3 6
T 8 13
16 77 pair of 155 pair of
TOTAL combinations bands bands
TOTAL Branch + 232 pair of bands
Root

A relative high number of bands was individuated and selected through a non-classical
application of the cDNA-AFLP TP protocol. Therefore, to reduce the risk to analyse many
uninteresting bands a preliminary hybridisation screening was performed in order to better identify
those bands associated with cDNA fragments that could give valuable information for a further

analysis.

4.1.2 Macroarray production and hybridisation

The absence of the band in M9 at the same height of the pair of bands found in the two

resistant genotypes can be due to different possibilities:

- presence of a SNP in the M9 gene product at the BstYIl or Msel restriction site that would
produce a fragment that differ in length compared to those of HO909 and 4551
- presence of a SNP in the M9 gene-product sequence at level of the nucleotide (T or C)

selected in the pre-amplification from the BstY| primer (BstYI-C or BstYI-T)
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- presence of a SNP in the M9 cDNA fragment at level of the nucleotide selected from the
BstYI or/and Msel selective primers
- the absence of the gene product in M9: 1) not present in the genome
II) not expressed
- very low concentration of the gene product in M9

Considering these points and in order to focus the attention as much as possible on those

bands that can result informative, a macroarray with the PCR products of the re-amplified cDNA-
AFLP-isolated bands was produced. The purpose was to individuate through hybridisation those
cDNA fragments that were associated to the two resistant genotypes but not to M9. Therefore,
each band originating from H0909 and 4551 was re-amplified with its respective selective primer
combination from which the bands where individuated (Table 8). From the 464 bands, 5 x 96 well
PCR plates were prepared and used for the spotting procedure (see 3.2.17 for low density
macroarray preparation). The macroarray was produced using a fixed 96-pins pin tool (3.2.17.1).
Every pin was immerged in the corresponding well of the PCR plate allowing to spot a standard
volume of 1.5 pl of PCR products. The macroarray was constructed based on a 4x4 geometry. The
five plates were spotted in double (3.2.17; Figure 7) on a 10 cm x 14 cm nylon membrane filter
(3.2.17.1) giving a final number of 464x2 (928) spots. Two identical copies of the macroarray filter
were produced.
The hybridisations of the filters (3.2.18) were performed using DIG-labelled PCR products as
probe. The probes were obtained from the pre-amplification of the same adapted cDNA fragments
used for the cDNA-AFLP TP analysis of H0909, 4551 and M9. The PCR were performed with the
primer pair BstYI-C/Msel in order to obtain all the possible cDNA-AFLP fragments of the BstYI-C
set (the filter were produced with the bands derived from the selective amplification of the BstYI-C
set). For every genotype, 2 probes (branch and root) were produced giving a total of 6 probes
(Table 9) used separately in the hybridisation experiments that were done in double (3.2.17.1).

Table 9 DIG-labelled BstYI-C/Msel probes produced for the
hybridisation experiments

Probe name Genotype Tissue
DIG-labelled probe 1 H0909 Branch phloem
DIG-labelled probe 2 H0909 Root phloem
DIG-labelled probe 3 4551 Branch phloem
DIG-labelled probe 4 4551 Root phloem
DIG-labelled probe 5 M9 Branch phloem
DIG-labelled probe 6 M9 Root phloem
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In the analysis only those spots were considered that showed a strong signal with the probes
of H0909 and 4551 but not of M9, in both the replicated spots (Table 10). After the hybridisations,
six spots were individuated and the corresponding cDNA-AFLP bands were used in the further
analysis.

Table 10 Result of the macroarrays: cDNA-AFLP bands corresponding to those spots that
showed a strong signal after the hybridisation experiments with probes of H0909 and 4551.

Primer
combination Genotype Tissue Name of band
BstYI-C Msel

HO0909 Root CGTHw3

G T D4551 Branch CGTDs2

H0909 Root CGTHw1l

C D4551 Root CGCDw3

C T H0909 Root CCTHw8

T G H0909 Root CTGHw5

4.1.2.1 Cloning and sequencing of the PCR products of the selected cDNA
AFLP fragments

The selected bands (Table 10) were re-amplified with the specific selective primers (3.2.4) and
loaded on a 1 % agarose gel (3.2.21). Each band except for CGTHw1 showed more than a single
PCR product and up to 15 bands were detected (Figure 11) (Table 11) although several of them
were very weak. This complicated the individuation of the bands that had hybridised with the
probes. Therefore, the PCR products were separately eluted from the agarose gel (Qiagen Gel
extraction kit) except the bands that were too weak. Respectively three eluted bands for CGTHw3,
two for CGTDs2, one for CGTHw1, two for CCTHwS8, three for CGCDw3 and one for CTG5Hw
(Table 11) were purified. Again, the bands were re-amplified with the corresponding selective
primers and loaded on a 1.5% agarose gel (3.2.21) to check their size. In some cases multiple
PCR products were still present whereas in other no amplification was seen. However, a single
product was obtained for the following bands: CGTHw3 U and B, CGTDs2 B, CGTHw1, CCTHwS8
U, CGCDw3 U and M1, and CTGHw5 U (Table 11).
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Figure 11 Agarose gel electrophoresis of re-amplified cDNA AFLP TP bands identified in the first
hybridisation experiment showing that from each band more than one PCR product was obtained

Table 11 Number of PCR products obtained from the re-amplification of
the cDNA-AFLP TP bands corresponding to those individuated after the
hybridisation experiment

Number of Name of the .
bands from the | band eluted Products obtained after
Band name - Band size the re-amplification of the
first re- from the
i agarose gel-eluted bands
amplification agarose gel
U 510 bp Single
CGTHw3 3 M 480 bp Multiple products
B 380 bp Single
U 510 bp No product
CGTDs2 2
B 480 bp Single
CGTHw1 1 S 520 bp Single
U 220 bp Single
CCTHw8 2
B 200 bp No product
U 510 bp Single
M1 490 bp Single
CGCDw3 4
M2 350 bp Multiple products
B 300 bp Not analysed because too weak
U 320 bp Not analysed because too weak
CTGHw5 3 M 300 bp Not analysed because too weak
B 250 bp Single

These PCR products were separately TA-cloned in pUC19 vector (3.2.9.1). Moreover, the
CGTHw3 M and CGCDw3 M2 bands were cloned, although they showed more than one product,
in order to obtain more information about the sequences that were represented by these bands.
For every cloning 12 colonies were picked and after miniprep (3.2.11) the size of the different
cloned inserts was checked through restriction analysis with EcoRI and Hindlll (3.2.8). The bands
CGTHw U, CGTHw B, CGTDs2 B, CGTHw1, CGCDw3 U and CGCDw3 M1 showed only inserts of

the size corresponding to the respective PCR product. For each band three inserts were
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sequenced (3.2.15). On the contrary, the clones of the bands CCTHwW8 U and CTGHw5 U
contained inserts with different length. Therefore, only those inserts that showed a size
corresponding to the respective PCR band were sequenced. As expected, also for the bands
CGTHw3 M and CGCDw3 M2 inserts with different size were obtained but in this case all were
sequenced.

In total 30 inserts were selected from all the cloned bands and out of these 17 different unique
sequences were obtained (Table 12). The sequences were compared with the expressed
sequence tags (EST) database at NCBI and with the protein sequence database at Expasy.

Table 12 Results of the similarity analysis of the sequences obtained from 17 cloned cDNA AFLP TP
fragments through blast with EST-NCBI and Expasy database. NR=no results

Homology Putative function % of similarity Identities E value
Band NCBI EST Expasy NCBI EST Expasy Lekr;gth INCBI EST| Expasy NCBI EST Expasy JNCBI EST | Expasy
Plastid lipid
Malus X Plastid lipid associated 1&;{%\235
CGTHwW3 U domestica Citrus unshiu J associated protein [protein (PAP),] 515 99% 69% 483/485 224/163 0 3,0E-54
(PAP) chloroplast (76%)
precursor o
Malus X Cucumis High mobility  [High mobility 56/68
CGTHwW3 M domestica safivus group protein 1 |group protein | 471 99% 82% 4371439 positives 0 2,0E-27
(HMG1) (HMG1) 64/68 (94%)
cothua | MaX | R AT;rﬁélisgo NR 366 | 9% | NR 326/330 NR | 208175 | NR
Malus x | Lycopersicon Ser/threo protein rostirigr:(rii(;se 71/87
CGTDs2 B | yomestion g’smﬂemum kinase P privrvant IECEN G 81% 250/263 | positives | 2,0E-135 |2,0E-41
ATPK1/ATPK6 outative 80/87 (91%)
Eukaryotic 101/121
Malus X Medicago translation Translation ositives
CGTHw1 domestica truncatl?la initiation factor 3 | initiation 561 98% 83% 516/522 p108/121 0 3,0E-55
subunit 9 (elF-3 | factor elF-3b %
beta) (89%)
Elongation
. . factor G, 11l 24/25
ccnIvvs u d’:)/ln?el;flé(a tl\rflue:;;ilﬁg E'O”ga;'Fo_g factor | g v 163 | 98% | 9% 120122 | positives | 5.0E-54 |4,0E-11
translation 24/25
factor
CCTH2W8 v dg"nfé‘;flcxa NR Unknown NR 170 | 99% | NR 132/133 NR 20E-65 | NR
JProbable ubiquitin-
CCTH3W8 U dg"nfé‘;flcxa NR conjugating NR 158 | 95% NR 111/116 NR 6,0E-41 | NR
enzyme family
CCTT"’S v dg"nfé‘;flcxa NR Unknown NR 158 | 9% NR 122/124 NR 30E-58 | NR
114/130
cecowa u] Malusx | apath Unknown | Fypotetical B o0 1 gg0r | 8706 456/a64 | POSitives 0 |40E-63
domestica protein 127/130
(97%)
Zeta Zeta carotene 69/76
CCCDwS | Malusx | Malusx  fcarotene/neurospor| ooy oo | 243 | 979 | 0% 202/208 | positives | 50E-98 |8,0E-40
M1 domestica | domestica Jene dehydrogenase
ZDS1 71/76 (93%)
(Zcar desaturase)
C(f\szi"B dg"r:('e‘;flé‘a NR Unknown NR 335 | 99% NR 107/108 NR 40E-50 | NR
41/89
C‘f\szz"‘B dg";é‘;flé‘a ARATH Unknown Unknown | 318 | 90% | 46% 2201221 | positives | 1,0E-117 |9,0E-16
56/89 (62%)
. . - . - 69/89
CGCDw3 Malus x Cucumis High mobility  [High mobility -
i . . . 292 99% T7% 251/253 positives | 2,0E-134 |4,0E-35
M2 3 domestica |  sativus group protein 1 |group protein 81/59 (91%)
Zeta
Zeta carotene 57/69
CGCDWS | Malus x | Malusx  fearotene/neurospor| oo ace | 242 | 93%6 | 82% 190/204 | positives | 9,0E-72 |2,0E-31
M2 4 domestica | domestica fene dehydrogenase 7Ds1 60/69 (86%)
(Zcar desaturase) 0
CTG"l'WS B d'g"ﬁi:;;’c‘a NR Expressed protein NR 231 | 9% NR 188/192 NR 30E-93 | NR
14-3-3- like 58/59
CTG';WS B d'(\)/lnileiiiza ARATH 14-3-3 protein  |protein GF14 | 217 99% 98% 179/180 positives 3,0E-93 |2,0E-33
kappa 59/59
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As shown in Table 12 a unique sequence was found for CGTHw U, CGTHw B, CGTDs2 B,
CGTHw1 and CGCDw3 U. Moreover, from the cloned CGTHwW3 M inserts only one type of
sequence was detectable. However, in this case the small inserts (<120 bp) were not analysed and
those inserts that were sequenced had the same size resulting to be the same product. From the
clones chosen for CCTHwW8 U and CTGHwS5 B, different sequences were obtained although both
showed a single band in the re-amplification of the gel-eluted PCR product. Finally, as expected,
different sequences were identified from the CGCDw3 M2 clones.

For all sequences, it was possible to find a similarity from the BLAST analysis with the NCBI or the
Expasy databases. For seven sequences, no putative function was found although they showed
similarity with sequences present in the database. The other sequences showed similarity to genes

or proteins that have a putative function involved in different types of metabolisms.

4.1.2.2 Development of specific primers for the evaluation of the first set of

candidate genes

In order to check if some of these sequences were characteristic of the two resistant
genotypes H0909 and 4551, specific primers were designed (3.2.19).
The test of the primers (Table 13) was done on the respective purified plasmid containing the insert
corresponding to the sequence from which the primers were developed (3.2.4). For all primers the
same annealing temperature of 60°C was used. A product with the expected size was obtained in
every PCR. The following step was to test the primers on the cDNA of H0909, 4551 and M9 used
also for the cDNA-AFLP TP analysis. Not all the primers showed amplification and for those that
did not yield a PCR product, a gradient PCR was performed in order to optimise the annealing

temperature.

Table 13 PCR primers developed from the sequences obtained from the
cloning of cDNA AFLP TP bands as specified in Table 12

Primer | Correspondence . .
name to band Primer forward Primer reverse
PAP CGTHw3U gga gcc agc gga gat tag tc ggt cca gca aac tgg aca gag
TRF CGTHw3 M1 ctg caa gcg cct tct teg tce ctc age tat geg ctt g
Kin CGTHw3 B tac aag ggc atc gtc aga gac cca aac aca atg cat acc tct ¢
STK CGTDs2 B gga ggg gat aac gtc aaa agc ggt tag gtg cca cgt aag tg
PRT1 CGTHw1 ggc cac cat cat tgc tga ¢ cgt ccc taa gat ttt tcc ttg ¢
Ef2 CCTHwW8 U 1 gct geg gea ctt gtt acc gcg atg agt cct gag taa tgc
Unk1 CCTHwW8 U 2 gat ccc gtg gtg aag aac atg cct gag taa tga aac agc atc ¢
Drht CCTHwW8 U 3 agt gat ccc gat ctt aca aca ¢ gcg atg agt cct gag taa tcg
Unk2 CCTHwW8 U 4 gcg tag tga tce cgg tac ¢ gcg tga gtc ctg agt aat gta c
EIPL CGCDw3 U atg gtg ctc ctc ctc acg atc ¢ ctc gat gcg ctg gtt caa ctg
Zcarl CGCDw M1 ctg cgt agt gat ccg ttt aga ¢ gtg cgt tcc cca gaa tet tg
Zfing CGCDw M2 1 ggt agg ttt agg gag aac aca g gtg cgc aaa gtg acactt ¢
GlyRich CGCDw M2 2 gtc gtg agg gtg get atg g gag cat gag tcc tga gta aca ¢
HMG1 CGCDw M2 3 gat ccg aac aag ccg aag ag tgc atg cct gaa tgt tct tg
Zcar2 CGCDw M2 4 tgg atc cgt ttt aga cct gat ¢ gtg cgt tcc cca gaa tct tg
Unk3 CTGHwB 1 tgc gta gtg atc ctc gtc tc gag cat gag tcc tga gta agc
14-3-3 CTGHw B 2 ctc aac tcc tcg gag aaa gc gcg atg agt cct gag taa gc
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A PCR product was obtained in all the cDNA tested showing no differences between the three
genotypes. In addition, also the genotypes D2212, Malus sieboldii and Golden delicious were
tested and showed the same results. The primers were further tested on the genomic DNA in order
to check if some differences like introns were present. The annealing temperature used was the
same as used for the PCR performed on the cDNA. Not all the primers led to a PCR product
showing a general poor quality for some of them. Surprisingly, the primer pair Kin showed an
interesting behaviour giving amplification at 60°C only with the AP-resistant genotypes H0909,
4551, D2212 and Malus sieboldii but not with the susceptible genotypes Golden delicious, M9 and
Royal gala. Therefore, a further analysis on this primer pair was performed to better characterise
the obtained results. This will be described below in the chapter (4.5.2.1).

4.1.3 Cloning of all selected and isolated cDNA-AFLP fragments from
4551 and H0909

The results obtained from the first hybridisation experiment did not show differences between
the three genotypes except in one case with the primers Kin. Several information were derived
from the experiment like the sequence similarity of the isolated constitutively expressed genes with
genes or proteins present in the database and the individuation of sequences that are still not
associated with a putative function. Nevertheless, the presence of more than one single PCR
product in every spot was a factor that limited the power of the screening in the hybridisation
experiment. In order to obtain more data from the bands isolated in the cDNA-AFLP procedure it
was decided to produce a macroarray with a higher density and definition. Therefore, in the
following experiment all 464 cDNA-AFLP bands selected of H0909 and 4551 from branch phloem
and root phloem were cloned using the USER PCR cloning kit (New England Biolabs, NEB). As
described in the protocol (3.2.9.2) new selective primers modified with the corresponding clamp
designed from NEB were ordered (3.2.9.2) obtaining four USER-BstYI-C-X and four USER-Msel-X
primers. The cDNA-AFLP bands were re-amplified and the products were checked on a 1%
agarose gel (3.2.21) in order to control if a PCR product was obtained from all the bands.
Subsequently 5 pl of every PCR product obtained from the same primer combination were pooled.
From the 15 different primer combinations, 15 different pools were produced. The USER PCR
cloning transformation protocol (3.2.9.2) was then performed using 10 pl of the pooled products.
As shown before, a cDNA-AFLP band often contained more than one single PCR product.
Therefore, a number of clones ten times the number of the re-amplified bands was picked in order
to represent all the cDNA fragments in the cloning (Table 14). From the total 464 cDNA-AFLP
bands, 464x10=4640 clones had to be theoretically picked.

At the end a higher number of colonies were effectively picked resulting in a total of 4968 clones
that were inoculated in 384 wells plates (3.2.17) and grown overnight at 37°C. The 13 plates

obtained containing the clones corresponding to the 15 different pooled combinations were
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configured as shown in Figure 12. A copy of every plate was done and then stored at -80°C. The

further step was the production of a high density macroarray.

Table 14 Number of cDNA-AFLP bands selected for each primer combination and
number of clones effectively picked per combination

Prl'mer' Tissue and genotype Total clones
combination Total
Bstyl-c | Msel | Branch phloem | Root phloem bands Theoretically | Effectively
primer | primer | 40909 | D4551 | HO909 | D4551 needed picked
A 0 0 0 0 0 0 0
A C 2 2 11 11 26 260 264
G 4 4 8 8 24 240 264
T 7 7 8 8 30 300 384
A 5 5 13 13 36 360 384
c C 2 2 6 6 16 160 168
G 2 2 6 6 16 160 192
T 6 6 9 9 30 300 312
A 6 6 13 13 38 380 384
G C 4 4 8 8 24 240 264
G 5 5 11 11 32 320 336
T I I 16 16 46 460 504
A 12 12 11 11 46 460 480
T C 4 4 16 16 40 400 408
G 3 3 6 6 18 180 192
T 8 8 13 13 42 420 432
TOTAL 77 77 155 155 464 4640 4968
E;i Plates group A Plates group B E::;i
BstY| specific primer Msel specific primer BstY| specific primer Msel specific primer
Al CG CA T Bl
264 clones 312 clones
BstY| specific primer Msel specific primer
CcC CG G
120 clones 72 clones
BstY| specific primer Msel specific primer
CT G
BstY! specific primer Msel specific primer 192 clones
cC
A2 384 clones B2
BstYI specific primer Msel specific primer
CcC G
192 clones
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BstYI specific primer Msel specific primer BstYI specific primer Msel specific primer
CT T CA Cc B3
A3 384 clones 264 clones
BstY| specific primer Msel specific primer
CG T
120 clones
C T C 2 4
BstYI specific primer Msel specific primer BstYI specific primer Msel specific primer
A4 CT A CG C B4
384 clones 264 clones
CT A
96 clones
BstY!I specific primer Msel specific primer BstYI specific primer Msel specific primer
CG T CcC T
A5 384 clones 312 clones B5
cC A T
72 clones
BstY| specific primer Msel specific primer BstY| specific primer Msel specific primer
A6 CG A CT C B6
384 clones 3 8 4
CT T 48clones
CcC C  48clones
BstYI specific primer Msel specific primer B7
CA G
264 clones

Figure 12 Plate configuration of the obtained clones. Every plate contains 384 wells. The reproduction
of the plates shows the disposition of the clones with the selective primer combination of the bands
from which they were obtained. The numbers indicate the clones picked for each band type. The
different greyscales indicate regions of the plate with the same type of bands. The plates were divided

in 2 groups for the membrane spotting: group A from plate 1 to plate 6 and group B from plate 1 to
plate 7
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4.1.3.1 Production and analysis of a high density macroarray

The inserts contained in the clones were re-amplified with the specific selective primers in 96-
well plates performing a colony PCR as described in (3.2.10). Afterwards for every row of the PCR
plate two samples were randomly chosen and checked on a 1% agarose gel (3.2.21) in order to
control the general quality of the PCR. In all the selected samples, a good amplification of the
inserts was obtained. Therefore, the PCR products were transferred from the 96 wells plates to the
384 wells plates using the robot Biomek FX (Beckman Coulter) maintaining the original
configuration of the clone plates. The PCR products were then spotted in a high density
macroarray as described in the methods (3.2.17.2) using the robot BIOMEK 2000 (Beckman
Coulter) for the automatic spotting procedure. The geometry chosen for the filter production had a
base grid of 4x4 spots with a 384 floating-pins pin tool (Figure 13). On this type of configuration up
to 8 different 384 wells plates can be spotted in replicates. Therefore, two filters (A and B) were

needed to spot all the products of the 13 plates.

Filter

type A 1 2 3 4
1 Al A2 A3 A4
2 A5 A6
3 A4 A3 A2 Al
4 A6 A5

Filter

type B 1 2 3 4
1 B1 B2 B3 B4
2 B5 B6 B7
3 B4 B3 B2 B1
4 B7 B6 B5

Figure 13 Grid schema used for the spotting setup of the high density macroarray. The position 1-1
corresponded to the PCR products of the plate Al for the filter type A and plate B1 for the filter type
B. The positions 1-2, 1-3, 1-4, 2-1, 2-2 were associated with the other plates, respectively. The position
2-3 was occupied only in the filter type B by the plate B7. The replicates were spotted in an opposite
order starting with the position 3-4 as corresponding spot for the plate Al and Bl in the respective
filter type.

The filter A was prepared with the products of the plates Al - A6 for a total of 6x384 spots in
replicates (4608 spots). The filter B was spotted with the plates B1 - B7 with a total of 7x384 spots
in replicates (minus 24 spots that were empty in the plate B7 for a total of 5328 spots). For both
filters, seven copies were done (3.2.17.2).

As in the first hybridisation screening, the probes used to hybridise the new filters were DIG
labelled (3.2.18). However, in this experiment combination-specific probes were used in order to
have a better resolution of the hybridisation patterns. First, in order to test the quality of the system,
a DIG labelled probe was produced from the clone corresponding to the Kin sequence previously
isolated. As described before, the Kin sequence was obtained from the band CGTHw3 B.

Therefore, the filter A was used because it contained the spots produced from the clones obtained
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from the CGT-amplified bands (Figure 12; plate A5). Several spots were individuated on the filter A
(Figure 14) and, interestingly, some of them corresponded to products derived from other primer
combinations (Figure 14; grid 1, 2 and 4) than the one which produced the Kin band (Figure 14;
grid 3, 5 and 6). Six spots were selected (Figure 14; highlighted grids) which showed a comparable
intensity in the hybridisation signal in both replicates. In order to gain information about the
sensitivity of the procedure, spot couples with weak (Figure 14; grid 3 and 5) and strong (Figure
14; grid 1, 2, 4 and 6) signal (in both spots) were also chosen. The clones associated to these
spots were individuated from their corresponding position in the 384 well clone plate. A colony
PCR with the specific primers for the Kin sequence was performed on each clone and for all six
clones a band with the same size of the Kin clone was obtained (Figure 15). No PCR products
were obtained with clones corresponding to hybridisation signals characterised by differences
between the replicates. This was an important result showing that spots containing the same
fragment but deriving from cDNA-AFLP bands produced from different primer combinations were
also individuated. Thus, this approach would allow the screening of fragments that were present in

all the genotypes tested but polymorphic at one or more of the selective steps of the cDNA-AFLP

procedure (restriction site, first amplification or/and selective amplification).

»

Figure 14 Evaluation of the high density macroarray with a DIG labelled probe of the Kin gene. The
grids are representing the 4x4 spotting geometry (4.1.3.1). Few spots that showed the same signal
intensity in both replica were chosen for PCR control and are indicated by the arrows. Spot couples
with different degrees of signal intensity were chosen to proof the specificity of the hybridisation.
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1 2 3 4 5 6 Kin 1Kb ladder

Figure 15 Agarose gel electrophoresis of Kin specific PCR products obtained from clones associated to
the spots showing in both replicates comparable hybridization signals with the Kin probe in the
macroarray.

Therefore, for each genotype and each tissue one DIG labelled probe was produced using the
entire BstC-X/Msel-X set of specific primer combinations. A total of 90 probes was obtained (15
primer combinations x 2 tissues x 3 genotypes = 90 probes) (Diagram 1).

Pre amplification of
the adapted cDNA-
AFLP fragments
produced from
branch phloem
tissue

Pre amplification of
the adapted cDNA-
AFLP fragments
produced from root
phloem tissue

\ 4

A 4

15 PCRs using the
specific selective
primers and the
DIG labelling kit

15 PCRs using the
specific selective
primers and the
DIG labelling kit

\4 \4

DIG labelled probes
30 for every genotype

Diagram 1 Steps involved in the production of the DIG labelled probes. This procedure was performed
on the cDNA-AFLP adapted fragments of H0909, 4551 and M9.

The hybridisations were performed as described in 3.2.18. Like in the previous screening,
only those clones that showed a hybridisation signal with the probes produced from H0909 and
4551 were selected (Figure 16 red and black circles). From the comparison of the hybridisation
patterns obtained from the 90 probes, a total of 142 spots was found which had the same signal
intensity in the 2 resistant genotypes and no signal in M9. Among these, 110 spots showed a
signal with probes produced either from branch or from root. The remaining 32 spots represented
hybridisation with both types of probes (Table 15), thus the unique spots in this case were 16.
Moreover, further 132 spots having different signal intensities between the HO909 and 4551 were

individuated. These are listed in Table 16 but were not further analysed.
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Figure 16 Examples of hybridisations with probes produced with a specific cDNA-AFLP primer
combination. In A, B and C a probe produced from cDNA-AFLP fragments obtained from root
material of H0909, 4551 and M9, respectively, was used. Differences in the hybridization pattern are
highlighted with circles.

Table 15 Number of spots for each probe that showed a signal with the same intensity for both H0909
and 4551. In the case of spots that showed a signal for both the tissues in the same filter position the
spot was counted as single (unique). However, in this case the effective number of clones corresponds
to the double of the number of spots individuated and this is reported in brackets.

Primer Number of spots that showed a signal with the same
combination intensity for both H0909 and 4551
BSt.YI'C Msel Root phloem Branch phloem Branch and root
primer phloem
C 2 2 0
A G 1 0 0
T 1 0 0
A 0 0 0
C 0 1 0
C
G 27 6 2(4)
T 0 0 0
A 0 0 0
C 8 10 13(26)
G
G 0 2 0
T 7 1 0
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A 8 4 1(2)
(o} 0 6 0
T
G 4 18 0
T 2 0 0
TOTAL 60 50 16(32)
Total 110 32

Table 16 Number of spots that showed for each probe a signal in both the resistant genotypes but with
different intensities. As described in Table 15 the number in brackets represents the effective clones
associated to the reported spots

Primer Number of spots that showed a signal with different
combination intensity in H0909 and 4551
Bpsrtl\rge-rc Msel Root phloem Branch phloem Bran’;:r:ggg] root
c 5 6 0
A G 5 0 0
T 4 0 0
A 1 0 0
c 0 1 0
¢ G 1 2 0
T 1 0 0
A 0 0 0
C 9 6 2(4)
¢ G 0 2 0
T 8 5 0
A 31 9 2(4)
c 3 6 0
T G 3 13 0
T 1 2 0
Total 72 52 4(8)
Total 124 8

4.1.3.2 Sequence analysis of cDNA AFLP bands individuated by high
density macroarray

The clones corresponding to the 126 unique spots (110+16) were individuated on the
respective 384 well plate. The inserts were re-amplified and their size checked on a 1% agarose
gel. Further, the inserts were sequenced (3.2.15) and the products were loaded on a genetic
sequencer ABI prism 3100 for the capillary electrophoresis analysis.

A total of 118 sequencing reactions produced a chromatogram with a sufficient quality for
further analysis. After the cleaning process in which the primer and the vector sequences were
eliminated a clustering analysis was performed on the insert sequence in order to group them by
homology. In total, 23 clusters were obtained and the corresponding contigs were blasted on the
EST database present at NCBI. In addition, the translated sequences were blasted on the Expasy

database to control the similarities at the amino acid sequence level (Table 17).
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Table 17 Sequences obtained from the hybridisation screening. NR=no result

Cluster Lenath Organism | Organism JPutative function]Putative function]ldentities Identities Expas E-value | E-value
/Contig] =" NCBI Expasy NCBI Expasy NCBI PaYY NcBI | Expasy
. . Elongation factor 1- 321/323
1 364 M. sieboldii NR alpha NR (99%) NR 3e-174 NR
. . - Identities:60%(28/46)
3 205 | RoyalGala | A thaliana |PUtBtive highaffinity | oy 50 50 proein | 288296 |7 ocitives:80% | 2e-143 | 6e-14
nitrate transporter (97%)
(37/46)
similarity to A. . . Identities: 27/30
4 235 d?n?lelgfi():(a A. thaliana | thaliana ubiquitin- Ub'qumn'g ke protein 1(%07/;9)4 (90%); positives: 4e-92 le-16
like protein ° 29/30 (96%)
Ribulose -
. . Identities: 62/83
Medicago bisphosphate 255/256 0N i . .
5 27 Royal Gala truncatula Unknown carboxylase amall (99%) (7‘(;;‘}%'3”2’855‘0'/")95' le-128 4e-33
chain precursor o
- Identities: 115/133
7 397 | M. siebotdii [PYrUSPYrifolial o appy cviosolic [GAPDH tike protein| 322399 | (g606); positives: 0.0 26-59
var. Culta (98%)
116/133 (98%)
. . . . Identities: 37/42
o | me | x| e | Souervoric | Soue oot | Z | oy postves | om0 | seas
pyrophosp pyrophosp 0 37/42 (88%)
. Identities: 64/78
1 332 d';"rﬁ'e‘;fléa Cs‘;f:\*ﬂ;s HMG-1 HMG-1 4&’;7)8 (82%): 0.0 26-32
° positives:74/78 (94%)
Identities: 51/54
. 14-3-3 Protein GF14 | 14-3-3 Protein GF14 | 172/175 (94%); - .
17 165 Royal Gala A. thaliana kappa kappa (98%) positives:54/54 3e-83 3e-28
(100%)
. Identities: 72/79
20 387 d';"rﬁ'e‘;fléa Cs‘;f:\*ﬂ;s HMG-1 HMG-1 zgl;éig (78%); 2e-131 26-37
%) Ipositives:85/92 (92%)
possible apospory-
Malus x associated; ankyrin 197/201 .
2 198 domestica NR repeat-containing NR (98%) NR le-1 NR
protein2
. . Identities: 50/58
6 215 Malusx =1 A thatiana | similar to FeK7.23 | HyPothetical protein | 1797179 1 geors. nocitives: | 3e-05 | 7e-20
domestica F8K7.23 (100%)
: 57/58 (98%)
Identities: 44/79
9 380 d'gﬂrﬁ'e‘;fléa A thaliana |  T4P3.9 protein T4P3.9 protein 22,{156)5 (55%): positives: | 8e-113 | 2e-17
. 59/79 (74%)
Malus x . 157/158
19 199 e NR T2N18.13 protein NR (99%) NR 3e-80 NR
similar to T24D18.26 347/352
22 356 Royal gala NR Protein NR (98%) NR 0.0 NR
Malus x 114/118
8 249 domestica NR Unknown NR (96%) NR le-46 NR
300/305
12 305 M9 NR Unknown NR (98%) NR 7e-156 NR
Identities: 44/66
13 307 dgﬂrﬁéﬁiza Oryza sativa Unknown Unknown 2(7918/02/7)5 (66%); 8e-143 5e-21
. positives:53/66 (80%)
Malus x 138/140
16 315 domestica NR Unknown NR (98%) NR 2e-64 NR
Malus x 107/113
21 122 domestica NR Unknown NR (94%) NR 2e-39 NR
2 317 NR NR NR NR NR NR NR NR
14 101 NR NR NR NR NR NR NR NR
15 142 NR NR NR NR NR NR NR NR
18 141 NR NR NR NR NR NR NR NR

After the blast analysis, four contigs did not show similarity with any sequence present in the

database. For the other 19 contigs a similarity with a nucleotide or a protein sequence was found.

For five of them it was not possible to associate a putative function; four showed similarity with

putative proteins while the remaining 10 were similar to nucleotide or protein sequences with

known function. Interestingly, cluster 1, 2, 5, 6, 8, 11, 12, 16, 17 and 21 were represented by

sequences corresponding to spots that hybridised, whitin their respective specific primer

combination, with both probes produced from cDNA-AFLP fragments derived from sprout- and

root-tissue. Moreover, cluster 7 and 10 were associated to a root derived probe whereas cluster
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15, 18 and 19 to a sprout derived probe. Finally, cluster 3, 4, 9, 20 and 22 were single sequences
(therefore not true clusters) obtained from root-derived probes while cluster 13, 14 and 23 were
single sequences obtained from sprout-derived probes.

4.1.3.3 Development of specific primers for the evaluation of the second set
of candidate genes

Specific primers were developed on 11 of the sequences of the 23 contigs (Table 18) (3.2.19).
The choice was based on the putative function deduced by the sequence similarity information and
on the possibility to obtain primers with the parameters used in the algorithm for the primer
development (3.2.19). Therefore, sequences that had homology to known genes like
glyceraldehyde-3-phosphate dehydrogenase (cluster 7) or ribulose-1.5-bisphosphate carboxylase
oxygenase (cluster 5) were not analysed while for others (cluster 6, 9, 14, 18, 20) no compatible
primers were found. The developed primers were then tested on the plasmids containing their
respective insert. All PCR reactions showed a product using 58°C as annealing temperature. The
further step was the analysis on the cDNA of H0909, 4551 and M9. In addition, the cDNA of Malus
sieboldii and D2212 was tested. All the primers showed a product in each genotype thus no
differences were seen. The test was repeated also on the genomic DNA of the same genotypes.
Here some primer pairs did not work but in those that showed amplification no differences were
individuated except for the C8 primers. Surprisingly, a different behaviour between H0909 and
Malus sieboldii compared to M9, 4551 and D2212 was detectable. Therefore, further investigations
were performed on this primer pair and the results are described in the 4.5.2.2.

Moreover, all the sequences were further analysed for the development of SNP markers which are

reported in 4.5.1.

Table 18 Primers developed from the 23 contigs derived from the sequence analysis of cDNA AFLP
fragments individuated in the high density macroarray

Primer name Forward Reverse
Contl CGCAGGCGAAATCTTCTATC GAAGAACCCAGAGCACCTTG
Cont2 CGATTCTCCGCTCGTTTG GTTCCCTCCGCCATATCC
Cont3 GTCACTGGGAGTGGTATCAGG TGAGGGAGACTGGGAGAGTG
Cont8 GCACCTCCTCTTCTGACAGC GTTTCAGCTCCCTCACCTTG
Cont12 CCAAGGCAGACAAGAAGAGG TCCCGGGTAAACAAACTGTC
Cont13 GGGCTTTCAGCTTCCTATCC ACTTCCCGACGTGTTCTTTG
Cont15 GGTCACGGTACTGTTTCTACAAG TGTGATCAAAACATCCTCGTC
Cont16 CGTGCCAACACACAATTACAG GTTTCAGCTCCCTCACCTTG
Cont19 GCTGCCACATCCTGGTTTC ATCCAATGCCCAGGAAGG
Cont21 AGTGTCTGGTCGGACCTC TAATACAAAGGGAACGACACAC
Cont22 CCTCTGCTTCCATTAGACAAGG TCCACCAACTTCCCACTCTC
Cont23 GTCGCTCTCCAGAACATGG CCGATCCAATCGTCCAAG
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4.2 Analysis of induced genes in AP-resistant and susceptible
plants after infection with ‘Ca. P. mali’

The study of the gene expression needs the establishment of a system in which the
parameters that can influence the analysis are under control. In the case of the pathogen-host
interaction this is even more complex because of the necessity to produce standardised infected
material. In the specific study of the phytoplasma-plant interaction in a woody, perennial plant
species this can be a problem. Therefore, the availability of a system in which the infection of the
plants and their maintenance can be standardised is a crucial point in the gene expression study of
this type of interaction. As shown in previous experiments (Jarausch et al., 1996), ‘Ca. P. mali’-
infected apple plants can be maintained in vitro and, thus, in a controlled system in which
parameters like temperature, light and growth can be standardised for the experimental conditions.
Furthermore, healthy shoot cultures can be inoculated with ‘Ca. P. mali’ under standardised
conditions by in vitro grafting (Jarausch et al., 1999a). Therefore, in order to prepare the material
that could be used in the gene expression analysis of the ‘Ca. P.mali’-plant interaction an in vitro
system was developed based on the plants that were used in this study allowing the control of a

broad range of parameters that can influence the gene expression.

4.2.1 Production of homogenous in vitro shoot cultures of AP-resistant
and susceptible Malus genotypes

In the year 2002, in vitro cultures of the genotypes resistant and susceptible to AP (Table 2)
were produced by Dr. Jarausch at the AlPlanta Institute. Young sprouts of plants present in the
field at the JKI Dossenheim (Germany) were used to initiate in vitro cultures as described in
Ciccotti et al. (2008b). For this work, these cultures were then further propagated and maintained
in the growth chamber constituting a standardised set of in vitro plants ready for the infection trials
(3.1.2).

‘Ca. P. mali’-infected apple in vitro plants were also established from naturally infected trees
(referenced in Bisognin et al.,, 2008a). In the present work, the ‘Ca. P. mali-infected culture
produced by Dr. Jarausch at the AlPlanta Institute was used as inoculum source for the infection
trials (3.1.1). This culture was infected with ‘Ca. P. mali’ subtype AP (Jarausch et al., 2000)
whereas in experiments done in parallel at IASMA (Italy) in the frame of the SMAP project the ‘Ca.
P. mali’ subtype AT2 was used (3.1.1).

4.2.2 Production of ‘Ca. P. mali’-infected plants by in vitro graft-
inoculation

The use of in vitro culture for the production of the starting material has the great advantage of
a high standardisation of the growth conditions through the controlled temperature, light and

procedures for the maintenance. In the year 2003, the different genotypes were inoculated with
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‘Ca. P. mali’ in order to generate a standardised population of infected in vitro plants. The
infections were done via in vitro grafting as described in Jarausch et al. (1999a) (3.2.1.1). One
month after the grafting the strength of the junction was tested separating the rootstock from the
tip. As the phytoplasma transmission depends on the formation of a phloem-phloem connection
between graft tip and rootstock, only grafts with strong junction were considered successful. The
tips were then conserved at -20°C. The rootstocks were transferred to a new culture tube and
further cultivated. After another two months the plants were propagated in order to obtain more
material and tested for the presence of the phytoplasma through PCR (3.2.4). In the case of a
negative PCR result, the tips of those graftings that showed a strong junction were tested in order
to check if they were infected. This control was not done for the tips of a weak union because in
this case the transmission rate is usually very low (Jarausch et al., 1999a). In order to acquire
information on the transmissibility of the pathogen to the different genotypes, a series of grafts was
performed. Table 19 summarises the results obtained from the inoculation trials done through in
vitro grafting for the preparation of standardised infected material. Inside of the SMAP project these
grafts were only a minor set of the total number of replica that were produced as main part of
another study. These data have been published together in Bisognin et al., (2008a). As reported in
Table 19, no infected plants were obtained from the grafts of Malus sieboldii and H0909. A high
rate of mortality, low rate of strong grafts and a low rate of phytoplasmas transmission were
observed in these resistant genotypes. Although the mortality rate and the rate of strong grafts
were comparable to those observed in Malus sieboldii and H0909, for the D2212 genotype infected

plants were obtained showing in this case a higher transmission rate.

Table 19 In vitro graftings carried out on healthy cultures using the ‘Ca. P. mali’-infected apple-
cultures as inoculum

phé/h%;:;a;sema grafts ieits (S6) plants (SG) (SG) plants (SG)| (SG) plants (SG) (SG)
1 month post inoculation 3 ir:ggérasﬁgﬁﬁ 6 months post inoculation 12 months post inoculation
M. Sieboldii- | 55 3 23% 0 0% 0 0%
M. Sizgo'd" : 30 8 27% 0 0% 1 13%
M. Sieboldii- || g 15 54% 3 20% 2 13% 0 0%
M. Sizgo'd" : 30 12 40% 0 0% 0 0%
101 38 38% 3 8% 3 8% 0 0%
D2212 - AP 14 8 57% 7 88% 4 50% 3 38%
D2212 - AP 34 6 18% 4 67% 0 0%
D2212 - AP 9 4 44% 1 25% 1 25% 1 25%
D2212 - AP 43 20 47% 6 30% 6 30% 5 25%
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100 38 38% 18 47% 11 29% 9 24%
HO0909 - AP 15 3 20% 1 33% 0 0%
HO0909 - AP 9 3 33% 2 67% 0 0%
HO0909 - AP 12 4 33% 0 0% 0 0%
HO0909 - AP 29 18 62% 1 6% 1 6% 0 0%
HO0909 - AP 30 13 43% 0 0% 0 0%
95 41 43% 4 10% 1 2% 0 0%
GD - AP 23 9 39% 8 89% 8 89% 8 89%
GD - AP 7 6 86% 3 50% 3 50% 3 50%
30 15 50% 11 73% 11 73% 11 73%
M9 - AP 12 4 33% 2 50% 0 0%
M9 - AP 11 6 55% 1 17% 1 17% 1 17%
M9 - AP 24 17 71% 12 71% 8 47% 8 47%
47 27 57% 15 56% 9 33% 9 33%

However, in the series of in vitro grafting trials done at IASMA (Italy) for the related research
activity inside the SMAP project, H0909 and Malus sieboldii infected plants were obtained. In this
case instead of the AP strain the ‘Ca. P. mal’ AT2 strain was used for the infection trials.
Therefore, ‘Ca. P. mali’ AT2 strain-infected Malus sieboldii and HO909 were obtained from the
IASMA laboratory in which the same experimental conditions as for our cultures were used to
produce the infected material. A set of these infected in vitro plants were transferred in our lab and
maintained for a year in the same conditions as the other genotypes used in the experiment. In
addition, AT2-infected Golden Delicious plants were prepared in order to have a susceptible
genotype as a control. All the grafts were started at the same date and after one year in which they
were maintained as described in 3.2.1 the infected plants were collected for the cDNA-AFLP
analysis.

The healthy plants derived from the same culture lines which were used in the infection trials.
These cultures were subcultured at the same day as the graft-inoculated plants and maintained in
the same conditions. The transfer in tubes with fresh media was performed following the subculture
steps used for the infected plants.

The in vitro cultures of the 4551 genotype were not growing homogenously at the beginning of

the infection trials and therefore were not included in the analysis.

4.2.3 RNA extraction from healthy and ‘Ca. P. mali’-infected in vitro plants

The infected and healthy in vitro plants were collected one year after the graft-inoculation.
For every genotype (Table 20) 8-10 shoots comparable in size and physiological state were
collected, pooled in a falcon tube and immediately frozen in liquid nitrogen. The total RNA was

then extracted as described in 3.2.2.
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Table 20 Genotypes used for the cDNA AFLP experiment and
association of the ‘Ca. P. mali’ strains with the genotypes
infected through in vitro grafting

Genotype ‘Ca. P. mali’ strain
Malus sieboldii AT2

H0909 AT2

D2212 AP

Golden delicious AP, AT2

M9 AP

424 cDNA-AFLP analysis of healthy and ‘Ca. P. mali’-infected in vitro
plants

For every genotype 100 pg of total RNA extracted from the healthy and the infected plants
(Table 20) were used for the poly(A)” isolation (3.2.12). About 1 pg was then used for the cDNA
synthesis as described in 3.2.13. The cDNA was purified and 500 ng were used for every genotype
in the cDNA-AFLP procedure as described in 3.2.14. All the 32 possible selective amplifications
were performed and the *P labelled products were loaded on a 6% polyacrylamide gel and then

visualised on an autoradiographic film.(Figure 17)

Figure 17 Example of cDNA-AFLP patterns. Autoradiographic films were used for the band
visualization. In A the “short” run is shown while in B a “long” run of the same selective PCR with
better band resolution is reported. The arrows indicate the corresponding patterns that can be
recognised between the two independent runs.

For every primer combination a preliminary analysis was performed to individuate the more
interesting differences. Furthermore, two gels with different migration times in the electrophoresis
were done in order to obtain a good separation of small framents (“short run” Figure 17a) as well
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as of larger fragments (“long run” Figure 17b). This facilitated the selection of interesting bands in a
wide range of different fragment sizes. The selective PCR was repeated also to discriminate
possible “ghost” bands (bands that are generated unspecifically during the specific amplification of
the cDNA-AFLP fragments but that are normally not reproducible. Differentially expressed bands
were individuated on the respective autoradiographic films and then excised from the gel (3.2.21).

4.3 Selection of the differentially expressed cDNA-AFLP bands

From the cDNA-AFLP analysis several bands showed differential expression. When a
difference between healthy and infected state of a genotype was individuated the same band was
then compared in the other genotypes defining a pattern associated with the specific band
annotated. About 350 patterns were found in which one or more differences were combined
between healthy and infected state of the genotypes (Figure 18; arrows d) corresponding to
several hundred of possible differentially expressed bands. In order to reduce the huge work that
would be necessary for the analysis of all of them, only those patterns that showed overexpression
in the infected resistant genotypes H0909 and M. sieboldii (regardless if the other genotypes
showed differential expression) were chosen. Subsequently, for each pattern all the bands
associated to an increased signal in the infected state were excised. In this way 26 different
patterns (Table 21) were individuated and 63 bands (Table 21; red squares) were excised from the
blot (Figure 18; arrows a, b, c).

12345678 910 12345 678 910 12345678 910 12345678 910

Figure 18 Autoradiogram of a cDNA AFLP experiment, the arrows indicate differentially expressed
bands. 1= GDh; 2=GDi; 3=H0909h; 4=HO0909i; 5=MSh; 6=MSi; 7=M%h; 8=M09i; 9=D2212h;
10=D2212i. H= healthy; i= infected. a, b, c: differentially expressed bands between heathy and infected
resistant genotypes; d: example of pattern of differentially expressed bands
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Table 21 Expression patterns associated to the bands selected for the isolation from the blot. Red
squares = band that showed a stronger signal; green squares = band that showed a weaker signal;
white squares with a minus = no signal, L = faint signal

Primer
combination

GD GDi HO0909 H0909 MS  MSi M9 MO 2212 2212i

|
|
o [

) I

-

CGT7

CCC1

CAT1*

* these bands were isolated from a electrophoretic “long-run” ..............

43.1 Cloning of the differentially expressed products identified by cDNA-
AFLP

All the 63 cDNA fragments were re-amplified with the USER selective primers. The PCR
products were checked on a 1% agarose gel (3.2.21) and then separately cloned with the USER
PCR cloning kit procedure (3.2.9.2).
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4.3.1.1 Selection of clones

For every cloned band 20 colonies were picked and replicated on a new LB agar plate. The
clones were amplified through colony PCR (3.2.10) using the general BstYICO/BstYITO — MselO
primer pair and those clones that showed a product were cultured overnight. After plasmid-
miniprep (3.2.11) purification the inserts were sequenced (3.2.15).

4.3.1.2 Sequencing and sequence analysis of differentially expressed genes

The sequence reaction was performed as described in (3.2.15) and the products were
analysed from the company GENterprise GmbH. The analysis of similarity at nucleotide level was
performed using the NCBI Blast whereas the blast of translated sequences was carried out using
the Expasy database. The Table 22 summarises the results obtained from the Blast analyses for
the cDNA-AFLP fragments that showed homology with products of known function. The sequences
were grouped based on their putative association to cellular mechanisms. Although the major part
of the cloned fragments showed similarity to products with unknown function (37%; Figure 19), for
all of them homology with a sequence or a translated sequence present in the databases was
found. The analysis of the functional groups associated to the differentially expressed genes
showed a heterogeneous and broad range of metabolisms related to these sequences (Figure 19).
The groups formed by genes associated to similar metabolisms could be further linked in four
major functional classes: protein metabolism, energy transport, general stress response and signal
transduction. The behaviour and involvement of these genes in the phytoplasma-apple interaction
had to be confirmed and proven through further experiments in order to characterise their

expression after the infection. This task was performed using the real time PCR technique.

Table 22 Similarity of the sequences obtained from the analysis of the isolated differentially expressed
cDNA-AFLP bands. The databases used for the BLAST were NCBI for the nucleotide sequence and
Expasy for the translated sequence

Selective Homology Putative function % of similarity Identities E value
primer Function
combination ) al class
NCBI EST Expasy NCBI EST Expasy Size bp [NCBI EST| Expasy | NCBIEST| Expasy [NCBIEST| Expasy
Malus x Solanum Ribosomal protein Ribosomal protein 62/76 positives
CTT domestica T e L27A L27a-like protein 323 97% 81% 316/323 68/76 (89%) 4.00E-164 6.00E-37
Malus x : 40S ribosomal 40S ribosomal 58/72 positives
CTT dEEsiE A. thaliana protein S18 protein S18 319 99% 80% 316/319 59/72 (81%) 2.00E-33 7.00E-172
<
Prunus q 60S ribosomal 58/98 positives =
CTT dulcis A. thaliana UK protein L6-2 319 92% 59% 260/281 70/98 (71%) 2.00E-104 5.00E-24 E
2
x
i Putative 60S q A -
Prunus Medicago ; . Ribosomal protein 59/98 positives
CTT persica e rlbosomLeg protein L6E 319 88% 60% 276/312 67/98 (68%) 4.00E-87 2.00E-23
Malus x . 40S Ribosomal 40S Ribosomal 57/61 positives
TCG1 domestica Oryza sativa protein S8 protein S8 259 98% 93% 249/254 57/61 (93%) 5.00E-123 7.00E-34
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Malus x 60S ribosomal
TTA2 AT NR protein L10-3 NR 217 99% NR 215/217 NR 5.00E-113 NR
Malus x Lycopersicon . 64/66 positives
CTT domestica esculentum Arginase Arginasel 296 98% 96% 292/296 64166 (96%) 3.00E-155 2.00E-36
: Phenyalanyl-tRNA "
CcTT Malus x Medicago  |'c 0o ce beta- B3/4 317 93% 64% 2001235 U7 positives| , hop 0r 4 00E-22
domestica truncatula subunit 63/78 (80%)
S
Malus x Elaeagnus Asparagine Asparagine 62/91 positives @
CTT : umbellata 319 98% 68% 316/320 1.00E-164 8.00E-27 s
domestica N synthetase synthetase 67/91 (73%) =
(Autumn olive) E
o
86/103 S
B L Glutathione ) positives g
Malus x rassica juncea| Similarity to ISP4  trasporter GT1; 98/103 (95%); e
CAAL d X (leaf mustard); | (and glutathione oligopeptide 311 99% 83% 297/298 86/103 )| 2.00E-163 4.00E-52 )
omestica A. thaliana transporter GT1) transporter 3 positives §
(ATOPT3) 97/103 (94%) <
Malus x . amwr?ost‘::r?saffrase amir:?t?:r:?:ase, 29/36 positives )
TCC2 domestica A. thaliana mitochondrial Egrlgéiﬁ\saosrt 121 100% 80% 83/83 31/36 (86%) 4.00E-38 2.00E-14
precursor (transaminase A)
) Lysine- Bifunctional lysine-
Malus x Gossypium ketoglutarate ketoglutarate 85/110
CCcC1 d : hirsutum reductase/saccharo reductase/saccharo 337 98% 7% 287/290 positives 6.00E-154 6.00E-41
omestica (cotton) pine pine 96/110 (87%)
dehydrogenase dehydrogenase
AKIN gamma;
AKIN gamma CBS SNF1-related o
CAA2 dMaIus.x A. thaliana | domain-containing  protein kinase 144 100% 93% 144/144 422“/17"‘(’;;;/‘55 200E-74  9.00E-24
omestica protein regulatory subunit
gammal
Medicago UK; Shaggy related Glycogen synthase
. protein kinase theta kinase3 homolog |
CAA2 dMalus.X t;\;{nca}tula, (ASK-Theta) ~ MSK-3; Shaggy | 144  [100%; 100% 11%%(:,//1‘ 63/63; 60/60 20/20; 20/20 |5e-26; 3e-24 4e-10; 4e-10
omestica icotiana (serine/threonine related protein
tabacum specific) kinase NtK-1 -
— — S
. " OSJINBb 41/65 positives 5]
AvEr famil & c
Malus x  Oryza sativa; A, |-RR protein family, 4,47 93 5rotein; oo paon pro | 162/165; 51165 (78%); : : K]
CCG1 deiesiE thaliana p:))t(;?:ip:(;ﬂlr(seor STl 200 98%; 92%  63%; 66% 183/198  43/65 positives 8e-75; 1e-70 2E-21; 3e-19 3
receptor prot kinase| 50/65 (76%) ot
¥4
| Leucine-rich repeat
Malus x q receptor protein 51/61 positives
CCG2 domestica A thaliana UK e o 185 100% 83% 185185 “jaet (geoey | LOOE-98  3.00E:27
precursor
" 123/165
CCA1 dMalust.X A. thaliana UK e n':;ee 498 99% 74% 449/450 positives 0 2.00E-69
omestica P! 144/165 (86%)
Palmitoyltransferas
e TIP1 Ankyrin
CcTT dMaIus;_x A. thaliana UK repeat-containing S| 316 95% 82% 164/172 33/73/39"?;2%35 3.00E-69  5.00E-19
omestica palmitoyltransferas
e S
Indole-3-acetic ]
acid-amido 88/103 >
CTT Glycine max  A. thaliana GH3 like protein  sinthetase GH3 6 310 83% 85% 183/220 positives 5.00E-31 4.00E-48 2
auxine response 92/103 (89%) ‘g
GH3-like protein o
0]
Malus X Brassinosteroid-
TTC6 domestica NR regulated protein NR 95 98% NR 81/82 NR 7.00E-33 NR
Malus x : SAL1 phosphatase 49/62 positives
CTT st A. thaliana UK FIERY1 protein 317 99% 79% 210/211 55/62 (38%) 4.00E-99 2.00E-24
" Malus x .
TCC*1 domestica NR [Galactinal synthase NR 292 90% NR 175/193 NR 4.00E-59 NR
Malus x Capsiiuiim Glutathione-S: 23/34 positives
. - =S b H
TCC*3 domestica - chlntense ) UK transferase GST1 120 97% 67% 97/99 30/34 (88%) 7.00E-43 3.00E-12
onnet pepper
TCA1 Malus.x NR Catalase NR 166 95% NR 159/167 NR 7.00E-50 NR 3
domestica S
a
@
<)
@
o Wound-induced - 4
Malus x S Putative wound- SO 18/37 positives 2
TCC2 domestica  Vitis vinifera | % 4ced TR protein-like 163 99% 48% 155/156 23137 (629%) | +O0ET 7.00E-05 &8
(fragment)
Malus x Nicotiana . " Chitinase class V / 49/84 positives
CGG6 domestica tabacum Putative chitinase lysozyme 285 98% 58% 280/285 60/84 (71%) 3.00E-146 2.00E-22
Malus x A - " 82/96 positives
CGT5 e Glycine max | Chitinase class|  Chitinase class | 289 90% 85% 262/289 87/96 (90%) 4.00E-95 1.00E-44
Formate
91/100
CTC1 WEIlE Oryza sativa UK Ccvdioncnasd 302 100% 91% 301/301 positives | 7.00E-168  4.00E-47
domestica mitocondrial 97/100 (97%)
precursor
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Malus x Malus x Putative DNAJ 83/84 positives
- - UK 318 99% 98% 310/311 3.00E-171  8.00E-44
crT domestica domestica protein ’ ’ 84/84 (100%)
Similar to heat
Prunus . shock protein " 46/52 positives
TGC1 persica A. thaliana CpHSCTO-L (A. Hsp70-like protein 156 96% 88% 149/155 49152 (94%) 1.00E-66 5.00E-24 2
thaliana) 2
c
T
. - S
cCG2 Prunus Medicago [ qyuo o spzo  HSP70 kDA 186 89% 86% 1347147 SIBLPOsitives| 5 5o 36 4 00E-30 &
persica truncatula 58/61 (95%)
Peptidyl-prolyl "
cceG2 Malus x Vicia faba Immunophilin  isomerase FKBP12| 186 97% 85% 1821186 4047 positives| g gor 99 1 00E-22
domestica (immunophilin) 43/47 (91%)
Vacuolar protein
Putative vacuolar sorting associated i cg
CAA1L dgdrﬁgjssti)c(a Oryzasativa | protein_sorting protein VPS16- | 326 99% 58% 2091211 42’27,;‘{"(’3%5 2008109 700815 | EZ=
Qs
protein transeon)
Ipomoea Papaine-like St
cTT Malus X o iatas (sweet UK cysteine proteinase| 322 95% 83% 2401261 S2TApositves| g ooe 194 1 0oE-33
domestica potato) isoform 68/74 (91%)
Malus x . Peptidylprolyl 18/25 positives
TTC6 domestica A thaliana UK foomerase 88 100% 72% 48/48 2025 (80%) | 3O0EL7 2.00E-06
Ubiquitin protein
Malus x . ligase PRT1 4770 positives
* X X
TCC*1 domestica A thaliana PRT1 protein (proteolysis 1 290 100% 67% 180150 "0 810y | L0077 2.00E-25
protein)
TTA2 Malus_x Trm_cum UK Ubiquitin 218 100% 100% 218/218 7272 2.00E-118 6.00E-42
domestica aestivum
[}
g
[s]
Malus x Triticum 60/61 positives £
TTA2 ) - UK Ubiquitin 219 99% 98% 218/219 4.00E-114  2.00E-34 2
domestica  aestivum quid o o 61/61 (100%) E
3
=
[
Ubiquitin protein =)
Malus x . ligase PRT1 48/70 positives 8
TCC1 domestica A thaliana PRT1 protein (proteolysis 1 296 100% 68% 180150 "0 g1oey | L0077 7.00E-26 =
protein) 5
o
Malus x . Putative 40/47 positives
Ccc2 domestica Oryza sativa UK aminopeptidase C 147 100% 85% 142/142 43147 (91%) 3.00E-73 9.00E-26
E3 ubiquitin protein
ccez dMaIus_x Oryza sativa F”O(ﬁfl_g)’me‘” ligase UPLL, 216 97% 91% 2101216 62/97/52,;?95.51%?5 8.00E-103  3.00E-40
omestica putative expressed
qi 48417146 107/146
CGG1 cNe f4b333 1 Q8$1X|9.1 A. UK peprz'[";;ip' 517 95 73 146/153 positves | 5.00E-62  2.00E-56
oAty I. aliana p 123/146 (83%)
oyal Gala
; : 120/166
Malus x : Aminopeptidase- ~ Aminopeptidase-
CCA1 . A. thaliana " " 500 97% 72% 435/447 positives 0 1.00E-65
domestica like protein like protein 1441166 (86%)
CDNA similar to
Prunus : WD-40 repeat 8 34/40 positives
*: -] -
TCC*3 persica A. thaliana [ F1003.12 protein 120 96% 85% 116/120 36/40 (90%) 1.00E-50 2.00E-19 <
related g
©
o}
DENN (AEX-3) - £
CGG6 Malus X oy 73 sativa | Expressed protein  domain-containing [ 285 100% 2% | osuas  TESAPOSINES| op1gg 700240 5
domestica protein-like 4 (93%) g
5
<
7}
Keech repeat e
TCG1 WIS 52 NR containing F-box NR 82 98% NR 81/82 NR 3.00E-35 NR e
domestica protein family
Malus x Malus x Sorbitol Sorbitol
TCAl domestica domestica dehydrogenase  dehydrogenase 221 99% 100% 219/221 68/68 6.00E-113  3.00E-44
Cyamopsis UDP-glucose 4-
Malus x UDP-galactose 4- g 37/47 positives
TTA2 domestica tetlragongloba epimerase epimerase (GEPI 217 98% 78% 1950198 4147 (g70r) | LOOE-101  9.00E-21
(Cluster bean) s
k|
8
: UDP-glucose - =
TTA2 Malus x Fragaria UK glucosyltransferase| 216 91% 63% 150167 2972 POSIVES| 4 joE-52  3.00E-24 8
domestica ananassa GT7) 55/72 (76%) 2
3
&
S
n
Cyamopsis Similar to
Malus x GAE1_PEA UDP- UDP-glucose 4- 37/47 positives|
CGT6 domestica tetr?gor;o;oba galactose 4 epimerase GEPIA2 221 99% 8% 115/116 40/47 (85%) 4.00E-55 8.00E-16
uar epimerase
Malus x  Pisum sativum UDP-D-glucuronate 28/50 positives
. UK 157 99% 56% 156/157 1.00E-79 2.00E-09
TGC1 domestica  (Garden pea) carboxylyase ° ° 31/50 (62%)
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g
XS
=)
i
Malus baccata
putative TIR-NBS 21/29 positives g
TTC6 NR Malus baccata NR type R protein 4 91 NR 70% NR 22129 (75%) NR 1.00E-08
(R4) gene <
2
g
S
i ]
TCC*1 dgnnfleusstiéa NR Ca]m";‘(‘)'t'gi;e'ated NR 340 7% NR 125/128 NR 7.00E-55 NR 5
©
c
=]
o
Malus x . Copine like protein  BONZAI1 copine 83/93 positives
TCGL domestica A. thaliana copine BONZAI1 like protein sr2 95% 89% 3361352 88/93 (94%) 7.008-160 3.00E-38
4]
o
8
c
K]
=
2
s
=

Electron transport/Redox reactions

Malus x Medicago Putative E-class P450 51/91 positives
CTT domestica truncatula cytochrome P450 groupl 319 85% 56% 239/281 73191 (80%) 2.00E-55 9.00E-26
Mal Iron sulfur subunit
alus x of succinate
N NR 144 94% NR 139/137 NR 2.00E-53 NR
CAAZ domestica NR dehydrogenase
precursor
Malus x  Medicago satival Squalene Squalene 83/96 positives
- R .
TCC*1 domestica (alfalfa) monooxygenase  epoxydase (SE1) 291 99% 86% 290/291 90/96 (93%) 2.00E-159 5.00E-46
Malus x Geranylgerany!
* . NR 295 98% NR 182/185 NR 1.00E-62 NR
Teen domestica NR hydrogenase ?
Probable
peroxisomal (S)-2-
Mal hydroxy-acid
" alus x " . oxidase 2 (glycolate 34/40 positives 2 .
TCC*3 domestica A. thaliana Glycolate oxidase cio o 2) (GOX2): 120 97% 85% 117/120 37/40 (92%) 5.00E-23 1.00E-20
short chain alpha-
hydroxy acid
oxidase 2
Malus x : . Glycolate oxidase- 22/24 positives
TCC2 domestica A thaliana | Glycolate oxidase like protein 120 97% 91% 117/120 22124 (91%) 5.00E-53 8.00E-11
Malus x  Medicago sativa| Putative squalene Squalene 82/96 positives
TCC1 domestica (alfalfa) monooxygenase 2 epoxydase (SE1) 291 99% 85% 289/291 89/96 (929%) 5.00E-157 2.00E-45
Malus x . | Cytochrome b6-f ~ Cytochrome b6-f 30/32 positives
CCG1 domestica A. thaliana  [omplex chain petM complex subunit 201 100% 93% 164/164 31/32 (96%) 4.00E-86 7.00E-12

precursor precursor (petM)

Cell cycle
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Malus x ? Cyclin-E binding BNR repeat domain 34/54 positives|
TTA2 domesiica  OTyZasativa R e 215 99% 62% 1641265 % Teq (759%) 2E-84 3.00E-16
P-type H+-ATPase
Triphysaria Sesbania H+Transport (heavy metal 51/53 positives
CGT7 versicolor ostrata ATPass - wransmenbr transp| 16 90% 96% 1447149 “gr Dy | TO0E43  LOOE-28
ort)
Vacuolar proton-
Malus x . Vacuolar H+ inorganic 5
TCC*3 ; Prunus persica 122 98% 100% 111/113 19/19 8.00E-49  8.00E-07 S
domestica P pyrophosphatase  pyrophosphatase ° ° =
HVP1) 8
g
k]
Malus x Metallothionein-like =
TCC2 domestica NR protein type2 NR 121 98% NR 77178 NR 1.00E-32 NR é
Il
ket
=1
Malus x Malus x Metallothionein-like Metallothionein-like o z
CCA1 domestica  domestica protein protein 502 98% 100 388/394 54/54 0 5.00E-27 5
Malus x Pyrus pyrifolia |Metallothionein-like Metallothionein-like o o 34/44 positives
cce2 domestica (Japanese pear) protein protein 365 100% % 2101210 g7 Pieaey | 200113 2.00E-16
c
]
Pseudomonas Lipoprotein putative| 71/88 positives S
CTT Susscrofa -t ens UK T 320 99% 80% 3181320 7oeg aney | 300174 5.00E-34 g
=
CAAl Malus x NR GAPDH NR 162 98% NR 159/162 NR 4.00E-78 NR =
domestica T
<
o
@
£
Malus x g
CAA2 domestica NR GAPDH NR 163 98% NR 160/162 NR 3.00E-80 NR 5
>
iti )
TTC6 M.sieboldii  Oryza sativa EFialpha EFlalpha 77 100% 100% 69/69 2234/2233"(‘;233’%35 6.00E-30  1.00E-13 £
©
£
c
S
i k|
TCC1 WIS ¢ ILyaepiareifasin EF2 EF2 212 97% 100% | 205211 62/62 2E-97 6.00E-36 2
domestica esculentum g
o«
C
Prunus Similar to pir Purple acid 85/103 T
CTT . A. thaliana T49035 acid hosphatase 316 87% 82% 262/300 ositives 2.00E-76 8.00E-49 S o
phosp p S
persica phosphatase (PAP22) 97/103 (94%) 8
o
[
2
- e = @
cTT dgnn?gjsstiéa t'\rA:r?cI:?uglg UK Lasl-like 319 97% 47% 160/164 Z%‘Iig‘(’g's‘f,/‘gs 200676 200807 | & =K
g
-
<38
Malus x Nicotiana 27143 positives 285
* : ' UK NRG1 291 96% 62% 282/291 6.00E-138  1.00E-11 588
Teen domestica  benthamiana ° ° 31/43 (72%) 52 §
zpQ
R of -
: chromosome . ]
TCcC3 4 ﬁp”"’s Medlcaglo UK condensation/ | 122 86% 1% 72/83 11@%;?;2%? 8O0E-12  500E-08 t8
trichocarpa  truncatula Pty i 25
inhibitor prot 11l
Molybdenum
TCC*3 Malus x Orysa sativa UK cofactor sulfurase | 123 98% 63% 1140116 2338 positives| ) goe 50 3.00E-06
domestica g 24/36 (66%) @
protein-like S
3
Molybdenum %
Malus x . ]
TCC2 do:qgsstica Oryza sativa UK ;ﬁiﬁﬁ;ﬁ; 123 99% 63% 115/116 zgﬁgén?gg%s 5E-53 3.00E-06
protein-like
N
=
[Pumilio like protein; " . =
' Pumilio domain- A b
TCG1 dg’ln?g':ﬁza Populus tremulal tran"s‘gm Dot e containing protein [ 298 98% 82% 295/298 8?33;‘(’325/‘:‘;5 9.00E-159  5.00E-42 'é
regulation z
['4
@
2
©
Malus x Medicago Putative DNA  Aminotransferase o o 2435 positives o
TCC2 domestica  truncatula polymerase s I 110 98% 68% 1077109 %5530 (Go0sy | 7O0E49  9.00E-13 2
=
[
Plasma membrane  Putative plasma . <
TTA2 Malus X 50 us tremula|  majorintinsic  membrane intinsic| 218 97% 55% 1777182 LIBAPOSHves| ) gor g5 200E-04 52
domestica : i 22/34 (64%) =]
protein 2 protein (pip 2.1) se
=
g
Malus x ) . COBRA-like protein . , 26/45 positives =&
CCcC1 domestica A. thaliana  Hypothetical protein 9 precursor 392 98% 57% 383/390 36/45 (80) 0.00E+00 2.00E-08 85
3
I}
ccel Pl NR ResyiiEsERes. NR 390 88% NR 80/90 8.00E-18 NR 3 é
: : : . 00E- 3
persica like protein g E
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Malus x Medicago 4/91 positives
Ccc1 s .o UK MTD1 396 97% 50% 174/178 61/91 (67%) 3E-82 6.00E-15
c
Malus x Medicago — — 48/72 positives 2
cce2 domestca truncatula Fibrillin PAP fibrillin 366 98% 66% 323328 ‘T PONOOS L0070 3.00E-18 §
S
2
Il
Malus x Medicago . Concavaline A-like 35/76 positives S
cce2 domestica  truncatula Putative lectin [ C0 icanase | 348 98% 26% 3320337 o ea0y | BOOE-LTS  7.00E-15 %E)
THI 4-ALNGL Thiazole >E
Thiazole biosynthetic - g2
ccG2 Malus X ajnus glutinosa |  byiosinthetic  enzyme chioroplast| 166 99% 67% 165166 2;@35‘(’753;/‘55 4.00E-85  9.00E-11 €8
domestica knzyme, chloroplast  precursor (AG6) R
precursor (AG6) (THI4) 0 E
i 51564881 Q5TIN3 5
q : . Beta-6- 140/161 T 7
CGG1  |cvo8ss32.1 G°$syp'g.f.“ Hypothetical 83,1 iosylransterase; | 518 99% 96% 3801381 positives | 0.00E+00  4.00E-82 z8
raimonaii P! TIGR:UK 151/161 (92) 33
Malus x [S]
. (cotton) £
domestica
qi 53858717 S5
ql Chlorophyll A-B PSl type Il - =0
CGG3  |CcVv525043.1 QE:]S\I(97 A~ | binding protein8  chiorophyll aib- | 389 98% 89% asa0 | o08 p&z{%e 0.00E+00  3.00E-42 =
Malus x thaliana precursor binding protein 55
domestica G5
E—
Unknown function
37%
Other ————--_ﬂ_h/

16%

lon uptake/metal

detoxyfication
3%
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transport/Redox
reactions
5%
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Figure 19 Schematic grouping of the sequences of the differentially expressed genes based on their

putative function
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4.4 Study of the differential gene expression by real-time PCR

analysis

Several cDNA fragments were individuated as differentially expressed in the cDNA-AFLP

analysis on infected and healthy plants. In order to validate the differential expression of the genes
corresponding to these fragments, a real-time PCR analysis was carried out to investigate their
expression levels after the phytoplasma infection. As shown in Table 22, different sequences were
obtained for a given cloned cDNA-AFLP fragment. As it was not possible to know which sequence
was associated to the differentially expressed product, the real-time PCR analysis was first
focused on those genes represented by sequences of inserts found in several clones and present
in clones obtained from different genotypes. Specific primers were then designed on these
sequences.
Although, as previously reported, the in vitro system allows a high standardisation of the growth
and maintenance parameters, the gene expression can be influenced not only by the presence of
the phytoplasma but also by the physiological state of the plant at the timepoint of sampling.
Therefore, in order to confirm those genes that were differentially expressed due to the
phytoplasma infection an independent experiment was carried out on a new set of infected and
healthy in vitro plants. RNA extraction and cDNA synthesis were performed as described for the
preparation of the starting cDNA in the cDNA-AFLP analysis (3.2.2; 3.2.12; 3.2.13; 3.2.14).

4.4.1 Primer design for the real-time analysis

The real-time analysis was initially carried out on a first set of expressed sequences. These
were selected between those obtained from the same type of cDNA-AFLP band and that were
homologous in different genotypes. 23 sequences were individuated (Table 23) on which specific

primers were developed using the web form and the parameters described in 3.2.19.

Table 23 cDNA-AFLP fragments selected for the real-time gPCR analysis

CDNA-AFLP primer
Band code combination from which | Putative function (based on | Putative function (based on
the band was identified nucleotidic sequence) aminoacidic sequence)
BstYI primer | Msel primer
3 C-T Msel-C Unknown Unknown
5 C-G Msel-T Chitinase class | Chitinase class |
6 cG Msel-G Chlorophyll A-B binding protein 8 | Chlorophyll a/b binding protein type
precursor 1l
7 c-C Msel-C Unknown COBRA-like protein 9 precursor
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9 Cc-C Msel-A Metallothionein-like protein Metallothionein-like protein
11 C-C Msel-A Aminopeptidase-like protein Aminopeptidase-like protein
14 C-G Msel-T Unknown Unknown
15 Cc-C Msel-G LRR protein family Similarity t(l)(_receptor protein
inase
21 Cc-C Msel-G Unknown Unknown
22 C-G Msel-G Unknown pepsin/ASP-protease
23 C-G Msel-T H+Transport ATPase P-type H+-ATPase (heavy metal
transmembrane transport)
24 CA Msel-A AKIN gamma CBS d(_)maln- AKIN gamma CBS d(_)maln-
containing protein containing protein
25 T-C Msel-C Squalene monooxygenase Squalene monooxygenase
26 C-T Msel-T Unknown Hypothetical protein At5g58510
: ) Copine like protein copine Copine like protein copine
27 T-c Msel-G BONZAI1 BONZAIL
28 C-A Msel-A Unknown Unknown
29 T-G Msel-C Hsp70-like protein Hsp70-like protein
30 T-G Msel-C NR NR
31 T-C Msel-A Unknown Unknown
32 T-T Msel-A Unknown Unknown
33 T-C Msel-C Glycolate oxidase Glycolate oxidase
35 T-C Msel-C Putative squalene Putative squalene
monooxygenase 2 monoxygenase

4.4.1.1 Proof of the presence of the analysed expressed product in the
different genotypes

Specific primers were developed on the 5 and 3’ extremity of the cDNA-AFLP fragment
chosen for the real-time PCR study (Table 24). The primers were tested (3.2.5) on the cDNA
synthesised from Malus sieboldii, HO909 and M9 as described in 3.2.13. The PCR products were
then directly sequenced as described in 3.2.15. In all the genotypes a product corresponding to the
original sequence was found except for the primer pair 30 for which a PCR product was obtained
only in HO909 and Malus sieboldii.
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Table 24 Primer used to test the presence in the different genotypes of the transcripts
corresponding to the selected cDNA-AFLP differentially expressed bands

Primer name Forward Reverse
Band 3 GGTATTGCGGTCGGGATG CCTTCATCGGAATAAGAAGGTG
Band 5 AGATCATTTCCGATTGCCTTG GGGTTTGGCACAACTGGAG
Band 6 CCCATTAGGGCAAGTTCAAAG AAGGAGCGGACAGACAGTTG
Band 7 GAACTGGCCTCCGATCTTG CACTCCCAAGAATGCTACCC
Band 9 GTAGGACGTGCAGCTCAGAAG AACAGAGCTTGCGTTTATCTGC
Band 11 TCCTTCATCCACTTCCATGC TGCAGAGAGGCTTGGTTGG
Band 14 AAGTACAACACGCTGCGTACC TCTTGCATGGCTATGGAGTG
Band 15 ACGATCTTGGCTCCTCACC AACTCGCGTCGAATACGG
Band 21 CAGAGCCATCGTCAACAGAAC CCTTGAACCGTGAAAGTGG
Band 22 GTTACCGCTCCCGAAATC CACCTAGGCCAAGCTTTTG
Band 24 TACGTTGTGGACGATGATGG TTCTGAGGCAGCGGTAGAAC
Band 25 GGGGAACCTGAGGAGCAAC AAATCTCCGCCGCAATCTC
Band 26 CTGAACCCCTCCTGGTTAG CAGAAACTTCACATGCTTGC
Band 27 CAAGAAACCAAAGATGCCCTTG CTGCGGTCATCCGAAGTCTC
Band 28 GGGGTGCTTTTGTAGCTTATG ATATCAAAGGGCAAACCAGTTG
Band 29 CTTGACAGGCTTAGAACACCAG CGTAACATTTGGTTCCTTCC
Band 30 TCATTGAAACCACAAGACTGG AATTCCAACGACCCCTTG
Band 31 CGGTGTGAATCAAGATAATCAG ATCCGATAGCACTCTCTATGAG
Band 32 ATCAAAGAAAGGCACTAAAAGG TACTTGCTTACTGGAGTTGGAG
Band 33 GGAAAGATGGATAAGACCAATG TTGGTAATTTGGTGATTGTCTG
Band 35 GGGGAACCTGAGGAGCAAC AAATCTCCGCCGCAATCTC

4.4.1.2 Development of gene-specific primers for the real-time PCR analysis

For real-time qPCR analysis, gene-specific primers were selected for each gene. Because the
detection method chosen for the gene expression analysis was SYBR Green the development of
good quality oligonucleotides was crucial for the production of reliable results. The conditions that
had to be fulfilled were more strictly as for the common primer (3.2.19). Important parameters

were:

- size of the amplicon: has to be between 120 and 220 bp

- annealing temperature: was set in a range between 58 and 63°C with an
optimal value of 60°C

- primer dimers: the possibility of an inter- and intra-primer annealing was set

very low

In order to reduce biases related to the size of the amplicon (due to differences in the
fluorescence signal intensity and in the Taq amplification efficiency) only primers able to generate

a product between 120 and 220 bp were selected. The annealing temperature plays an important

87



Results

role because while at high temperature the possibility of dimers formation is reduced the chances
to find a putative primer pair with the oligo design algorithm are also lowered. Finally, the
parameter controlling the number of possible intra- and inter-primer base pairing was maintained
low giving a very stringent selection of the possible primer pair. However, in few cases the primer
quality resulted non optimal and due to the short length of the corresponding cDNA-AFLP fragment
it was not possible to develop a further primer pair.

To test the suitability of the primers (Table 25) for the gPCR, first a gradient PCR was
performed using for each primer pair the corresponding cloned cDNA fragment as template. The
primers that showed a good amplification and a unique product at 60°C were further validated. A
PCR was then carried out using as template a dilution series (3.2.20.3) of the respective plasmid
using 60°C as annealing temperature. Only the primers showing a unique PCR product (Figure 20)
in all the diluted samples without the formation of primer dimers were chosen and used in the real-
time gPCR.

Fluorescence

S0

Figure 20 Melting curve analysis of the PCR products generated in the real-time qPCR reaction. Each
peak corresponds to a product generated from a specific primer pair in several samples. The presence
of a unique peak associated to each curve indicates a high specificity and good quality of the primer
pair

Table 25 Primers used for the real-time gPCR analysis

Gene Forward Reverse
Gene 3 CAAACGAAGTCACAAGTTCTCC CGCAATTTTGAGATGACAGAAG
Gene 5 ATATTGACCGGATGGTGTGC GCTGCTTTCTTGGCTCAAAC
Gene 6 AGTCTCGGGCGGGATTAG CTCAGACCCAGAAGGCACAG
Gene 7 GAACTGGCCTCCGATCTTG GACAGGAAGTCGCCGTTG
Gene 9 ACACGACCTTCGTAAATTTGG CCTGCAACTGCAAGTGAGAG
Gene 11 TCCTTCATCCACTTCCATGC TAGCGTCTTGTCCCGATCC
Gene 14 CCCAGAAGAACTCATCATTTAGC CTTGCCGATAGGGTCAGC
Gene 15 CCTCACCTGCCCATTACTTC AACTCGCGTCGAATACGG
Gene 21 TGGGAACACTTCGATTAGCC GGCTGTTATACAAACCCTTGAAC
Gene 22 AGCGATGGATTTGTGTTTCC CCCGATACAGCAGCCTCTC
Gene 24 TGGACGATGATGGGAATCTG GCTATTCTGAGGCAGCGGTAG
Gene 25 GGAGCAACCACATTTTTCAAG CTTATGCAAACCACGGACAC
Gene 26 TCCCATCAAAGTTTTCACCAG TTGCAATATGCATTGAGATGAAG
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Gene 27 AATTGTTGGAGTCGGAGGAG GAAATTGAGCCGGTAGTTCTG
Gene 28 ACATGTTGTGGCTTGTTTCAG CATGCTAACACATCTCGCTTG
Gene 29 ACCAGTTGAAACCGCCTTG ACATTTGGTTCCTTCCCTGTC
Gene 30 GGGTGTAGAGATGGGGGTTC ATTCCAACGACCCCTTGC
Gene 31 TCGGTGTGAATCAAGATAATCAG CTTGGAAGAGTTGGGATACTTTG
Gene 32 AGGCACTAAAAGGAAGCAAGAG GAGGGAGCGTGATGTTATTTATG
Gene 33 TGGATAAGACCAATGATTCTGG AATTGGTAATTTGGTGATTGTCTG
Gene 34 ATGGATAAGACCAATGATTCTGG AATTGGTAATTTGGTGATTGTCTG
Gene 35 CGGGAACATCTACCAAACAAC CGCCGCAATCTCTGTACTC

4.4.2 Analysis of the real-time gPCR data

The procedure for the elaboration of the raw data obtained in the gPCR was developed from
two different analysis methods previously published by (Peirson et al., 2003) (data analysis for
real-time PCR; DART-PCR) and (Ramakers et al., 2003) (LinReg PCR). Both methods are based
on the direct analysis of the fluorescence plot obtained for each sample in the real-time PCR
(Figure 21).
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Figure 21 Example of fluorescence plot obtained from the real time PCR. The fluorescence (Y axes)
per cycle (X axes) of reaction is reported.
For each reaction the specific efficiency, on which the PCR kinetic depends, can be calculated

from the fluorescence plot. The equation that describes the PCR kinetic can be written as
Ne= N, - 2°¢ Eq.1

where C is the cycle number, Nc the number of molecules obtained after C cycles and N, the initial
amount of target template. Here the theoretical doubling of the template at each cycle is assumed
and therefore the constant 2 is employed in the equation. Commonly this does not represent the
real behaviour of the PCR in which the reaction efficiency is below 100%. Therefore, the Eqg.1 can

be modified in
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Ne= N, - E® Eq.2

with E assuming values between 1 (0% efficiency) and 2 (100% efficiency). DART-PCR and
LinReg PCR are both based on the calculation of the real efficiency value E. The Eq. 2 can be
represented in the logarithmic form (Figure 22):

log Nc =log N, + C - log E Eq.3

Figure 22 Example of a logarithmic plot of the fluorescence plot obtained in the real-time PCR (Y axes
= log values of the fluorescence; X axes = cycle number).

The Eqg. 3 can be rearranged as follows

1 log N
C=———logNot 97 Eq.4
log E log E
this equation represents a linear equation with slope
1
————=m Eq.5
log E
and the efficiency E value can be calculated as
1
E=10m Eq.6

90



Results

The slope m can be derived from the logarithmic form of the fluorescence plot. Although in
both the DART and the LinReg methods m is calculated on the same region of the logarithmic
curve the way to individuate the linear range is different. In the DART-PCR method a 10-fold range
is defined around the midpoint (obtained with the equation M = Rgise X *-.-"(RmaX/Rnoise) where R
represents the fluorescence value and R,qs iS calculated as the standard deviations of the
fluorescence values of the first 10 cycles) of the fluorescence plot calculated in a statistical
manner. The slope of the corresponding logarithmic curve is then calculated on these points. The
LinReg PCR method uses an algorithm that defines the best range of points on the logarithmic
curve of the fluorescence plot in which the linear regression has the best correlation coefficient
(R?. In this case the range of points on which the linear regression is performed can vary
depending on the settings but in any case it is always calculated between 3 and 6 data points. In
both methods once m (and consequently E) is defined the initial amount of fluorescence present in
the reaction can be calculated as follows:

DART-PCR

In this method, the midpoint (M) of the fluorescence plot is chosen as threshold. Two values
are associated to this point: a fluorescence value and the corresponding cycle Ct at which this
value is reached in the real-time PCR reaction. Substituting C with Ct in Eq. 2 and the fluorescence

intensity | to the quantity N, Eqg. 2 becomes
let =1l - E® Eq.7

Ic: = fluorescence at cycle Ct
I, = fluorescence at cycle 0

E = efficiency value (between 1 and 2)
The intensity at cycle O can be calculated as

lo = Iy / ES! Eq.8
LinReg PCR

In the LinReg PCR method the equation 3 is used to define the intercept at cycle 0 (C = 0) of

the linear regression calculated on the linear phase of the log plot.
Intercept value = log I, Eq.9
therefore

|0= 1ointercept value quo
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One strong point of the DART-PCR method is how the efficiency values are statistically
analysed after their calculation. Efficiencies calculated for samples amplified with the same primer
pair are compared through ANOVA in order to proof if a unique E value can be used in all the
samples for the calculation of each ly. In this way, a reduction in the variability of the data can be
obtained. Nevertheless, the LinReg PCR has a much powerful way to define the efficiency
individuating the range of cycles in which the logarithmic curve has the best linearity and therefore
the maximum reaction efficiency. In the DART-PCR the midpoint is calculated based on the
background signal (noise) of the fluorescence curve (indicated as the standard deviations of the
fluorescence values) in the first 10 cycles. Although this range can be modified, it will be applied to
all the curves giving a wrong result in cases in which the maximum fluorescence signal intensity
assumes low values, the noise is particularly high, or the efficiency has relatively low values.
However, also the LinReg PCR method produces a wrong individuation of the best range in the
case of curves with short range of linearity.

Therefore, in this thesis a method for the analysis of the data obtained from the real time PCR was
developed to improve the procedure for their elaboration. An algorithm was defined for the
individuation of the range at which the PCR reaches the maximum efficiency on the logarithmic
curve of each sample using the second derivative of the plot. As in the DART-PCR for each
sample, the efficiency values of the primers used in the gene expression study are analysed
through ANOVA in order to proof if a unique value per primer can be adopted for the further
calculations. On the range of linearity instead of a specific threshold value for each sample like in
the DART-PCR or a unique threshold value for all the samples another modification was
introduced. For a specific primer pair a common threshold value was defined in the range of
linearity for all the curves obtained from a specific sample. In this way, the variability of the data
produced with a primer pair in the sample is reduced. The amount of fluorescence associated to
the initial quantity of template present in the reaction is then calculated as in the DART-PCR
method using the Eq. 8. The description of the method used in this work is reported in 3.2.20.4

while the modifications applied to the data elaboration procedure were performed as follows:

1) the raw data of the fluorescence values per cycle (F/cycle) obtained from the real-time PCR
analysis are exported in an Excel® spreadsheet

2) the data are organised to have the sample replicates in two neighbouring columns and all the
data obtained for the same gene (on different genotypes) disposed in adjacent columns

3) the logarithmic base 10 value (logy,) of the F/cycle values and the first derivative of the logo
(logio’) are calculated

4) the second derivative (log;o”) curve is then calculated on the first derivative

5) starting from the end of the log,,” curve (Figure 23D) its tendency is analysed to find the points
before and after whose the log;,” curve assumes value=0. The value (VO0) on the log;,” curve

is used to define a range of VO +/- 2 values on the log,o’ curve (Figure 23C). These 5 values
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6)

7

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

are then analysed to find the group of consecutive points that give the minimum standard
deviation (SD). All the 5 values are compared together or in groups of 4 or 3 values of
consecutive data. The group of points giving the minimum SD defines a range that has a
maximum value (Cmax) and a minimum value (Cmin) of cycle

the corresponding range of cycles (Cmin-Cmax) is reported on the original logarithmic curve
(logio) (Figure 23B) and the fluorescence values of Cmin and Cmax are annotated

the slope of the curve calculated on this range corresponds to the efficiency (E) of the primer
pair associated with the curve

from the fluorescence value associated with Cmin and Cmax a mean fluorescence value
(threshold) is calculated for this range

after the three runs for each gene 6 threshold values are obtained and a mean value is
calculated (T)

the T value is then used to calculate for each sample curve at which cycle the fluorescence
reaches this threshold. This cycle corresponds to the Ct value (Figure 23A)

the 6 E values obtained for each gene in a healthy or infected genotype are organised in a
unique table in which all the efficiency data for the gene obtained from each sample are
reported. An analysis of variance (ANOVA) is performed on the group of efficiencies in order to
check if a unique value can be used for the analysed primer in all the different genotypes. In
the case that the ANOVA analysis gives a negative results the specific efficiency is calculated
for the group/s that was/were rejected

the E value, the T value and the Ct value are used to calculate for each sample the initial
fluorescence intensity (1) using the equation: liia=17*(E) "

for each run the mean value of the Iya replicates is calculated obtaining 3 values from the
three runs. The final mean value with the associated standard deviation can be calculated for
each gene and sample

these values are then normalised on the internal control respectively using the equation:
(mean liyiia Of gene) / (mean liyiia Of control)=gene normalised value

the normalised data are used to calculate the fold change of the gene with the equation: (gene
normalised value infected state) / (gene normalised value healthy state) = gene fold change

in order to define if the fold change has a significant value the data group of the three lia
values deriving from the expression level in healthy state and the expression level in infected
state are then compared with a F test in order to check if the variances are equal or different

in case of equal variances a t-test (alpha=0.05) is performed assuming the equal variance

parameter otherwise the different variance parameter is assumed
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4.4.3 Housekeeping gene expression study for the development of an
internal control for the real-time qPCR analysis

The data obtained from the gene expression analysis on the candidate genes have to be
normalised on an internal control (commonly a housekeeping gene) that is expressed at a constant
level in both the healthy and infected state. Unfortunately, there is a general lack of information in
the phytoplasma-plant interaction about which gene could be used as suitable reference for the
normalisation of the gene expression data. Furthermore, information about suitable housekeeping
genes of Malus x domestica and Malus sieboldii was not available at the beginning of this work.

Therefore, different commonly used housekeeping genes in other systems were tested:

Eukaryotic translation initiation elongation factor 4A (elF4)
Tubulin alpha (Tua)

Tubulin beta

Actin

Glyceraldeyde triphosphate dehydrogenase (GAPDH)
Ubiquitin

Elongation factor-1 a (EF)

18S rRNA (18S)

Only for some of the reported housekeeping genes it was possible to obtain information
about their sequence in apple. Specific primers for one region of the GAPDH gene (Table 17,
contig 7), Tua gene (GenBank Mdo.3499), 18S rRNA gene (GenBank DQ341382), elF4 gene
(GenBank CN936325) and EF (Table 17; contig 1) gene were designed (Table 26) based on
sequences available at NCBI or on sequences directly obtained from cloned cDNA-AFLP
fragments (4.1.3.2). In another case, primers for a region of an actine gene were also tested but
they did not show good results (Dr. Komjanc, IASMA, personal communication). In addition,
primers on an ubiquitine gene (Table 17; contig 4) yielded multiple PCR products probably due to
the fact that this gene is represented by a family (Callis et al., 1995) and were, thus, unsuitable.
Therefore, only the first four genes mentioned above were used in the experiment (Table 26). The
primers were tested through RT-PCR on RNA of different genotypes as described in 3.2.20.1 and
through PCR on the cDNA obtained from the same RNA (3.2.20.2). A single band with the right
size was obtained for GAPDH, Tua and elF4 in RNA and cDNA of the different genotypes. For the
18S rRNA gene, one product was obtained only in the RNA but not in the cDNA. For the EF gene a
product was obtained only in the cDNA but not in the RNA. The PCR products were then cloned as
described in 3.2.9.2 and sequenced (3.2.15). The sequence data confirmed the specificity of the
primers for the respective gene. The primers were then tested in a real-time gRT-PCR reaction at
different RNA dilutions (3.2.20.1) in order to find the optimal reaction conditions. For all the genes,
a 1:20 dilution of the same quantity of DNAse treated RNA was a good compromise while for the
18S rRNA gene analysis the best dilution was 1:200. (Figure 24). The housekeeping gene

expression analysis was conducted on RNA extracted from three different tissues of Golden
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delicious: in vitro plants, leaves from ex vitro plants and roots from ex vitro plants. For every tissue,
material from both healthy and infected plants was separately collected and RNA was extracted as
described (3.2.2). The gRT-PCR was performed in three replicas with two duplicates per replica.
Six values per primer pair were obtained for every sample and processed through the data
analysis procedure described above (3.2.20.4).

Table 26 Primers developed for the real-time qPCR analysis of housekeeping genes in the ‘Ca. P. mali’-plant
interaction in Malus

. Predicted product
Gene Primer sequence .
size
Eukaryotic translation Forward ATTCAAGCGGAATGACAAGC 180
initiation factor 4A Reverse TCAGTGACAAAGCCAACAGC
. Forward CAACACCTTCTTCAGCGAGAC
Tubulin alpha 175
Reverse AGCAGCATCTTCCTTTCCAG
. Forward CGCAGGCGAAATCTTCTATC
Elongation factor-1 o 200
Reverse GAAGAACCCAGAGCACCTTG
Glyceraldeide Forward GTTCGTCCACCTCTCCAGTC
triphosphate 190
dehydrogenase Reverse GCACGTTGTTGGTGTGAACG
Forward AAACGGCTACCACATCCAAG
18S rRNA 249
Reverse ACCCAACCCAAGGTCCAACTA
0.4 J—
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Figure 24 Comparison between the expression level of 18S and elF4 in the same RNA (here M.
sieboldii) sample in two different dilutions A= 1:20 B=1:200
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Housekeeping genes on RNA (18S rRNA as normaliser)
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Figure 25 Expression levels of the housekeeping genes in RNA of in vitro shoots, ex vitro leaf and ex
vitro root tissues of infected relative to healthy Golden delicious. The data were normalised on the
expression level of the 18S rRNA.

The expression level of the genes GAPDH, Tua and elF4 were normalised on the expression
level of the gene 18S rRNA and then the relative expression levels between the infected and
healthy state were calculated (Figure 25). The data obtained from the qRT-PCR analysis were
statistically compared with a two tailed t-test (alpha=0.05). As shown in Figure 25 and in Table 27
the most stable gene in all the three tissues was the elF4 gene showing no significant differences
between its expression level in RNA obtained from healthy plants compared to the expression level
in RNA from infected plants. For the GAPDH and Tua genes, no significant differences were found
in their relative expression between healthy and infected plants in RNA of in vitro shoots and ex
vitro leaf tissues. However, a significant difference between infected vs. healthy state was found in

the expression level of both genes in RNA extracted from root tissue (Table 27).

Table 27 P values of the T-test performed on the expression levels between healthy and infected state
for the genes GAPDH, elF4 and Tua. In bold are evidenced the values significantly different.

P in a Two tailed T- In vitro Lea\_/es Roots ex vitro
test with alpha=0.05 plants ex Vitro plants
plants
GAPDH 1.06E-01 | 9.51E-01 4.20E-02
elF4 5.28E-01 | 9.00E-01 4.44E-01
Tua 6.60E-02 | 3.86E-01 2.35E-02
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The relative higher expression level of the 18S rRNA gene compared to the other genes

could introduce an error due to possible differences in the reaction efficiency. In addition, using

ribosomal RNA as a control could reduce the variation in expression underestimating the effective

relation between the gene expression

levels (Nicot et al.,

2005) whereas endogenous

housekeeping genes would be more representative for such analyses. Therefore, the normalisation

of the two genes GAPDH and Tua was repeated based on the expression levels of the gene elF4

(Figure 26) as this gene showed the most stable expression in the first experiment with 18S rRNA

as normaliser

Housekeeping genes on RNA (elF4 as normaliser)
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Figure 26 Expression level of GAPDH and Tua normalised on the elF4 expression level and
calculation of the relative expression between infected and healthy tissues.

Table 28 P values of the T-test performed on the expression levels between
healthy and infected state for the genes GAPDH and Tua on RNA. In bold are
reported the values significantly different

P in a Two tailed T-test In vitro Leaves ex | Roots ex vitro
with alpha=0.05 plants vitro plants plants
GAPDH 6.69E-02 7.35E-01 1.53E-02
Tua 7.08E-01 1.62E-01 2.66E-01

As shown in Figure 26 the respective levels are comparable to the results obtained from the

analysis with the 18S rRNA gene. Nevertheless, in this case the differences in the expression level

between infected and healthy state were significant only for GAPDH in ex vitro root tissue and not

for Tua as it was for the data normalised on the 18S rRNA level.
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In order to check if these results can be reproduced also using cDNA as template, the same
analysis was performed on the cDNA synthesized from the same RNA used for the housekeeping
genes analysis (Figure 27).

Housekeeping genes on cDNA (elF4 as normaliser)
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Figure 27 Relative expression level in cDNA synthetised from infected and healthy tissues. The
expression level of elF4 was used for the data normalisation

Table 29 P values of the T-test performed on the expression levels between
healthy and infected state for the genes GAPDH and Tua on cDNA. In bold are
evidenced the values significantly different.

P in a Two tailed T-test with In vitro Leaves ex Roots ex vitro
alpha=0.05 plants vitro plants plants
GAPDH 5.21E-01 9.51E-01 1.95E-01
Tua 2.64E-01 7.34E-01 4.20E-02

As shown in Figure 27 there is a correspondence between the results obtained from the RNA
of in vitro shoots and ex vitro leaf material. Differently, for the root material the expression levels
were not congruent with those obtained from the analysis performed on RNA.

The primer pair developed on the sequence corresponding to the elongation factor (EF) was also
tested for its suitability in gRT-PCR. Unfortunately, it was not possible to obtain a clear product
directly from RNA because of the presence of primer dimers or unspecific products that hindered
the production of reliable data. Nevertheless, using cDNA as template a unique product was
obtained. Therefore, a comparison of EF expression level was done in different pools of GD
healthy in vitro plants vs. GD ‘Ca. P. mali’-infected in vitro plants using the elF4 gene for the data

normalisation (Figure 28).
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Figure 28 EF expression levels compared in cDNA synthetised from different pools of infected and
healthy GD in vitro plants.

Table 30 P values of the t-test performed on the expression levels between healthy and infected state
for the EF gene on cDNA.

P in a Two tailed t-test with alpha=0.05 [GD AP setl |GD AP set2 (GD AP set3 [GD AP set4
EF 7.50E-01 | 1.73E-01 | 9.82E-01 | 7.88E-02

As shown in Figure 28 the expression levels of the EF gene were comparable between healthy and
infected state and no significant differences were found after the t-test performed on the
infected/healthy datasets (Table 30).

4.4.4 Real-time analysis on cDNA of in vitro plants

The real-time analysis was carried out on the cDNA synthesised from the infected and
healthy genotypes as described in 3.2.20.2. For every gene, three repetitions were performed in
which the reactions were done in double. The housekeeping genes elF4 and EF were used as
internal control for the data normalisation of the gene expression level. The ratio between infected
and healthy status was then calculated and the log, value reported for each gene. In addition, the
normalised values were directly compared in order to show differences in the expression level
between the genotypes. In this case GD healthy was taken as reference and the ratios between
normalised expression level of the gene in a genotype and that of GD healthy was calculated.

Not all the primers showed a good performance in the real-time PCR analysis. For the primer 23
the results obtained were too variable and therefore they were not analysed. The primer 26 did not
show a good kinetic of the reaction giving primer dimers that were evidenced in the melting curve
analysis (Figure 20). A further problem was represented by the quantification of the elF4 gene in

GD ATZ2-infected in vitro plants where the variability between the replicas did not allow the
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generation of reliable data. Therefore, these results were not included in the graphs reported for

each gene. Nevertheless, with the other primers reliable results were obtained.
Gene 3

As shown in the Figure 27A and 27B for the different genotypes the relative gene expression
between infected and healthy state calculated on the two housekeeping genes EF and elF4 were
comparable. The values obtained for the elF4 expression level in GD AT2 were at the limit of
sensitivity of the detection method. Therefore, the normalisation on elF4 was not possible. On the
contrary, the EF expression levels allowed the analysis and the comparison of the relative
expression between GD AT2 infected plants and the healthy GD. In all the genotypes, no
significant differential expression was seen after the infection (t-test Table 31). However, the
comparison of the expression level of gene 3 (nhormalised on the EF gene) between the different
genotypes and states (Figure 27C) showed genotype-specific differences. M9 showed a lower

expression level in general than the other genotypes.
Gene 5

For the gene 5, significant differences were found in M. sieboldii, HO909 and GD AP (Table
32; values in bold) after the infection. Moreover, also in AT2-infected GD the gene resulted to be
significantly differentially expressed (EF data) but the confirmation of this results by the elF4 data
is missing. No significant difference was seen in D2212 and M9 after the infection.
In the comparison of the general expression level M. sieboldii showed a higher expression of the
gene compared to the other genotypes. Interestingly, the levels in both healthy HO909 and M.
sieboldii were similar but after the infection in M. sieboldii the level increased while in HO909 it
decreased.

Gene 6

Gene 6 was differentially expressed in M9, M. sieboldii and H0909. Nevertheless, only in M9
and M. sieboldii this difference was significant in both the normalised data elF4 and EF while for
HO0909 this was the case only in the elF4 normalised dataset (Table 33). The general expression
levels of gene 6 were very similar in all the genotypes except for M9 in which it was found to be

between six and eight times lower.
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Figure 29 Gene 3 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF)

Table 31 P values for the two-tailed t-test (¢=0.05) on the Gene 3 expression levels between infected
and healthy state

GD AT2 GD AP M9 AP | MS AT2 | HO909 AT2 | D2212 AP
1.44E-01 | 1.02E-01 |4.85E-01|9.80E-02| 7.66E-01 4.32E-01 EF
5.81E-01 |5.57E-01 |4.33E-01| 9.11E-01 4.43E-01 | elF4
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Figure 30 Gene 5 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue and green coloured bars represent significant differences
in the expression level between infected and healthy state.

Table 32 P values for the two-tailed t-test (¢=0.05) on the Gene 5 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 | GD AP M9 AP | MS AT2 | HO909 AT2 | D2212 AP
5.85E-04 | 2.27E-02 | 1.55E-01 | 2.57E-03 | 1.16E-02 6.23E-01 EF
1.21E-02 | 7.30E-02 | 3.48E-04 | 7.44E-03 7.50E-01 | elF4
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Figure 31 Gene 6 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue coloured bars represent significant differences in the
expression level between infected and healthy state.

Table 33 P values for the two-tailed t-test (¢=0.05) on the Gene 6 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 | GD AP M9 AP | MS AT2 | HO909 AT2 | D2212 AP
4.87E-01| 3.27E-01 | 4.49E-03 | 4.14E-03 3.30E-01| 1.60E-01 EF
5.42E-01 | 4.67E-02 | 8.45E-02 3.94E-02| 6.33E-02| elF4
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Gene 7

No significant differences were observed for the gene 7 except for the GD AP elF4
normalised data. The general expression level was comparable in H0909, M. sieboldii and M9
although the latter was characterised by high standard deviation values. In GD and D2212 the

expression level was lower.
Gene 9

For gene 9 a significant difference in the relative expression after the infection in both the EF
and elF4 normalised data was detected in H0909. In the other genotypes no significant differences
were found. Considering the high standard deviation the general expression levels were
comparable in all the genotypes though in the apomictic ones the level was tendentially lower
(except in HO909 AT?2 infected).

Gene 11

The gene 11 was significantly differently expressed only in M. sieboldii. The comparison of
the general expression levels showed no differences between the genotypes. However, for this
gene the high standard deviation did not allow to obtain reliable results.

Gene 14

The expression level of gene 14 showed for GD AP infected an up-regulation after the
infection. The high standard deviation in the EF normalised values did not allow any consideration
about the relative expression for the other genotypes although in M. sieboldii AT2 the difference
calculated with elF4 resulted to be significant. The general expression level showed a tendency
with higher expression values in the infected state for the M. x domestica plants while this trend
was opposite for M, sieboldii and M. sieboldii-derived genotypes. However, the high standard

deviation values did not allow further considerations.
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Figure 32 Gene 7 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF).

Table 34 P values for the two-tailed t-test (¢=0.05) on the Gene 7 expression levels between infected
and healthy state.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
5.99E-01 3.40E-01 8.84E-01 3.17E-01 1.20E-01 4.79E-01 EF
8.08E-03 7.80E-01 4.11E-01 2.21E-01 2.49E-01 elF4
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Figure 33 Gene 9 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue coloured bars represent significant differences in the
expression level between infected and healthy state.

Table 35 P values for the two-tailed t-test (¢=0.05) on the Gene 9 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
6.93E-01 1.38E-01 4.79E-01 4.44E-01 3.13E-02 2.45E-01 EF
8.01E-01 9.23E-02 8.33E-01 7.20E-04 4.34E-01 elF4
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Figure 34 Gene 11 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue coloured bars represent significant differences in the
expression level between infected and healthy state.

Table 36 P values for the two-tailed t-test (¢=0.05) on the Gene 11 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
5.67E-01 2.91E-01 8.83E-01 2.27E-02 2.33E-01 2.34E-01 EF
4.18E-01 5.96E-01 2.97E-03 7.40E-01 6.36E-01 elF4
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Figure 35 Gene 14 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue coloured bars represent significant differences in the
expression level between infected and healthy state.

Table 37 P values for the two-tailed t-test (¢=0.05) on the Gene 14 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
3.13E-01 1.36E-02 3.20E-01 3.09E-01 3.29E-01 3.27E-01 EF
1.22E-02 7.18E-01 2.05E-02 9.24E-01 7.77E-01 elF4
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Gene 15

The relative expression of gene 15 was significantly different in D2212 in both the normalised
datasets. The gene resulted to be down-regulated after the infection. The same was observed for
HO0909 but in this case the difference between infected and healthy state was significant only with
the data normalised on elF4. The expression level comparison showed similar level in M9 and M.
sieboldii healthy and infected, in GD infected (both AT2 and AP), H0909 and D2212 healthy. The

level decreased in the case of H0909 and D2212 infected while it was lower in GD healthy.
Gene 21

The gene 21 resulted to be up regulated in HO909 with a statistically significant difference
between the expression level in infected and healthy state in both EF and elF4 normalised data.
Significant differences were observed also for M. sieboldii and D2212 but only in the elF4-
normalised dataset. In the comparison of the general expression level it is interesting to observe
that while the value for HO909 healthy is comparable to the other apomictics, after infection the
level increased and became higher than the reference GD healthy.

Gene 24

The relative expression level of gene 24 between infected and healthy state showed a down
regulation in HO909 in both the data set normalised on EF and elF4 but only the latter difference
was significant. The expression in GD AP infected and D2212 resulted significantly decreased after
the EF normalisation but not in the normalisation on elF4. About the general expression level it can
be observed that it was tendentially higher in GD healthy and GD AT2 (remaining almost
unchanged) compared to the other genotypes. In M9, GD AP, M. sieboldii in both healthy and
infected, in D2212 healthy and in H0909 healthy the level was comparable while in HO909 AT2 and
D2212 AP the expression was tendentially lower (indication of a down-regulation). However, these
considerations were supported from the statistical analysis either in the EF- or in the elF4-

normalised dataset but not in both.
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Figure 36 Gene 15 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue and green coloured bars represent significant differences
in the expression level between infected and healthy state.

Table 38 P values for the two-tailed t-test (¢=0.05) on the Gene 15 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
1.15E-02 1.17E-01 2.36E-01 5.31E-02 1.18E-01 1.02E-03 EF
2.89E-01 2.37E-01 9.47E-01 1.60E-02 4.10E-02 elF4
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Figure 37 Gene 21 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue coloured bars represent significant differences in the
expression level between infected and healthy state.

Table 39 P values for the two-tailed t-test (¢=0.05) on the Gene 21 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
3.73E-01 8.65E-01 8.22E-01 2.55E-01 2.83E-02 3.11E-01 EF
1.27E-01 1.72E-01 2.15E-02 9.56E-05 3.06E-02 elF4

112



Results

N

15

0.5

-0.5

-15

Log: of the ratio value infected vs healthy
N =)

Gene 24

cDNA from in vitro plants (EFas normaliser)

- 1] L

Q g g < < g
Q

< < < < < <
A z °

Gene 24

N

Gene 24

cDNA from in vitro plants (el as normaliser)

15

Log of the ratio value infected vs healthy
o

o | — e
T L

I
s g § g g
- N < < <
5 2 5 oz f
o = S o [\
g 8

B T

Gene 24 in cDNA from in vitro plants
Comparison of the expression levels between genotypes and
healthy and infected state

15

0.5

T

I
—

e

-

Log, of the ratio values based on GD
healthy

-1.5 1 T
2 -:E

-25
-3

T o I o o I o I o I o

2 < a 2 < o9 2 o k <

= 2 o [a) aQ 8 o = [ g g

= ] o S N IN]

o I & = a N

C z e

Figure 38 Gene 24 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF).

Table 40 P values for the two-tailed t-test (¢=0.05) on the Gene 24 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
3.48E-01 1.48E-02 5.04E-01 5.17E-01 8.46E-02 1.58E-02 EF
9.10E-01 1.28E-02 8.83E-01 8.33E-03 2.15E-01 elF4
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Gene 25

The values obtained from both the EF and elF4 normalised data sets for gene 25 resulted to
be significantly differentially expressed in M. and H0909 after the infection. Nevertheless, the
relative expression in M. sieboldii showed up regulation of the gene whereas in HO909 the gene
resulted to be down regulated. Moreover, the comparison of the expression level in the different
genotypes showed in M9 a general lower value comparable to the value in H0909 AT2 infected.
The levels in HO909 healthy, M. sieboldii healthy, D2212 healthy and infected showed similar
ranges while GD had the highest level in both states healthy and infected (remaining unchanged)

but similar to that observed in M. sieboldii AT2 infected.
Gene 27

For the gene 27 significant differences were found only in the elF4 normalised data of M9
and in the EF normalised data of D2212. However, in almost all the genotypes the ratio values
were very close to 1 indicating no differential expression after the infection. In the comparison of
the general expression levels in GD the gene 27 resulted to be relatively highly expressed in
contrast to what was observed for the other genotypes.

Gene 28

The relative expression level of the gene 28 after the infection resulted to be significantly
different for both the EF- and elF4-normalised data in GD AP-infected, M. sieboldii and D2212. In
HO0909, the difference was significant only in the EF-normalised dataset and so was the expression
in GD AT2 though in this case the elF4 data are missing. In GD, M. sieboldii and D2212 the gene
28 showed over expression in the infected state supported also by the statistical analysis. In
contrast, although the t-test P value was significant only for the EF-normalised data in H0909, the
gene showed under expression. From the comparison between the level in the different genotypes
and states the gene 28 showed similar values in M9 (healthy and infected) and GD infected (with
both AP and ATZ2). Interestingly, in the apomictic genotypes the level was lower (especially for
HO0909 infected and MS healthy) or similar to that in GD healthy.
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Figure 39 Gene 25 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue coloured bars represent significant differences in the
expression level between infected and healthy state.

Table 41 P values for the two-tailed t-test (¢=0.05) on the Gene 25 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
4.71E-01 5.65E-01 1.26E-01 4.05E-03 4.83E-02 2.77E-01 EF
8.39E-01 9.32E-02 7.59E-03 1.30E-02 5.38E-01 elF4
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Figure 40 Gene 27 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF).

Table 42 P values for the two-tailed t-test (¢=0.05) on the Gene 27 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
8.53E-01 9.08E-01 1.60E-01 9.80E-01 9.20E-01 1.36E-02 EF
3.38E-01 7.48E-03 8.94E-01 1.37E-01 6.31E-02 elF4
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Figure 41 Gene 28 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue and green coloured bars represent significant differences
in the expression level between infected and healthy state.

Table 43 P values for the two-tailed t-test (¢=0.05) on the Gene 28 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
8.00E-06 2.78E-02 3.82E-01 6.62E-04 5.87E-03 4.48E-03 EF
2.65E-03 1.77E-01 5.60E-04 1.03E-01 5.97E-02 elF4
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Gene 29

The gene 29 did not show significant differences in expression except in the EF normalised
GD AP and GD AT2 datasets. The comparison of the expression level between the genotypes
showed similar values in GD healthy and infected but slightly higher values in M. sieboldii and
D2212 healthy and infected. The H0909 and M9 showed the lowest expression level in both the

states.
Gene 30

The expression level of the gene 30 showed a significant difference only in M. sieboldii
normalised on elF4. For the genotypes M9 and GD no results were obtained because the primers
showed no amplification. This result was further investigated and reported below in the chapter
(4.5.2.3) on the marker development section. The general level was considerably higher in M.
sieboldii and D2212 compared to that shown by H0909.

Gene 31

Significant differential expression was found in the genotypes GD AP infected normalised on
EF and M9 normalised on elF4. For H0909 the difference between the expression in infected and
healthy plants was significant in both EF- and elF4-normalised data. However, while in GD an over
expression was observed in HO909 the gene resulted to be down regulated. In M9 the ratio was
near to 1 although it resulted significantly different in the elF4 normalised data. From the
comparison of the general expression level similar values for GD in both infected states and M.
sieboldii and D2212 in both the healthy and infected states could be observed. In addition, while
H0909 healthy showed similar expression level to GD healthy in H0909 infected the level was

comparable to that in M9 healthy and infected.
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Figure 42 Gene 29 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Green coloured bar represent significant differences in the
expression level between infected and healthy state.

Table 44 P values for the two-tailed t-test (¢=0.05) on the Gene 29 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
5.35E-03 4.59E-02 9.49E-01 6.54E-01 8.79E-01 1.17E-01 EF
2.85E-01 9.16E-01 4.37E-01 1.03E-01 3.48E-01 elF4
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Figure 43 Gene 30 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF).

Table 45 P values for the two-tailed t-test (¢=0.05) on the Gene 30 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
9.65E-01 9.97E-02 4.03E-01 EF
3.47E-02 2.03E-01 9.30E-01 elF4
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Figure 44 Gene 31 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue coloured bars represent significant differences in the
expression level between infected and healthy state.

Table 46 P values for the two-tailed t-test (¢=0.05) on the Gene 31 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
7.50E-02 2.35E-02 6.34E-01 1.39E-01 3.55E-02 8.93E-02 EF
1.48E-01 5.48E-03 7.65E-01 1.02E-02 8.06E-01 elF4
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Gene 32

The relative expression values of the gene 32 resulted significant in both normalised
datasets for GD AP, M. sieboldii and H0909. Moreover, in GD AT2-infected the difference was
significant for the EF normalised data. In the comparison between the genotypes the highest
expression level was shown in M9 healthy, HO909 healthy and M. sieboldii infected. Comparable
levels were shown in M9 infected, GD AT2-infected, H0909 infected, M. sieboldii healthy and
D2212 healthy and infected. Interestingly, although in all the genotypes the level was higher than in
GD healthy (the reference) the contrary was observed in GD AP-infected were the level was about

2 times lower.
Gene 33

No significant differential expression was seen for the gene 33 except for the elF4-
normalised data of M9 resulting down regulated. Although the data produced for the gene 33 were
affected by high standard deviation it could be observed that tendentially the expression level
compared to the reference GD healthy was relatively higher in M9 and lower in HO909 infected.

Gene 35

The gene 35 resulted significantly differentially expressed in M. sieboldii and H0909 in both
the normalised data sets. However, while the gene showed to be up regulated in M. sieboldii in
HO0909 it resulted to be down regulated. In addition, it was significantly down regulated in the EF-
normalised dataset of GD AP and in the elF4-normalised dataset of M9 AP. The expression levels
compared in all the genotypes and states showed similar levels between M9 and H0909 in infected
and healthy state, respectively. M. sieboldii and D2212 in both infected and healthy state and GD
AP-infected showed a slightly higher expression level compared to M9 and H0909. Hovewer, in all
the genotypes the level was lower that in GD healthy except in GD AT2-infected were it remained

almost unchanged.

122



Results

Gene 32
Gene 32 Gene 32
2 cDNA from in vitro plants (EFas normaliser) 2 cDNA from in vitro plants (elF4 as normaliser)
© 2 © 2
(4] [}
< e
n 15 »n 15
> >
g o1 == g o1
(&) [S]
(%) (%)
5 0.5 —I = 0.5 ~
[ (]
% 0 ‘_?5 0 [
> >
o 0.5 L 2 0.5 ;l; _I_
© T ©
N 1 = 1 =+
© E3 1 1 ®
S 15 5 -15 +
o o
> -2 S -2
o < o o < N [ S [ o N N o
) iy -
< 5 3 = & 3 SO SR A
[a] [0) > (%) o} o I0) S (%) o} N
G > § § > § §
A * B *
Gene 32 in cDNA from in vitro plants
Comparison of the in vitro expression levels in the different
genotypes and state
a 25
o LT Ea
: M
o
3 151
g - T
[}
izl TT—0— | H HH i
i 1 ]
g F— T T T
8 .05
2
= 1 =3
Q15
[=2]
S =2
T o y o o I [a\) T o I [a R
2 < a < < o E 0 ';: o <
= [} o (=] =3 = o N
= [a] [0} 3 <) ()] N -
C o T I = a N
= a

Figure 45 Gene 32 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue and green coloured bars represent significant differences
in the expression level between infected and healthy state.

Table 47 P values for the two-tailed t-test (¢=0.05) on the Gene 32 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
3.23E-02 7.70E-05 2.73E-01 8.92E-03 1.44E-02 1.46E-01 EF
7.37E-03 6.39E-02 2.61E-02 2.93E-02 4.57E-01 elF4
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Figure 46 Gene 33 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF).

Table 48 P values for the two-tailed t-test (¢=0.05) on the Gene 33 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
5.53E-01 9.11E-01 5.87E-01 1.84E-01 1.07E-01 7.51E-01 EF
9.76E-01 9.45E-03 2.56E-01 1.81E-01 3.71E-01 elF4
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Figure 47 Gene 35 expression levels; A= normalised on EF; B= normalised on elF4; C= general
expression level (normalisation on EF). Blue coloured bars represent significant differences in the
expression level between infected and healthy state.

Table 49 P values for the two-tailed t-test (¢=0.05) on the Gene 35 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression

values: the infected compared to the healthy.

GD AT2 GD AP M9 AP MS AT2 | HO909 AT2 | D2212 AP
6.53E-01 1.47E-02 7.24E-02 2.11E-02 1.27E-02 1.53E-01 EF
1.87E-01 2.04E-03 4.69E-04 1.52E-02 5.78E-01 elF4
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In the Table 50 are resumed the results of the real-time analysis on cDNA of in vitro plants.

Table 50 Summary of the gene expression analysis by gPCR on cDNA of in vitro plants.
Significantly differentially expressed genes after normalisation with elF4 or EF are
indicated by arrows for upregulation (A ) or downregulation (V)

Gene Normaliser | GD AT2 GD AP M9 AP MS AT2  HO909 AT2  D2212 AP
elF4
EF
5 elF4 A A v
EF A A A v
5 elF4 - A v A
EF - - A v
elF4 v
7
EF
elF4 - - - A
9
EF - - - - A
elF4 - - A
1
EF A
elF4 A - v
14
EF - A
elF4 - - - v v
15
EF A v
elF4 - - v A A
21
EF - - - - A
elF4
22
EF
elF4 - v - v
24
EF - v - - - v
elF4 - - A v
25
EF - - - A v
elF4 - v
27
EF - - - - - A
elF4 A - A A
28
EF A A - A v A
elF4
29
EF v v
elF4 v
30
EF
elF4 - A v
31
EF - A v
elF4 v A v
32
EF A v - A v
elF4 - v
33
EF
elF4 - v A v
35
EF - v - A v

4.4.5 Real-time PCR analysis on RNA of ex vitro plants

The high standardisation of the in vitro plant material allowed to minimise the effects of
uncontrolled parameters in the studied system. Nevertheless, the expression profile analysis in
plants grown in vitro could be not fully representative of the real behaviour of the genes in
conditions at which the plants normally grow in open field. In particular, no root organs were tested

in the in vitro system as the plants were cultured without roots. Therefore, the real-time analysis
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was performed on healthy and infected ex vitro plants maintained in the greenhouse but grown in
conditions comparable to those present in the orchards. For each genotype, the preparation of the
ex vitro plants was carried out starting from 20 in vitro plants that were graft-infected and grown as
described in 3.2.1.1. Those plants that resulted infected were prepared for the rooting as described
in 3.2.1.2 and transferred in pots. The ex vitro plants were further maintained in the greenhouse for
two years and then the material was collected for the RNA extraction in the month of July where
the seasonal phytoplasma colonisation starts to be high especially under greenhouse conditions
(Pedrazzoli et al., 2008).

In order to compare the expression levels in different tissues, for each genotype roots and
leaves from three infected and healthy plants were respectively pooled and immediately frozen
(3.2.2.2). The gene expression analysis was then directly performed on the RNA extracted from
each pool using a one step quantitative reverse transcription PCR (one step qRT PCR) as
described in 3.2.20.1. The genotypes used in the analysis are reported in Table 51. The study was
focused first on the root tissue and only for HO909 and D2212 leaf tissue was also included in the
analysis. As described in the housekeeping gene analysis (4.4.3) the behaviour of the primer pair
for the control gene EF was not optimal due to primer dimer production when applied for the real-
time analysis using directly RNA as template. Therefore, because no other good choices were
available between the tested housekeeping genes, the 18S rRNA was employed as a second
control in the normalisation of the results obtained from the ex vitro plants. Moreover, only the half
of the genes was analysed (genes 3 to 22) on these plants while the remaining half will be object of
a future study.

Table 51 Genotypes and tissues used in the real-time PCR analysis of the ex vitro plants

Genotypes Tissue ‘Ca. P. mali’ strain
Malus sieboldii Roots AT2
Golden delicious Roots AP
HO0909 Roots, Leaves AT2
M9 Roots AP
D2212 Roots, Leaves AP
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Gene 3

The gene 3 resulted to be significantly overexpresed in the roots of infected GD and M9
genotypes in both the 18S rRNA- and the elF4-normalised data. In D2212 leaves, only the data
normalised on the 18S rRNA showed a significant differential expression.

From the comparison of the general expression level, using GD healthy root as reference, M9
showed the highest expression relative to the other genotypes. In M. sieboldii, H0O909 root and
D2212 (in both leaf and root tissues) the level of gene 3 was comparable while in HO909 infected

and healthy leaf it was slightly lower similar to that observed in GD infected root.
Gene 5

The gene 5 was significantly differentially expressed in all genotypes in all tissues. Only for
M9 the t-test P value was not significant in the elF4-normalised dataset. Interestingly, in all
resistant genotypes the gene resulted to be overexpressed while in GD root it was down regulated.
The general expression level was comparable in the infected root tissues of all genotypes except
for GD where the level decreased. Similarly, the level in healthy root tissue was comparable
between M. sieboldii, HO909 and D2212. In HO909 leaf the expression level in the two states was
in the range of infected and healthy root respectively. In M9 no differences were seen after
infection and the level remained unchanged but comaparable to that in D2212 leaf in which it
resulted to be the highest among all the genotypes.

Gene 7

The differential gene expression of gene 7 was significant in M9, H0909 roots and leaves,
and D2212 leaves in both the normalised datasets. In D2212 roots the level after infection was
significantly different only in the elF4-normalised data but the values obtained from the two
datasets were considerably diverse. The general expression level was comparable in GD infected
and healthy roots and H0909 infected and healthy leaves. In M. sieboldii, HO909 roots and D2212
leaves and roots the level was similar in both the infected and healthy state while M9 was the one

with the highest expression level.
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Figure 48 Gene 3 expression levels; A= normalised on 18S rRNA; B= normalised on elF4; C= general
expression level (normalisation on 18S rRNA). Blue coloured bars represent significant differences in
the expression level between infected and healthy state.

Table 52 P values for the two-tailed t-test (¢=0.05) on the Gene 3 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD M9 MS H0909 H0909 D2212 D2212
roots roots roots roots leaves roots leaves
ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro
4.22E-03| 4.94E-02| 1.93E-01| 1.77E-01| 8.25E-02| 6.98E-02| 2.02E-02| 18SrRNA
5.70E-03| 1.68E-03| 1.51E-01| 3.41E-01| 3.05E-01| 3.62E-01| 2.15E-01 elF4
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Figure 49 Gene 5 expression levels; A= normalised on 18S rRNA; B= normalised on elF4; C= general
expression level (normalisation on 18S rRNA). Blue coloured bars represent significant differences in
the expression level between infected and healthy state.

Table 53 P values for the two-tailed t-test (a¢=0.05) on the Gene 5 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD M9 MS H0909 HO0909 D2212 D2212
roots roots roots roots leaves roots leaves
ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro
2.92E-03| 6.49E-01| 3.68E-03| 9.36E-03| 3.27E-03| 8.57E-05| 5.06E-03| 18S rRNA
7.89E-04| 4.12E-03| 4.32E-05| 9.51E-04| 1.94E-04| 1.92E-02| 1.50E-04 elF4
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Figure 50 Gene 7 expression levels; A= normalised on 18S rRNA; B= normalised on elF4; C= general
expression level (normalisation on 18S rRNA). Blue coloured bars represent significant differences in
the expression level between infected and healthy state.

Table 54 P values for the two-tailed t-test (¢=0.05) on the Gene 7 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD M9 MS H0909 H0909 D2212 D2212
roots roots roots roots leaves roots leaves
ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro
5.65E-02| 1.18E-02| 8.24E-01| 8.42E-03| 4.09E-03| 6.72E-02| 3.58E-04| 18S rRNA
1.85E-01| 1.10E-03| 6.83E-01| 1.92E-02| 6.37E-04| 1.59E-03| 9.35E-03 elF4
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Gene 9

The gene 9 was significantly differentially expressed in M. sieboldii roots, H0909 roots and
leaves and D2212 leaves in both the 18S rRNA- and elF4—normalised datasets. In GD and D2212
roots the level was significantly different only in the 18S rRNA- and elF4-normalised datasets,
respectively. However, in D2212 while almost no changes were seen in the 18S rRNA normalised
data with elF4 the gene resulted down-regulated. The general expression level was comparable in
the root tissues of M. sieboldii, HO909 and D2212 in both healthy and infected state and in D2212
infected leaves. GD healthy and infected roots, HO909 infected leaves and D2212 healthy leaves
showed similar levels. HO909 healthy leaves showed the lowest expression level whereas M9
infected and healthy roots the highest.

Gene 11

The gene 11 was significantly differentially expressed in GD and D2212 leaves in both the
normalised datasets. Moreover, the elF4 normalised data showed a significant difference between
the healthy and infected state of M9 and M. sieboldii roots whereas in HO909 roots this was the
case only for the 18S rRNA normalised dataset. The general expression level was in a comparable
range in almost all the genotypes except in M9 that showed the highest level and M. sieboldii
where the level was higher compared to the other genotypes.

Gene 14

The expression of gene 14 was significantly differential in HO909 leaves and D2212 roots in
both the normalised datasets. However, the latter showed a contrasting behaviour between the two
datasets resulting over-expressed with the 18S rRNA and down-regulated with elF4 as normaliser.
Therefore, the differential expression of gene 14 in D2212 roots was not considered valid although
significant differences were found with both the normalisers. The elF4 normalised data of GD root,
M9 root and D2212 leaf were significantly different between the two states while for HO909 root this
was the case for the 18S rRNA normalised data. The general expression level was the highest in
M9 whereas in the other genotypes the level varied in a range between 0.8 and 2.5 times more

compared to GD healthy roots used as reference.
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Figure 51 Gene 9 expression levels; A= normalised on 18S rRNA; B= normalised on elF4; C= general
expression level (normalisation on 18S rRNA). Blue coloured bars represent significant differences in
the expression level between infected and healthy state.

Table 55 P values for the two-tailed t-test (¢=0.05) on the Gene 9 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD M9 MS H0909 H0909 D2212 D2212
roots roots roots roots leaves roots leaves
ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro
1.07E-02| 9.31E-01| 9.22E-04| 1.62E-02| 9.29E-05| 9.85E-02| 1.12E-03| 18S rRNA
6.95E-01| 6.90E-01| 1.02E-03| 2.86E-02| 3.71E-04| 3.37E-03| 3.13E-04 elF4
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Figure 52 Gene 11 expression levels; A= normalised on 18S rRNA; B= normalised on elF4; C= general
expression level (normalisation on 18S rRNA). Blue coloured bars represent significant differences in
the expression level between infected and healthy state.

Table 56 P values for the two-tailed t-test (¢=0.05) on the Gene 11 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD M9 MS H0909 H0909 D2212 D2212
roots roots roots roots leaves roots leaves
ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro
1.43E-02| 1.94E-01| 1.46E-01| 2.16E-02| 2.63E-01| 1.31E-01| 1.04E-03|18S rRNA
7.71E-04| 2.20E-02| 7.86E-03| 2.29E-01| 8.96E-01| 5.28E-02| 2.09E-02 elF4
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Figure 53 Gene 14 expression levels; A= normalised on 18S rRNA; B= normalised on elF4; C= general
expression level (normalisation on 18S rRNA). Blue coloured bars represent significant differences in
the expression level between infected and healthy state.

Table 57 P values for the two-tailed t-test (¢=0.05) on the Gene 14 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD M9 MS H0909 H0909 D2212 D2212
roots roots roots roots leaves roots leaves
ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro
1.06E-01| 2.61E-01| 6.64E-01| 1.38E-02| 2.35E-03| 2.04E-02| 1.22E-01|18S rRNA
4.34E-02| 3.58E-04| 3.89E-01| 1.89E-01| 4.52E-02| 4.13E-02| 3.04E-02 elF4
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Gene 15

The gene 15 was significantly differentially expressed in M9, H0909 leaves, D2212 roots and
leaves. Again, the values obtained for D2212 roots with the two normalisers differed considerably
but the gene 15 resulted down regulated with both datasets. In case of M. sieboldii roots only the
18S rRNA normalised data were significantly different in the two states. The general expression
level was similar in M. sieboldii, HO909 and D2212 root tissues for both infected and healthy state.
GD healthy and infected were comparable to D2212 infected leaves while HO909 healthy and
infected leaves and D2212 healthy leaf showed an expression level lower than that of GD healthy

root. Finally, M9 showed the highest level.
Gene 21

A confirmed differential expression of gene 21 was only detected in M9 with both
normalisers. For the other genotypes, the 18S rRNA normalised data of M. sieboldii roots and
HO0909 leaves were significantly different between the two states while this was the case in the
elF4 normalised data for D2212 roots. Also here, the behaviour of the gene expression in D2212
root was contrasting between the data obtained from the two normalisers. The general level was
comparable in all the genotypes except in GD healthy and infected that showed the lowest values
and M9 healthy and infected that showed the highest expression level.

Gene 22

The gene 22 resulted significantly differentially expressed in D2212 leaves with both the
controls showing up regulation after infection. In M. sieboldii roots normalised on elF4, the
difference was also significant but the relative high variability associated to this primer pair did not
allow further considerations. The expression level was the lowest in GD healthy and infected roots
and H0909 healthy and infected leaves while in the other genotypes and tissues the levels were

comparable with the exception of M9 that showed the highest expression level.
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Figure 54 Gene 15 expression levels; A= normalised on 18S rRNA; B= normalised on elF4; C= general
expression level (normalisation on 18S rRNA). Blue coloured bars represent significant differences in
the expression level between infected and healthy state.

Table 58 P values for the two-tailed t-test (¢=0.05) on the Gene 15 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD M9 MS H0909 H0909 D2212 D2212
roots roots roots roots leaves roots leaves
ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro
3.91E-01| 4.45E-02| 2.42E-02| 8.58E-02| 2.74E-04| 3.66E-02| 4.37E-03| 18S rRNA
2.34E-01| 3.65E-05| 3.63E-01| 8.74E-01| 2.51E-03| 2.71E-04| 2.94E-02 elF4
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Figure 55 Gene 21 expression levels; A= normalised on 18S rRNA; B= normalised on elF4; C= general
expression level (normalisation on 18S rRNA). Blue coloured bars represent significant differences in
the expression level between infected and healthy state.

Table 59 P values for the two-tailed t-test (¢=0.05) on the Gene 21 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

GD M9 MS H0909 H0909 D2212 D2212
roots roots roots roots leaves roots leaves
ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro
5.44E-02 | 3.60E-02| 2.34E-03| 7.67E-01| 4.90E-02| 1.26E-01| 5.49E-02| 18S rRNA
2.18E-01| 6.54E-03| 6.08E-02| 2.86E-01| 2.28E-01| 3.14E-03| 3.03E-01 elF4
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Figure 56 Gene 22 expression levels; A= normalised on 18S rRNA; B= normalised on elF4; C= general
expression level (normalisation on 18S rRNA). Blue coloured bars represent significant differences in
the expression level between infected and healthy state.

Table 60 P values for the two-tailed t-test (¢=0.05) on the Gene 22 expression levels between infected
and healthy state. Values in bold represent a significant difference between the two sets of expression
values: the infected compared to the healthy.

M9 GD MS H0909 H0909 D2212 D2212

roots roots roots roots leaves roots leaves

ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro ex vitro
1.01E-01| 7.52E-01| 5.76E-02| 2.60E-01| 2.76E-01| 9.09E-02| 1.41E-02 18S
1.11E-01| 2.53E-01| 1.04E-02| 2.39E-01| 7.22E-01| 1.24E-01| 2.71E-03 elF4
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In the Table 61 are resumed the results of the real-time analysis on RNA of ex vitro plants.

Table 61 Summary of the gene expression analysis by qPCR on cDNA of in vitro plants.
Significantly differentially expressed genes after normalisation with elF4 or EF are indicated
by arrows for upregulation (A) or downregulation (V)

Gene normaliser | GD Root M9 Root MS Root HO0909 Root HO0909 Leaf D2212 Root D2212 Leaf
3 elF4 A A
18S A A A
5 elF4 v A A A A A A
18S v A A A A A
7 elF4 - A A A v A
18S - A A A A
9 elF4 - - v v A A
18S A v v A v A
11 elF4 A v A A
18S A v A
14 elF4 A A A v A
18S - - - A A A
15 elF4 A A v A
18S A A A v A
21 elF4 A v
18S A \ A
22 elF4 - - A - - - A
18S - - - - - - A
4.5 Marker development

The production of a resistant rootstock is a long process that requires several years. The
classical breeding of apple requires about 20-30 years before yielding a new candidate genotype
with the characteristics of interest. The introduction in the molecular biology of the concept of
genetic markers and the establishment of techniques for their development highly accelerated the
research and the selection of genotypes with traits of interest by marker assisted selection. There
are several types of markers that give a different grade of resolution of the genomic structure.
Microsatellite (simple sequence repeats, SSR) markers were chosen in the frame of the SMAP
project because of their utility in gene mapping and cross-species amplification as well as due to
the large availability of multi-allelic loci (Bisognin et al., 2009). In addition to SSR markers, single
nucleotide polymorphism (SNP) markers should be developed in order to obtain further information
for the establishment of a genetic map characterising possible differences between genotypes. An
applied aspect of this thesis was the development of molecular markers for AP-resistance in
expressed genes. Therefore, the sequence data obtained in the different cDNA-AFLP experiments
were exploited to develop SNP and cDNA-AFLP-derived markers associated to a gene function in
order to increase the information necessary for the development of a genetic map of the genotypes

used in the project.
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45.1 Single nucleotide polymorphism (SNP) marker development

The sequences obtained in this work from the cDNA-AFLP analysis on the healthy
genotypes (4.1.1) and selected in the hybridisation screening (4.1.3.1) from the different genotypes
were analysed for the individuation of single nucleotide polymorphisms (SNP) through sequence
comparison with the Staden Package suite (3.2.16). In order to confirm the polymorphic character
of these markers, specific primers were developed on the resulting putative SNPs and a SNaPshot
analysis (SNaPshot Multiplex System; Applied biosystems) was performed at the IASMA Institute
on the genomic DNA obtained from Malus sieboldii and M9. In this way, the genotype used as
resistant in the project was compared with the susceptible one in order to associate the markers
with one genome or the other. The putative SNPs were developed on the 118 sequences obtained
from the macroarray screening (4.1.3.1) and then tested on the genomic DNA of Malus sieboldii
and M9. Nine SNPs were individuated to be useful as markers (Table 62). Moreover, from the
cDNA-AFLP analysis carried out for the individuation of differentially expressed genes after the
phytoplasma infection 162 sequences were obtained on which a first preliminary SNP analysis was
done and 155 putative SNPs were individuated. These will be further investigated within the SMAP
project through SNaPshot analysis to confirm their polymorphic character.

Table 62 Primers used in the SNaPshot analysis that proved to be polymorphic at
single nucleotide level

Recognised SNP in the

;;ﬁ; Primer SNaPshot genotypes
M9 MS
cl-1 CAGGCGAAATCTTCTATCATC TT CT
c2-2 TTTTTTTGCGGCAGATGAAGCTTT CcC CG
c2-3 TTTTTTTTTTTTCATCGAACCAGGGCAGTA GG ccC
c7-5 TTTTTTTTTTTTTTTTTTTTTTACGAGAAGGAATACAAGCCA GG AG
c11-2 TTTTTTGTTGCTTAGAGGATAATTGAAAGG ccC CT
cl1-4 TTTTTTTTTTTTTTTTTTTTTTTTTAGGGGAATCGAAATGGA GG AA
c11-9 TTTTTTTTTTTTTTTTTTTTTTTATTTATCGCCACCAGCTTT AA AG
c12-2 TTTTTCTATCCTAGAGTTGCTGATAACAGG CT T

Table 63 Sequences and relative SNPs individuated in the comparison of the cloned inserts derived
from the different genotypes used in the first cDNA-AFLP analysis (4551, H0909, M9)

>C1
GAAGAACCCAGAGCACCTTGACTCTCAACAGAGGACATAAAAGGAAAACACTAGCAGCGCCACCGCCGGTCA
AGCACCCAGTTCTGAGAATGAATGCCTAACAACGACACCGACACGAAAATACACAACCAGCAATCCAAAGAA
ATACTTATAGAGAAGTTTTTACGACTAATATTATTATAA[A/G] GATGATAGAAGATTTCGCCTGCG

>C2

GTTCCCTCCGCCATATCCTAACGTGGATGCCACAGCGTITTTTTGCAGATGTCGCCT [C/T]GTCAGCAATAG
CGGATGCGGCAGATGAAGCTTT [C/G] TCGGTGTAA[A/G] TACTGCCCTGGTTCGATGGCTTGGTATCTCC
AGCATGCATGCTCATCTTATCAAACGAGCGGAGAATCG

>C7
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CAACAGCCTTGGCAGCTCCAGTGCT [A/G] CTAGGAATGATGTTGAAGGAAGCTGCACGTCCACCTCTCCAG
TCCTTCATTGATGGACCGTCAACAGICTTTTGGG [A/T] GGCAGTGATGGAGTGCACCGTGGTCATGAGACC
CTCAACAATTCCGAACCTGTCGTTGATAACCTTGGCAAGGGGAGCAAGGCAGTTGGTAGTGCAACTGGCATT
GGAAAGAATGTGAATGT [C/T] TGGCTTGTATTCCTTCTCGTTCACACCAACAACGAACATGGGAGCATCCT
TGCTGGGAGCAGAGATGATAACCTTCTTTGCACCTCCCTTGATATGGGCAGCAGCTTTCTCCTTGTCGGTGA
AAACACCGGTAGACTCAACAACAAAGTCAGCACCGGCCTCACCCCATG

>Cl11

CAAAAGTAGAGAGCCAGCAACTTATCCATAGTGAAGA[A/C] [A/C]AAG[C/T]GCAGGC[A/G]IG[A/G]
CCTTTCAATTATCCTCTAAGCAACCCTACACA[C/T]ATTGCCTC[C/T]CCCC[C/T]TCCATTTCGATTC
CCCTA[A/C] TCTCTACTCATCGTC[A/G] TCTTCCTCCTCGCCGCTCTC[A/G] TCCTCGTCTTCATCATC
[A/G] TCATTTACCTAGA[C/T] TTGGACTTGTAGA[C/T] TCTTCTTCATCAGCTTCGTTATTTCCATCAG
CTAATTGCTTGTTGT/[A/G] TGCCTGAATGTTCTTGTTATATTCTACCTTCCTCTTGTCTGCCTTGGCTTGA
TAGGGAGCTTTCTCGGCATCTGACAACGATTTCCATTTATCGCCACCAGCTTT [A/G] CCAAC*GGCAGCGA
CCGACTT*GTTGTTTGGATGCTCCTTCTTGTACTTCTCT

>C12

TCCCGGGTAAACAAACTGTCTGTCATACA[C/T] GTACTGCGGGT[A/G] CCTGTTATCAGCAACTCTAGGA
TAGAAAGTCTTGTCAGTAACAACATTAGTGATGCGGGGAGCATATCCAACACCGTTAGCACGAGGTCTCTTG
GGCTGAGGCTTTGCTGCTTCAGCCACCTCTTCTTGTCTGCC*TTG

452 cDNA-AFLP-derived markers: K, C8 and 30

As previously described, the analysis of the constitutively expressed genes and the
differentially expressed genes yielded three putative markers. The markers K and C8 were
individuated in the analysis of the constitutively expressed genes and are associated to the
polymorphic character of the respective primers (4.1.2.2 for K; 4.1.3.3 for C8). The marker 30 was
developed from the differentially expressed genes and it was found to be associated only to Malus
sieboldii and Malus sieboldii-derived genotypes (4.4.1.1).

45.2.1 Development of the marker K

The marker K was derived from the band 3HCGTw (4.1.2.2, Table 13). Specific primers (Kin)
were developed on this cDNA fragment for the production of a 200 bp amplicon. Amplification of
the genomic DNA extracted from Malus sieboldii and Malus sieboldii-related genotypes produced
an 1800 bp PCR product revealing the presence of a 1600 bp long intronic region. Moreover, these
primers showed a polymorphic character yielding the 1800 bp band in the Malus sieboldii related
genotypes but giving no amplification in the Malus x domestica genotypes using an annealing
temperature of 60°C. Nevertheless, lowering the temperature to 54°C made it possible to obtain a
product also in M. x domestica genotypes (Figure 57). The 1800 bp bands amplified from M.
sieboldii and from M. x domestica were cloned (3.2.9) and sequenced (3.2.15). The sequence
analysis (3.2.16) showed homology between the two products. In order to gain information about
the Kin primer annealing site new primers (Table 64) outside of the 200 bp region were developed

from the 3HCGTw sequence.
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Table 64 Primers developed on the 3HCGTw cDNA-AFLP fragment sequence
upstream (forward) and downstream (reverse) to the Kin primer annealing sites.

Forward Reverse

5 CGACTGCGTAGTGATCCGTCAG-3’ 5-GAGCGATGAGTCTGAGTAATAGAC-3’

A PCR product was obtained in all the genotypes allowing the sequencing of the genomic
regions targeted by the Kin primers. Sequence analysis revealed that in the M. x domestica
genotypes the 3’ nucleotide corresponding to the Kin forward primer (Table 13) was associated to
a SNP corresponding to a T instead of a C characteristic of the Malus sieboldii and Malus sieboldii-
derived genotypes. The Table 65 summarises the results from the amplification of the genomic

DNA of the most important genotypes used in the project.

Table 65 PCR amplification of the K marker in different genotypes at 60°C as annealing T

Genotype Presence of K marker at 60°C
Malus sieboldii +
HO0909 +
4551 +
D2212 +
M9 -
Golden delicious -
Gala -

o
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. D2212

60°C

Figure 57 Agarose gel electrophoresis of PCR products obtained at different annealing temperatures
with the specific primers designed on the Kin fragment with DNA of Malus x domestica and Malus
sieboldii and Malus sieboldii-derived hybrids. The specific product size is 1800 bp.
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45.2.2 Development of the marker C8

The primer pair C8 was derived from the contig 8 obtained from the sequencing of the clones

individuated in the second differential screening for the comparison of constitutively expressed
genes between H0909, 4551 and M9 (4.1.3.3; Table 18). The PCR carried out at 60°C using
genomic DNA of the Malus sieboldii-derived genotypes showed in all genotypes a PCR product of
an expected size of about 160 bp. In addition, a PCR product of about 800 bp was obtained in
certain genotypes (Table 67). The amplification performed at 60°C on genomic DNA of Malus x
domestica genotypes showed the small sized band (about 160 bp) but not the 800 bp fragment. As
in the case of the marker K, lowering the annealing temperature to 54°C enabled the amplification
of the 800 bp PCR product in all genotypes. In order to check if the difference was due to
polymorphisms in the primer annealing-region new specific primers were designed (Table 66)
external to the region amplified from the polymorphic primers. The new primers were modified for
the USER PCR cloning method (3.2.9.2). In this way, the 800 bp PCR products obtained at 54°C
using M. sieboldii and M9 genomic DNA as template were cloned. From the following sequencing
two types of clones were obtained containing fragments with different size, one about 800 bp and
the other about 160 bp in size. After sequence alignment the 160 bp sequence showed a 98%
homology on its entire length with two regions of the 800 bp insert (Figure 58).
The sequence of the 800 bp fragments had a 94 % (562/593; E value= 0.0) identity to the
sequence with accession number EB150617.1. This sequence is part of a group of expressed
sequence tags (EST) forming the unigene Mdo.157 annotated as transcribed locus in M. X
domestica genotypes. The sequences obtained from the cDNA-AFLP fragment and from the
cloned PCR products amplified from the genomic DNA were assembled in a contig together with
the annotated unigene Mdo.157 (which longest sequence is represented by the EB129771). The
putative structure of the gene is reported in the Figure 58.

Table 66 USER-modified primers modified for the cloning of the PCR band obtained from genomic
DNA for the marker C8

C8-derived USER forward primer C8-derived USER reverse primer

5-GGAGACAU TCCCGAATTTCCGACGATCC-3 5-GGGAAAGU CTTTTGAGAAGGAGCCGCGT-3’
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Primer annealing Primer annealing
Al B1 A2 B2
——————— s A Contg

B EB129771

C 800 bp genomic region

D 160 bp product from genomic DNA
E C8 cDNA-AFLP fragment

Figure 58 Schema of the C8 fragment structure. A: contig corresponding to sequences obtained from
cloned fragments and the annealing with Malus sequences present in database; B: region
corresponding to part of the sequence EB129771; C: 800 bp fragment sequenced from genomic DNA;
D: localisation of the 160 bp sequences obtained from genomic DNA on the contig; E: localisation of
the C8 cDNA-AFLP fragment on the contig. A1 and A2 = annealing site for the contig 8 forward
primer; B1 and B2 = annealing site for the contig 8 reverse primer. Regions on the contig with high
homology (>95 %) are highlighted by filled boxes.

The boxes in Figure 58 represent two regions of the Mdo.157 with high sequence homology (>95
%). Therefore, the primer pair associated to the C8 marker can anneal in two positions. In M.
sieboldii, the primers have 100 % complementarity to the regions corresponding to Al, B1 and B2
while the region A2 contains a mismatch where a T is present instead of C at position 15 of the
primer. In M. x domestica, this mismatch is also present in the region Al. Therefore, in M. sieboldii
100 % primer annealing can yield two PCR products: combination A1-B1 an 160 bp product and
Al1-B2 an 800 bp. On the contrary, in M. x domestica mismatches in both the A regions probably
allow only the production of a 160 bp band due to the A1-B1 and A2-B2 combinations. Reducing
the annealing temperaturet to 54 °C the less stringent reaction conditions will then allow the

production of the 800 bp PCR product.

Table 67 PCR amplification of the C8 marker in different genotypes at 60°C annealing T

Genotype Presence of C8 marker at 60°C
Malus sieboldii +
H0909 +
4551 -
D2212 -
M9 -
Golden delicious -
Gala -

4.5.2.3 Development of the marker 30

The primer pair 30 developed for the real-time PCR analysis (Table 25) derived from the
sequence corresponding to the band TGC1 was tested on the genomic DNA and cDNA of the
Malus sieboldii, H0909, D2212, M9 and GD genotypes. A band was obtained only in the Malus
sieboldii and M. sieboldii-derived genotypes but not in the M. x domestica genotypes also after

lowering the annealing temperature in the PCR. In addition, primers developed externally to the
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region used as target (Table 24) were also tested showing the same results as observed for the
primer pair 30. Presently, no information is available on this marker and further analyses have to
be carried out to better characterise the polymorphism associated to this gene.

4.5.2.4 Application of the marker K, C8 and 30 and their distribution in two
different crossing populations

The markers K, C8 and 30 were applied in a screening on two different crossing populations:
'Gala’ x Malus sieboldii and H0909 x M9. The progeny plants of these two crosses were previously
characterised through SSR analysis in the frame of the SMAP project (Bisognin et al., 2009).
Because in the first crossing type the non-apomictic diploid M. x domestica genotype ‘Gala’ was
used as mother only sexually derived triploid seedlings were obtained. On the contrary, in the
second crossing the apomictic tetraploid genotype H0909 was used as mother. In this case, the
seedlings produced were grouped in four classes depending on the combination of the parental
haplotypes (Figure 3). The possible classes where: mother-like (produced asexually through
apomixis; the haplotypes and ploidy are the same as the mother), hybrids | (genotypes with
increased ploidy and presenting a paternal haplotype and all the maternal haplotypes), hybrid I
(genotypes presenting half of the haplotypes of both the seeds and pollen parents) and
autopollinated (genotypes generated by selfing) (Bisognin et al., 2009). The identification of
tetraploid autopollinated plants through SSR analysis caused a particular problem when a SSR
allele was present twice (C. Bisognin, personal communication). The markers K, C8 and 30 applied
through PCR on the progeny mentioned above showed that they were segregating in the
population and that also in the case of autopollinated plants it was possible to distinguish between
plants in cases where the SSR analysis was not clear. The comparison analysis between the
marker segregation in hybrids Il and in autopollinated plants showed a similar distribution indicating
a free recombination of the haplotypes in the gametes formation. The differences observed
between autopollinated and hybrid 1l genotypes in the number of plants presenting all the three
markers or none of them can be explained with the fact that in the autopollinated plants the pollen
derives from H0909 itself (characterised by having all the three markers) while in the hybrid 1l the

father is M9 that lacks all the three markers.
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Figure 59 Distribution of the markers K, C8 and 30 in the progeny derived from the crossing H0909 x
M0. The plants tested were those classified as true hybrids (blue bars) and autopollinated (red bars) in
the SSR analysis.

The progeny plants derived from the crossings were also tested for their level of resistance
against AP. The plants were graft-inoculated with ‘Ca. P. mali’ in the greenhouse and the
development of AP symptoms was recorded in the field. A cumulated disease index (Seemdller et
al., 2008; Bisognin et al., 2008b) was established based on the type and severity of the symptoms
on a four years observation period in the experimental orchard at JKI Dossenheim (Seemdliller,
unpublished data).

In order to find out if disease index and marker distribution in the population were correlated,
the marker K, C8 and 30 were also tested on these plants. A preliminary screening was performed
on 90 seedlings for the crossing 'Gala x M. sieboldii (Figure 60) and on 121 seedlings for the
crossing H0909 x M9 (Figure 61). As shown in Figure 60 and Figure 61 the markers where
distributed in almost all the disease index classes with comparable frequencies in the crossing with
‘Gala’ as mother. However, for the crossing with HO909 as mother the most represented class was

that with disease index 3 though also here all the combinations were found.
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Figure 60 Distribution of the markers K, C8 and 30 in M. x domestica cv Gala x M. sieboldii progeny
plants classified based on the disease index observed during AP-symptom development. Cumulated
disease index ranging from 0 = no symptom to 10 = severe sypmptoms every year of observation or
death of the plant
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Figure 61 Distribution of the markers K, C8 and 30 in H0909 x M9 progeny plants classified based on
the disease index observed during AP-symptom development. Cumulated disease index ranging from 0
= no symptom to 10 = severe sypmptoms every year of observation or death of the plant
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5 Discussion

51 Nature of the resistance to apple proliferation

The apple proliferation disease represents a critical economic issue in important fruit growing
areas of central Europe. In the last 15 years, a particularly affected zone was the Non Valley in the
Trentino region (north Italy) where apple is intensively cultivated. Here, the extensive agricultural
practice together with the particular environmental conditions allowed the causal agent ‘Ca. P. mali’
to be efficiently transmitted causing an important spread of the disease (Branz, 2003). The
predominant presence of mainly one apple cultivar (Golden delicious, GD), susceptible to AP,
favoured the extended colonization of the apple trees (Branz, 2003). Moreover, like other fruit trees
the apple cultivar scion is grafted and grown on a common rootstock. The use of rootstocks (M9,
M11) selected for their high agronomic value but susceptible to AP disease allowed the
phytoplasmas to survive in the root system over years once the scion was infected representing a
permanent source of inoculum for the spread of AP.

At the beginning of this thesis apple proliferation-resistant apple genotypes with scarce
agronomic value were available selected in a series of previous screenings based on phenotypic
symptom observations on field-grown plants (Kartte and Seemdller, 1991). In this study, it was
shown that in M. sieboldii-derived apomictic hybrids symptoms either never developed or
developed temporarily with mild effects (during several years of field trials). It is known that ‘Ca. P.
mali’ is eliminated in the aerial parts due to degeneration of the phloem sieve tubes during the
winter while it remains in the roots where intact sieve tubes are present throughout the year
(Schaper and Seemiiller, 1982). In spring, colonization of the stem may take place from the roots
when new phloem is being formed (Schaper and and Seemiiller, 1984; Seemdiller et al., 1984).
This alternation in the phytoplasma distribution suggested a strategy in which resistant genotypes
used as a rootstock could prevent the disease or reduce the impact in a scion cultivar. So far, the
nature of the resistance mechanism is still unknown leaving open several questions. The difficulty
to detect ‘Ca. P. mali’ in the resistant hybrids indicated a low phytoplasma titre (Kartte and
Seemiiller, 1991), recently confirmed in a study based on real-time PCR analysis (Bisognin et al.,
2008b). However, in the same work it was shown that the phytoplasma concentration rely on host
suitability and therefore cannot be considered a defining factor for resistance (Seemiiller et al.,
2008; Bisognin et al., 2008b). Nevertheless, a much lower pathogen titre was found in top-infected
scions of trees grown on resistant rootstocks compared to top-infected trees on susceptible
rootstocks (Bisognin et al., 2008b). In the case of the resistant rootstocks, the low infection rate
and low titre in the stems of trees seems to correlate with the low phytoplasma concentration in

their roots. This characteristic, together with the poor host suitability, may have a negative effect on
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the spread of the pathogen indicating that the low titre in the roots is likely to contribute to the
resistance of M. sieboldii-derived stocks (Seemdiiller et al., 2008).

Other factors are involved in the different responses to AP disease observed in the resistant
compared to the susceptible genotypes. One role could be played by the different virulence of the
phytoplasma strains which further complicates the characterisation of the resistance trait
(Seemiller and Schneider, 2007). Considering the insufficiency of information about the resistance
mechanism, structural or physiological differences determining the incapacity of the phytoplasmas
to colonise the plant or the induction of resistance-related genes could be at the base of that
mechanism. Differences in the susceptibility of the phloem cells of different apple genotypes to the
phytoplasmas presence suggest that there could be an induced response against the pathogen
characterised by callose deposition at sieve plates, necrosis and collapse of sieve elements in
different grade and modality (Kartte and Seemdiller, 1991; Lee et al., 2000).

Studies on the gene expression are necessary for better understanding the nature of the
resistance in the M. sieboldii-derived hybrids. In apple, in contrast to other organisms like A.
thaliana, there is poor availability of information about genes involved in resistance mechanisms
and more in general sequencing data are still missing or not jet annotated. In addition, several
analysis tools developed in herbaceous plants are not directly applicable to woody plants like
apple. Therefore, a specific setup of the method is often required which is a time consuming
procedure.

The particular complexity of the ‘Ca. P. mali-apple interaction, the poor knowledge on the
resistance mechanism and the scarce availability of genetic data on apple plants made us to
choose the cDNA amplified fragment length polymorphism (AFLP) as technique for the analysis of

the expressed genes involved in this interaction.

5.2 cDNA-AFLP as technique for the gene expression pattern
analysis

In this thesis, the comparison of constitutively expressed genes in healthy plants and the
individuation of induced expressed genes in infected plants were both carried out through cDNA-
AFLP procedures. This technique was initially developed for the analysis of expressed genes in
different developmental stages of the studied organism (Bachem et al., 1996). Further
improvements of the method allowed broadening the range of its applicability. This together with its
high sensitivity and the quality of information that can be obtained make the cDNA-AFLP a
powerful technique for transcriptome analysis (Bachem et al., 1996). The characterisation of the
expression profiles associated with the experimental conditions gives the possibility to investigate
the gene expression even in systems for which no information is available. Breyne et al. (2003)
showed that using a modified cDNA-AFLP protocol it is possible to analyse the whole

transcriptome allowing the individuation of interesting expressed sequences in a fast way.
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Moreover, their results demonstrated that this technique can be as powerful as the microarray
approach with the great advantage that in the cDNA-AFLP there is no necessity to have
information on the sequences of the expressed genes or to know which metabolisms are involved
in the studied system. These two last features were very important points for the choice of this
technique as suitable for our analysis.

A prerequisite for the reliability of the cDNA-AFLP analysis is to have RNA of good quality as
starting material to avoid biases in the production of the cDNA fragments. The relationship
between the gene expression levels has to be maintained for the generation of transcription
profiles truly informative. At the beginning of this work, the commonly used RNA extraction
methods were not adequate for obtaining RNA of good quality from our plant tissues. Therefore, an
extraction method originally developed for plants with high polysaccharide content was modified
and optimised for the RNA extraction from woody materials and also employed for in vitro material
(Moser et al., 2004).

The gene expression patterns can be influenced by environmental conditions, physiological state
and time point at which the material is collected. Therefore, another important prerequisite is the
production of plants that are grown under controlled conditions — a condition difficult to achieve
with perennial woody plants like apple. Homogenous starting material would not only lower the
variability due to environmental effects between different plants but also would reduce those
differences that are not related to the plant-pathogen interaction. Therefore, for the generation of
standardised material a previously established in vitro system for culturing and inoculating
phytoplasma-infected apple was exploited.

5.2.1 Analysis of constitutively expressed genes

The knowledge and the data available at the beginning of this work were insufficient to define if the
resistance observed in the group of M. sieboldii-derived hybrids was related to physiological
differences at a constitutive level, compared to the susceptible genotypes, or induced after the
phytoplasma infection. First, it was chosen to carry out a comparative analysis to investigate if
constitutive differences are involved in the resistance to AP disease. The immediate accessibility to
material coming from healthy field-grown plants was exploited for the set up of a cDNA-AFLP
analysis for the characterisation of any differences. However, it was not clear if this procedure
could be successfully applied for the analysis of genotypes with different ploidy degrees. In the
cDNA-AFLP analysis expression patterns are usually directly compared between induced and non-
induced state (or different developmental stages) of the same genotype allowing the individuation
of differentially expressed genes. On the other hand, the comparison of constitutive expression
patterns between different genotypes in a healthy state can produce many data that are complex to
analyse. Nevertheless, in our system the cDNA-AFLP technique was applied in a non-standard

way due to the particular choice of the genotypes to study: 4551, H0909 and M9. This approach
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was justified by the genetic relationship between the genotypes used in the comparison. 4551
derives from the crossing Malus sieboldii x Laxton’s superb while HO909 derives from the crossing
4556 x M9 where 4556 was obtained in the same crossing that produced 4551. Both genotypes
HO0909 and 4551 are apomictic hybrids and share as common parent the AP-resistant genotype
Malus sieboldii (MS). Therefore, the cDNA-AFLP was applied comparing the expression patterns
for the selection of bands present in both 4551 and H0909 (selection for MS-related transcripts) or
in HO909 and M9 (selection for M9-related transcripts). The individuation of constitutively
expressed genes common only to the apomictic genotypes was the main objective of this analysis.
A second aim was the isolation of expressed sequences for the development of single nucleotide
polymorphisms (SNPs) associated with the resistant hybrids. This latter was substantially a
technical work related with the main project of which this thesis is part and the SNP analysis was
further carried out by other researchers involved in the project for the development of genetic
markers associated to the AP-resistant hybrids.

From the analysis of the cDNA-AFLP expression patterns several bands were individuated
associated with the two resistant genotypes but not present in the susceptible genotype M9. After
the re-amplification of the isolated cDNA fragments, several PCR products were obtained for each
band. This was a major issue for the identification of the products which corresponded to the bands
selected in the cDNA-AFLP analysis. This problem was known to be intrinsic to the cDNA-AFLP
technique because of co-migration of fragments with the same size. In our case, the number of
different PCR products from each band was higher as that observed in other cDNA-AFLP analyses
performed on different systems (prof. Pezzotti personal communication). The primer combinations
used for the analysis were selective for the first nucleotide of the adapted cDNA fragments (Eigure
4) giving a much more complex pattern compared to that obtained by using more selective
nucleotides. The choice of this technical approach derived from the observation that the patterns
generated from experiments performed on other woody plants were poorly informative with primers
selecting on the second or third nucleotide (prof. Pezzotti personal communication). Because of
the high number of selected cDNA fragments that had to be sequenced it was decided to perform a
pre-screening in order to limit the analysis of uninformative sequences. Polymorphisms in the
sequence of the expressed genes can be at the level of the restriction site sequence recognized by
the enzymes used in the procedure or at the nucleotide complementary to the selective 3’ end of
the primers employed. Differences between genotypes lead to the generation of cDNA-AFLP
fragments of different size or to PCR amplification of homologous cDNA fragment with different
primer combinations. This determines distinctive expression patterns though the gene is expressed
in each genotype. To filter out such cases the differential screening was performed through
hybridisation of a filter array prepared with the PCR products obtained from the isolated cDNA-
AFLP bands. cDNA fragments differing in length or generated from another specific primer

combination would give a hybridisation signal in presence of the complementary sequences
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independently from which pattern these were obtained. In this way, it would be possible to
individuate products present only in the two resistant genotypes 4551 and HO0909. This first
screening was performed in order to assess in a fast way the possibility to get more information
from the cDNA-AFLP fragments selected from the comparison of the expression pattern. From the
analysis, 6 spots common to 4551 and H0909 did not show hybridisation when using cDNA-AFLP
template amplified from M9 as probe. The cloning of the corresponding bands produced a series of
sequences that were subsequently tested through PCR for their presence in the genome of all the
three genotypes. In only one case the specific primer pair Kin showed differences between the
genotypes in the capability to amplify a genomic region. The primer designed on the other
sequences showed a PCR product in all the genotypes tested and after sequence comparison
differences between genotypes were found only at few nucleotide positions. These were further
analysed for the development of SNPs. In none of the cDNA-AFLP fragments associated to the six
spots individuated from the differential screening, sequences present only in the resistant
genotypes were found. The fact that the probe produced from M9 did not hybridise to those spots
could be due to a lower amount of product present in the probe because of a lower expression of
the corresponding gene in this genotype. Nevertheless, differences were individuated at SNP level
that could be used in the analysis of the crossing populations, an important information source for
the breeding program aimed to develop an AP-resistant agronomic valuable rootstock.

One disadvantage of the array produced with spots containing more than one PCR product is that
a hybridisation signal would be obtained even if only one product hybridised to the probe hiding
possible differences related to the other fragments. Therefore, to gain more information on
sequences derived from Malus genotypes and for further developing SNPs related with expressed
sequences a deeper investigation was performed on the bands derived from the expression
patterns analysis. A similar experiment was repeated this time using a high-density array produced
with spots containing only one PCR product corresponding to a cloned cDNA-AFLP fragment. This
approach was validated in a hybridisation test using the DIG-labelled PCR probe produced from
the previously identifed Kin fragment. Spots associated to clones obtained from cDNA-AFLP bands
derived from primer combination different to that corresponding to the Kin band were also
individuated (Figure 14). This result showed that with this method it was possible to screen out
fragments associated to different cDNA-AFLP bands but deriving from homologous gene products.
Nevertheless, sequences associated to genes belonging to the same family or sharing domains
with high similarity but involved in different pathways would be lost though they could play a role in
the resistant genotypes. However, because we wanted to focuse on those products characterising
the resistant plants, for each cDNA-AFLP template obtained from the different tissues and
genotypes, hybridising probes were produced using all the specific primer combinations available.
In this way, it was possible to better define differences related to the selective primers and to the

specific tissue, root or sprout. The sequences of the clones individuated in the screening were
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grouped in 23 clusters on which specific primers were developed and subsequently tested on the
cDNA and the genomic DNA of 4551, H0909, M9, D2212 and M. sieboldii. All the primers showed
a PCR product from the cDNA of each genotype while some primers did not work using genomic
DNA as template. However, the products associated to a primer pair showed homologous
sequences in each genotype. Nevertheless, from this analysis informative data could be further
obtained from the polymorphisms associated to the restriction site and the selective primer that
generated the cDNA-AFLP band. In addition, the sequences derived from clones individuated in
the screening were employed to carry out the analysis for the SNP marker development. However,
in one case it was possible to individuate through PCR a primer pair (C8) that showed
polymorphism between M. sieboldii-derived and M. x domestica genotypes and also between
different M. sieboldii-derived genotypes. These data are only a preliminary set of information that
will be joined to the data derived from the analysis carried out by Bisognin in her doctoral thesis
(part of the main project) using microsatellites markers on the same genotypes. (Bisognin et al.,
2009) In addition, the data obtained from the hybridisation experiment could be source for a further
analysis based on the selection of spots common in the HO909 and M9 but not in 4551 in order to
individuate differences related to the M. x domestica genome. In the future, such markers could be
associated to particular genomic regions linked with expressed genes.

The method used for the individuation of constitutive differences at a gene expression level led to
the isolation of several sequences. About the half of these showed similarities with proteins of
known function (Table 17) while the remaining sequences were similar to expressed genes or
proteins of unknown function or showed no similarities with sequences present in databases.
Interestingly, the genes with similarity to a 14-3-3-like protein and a high mobility group protein 1
(HMG1) identified in the first hybridization experiment were found also in the high-density
macroarray indicating a reproducibility in the method used for the selection of differences at a
nucleotide level. Nevertheless, for the products with known function, it was not possible to
hypothesise a direct involvement in the phytoplasma-plant interaction based on their homology.
However, 14-3-3-like protein, ankyrin repeat-containing protein and ser/threo protein kinase have
ubiquitous functions also involved in signalling and plant defense (DelLille et al., 2001; Sehnke et
al., 2002; Becerra et al., 2004; Afzal et al., 2008). Therefore, considering the complexity of this
system it cannot be excluded that their expression could be influenced after infection as this cannot
be excluded for the sequences with unknown putative function. However, further investigations are
necessary in order to characterise their expression profiles in presence of the pathogen. In
addition, the original material coming from field-grown plants was not an optimal source because of
the non-standardised conditions at which the plants were grown. This might differently influence
the physiology of the M. sieboldii-derived hybrids and the M. x domestica genotypes and eventually
their expression profiles. However, several data are now available for the development of markers,

a further important goal in the main project for the characterisation of the resistant genotypes.
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5.2.2 Analysis of the putative markers individuated in the cDNA-AFLP
analysis

The necessity to develop a resistant rootstock with good agronomic characteristics was one
of the main goals of the SMAP project. Because the resistance was associated to a wild genotype
with scarce agronomical traits the production of a new crossing carrying both the resistant and the
agronomical traits was required. Several crosses were made in the SMAP project as reported in
Bisognin et al., 2009, and this breeding activity is still ongoing. The screening of the breeding
progeny for AP-resistance is done by graft-inoculation of the progeny seedling and requires several
years of field observation. In order to speed up this screening process the research activity was
focused on the development of molecular markers associated to the resistance. In bulk segregant
analysis (BSA) molecular markers showing polymorphism between the parents of the population
can be associated to a quantitative trait loci (QTL) like the resistance character (Lin et al., 2004;
Stankiewicz-Kosyl et al., 2005; Lin et al., 2006). The segregation analysis of the QTLs can then
allow the selection of those genotypes that carry the desired traits (marker assisted selection;
MAS). The association between molecular markers and QTLs requires the availability of a genetic
map where the markers are distributed and are covering the whole genome allowing the definition
of association groups corresponding to loci, regions or chromosomes. At the beginning of the
SMAP project there was no availability of a genetic map of the M. sieboldii parent hindering the
possibility to select interesting seedlings through BSA. Therefore, initially the positioning of SSR
markers was a prerequisite for the establishment of a first genetic map. In a second time, the map
should be improved with the positioning of other markers associated to genes with known function
but more in general with SNPs derived from expressed sequences. This last aim was part of this
thesis where SNPs associated to cDNA-AFLP fragments derived from constitutively expressed
genes and from differentially expressed genes had to be developed. In the two cDNA-AFLP
experiments a series of sequences were produced deriving from resistant and susceptible
genotypes. On these sequences nine SNPs that showed a polymorphic character were obtained
while other 155 putative SNPs were individuated. In addition, the differential screening on the
constitutively expressed genes isolated in the first cDNA-AFLP allowed the individuation of two
primer pairs (Kin and C8) that resulted to be polymorphic. Both showed temperature-dependent
differences in the capability to amplify genomic regions in different genotypes. In order to
characterise their potential as PCR markers, further analyses on the sequences associated to the
targeted genomic regions revealed that the polymorphisms in both markers were associated to a
SNP at the level of the annealing site of one of the two primers. Stringent conditions in the PCR
reaction showed a PCR product only in M. sieboldii or M. sieboldii-derived genotypes while in M. x
domestica the products were obtained only lowering the primer annealing temperature. In addition,
another putative marker was individuated from the cDNA-AFLP analysis of differentially expressed

genes. In this case, primers pairs designed for the real-time analysis on the internal region
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corresponding to the gene 30 were not able to produce a PCR product either at RNA nor at
genomic DNA level in the M. x domestica genotypes tested. Furthermore, primers developed on
the cDNA-AFLP fragment associated to the gene 30 that were targeting regions up- and
downstream of those associated to the real-time PCR primers failed to amplify this gene and also
the corresponding genomic region in the susceptible genotypes. Further studies are necessary to
verify if the gene 30 is missing in M. x domestica genotypes.

The power of K, C8 and 30 as markers was tested in two different crossing populations. The
distribution of the markers in the different seedlings and their combinations indicated that there was
free recombination between them (Figure 59). Nybom et. al. (2006), reported that for polyploid
Rosaceae highly homologous genomes can be inherited preferentially in a pairwise manner. In this
thesis from the results obtained with the markers K, C8 and 30 there are no indication for the
occurrence of preferential pairing between individual members of the polyploid genome of M.
sieboldii supporting also the observations made by Bisognin (unpublished data) using SSR

markers.

5.2.3 Analysis of differentially expressed genes after phytoplasma-
infection

5.2.3.1 Invitro system

A standardised material produced from plants grown in controlled conditions was necessary for the
analysis of the differentially expressed genes after phytoplasma-infection. Therefore, it was
decided to exploit the power of the in vitro technique for the further gene expression analysis. In
addition, the traditional screening for the isolation of interesting traits in woody plants takes a
considerable time, is labour-intensive and costly. In order to speed up the resistance screening in
the M. sieboldii-derived hybrids and their progeny, an in vitro system was established with several
Malus genotypes including those used in this thesis. In vitro grafting technique, also known as
micrografting, was successfully employed in different woody plant species (Murashige T. et al.,
1972; Alskieff and Villermur, 1978) and efficient transmission of phytoplasmas through
micrografting was described by Jarausch et al. (1999a). The possibility of having standardised
material in association with an efficient infection process under controlled conditions was an
optimal starting point for the analysis of each genotype employed in this thesis.

The Malus genotypes selected for the in vitro screening were the resistant genotypes M. sieboldii,
HO0909, D2212 and the susceptibles M. x domestica cvs. M9 and Golden Delicious. M. sieboldii
was chosen as it was the original parental genotype carrying the resistance trait and used in the

breeding program. The M. sieboldii-derived hybrids HO909 and D2212 were selected because of
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their genetic pedigree and their different degree of resistance against AP. The susceptible M. x
domestica M9 was chosen being one of the most diffused genotype employed as a rootstock
whereas GD because it is a very important cultivar that is highly susceptible to AP. Although in this
thesis the in vitro graftings on the selected cultures were performed mainly for the preparation of
the infected material, interesting observations were derived from the analysis of the infection trials.
The data collected (Table 19) showed that the percentage of successfull graftings (recorded as
strong grafts) using infected GD as scion was only slightly higher in the M. x domestica genotypes
compared to the M. sieboldii-derived ones. As reported in Bisognin et al. (2008a) this was an
important evidence that M. x domestica and M. sieboldii-derived genotypes were cell compatible,
an indispensable characteristic for the establishment of this system. Three months after graft-
inoculation the pathogen was found to be efficiently transmitted in GD, M9 and D2212 while in M.
sieboldii and in H0909 the transmission rate was very low. Over a longer period of observation, it
was interesting to notice that for GD the inoculated plants remained infected for the entire period
while for M9 after an initial reduction the number of plants that were still infected after one year
remained unchanged. Differently for the apomictic genotypes none of the inoculated M. sieboldii
and H0909 plants survived one year after the grafting while the number of D2212 infected plants
decreased during the year of observation. The data obtained from the infection trial were joined to
those generated in a similar experiment in the frame of the SMAP project. In the latter the ‘Ca. P.
mali’ AT-2 strain was employed for the investigations and the results were published together in
Bisognin et. al.(2008a). However, the data available were not sufficient to analyse if the mortality
was related to the ‘Ca. P. mali’ AP strain and because several experiments were required to
assess this question no further investigation were done in this thesis. Nevertheless, the most
important aspect of our in vitro system was shown in a study complementary to this thesis (part of
the same main project) where it was demonstrated that plants grown and infected in these
conditions behave in a highly reproducible way (Bisognin et al., 2008a). Moreover, analyses on the
symptoms and the phytoplasma titre in infected plants showed also reproducible and reliable
results. The resistant genotypes were successfully characterised in the in vitro system showing low
phytoplasma titre and absence of symptoms similarly to that observed in in vivo-grown plants
(Bisognin et al., 2008b). Moreover, their behaviour after the phytoplasma infection could be
monitored during a large period of time confirming the power of this method for the speed up of the
‘Ca. P. mali’-apple interaction analysis (Bisognin et al., 2008a). The demonstration that the in vitro
system was a suitable platform for the analysis of the resistance against AP was crucial. This
allowed the exploitation of this technique as a tool for the preparation of standardised healthy and
‘Ca. P. mali’-infected material (through micrografting) for its use in the analysis of the differentially
expressed genes. The infection trials in this thesis were conducted using the AP subtype of ‘Ca. P.
mali’ but no infected plants were available for M. sieboldii and H0909. Nevertheless, contemporary

to this study a series of graftings was performed by another group involved in the same main
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project using the AT2 subtype of ‘Ca. P. mali’ as inoculum where it was possible to obtain infected
M. sieboldii and H0909 plants. These plants were used as material for the selection of differentially
expressed genes in the phytoplasma-plant interaction. Seemiller and Schneider (2007) showed
that there is a considerable genetic heterogeneity among ‘Ca. P. mali’ strains. However, in their
study AP and AT2 were classified in the same virulence group as strains inducing severe
symptoms in plants grown in vivo. In addition, the suitability of this strain for the in vitro
experiments was also shown by the data reported in Bisognin et al (2008a). However, because the
relationship between the phytoplasma and its host appears to be a very complex system, it was
reasonable to think that a relatively high number of expressed genes, not necessarily related to the

resistance mechanism, would be differentially expressed.

5.2.3.2 Phytoplasma-plant interaction: a “black box”

In the past two decades, several studies based on different approaches were conducted for the
investigation of the modifications that take place in the host in the phytoplasma-plant interaction
(Kartte and Seemiiller, 1991; Musetti et al., 2000; Jagoueix-Eveillard et al., 2001; Bertamini et al.,
2002; Carginale et al., 2004; Christensen et al., 2005). Nevertheless, still very little is known on this
system, therefore, it can be considered as a black-box model because of the poor availability of
information. Thus, an approach that allows obtaining more knowledge on this systems is required.

To investigate whether the resistance was associated to an induced plant defence-response to
‘Ca. P. mali’ infection rather than to a constitutive character associated to physiological features,
the cDNA-AFLP procedure was employed for the analysis of differences in the gene expression of
resistant and susceptible plants. Since the time when this technique was improved to avoid the
possibility of several transcript derived fragments (TDFs) arising from a single gene/cDNA (Breyne
et al.,, 2003) the cDNA-AFLP was exploited in several works. The technique was successfully
employed for studying genes in systems where it is difficult (or not possible) to culture one
organism on an artificial medium, which limits the use of the traditional genetic and molecular
techniques (Wang et al., 2009). Robustness, high-throughput and applicability in genome-wide
expression analysis for gene discovery (where prior knowledge of sequences is not required or
available) (Breyne and Zabeau, 2001; Breyne et al., 2002), rendered cDNA-AFLP particularly
useful for the investigation of complex systems like fungi-plant interaction (Gabriels et al., 2006;
Polesani et al., 2008; Wang et al.,, 2010). Similarly, as the phytoplasmas-plant system is
characterised by poor knowledge on the mechanisms involved during the infection and by high
complexity in the type of interaction, the cDNA-AFLP should give the possibility to investigate the
modification in the expression patterns in ‘Ca. P. mali’-infected apple plants. In the past, only two
studies were performed focused on the individuation of differentially expressed genes associated
to the phytoplasma-plant interaction. In both, similar approaches were adopted using either the
differential display (DD) (Carginale et al., 2004) or the cDNA-AFLP technique (Aldaghi, 2009).
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Their results showed that the employment of methods based on the generation of patterns
associated to the expression profiles can be a good choice for the study of this plant-pathogen

interaction.

5.2.3.3 Selection of differentially expressed genes

The analysis of the expressed genes after the infection with ‘Ca. P. mali’ allowed the individuation
of several bands that resulted differentially expressed. However, the high complexity that
characterised each pattern complicated the individuation of those cDNA-AFLP fragments that
showed an up-regulation or a down-regulation in their expression. In order to reduce the number of
sequences to analyse only those patterns characterised by showing an over expression in the
infected resistant HO909 and M. sieboldii genotypes were considered. 63 bands were isolated,
each one associated with more than one single product. The relatively low number of combinations
used and the nature of the selective base applied in the method produced complex patterns with
several sequences associated to each band. Experiments carried out in other plants showed that
employment of primers selecting on the three first positions on the cDNA fragments gives the
possibility to obtain bands that could be almost directly sequenced after blot excision and re-
amplification (prof. Delledonne M. personal communication). The choice of the best combination of
primers and the more effective type of selection (1, 2 or 3 selective nucleotides) needs to be set up
in an empirical way. However, the constantly growing availability of sequences in database allows
the development of previsional models for the selection of the most informative enzyme and
primers to be employed in the analysis (Kivioja et al., 2005; Stolting et al., 2009). Although in this
thesis the method could be optimised using more primer combinations, it was decided to proceed
in the analysis of the bands individuated in the screening. After cloning and sequencing of the
cDNA fragments, homology analysis with sequences present in databases showed a very broad
range of metabolisms associated to the putative function of the identified genes. Although they had
to be confirmed as differentially expressed, a first general look on the main pathways involved
evidenced genes which encode for proteins associated to degradation, transport and folding of
proteins, to plant development and morphogenesis, to cell signalling and to stress/pathogens
response. The picture resulting from the sequence analysis reflects deep changes in the general
plant metabolism as observed in previous studies ((Kartte and Seemdiiller, 1991; Lepka et al., 1999;
Musetti et al., 2000; Carginale et al., 2004; Christensen et al., 2005; Musetti et al., 2005).
Nevertheless, the involvement of the genes individuated in the differential expression analysis in
the plant response after ‘Ca. P. mali’ infection had to be validated through specific studies on their
expression level. Because of the high number of genes to be analysed the work was focused on

those sequences that:

- resulted to be present in both HO909 and M. sieboldii resistant genotypes
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- showed homology to genes that are involved in response to diseases

- related with putative changes in the plant metabolisms supposed to be involved after
phytoplasmas infection

- were present in several clones obtained from the same cDNA-AFLP band

These sequences were analysed with the real-time PCR technique to study and validate their

differential expression in the plant response to ‘Ca. P. mali’.

5.3 Quantitative reverse-transcription PCR analysis

531 Choice of the detection method

The real-time PCR (quantitative PCR, qPCR; quantitative reverse-transcription PCR, gRT-
PCR) analysis is a powerful technique developed in the mid-1990s (Livak et al., 1995; Gibson et
al., 1996; Heid et al., 1996) that allow the determination of the initial concentration of a specific
product through PCR. The detection method is based on the proportionality of a fluorescence
signal to the quantity of product that is synthesized during the PCR allowing the monitoring of the
reaction kinetic. Different approaches are available for the generation of the fluorescence signal.
The most used are TagMan probes (Higuchi et al., 1992; Higuchi et al., 1993; Livak et al., 1995),
Molecular Beacons (Tyagi and Kramer, 1996; Ortiz et al., 1998), Scorpions primers (Whitcombe et
al., 1999) and SYBR Green | (Wittwer et al., 1997; Woo et al., 1998; Cane et al., 1999). The first
two requires the development of specific oligonucleotide probes that hybridise to the target giving a
signal proportional to the quantity of probe bound (Molecular Beacons) or degraded (TagMan).
Scorpions are bi-functional molecules containing a PCR primer covalently linked to a probe that
carryes a fluorophore interacting with a quencher which reduces fluorescence (Whitcombe et al.,
1999). During a PCR reaction, fluorophore and quencher are separated leading to an increase in
light output from the reaction tube. In TagMan probes, Molecular Beacons and Scorpion primers
the coupling of a fluorogenic dye molecule and a quencher moeity to the same or different
oligonucleotide substrates exploit the FoOrster Resonance Energy Transfer (FRET) for the
generation of a fluorescence signal (Didenko, 2001). Differently, SYBR Green | binds to the double
strand helix of the DNA giving a signal proportional to the quantity bound. TagMan, Molecular
Beacons, Scorpions primers are highly specific for their target and produce a high sensitive signal.
They can also be used for multiplex analysis if different dyes are employed in association with the
probe. The drawback is that in case several different targets have to be analysed the development
of the probes is more complex, time consuming and expensive. Only recently, a Universal
Probelibrary (Roche Applied Science) was developed for the study of multiple genes at the same

time giving the advantage of high specificity and sensitivity but this method requires a well known
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database of expressed genes which was not available for apple plants. In comparison, SYBR
Green | is cheaper and can be used for the analysis of several genes without the need to develop
specific probes. Its drawback is that it cannot be employed for multiplex detection and the
presence of unspecific products in the reaction will give an additive signal influencing negatively
the analysis. Nevertheless, this problem can be avoided using primers with high specificity for the
annealing sites on the target. Therefore, this method was chosen for the study of the gene
expression because the easiness to develop the procedure and the possibility to select primers
which enabled the analysis of several genes at the same time with the same cycling conditions.
The necessity to investigate many targets in different genotypes and health status conditions
required to adopt a method that could give fast results in a reproducible and reliable way.
Therefore, a procedure in which the RNA extracted from the plants was directly used as template
for the real-time PCR screening was optimised for our system. RNA of good quality is necessary
for the reliability of the data produced (Fleige et al., 2006) and the method developed for the RNA
extraction from our plant materials was suitable for fulfilling this condition (Moser et al., 2004).

The real-time PCR can be performed on cDNA or directly on total RNA (QRT-PCR). While the
cDNA can be better conserved and is less prone to hydrolysis and degradation, the RNA has to be
handled carefully. Moreover, the main disadvantage of the gqRT-PCR method is that for each target
a separated priming reaction is required hindering the possibility to return to the same preparation
and amplify other targets at a later stage. It is also wasteful if only limited amounts of RNA are
available (Bustin et al., 2005). While it is possible to amplify more than one target in a single
reaction tube (multiplex) (Wittwer et al.,, 2001), this requires careful experimental design,
optimisation of reaction conditions and excludes the use of SYBR Green I-based detection method.
The advantage using directly RNA for the analysis is that the analysis can be performed on regions
of the gene that are specifically retrotranscribed. Oligo dT-based cDNA synthesis can be
characterised by bias in the 3’ region to 5’ region ratio (Wang et al., 2000; Bustin, 2002; Bustin et
al., 2005; Singh et al., 2005) if not fully completed affecting analysis having the 5’ region as target.
Although random priming can be used as method for the cDNA synthesis in case of mMRNA targets
present at low levels, the priming may not be proportional and hence its subsequent amplification
not quantitative (Zhang and Byrne, 1999; Bustin et al., 2005). In addition, random primed reactions
are characterised by a narrow range of linearity compared to reactions using target-specific
primers (Bustin and Nolan, 2004). Finally, although the RNA should be of very good quality a
further advantage of the gRT-PCR on total RNA is that reliable data can be obtained also from
samples with a certain grade of degradation if small regions and relative small amplicons are

generated in the the analysis (Fleige and Pfaffl, 2006).
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5.3.2 Real-time PCR data analysis

The sensitivity of this method characterise this powerful technique but the huge amount of data
obtained through the real-time PCR has to be analysed in a way that allows producing reliable
results. Several works were done with the purpose to establish a guideline for the data analysis.
The different methods used have their advantages (easiness in the calculation) or disadvantages
(results that over or under estimate the differences between the samples). Therefore, in this thesis
in order to obtain more reliable data a method was developed modifying some aspects of the
analysis presented in two published works: the DART-PCR method of Peirson et.al (2003) and the
LinRegPCR method of Ramakers et al. (2003).

The choice of suitable internal controls for the investigated system is fundamental but it is not
sufficient alone to allow for a reliable data analysis. Parameters like the determination of the
reaction efficiency (E) and the selection of the range in which the PCR has a linear behaviour are
important in order to be able to compare the different samples and states. Based on the linearity
range of the reaction a threshold has to be set for the determination of the cycle at which the
fluorescence in the sample reaches this value. This cycle is known as Ct and is a further important
parameter for the comparison analysis of the samples. The DART-PCR and LinRegPCR methods
calculate these parameters in different ways, therefore, in this thesis they were adopted as
reference but modified to improve the data analysis. In the first method the calculation of the noise
as described by the authors was not applicable in all of our curves and we needed a more defined
way to determine the best linear range of each curve. In the case of the LinRegPCR method, in
which an algorithm calculates the best linear regression that should fit with the linear phase of the
reaction, we noticed that in several of our curves the range of linearity was wrongly determined.
Recently, an improved LinRegPCR method was published supporting our observations (Ruijter et
al., 2009). Therefore, in this thesis a modified method was developed in which for each curve its
derivative was calculated for the individuation of the range at which the fluorescence curve
assumes the maximum slope. Subsequently, based on this range the threshold value was defined
for each curve at the point where the derivative reaches its maximum. In the original LinRegPCR
the efficiency is calculated based on the linear regression of the 3-6 fluorescence points that show
the best correlation coefficient. We adopted this concept but the calculation of the linear regression
with the best correlation coefficient was applied to the fluorescence values of the points generated
from the instrument ranging around the fluorescence value corresponding to the threshold. In order
to speed up the analysis and to facilitate the elaboration of the data a Visual basic® (Excel®
module) algorithm was developed for the fast individuation of these parameters through the

analysis of the raw fluorescence curves obtained in the real time PCR.
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5.3.3 Evaluation of housekeeping genes as suitable controls in the ‘Ca. P.
mali’-apple interaction

The need of internal controls for the data normalisation and the lack of information on the
gene expression in apple plants was a significant problematic issue for the application of the real-
time analysis. In the last years several works were published focused on the development of stable
internal control to adopt in different plant systems (Czechowski et al., 2005; Nicot et al., 2005;
Exposito-Rodriguez et al., 2008; Gutierrez et al., 2008; Hu et al., 2009). The most commonly used
considered housekeeping genes like the ribosomal gene 18S rRNA (18S), the eukaryotic
elongation factor 1 a (EF), the eukaryotic translation initiation factor 4A (elF4), B tubulin (TUB), a-
tubulin  (TUA), ubiquitin and polyubiquitin genes (UBQ), actin (ACT), cyclophylin (CYP),
glyceraldehydes-3-phosphate dehydrogenase (GAPDH). However, depending on which system,
tissue, developmental stage is investigated, these genes, commonly considered to have a constant
expression level, resulted to be differently stable and not universally suitable to be used as
reference (Nicot et al., 2005; Exposito-Rodriguez et al., 2008; Gutierrez et al., 2008; Hu et al.,
2009; Wan et al., 2010). Therefore, a preliminary experiment was performed on our system in
order to select between the housekeeping genes commonly employed as normalisers those which
could be used as internal control. In several studies the eukaryotic translation initiation factor 4A
(elF4) and the elongation factor 1-a (EF) were showing the most stable expression level in different
plant systems (Nicot et al., 2005; Gutierrez et al., 2008; Hu et al., 2009; Wan et al., 2010). Thus, in
this work they were chosen as control candidates. Moreover, being involved in different,
independently regulated cellular functions the possibility that they are co-regulated can be
excluded, a condition necessary for the choice and comparison of different controls for the real-
time analysis (Vandesompele et al., 2002; Gutierrez et al., 2008). The further genes whose stability
was assessed were GAPDH and a-tubulin (TUA). In addition, in the analysis carried out directly on
RNA the ribosomal gene 18S rRNA (18S) was also selected as reference. Equal quantities of RNA
were used in the gRT-PCR analyses and no differences in the 18S expression level were observed
between the healthy and infected state. The analysis of the housekeeping genes expression level
on RNA of in vitro healthy and infected plants and of leaf and root tissues of ex vitro healthy and
infected plants was carried out using the 18S rRNA as normaliser. GAPDH and TUA resulted to be
significantly differentially expressed in in vitro plants and in root tissues (Figure 25). In addition,
GAPDH showed differential expression also in in vitro tissue whereas for elF4a no variations in the
three tissues were found. Although because of their low quality it was not possible to test the
behaviour of the EF primer pair on the RNA a test on the cDNA using elF4 as control showed that
the expression levels of this gene remained unchanged after the ‘Ca. P. mali’-infection. Therefore,
because for the in vitro plants the real-time analysis was carried out on cDNA, the expression data
of the different genes were normalised with elF4a and EF. Since the cDNA was produced using

the oligo dT-based retrotranscription (RT) the use of the 18S rRNA as further control was
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excluded. This method was chosen in order to have the most comparable data with the cDNA-
AFLP analysis. In addition, the employment of random priming method for the production of cDNA
(to allow the use of the 18S rRNA as control) was avoided to reduce the possibility to introduce
biases due to a narrow linearity in the RT reaction (Bustin et al., 2005). Moreover, the use of 18S
rRNA as a control delivers reliable data but in some cases can produce narrow differences in the
relative expression level compared to those obtained from genes with similar expression level to
that of the target genes (Nicot et al., 2005). However, in the case of ex vitro plants it was not
possible to use the EF as internal control because of some technical problems related to the primer

efficiency. The 18S rRNA and the elF4a were therefore used for the data normalisation.

5.3.4 gRT-PCR gene expression analysis in in vitro and ex vitro plants

Although the in vitro system employed in this work is a very powerful tool for the screening of
several genes involved in the ‘Ca. P.mali’-apple interaction a drawback of the system is the
impossibility to analyse the gene expression in the root organ because not developed in our in vitro
conditions. Additionally, the gene expression with environmental parameters like those that affect
in field-grown plants can influence how the plants react against the pathogen. Bisognin et al.
(2008a) showed that the resistant genotype can be characterised in vitro suggesting that the
resistance can be efficiently studied in this system making it also suitable for our purposes.
Nevertheless, to test the genes individuated in the screening in plants that were grown in
conditions more similar to those present in field, we performed the same real-time analysis on
healthy and infected plants derived from in vitro cultures and transferred to the greenhouse, termed
as ex vitro plants. These were first maintained and infected through micrograftings and then after
induction of root formation were transferred from the in vitro condition in pots and further cultivated
in greenhouse. In this way, we could analyse also the gene expression in roots but more in general
the gene expression in a fully developed plant with environmental parameters more similar to those
present in field. The greenhouse conditions ensured a better homogeneity of the material than field

conditions.

54 Gene expression analysis of the ‘Ca. P. mali’-plant interaction in
susceptible and resistant Malus genotypes

54.1 Real-time PCR data analysis of the cDNA-AFLP-derived differentially
expressed genes

The real-time PCR analysis was performed to verify if the genes identified in the cDNA-AFLP
analysis are really differentially expressed among healthy and infected status of a plant and, thus,
if they are involved in the ‘Ca. P. mali’-plant interaction. The reliability of the obtained data could be

evaluated in different ways. First, in real-time PCR analysis for each gene two different internal
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controls were used as normalisers. If the same trend of gene expression was seen with both
datasets, the real-time PCR data were judged reliable. Second, different tissue samples were
analysed: the real-time PCR analysis was performed on freshly extracted in vitro material from the
same healthy and infected genotypes used in the cDNA-AFLP. This can be considered as a
biological replicate to the cDNA-AFLP analysis. In addition, gene expression data for a subset of
genes was obtained from different organs of healthy and infected ex vitro plants. In this way, the
behaviour of a gene was compared between plants maintained in different conditions in order to
find out for which gene the expression level is influenced by the phytoplasma presence. A total of
20 genes were investigated and all of them were tested in in vitro tissues while only the half (gene
3,5,6,7,9, 11, 14, 15, 21, 22) was also analysed in ex vitro tissues. Further controls were applied
to assess the reliability of the method employed for the individuation and the analysis of the
differentially expressed candidate genes. In the cDNA-AFLP analysis the gene 24 was found to be
overexpressed in all the infected in vitro genotypes. Therefore, it was chosen as a further control
allowing the investigation of the gene expression in all the genotypes. In addition, the genes 25
and 35 were used as internal reference for the evaluation of the real-time analysis and procedure.
Both genes were similar to a putative squalene monooxygenase and the corresponding cDNA-
AFLP bands were individuated in two independent electrophoretic runs from the same specific
primer combination. The purpose of this procedure was to evaluate if the cDNA-AFLP analysis was
able to give reproducible data. Therefore, initially the cDNA-AFLP expression pattern of a primer
combination (TCC) was characterised in a first run selecting and excising the differentially
expressed bands. One of these generated the gene 25. Subsequently, in a new run the same
bands were again individuated and excised from the gel. The band corresponding to the position
from which the gene 25 originated was cloned and sequenced. The sequences were homologs
and the new band was called gene 35 and analysed as an independent gene. In this case, the aim
was to use it as internal control to test the reproducibility of our real-time system. Different primers
as those for the gene 25 were designed for the real-time PCR experiment. The gene 25 is
discussed more extensively later on. Here is noteworthy to mention that in in vitro plants the gene
35 resulted to be over-expressed in MS AT2 and under-expressed in HO909 AT2. In GD AP (EF-
normalised data) and M9 AP (elF4-normalised data) it showed also down-regulation. Compared to
the results obtained from the analysis of the gene 25 the same tendency was observed for MS and
HO0909 but not for M9 and GD. However, the general expression level in the plants analysed was
comparable for gene 25 and gene 35. This result confirms the importance to have more than one
internal control in order to increase the reliability of the data analysed through the method chosen.
This was particular evident for the gene expression analysis in D2212 roots. High differences were
seen for D2212 root between the data produced from the two internal controls. Although the
relative expression between healthy and infected status were very similar in the two normalised

datasets showing for each gene the same expression trend, in case of the 18S derived data they
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were affected from higher variability causing the differences not to be statistical significant as it was
in the case of elF4a. Thus, 18S was not a suitable normaliser in D2212 roots although the reason
for this is not clear.

In several cases, differences in the gene behaviour between tissues and genotypes were
observed and in some cases the differential expression trend, characterising the cDNA-AFLP
patterns of the genotypes, was not maintained in the gPCR analysis. This raised the question if the
sequences chosen correspond to those that produced the signal in the cDNA-AFLP analysis. In
addition, the in vitro plants used in the gRT-PCR derived from a new infection experiment which
might have caused differences observed in the behaviour of the genes isolated from the cDNA-
AFLP analysis in the first trial. Actually, the meaning to carry out the analysis on a new set of
infected plants was to try to screen out false positives not related with the plant reaction to the
phytoplasma infection. However, additional biological repetitions should be performed to define if
those genes are indeed involved in the response to the pathogen. The qRT-PCR analysis on ex
vitro plant tissues was performed with this purpose in order to gain more information for the
individuation of such genes. This could give also the advantage to analyse the gene expression in
plants that are grown in conditions more similar to those that can be found in the orchards.

From the real-time analysis, 12 genes resulted to be significantly differentially expressed in at least
one genotype either in vitro plants or in ex vitro plants. Nevertheless, in few cases a tendency to
over- or under-expression was observed though not supported by the statistical analysis due to the
high variability associated to the real-time datasets. In M. sieboldii and HO909 in vitro plants, 30
and 16 % of the genes, respectively, confirmed the cDNA-AFLP analysis resulting to be over-
expressed. Interestingly, in leaf tissue of HO909 ex vitro plants 67 % of the genes were up-
regulated confirming the tendency observed in the cDNA-AFLP analysis. In this case, since the
selection of the cDNA-AFLP differentially expressed bands was performed on green tissues only,
the real-time data obtained from leaves were comparable. Overall, about 20% of the genes
confirmed their cDNA-AFLP expression pattern in M. sieboldii or HO909 in either in vitro or ex vitro
plants. On the contrary, 30 % of the genes showed down-regulation or were not differentially

expressed. For the remaining 50 % of the genes a contrasting behaviour was observed.

5.4.1.1 Analysis of the genes with unknown function

Among the selected cDNA-AFLP fragments the genes 3, 14, 21, 22, 28, 30, 31 and 32 showed
similarities with sequences present in database with an unknown function.

The gene 3 showed no differential expression in tissues derived from infected in vitro plants.
The data of the cDNA-AFLP were not confirmed by the real-time PCR analysis. On the contrary, it
resulted to be up-regulated in root tissues of infected GD and M9 ex vitro plants. This result

indicates a differential expression in roots of M. x domestica genotypes. Further investigations
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need to be carried out to confirm the role of this gene in the response of susceptible genotypes to
the phytoplasma infection.

The gene 14 showed an expression pattern which could be attributed to differences between
M. x domestica and M. sieboldii. Only in MS this gene was under-expressed in in vitro plants and
not differentially expressed in ex vitro plants while in genotypes with a genomic contribution of M. x
domestica it showed rather a tendency to be over-expressed. In ex vitro plants it showed over-
expression in GD, M9 root tissue and D2212 leaf tissue (elF4-normalised dataset), HO909 leaf-
tissue (both controls) and HO909 root (18S-normalised dataset). In in vitro plants a strong over-
expression was observed only in the GD genotype infected with the AP strain while no differential
expression was seen in GD infected with strain AT-2. This result indicates a differential response of
the plant to the different phytoplasma strains. Indeed, significant differences in phytoplasma
concentration between the AP strain (also named PM4) and the AT-2 strain (named PM6) have
already reported for these in vitro cultures by Bisognin et al. (2008a). The AP strain was multiplied
to higher concentrations in the in vitro plants which might be reflected by the differential gene
expression of gene 14. It would therefore be important to elucidate the function of gene 14 to
interpret this result.

Contradictory results were obtained for the gene 21. Noteworthy is the expression in H0909 in
vitro plants where this gene shows an up-regulation of about 2 fold after phytoplasma infection. In
ex vitro plants the gene 21 resulted up-regulated in both the normalised datasets in M9 root as well
as in leaves of H0909 (18S-normalised dataset) while it was under-expressed in roots of M.
sieboldii and D2212 ex vitro plants. The tendency of over-expression in green tissues (in vitro
plants, ex vitro leaves) of HO909 and D2212 indicate a confirmation of the cDNA-AFLP result in the
real-time PCR analysis. A specific correlation of this gene to the phytoplasma infection needs to be
confirmed.

The analysis on the in vitro plants was not possible for the gene 22 due to the low quality of
the fluorescence curves characterised by high background noise and by the formation of unspecific
products. Moreover, also the data obtained for ex vitro plants exhibited a high variability which
influenced the statistical analysis. Except for GD roots this gene showed a tendency to over-
expression in ex vitro plants which was significant in MS root (elF4-dataset) and in D2212 leaf
tissue (both controls). As the data for susceptible M. x domestica genotypes GD and M9 were
contradictory and statistically not significant, the real-time PCR analysis confirms the cDNA-AFLP
data. This gene showed homology with a pepsin/ASP-protease domain at the amino acid
sequence level. However, at the nucleotidic sequence level homology with a product of unknown
function was found. Since conserved protease domains can be found in proteins involved in
considerably different pathways and functions, the gene 22 was included in the group of genes
with unknown function. From the gPCR analysis, this gene might be related to AP-resistance and it

merits therefore further investigation.
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Interesting observations can be derived for the genes 3, 14, 21, 22 from the comparison of the
general expression level between the ex vitro genotypes in the different tissues. GD showed
always the lowest expression level whereas in MS, H0909 and D2212 a comparable expression
level was observed. Only for the gene 3 the expression level of HO909 is similar to that of GD.
Differently, M9 showed about 4 times higher expression compared to GD and about 2 times higher
expression compared to the other genotypes. This indicates fundamental differences in gene
expression among the two cultivars of M. x domestica which further complicate the interpretation of
the gene expression data between susceptible and resistant genotypes.

The genes 28, 30, 31, 32 were analysed only in in vitro plants. The gene 28 was one of the
most interesting among those that resulted to be differentially expressed. In GD infected in vitro
plants the expression was about 4 fold higher compared to the healthy state while in MS the gene
was about 2 fold over-expressed. Interestingly, in HO909 a down-regulation of about 2 fold was
observed. From these results the gene 28 can be considered a candidate involved in the plant
response after phytoplasma infection but more deeply investigation are necessary to understand if
it is part of a general response or if it has a more specific function in the pathogen-plant interaction.
Regarding the general expression level it is interesting to observe that the M. x domestica
genotypes showed a higher general expression level compared to MS, H0909 and D2212.

The gene 30 was a particular case because it was possible to study its expression only in the
resistant genotypes showing under-expression only in MS AT2 with elF4-normalised data. In GD
and M9 no PCR product was obtained using this primer pair. Moreover, the general expression
level resulted to be almost 6 times higher in MS and D2212 compared to that of H0909. It is
noteworthy to mention that this gene derived by bands found differentially expressed only in HO909
and M. sieboldii (Table 21; TGC1 pattern ‘short-run’) and therefore isolated only from these two
genotypes.

The gene 31 showed differential expression in GD where it resulted to be about 3 fold over-
expressed and H0909 where it showed an about 3 fold down-regulation. No differential expression
was found in MS. Interestingly, the general expression level of M9 was lower compared to GD
healthy and it reached in H0909 after infection the level of M9. This might indicate the influence of
the allele of gene 31 deriving from M9 in the complex hybrid HO909 on its gene expression. On the
contrary, in GD after infection and in healthy and infected state in MS and D2212 the expression
level resulted to be 2-3 times higher than in GD healthy plants. This result can be interpreted in the
way that the expression of gene 31 needs to be up-regulated after phytoplasma infection in GD
whereas it has this high expression level constitutively in resistant genotypes. In this regard it is
noteworthy to mention that in the in vitro AP-resistance screening performed by Bisognin et al.
(2008a) on the same tissue cultures the genotypes H0909 was evaluated as less resistant than MS
and D2212. Thus, although the real-time PCR data were not in agreement with the cDNA-AFLP

data, gene 31 merits further investigation to elucidate its putative correlation to AP-resistance.
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The last of the studied genes with unknown function was the gene 32 resulting to be generally
differentially expressed. Interesting is to observe that in GD and H0909 the gene was under-
expressed while in MS it showed over-expression. HO909 shares part of its genome with the M. x
domestica genotypes, therefore, it could show a similar behaviour as in GD for some genes.
However, an over-expression of gene 32 was not only specific to M. sieboldii. An important
difference became apparent between the expression patterns of this gene in GD infected with
strain AP (under-expression) and strain AT-2 (over-expression). Thus, this gene showed a strain-
specific differential expression in GD which is further supported by the general expression level
which decreased after infection only in GD AP-infected plants. As discussed above, strain AT-2
showed lower multiplication efficiencies in the in vitro plants than strain AP (Bisognin et al., 2008a).
Further investigations might elucidate whether the product of gene 32 is involved in the reduced
multiplication of strain AT-2 in GD as well as in M. sieboldii. Nevertheless, as an increasing number
of reports (Seemiiller and Schneider, 2007; Kube et al., 2008; Schneider and Seemdiller, 2009)
demonstrate a high genetic variability among different ‘Ca. P. mali’ strains, this result demonstrates
for the first time that differences between strains can also be observed in the interaction with plant

genes.

5.4.1.2 Analysis of the genes with known function

The genes 5, 6, 7, 9, 11, 15, 23, 24, 27, 29, 33 and 35 showed similarities with genes of known
function. For the genes 5, 6, 7, 9, 11 and 15 the expression was studied in both the in vitro and ex
vitro plants while for the genes 24, 27, 29, 33 and 35 only in in vitro plants.

The gene 5 showed similarity to a class | chitinase, a basic chitinase in Arabidopsis thaliana
also classified as pathogen related protein 3 (PR3) activated in response to fungi but more
generally in the jasmonic acid- and ethylene-dependent systemic resistance and ethylene
mediated signalling pathway. This gene resulted to be significantly differentially expressed in in
vitro and ex vitro plants. In in vitro plants the gene showed over-expression in MS as well as in GD
AP and GD AT2. On the contrary, a significant under-expression was seen in H0909 and a similar
trend was observed for M9, both genotypes which share a part of their genome. In contrast to the
observations in in vitro plants, the gene was under-expressed in ex vitro plants of GD while in all
the resistant genotypes and all the tissues it was over-expressed. In M9 the gene resulted also to
be over-expressed but only in the elF4-normalised dataset. It is known (Christensen et al., 2005)
that after infection the phytoplasmas are activating the general response against pathogens or
stress. However, no direct effects are expected from chitinase against phytoplasma because they
lack a cell wall. Interestingly, in in vitro plants healthy HO909 and MS showed higher general
expression level compared to the other genotypes whereas after infection in HO909 the level
decreased in contrast to MS where there was an increment of the expression. In ex vitro plants the

expression level in M9 root was higher compared to the other genotypes and did not change after
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infection. Differently, in the resistant genotypes the expression increased to level comparable to
that of M9.

The gene 6 showed similarity to a chlorophyll a/b-binding protein. In previous works it was
shown that the chlorophyll a/b-binding protein content decreased in phytoplasma-infected plants
(Bertamini et al., 2002; Bertamini et al., 2003; Hren et al., 2009). This was associated either to a
down-regulation of genes encoding for chlorophyll a/b-binding proteins associated to the
photosystem | and Il (Hren et al., 2009) or due to a general depletion in the protein and pigment
content of infected leaves (Chang, 1998; Bertamini et al., 2002; Bertamini et al., 2003). The study
of the expression level of the gene 6 in in vitro plants showed a down-regulation in MS (EF-
normalised dataset) while in M9 (both controls) and H0909 (elF4-normalised dataset) the
expression level increased. Again, the genetically related genotypes exhibited similar gene
expression pattern. In ex vitro plants it was not possible to obtain reliable results probably because
of problems related to the primers used. In in vitro plants it is interesting to observe that the general
expression level in M9 was between 6 and 11 times lower than that of the other genotypes.

The gene 7 showed similarity with a COBRA-like protein. COBRA is a protein family involved

in the morphological development of the cell wall contributing to the interaction between the
membrane and the cell wall (Brady et al., 2007) affecting the cell expansion and its orientation in
roots (Schindelman et al., 2001; Ko et al., 2006). In in vitro plants it resulted under-expressed only
in elF4-normalised data of GD AP. In ex vitro plants in M9 root, HO909 (leaf and root) and D2212
leaf the gene resulted over-expressed in both the normalised datasets while in D2212 root (elF4-
normalised data) the gene was under-regulated. In ex vitro plants, also for this gene a higher
general expression level can be observed in M9 root compared to the other genotypes and more in
general it seems to be higher expressed in root tissues compared to leaf tissues.
It would be interesting to further investigate this gene to see if its involvement in the response to
the phytoplasma infection will be confirmed. In this case we could hypothesise that the
phytoplasmas presence induce modification in the expression of genes involved in the modification
of the cell shape determining the morphological changes observed in phloematic tissues of
symptomatic trees. In addition, Ko et al. (2006) showed that in A. thaliana cob-5 mutants the
absence of this gene triggers the expression of defence- and stress-related genes and that the
mutant plant exhibits abnormal cell growth throughout the entire plant body and accumulate
massive amounts of stress response chemicals such as anthocyanins and callose.

The gene 9 showed similarity with a metallothionein. Metallothioneins may provide protection
against heavy metal toxicity and oxidative stresses (Mir et al., 2004; Wong et al., 2004). In addition,
they were shown to be involved in the response to a pathogenic attack and wounding (Choi et al.,
1996; Degenhardt et al., 2005). In another work, a metallothionein gene was identified as
differentially expressed upon phytoplasma infection in Prunus (Carginale et al., 2004). The authors

suggested that the presence of the phytoplasma would induce a higher protein turnover in the plant
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increasing the availability of aminoacids essential for this pathogens which are dependending from
their host for several metabolites necessary for their cellular functions. This could generate a high
amount of heavy metals that would be toxic if not sequestered by proteins like the metallothionein.
From the gRT-PCR analysis in in vitro plants it resulted to be significantly over-expressed only in
HO0909. In ex vitro plants over-expression was observed in H0O909 and D2212 in leaf tissues (elF4-
and EF-normalised dataset) and GD root (18S-normalised data). In MS root and H0909 root the
gene showed under-expression (both dataset). Noteworthy is the opposite behaviour in root and
leaf tissues in the resistant genotypes. From the analysis of the general expression level it is
interesting to observe that the gene 9 was present at a higher level in root compared to leaf
tissues. In the latter the expression increases after infection and reaches in H0909 and D2212 a
value comparable to that observed in root tissues. According to the hypothesis of Carginale et al.
(2004) this signifies that the phytoplasma concentration in roots as well as in in vitro plants of
resistant genotypes was not high enough to induce metallothionein expression. The low
phytoplasma concentrations measured in roots of field-grown plants (Bisognin et al., 2008b) as
well as in tissue culture plants of M. sieboldii and D2212 (Bisognin et al., 2008a) support this
hypothesis. However, the over-expression of gene 9 in HO909 in in vitro as well as in ex vitro
plants has to be explained by other factors.

The gene 11 showed similarity to an aminopeptidase. The aminopeptidase function is related
to the proteolysis and peptidolysis that acts in the protein metabolism and turnover. Previous
studies suggested that higher protein degradation could be correlated with the phytoplasma
infection because it lacks the enzymatic pathway for the production of basic molecules like
aminoacids (Carginale et al., 2004; Christensen et al., 2005). Therefore, aminopeptidases could be
differentially regulated after the infection of phytoplasmas. The gene was found to be over-
expressed only in in vitro MS. In ex vitro plants the gene showed over-expression in GD root and
D2212 leaf in both elF4- and 18S-normalised data as well as in MS root (elF4-normalised data). In
ex vitro plants M9 and MS the gene 11 showed a higher general expression value compared to the
other genotypes. These data are difficult to correlate to a higher or lower phytoplasma
concentration in the plant as discussed above for gene 9. Further studies are needed to clarify the
role of gene 11 in the phytoplasma-plant interaction.

The study of the expression level for the gene 15 revealed a down-regulation in in vitro plants
of D2212 and H0909 that was significant in both normalised datasets for D2212 and in the elF4-
dataset for H0909. Although a statistically significant up-regulation was seen in GD AT2 (EF-
dataset), this was rather weak. A down-regulation of this gene was observed in ex vitro plants only
in roots of D2212 (both normalised datasets) whereas it resulted over-expressed in M9 root, HO909
leaf and D2212 leaf in both the normalised datasets. A differential expression of gene 15 in M.
sieboldii was absent in in vitro plants and only weak in roots of ex vitro plants (18S-normalised

data). It is interesting to observe that the general expression level in root tissue was higher
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compared to the expression level in leaf tissue where it seems to be activated after infection. In the
BLAST analysis gene 15 showed similarity with a leucine rich repeat (LRR) family
protein/extension family protein potentially involved in the regulation of cell wall expansion in
response to signalling (Baumberger et al., 2003). The data obtained in this thesis do not reveal a
clear correlation of the expression pattern of this gene to AP-resistance or phytoplasma-infection.
Therefore, further investigations are necessary to understand if this gene is indeed involved in the
gene response after the phytoplasma infection.

The cDNA-AFLP bands from which the gene 24 was identified were isolated from all the
genotypes because this band indicated an over-expression in all the infected states. After
sequencing of the corresponding clones a sequence common to all genotypes was identified which
showed a similarity to an AKINgamma gene of Arabidopsis thaliana. AKINgamma is a subunit
involved in the formation of a kinase complex SnRK1 (Gissot et al., 2006). This kinase is putatively
acting in plant-specific functions such as plant-pathogen interactions. In the real-time PCR analysis
on in vitro plants a trend of a down-regulation of this gene was observed which was significant in
GD AP and D2212 AP in EF-normalised data and in M9 AP and H0909 AT2 for the elF4-
normalised data. These results are in contrast to the expression pattern observed in the cDNA-
AFLP analysis where the corresponding band was selected as up-regulated. Its general expression
level resulted to be comparable in all the genotypes though in GD healthy and AT2 infected it was
slightly higher. Assuming that gene 24 plays a general role in plant-pathogen interactions these
contrasting data would indicate fluctuation in the expression of this gene because the biological
replicates used for the cDNA-AFLP analysis and the real-time PCR analysis behaved differently.
Further repetitions and investigations are necessary - also including the ex vitro plants - to
investigate if this gene is really involved in a general response of the plant to the phytoplasma
infection and at which period of the infection process it is activated.

The gene 25 showed similarity to a squalene monoxygenase (squalene epoxidase 3 from A.
thaliana; accession number NP_568033.1). This enzyme converts squalene into oxidosqualene
which is the precursor of cyclic triterpenoids including membrane sterols, brassinosteroid
phytohormones and non-steroidal triterpenoids (Xu et al., 2004; Phillips et al., 2006; Rasbery et al.,
2007). These are classes of compounds that are associated with several different cellular roles like
components of the membrane (membrane sterols), plant growth and development
(brassinosteroids) and disease resistance (saponins) (Phillips et al., 2006), As shown in previous
work on spiroplasmas, steroids are needed for the growth of spiroplasmas in axenic condition
(Bové et al., 1989). Also, ‘Ca. P. mali’ has no metabolic pathway for steroid synthesis and is
dependent on the steroids of the plant (Kube et al., 2008). From the expression analysis the gene
25 resulted over-expressed in MS AT2 and under-expressed in H0O909 AT2. Interestingly, the
general expression level in GD healthy and infected was higher compared to the other genotypes

and that a similar level was reached in MS plants after infection.
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The gene 27 was found in several clones and resulted to have homology with a copine like
bonzail (BON1/CPN family) protein of Arabidopsis thaliana. This gene is known to be involved in
the down-regulation of a disease resistance gene (R) SNC1. Yang et al. (2006) showed that this is
a gene family that can be involved in the repression of several R genes and, therefore, its study in
this thesis was interesting in order to see if there was differential regulation after the infection
through phytoplasma. Only in M9 AP (elF4-normalised data) and D2212 AP (18S-normalised data)
a weak but significant under-regulation was shown. Also in this case the general expression level
in GD healthy and infected in vitro plants was higher compared to that observed in the other
genotypes. As cDNA-AFLP data and real-time PCR data are not in agreement, further studies are
needed to verify a potential role of gene 27 in the infection process of ‘Ca. P. mali’. Assuming the
repression of R genes by the expression of gene 27, its lower general expression level in AP-
resistant genotypes would fit. Although in this scenario the under-expression in M9 needs to be
explained, this would be an indication that resistance genes are involved in AP-resistance.

The gene 29 showed homology to an Hsp70-like protein. Hsp70 molecular chaperones of
plants are encoded by a multi-gene family whose members are developmentally regulated and
differentially expressed in response to temperature stress and other conditions that interrupt
normal protein folding or favour protein denaturation (Miemyk, 1997; Sung et al., 2001). Stress-
induced Hsp70s function to mitigate aggregation of stress-denatured proteins and to refold non-
native proteins restoring their biological function (Sung et al., 2001). It is proposed that, at least in
tomato, Hsp70/Hsc70 is induced by avirulent strains of R. solanacearum as part of the defence
response to chaperone newly synthesized defence proteins and to maintain cellular homeostasis
essential for the execution of a defence response (Byth et al., 2001). In the real-time PCR analysis
the gene resulted to be down-regulated in GD AT2 and GD AP (significant in EF-normalised data).
In the general expression analysis a lower level was observed in M9 (about 5-6 times), HO909
(about 3 times), MS and D2212 (about 2 times) compared to the GD healthy plants. Also in this
case the real-time PCR data do not correspond to the cDNA-AFLP data in which the band
corresponding to gene 29 was selected as over-expressed in resistant genotypes. However, the
real-time PCR analysis revealed an important down-regulation of this gene in resistant genotypes —
even when compared to the infected status of GD. Assuming a similar function of gene 29 in AP-
resistance as in the system R. solanacearum/tomato (Byth et al., 2001) the obtained data indicate
a time point-dependent expression of this gene. In the infected resistant in vitro plants used for the
real-time PCR experiment the plant defense could have reached a stable level and the expression
of gene 29 would not have been necessary any more. A specific experiment in which the
expression of gene 29 is studied at different time points after in vitro graft-inoculation is needed to
verify this hypothesis.

The gene 33 showed similarity to a glycolate oxidase. Glycolate oxidase is a peroxisomal

flavin mononucleotide (FMN)-dependent oxidase that catalyses the oxidation of a-hydroxy acids to
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the corresponding a-ketoacids. In green plants, glycolate oxidase is one of the enzymes in
photorespiration, a pathway that results in reduced net photosynthesis (Lindqvist and Branden,
1989). In other works, it was shown that this enzyme is also involved in biotic and abiotic stresses
playing a role in the regulation of H,O, generation (Corpas et al., 2001; del Rio et al., 2003; Palma
et al., 2009). In the real-time PCR analysis of in vitro plants the gene 33 showed significant
differential expression only in M9 AP (elF4-normalised data) resulting down-regulated. An over-
expression was observed with both normalisers in MS AT2 although it was not significant due to
the high variability of the data. An up-regulation in infected plants of the resistance donor M.
sieboldii confirm the cDNA-AFLP data and would be an indication that gene 33 is involved in the

resistance to ‘Ca. P. mali’.

5.4.2 The phytoplasmas induce a general stress response in apple plants

The data obtained from the gene expression analysis were in several cases affected by
variability. The cDNA-AFLP data and the real-time PCR data were often not in agreement.
Although the gene expression pattern were analysed in stably infected in vitro-grown plants, this
variation can be attributed in part to the different plant material used for the two analyses. As
discussed above, cDNA-AFLP data have technical limits and need confirmation by an independent
method. In this respect, qRT-PCR vyields data that are more reliable and, therefore, the
interpretation of the gene expression results was mainly based on the real-time PCR data.
Although the in vitro system has been proven to be a powerful tool for the study of the resistance to
AP in apple plants, the genes individuated as differentially expressed had to be confirmed in plants
grown in conditions similar to those present in the orchards. Therefore, alternatively to further gRT-
PCR analysis on the in vitro plants, ex vitro plants were used to assess the expression of the
analysed genes. The interpretation of the data is also limited by the high number of genes for
which no function could be assigned (genes 3, 14, 21, 22, 28, 30, 31, 32 ). E.g., the differential
expression of gene 22 indicate a possible involvement in the resistance phenotype but no
hypothesis of the resistance mechanism can be deduced because of its unknown function.

The determination of the entire genome sequence of ‘Ca. P. mali’ (Kube et al., 2008)
revealed that the phytoplasma lacks a wide range of metabolic pathways and is dependent on a
multitude of plant metabolites. Biochemical measurements of the compounds produced or
degraded during the infection showed a broad spectrum of metabolisms involved in the plant-
phytoplasma interaction (Kartte and Seemdller, 1991; Lepka et al.,, 1999; Choi et al., 2004).
Consequently, genes involved in various metabolic pathways have been found to be differentially
regulated after phytoplasma infection by other studies (Carginale et al., 2004; Aldaghi, 2009). This
further complicated the individuation of genes directly involved in the resistance response against

‘Ca. P. mali’.
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The gene expression data obtained in this thesis demonstrate that ‘Ca. P. mali’ induces a general
stress response in apple plants. Based on the genes which had homology to known sequences
genes associated with general plant defence, energy transport/oxidative stress response, protein
metabolism and cellular growth were identified.

Genes 5, 24, 27 and 29 are related to the general plant defence induced upon pathogen
attack or abiotic stress. It is not clear if these genes are activated by a general stress due to the
presence of the phytoplasma (blocking of sieve tubes, depletion of metabolites etc.) or because of
the identification of molecules that reveal its presence in the host. Although the genes 5 (chitinase
I) and 29 (Hsp70) are homologous to proteins known to be involved in the general plant response,
the genes 24 (AKINgamma) and 27 (BON1/CPN family) are good candidates for further
investigations. AKIN proteins are involved in the assembly of the SnRK1 kinase complex which
plays a role in plant-pathogen interaction (Hao et al., 2003; Gissot et al., 2006) and as cellular
energy sensor regulating the resources allocation between plant organs (Schwachtje et al., 2006;
Lee et al., 2009). Therefore, the gene 24 together with the gene 27 which has a role in the
regulation of the disease resistance gene SNC1 merit further investigation as candidates for a
specific answer in the resistant genotypes.

Genes 6, 9, 25 and 33 show homology to genes involved in energy transfer and oxidative
metabolisms. Although differential expression was observed only in some genotypes this group
could be interesting for further studies. Physiological studies in AP-diseased apple plants showed
that the presence of the phytoplasma has a negative influx on the photosystems and in the
discharge of the electron transfer chains (Bertamini et al., 2002; Bertamini et al., 2003). A resulting
effect is the generation of reactive oxygen species (ROS) with subsequent production of hydrogen
peroxide (H.O,). As mentioned above for the gene 33, glycolate oxidase can be involved in
defensive mechanisms with generation of H,O, (Corpas et al., 2001; del Rio et al., 2003; Palma et
al., 2009). H,0, is involved in pathogen response (Baker and Orlandi, 1995) and activates a series
of responses like the sterol pathway of which squalene monoxygenase (gene 25 and 35) is a key
enzyme (Pose et al., 2009). Because of the toxicity of H,O, its effect is modulated in defence
responses by ROS scavengers including metallothioneins (gene 9) which expression was shown to
affect pathogen susceptibility to both bacterial blight and blast infection in rice (Oryza sativa)
(Wong et al., 2004). Interestingly, this gene in ex vitro plants of the resistant genotypes shows
down-regulation in roots and up-regulation in leaf tissues.

The product of the gene 9 could be also associated, as well as the gene 11, to mechanisms
related with protein degradation and aminoacid metabolisms. The phytoplasmas could specifically
stimulate these pathways to render available basic molecules for their metabolism (Carginale et al.,
2004) or could imbalance the phloematic transport of nutrients unspecifically affecting the plant

metabolism (Seemdller et al., 1984; Lepka et al., 1999).
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The last functional group, to which the gene 7 and 15 belongs, was associated to genes that
may be involved in the regulation of the plant development. Both showed differential expression in
ex vitro plants not supported by the results in in vitro tissues. Further analyses are necessary to
better characterise their expression behaviour. These genes could give insights on how the
phytoplasma acts inducing dramatic changes in plant phenotype. Very little is known on this aspect
of the AP-infection where the development of the symptoms suggest a strong modification of the
signals and the pathways that regulate the cell growth but less is known on which pathways are
involved.

Two genes (gene 14, 32) with unknown function showed a ‘Ca. P. mali’ strain-specific
differential expression. This indicates that the plant specifically reacts to the phytoplasma strain.
Differences in virulence among ‘Ca. P. mali’ strains (Seemiller and Schneider, 2007), as well as
differences in phytoplasma concentration in the studied in vitro plants (Bisognin et al., 2008a)
support this strain-specific pathogen-plant interaction. This result further increases the complexity

of the interaction between ‘Ca. P. mali’ and the plant.

5.4.3 The resistance to apple proliferation

One major objective of this thesis was to analyse the nature of resistance to apple
proliferation. As mentioned previously, this resistance is characterised by the absence of
symptoms and a reduced concentration of the phytoplasma in the infected plant. This can be
observed in the field (Seemdiller et al., 2008; Bisognin et al., 2008b) where the root organ and the
seasonal colonisation behaviour of the phytoplasma play an important role as well as in the in vitro
system (Bisognin et al., 2008a) where no roots are present. However, the nature of this resistance
was completely unknown at the beginning of this thesis and the interaction of the phytoplasma with
the resistant plant represented a “black box”. Due to the complexity of the interaction between ‘Ca.
P. mali’ and the plant, the data obtained in this thesis did not allow elucidating the resistance
mechanism, but they allowed shedding light into this “black box”. As discussed in the previous
chapter, a multitude of various plant genes is differentially expressed after phytoplasma infection.
This was observed for the susceptible as well as for the resistant genotypes. However, no strong
expression of a resistance-related gene was detected in the resistant genotypes. The picture which
can be drawn from the data rather indicate two ways in which the resistance is manifested in the
plant: 1. the general plant defense is specifically activated or 2. the production of metabolites
necessary for the phytoplasma development is altered in resistant genotypes. The differential
expression of the genes 5, 22, 27, 29 and 33 especially in the resistance donor M. sieboldii support
the first hypothesis. The down-regulation of gene 6 and the differential regulation of gene 25 might
be indications for the second hypothesis.

It is important to note that the gene expression was studied in homogenously infected plants.

Thus, only genes which are constantely expressed during phytoplasma infection could be found
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and not the genes which react at the beginning of the infection. Therefore, the resistant phenotype
can also be due to a constitutive difference in the expression level of certain genes. A higher or
lower constitutive expression level of certain genes could influence the susceptibility of the plant to
pathogens (Gau et al., 2004; Degenhardt et al., 2005). The comparison of the differential
expression between susceptible and resistant plants is not sufficient alone to give a picture of how
the pathogen interacts with the host. Genes that appear not to be differentially expressed or that
show a lower grade of induction or inhibition can have a constitutive expression level considerably
higher or lower as the level shown by genotypes that react stronger after infection. In these cases,
such genes will appear not or only slightly differentially expressed but their constitutive expression
level could contribute to the resistance character against the pathogen attack (Degenhardt et al.,
2005).

The constitutive expression level of genes is of particular interest in the resistant genotypes
as they are triploid or tetraploid. In this regard, the gRT-PCR analysis was very useful as it was
able to reveal these differences of the general expression levels. Although the in vitro data were
characterised in several cases by high variability the general expression level often appeared to be
comparable between the genotypes. In addition, the comparison of the in vitro and ex vitro data
observed for M9 (that has a 2n genome) with those for the resistant hybrids suggest that there is
no correlation between ploidy and constitutive expression level. These observations are supported
also by another study where gene expression analysis in a maize ploidy series showed that for
several genes the expression level was not related to the ploidy level (Guo et al., 1996). Thus,
differences in general gene expression might be directly correlated to resistance and might be
inherited in the SMAP breeding program to the recombinant progeny which has lower ploidy (3n).
However, independent from the ploidy degree intrinsic differences in the constitutive expression
levels of some genes were seen in the healthy state which indicate genotypic differences.

Interesting is also to observe that in ex vitro plants two genes have a different expression level
between root and leaf tissues and that after infection these show an opposite tendency in their
differential expression in the two tissues (genes 9 and 15).

In previous work it was shown that some plants could undergo a spontaneous remission of the
symptoms, a phenomenon known as recovery. It was observed that in recovered plants the
phytoplasma can be still present in the roots but cannot colonise the above ground part of the plant
(Carraro et al.,, 2004). In contrast, symptomatic trees were completely colonised. Variations in
symptom expression are related to the presence or absence of phytoplasmas in the aerial part of
the plants (Seemidiller et al., 1984). In recovered plants the phytoplasmas may or may not be
eliminated from the bottom part (Schmid, 1965) but the diffusion of the pathogen in the phloem
seems to be hindered. Little is known about the recovery mechanism. Musetti et al (2004) showed
that in ‘Ca. P. mali’-infected leaves, but not in roots of the recovered plants, an overproduction of

H,O, was in association to a lower activity of guaiacol peroxidase (GPX) and a lower content of
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reduced glutathione (GSH). Because GSH and GPX have an antioxidative role, in the same work
the authors hypothesised that the low level of these compounds were correlated to the high level of
H,O, inducing an oxidative stress with the following production of reactive oxygen species (ROS).
The evidence of ROS activity was supported by the observation of elevated malondialdehyde
(MDA) content in the leaves of recovered plants. They suggested that the MDA derived from the
biosynthesis of breakdown products due to lipid (membrane) peroxidation. This system was
supposed to be at the base of the recovery allowing the elimination of the phytoplasmas from the
canopy due to the toxicity of the produced ROS species (Musetti et al., 2004; Musetti et al., 2005).
The “recovery” phenotype resembles the “resistant” phenotype. It was therefore interesting to
analyse if a similar mechanism is involved in the resistance observed in the M. sieboldii-derived
genotypes. The expression pattern observed for the gene 25 (squalene monoxigenase) and the
gene 33 (glycolate oxidase) would fit with a scenario where both genes are actors in a response
resembling that presented by Musetti et al.. In peroxisomes, glycolate oxidase directly produce
H,O, (as byproduct of the photorespiration) which is removed by catalases (Corpas et al., 2001,
del Rio et al.,, 2006; Palma et al., 2009). Nevertheless, in stress conditions catalases can be
repressed or not associated to peroxisomes (del Rio et al., 1996; del Rio et al., 2002) leading to
the production of free H,O,. In addition, impaired content of chlorophyll a/b binding protein (gene 6
was down-regulated in MS) has a negative effect on the assembly of the photosystem Il (PSII) and
on the electron transport rate (de Bianchi et al., 2008). In phytoplasma-infected plants it was shown
that the content in photosystems | and Il as well as that of chlorophyll a/b binding proteins is
affected in leaves (Bertamini et al., 2002; Bertamini et al., 2003; Maust et al., 2003; Albertazzi et
al., 2009; Hren et al., 2009). In these conditions, CO, assimilation is impaired and an increased
photorespiration leads to accumulation of glycolate that is transported to peroxisomes (Goyal and
Tolbert, 1996; Fryer et al., 1998; Maurino and Peterhansel, 2010). Finally, increased content in
glycolate would generate higher content of H,O, through the activity of the glycolate oxidase
(Corpas et al., 2001; del Rio et al., 2006; Palma et al., 2009). H,O, has a signal function in many
physiological processes, including hypersensitive response to pathogens, growth and development
(Corpas et al., 2001; Neill et al., 2002; Neill et al., 2002). It was shown that H,O, stimulates the
production of saponins (Hu et al., 2003) which are synthetised starting from squalene and involving
the activity of squalene epoxidase (gene 25). Saponins are known to have a role in the plant
defence and to have antibacterial properties (Mandal et al., 2005; Avato et al., 2006). Among the
gram-positive bacteria that were shown to be highly inhibited there was also B. subtilis which
shares high homology on genomic structure with the phytoplasmas (Miyata et al., 2002).
Therefore, in case of the resistant M. sieboldii genotype we could hypothesise that the production
of H,O, is induced by the phytoplasma either through direct activation of the plant defense or

through modification of photosynthetic pathways. H,O, can act directly against the phytoplasma
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itself or can induce the expression of further genes involved in the synthesis of pathogen defence-
related molecules.

These responses activated in M. sieboldii by the phytoplasma presence would be at the base
of its resistance. Comparing this behaviour to the modifications observed in recovered plants, it is
intriguing to notice how the responses of resistant plants observed in this study resemble the
phenomenon of recovery. Nevertheless, recovery occurs stochastically and especially old plants
while in M. sieboldii it seems to be an inducible feature that is activated in a reproducible way
resulting in resistance against ‘Ca. P. mali’.

Further experiments are necessary in order to gain more information over the plant-
phytoplasma interaction. One important aspect is that the gPCR method developed for the gene
expression analysis proofed to be a reliable tool delivering results that can be repeated in a fast
and easy procedure. This will allow the analysis of genes related to the pathways individuated in

this thesis in order to elucidate the mechanisms involved.

55 Conclusions and outlook

The results obtained in this thesis showed that processes involved in the plant defense
against pathogens are activated after phytoplasma infection. Genes 5, 24, 27 and 29 are involved
in the general response to pathogens and differences between the susceptible and the resistant
genotypes were also seen. In addition, the behaviour observed for the genes 14 and 22 merit
further investigation to clarify if there is a specific answer in resistant genotypes against the ‘Ca. P.
mali’ and also if there are differences between ‘Ca. P. mali strains’. However, what can be
observed from the experiments is a system in which the plant appears to react to the phytoplasma
presence involving multiple mechanisms and metabolisms. Gene expression studies in such
systems are difficult because of the high number of genes involved. Moreover, if the constitutive
level of gene products has an influence on the capability of the phytoplasma to colonise the plant
then an approach in which the differentially expressed genes are investigated will be not
successful for the determination of those genes involved in the AP-defense. Differences of
metabolites characterising M. sieboldii compared to M. x domestica can be at the base of the
different susceptibility to ‘Ca. P. mali’. Therefore, although the genes that were found in this study
were in line with previous work new insights were gained on the metabolisms or the mechanisms
conferring the resistance character. The induced response observed in M. sieboldii makes us to
hypothesise a type of resistance resembling the recovery phenomenon with the important
characteristic that in M. sieboldii this would be an inducible, reproducible and inheritable feature. In
addition, to prove that genes individuated as differentially expressed are really involved in the
response and can be inherited maintaining their expression pattern in the apple offspring, an
analysis on the segregating population has to be performed. Since it was observed that plants

obtained from the crossings of the M. sieboldii-derived genotypes and the M. x domestica showed
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different degrees of resistance (Bisognin et al., 2008b), it is reasonable to think that this is
characterised by a multigenic action instead of a monogenic feature. In such a case studies on the
gene expression have to be conducted on a population of resistant plants in order to individuate
common genic products involved in the response after the infection (Klink and Matthews, 2009;
Manosalva et al., 2009). A systematic screening of key enzymes involved in the reaction to
pathogenic attacks could be carried out in a relatively high number of plants using as approach the
gRT-PCR method employed in this thesis. Alternatively, the construction of a microarray containing
all the possible genes expressed from M. sieboldii could be another approach for the individuation
of differentially expressed genes but since no sequence information is available on this genotype, a
preliminary cloning of the whole transcriptome would be necessary. This would be a very
expensive and time consuming approach compared to a real time PCR approach.

Further possible information on the way the phytoplasma colonises the plant could be obtained
from the study of its genome. The individuation of which plant metabolisms are required and if
there are virulence factors that are recognised by the plants could give further insights on the
pathogen-host interaction.

This thesis was initiated when very poor information was available on the phytoplasma-apple
interaction. The gRT-PCR method developed here for the fast analysis of the gene expression is a
tool that showed a great potential for the study of the ‘Ca. P. mali’-apple interaction and can be
employed for future screening of the expression levels of genes putatively involved in the response
mechanisms. Even if observed differences in gene expression were not statistically significant due
to high variability of the data for some genes important indications about their expression
behaviour could be obtained.

The expression level analysis of genes known to be related to defence mechanisms can give
insights on the differences that render M. sieboldii plants resistant compared to M. x domestica.
This can be an outlook of this work where the gRT PCR method can be employed for the direct
comparison of specific metabolic pathways. The increasing availability of information on the
genomic sequences (IASMA is completing the sequencing of the M. x domestica cv Golden
delicious) can represent a source for the individuation of putative genes related to metabolic
differences with the resistant genotypes. Studies focused on the comparison of such metabolisms
could be conducted for the determination if such differences are involved in the response
mechanism against the pathogen.

The general picture resulting from this thesis shows that a broad range of modifications take place
in the plant metabolisms after the infection of the phytoplasma and that there are variations
observed in the expression of genes involved in the general answer against stress and pathogens
that could be at the base of the resistance character in M. sieboldii. In addition, plants that result
resistant could be advantaged having a general expression level of gene products that better

absorbe the impact due to the phytoplasma presence or that are creating physiological conditions
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hindering the successful colonization of the host by the phytoplasmas. This aspect has to be
further investigated. An approach focused on the characterization of the expression level of the
genes in relation to the capability of the phytoplasma to colonise the plant would be necessary
instead of studying the variations in the gene expression that occur after the infection. Important
would be also the design of an experiment where the infection process is monitored through a
period. A time course analysis would be necessary to investigate different activations of genes in
the early phases after graft-inoculation. Genes expressed in the initial steps of the phytoplasma-
plant interaction could play an important role in the definition of the resistance. In this thesis, it was
not possible to investigate this aspect because the genes were studied in the late period where
they could have reached a steady state and other genes could have been involved in the process
only in a transitional way. Moreover, genes that were found to be differentially expressed should be
further analysed in a higher number of plants in other genotypes to confirm their differential
expression after the phytoplasma infection. In this view, the characterisation of the resistant plants
derived from the new crossing will be crucial for the selection of candidate genotypes for the
development of a new rootstock with sufficient resistant traits and good agronomic characteristics.
Therefore, the markers K, C8 and 30 together with the SNP markers will add further high quality
markers to the SSR data for the genomic analysis of the breeding progeny and the mapping of the
resistance trait. In addition, the association of these markers with expressed genes will represent a
further advantage allowing gaining information about the mechanisms or pathways that are
inherited and the phenotypical traits observed in the seedlings. This would be not only an
advantage for the selection of the resistant traits but also for the selection of other interesting traits

like those associated to agronomical values.
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