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SUMMARY

Apple proliferation (AP) disease caused I3ahdidatusPhytoplasma mali’ is one of the most
economical important diseases in the apple industiysing tasteless undersized fruits. A project
to produce AP-resistant rootstocks by crossingnideral resistant wild typ®. sieboldii with
commercialM. domesticaapple rootstock varieties, observed severe dedire death in the
progeny associated with latent apple viruses, namgple stem grooving virus (ASGV) and
Apple stem pitting virus (ASPV). This study aimedexplain this phenomenon by gaining new
information on the causative agent(s) as well ase® if there is any interaction between the
different apple viruses or between virus and phgspa, and to study the effect of these
pathogens oM. sieboldij M. domesticaand the hybrid progeny. The genome of the ASGV-AC
strain, which was associated with the decline, determined and variability and evolutionary
studies were performed, revealing significant défees in the selection pressure of two variable
areas in the genome. An vitro culture system was established and ASGV, ASPV'‘&ad P.
mali’ were successfully graft-transmitted to thfetent Malus genotypes as single infection or
as virus-virus and virus-phytoplasma co-infectidhe transmission rate was severely affected by
the Malus genotype, with each genotype acting differentlyne different virus, virus-virus and
virus-phytoplasma combinations. A hypersensitivacten was observed av. sieboldii and
some of theMl. siebolditderived hybrid progeny depending on the inocutan& hybrids showed
severe resistance reactions while others recovioed the initial reaction and allowed the
systemic spread of the virus(es). Quantitative Re@ake PCR was established for ASGV and
ASPV and used to determine the mean virus titerptemt cell. ASGV titer was significantly
lower compared to ASPV ikl. domesticaThe ASGV titer was lower iM. domesticacompared

to M. sieboldiiand the hybrid progeny confirming the tolerantunatof M. domesticatowards
ASGV. An antagonistic interaction was observed leetwASGV and ASPV, with the ASGV
titer decreasing by half when co-infected with ASR¥hile the ASPV titer is unchanged. An
antagonistic interaction was also observed betwe&e@V and Ca. P. mali’. While the Ca. P.
mali’ titer was significantly increased, the ASGtét was decreased compared to the titer values
obtained from single infections. This is the figudy performed on the possible interaction

between phytoplasma and virus.
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ZUSAMMENFASSUNG

Apfeltriebsucht (AT), verursacht durchCandidatus Phytoplasma mali’, gehoért zu den
wirtschaftlich wichtigsten Krankheiten im Apfelanbaund verursacht geschmacklose und
kleinwichsige Frichte. Ein Projekt zur Entwicklumgn AT-resistenten Unterlagen, basierend
auf der Kreuzung von natturlicherweise resistenténsieboldiimit kommerziellerM. domestica
Apfelunterlagen, zeigte in der NachkommenschaftkstaAbsterbeerscheinungen, wenn die
Pflanzen mit latenten Apfelviren wie Apple stemayrimg virus (ASGV) und Apple stem pitting
virus (ASPV) infiziert waren. Das Ziel dieser Arbeiar, dieses Phanomen durch Identifizierung
der verantwortlichen Pathogene zu erklaren sowgeVilechselwirkungen zwischen den Viren
und zwischen Viren und Phytoplasmen in den versi@nenMalus-Arten zu untersuchen. Das
Genom des Absterbeeerscheinungen-auslosenden StarA®6&V-AC wurde sequenziert.
Analysen der genetischen Variabilitat und der evoh#iren Entwicklung zeigten signifikante
Unterschiede im Selektionsdruck auf zwei variabkgiBnen im Virusgenom. Eim vitro-
Kultur-System wurde etabliert, und ASGV, ASPV ur@h' P. mali’ wurden erfolgreich durch
Pfropfung auf verschieden®lalus-Genotypen als Einzelinfektion oder als Virus-Viruad
Virus-Phytoplasma-Mischinfektion (ibertragen. Dieedbagungsrate wurde stark vawalus
Genotyp beeinflusst, jeder Genotyp reagierte uciégdlich auf die verschiedenen
Kombinationen von Virus, Virus-Virus und Virus-Pbplasma. Je nach Inokulum wurde eine
hypersensitive Reaktion beWl. sieboldii und einigen M. sieboldii abgeleiteten Hybriden
beobachtet. Einige Hybride zeigten eine starke d&&mszreaktion, wahrend sich andere von der
anfanglichen Reaktion erholten und den Viren deteypatische Ausbreitung ermdglichten. Eine
quantitative Real-Time PCR wurde fir ASGV und ASé&bliert und dazu verwendet, um den
mittleren Virustiter pro Pflanzenzelle zu bestimmé&er ASGV-Titer war inM. domestica
signifikant niedriger im Vergleich zu ASPV. Der AS& iter war auch geringer iN. domestica
im Vergleich zuM. sieboldiiund den abgeleiteten Hybriden, was die ToleramzModomestica
gegentber ASGV bestatigt. Eine antagonistische W&alrkung zwischen ASGV und ASPV
wurde beobachtet; in Mischinfektion mit ASPV istrd&SGV-Titer um die Halfte reduziert,
wahrend der ASPV-Titer unverandert bleibt. Eineagonistische Wechselwirkung wurde auch
zwischen ASGV undCa. P. mali’ festgestellt. Wahrend deZa. P. mali’-Titer signifikant erhoht
war, erniedrigte sich der ASGV-Titer im Vergleich len bei Einzelinfektion beobachteten
Werten. Dies ist die erste Studie, die zu den mnobigh Wechselwirkungen zwischen
Phytoplasmen und Viren durchgefihrt wurde.
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1 INTRODUCTION

1.1 GENERAL INTRODUCTION AND PROJECT AIMS

Apple is one of the most important fruit crops iar&pe. In the 28 European Union countries
approximately 10.4 million tons, covering an aréeb50 000 hectares was produced in 2010
(FAO stat). Germany is thé"biggest producer of apples in the EU, behind JtRgland and
France, producing 835 000 tons of apples, coveaimgarea of 31820 hectares (2010). Apple
proliferation disease was first described in theyeE950’s and rapidly spread all over Europe to
reach epidemic proportions in the year 2000. Geynaand Italy was hit the hardest with 25 and
100 million euro lost due to an apple proliferatmutbreak (Straus, 2009). Apple proliferation is
caused byCandidatusPhytoplasma mali’, a wall-less, phloem-restrictgdnt pathogenic gram-
positive eubacteria belonging to the cld4sllicutes (Weisburget al., 1989; Bové and Garnier,

1998). The disease causes undersized tasteless femdering them unmarketable.

In 2003 the Instituto Agrario di San Michele in Mt@o and two German institutes, RLP
Agroscience GmBH, Alplanta, Institute for Plant Baah and the Biologische Bundesanstalt
(Julius-Kihn Institut) Dossenheim started a coltabion to find a solution to fight the disease.
Natural resistance to the disease was found invitlieapple type Malus sieboldiibut not in the
commercialM. domesticaapple trees. In the 1950s-1960k sieboldii was used to produce
rootstocks but they were too vigorous for the modepple cultivation, nevertheless the
resistance in these rootstocks was prowénsieboldiiwas crossed with standard apple rootstock
M9 since 2001 to combine resistance with other gootkstock traits. The resistance screening of
the progeny took place in field trials and in thensner 2006 unexpected decline and death was
observed in the potential resistant progeny. Upothér testing 3 latent viruses were identified
associated with the declin®pple stem grooving virUASGV), Apple stem pitting viruASPV)
andApple chlorotic leaf spot viruBACLSV). Previous studies showed tiat sieboldiiis acting
hypersensitive towards these viruses. Although Apmloliferation resistant rootstocks were

developed, the intolerance of the rootstocks tedteur latent viruses is problematic.



To study this phenomenon, we have to considehallrfluencing factoi (fig.1).

* The environment: If temperaturinutrition or season plays a role in the symp
expression.

* ‘Ca. P. mali: Different strains could have different virulentactors influencing thi
symptom expression of the ple

» Latent viruses: Which latent virlor combination of virusess responsibl for the decline
observed and is there a difference in the virul of isolates of the same viru

» Apple tree: Is thdalus genotype®ither the rootstock or the scion culti acting tolerant

or hypersensitive to these pathogens or combiratbpathgens’

Environment - Temperature
- Nutrition
- Seasons

Phytoplasma

* Virulent / avirulent
* strains Virus
« ASGV- strains
+ ASPV- strains

« ACLSV - strains

Apple tree
» Cultivars — resistant / tolerant / susceptible

Figure 1: The factors influencing the virus-virus and virus-phytoplasma interactions

The objective of this study was to analyze \-virus and virugphytoplasma interactis in
Malus genotypes and the effect thereof on the potengipleaproliferation resistant rootstocl
To achieve this more information was needed orvittuses responsible for this decline obser
in the field trials and a system was needed toystiuelse interetions under controlled condition
Aims:

* To do variability and evolutionary studies on AS to select areas of importanin virus

virulence for fragment svpping in the cDNA clone.



To construct full length infectious cDNA clones ABGV and ASPV to do fragment
swopping of virulent and less virulent virus isestas well as easy access to a genomic
stable isolate of each virus that could be usedr&msmission.

To establish anin vitro culture system where graft transmissions of vsused
phytoplasma can be performed.

To establish homogenous culture linesvi#lus domesticaM. sieboldiiandM. sieboldii
derived hybrid rootstocks with different combinaisoof ASGV, ASPV andCa.P. mali’
infections for virus-virus and virus-phytoplasméeraction studies.

To reproduce symptoms observed in the field tealshein vitro system and study which
pathogen or combinations of pathogens are respenfib the decline observed in the
field trials.

To determine the virus an€a. P. mali’ concentrations per plant cell through REene
PCR analysis and how it is influenced by the addiof a second pathogen.

To analyze the effect of these different combinatiof pathogens on tolerant, resistant
and potential resistant hybrid genotypes.



1.2 LITERATURE REVIEW
1.2.1 Flexiviridae

The Flexiviridaefamily falls under the ordefymoviralesand was recently divided into 3 new
families: Alphaflexiviridae Betaflexiviridaeand GammaflexiviridagMartelli et al.,2007, ICTV
virus Taxonomy report, 2011)Betaflexiviridae includes the seven genef@apillovirus
Carlavirus, Citrivirus, Foveavirus Tepovirus Trichovirus Vitivirus and a group of unassigned
virus species within the famillylexiviridae The genuapillovirusincludes two specieépple
stem grooving VirugASGYV, type member) an€herry virus A(CVA). The genud-oveavirus
includes the specigdpple stem pitting viruGASPV, type memberfpricot latent virugApLV),
Grapevine rupesteris stem pitting-associated vii@®SPaV) andPeach chlorotic mottle virus
(PCMV).

1.2.2 Apple stem grooving Capillovirus

1.2.2.1 Morphology

The ASGYV patrticles are non enveloped flexuous fdata with a length of 620 nm (apple strain),
650 nm (citrus strain) and 680 nrActinidia strain) (Listeret al., 1965; Inouyeet al., 1979;
Cloveret al.,2003), and a width of 12 nm. The filaments havegerlike structure with a cross-

banding striation appearance and an obvious basic (fig. 2; Lister and Bar-Joseph, 1981).

virus  © Robert > Mi .

Figure 2: Electronmicrograph of Apple stem grooving viruparticles
(R.G. Milne, http://ictvdb.bio-mirror.cn/Wintkey/lages/em_capil.htjn




1.2.2.2 Genome and Genomic Organization

ASGV has a single stranded positive sense montpagénome of approximately 6,495
nucleotides excluding a poly-A tail. The genomic/&RNas two overlapping open reading frames
(ORF). ORF1 (bases 37 to 6341) encodes a 241 tokR42pseudo-polyprotein (2105 amino
acids) containing several domains (methyltranségrapapain-like protease, nucleotide
triphosphate-binding helicase, RNA-dependent RNA/mperase) characteristic of the replicase
region that is conserved along most Flexiviridad #me coat protein (CP) in the C-terminal
region (Yoshikawat al.,1992; Jelkmann, 1995).

ORF2 (bases 4788-5447) encodes a 36 kDa protetainorg motives for the movement protein
(MP) and serine proteases (Yoshikagtaal., 1992; 1993). A highly variable region is located
between the conserved replicase and CP region&®FlLOwhere codons 1585 to 1868 of ORF1
overlap with ORF2. This variable region has no fiomal motifs but could be involved in the
pathogenicity of the virus (Hiratet al.,2010). No ASGV isolates containing a stop codothis
region have been reported (Magoeteal.,1997; 1999).

The organization of the polyprotein of ASGV is unakfor members of thElexiviridae, which
normally encode for the CP on a separate ORF (Maeteal.,2007). Hirateet al. (2010) showed
by mutational analysis that the expression of theléngth ORF1 is not necessary for systemic
infection and that infection only required the abedween the N-terminus and the N-terminal of
the variable region. It was also suggested thatdla¢ protein together with the variable region is
important for replication and pathogenicity and there of the variable region is expressed the
higher is the symptom expression. The replicatiarigin encoded for by the ORFL1 is expressed
in two forms of different sizes: one full lengthlyarotein including the replicase and a second
shorter replicase protein (90kDA) produced fromahiginal ORF1 by translation frame shifting
triggered by a putative stem-loop structure doveastr of the conserved replicase domains
(Hirataet al.,2010). Two additional 3’ co-terminal viral RNA spes, in addition to the genomic
RNA, were also detected, with sizes suggesting tt&atCP and the MP genes were expressed
through sub-genomic RNAs (Hira¢d al.,2003; Tatinenet al.,2009a).



1.2.2.3 Molecular Evolution

The capilloviruses are the only genus from Betaflexiviridaefamily that has overlapping
ORFs. Although capilloviruses and trichoviruses eosely related they are classified into two
different genera because of their different genonganization. The study of Hira# al. (2010)
points to some evolutionary considerations for ASG¥ the genome organization of the
truncated mutant closely resembles that of thédnaricuses (Type species, ACLSV) with the
Replicase, MP and CP each encoded for by an indaVi@RF and could therefore have the same

ancestor.

1.2.2.4 Overlapping Open Reading Frames

The two most important features of RNA viruses ti@ir small genomes and high mutation
rates. These two features have been linked by Hol@@03), arguing that a lack of genomic
space means that RNA viruses will be subjectednjoortant evolutionary constraints because

specific sequences are required to encode muéipdeoften conflicting functions.

One frequent attribute of small genomes is generlawging, where the same nucleotide
sequence simultaneously encodes for two or moreipin different ORFs as in the case of
ASGV. This overlapping gene arrangement is esdetdiassqueeze a maximum amount of
information into a limited size genome (Normatkal., 1983; Gibbs and Keese, 1995; Krakauer,
2000) and increase the amount of protein diversigressed by a single nucleotide sequence
(Holmes, 2009). This overlapping can be causecelgral mechanisms, including RNA splicing
(Pavesi, 2007), the use of non AUG start codonsril(Band Barkier-Gingras, 2005) and
overprinting, where the original sequence undergoa®dification causing the elimination of a
stop codon, thus printing a novel coding regionrdte original ORF (Keese and Gibbs, 1992;
Belshawet al., 2007). Recently, Chiricet al. (2010) have found that the physical constraint
exerted by the viral capsid size on the genometlehas led to gene overlap as a mechanism for

producing more proteins from the same genome length

Overlapping ORFs influence a number of other ewnmhatry aspects aside from increasing the
amount of genetic information stored in a limiteadesgenome. First, synonymous nucleotide
substitutions in one ORF are likely to be nonsymooys in the second one, which complexifies

evolution analyses (Hein and Stgvibaek 1995). Secarety nucleotide site within the overlap is
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expected to have a major impact on the fitnesseatutionary flexibility of the virus and ORF
overlaps can be considered as extreme forms obtpdphy. This is exemplified by the lower
evolution rates observed in overlapping regions mamed to non-overlapping regions in
Hepatitis B virus (Zhou and Holmes, 2007) and byreéased rates of deleterious mutations in
these regions (Belshaet al.,2007). Third, because of the reduced urgency taterprotein
diversity, viruses with larger genomes tend to shesg gene overlap than viruses with smaller
genomes (Belshaet al.,2007).

1.2.2.5 Molecular Diversity

Apple stem grooving virusolates from several hosts have been fully sezpeilY oshikawaet
al., 1992; Ohiraet al.,1995; Shimet al, 2004; Tatinenet al, 2009b; Terauclet al, 1997; Zhao
et al, 2012). ASGV isolates from citrus and lily (Cerdatter leaf virus, CTLV) were first
considered to be a separate virus but were lathurdad as a strain of ASGV (Yoshikawaal.,
1993; 1996; Ohirat al.,1995; Magomeet al.,1997).

No full length sequences are available from Eurap@ most sequences stem from Asia and the
USA. No sequence correlation was found betweemtsslfrom the same host/species (Magome
et al, 1997; Zhacet al, 2012). Two areas were found to be highly corsgramong ASGV
isolates, the MP and the CP with amino acid idestibf 92% and 94% respectively (Magoate
al., 1997; Zhacet al, 2012). ASGYV is highly heterogeneous and a metfrsequence variants
has been observed in single trees (Yoshikawal, 1996; Magomest al, 1997; LiXin et al,
2005). ASGV variants are distributed unevenly withn individual tree; with variants found in

different leafs from different branches (Magoatal., 1999).

1.2.2.6 Host range and Transmission

Apple stem grooving virus has been detected in mbau of important horticultural and
ornamental crops, with the most important beingl@pjpapanese pear, European pear, cherry,
citrus, kiwi and lilies. More than 40 species in filant families are susceptible to infection
(natural or experimental) by ASG\Wigoaceae, Amaranthaceae, Apocynaceae, Caryopkgkac
Chenopodiaceae, Compositae, Convolvulaceae, Cuewdsae, Graminae, Labiatae,
Leguminosae, Liliaceae, Pedaliaceae, Rosaceae, cBaga Scrophulariaceae, Solanaceae

(Listeret al, 1965 ; Semancik and Weathers, 1965; WaterwarthGilmer, 1969; Inouyet al,
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1979). Diagnostic host species inclulalus sylvestris M. sieboldii (Necrosis at the graft
union), Chenopodium quinognecrotic local lesions, chlorotic ring®yicotiana glutinosgyellow
mosaic) andPhaseolus vulgarigchlorotic local lesions) (ICTVdb). There is nodwn insect
vector associated with ASGV transmission. Virustipgs occur singly or in aggregates in the
cytoplasm of mesophyll and phloem parenchyma déliski et al, 1989) and are transmitted
through grafting and mechanical inoculation. Seedngmission has been observed in
Chenopodium quino@/an der Meer, 1976; Inouyet al, 1979).

1.2.2.7 Disease and Geographical Distribution

Apple stem grooving virusas been reported from Australia, Bulgaria, Chiggypt, India, Italy,
Japan, Korea, Netherlands, New Zeeland, Portud@eBia, South Africa, USA, and probably
occurs wherever apple trees are cultivated. ASG\ Vst reported in the 1960's oM.
sylvestriscv. Virginia crab from the USA (Listest al1965; De Sequeira, 1967; Waterworth and
Gilmer, 1969) and in Citrus from a Meyer lemon tneeCalifornia (Wallace and Drake, 1962).
More recently studies where done on the incidereel$ of the virus in the pomefruit growing
districts of Australia and found to be 69.9% (17&et tested; Rodoni and Constable, 2006).
Youssefet al (2010) found an incidence of 17% (420 trees thste 9 different orchards in
Egypt. Polak and Zieglerova (2001) and Kundu (2d08nd a 50% and 44% (420 trees tested)
incidence of ASGV in field grown apple cultivars @zech Republic, while in Jordan, Syria and
Lebanon a lower incidence of 4.6% (1565 tree t92e% (754 trees tested) and 2.5% (888 trees
tested) respectively, were observed (Al Jetbal, 2005; Nassaet al, 2012; Salenet al, 2005).

No information about the incidence of ASGV is aahle for Germany.

Apple stem grooving virus latent on most commercial apple varieties ayrdpgoms (fig. 3,
necrosis, graft incompatibility, top working diseasre only observed when an infected cultivar
is grafted on the sensitive cultivalié sieboldiior M. Pumila cv. Virginia crab (Lister, 1970;
Yanase, 1974; 1983). i@itrus reticulatatrees, the infection has economic impacts by reduc
the yields of mandarins by up to 25% (Takahataal, 1988). More recently James (2001)
observed that ASGV-free trees appeared slightlyemagorous that those of ASGV infected
trees. Similarly, Bigik and Balglu (2010) observed a slight decrease in trunk lemgtapple
trees infected with ASGV.



Figure 3: Symptoms caused byApple stem grooving/irus and Apple stem pitting virusa)
Stem pitting induced on Virginia Crab bApple stemgrooving virus b) mild stem pitting
induced orMalusplaticarpaby Applestem pitting virus(L Giunchedi, Martellet al, 2007)

1.2.2.8 Detection

Apple stem grooving virusmfections could be detected by the inoculationdaignostic plant
species for symptom observation (section 1.2.2.@hmugh molecular techniques (ELISA, RT-
PCR and RT-gPCR). For ELISA detection, special ta®to be taken on the season and part of
the plant used, due to low virus titers (Fuehsl, 1988; Kundwet al, 2003). Several RT-PCR
protocols were developed for the detection of AS@hgeting either the coat protein (Kinaetd

al., 1996; James, 1998; Kirlst al, 2001; Kummeret al, 2001; Menzekt al, 2002; 2003) or
the RNA polymerase (Marinhet al, 1998; Foissaet al, 2005). James (1998) Kirbgt al
(2001), Kunduet al (2003), Menzelet al (2003) and Hassaat al (2006) found RT-PCR
techniques to be more reliable assays for ASGVctiete than wood indexing and/or ELISA.
Some RT-PCR protocols were adapted to incorporatémanune-capture-step (IC-RT-PCR;
Crossleyet al, 1998; James, 1999; Kirlst al, 2001) or followed by an immunoenzymatic step
(RT-PCR-ELISA; Kummertet al, 2001; Menzekt al, 2003). Multiplex RT-PCR methods for
the simultaneous detection of ASGV and other appleses were also developed (James, 1999;
Ito et al, 2002; Menzekt al, 2003; Hassaet al, 2006 Massaret al, 2009). Massarét al
(2009) did an interlaboratory comparison of detetiprimers used in RT-PCR for the detection
of ASGV, ASPV, ACLSV and\pple mosaic virugApMV) and found the primers to be between
94-96% sensitive for the detection of ACLSV, ASGMaApMV, while the sensitivity was 68%
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for ASPV. LiXin et al (2006) reported the use a -man probe based r-time fluorescent RT-
PCR for ASGV detection and Gadiou and Ku (2012) developed aYBR Green based one
step RT-6CR assay for the detection of ASGV and found GAPM®Idthe ribosomal protein
S19 to be the most reliable reference genes. Siogtions of the sample preparation w
proposed by several authors using diluted crudeaetst (Marinlo et al, 1998; Kummeriet al,
2001) or simpler RNA extraction prcdures (James, 1999; Kundu, 2; MacKenzieet al,
1997).

1.2.3 Apple stem pitting Foveavirt

1.2.3.1 Morphology

The ASPV particles are non enveloped flexuous fata with no distinguishable hel The
particles are 800 nm in length anc-15 nm in diameter and readily form end to end agyfe=
(Koganezawa and Yanase, 19

1.2.3.2 Genome and Genomic Organizatio

ASPV has a 9.3Kb (excluding the poly A tail) singlranded positive sense RNA genc

consisting of 5 ORF's. ORF1 encodes for a 247kDatgmm containing several domai

(Methyltransferase, papalike protease, NT-binding helicase and RMdependent RNA
polymerase (RdRp)), ORF2 encodes for a 25kDa Tgplee block (TGB) protein 1, ORF3r a

13kDa TGB protein 2, ORF4 for a 7k TGB protein 3 and ORF5 encodes for -44kDa coat
protein (fig. 4;Jelkmann, 1994

Replicase TGB cp

Mt P Hel RdRp E :

-pro

Figure 4: Genomic organization of Apple stem pitting virusMethyltransferase (Mt), papé
like protease (P-pro), NTBinding helicase (He' RNA-dependent RNA polymerase (RdR
Triple Gene Block (TGB) and Coat protein (C

The 25kDa protein has ATPase, R-binding and RNARelicase activities and is believed
increase the size exclusion limit oe plasmodesmata (Morozov and Solovyev, :; Martelli et

al., 2007. Although the exact mechanism by which movememtucs is unknown, it is know
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that the TGB proteins are involved in intracelluteansport and membrane binding functions
(Martelli et al., 2007; Kundu and Yoshikawa, 2008).

1.2.3.3 Molecular Diversity

Six ASPV isolates from pear and apple have bedn $glquenced from Germany, China, Japan
and India. (Jelkmann, 1994; Liet al, 2011; NCBI GenBank). Nucleotide sequence analysis
shows identities of between 76-92%. Several studig@e been done on the molecular diversity
of the CP gene. Gadioet al. (2010) found nucleotide sequence identities dfvben 80.1-
81.9% (802bp N-terminus CP fragment) and kiual (2011) 68-73% amino acid sequence
identity of the full length CP. No geographic cdaten between isolates was found by both
research groups. Wet al (2010) divided the ASPV isolates in three groapsording to CP
length, and found that the three available sequefroen Germany have an additional 18 aa at
the 3'region of the CP. Genetic variability studiegre also done on ORF1, Rodoni and
Constable (2008) found high variability in the 8gron of ORF1, while Kundu (2006) found an
area of high variability between the methyltranaéer and the papain-like protease domains, the
latter finding is consistent with findings from Gean-Retanat al (1997) done on ACLSV.
Yoshikawaet al (2001) found genome heterogeneity from single tselates. This diverse co-
existing population in a single host is causedhgylack of proofreading activity associated with
RNA-dependent RNA polymerase.

1.2.3.4 Host Range and Transmission

Apple stem pitting virugs transmitted by mechanical inoculation and gngftno insect vector
has been identified to transmit the virus (Yanaisal, 1989). The natural host range of ASPV is
restricted to pomefruits including apple, pear,ngei hawthorn and rowan (Martelli and
Jelkmann, 1998; Sutiet al, 1999; Kundu and Yoshikawa, 2008).The followingril species
from 7 plant families are susceptible to ASPV uneeperimental conditionsCelosia cristata
Chenopodium murajeChenopodium quingaCrataegus Cucumis sativusGomphrena globosa
Malus platycarpa M. sieboldii M. sieboldii var. arborescens M. sylvestris Nicotiana
occidentalis (cv. 37B), Nicotiana occidentalisssp. obliqua Nicotiana glutinosa Nicotiana
rustica, Physalis floridana Pyronia veitchij Pyrus communjs Sesamum indicumSorbus
mitchelli, Tetragonia tetragonioides Celosia argent€acimum basilicumand Lactuca sativa

(Yanase, 1974; Stouffer, 1989; Koganezawa and ¥arE390; Zhacet al, 2012). Diagnostic
11



host species includéNicotiana occidentalis37B (vein yellowing and leaf necrosisiN.
occidentalisssp.obliqua (necrotic local lesions)yI. sylvestriscv. Virginia Crab (stem pitting),
M. sieboldiiMOG65 (dieback, inner bark necrosis and necrotf $pot) andPyrus communisv.
Nouveau Poiteau (necrotic leaf spot) (Stouffer, % ¥ ganezawa and Yanad€©90).

1.2.3.5 Disease and Geographical Distribution

Since 1954 when ASGV was first reportedNh sylvesterisin the USA, the virus has been
detected all over the world, including Australiag¥tern and Eastern Europe, Asia, and South
Africa. Recently studies on the incidence of theisishows high infection rates in apple and pear
orchards. In Greece 91.8% infected apple and S5legcted pear trees were found in 19 fruit
growing regions (Mathioudakist al, 2010); in Australia an incidence of 87.9% wevarfd of

the 173 trees tested (Rodoni and Constable, 2008)zech Republic 27.8-48.75% of the 15
apple orchards tested positive for ASPV (Kundu,2@D03); between 33% and 36,7% of apple
and cherry trees are infected with ASPV in Indii(2t al, 2010; Dhiret al, 2011); in Lebanon

an incidence of 13% was recorded on 888 apple aad tpees tested (Nassral, 2012); and
Youssefet al (2010) found an incidence of 13% in 420 samptdected from 9 orchards tested
in Egypt. Mixed infections of ASPV and ASGV are aoon on apple and pear (Kundu, 2002;
Gadiouet al, 2010). Recent studies recorded an incidence inédninfection of 36.84% in
Turkey, 27.5% in Czech Republic and 4% in Egypt rdw, 2002; Caglayaet al, 2006;
Youssefet al, 2010).

Although ASPV as with ASGV is considered to be méten most commercial apple varieties
several cases have been reported of symptoms da apgociated with ASPV infections like
green crinkle and star crack symptoms (Desvigeesl., 1999), stem pitting symptoms of
Virginia crab, epinasty and decline of Spy 277 (#tr, 1989) and top working disease when an
infected rootstock is grafted on the susceptibletstocks M sieboldii and M. prunifolia
(Jelkmann, 1997). Symptoms on pear indicator calgivinclude vein yellows, decline and stem
pitting (Leoneet al, 1998).

1.2.3.6 Detection
Apple stem pitting virusnfections could be detected by the inoculationd@gnostic plant

species for symptom observation (section 1.2.3.4hmugh molecular techniques (ELISA, RT-
12



PCR and RT-gPCR). Problems with virus purificattoade the production of reliable antiserum
for immunological detection difficult (Jelkmann, 94 Yoshikawaet al, 2001). Komorowska
and Malinowski (2009) produced polyclonal antiserthmough the expression of the CP of 5
different ASPV isolates in E. coli, although thdiserum was successful in detecting the virus in
IC-RT-PCR, it was not satisfactory in ELISA. A siive and reliable RT-PCR method has been
developed for the detection of ASPV in infectednpda(Jelkmann and Keim-Konrad, 1997;
Kummertet al, 1998; Malinowskeet al, 1998; Nemchinoet al, 1998; Schwarz and Jelkmann,
1998; Kundu, 2002). Methods combining immunocaptitt RT-PCR were also developed. A
highly sensitive immunocapture IC-RT-PCR was tesiada selection of ASPV isolates from
apple and pear from different countries in Eurdpeh{varz and Jelkmann, 1998) while Menreel
al. (2003) developed a multiplex RT-PCR ELISA detattmethod for the detection of ASGV,
ASPV, ACLSV and ApMV. Salmoet al (2002) successfully developed a Real-Time PCR wit
a fluorogenic hydrolysis probe for the detectiorAGPV.

1.2.4 ‘CandidatusPhytoplasma mali’

1.2.4.1 Apple Proliferation Disease Distribution and Incidence

Apple proliferation disease was first describedRuy et al. (1950) in Italy and is caused hya.
P. mali’ (Bonnetet al, 1990; Seemduller and Schneider, 2004). Appleiferation disease [Ca.
P. mali’ is mostly restricted to Europe and has bemported from Albania (Myrtat al, 2003),
Austria (Németh, 1986; Danedt al, 2011), Belgium (Németh, 1986; Oliviet al, 2010),
Bulgaria (Németh, 1986; Etropolska and Laginoval20 Czech Republic (Bertacciet al,
1997; Fialovaet al, 2003; Franovat al, 2011), France (Jarauseh al, 1994a; Daneét al,
2011), Germany (Lorenet al, 1995; Seemilleet al, 1998a; Danett al, 2011), Greece
(Németh, 1986; Rumboet al, 2007; 2010; 2011), Hungary (Del Serrateal, 1998; Paltrinieri
et al, 2010), Italy (Firracet al, 1993; Osleet al, 2001; Danett al, 2011), Norway (Németh,
1986; Blystadet al, 2011), Poland (Cieslinska and Morgas, 2011), &uan (Németh,1986;
Danetet al, 2011), Slovenia (Osleat al, 2001; Mehleet al, 2007; 2011), Serbia (Dudw al,
2008; Paltrinieriet al, 2010) and Spain (Avinent and Llacer, 1995; Lavet al, 2011).
Recently, it has also been reported from Turkeyn{Cand Ertunc, 2007; Sertkagah al, 2008)
and Tunisia (Ben Khalifa and Fakhfakh, 2011). Inl&nd Ca P. mali’ was detected in the
insect vectorCacopsylla pictabut no report is available on the incidence inlaghemmettyet

al., 2011).
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Northern ltaly (6.4% in 2003) and Southern Germ@rpyto 40% incidence) are most affected by
the disease (Bliefernicht and Krczal, 1995; Spretgtet al, 2002; Dolzani and Branz, 2005).
From the 10.3 million apple trees in Trentino, herh Italy, around 800 000 were infected with
AP in 2003. In 2003 approximately 500 hectaresnéédted apple trees and in 2006 more than
half a million infected trees had to be uprootedaatrol the disease (Dolzani and Branz, 2005;
Baric et al, 2010a; 2012). High incidence was also recorde@rieece in the Pelion Mountain
region where of up to 90% of apple trees were tefd@nd yield losses of between 20-100%
were recorded (Rumbaat al, 2011).

1.2.4.2 Disease and Symptomology

The disease causes a wide range of symptoms degemlithe stage of the diseasea.P. mali’
strain, season and resistance of the host to $eask (Seemdullest al, 1984; Seemidiller and
Schneider, 2007). Trees may show symptoms everny gethey may recover for some years and
later again become affected (Carrat@l, 2004; Seemdller and Harris, 2010). Earliest spms
include early appearance of leafs on infected treeasual growth of terminal buds in autumn
and late production of flowers in summer and autuiBeemdulleret al, 1984; Kartte and
Seemiiller, 1988). More unique symptoms include lvescbroom (the production of secondary
shoots due to the lack apical dominance in affeshexbts), and enlarged stipules on basal leaves
(fig. 5; Kartte and Seemiiller, 1988). Symptoms ocbremic value include a lack of vigor,
undersized fruits, poorly flavored fruit and yieddcreases (Kunze, 1989; Rumbetual, 2007;
2011).

Phytoplasmas reside and multiply in the phloemesieles, to which they were introduced by
phloem-feeding insects. From there they spreacesyically throughout the plant by passing
through the phloem sieve plate spores (Weintraub Beanland, 2006). Studies on infected
plants have shown an inhibition of phloem transpdrich in turn leads to the accumulation of
carbohydrates in mature leaves and a reductioroimgy leaves and roots (Catkat al, 1975;
Braun and Sinclair, 1978; Kartte and Seemdller,189% epkaet al, 1999; Guthrieet al, 2001,
Maustet al, 2003). The phloem dysfunction could also leaghlemt hormone imbalances and
altered secondary metabolisms. The exact mechamgoived in symptom expression is still
poorly understood (McCoy, 1979; Leenal.,1996; Lepkeet al.,1999; Tan and Whitlow, 2001;

Maustet al.,2003; Choiet al.,2004).
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Figure 5: Symptoms caused byCa. P. mali’ on M. domesticaa) and b) Typical witches broom
symptoms (W. Jarausch; c) Undersized fruits (Aed;i d) Enlarged stipules on basal leaves (U.
Harzer). (http://www.apfeltriebsucht.info/symptoimnal)

Because phytoplasmas live in the functional sieNe=$, they are almost completely eliminated
from the canopy in winter and migrate to the rodtsearly spring when the new phloem is
formed, the phytoplasmas recolonize the aeriakpairthe tree. In later years the phytoplasmas
recolonize partially or not at all and no or milghgptom expression could be seen. The roots
however stay colonized throughout the life of theet Recently, several potential virulence
factors that could affect the pathogenicity haverbiglentified (Hogenhoudt al.,, 2008; Marcone,
2010). One such factor is the presence of the g#Be that encodes for an ATP-dependent
membrane-associated Znprotease associated with protein degradation. cis against
membrane proteins like SecY (lto and Akiyama, 20@%] is thus directly involved in membrane
transport (Bonas, 1994). In most bacteria, ifiB gene is present as a single copy whereas in
phytoplasmas up to 24 copies are present (Aragtidh, 2008; Baiet al.,2006). In Ca.P. mali’
strain AT twelve ORFs assigned totdH3 are present (Schneider and Seemdiller, 2009).
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1.2.4.3 Genome and Genomic Organization

‘Ca. P. mali’ is from the clasMollicutes, family Acholeplasmataceaand GenusCandidatus
Phytoplasma. The genus could then be further divicdo groups and sub-groups by RFLP
analysis of the 16S rRNA gené€a. P. mali’ falls in the group 16SrX (subgroup A) ttiyer
with ‘Ca. P. pyri’ (Pear decline, Subgroup C) anda: P. prunorum’ (European stone fruit
yellows, Subgroup F) (Leet al, 1998; Seemdlleet al, 1998b; Martiniet al, 2007; Weiet al,
2008).

Table 1: General features of the four fully sequered ‘Candidatus Phytoplasma’
chromosomes

Characteristic ‘Ca.P. mali’ ‘Ca. P. ‘Ca P. asteris’ ‘Ca. P. asteris’
(AT) australiense’ (Asteris (Onion
yellows witches Yellows)
broom)
Chromosome size (Kb) 601 94! 879 32 706 56! 860 63:
Chromosome organizatiol Lineal Circula Circula Circulai
GC content 21.¢ 27 26.€ 27
Protein coding regions 78.¢ 74 73.7% 73
Coding sequences 536 83¢ 70¢ 793
Genes encoding proteins 497 684 671 754
Average OREF sizi 95t 77¢ 77¢ 78t
Genes with assigned 338 (68% 414 (60.5% 450 (67% 446 (59%
functions
No of rRNA operons 2 2 2 2
tRNA gene: 32 35 31 32
Extrachromosomal DNA'’s 0 1 4 2
Multicopy genes 89 191 20z 25C

(Kubeet al, 2008; Tran-Nguyent al, 2008; Hogenhout and Music, 2010)

‘Ca. P mali’ isolate AT has been fully sequenced (Kebal, 2008). Only three other genome
sequences from the same genus are currently algil@a. P australiense (subgroup 16SrXII-B)
(Tran-Nguyenet al, 2008) and two strains o€a. P asteris’ (group 16Srl) (table 1; Bai al,
2006; Oshimaet al, 2004). The sequence analysis of the AT straieaked a linear chromosome
organization of 601 943 kb, making it one of thealest bacterial genomes identified and the
smallest CandidatusPhytoplasma’ genome recorded, with two rRNA opsy@? tRNA genes

and 497 predicted ORF'’s. Sixty eight percent ofggt@ein-coding sequences have been assigned
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to functions. Only 89 multi-copy genes were ideatlf much less than irCa. P. asteris where
>250 were identified (Kubet al, 2008).

1.2.4.4 Molecular Diversity

Considerable variability in virulence and genonmaits for strains of Ca. P. mali’ has been
reported by Seemdiller & Schneider (2007) and Scemeand Seemiiller (2009). Based on
symptomology, the phytoplasma strains were defasbeing avirulent to mildly, moderately, or
highly virulent. Initially, ‘Ca. P. mali’ strains were grouped into 3 closely mdbsubtypes, AT-1,
AT-2 and AP using PCR-RFLP detection of a nonrilmagoprotein (Jarauscét al, 2000a) in
samples collected from France, Germany, Spain,z8vgnd, Austria, Romania and Italy. No
correlation was found between the subtypes andrgpbigal origin. In southwest Germany, the
AP strain was found to be most prevalent (75% afdas tested) (Jarausehal, 2004). Strain
discrimination of Ca. P. mali’ based on single stranded conformatiorympokphism (SSCP) of
the hfB gene was performed by Schneider and Seemdullé19j2and they found 20 different
profiles of the 44 samples tested (samples colleétem Germany and ltaly). The higher
resolution allowed for the identification multiptigstinct strains in single apple trees and revealed
possible interaction among them and indicatedithattuld affect virulence by strain interference
(Seemdilleet al, 2010).

Seemdller and Schneider (2007) determined the otraten of Ca. P. mali’ in avirulent to
mildly, moderately, and highly virulent or severategories by quantitative PCR (qPCR) and
found no statistical difference in the concentraiiadicating that the severity of the disease is no
linked to the concentration ofCa. P. mali’ but to the virulence of the strain. Bisoget al
(2008a) found a significant difference in the corcation of two Ca. P. mali’ strains PM4 (AP
subtype) and PM6 (AT-2 subtype) onvitro cultivated apple.

1.2.4.5 Vectors and Transmission

The psyllidsCacopsylla pictaand Cacopsylla melanoneurhave been identified as the main
vectors and means of transmission©&. P. mali’ (fig. 6; Tedeschet al, 2002; 2003; Jarausch
et al, 2003).C. pictaandC. melanoneuras geographically limited to Europe and the Paletéa
region, respectively (Jarausch and Jarausch, 2@@yious studies showed that both psyllid

species were present in most studied regions, Hmit significance as vectors depended on
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region, overwintering, natural transmission, hostl dost prevalence. (Carrast al, 2001;
Jarausclet al, 2003; Malagninet al, 2010; Baricet al, 2011; Lemmettet al, 2011). A higher
incidence ofC. melanoneurao C. pictawas found in orchards, but a higher percentag€.of
picta was infected withCa. P. mali’, compared t€. melanoneurgJarausctet al, 2007; Baric
et al, 2010b; Lemmettget al, 2011).

......

Figure 6: Bsyllld “vectors 'of Ca. P. mali". a) Young Cacopsylla picta b) Overwintered
Cacopsylla melanoneura.

C. picta is monophagous orMalus spp. and completes one generation per year. Adults
overwinter on conifers and at the end of the wimtégrate to apple trees for oviposition. The
new insects feed on the apple trees until beginoninguly when they leave the apple trees as
adults for the overwintering period on coniferodanps (Mattediet al, 2008; Tedeschet al,
2009; Jarausch and Jarausch, 20CAkcopsylla melanoneuria oligophagous on Rosaceae such
as Crataegus Malus and Pyrus spp. The life cycle is similar to that &. picta but the
overwintering adults appear earlier in the year #r@lnew generation abandons the host plant
earlier thanC. pictato migrate to the overwintering plants (Mattedial., 2008; Jarausch and
Jarausch, 2010).

The ability of the leafhoppeFieberiella florii (Stal) to transmit Ca. P. mali’ was recently
confirmed by Tedeschi and Alma (2006). Althouglsinot considered to be a major vector, its
polyphagous feeding habit could further extend hbst range ofCa. P. mali’ (Tedeschi and
Alma, 2006). Transmission through grafting (Jarauwetcal, 1999), root fusions or root grafts in
medium to old aged orchards (Bliefernicht and Kkc2895; Baricet al, 2008; Ciccottiet al,
2008a), as well as through dodd€ugcuta europgabridges have been reported (Marvetzal,
1974; Heintz, 1986).
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Table 2 List of reported plant hosts of Ca.P. mali’

Latin Name

Common Name

Reference

M. domestica

M. prunifolia

M. pumila

Pyrus communis
Catharanthus roseus*
Convolvulus arvensis
Corylus avellena
Prunus domestica
Prunus salicina
Prunus persica

Ribes rubrum

Vitis vinifera
Crataegus monogyna
Dahlia x cultorum
Lilium spp. L

Prunus avium

Prunus armeniaca
Prunus domestica
Nicotiana occidentalis*

Nicotiana tabacum*

Apple

Plumleaf crabapple
Crabapple

Pear

Madagascar Periwinkle
Bindweed

Hazel

Plum

Japanese plum
Nectarine/Peach

Redcurrant
Grapevine
Hawthorn
Dahlia

Lily

Cherry

Apricot

Plum

Native tobacco

Cultivated tobacco

Ruiet al, 1950;
Kartte and Seemdller, 1991b;
Kubeet al,, 2008;
See also0 1.2.4.1

Seemdller and Schneider, 2004
Jarausctlet al, 1999

Del Serronet al, 1998
Schneider and Seemiiller, 2009
Schneidest al., 1997
Marconeet al, 1996

Ben Khalifa and Fakhfakh, 2011
Leeet al, 1995

Paltrinieri, 2001,
Cieslinska and Morgas, 2011
Navratil et al, 2007

Matust al, 2008
Tedeschet al., 2009

Kaminska and Silwa, 2008a
Kaminska and Silwa, 2008b
Mehleet al, 2007
Mehleet al, 2007

Mehleet al, 2007
Berget al, 1999;
Seemiller and Schneider, 2007;
Kubeet al, 2008;

Beret al, 1999;
Seemiller and Schneider, 2007;
Kubeet al, 2008

*Infected via European doddé&scuta europagaridges.

1.2.4.6 Host Plants

‘Ca. P. mali’ has been reported from several hosts titout Europe (table 2) with the major

host beingM. domestica.Kartte and Seemdller (1991b) successfully graftcunated Apple

Proliferation agent (mycoplasma like organism, MLdD)58 ornamental and wildalus species

and subspecies includinlyl. baccata M. coronarig M. domesticaM. floribunda M. fusca M.

gloriosa M. ionensis M. purpurea M. pumila, M. prunifolia, M. robusta, M. sargentiM.

sieboldiiandM. silvesterisas well as on 4Malus hybrids.
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1.2.4.7 Detection

Before the application of molecular techniquesedibn of phytoplasmas in diseased plants was
difficult and relied on the observation of symptonfBhytoplasma strains were initially
differentiated and identified by their biologicabperties, such as the similarity of the symptoms
they caused in infected plants, plant hosts, asécinvector ranges, and were often inconclusive
(Bertaccini and Duduk, 2009). Recent methods fairstdifferentiation are described in section
1.2.4.1. Serological diagnostic techniques for deeection of phytoplasma began to emerge in
the 1980s with ELISA based methods. Antisera weoelyced to detectCa. P. mali’ and are
currently commercially available and use for susfidsdetection of Ca. P. mali’ (Chenet al,
1989; Brzin et al, 2003; Canik and Ertunc, 2007). Antibodies to iparsequences of
immunodominant membrane proteins 6&: P. mali’ have been prepared (Begal.,1999) and

used successfully in ELISA.

In the 1990s, PCR coupled with RFLP analysis altbaecurate identification of different strains
and species of phytoplasma. Due to the close geradéitedness of the apple proliferation group
of phytoplasmas, specific identification often rega the digestion of the amplicons with various
endonucleases and subsequent RFLP analysis (Dehgliewki, 1991; Ahrens and Seemdiller,
1992; Leeet al, 1995; Schneideet al, 1995; Smaret al, 1996; Gundersen and Lee, 1996;
Kison et al, 1997; Gibbet al, 1999; Jarauscét al, 2000a; Heinriclet al, 2001). Firracet al
(1994) developed a ‘rapid’ PCR protocol for the lapproliferation organism without the need
for a restriction digestion or hybridization steRajan and Clark (1995) used polyclonal
antibodies to captur€a. P. mali’ and then amplified it with universal PCRnpers (IC-PCR).

In recent years several Real-Time PCR based datentethods have been devolved due to its
high sensitivity (no need for restriction digestsid the direct reading of its results. Jarausich
al. (2004) and Galettet al (2005) developed a quantitative real-time PCR'@a. P. mali’ in
plants and insects from a nitroreductase gene sequéorrest al (2005) developed a real-time
PCR that will detectCa. P. mali’, ‘Ca. P. prunorum’, andCa. P. pyri’. Baric and Dalla-Via
(2004) developed a real-time PCR for the deteatibiCa. P. mali’ in apple plant material and
included host gene from apple as an internal PGRralo Baricet al. (2006) compared the Baric
and Dalla Via (2004) Real-Time PCR method with foanventional PCR assays and found the
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Real time PCR method to have highest sensitivity sypecificity and to be not susceptible to
PCR inhibition.

1.2.4.8 Control of Apple Proliferation Disease

There are different strategies to help controldpeead of the disease. Usir@a. P. mali’ free
propagation material and the removal of infecteantd could help reduce the spread of the
pathogen. The biggest problem is re-infection tgtothe insect vector (Weintraub and Wilson,
2010). Although the use of insecticides might hetmtrolling vector populations and reduce
intra crop transmission, conventional insecticidae inefficient because the pathogen
transmission occurs faster than the insecticide a@nand there is a constant influx of new
vectors from surrounding habitats (Walty al, 2004). The overwintering of the psyllids on
conifers is also problematic especially when thipasition coincides with the blossom period of
apples, where insecticides cannot be used (Jaraumstfarausch, 2010). Another problem is the
formation of root bridges or root fusions where fingytoplasma could be transmitted without the
help of a vector from infected to healthy treeddtrnicht and Krczal, 1995; Bareat al, 2008;
Ciccotti et al, 2008a). For these reasons the most promisingoapp to control the disease

seems to be the use of resistant plant material.

‘Ca. P. mali’ relies on intact sieve tubes for movemgmmough the infected tree and is usually
eliminated in the stem during winter due to theeategation of the phloem. Th€a. P. malv’
overwinters in the roots of the infected trees whée sieve tubes are intact throughout the year
(Schaper and Seemiiller, 1984; Seemiglenl, 1984; Carrareet al, 2004). It is known that
severity of symptom expression is related to tles@nce/absence of the phytoplasma in the stem
and aerial part of the plant (Seemubk¢ral, 1984). This led to the conclusion that the gngfof
susceptible commercial apple cultivars on appldifpration resistant rootstocks should be
efficient in the control of the pathogen, by stoggreducing the recolonization of the pathogen

to the stem of the plant (Kartte and Seemiiller, 1b9%eemdlleet al, 2008).

1.2.4.9 Apple Proliferation Resistant Rootstocks
Studies done on established and commercial rodtsstbased orM. domesticashowed no
satisfactory resistance to Apple Proliferation. Nat resistance was discovered in wild apomictic

M. sieboldii(Kartte and Seemdller, 1988; Seemiéenl, 1992; Bisogniret al., 2008b). Crosses
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of M. sieboldiiwith M. domesticavere carried out in the 1950’s and 1960’s to obgatomictic
rootstocks for easy propagation of seeds, bettehaage and higher resistance to fungal and
bacterial diseases, but turned out to be too vigofor modern apple culture. (Schmidt, 1964;
1988). Studies on these hybrids showed that sonmetgges showed resistance to Apple
proliferation disease and remained symptomlessecovered easily, and had no or very low
phytoplasma titers (Kartte and Seemiuiller, 1991len&#leret al, 1992; Bisogniret al, 2008b;
Seemdlleret al, 2008). Based on these studies a breading progtarted in 2001 by three
institutes: Instituto Agrario di San Michele in fiteno, Italy, RLP Agroscience GmBH, AlPlanta,
Institute for Plant Research, Neustadt an der Waisse, Germany and the Institute for Plant
Protection in Fruit Crops, Biologische Bundesamstabssenheim, Germany, with the aim to

produce Apple Proliferation resistant rootstocktwan agronomic/commercial value.

M. sieboldii(4n), twoM. sieboldiiF1 hybrids (3n, genotypes 4551 and 4608) and sikyB2ids
that were obtained by backcrossing of F1 hybrideiwW 9 (4n, genotypes H0901, HO909) or by
open pollination of F1 hybrids (4n, genotypes C19072118, D2212, HO801) were used as seed
parents (Seemdulleat al, 2008; Seemdller and Harris, 2010). These crosses obtained by M9
pollination, but in a few cases with the pollinatiof otherM. domesticayenotypes (Seemdullet

al., 2008; Bisogniret al, 2009). Graft inoculated offspring were asse$se@ years in nurseries
where the cumulative disease indices (CDI) werepared to the average CDI of all progenies.
Offspring with a low CDI were than transplanted forther analysis under commercial growing
conditions. Two thirds of the offspring off the sses 4608 x M9 and D2212 x M9 showed CDI
values of 1.1 and 1.3 respectively showing milchorsymptoms 1 year post inoculation, much
lower than the average 4.1. These plants perfonvettunder commercial conditions as well.
The number of resistant offspring from other cressmged from 8-42% (Seemilktral, 2008;
Seemiiller and Harris, 2010). Crosses/ hybrids wensidered resistant when low CDI values, a
high percentage of non- or little-affected treesy incidence of the small fruit symptom, and no

or little effect on vigor were recorded (Seemiéearl., 2008).

The process of breeding Apple Proliferation resisteootstocks was complicated by the
polyploidy of apomictic parental, making the sel@ctprocess of interesting traits more difficult.
Bisognin et al, 2009 used simple sequence repeat (SSR) analysdetermine mode of

reproduction (sexually derived or apomictic), gefomoonstitution and ploidy level. The
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offspring were divided into three groups: moth&elseedlings, which displayed the same set of
alleles as the female or seed plant, Hybrid I, Whicsplayed the whole marker profile of the
apomictic seed parent with an additional derivddlelat each locus from the non-apomictic
paternal plant and Hybrid Il or true hybrid, whidisplayed half of the specific alleles of both the
parents. Fifty five percent of the analyzed segdliwere mother-like and showed the same level
of ploidy as the female parent compared to 24% 8% for Hybrids | and Il (Bisogniet al,
2009). The low number of true or full recombinaffispring hinders the selection process for
genotypes showing the desired properties. At pteeare is no data on the genetic base of

resistance and no molecular markers for assistedtmm are available.

A lower phytoplasma concentration . sieboldiiandM. sieboldiihybrids were also recorded,
and could be an indication of resistance (Seeméallaal, 1984). Bisogniret al. (2008b) used
quantitative real time PCR to determine the physppla titer in susceptible and resistant apple
plants. Susceptibl®¥. domesticaootstocks M9 and M11 showed a titer of 1 X &6lls/g root

phloem compared to 2 x 3®Bx 1@ cells/g root phloem for apomictic resistant root&s.

No difference in resistance was found between kdyband mother-like plants, possibly because
both groups contain the full set of alleles frone fiemale plant accept for the 4068 offspring
where the Hybrid | offspring were less affected paned to the mother-like offspring (Bisognin
et al, 2008b; 2009). However, the resistance in theridyd group was significantly lower
(Bisogninet al, 2008b; 2009). Great differences in resistanc&pple Proliferation among and
between progenies were observed. Progenids. afeboldiiand theM. sieboldiihybrids D2212,
4608 and 4551 showed high levels of resistancereais®l. sargentii(D1111 and C1828) and
M. domestica(M9 and M11) derived hybrids showed higher susbépy (Bisognin et al,
2008b). TheCa.P. mali’ titer in the canopy or aerial parts ofesegrafted on resistant rootstocks
was usually lower than in grafted susceptible toatss. The Ca. P. mali’ titer was found to be
100-5000 times lower iM. sieboldiiandM. sargentiihybrids compared thl. domesticahybrids
(Bisognin et al, 2008b). This indicates that phytoplasma titesnal could not be used as
resistance screening tool and symptomology shoalihbluded in the screening process. The
screening procedure could also affect the levelesistance. Seemiillest al (2008) found

smaller differences in resistance between susdeiid resistant plants when naturally infected
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compared to experimental inoculation. These pldetsloped symptoms much later than those
being graft inoculated and could be due to theedkffit starting phytoplasma titer.

Bisognin et al. (2008a) also found significant differences in fgpasma titer when the
rootstocks were graft inoculated with differe@a. P. mali’ strains in thén vitro grafting trials.
Higher titer values were recorded for th@a: P. mali’ strain PM4 (43 987 + 2747 copies/ng
DNA) compared to theCa. P. mali’ strain PM6 (23 297 £+ 2123 copies/ng DNBJ)fferences in
strain multiplication were also observed dependsmtthe genotype inoculated, where PM4
multiplied to a significantly higher concentrationD2212 and Golden Deliciou$/( domestica
cultivar) whereas PM6 multiplied to a higher corication in H0909. Differences in
concentration were also observed in the time pogtulation. For both strains the highest
concentration was observed 6-8 months post inaonlalThe PM4 strain was considered to be
more pathogenic because of the higher titer valué@soculated plants, the difficulty to transmit
and the negative effect on the cellular connectbrthe phloem tissue at the graft union
(Bisogninet al, 2008a).

1.2.5 Sensitivity of M. sieboldiiand M. sieboldiiDerived Rootstocks to Latent Apple
Viruses
Seemdlleret al, 2008 observed poor development and death of $énweboldii, M. sargentii
and hybrids thereof, during the nursery and figldlg for resistance screening (fig.7). Most
affected were the genotypes 4551, 20186, C1828CAP5, whereas D2212 showed a lower
percentage of death and stunting (table 3). 4668lisgs were the only apomictic offspring that
were not affected, similar to thd. domesticarootstocks M9 and M11. The presence of three
latent apple viruses was observed in the affectssbf ASPV, ASGV and ACLSV. The negative
effect of these latent viruses was previously olegby Schmidt (1972; 1988).

Ciccotti et al (2011) studied the effect of these three latenises onex vitro M. sieboldii
hybrids. The apple plants were inoculated by chigding with ASPV, ASGV and ACLSV,
respectively, as well as cumulatively to analyze ¢fffect of super-infection. More than 50% of
the single infections failed, and hailed no usablermation on which of these latent viruses are

responsible for the symptom expression. The meltlus infections on thil. sieboldiiderived
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hybrids caused a series of symptoms ranging franmpsymless to severe. In contrast to the study
done by Seemilleet al (2008), 4551 showed slightly too moderate symgtand D2212

showed no symptoms to the multiple virus infec{{@iccottiet al, 2011).

Figure 7: Poor development and death of som#l. sieboldii M. sargentii and hybrids
thereof, during field trials for resistance screemg (A. Fried and M. Petruschke)

1.2.6 In vitro Grafting

In vitro grafting or micro-grafting was initially establisth to obtain pathogen free material
(Murashigeet al, 1972; Alskieff and Villermur, 1978) but in 1999arauschet al (1999)
recognized the value of the technique and devel@ped vitro grafting system to transmit the
unculturable Ca. P. mali’ to healthy rootstocksCa. P. mali’ was successfully transmitted to
different Malus genotypes (Jarauscadt al, 1999; 2000b; Bisogniet al, 2007; 2008a). This

opened new doors for resistance screening andsasialyphytoplasma-host interactions.

Thein vitro system has several advantages over the traditimmraéry and field screening trials
making it ideal for pre-selection of resistant stotks (Jarausat al, 1999; Cicottiet al, 2008;

Bisogninet al, 2008a). The high transmission rate makes itiplesto obtain a high number of
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infected plants of different genotypes. The systéso allows for reproducibility, standardization
and eliminates any environmental influences as aglthe influence of exogenous pathogens.
The limited space required and time efficiencydaiin vitro grafting system leads to the ability
to test a large number of hybrids simultaneoudlyis lalso possible to reproduce symptoms
observed in field trialgn vitro. The symptom expression is also considered todre severe and
symptom expression is earlier observed compardiklo trials, making it easier to select for
genotypes exhibiting high levels of resistanceduschet al, 1999). The possibility to produce
ex vitroplants for further analysis in nurseries and fieildls makes this system ideal for the pre-
selection process of Apple Proliferation screenifige specific details of thie vitro screening

protocol are further described in the Materials Bedhods section.

Table 3 Sensitivity of trees on some rootstocks to latenpple viruses

Rootstock Parentage Mortality Mortality
and stunting and stunting
in nurseries  in orchards

(%) (%)
M. sieboldii 93 7
M. sargentii 87 13
4551 (M domestic cv. Laxton’s superb M. sieboldi) 100 0
D2212 (M domestic cv. Laxton's superb >M. sieboldi, 67 7

open pollinated)

3432 ((M. sieboldiix M. domestic) x M. sargentii 73 7
20186 (M. purpure:cv. Eleyi xM. sieboldi) 80 20
C1828 (M. sargenti x M. pumile) 47 53
C0725 (M. sargenti x M. pumile) 100 0
4608 (M. purpure:cv. Eleyi xM. sieboldi) 0 0
M9 (M. domestic) 0 0

*15 starting trees were examined. Remaining peaggntshowed no stunting and/or mortality (Seemigteal.,
2008)

1.2.7 Plant Defense Mechanisms and Interaction with Pathgens

Pathogens pose a diverse and constant threatits plaut surprisingly disease is an exception
rather than the rule. Most pathogens are host fiparid have a limited range of plants it could
infect and these host plants then have defense anisths (passive and active) that stop or
hamper the infection or propagation of the pathad@&amest and Brown, 1997). For the pathogen
to gain access to nutrients or host factors reduie replication, the pathogen must first breach
the natural barriers of the plant. These barrietdccbe physical (cell wall) or chemical (pH) and

constitutes the passive or basal line of defense.
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The active or induced line of defense is activatpdn pathogen infection and could be divided
into a rapid defense response or local responskeidimg the hypersensitive response (HR) and a
delayed response or systemic response, includistgrsyc acquired resistance (SAR) (Guest and
Brown, 1997). The activation of the induced line ddfense relies on the plants ability to
recognize factors or molecules that are foreignht plant and associated with the pathogen.
These pathogen-associated molecular patterns (P&MEuld be flagelline, the bacterial
elongation factor EF-Tu or chitin which upon reciigm activate pattern triggered immunity
(PTI. In the case of viruses, no viral PAMP haeefar been identified but the plant is able to
recognize endogenous elicitors released from tltplby the action of pathogens. These
elicitors are considered to be danger-associatetbamar patterns (DAMP’s) which upon
recognition also activate PTI (Zvereva and Pooga@i,2). Another way (main) for the plant to
sense viruses is through the recognition of virblARactivating the antiviral response RNA
silencing (Pallas and Garcia, 2011). Pathogens kiaveloped counter strategies to suppress
these plant responses through effectors (microtwesyppressors (viruses) on which the plants
react with another line of defense. If the planteisistant or susceptible to a pathogen depends on
the following factors: the response of the planvaals the pathogen and the ability of the

pathogen to launch a counter attack (Guest and Brd@07; Zvereva and Pooggin, 2012).

This interaction between host and microbe was destiby Jones and Dangl (2006) through the
‘Zig-zag’ model and adapted to include viruses bgréva and Pooggin (2012) (Fig. 8). In phase
1, plants detect pathogen-associated moleculaerpatt(PAMPs) and host danger-associated
molecular patterns (DAMPS) via pattern-recognitieaeptors (PRRS) to induce pattern-triggered
immunity (PTI) and in the case of viruses, plarddigonally detect viral double-stranded RNA
(dsRNA) to trigger RNA silencing. In phase 2, swgsfal viral and non-viral pathogens deliver
effectors/suppressors that interfere with both Biidl silencing, resulting in effector-triggered
susceptibility (ETS). In phase 3, one effectorqumessor is recognized directly or indirectly by
a nucleotide binding site leucine reach repeat (IM#R) protein, activating effector-triggered
immunity (ETI), an amplified version of PTI thatteh passes a threshold for induction of
hypersensitive response (HR) and programmed cathd@CD). In phase 4, pathogen isolates
are selected that have lost or modified the smdifi recognized effector/suppressor, and
perhaps gained a new effector that can help tHeogah to suppress ETI. A new plant NB-LRR

allele is then evolved and selected, that can r@zeghe newly acquired effector, resulting again
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in ETI. The final outcome of the plant-pathogerermattion depends on the sum total of ([PTI —
ETS] + ETI) for microbes and [PTI + Silencing — E®SETI] for viruses (Jones and Dangl,
2006; Zvereva and Pooggin, 2012).

High . PTI‘ ETI ETI
Silencing ETS ETS

Threshold for
New Effector HR/PCD

Pathogen
Effectors
Suppressors

. a Direct

= or indirect
recognition

of an effector
or a suppressor

m o Direct

or indirect
recognition of
a new effector

Q 00
New NB-LRR

Amplitude of plant defense

A" ¢ PAMPs Threshold for
& DAMPs effective
Low T Viral dsRNA resistance

Figure 8: Zig-zag model for evolution of innate immunity- am silencing-based plant defense
against viral and non-viral pathogens(This scheme was adapted and extended from Jodes an
Dangl (2006) by, Zvereva and Pooggin (2012)).

Plant hormones also play an essential role in #gulation of signal transduction pathways
associated with the plant defense response. Tweomost important hormones associated with
the plants response to pathogens and plant gravdidavelopment regulation are salicylic acid
(SA) and jasmonic acid (JA). The SA dependant defepathway is associated with the
hypersensitive response, SAR, and resistance demene) mediated resistance (Hayat and
Ahmad, 2007; Loake and Grant, 2007), while the &pethdant defense pathway is involved in
the activation of wound inducible genes, and SARréret al, 2002; Delker, 2006). These
responses could be costly and could decreasettigsgi of the plant, especially when more than
one defense response is launched (Walters and 20€1f). To minimize the cost, plants allow
cross-talk among these phytohormone dependantskefathways, influencing the plants ability
to adapt to the different biotic and abiotic stessas well as the plants ability to grow and
develop, especially in the case of multiple stressand/or pathogens (Kazan and Manners,
2008). This interaction between the JA and SA ddaerhdefense pathways allows the plant to
fine-tune its response to the multiple invademnitounters to balance the plants fitness (growth
and development) and the response to the path&gyeterse and Dicke, 2007).
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1.2.8 Infectious Clones of Plant Viruses

A full-length viral infectious clone could be used a tool to study viral gene expression,
mechanisms of plant replication, movement and m@sh@s involved in the infection cycle.
They also provide further insights on the functiohglifferent viral proteins or the mechanisms
of interaction between viruses and their host g&rdr vector(s) (Youssedt al, 2011). Over the
years, the construction of infectious clones idinaly the first step in reverse genetic studies of
RNA plant viruses, but not without limitations adifficulties. The assembly of the virus is often
a long and tedious process and the infectivitpfiluénced by the cloning strategy and the cDNA
synthesis (Boyer and Haenni, 1994; Donaldsbnal, 2008). The viral RNA genomes are
generally first reverse transcribed and PCR angalifnto cDNA. The cDNA is then cloned into
the bacterial vector. The viral RNA genome coulcab®lified in one step or in fragments that is
then assembled in the bacterial plasmid. Some doatigins could arise in the prokaryotic
plasmid due to toxicity of the viral insert and magd to instability and random rearrangements
and mutations in the viral genome (Yamshchikbwal, 2001). The insertion of short introns into
the toxic viral genome or the use of bacterialisgrahat lack components of the pathway that
catalyze the rearrangement and deletions of nordatd or foreign secondary and tertiary

structures could help to overcome this problem (3tachikovet al, 2001).

Infectious clones of plant RNA viruses can be deddnto two types:

* Infectious RNA - The cloning of a viral genome undentrol of a bacteriophage (T7, T3
or SP6) RNA polymerase promoter from whinolhvitro RNA transcripts can be generated
(Campbell, 2000; Ryabov, 2008),

» Infectious cDNA - the cloning of a viral genome endontrol of a CaMV 35S promoter
from which infectious viral RNAs can be produced vivo from cDNA containing
vectors, delivered to the plant via several diffénmethods (Daglesst al, 1997; Vives
et al, 2008).

The CaMV 35S promoter has the advantage that th& ®Rahscripts are synthesized inside the
living plant cell, eliminating the costliy vitro transcription step required for the infectious RNA

strategy (Boyer and Haenni, 1994).
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There are several ways by which infectious cloress loe introduced into a plant. Mechanical
inoculation is where the leaf exterior is damageth \&n abrasive material like carborundum or
celite, and allows the direct introduction of nuclacid into the injured cells (Dinet al, 2006;
Ascencio-lbanez and Settlage, 2007). Agro-infiimat utilizes the natural ability of
agrobacterium to infect plants and launch trandd®A (T-DNA) into the cell nucleus
(Ziemienowiczet al, 2000). The T-DNA is substituted with the cDNAee of the virus and so
delivered directly into the nucleus where it wi#h branscribed and transported to the cytoplasm
(Grimsley et al, 1987; Leiseret al, 1992). In the biolistic approach, gold or tumgst
microcarriers coated with the desired nucleic aeds shot directly into plant tissues with the

assistance of a gene gun (Turnagel, 2002).

Ohiro et al., (1995) successfully constructed a full length cDNne of an ASGV isolate
(CTLV-lily) by assembling the virus in a pITCL vectcontaining a T7 RNA promoter. This
clone was then used in a study by Hiratal, (2003; 2010) to study the expression strategfies
the ASGV ORFs by generating truncated mutants trahg insertion of termination codons into
the variable region located between the replicagk the coat protein coding regions. These

mutants were capable of systemic infection, althaihgir pathogenicity was attenuated.
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2 MATERIAL AND METHODS

2.1 TECHNICAL EQUIPMENT

Equipment Model Company

Autoclave HST 4x5x6 Zirbus Technology
GmbH, Germany

Incubator EB 18 Jouan, USA

Plant growth Chamber Kamrath Kalte Kamrath GmbH & Co.,
Germany

Incubation Shaker Orbital incubator Gallenkamp, UK

Agarose Gel Electrophores: Mini 440.000 Harnischmacher

Chamber Polymehr, Germany

Agarose Gel ElectrophoreseMicrocomputer electrophoresis powe€onsort, Belgium

Power Supply supply E865

Gel Documentation system Dunkelhaube DH-30/32 Biostep GmbH, Germany

Biostep argus x1

Speedvac RC1010 Jouan, USA

Micro Centrifuge Mikro 200 Hettich Lab Technology,
Germany

Micro Centrifuge (cooling) Mikro 200R Hettich Larechnology,
Germany

Bench Centrifuge Rotanta 460R Hettich Lab Technology,
Germany

Plate centrifuge Axygen C1000-AXY Axygen Scientific Inc.,
USA

Clean Bench DNA/RNA UV-cleaner UVT-B-AR  Biosan, UK

Sterile Bench Lamina flow KH 170 Basic Kojair TeCky, Finland

Gradient Cycler Mastercycler EP gradient Eppendorf, Germany

Thermal Cycler Gene Amp PCR System 9700 Appliedystems

GmBH, Germany
Real-Time Thermal Cycler Chromo4 Real-Time PCR Detectc BioRad, Germany
BioRad DNA Engine,
Real-Time Thermal Cycler Chromo4 Real-Time PCR Dtere MJ Research, Canada
PTC-200, Peltier Thermal Cycler

pH-Meter pH level 1 VWR International
GmbH, Germany

Pipette P10, P20, P200, P1000 Gilson Inc., USA

Spectrophotometer NanoDrop ND-1000 Thermo Fisher Scientific
Inc, USA

Heating block Digi-Block JR Sigma Aldrich, Gernyan

UV-Table TFX-20.M Vilbert Lourmat,
Germany

Microscope SMZ-143 series Motic GmBH, Germany

Vortex MS1 Minishaker IKA-Werke GmbH 6 Co
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2.2 CHEMICALS AND CONSUMEABLES
2.2.1 Chemicals

Chemical Company

Agarose for DNA electrophoresis Serva, Germany

Acetosyringone Sigma Aldrich, Germany

Ampicillin Duchefa Biochemie, The Netherlands
Bacto Tryptone BD Bioscience, Germany

Bacto yeast extract BD Bioscience, Germany

BAP Duchefa Biochemie, The Netherlands
Bentonite Sigma Aldrich, Germany

Bovine Serum Albumin (BSA) Roth, Germany

Ca(ClO)2 Roth, Germany

CaCl, Sigma Aldrich, Germany

Chloroform Roth, Germany

Celite Sigma Aldrich, Germany

CTAB Roth, Germany

EDTA Roth, Germany

EtBr Sigma Aldrich, Germany

Ethanol Roth, Germany

GA3 Duchefa Biochemie, The Netherlands
Glucose Sigma Aldrich, Germany

Glycerol Sigma Aldrich, Germany

HOAC Sigma Aldrich, Germany

IBA Sigma Aldrich, Germany

Isoamyl Alcohol

Roth, Germany

Isopropanol Roth, Germany

KCI Sigma Aldrich, Germany

K,HPO4 Sigma Aldrich, Germany

KOAc Sigma Aldrich, Germany

KOH Sigma Aldrich, Germany

Micro Agar Duchefa Biochemie, The Netherlands
MS Medium Duchefa Biochemie, The Netherlands
NacCl Sigma Aldrich, Germany

NaOAC Sigma Aldrich, Germany

NaOH Sigma Aldrich, Germany

Nicotine Sigma Aldrich, Germany

PVP40 Sigma Aldrich, Germany

QL Medium Duchefa Biochemie, The Netherlands
SDS Sigma Aldrich, Germany

Sucrose Duchefa Biochemie, The Netherlands
Thiamine Sigma Aldrich, Germany

Tris-HCI Sigma Aldrich, Germany

X-gal Duchefa Biochemie, The Netherlands
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2.2.2 DNA Gel Standards

Product Company

GeneRulet” DNA Ladder Mix Fermentas, Germany
GeneRulel 100 bp DNA Ladder Fermentas, Germany
1 kb Ladder Invitrogen, Germany

2.2.3 Enzymes and Kits

Product Company

5 Prime Taq DNA Polymerase kit 5Prime, Germany
D-Genos RNA extraction kit Ivagen, France
NucleoSpin Gel and PCR cleanup Kit Macherey Nagel, Germany
QIAprep spin miniprep kit Qiagen, Germany
Restriction Enzymes Fermentas, Germany

Superscript Il Platinum SYBR Green One-Step RT-BR@ Invitrogen, Germany
Superscript Il One step RT-PCR system with Platintaq  Invitrogen, Germany
T4 DNA Ligase Fermentas, Germany

2.3 BIOLOGICAL MATERIAL

2.3.1 Chemical Competent Bacterial Strains

E coli strains Relevant Properties

INV o F F endAl recAl hsdR17 (rk-, mk+) supE44 thi-1 gyrAS8A1 80lacZ M15
(Invitrogen)  lacZYA-argF
JM110 rpsL (Stf) thr leu thi-1 lacY galK galT ara tonA tsx dam dsupE44A(lac-

(Stratagene) proAB) [F" traD36 proAB lacdZAM15]

SURE cells el4-(McrA-) A(mcrCB-hsdSMR-mrr)171 endAl gyrA96 thi-1 supE44Atellac

(Stratagene) recB recJ sbcC umuC:Tn5 (Kanr) uvrC F* proAB lZd115 Tnl0 (Tetr)].
(Genes listed signify mutant alleles. Genes onRhepisome, however, are wild-
type unless indicated otherwise)

2.3.2 Plant Material
Micro-propagatedM. sieboldiiderived genotypes, derived from a plant collecpoasent at the
Julius Kuhn-Institute (JKI) Dossenheim (Germany)revestablished and maintained by RLP

Agroscience, AlPlanta Institute for Plant Resedtahle 4).
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Table 4 Parentage and ploidy ofMalus rootstocks and cultivars

Name Parental Parental Ploidy
Rubinette* M. domesticacv. Golden M. domesticav. Cox orange  2n
Delicious pippin
Golden Delicious* M. domesticacv. Grimmes M. domesticav. Golden 2n
golden reinette
M9 M. domesticacv. Jaune de met: M. domesticav. Paradise 2n
M. sieboldii* - - 4n
Supporter 1 M9 M. baccatavar himalaica 2n
Laxton superb M. domesticav. Cox orange M. domesticav. Wyken pippin  2n
pippin
4551 Laxton's superb M. sieboldii 3n
4556 Laxton's superb M. sieboldii 3n
4608 M. purpureacv Eleyi M. sieboldii 3n
H0909 4556 M9 4n
C1907 4608 open polynated 4n
DA45* C1907 Supporter 1 3n
045 4551 M9 4n
CC38* C1907 M9 3n
CAT5* Laxton's superb M. sieboldii 3n
B89* 4608 M9 4n
B63* 4608 M9 4n
B323* 4608 M9 4n
W355* HO909 M9 3n
Royal Gala* M. domesticav. Golden M. domesticacv. Kidds orange 2n
Delicious red

*Genotypes used in this study. Other genotypes weekided for a better understanding of the pateotahe
genotypes used in this study.

2.3.3 Virus Isolates and Phytoplasma Strains

2.3.3.1 Apple Stem Grooving Virus

The ASGV-AC isolate was obtained from infectddl domesticafrom Neustadt an der
Weinstrasse, Germany, and maintainedvitro on M. domesticaplantlets. Additional ASGV
isolates (table 12) from infectedd. domesticanaterial were obtained from Australia (Dr. Fiona
Constable, Department of Plant Science, Waite Camlguiversity of Adelaide, Glen Osmond,
South Australia, 5064), Austria (Dr. Margit Laimd?Jant Biotechnology, Unit, Institute of
Applied Microbiology, University of agricultural Ences, Nussdorffer lande 11, 1190 Vienna),
Canada (Dr. Mike Bernardy, Pacific Agri-Food ResbatCentre, Agriculture & Agri-Food
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Canada, Summerland, British Columbia VOH 1Z0), Eea(Dr. Pascal Gentit, Centre Technique
Inter professionnel des Fruits et Legumes (CTIR22,rue Bergere, 75009 Paris) and Germany
(Michael Petruschke, Landwirtschaftliches Technmpgntrum Augustenberg-Aul3enstelle

Stuttgart, Rotestrasse 16a, 70197 Stuttgart). TB&\W isolates AC and Stutt were established
and maintainedn vitro by Alplanta, Institute for Plant Research. Canadciad French ASGV

isolates were graft-inoculated at Alplanteetovitroplants of M.domesticacv. Royal Gala.

2.3.3.2 Apple Stem Pitting Virus

ASPV isolates were obtained from infectéfl domesticafrom Dossenheim and Stuttgart,
Germany, and established vitro on M. domesticaplantlets by AlPlanta, Institute for Plant
Research. The isolate ASPV-LFP (Stuttgart) wasntlaén isolate used in the graft inoculation
studies.

2.3.3.3 ‘CandidatusPhytoplasma mali’

Three different strains ofCa. P. mali’ were used in this study: PM4 (Subtype ARRustadt an
der Weinstrasse, Germany) (Jarausthal, 2000a; Bisogninet al, 2008a; Schneider and
Seemiller, 2009), PM6 (Subtype AT2, San Michelditing for Agriculture, Trentino, ltaly)
(Jarauschet al, 2000a; Bisogniret al, 2008a; Schneider and Seemdller, 2009) and PM5
(Subtype AP, Meckenheim, Germany) (Schneider areim8#ler, 2009). All three strains were

maintainedn vitro on M. domesticalantlets.

2.4 METHODS

2.4.1 Invitro Culture Establishment and Tissue Culture

Actively growing shoots fronMalustrees were cut in segments containing one or tvas blihe
segments were incubated in ddHovernight, washed with commercial detergent aedbated

for 15 min in a 1% sterilium solution. The segmentye surface sterilized for 1-2 min in 70%
(v/v) ethanol and 5 min in 2.5% (v/v) freshly pregh Ca(ClO)2. The segments were washed two
times with 0,254% (v/v) Cagland three times with dd®® under sterile conditions (Jarausath
al., 1994b; Ciccottiet al, 2008b). The sterilized nodal explants were maice25 x 150 mm
glass tubes containing 10 ml modified MS medium (@4hige and Skoog, 1962) modified as
described by Van der Salet al (1994) with micro-and macro-elements and vitaminsng/L

35



thiamine, 30 g/L sucrose, 8 g/L micro agar. Twdettént media were used for micro-propagated
plantlets depending on the genotype. MLO6 mediurodifled MS as described above, with the
addition of 0,05 mg/L auxine IBA, 0,1 mg/L gibbdme¢ GAs; and 1 mg/ cytokine BAP)(Jarausch
et al, 1999; Ciccottiet al, 2008b) was used for genotypés, sieboldij D45, 045, CAT5,
CC38, W355 andV. domesticacultivars, Rubinette, Royal gala and Golden Delisi. QL6
medium (Quoirin Lepoivre medium, with micro and maelements, 1 mg/L thiamine, 30g/L
sucrose, 8 g/L micro agar 0,05 mg/L, auxine IBA, B\g/L gibberelline GAand 1 mg/ cytokine
BAP ) was used for genotypes B323, B89, and B6&rdApropagated plantlets were kept on
respective media and placed in an usual growth beamat 23/18 °C + 1°C day/night and 16h
photoperiod under cool-white fluorescent lights (@ m-2 s-1). Plantlets were subcultured
every 6 weeks (Jarausehal, 1996; Ciccottet al, 2008b).

2.4.2 In vitro Grafting

Micro-propagated apple plantlets infected wi@a: P. mali’ strains PM4, PM5 or PM6 were
used as inoculums for graft transmission to difiefgl. domesticaand M. sieboldii and M.
sieboldiiderived hybrids. Micro-propagated apple planttetstaining ASPV, or ASGV (isolates
AC or stutt) were also used for graft transmissmdifferentMalus genotypes. In addition to the
single infections, the inoculum plantlets were alsed to establish cultures containing different

combinations of pathogens (virus-virus and virugtpplasma).

Figure 9: In vitro Systema) Subculture of micro-propagatedMalus plantlets under sterile
conditions; b) Compatible graft union between rootsock and inoculums tip
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The in vitro grafting technique described by Jarausthal, 1999 was used for all pathogen
transmissions (fig. 9a). Healthy micro-propagatbdoss, of an adequate size (1-2 cm), which
served as the rootstocks, were subcultured anda#l sat (2mm) were made at the top of the
shoot and auxiliary shoots removed. Shoot tipschefd with the desired pathogen were prepared
as scion by cutting a wedge at the base. The tgpthen inserted into the cut of the rootstock to
form a compatible union or graft (fig. 9b) and @dmn fresh medium and maintained under the
conditions described above.

For each grafting experiment a minimum of ten riéjpets were performed. After 4 weeks the tip
was separated from the shoot and the strengtheofjitift union tested by pulling the tip out of
the rootstock. Gratft tips that had to be removadguforce were considered to be strong grafts.
The transmission ofCa. P. mali’ from an infected tip to a healthy rootéaequires a good
phloem connection. Grafts with weak graft unionsemgot considered for further analysis. Graft
tips were stored at -20°C or -80°C depending if ghegft tip was infected withCa. P. mali’ or
ASGV and ASPV. The rootstocks were sub-culturedtassferred to fresh media for another 6
weeks after which they were sampled and testedh®rdesired pathogen through polymerase
chain reaction. Graft tips of negative rootstocksoh displayed a strong graft union were tested
for the presence of the pathogen. Graft inoculatwith negative tips were not further analyzed
or included in transmission rate analysis. As aantnealthy grafts were performed using the
same genotypes and conditions as the pathogers.gadftgrafts were also analyzed for graft

union necrosis associated with graft incompatibdis well as premature death.

2.4.3 Growth and Symptom Expression Analysis

Different experiments were designed to analyze dffiect of one factor on the growth and
symptom expression of the micro-propagdialus plantlets, for instance the effect of different
pathogen combinations on the same genotype or fieet eof one pathogen on different
genotypes (table 5). In all of these experimengsntiicro-propagated plants were sub-cultured to
a size of 1cm on the same date, one shoot pertglassand kept under the same conditions for 4
weeks. The plantlets were then monitored for tlegaptoms: size, (an indication of stunting)
the amount of shoots, (an indication of prolifeva)i and leaf size. Plantlets were also sampled
and tested with PCR/RT-PCR dependant on the pathdgeconfirm the infection. The data

obtained were then statistically analyzed as desdrin section 2.4.15.
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Table 5 Experiments designed to analyze the effect o€a P. mali’, ASGV and ASPV or
combinations thereof on growth and symptom expressn of different Malus genotypes

Experiment

Malus genotype

Pathogen

The effect of different ASGV
isolates on Royal Gala

The effect of ASGV and/or ASPV
on Rubinette

The effect of ASGV-AC on the
symptom expression of different
‘Ca.P. mali’ strains on Rubinette

M. domesticacv Royal
Gala

M. domesticav Rubinette

M. domesticav Rubinette

The effect of an additional pathogen M. domesticav Rubinette

on the of symptom expression of
PM6 infected Rubinette

The effect of PM4 + ASGV-AC on
susceptible and tolerantMalus
genotypes

The effect of ASGV-AC on
susceptible and tolerantMalus
genotypes

M. domesticav Rubinette
B323

D45

M. domesticav Rubinette
CC38

M. sieboldii

Virus and Ca. P. mal’

free

ASGV-AC

ASGV-CO2

ASGV-C0O4-1

ASGV-CO4-2

ASGV-CO6

ASGV-CO7

ASGV-stutt

ASGV-W157

Virus and Ca. P. mal’

free

ASGV-AC

ASGV-stutt

ASGV-AC + ASPV-LFP

ASGV-stutt + ASPV-LFP
Virus andCa. P. mall’

free

PM4 + ASGV-AC

PM5

PM5 + ASGV-AC

PM6

PM6 + ASGV-AC

Virus and Ca. P. mal’

free

PM6

PM6 + ASGV-AC

PM6 + ASGV-stutt

PM6 + ASPV-LFP

PM4 + ASGV-AC

ASGV-AC
Virus and Ca. P. mall’
free
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2.4.4 Nucleic Acid Extraction

Total RNAs were isolated of infected apple plantemal using the D-Genos RNA extraction kit
(Ivagen, France).This procedure were only used waeger fragments needed to be amplified.
Total nucleic acid were extracted using a modifi#0AB extraction method (Jarauset al,
2011) Approximately 0.1-0.5 g of Micro-propagatdthalus material were homogenized in
Bioreba ELISA bags with 4 ml of TexDir extractionffer (2% (w/v) CTAB, 1.4 M NaCl, 20
mM EDTA (pH 8.0), 100 mM Tris-HCI (pH 8.0), and 2&v/v) PVP). Two milliliters of the
homogenate were transferred to a 2 ml tube andifteygd for 4 min at 2000 rpm. 1 ml of the
supernatant were transferred to a 2 ml safeloclkembqf tube and incubated at 60°C for 30- 60
min. One milliliter of chloroform were added, inted for 1 min and centrifuged for 5 min at 13
000rpm. The supernatant were transferred to a néwml tube, precipitated with isopropanol
(10min) and centrifuged at 4°C for 15 min at 13@®0r The pellet was washed with 70%
ethanol, dried and eluted in 100 ml ddH The total nucleic acid extraction method waslise

all virus and Ca. P. mali’ detections as well as quantitative reaktiPCR reactions.

2.4.5 Polymerase Chain Reaction
2.4.5.1 Detection
For the detection of ASGV and ASPV SuperscriptQhe step RT-PCR system with Platinum

Taq were used, the protocol was adapted for a fidallvolume reaction.

RT-PCR mix RT-PCR reaction parameters

5 pl of 2X Reaction mix (containing 0.4 mM of egcBO min at 50°C

dNTP, 3.2 mM MgSQ) 2 min at 94°C

0.5 pl of 100 uM Sense primer 15 sec at 94°C

0.5 pl of 100 uM Anti-sense primer 20 sec at X°C (table 6) X 40
0.1 pl of Superscript Il RT/Platinum Taq mix 30 sec at 72°C

1 pl Template (Total nucleic acid) 7 min at 72°C

2.9 pl ddH20 o at 15°C

For the detection ofCa. P. mali’, 5 Prime Tag DNA Polymerase kit (5Primegswsed and the

protocol adapted for 20ul final volume reactions.
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PCR mix PCR reaction parameters

2 pl of 10X Taq Buffer advanced 5 min at 95°C

0.2 pl of 200uM Sense primer 15 sec at 95°C

0.2 pl of 100puM Anti-sense primer 20 sec at X°C (table 6) X35
0.5 pl of dNTPs (5 mM each) 60 sec at 72°C

0,5 pul of Tag DNA polymerase (5 u/ul) 7 min at 72°C

2 ul of DNA o at 15°C

15.6 pl ddH20

2.4.5.2 Gradient PCR

The optimal annealing temperature for the primeexun section 2.5.3 and 2.5.4 were optimized
using gradient RT-PCR. The thermal gradient cyblestercycler EPgradient (Eppendorf) was
used to produce a temperature gradient at diffepesitions on the thermoblock. The most

optimal annealing temperature where then selectefiifther testing.

Table 6: Primers used for the detection of ASGV, ASPV andCa.P. mali’

Primer Sequence (5'-3") Position (nt)* Anneali Reference

name ng (°C)

ASPV 4F GAGTCTGATTATGAGGCATTTGATGC 5952-5977 55 Massariet al.,

ASPV 4R GCTTCCCTCCCATTGAGATCATAC 6202-6179 2009

ASGV 5F CCTGAATTGAAAACCTTTGCTGC 601¢-604( 55 Massariet al.,

ASGV 5R CACGACTCCTAACCCTCCAGTTCC 6361-6338 2009

u4 GAAGTCGAGTTGCAGACTTC 26544t-26542" 50 Ahrens &
451668-451687 Seemdiller, 1992

us CGGCAATGGAGGAAACT 264505-264521 Lorenzet al,
450746-450762 1995

AP3 GAAACATGTCCTATTGGTGC 36427:-36429: 57 Jarausclet al.,

AP4 CCAATGTGTGAAATCTGTAG 364130-364149 1994a

*Position was based on the reference genome segsi@wailable on nchi. NC_01104T4. P. mali’),
NC_003462 (ASPV), NC_01749 (ASGV)

2.4.5.3 Amplification of the Apple stem grooving viru§&enome

For the amplification of the various ASGV fragmesperscript 11l One step RT-PCR system
with Platinum Taq were used, the protocol was asthpor a 20 pl final volume reaction. The
complete genome of ASGV was amplified using thenprs described in table 7. All primers

incorporated a Restriction enzyme (RE) recognisive for the assembling of a full length cDNA
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clone (section 2.4.8). All primers designed werseobon the AC isolate (JX080201, Liebenberg
et al, 2012).

RT-PCR mix RT-PCR reaction parameters

10 pl of 2X Reaction mix (containing 0.4 mMO0 min at 50°C

of each dNTP, 3.2 mM MgSp 2 min at 94°C

2 pl of 20uM Sense primer 30sec at 94°C

2 pl of 20uM Anti-sense primer 30 sec at X°C (table 7) X 40

0.25 pl of Superscript [l RT/Platinum Tagq mix30-90 sec at 72°C (60sec per Kb extension)
X ul Autoclaved distilled water 7 min at 72°C

2-4 ul RNA (0.2-0.5 pg) o at 15°C

Table 7. Primers used in the amplification of the full lengh ASGV-AC genome,
incorporating restriction enzyme recognition sitedor assembling in pCass?2 vector.

Primer name Sequence (5'-3") Annealing Cloning
(°C) step

AG370-Afl-as GCTTTAAA CTGAGTGCATCTTAAG AA 50 5" end (1)

AG1-Dra-s2 GCTTTAAA TTTAACAGCGCTTAATTTCC

RNA2-OdT GGTACCGAATTCGAGCTCTTTTTTTTTTTTTTTTTT 56 3’ end (2)

AG6350-Xhos GTCGAGCTC GCAATCTGGAACTCGAGGGTTAGAAGTCG

AG6350-Xhoas CGACTTCTAACCCTCGAGTTCCAGA 53 3

AG5870-E52s2 GTCGGTACCACCCAGTTTCCGGCCGTTGGATTTGATAC

AG5870-E52as  CAACGGCCGGAAACTGGGTCTTGTC 55 4

AG4800-BHlIs TCGGTACCTGAAGGGATTGGATCCGAATGGCAATCG

AG4800-BHlas CATTCGGATCCAATCCCTTCACC 50 5

AG3850-Bgl-s TCGGTACCAACCACTCAGAAAGATCT GACATTG

AG2800-Hpa-s TCGGTACCCTCGATCTAATGGTTAAC ACCATCAAACAC 55 6

AG3850-Bgl-as  CAATGTCAGATCT TTCTGAG

AG1968-Stu-s TCGGTACCAGATGAAGATAAAGGCCTGTCG 50 7

AG2800-Hpa-as GATGGTGTTAAC CATTAGATCG

AG1968-Stu-as CGACAGGCCTTTATCTTCATC 52 8

AG1280-Bal-s TCGGTACCTGTTGAATGACCTGGCCACT

AG370-Afl-s TTTTCTTAAG ATGCACTCAG 50 9

AG1280-Bal-as TTAGTGGCCAGGTCATTCAAC

2.4.5.4 Apple stem grooving virus Variable Areas

The two variable regions (V1 and V2) of ASGV werapdified from ASGV isolates receive
from Germany, France, Austria, Canada and Austftdiale 8), using the protocol described at
section 2.4.5.1. Two sets of primers were designedhe amplification of each fragment. The
design and development of all new primers usetli;istudy was performed with the online web

service of primer3 (http://biotools.umassmed.eddpps/primer3_www.cgi) using the standard
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parameters. Primers were manufactured by Sigmdraitdogen, Germany. Different annealing
temperatures were used to obtain the desired fraigrdepending on the isolate amplified (46-50
°C for V1 and 49-56° C for V2).

Table 8: Degenerate primers designed for the ampidation of the two ASGV variable
areas.

Primer name Sequence (5-3’) Variable
region
A-V1-1142s TGAGRGAYGAYTTTGAYGTSTCAGT 1
A-V1-2049as CATAYTTYCTRTTAGRACTGCCAT 1
A-V2-4662s TACACAATYYTGAAAGAAGA 2
A-V2-5866as ACAGCRGGRAACTGGGTCTT 2

a-V1-1180s GGRATGAGRGAYGACTTTGA 1
a-V1-2100as ACTTCYTCAATCATYTCATG 1
a-V2-4650s CTACAGRTTAGGTGAGAGGC 2
a-V2-5800as CAYAGAAGAAGGTAAAGCTC 2

2.4.5.5 Quantitative Real-Time PCR

The primers developed for the real-time PCR ansiy&re first optimized using the gradient RT-
PCR conditions as described in section 2.4.5.2. da were collected using the Opticon
Monitor 3.1 software (Bio-Rad Laboratories). Samspieere tested in duplicate, and the reaction
was repeated in a second run, to produce 4 datgsetsample tested. The data generated were
exported to Microsoft Excel for data editing andalgeis. Statistical analysis was performed

using the biostatistics program R (R developmerg team, 2.9.0) as described in section 2.4.15.

2.4.5.6 Preparation of Dilution Series

A dilution series were prepared from plasmid DNAtzaning the corresponding clone insert. A
stock with a concentration of 1@noleculestl was prepared for each plasmid based on their
initial concentration and size. Subsequently aftd-dilution series was prepared fa1m0%). A
dilution series were prepared for each pathogetedess well as for the internal control. The

same stock solution was used for all RT-gPCR reastio produce comparable data.
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2.4.5.7 Quantitative Real-Time RT-PCR for ASGV and ASPV

Quantitative real-time RT-PCR was used to deterrttieeASGV copy number per plant cell. A
variety of ASGV and or ASPV infectell. domesticaM. sieboldiiand M. sieboldii derived
genotypes were analyzed to determine the effe¢ch@wvirus tier per plant cell. The effect of an
additional pathogen (ASPV orCa. P. mali’ strains) on the ASGV titer per plant celbs
analyzed as well as the virulence of different ASiSdlates. All quantitative real-time RT-PCR
reactions were performed using the SuperscripPlidtinum SYBR Green One-Step RT-gPCR
kit.

RT-gPCR mix RT-qPCR reaction parameters
10 pl of 2X SYBR Green Reaction mix (containing. 10 min at 50°C
SYBR green |, dNTP’s, MgSf)and stabilizers) 2. 2min at 95°C
0.5 pl of 100 uM Sense primer 3. 15sec at 95°C
0.5 pl of 100 uM Anti-sense primer 4. 30 sec at 60°C
pl of Superscript Il RT/Platinum Tag mix 5. Plate read
X ul Autoclaved distilled water 6. Go to line 3 for 39 more times
1 pl total nucleic acid 7. 4minat72°C
8. Melting curve from 50°C to 95°C
(read every 1°C, hold 10sec)
9. «at15°C

Table 9 Primers used for Real-time PCR quantification

Primer name Binding Primer sequence 5-3’
ASGV_uni-1685-F ASGV GAGTCAAATCCGACGAAAGC
ASGV_AC-1876-R ASGV GAACATCAATGCCGAGGT
gASPVrev ASPV GGGAGCCCCAACATTGCCACC
gASPVfor ASPV CTTACAGTGACGCGCCGCCA
SBE1-F Starch Binding Protein GGCACATGTTGGAATGAGTAGC
SBE1-R Starch Binding Protein GTTCCAGATCTACTGCTGACGGC

2.4.5.8 Quantitative Real-Time PCR for ‘Ca.P. mali’

Quantitative Real-Time RT-PCR was used to deterrtiieeCa. P. mali’ copy number per plant
cell. A variety of infectedVl. domesticaM. sieboldiiand M. sieboldii derived genotypes were
analyzed to determine the copy number per plahtaelindication of resistance tG€a.P. mali’.
The effect of an additional pathogen (ASPV or AS@¥)the copy number per plant cell as well

as the virulence of differenCa. P. mali’ strains was also analyzed. All quantitatieal-time
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PCR reactions were performed using the 5Prime DNWrperase kit together with the SYBR
green as detection method. The primers AP3 andwété used for allCa. P. mali’ Real-Time
gPCR’s (table 6).

gPCR mix gPCR reaction parameters

2 pl of 10X Taq Buffer advanced 1. 2 min at 95°C

0.2 pl of 100puM Sense primer 2. 15sec at 95°C

0.2 pl of 100puM Anti-sense primer 3. 30secat57°C

0.5 pl of dNTPs (5mM each) 4. 30 secat 72°C

0,5 pul of Tag DNA polymerase (5u/ul) 5. Plate read

1 pl SYBR Green (BioRad) 6. Go to line 2 for 39 more times

2 ul of DNA 7. 4 minat72°C

X ul Autoclaved distilled water 8. Melting curve from 50°C to 90°C
9. (read every 1°C, hold 10sec)
10.00 at 15°C

2.4.5.9 Quantitative Real-Time PCR for SBE1 Gene
The Starch Binding Protein gene (SBE) was usedt@snial control for standardization of the
pathogen copy number per plant cell. The real-tH@&R reactions were performed as described

in section 2.4.5.8.

Reaction parameters

1 min at 95°C

15 sec at 95°C

45 sec at 60°C

Plate read

Go to line 2 for 29 more times

4 min at 72°C

Melting curve from 50°C to 90°C (read
every 1°C, hold 10sec)

oo at 15°C

2.4.6 Agarose Gel Electrophoresis

The DNA fragments were separated by agarose gefrepdoresis, according to Sambraatkal
(1989). DNA fragment separation was performed &¥%d{w/v) agarose gel, depending on the
fragment size, in 1 x TAE( 40 mM Tris, 0.114% (vADAc, 1 mM EDTA pH 8) at 100 V for
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30-60 min. 0.8 pg/ml ethidium bromide was addedthe agarose gel for ultra violet
visualization. 1/3 volume DNA-loading buffer (50%/\{) glycerin, 0.25% (w/v) bromophenol
blue) was added to the samples prior to applicabdhe gel.

2.4.7 TA Cloning of Amplified Products

The pTPCR vector (Appendix A, Wassenegegeal, 1994) was used for all basic TA cloning
reactions. The vector is based on a standard Pdrnvegystem and prepared by digesting 10 pg
with 5 u of Xcml for 3 hours at 37°C. The digestedPCR was purified using the
Phelon:Chlorofrom:lsoamyalcohol method (2.4.8) drelpellet dissolved in 50 ul of dd@ and
alliquated to 50 ng of pTPCR per tube. The ligatieaction was performed using 50ng of
pTPCR vector, with, 1:1, 3:1or 5:1 molar ratio P@Rduct together with the T4 DNA ligase Kkit,
according to the manufacturer's specificationsuntpecific products were present after PCR
amplification the desired fragment were cut frone thgarose gel and purified using the
NucleoSpin Gel and PCR cleanup kit (Macherey-Nagealyording to the manufacturer’s

specifications before ligation.

2.4.8 Assembling of cDNA clones

The amplified products of ASGV-AC were first clongdthe TA cloning vector pTPCR before
subcloned into pCass2 (Appendix A, Stial, 1997) consisting of a partially duplicated 35S
promoter and 35S terminator. It contains also &st&sce gene against ampicillin and a LacZ
gene expressingrgalactosidase. The fragments and vector wererlrezhusing the appropriate
restriction enzymes (2 h, 37°C), and the enzyméigctheat inactivated (according to the
enzyme’s specifications). The linearized vectoreve@ephosphorylated by adding 5 pl of 5 u/ul
Alkaline phosphatase, 5 ul 10x Alkaline phosphat@séfer to 40ul of linearized DNA (1 h,
37°C). Dephosphorilation decrease the vector backgt in cloning by removing the 5
phosphoryl termini required by ligases, thus préwenself-ligation.

The digested, dephosphorylated plasmid DNA/veetere purified using the Phenol Chloroform
Isoamylalcohol (P:C:l) purification protocol for éhremoval of all enzymes and smaller
undesired DNA products that could influence theatiign negatively (Sambroo&t al, 1989).

The digested vector was diluted with autoclavedilldid water to a volume of 100 pl, an equal
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volume of P:C:l (25:24:1) was added, inverted amatiifuged (3 min, 13000 rpm). The
supernatant was collected and precipitated (2-20fC) with 1/10 of the volume 3 M NaOAC
(pH 5.2) and 2.5 times the volume 99.6% ethanoé piecipitated was pelleted (15 min, 13000,
4°C) and washed (5 min, 13000 rpm, 4°C) with 70%)(ethanol. The pellet was dried and
dissolved in 15ul autoclaved double distilled walére products were step by step ligated into
pCass2 (fig. 16) using the T4 DNA ligase kit. Threoaint of insert added to the ligation was

calculated using the following formula (for a 3:Joldr ratio ligation):

Amount of inserts = insert size/vector size x 3@naohtio of the insert/ molar ratio of the vector)

X amount of vector

For agro infiltration the full length ASGV and ASPADNA is ligated into the binary vector
pPZP200 (Hajdukiewicet al, 1994) containing a bom site, which permits thabitization of
the plasmid DNA fromE. coli to Agrobacterium, an origin of replication functad in bothE.

coli and Agrobacterium and a resistance gene agaiestispmycin.

2.4.9 Preparation of Chemically CompetentE. coli cells

Chemically competenk. coli cells were prepared according to the method destriby
Sambroolket al, 1989. A single E. coli colony was incubated ovgint (37°C, 155 rpm) in 10 ml
Luria Bertani broth (LB, 0.5% (w/v), yeast extra&fo (w/v)tryptone, 1% (w/v) NaCl, pH 7,
NaOH) and used as inoculum for 2000 ml LB mediae Thlture was incubated (37°C, 225 rpm)
until an optical density (Ofo value of approximately 0.6 was reached. The oeltwas
centrifuged (5000 rpm, 5 min, 4°C), the pellet sgmnded in 250 ml of ice cold CaGind
incubated on ice for 15 min. The suspension wadgribeged (5000 rpm; 5 min; 4°C) and
resuspended 25 ml of ice cold Ca€bntaining 15% glycerol. The suspension was atepian

pre-cooled 1.5 ml tubes and flash frozen in liquitdogen before storage at -80°C.

2.4.10Transformation into Competent E. coli cells
Transformations were performed according to thegoa specified by Sambroat al (1989).
One hundred microliters of the chemical competeitsovas defrosted on ice, added to the

ligation reaction (section 2.4.7), gently mixed andubated on ice for 10 min. The cells were
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heat shocked (45 sec, 42°C heatblock) and directybated on ice for another 5 min. Four
hundred microliters of SOC (20 g/L bacto-tryptobeg/L bacto-yeast extract, 0.5 g/L NaCl, 2.5
ml 1M KCI, pH 7.0, 1 M glucose) were added to thensformation reaction and incubated (60
min, 155 rpm, 37°C). One too two hundred microfitevere pelleted on LB agar plates
containing 100 pg/ml Ampicillin (Amp) and 40 pg/idtgal (5-bromo-4-chloro-3-indolyp-D-

galactoside), for blue-white selection. The platese incubated at 37°C overnight.

2.4.11Colony PCR

Colonies were preselected for the correct inserpérforming colony PCR, especially in the
cases where blue-white selection was not possithle.5 Prime Taq DNA Polymerase kit and
primers described in section 2.4.5.1 were usethencblony PCR reactions together with insert

and/or vector specific primers (table 10).

Table 10 Vector specific Primers used for colony PCR

Primer name  Sequence Vector

pCass Ev AAAGCAAGTGGATTGATGTGATATC pCass2 (universal)
35Tas-pCass ATGCTCAACACATGAGCG pCass2 (universal)
U-FWD GTA AAA CGA CGG CCAGT Universal PUC (pT-PCR)
Puc-UR AGC GGA TAA CAATTT CAC ACA GG Universal PUC (pT-FR)

2.4.12Plasmid Miniprep
The QIAprep spin miniprep kit (Qiagen) was usedoading to the manufacturer’s specifications.
When large quantities of plasmid DNA were purifiadnodified version of the plasmid alkaline
lysis mini-prep method was used (Sambravlkal, 1989). Three to five milliliters of overnight
culture was centrifuged (13 000 rpm, 1 min) and $hpernatant discarded. The pellet was
resuspended in 100 ul of solution 1 (25 mM Tris-p@EB, 50 mM Glucose, 10 mM EDTA) and
incubated for 5 min at room temperature. Two hudangroliters of solution 2 (100 mM NaOH,
1% (w/v) SDS) was added, inverted 4 times and iatadon ice for 5 min. Thereafter 150 p of
ice cold solution 3 (3 M KOAc, 5 M HOACc, pH 4.8) wadded, inverted 4 times incubated for 5
min on ice and centrifuged (13 000, 10 min, 4°Q)e Bupernatant was recovered, transferred to
a new 1.5 ml tube and precipitated with 2.5 volurokge cold Isopropanol. The solution was
incubated (2 min, room temperature) and centrifud&d000 rpm, 5 min, 4°C). The supernatant
was discarded and the pellet washed with 70% @thanol (13 000 rpm, 5 min, 4°C). The pellet
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was dried and resuspended in 20-50 pl of autoclai&dled water. DNA concentrations were
determined using the Nanodrop ND-1000 (Thermo F)skgectrophotometer according to the
manufacturer’s instructions. Plasmid DNA was sceeefor containing the correct insert size

using Restriction Enzyme analysis according tontla@ufacturer’s specifications.

2.4.13Sequencing
Sequencing reactions were performed by 4Base labH;rReutlingen, Germany and GATC
Biotech AG, European Custom Sequencing Centre,ddeloGermany. Plasmid DNA samples,

PCR products and primers were prepared accorditiggtoompany’s instructions.

2.4.14Sequence and Phylogenetic Analysis

BioEdit (Ver. 7.0.4) (Hall, 1999) and DNAStar (Vér.0) were used to perform sequence editing
and compilation. Sequence comparisons were perfbmimg the BLAST algorithm (Altscheit

al.,, 1990) against the GenBank database of the N@B¥w:ncbi.nlm.nih.gov). Sequence
alignments were performed using the ClustalW (1e4) algorithm embedded in the BioEdit
software. The maximum likelihood method implemenitedhyML version 3.0 (Guindon and
Gascuel, 2003) and the neighbor joining method émgnted in MEGA version 4 software
(Tamuraet al, 2007) were used to infer the tree topologiesinBh support was calculates with
100 bootstrap replicates. Bootstrap percentageg5ét were considered as well supported,
between 75 and 50% as moderately supported aneéss/ddalow 50% as weakly supported.
Bootstrap percentages below 50% are not indicateatie phylograms.

2.4.15Statistical Analysis

All statistical analysis was performed using theshatistics program R (R development core
team, 2.9.0). The specific analysis of these empiata obtained during this study was based on
the initial discrimination between normal or norgraetrical distribution of values by the
Saphiro-Wilk normality test. The calculations wexdapted to our particular data sets (Jarausch
et al, 2011). Data obtained for the phytoplasma angsvioncentration as well as data obtained
from the growth and symptomology analysis was te&te parametrical distribution through the
Shapiro-Wilk normality test, the homogeneity of thariances was calculated by using the

Bartlett test of homogeneity and the Kruskal-Waltsk sum test was adopted to determine
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differences among means. If the Kruskal- Walliskranm test showed differences among means,
a Duncan test (confidence level = 95%) was adojtednk these differences.

2.4.16Selection Intensity Analysis of the ASGV Genome

Sequences produced of the full length ASGV-AC isokes well as from the two ASGV variable
regions were sent for selection pressure analysstal the unavailability of the programs in the
laboratory where | conducted my research (Liebapberl, 2012). The analysis was performed
by B. Moury (INRA, UR407 Pathologie Vegetale, Dom&aiSt Maurice, BP94, 84140 Montfavet,
France) and N. Sabath (Institute of Evolutionargl8gy and Environmental Studies, University
of Zurich, 8057 Zurich, Switzerland; The Swiss ingé of Bioinformatics, Basel, Switzerland)
using the RDP version 2 software for Recombinaginalysis (Martiret al, 2005) and the SNAP
program (Korber, 2000) and the Simultaneous esitimaif dN/dS in overlapping genes method
(Sabathet al, 2008) for synonymous(dS) and nonsynonymous ¢tidtjibution. The dN/dS rate
was analyzed using the Nei-Gajobori method usirgMEGA version 4.0 (Nei and Gojobori,
1986; Tamuraet al, 2007).

2.4.17Seed Germination

C. quinoa N. glutinosaand N. occidentalisseeds were sterilized with 70% (v/v) Ethanol, and
washed with ddkD. 7% (v/v) Ca(ClO)2 were added and incubated forn#in, washed with
ddH.0 (5 times) and placed on MS-medium. Theoccidentalisseeds were additionally treated
with GA3 for seed germination activation before ged on MS-medium. The seeds were
incubated (21°C, 14 h light and 10 h dark) for 2«3ks. The plantlets were then transferred to

soil and grown for another 3-4 weeks in the greesbo

2.4.18Mechanical Infiltration of the cDNA Clone

pCass2 plasmid DNA containing the full length ASGwvid ASPV clones were diluted in
bentonite buffer (0.03 M ¥PQ,, 0.05 M Glycine (pH 9.2, KOH), 1% (w/v) Bentonit&%
(w/v) Celite) or Nicotine buffer (2% (v/v) Nicotind% (w/v) celite) and mechanically infiltrated
on C. quinoa N. glutinosaandN. occidentalisgreenhouse plants by leaf rubbing. Plants were

grown under normal greenhouse conditions and obddor symptom expression.
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2.4.19Agro-Infiltration

Agrobacterium tumefacienshemical competent cells were prepared accordintpe protocol
specified by Sambrookt al (1989). A singleE. coli colony was incubated overnight (28°C,
160rpm) in 50 ml LB medium until an optical dens{fDsog) value of approximately 0.3 was
reached. The culture was incubated on ice (15 mamirifuged (5000 rpm, 5 min, 4°C) and the
pellet resuspended in 10 ml of ice cold 100 mM MgCThe suspension was incubated (60 min)
on ice, centrifuged (5000 rpm; 5 min; 4°C) and sp&inded 2ml of ice cold 20 mM CaG2 h

on ice). Five hundred microliters of Glycerol waddad and flash frozen in 50 ul aliquots in

liquid nitrogen. The aliquots were stored at -80°C.

For the transformation of the cDNA clone into agroterium the full length virus genome was
first cloned into the binary pPZP200 vector. PlaknDNA was transformed into the
agrobacterium competent cells by adding 1 pg ofmppld DNA to the 50 pl competent
agrobacterium aliquot (defrosted on ice) and gemilyed. The mixture was flash frozen in liquid
nitrogen, incubated (5 min, 37°C) and 200 pl of S&ded (1 h, 28°C, 160 rpm). The bacterial
culture were transferred to LB-agar plates (speatiycin) and incubated at 28°C for 36-48 h.

For the infiltration procedure, 5 ml of LB (speainycin) was inoculated with a single colony of
the transformed agrobacterium and incubated (ogktn28°C, 200 rpm). A large LB media
suspension was then inoculated with the overnightiee and grown at 28°C to an @pof +

1.0. The cells were harvested by centrifugatioB0ft0 rpm for 2 min and resuspended in 1 ml of
infiltration buffer (10 mM MgC} and 100 uM acetosyringone) (Bhasletral, 2009). The
bacterial suspension was taken in a syringe arnltratéd through the abaxial surface of the leaf.
Before infiltration, a small incision was made l¢ tsite of infiltration using a sterile scalpel to
enhance the efficiency of infiltration. Plants wgrewn under normal greenhouse conditions and

observed for symptom expression.
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3 RESULTS

3.1 MOLECULAR EVOLUTION OF THE GENOMIC RNA OF APPLE STE M
GROOVING VIRUS
3.1.1 Genome characteristics of the German isolate AC ;ASGV
The ASGV-AC isolate was extracted from infected nmcopagated. domestica amplified
through RT-PCR and sequenced. The complete nutéesiquence of ASGV-AC was 6496
nucleotides (nt) long, excluding the poly (A) teIX080201, Liebenbergt al, 2012). Computer
analysis revealed one large open reading frame JQRB7-6354), encoding a 2,105 amino acid
(aa) polypeptide containing methyltransferase-lgapain-like protease, helicase-like, and RdRp-
like domains, and a tricho-like coat protein (CP3q aa) located at the carboxy-terminal end of
the polyprotein. This ORF was preceded by a 36aaticle-long non-coding region at the 5’ end
of the genome, and followed by a 142 nucleotidetlpon-coding region at the 3’ end.

Table 11: Sequence comparison between ASGYV isolatdaull length sequences of ASGV
isolates available in Genbank ncbi were compared tdhe ASGV-AC isolate with the
pairwise Blast program available on nchbi.

Accession Country Host Genome ORFl(aa) ORF2 CP
number (nt) (aa) (aa)
HE978837 India M. domestica 97% 95% 98% 99%
D14995 Japan M. domestica 83% 88% 96% 98%
FJ355920 Taiwan Citrus sinensis  82% 88% 97% 97%
JQ765412 China Citrus 82% 88% 97% 95%
JX416228 Taiwan Citrus reticulata 82% 88% 97% 95%
AY646511 Taiwan Kumquat 82% 88% 97% 96%
JN701424 China Pyrus pyrifolia  82% 87% 97% 98%
EU553489 USA Meyer lemon 82% 87% 96% 96%
D16681 Japan Lily 82% 87% 96% 99%
AB004063 Japan Lily 82% 87% 96% 98%
JQ308181 China M. domestica 82% 87% 95% 99%
AY596172 South Korea Pyrus pyrifolia 81% 87% 94% 96%

nt: nucleotide, aa: amino acid

A second smaller ORF was found nested in ORF1{8840 5750), encoding a 320 amino acid

polypeptide, with similarities to the 30-kDa supenily of cell-to-cell movement proteins (fig.
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10; Melcher, 2000). When compared to other isolafeASGV, the ASGV-AC isolate showed
between 82 and 97% nucleotide identity for the detepgenome. Amino acid comparison
revealed 87 to 95% identity for ORF1, 94-98% forF2Rand between 95 and 99% for the coat
protein (table 11).

3.1.2 Analyses of variable genome regions of ASGV isolae

Two regions of high variability were detected ire thenome (fig. 10), variable region 1 (V1,
amino acids 532-570) and variable region 2 (V2,namacids 1,583-1,868). Interestingly,
variable region 2 which corresponds to the oveitappegion between ORF1 and ORF2, showed
a high level of variability in ORF1, but was congsd in ORF2 (fig. 12). This means that the
nucleotide changes which induced amino acid suibistits in ORF1 were in most cases silent in
ORF2, putting a constraint on the evolutionarydgs of the virus, by restraining the amount of
advantageous mutations allowed in this area. d#ieroto analyze more thoroughly the genetic
variability in the V1 and V2 regions, additionabiates from Germany and other countries were
collected (table 12) and their variable genomeamrgjicloned and sequenced. For a few of the
plant samples however, only one of the variabléregcould be amplified (table 12), even with
varying annealing temperatures and additional primembinations the amplification was
unsuccessful. This could be due to insufficient plamentarities between the primers and the
viral RNAs in this variable region.

In the V1 region, most of the isolates from GermaRsance, Canada and India showed less
variability when compared to the ASGV-AC isolatedth the exception of 3 isolates (fig. 12,
Fr3, CO4b, CO2), whereas the isolates from Asi&jn{& Taiwan, Japan, South Korea) and the
isolate form the USA, showed much more variabiiyen compared to the ASGV-AC isolate
and with each other. Similar results were obtaingtth the phylogenetic analyses of the V1
region, the ASGV-AC isolate grouped within one eaaf closely related isolates containing
European and Canadian isolates (fig. 12). SequengesAsia, the USA and Australia on the
other hand showed much more variability betweemtsdves and with other isolates, and were
distributed in several clades, in which clusterks®h @ne French (Fr3) and two Canadian isolates
(CO4b and CO2).
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Figure 10 Similarity plot of ASGV -AC with amino acid sequences of other ASGV isolate
available on NCBI. The two most variable regions V1 and V2 are in@idatith dotted lines
Open boxes represent the open reading frames (GBH1 encoding the replicase and ¢
protein (CP), and ORF2 encoding the movement pr¢idP). Black boxes represent the prot
domains: Mt: methyltransferase,-pro: papainkike protease, Hel: nucleotide triphospl-
binding helicase, RdRp: RMdependent RNApolymerase. The five indicated regions w
analyzed separately for selection intensity (T&)

In the variable region 1the sequend isolates from Europe (Germany, Austria andnce) as
well as from India showess variability compared to the ises from Asia (China, Taiwal
Japan, South Korea) and Australia, with the exoeptif the isolees CO6, Fr3 and CO2, whi
show higher variability(fig. 11 and 1z. This could most likely be explained by vegeta
propagation and exchange of infected rrial between countries. Phylogenetic analyses @
V2 regions from the different isolates revealedrailar tree topology as the one observed v

V1 (fig.14).
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Table 12 Origin of the ASGV isolate

Isolate Country Host V1 V2
AC ASGV Germany M. domestica JX080201 JX080201
Fr3 ASGV France M. domestica JX080217 JX080225(a)
JX080226(c)
Fr5 ASGV France M. domestica JX080209 ns
Fr7 ASGV France M. domestica JX080210 JX080227
Fr8 ASGV France M. domestica JX080211 ns
CO2 ASGV Canada M. domestica JX080215 ns
CO3 ASGV Canada M. domestica JX080205 ns
CO4 ASGV Canada M. domestica JX080204 (a) JX080222
JX080218 (b)
CO5 ASGV Canada M. domestica JX080206 ns
CO6 ASGV Canada M. domestica JX080207 JX080223
CO7 ASGV Canada M. domestica JX080208 JX080224
GO7 ASGV Canada M. domestica JX080212 JX080228
W157 ASGV Germany M. domestica JX080213 JX080232
W199 ASGV Germany M. domestica JX080214 JX080233
Stuttl ASGV Germany M. domestica JX080202 JX080229
Stutt2 ASGV Germany M. domestica JX080203 JX080230
AUS ASGV Australia M. domestica ns JX080219
VC40 ASGV Austria M. domestica ns JX080231
LCd-NA-1-CTLV* Taiwan Citrus sinensis FJ355920 FJ355920
LI-23-ASGV Japan Lily AB004063 AB004063
CTLV* USA Meyer lemon EU553489 EU553489
PBNLSV* South Korea Pyrus pyrifolia AY596172 AY596172
Kumquat-1-CTLV* Taiwan Kumquat AY646511 AY646511
Lily-CTLV* Japan Lily D16681 D16681
ASGV Japan M. domestica D14995 D14995
ASGV-CHN? China M. domestica JQ308181 JQ308181
ASGV-HH? China Pyrus pyrifolia JN701424 JN701424
CTLV-Pk Taiwan Citrus reticulata  JX416228 JX416228
CTLV-Chatang? China Citrus JQ765412 JQ765412
ASGVpl2Z India M. domestica HE978837 HE978837

* Citrus tatter leaf virus (CTLV) and pear blackcnatic leaf spot virus (PBNLSV) are two recognized
isolates of ASGV.? These isolates were not available on ncbhi whenptidogenetic and statistical

analysis were performed and were only used forcksesjuence comparisons.
V1: Variable region 1, V2: Variable region 2. nst sequenced
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AC-V1 ASGV GERMANY LOFARRFRLRRDEVDLIARRETFREQLFLESAQTLOS SR‘-‘VEELMDSCVFSDESSRFIISLEVE‘CVEMSTEDGQG
Fr7-V1 ASGV FRANCE LOFARRFRLRRDEVDLIARRETEREQLFLESAQTLOSESREVEENIDSCVESDESSERIQSLEVECVEMSTEDGQG
Fr5-v1 ASGV FRANCE LQFARRFRLRRDEVDLIARRETERRQLFLESA(’LQ SRSVEEEMDSEVRSDESSQRIQSLEVE‘C.EMSTEDGQG
HEST8837-V1 ASGV INDIA L(’ARRFRLRRDEVDLIARRETERRQLFLESAQTLQ SRSVEEKHDSCVRSDESSKEIQSLE\ICVEMSTEDGQG
COT-V1 ASGV CANADA LOFARRFRLERRDEVDLIARRETEREQLFLESAQTLOSESREVEEFMDNCVESDESSERIQSLEVECVEMSTEDGQG
Stutt2 ASGV GERMANY LOFARRFRLERDEVDLIARRETEREQLFLESAQTLOSESREVREFMDSCVESDESSERIQSLEVECVEMSTEDGQG
CO4a-V1 ASGV CANADA LOFARRFRLERDEVDLIARRETEREQLFLESAQTLOSESREVREFMDSCVESDESSERIQSLEVECVEMSTEDGQG
Fr8-V1 ASGV FRANCE LQFARRFRLRRDEVDLIARRETPRRQLFLE'AQTLQ SEEVEERMDSCVESDESSERIQSLEVECVEMSTEDGQG
Wi57b-V1 ASGV GERMANY LOFARRFRLERRDEVDLIAREETFREQLFLESAQ S SEEVEEFMDSCVESDESSERIQSLEVECVEMSTEDGQG

Wis57a ASGV GERMANY LOFARRFRLREDEVDLIARRETFRREQLFLESAQ < SRSVEEKHDSCVRSDESSRRIQSLEVE'VEMSTEDGQG
W1is5b ASGV GEERMANY LOFARRFRLERDEVDLIAREETFREQLFLESAQ < SRSVEEKHDSCVRSDESSRFI{'LEVPCVEMSTEDGQG
GOT7-V1 ASGV CANADA LOEARRFRLREDEVDLIARRETFRE(QLFLEZAQ M EREVEERMDSCVESDESSERIQSLEVECVEMSTEDGRG
CO6-V1 ASGV CANADA LOFARRFRLERDEVDLIAREETFREQLFLESAQ SN SEEVEEFMDSCVESDESSERIQSLEVECVEMSTEDGQG

CO3-V1 ASGV CANADA LQEARRFRLERDEVDLIARRETERR(LFLESAQTHO S8 SRSVEENMDSCVESDESSRRIQSLEVECVEMSTEDGQG
Wi99a ASGV GERMANY LOEARRFRLERDEVDLIARRETERR(LFLESAQTHO S8 SRSVEENMDSCVESDESSRRIQSLEVECVEMSTEDGQG
CO5-V1 ASGV CANADA LQEARRFRLRRDEVDLIARRETERRQLFLESAQTHOS SR“}EELMDSCVFSDESSRRIQSLEVE‘CVEMSTEDGQG
CO4b-V1 ASGV CANADA 15 ARRFRLRRDFLOJ TSH E ;

Fr3 3 ASGV FRANCE IEHRRFRLRRDEVDLIS
AY536172-V1 PBENLSV ROREA *ARRFRLRRDEVEI

D16681-V1 CTLV JAPAN ARRFELREDFLDLIS
AYE46511-V1 CTLV TAIWAN FARRFRLRRDFIE.I x .
CO2-V1 ASGV CANADA IEFARRFRLERDEVDLISEEE

P i = QAR E EMTTEDGQG
D145855-V1 ASGV JAFPAN FARRFRLERDF LI I SR a3 o AES () I-'TEDGQG
FJ3555920-V1 CTLV TAIWAN FARRFRLERDFILH§ I A5 P i o i 'WPLSTEDGQG
EUS553485-V1 CTLV USA LEFARRFRLERDFLDLISH E Al 13 B s CREMSTEDGQG
ABDOO4063-V1 ASGV JAPAN ARRFELREDFLDLIS R R (M EMSTEDGOG

JO765412-V1 CTLV CHINA FARRFRLERDFILIA

JX416228-V1 CTLV TATIWAN ARRFELERDFT 3 E VELESTEDGQG
JHT01424-V1 ASGV CHINA FARRFRLERDFLOE IS H H p H SN EMETEDGQG
JO308181-V1 ASGV CHINA FARRFRLERDFLDISH < o K TEDGQG

Figure 11: Sequence alignment corresponding to V1 region. Theariable amino acids are

indicated in red.
a

AC-V1 ASGV GERMANY |
FR7-V1 ASGV FRANCE
— CO7-V1 ASGV CANADA
| FR8-V1 ASGV FRANCE
— FR5-V1 ASGV FRANCE
100 CO4a-V1 ASGV CANADA
%l Stutt2-V1 ASGV GERMANY
W157-V1 ASGV GERMANY
W199-V1 ASGV GERMANY
100| CO5-V1 ASGV CANADA
CO3-V1 ASGV CANADA
| Stutt1-vV1 ASGV GERMANY
COB-V1 ASGV CANADA
GO7-V1 ASGV CANADA
wo— AYB46511-V1 CTLV TAIWAN
{__ FJ355920-V1 CTLV TAIWAN
EU553489-V1 CTLV USA
100— AB004063-V1 ASGV JAPAN
L D16681-V1 CTLV JAPAN
58 CO4b-V1 ASGV CANADA
100 D14995-V1 ASGV JAPAN

— CO02-V1 ASGV CANADA
0L FR3-V1 ASGV FRANCE

AY596172-V1 PBNLSV KOREA

0.02

Figure 12 Neighbor joining phylogenetic trees of the nucleotie sequences of regions and
V1 of ASGV. The German AC isolate sequenced in indicated bythxe Bootstrap percentages
above 50% are shown. The scale bar indicates biangths in substitutions per nucleotide
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Figure 13 Sequence alignment corresponding to V2 regiorfhe variable amino acids are
indicated in red. Variability found in ORF1 is sitdn ORF2.

Phylogenetic analysis of the V2 regions from th&edeént isolates revealed a similar tree
topology as the one observed with V1 and were starsi between the two reconstruction
methods used (maximum likelihood and neighbor @i In these trees, internal branches were
associated with low bootstrap values while branctestermediate levels were particularly long
and had high bootstrap values (fig. 14). When ad®rgig the phylogenetic clustering of the

ASGYV isolates in relation to their hosts, the thegrus isolates clustered together, as did the two
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lily isolates. The single pear isolate on the otiend was linked to a separated branch in the tree.
Apple isolates of ASGV were grouped into 4 majoustérs. However, this apparent larger
diversity could also be due to the higher numbesegfuences from this host species.

b AY596172-V2 PBNLSV KOREA

Stutt1-V2 ASGV GERMANY
L ’; Stutt2-V2 ASGV GERMANY

P FR7-V2 ASGV FRANCE

VC40-V2 ASGV AUSTRIA

GO7-V2 ASGV CANADA

%L CO4-V2 ASGY CANADA

60| g5~ CO7-V2 ASGV CANADA
CO2b-V2 ASGV CANADA
[ AC-V2 ASGV GERMANY |

W199-V2 ASGVY GERMANY
100L W157-V2 ASGY GERMANY

_[ EU553489-V2 CTLV USA

——— AY646511-V2 CTLV TAIWAN
L FJ355920-V2 CTLV TAIWAN
CO2a-V2 ASGV CANADA
—al FR3a-V2 ASGV FRANCE
10— COB-V2 ASGV CANADA
L D14995-V2 ASGV JAPAN

o 100[— AB004063-V2 ASGV JAPAN
L_D16681-V2 CTLV JAPAN

—— AUS-V2 ASGV AUSTRALIA
100 FR3c-V2 ASGV FRANCE

100

72

Figure 14: Neighbor joining phylogenetic trees of the nucleade sequences of regions and
V2 of ASGV. The German AC isolate sequenced in indicated bythxe Bootstrap percentages
above 50% are shown. The scale bar indicates btangths in substitutions per nucleotide.

3.1.3 Selection Intensity and Evolutionary Patterns alonghe ASGV Genome

To analyze the selection intensity and the evohatig constraints or advantages in the ASGV
genome and especially in the 2 variable regions ffm@onymous/nonsynonymous (dN/dS)
mutation rate was analyzed. Nonsynonymous mutatianse a change in the translated amino
acid while synonymous mutations do not change thastated amino acid. The comparison
between the number of nonsynonymous mutationsamtimber of synonymous mutations can
suggest whether, on the molecular level, naturlEcien is acting to promote the fixation of
advantageous mutations (positive selection) oretmove deleterious mutations (negative or

purifying selection). When positive selection doatas the dN/dS ratio is greater than 1 and the
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diversity at the amino acid level favored, likely due to the advantage in fithessvgted by the
mutation. When purifying selection dominates thédfNration is less than 1 and the deleter

changes are selected against.
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Figure 15 Sliding-window analysis of rates of synonymous (dS, in gray) an
nonsynonymous (dN, in black) substitutions along ASV ORF1. The x axis represents t
codon positions and the y axis represents the geer@es of synonymous or nonsynonym
mutations estimated with a 20 codorndow size and a 10 codon step

A sliding-window analysis of dN and dS along ORF1 using ilgatdull genome sequences
ASGV showed that negative selection predominatdtk@$) except in the two regions of hig}
diversity V1 and V2 identified preously, whee dN was higher than dS (fig.). Except in these
two regions, dN/dS were roughly constant along QRFdmpared to the background of OR
dN increased in region V1 while dS remained coristap contrast, in the variable region \
dN increasd compared to the background but dS showed a steamgase (Ficl5). This was
confirmed by more thorough comparisons of dN andhd8ese different regior

For regions 2 and 4 (fig.0), no recombination signavas detected with any of the se\
methods implemented into RDP2 at tP = 0.05 threshold. For regions 3 and 5, w
(0.0014P<0.01) recombination signals were detected by tbfdbe seven RDP2 methods or
For region 1, one sequence (accession nurAY646511) was detected as recombinant
majority of the methods (four of seven; 0.0P<0.01), but the recombinant region was v
short (about 100 nucleotide long). As a consequeme putative recombinatiolevents

introduced biases in thgositive slection analyses of regions 2 ané#dd only slightly affecte
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the estimates of dN and dS (regions 1, 3 and Shwiiere verified by analyzing datasets where

the putative recombinants were withdrawn.

Table 13 Mean number of nonsynonymous and synonymous nucledé substitutions per
site, with the corresponding standard errors betwee parentheses, in different regions of
ORF1 and in ORF2 of ASGV(see Fig. 10)

Gene region Number of Nucleotide dN° ds® dN/dS
sequences positions?®

ORF1 region 1 8 36-123¢ 0.032 0.649 0.04¢
(0.004) (0.020)

ORF1 region 2 (V1) 8 1239-199¢ 0.165 0.779 0.212
(0.014) (0.019)

ORF1 region 2 (V1) 23 1239-199¢ 0.117 0.559 0.20¢
(0.010) (0.016)

ORF1 region 2 (V1 sub-region) 8 1629- 174¢ 0.520 0.718 0.72¢
(0.027) (0.029)

ORF1 region 2 (V1 sulregion) 23 1629- 174¢ 0.391 0.610 0.641
(0.021) (0.025)

ORF1 region 3 8 1995- 4787 0.039 0.729 0.05:
(0.003) (0.012)

ORF1 region 4 (V2 8 4788- 5747 0.158 0.078 2.02¢
(0.006) (0.012)

ORF1 region 5 8 5748- 635 0.017 0.349 0.04¢
(0.004) (0.028)

ORF2 region 4 (V2 8 4787-574¢ 0.025 0.521 0.04¢

(0.003) (0.021)

#According to GenBank accession number D14995
® dN or dS values indicated by in bold are signiiitya different from the background of ORF1 corresging to
regions 1 and 3 using Student t tests with Bonfértorrection for multiple tests

As shown in table 13, the ratio dN/dS between teammumber of nonsynonymous substitutions
per site and that of synonymous substitutions W@sedo 0.05 and remarkably constant in ORF2
and in ORF1 (except in regions V1 and V2 of ORHIis confirms that ORF1 and ORF2 are
overall evolving under strong negative selectiordifferent feature was observed in regions V1
and V2 of ORF1. In region V1, dN was significantligher than in the surrounding parts of
ORF1 (except V2) but dS was not significantly diet (table 13). This was particularly obvious
for the region spanning nucleotides 1629 to 17d8which a dN/dS ratio from 0.64 to 0.72 was
estimated. This value, close to unity, suggests shane codon positions in this region might
undergo positive selection. In region V2, both dNdadS varied significantly from the

background of ORF1 (table 13) and a dN/dS rati@.0P was estimated. Again, this could be
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indicative of positive selection. It can also beiced that in the non-overlapping region of the
CP-coding region (region 5 in Table 13), both d8 diN were significantly lower than in the
background of ORF1, while dN/dS remained unchanged.

Table 14 Mean number of nonsynonymous and synonymous subsitions per site and their
ratio with the corresponding standard errors betwea parentheses, in the V2 variable
region estimated from the 22 available sequences

Gene region and ORF Length dN ds dN/dS-1°  dN/dS-2°
(nt)
ORF1, overlapping region 4A 852 0.148 0.050 2.96( 0.95
(MP/replicase) (0.005) (0.008) (0.26)
ORF2, overlapping region 4A 852 0.015 0.501 0.03( 0.019
(MP/replicase) (0.002) (0.019) (0.022)
ORF1, overlapping region 4B 111 0.010 0.146 0.06¢ 0.18
(MP/CP) (0.005) (0.042) (0.12)
ORF2, overlapping region 4B 10¢ 0.055 0.018 3.05¢ 0.76
(MP/CP) (0.014) (0.010) (0.65)

a Estimated with MEGA that does not consider oympilag between ORFs
b Joint estimates in the two overlapping ORFs veétained with Sabatét al’s method (2008)

Consequently, the method of Sabathal (2008) for joint estimation of the selection mgéy in

both ORFs was used. Since ORF2 overlaps with regodrfORF1 which encode two different
proteins (the replicase and the CP) of differemcfions, the estimations were performed
separately for region A where the MP gene overlajl the replicase gene and for region B
where the MP gene overlaps with the CP gene (thdleln overlapping region A, the MP gene
ORF (ORF2) appears highly constrained with dN/d8.619, while ORF1 (replicase) shows a
neutral pattern of evolution (dN/dS = 0.95 = 0.2@pposite results were obtained for
overlapping region B. The MP gene ORF (ORF2) appeaprly constrained with dN/dS=0.76
while ORF1 (CP) is highly constrained (dN/dS = Q.However, the dN/dS estimate for region

B of ORF2 is rather imprecise because of its staaljth.

Further analyses were performed to confirm or eefptevious hypotheses about positive
selection. For region V1, analysis of the alignmainthe 23 available sequences with PAML did
not allow the detection of any codon position ungesitive selection. The best-fit model M3 in
PAML indicated that about 9% of codon positionstls genomic region evolved close to

neutrality (dN/dS = 1). In region V2, the use of thiN/dS ratio to estimate selection intensity and
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to detect positive selection is problematic sinbe basic assumption is that synonymous

substitutions are neutral is violated because eflapping ORFs.

3.2 FULL LENGTH cDNA CLONE
3.2.1 Constructing of Full Length cDNA Clones

To construct the full length cDNA clone of ASGV-A@e virus was extracted from infectibtl
domesticain vitro plantlets, and amplified in 9 fragments. Primeesewsed that incorporated a
restriction enzyme recognition site at the 3’ andfseach fragments. The incorporation of the
restriction enzyme sites only produced silent cleangnd there was no change in the amino acid
sequence. Each restriction enzyme recognitionveite unique and not present in the virus or
vector sequence. After amplification the fragmemése cloned into the TA cloning vector (pT-
PCR) sequenced and digested with the appropriatgrenfor sub-cloning into the pCass2 vector
(fig. 16). This method was performed for each fragtmuntil the full length ASGV-AC cDNA
was assembled in pCass2 (fig. 16). All transfororeti were performed in the E. coli strain
JM110. Some difficulties arose with the ligationtleé last fragment (fragment 9) in pCass2. The
ligation of fragment 9 (containing the methyltraiafée domain) caused rearrangement of the
virus cDNA or did not ligate at all. To try and cdar this rearrangement event, we changed the
formation of assembly. The virus cDNA genome wast figated (assembled) into two separate
pCass?2 vectors, after which the two parts wereddjto assemble the full lenght clone, but again
it resulted in rearrangement events. The compekentoli strain, SURE (Stop Unwanted
Rearrangement Events) lacks components of the pgththat catalyze the rearrangement and
deletion of nonstandard secondary and tertiaryctiras. Cloning of the last fragment was
performed in SURE cells and the rearrangement ewaatovercome and the full length ASGV-

AC cDNA was successfully assembled in pCass2.

A similar experience was made with the assemblyfudif length ASPV cDNA clone. The
assembly of all fragments, except the last wasopmed by at AlPlanta Institute for Plant
Research (Barth, 2010). The ligation of the laagfnent also resulted in the rearrangement of the
ASPV cDNA. After the successful assembling of tHf&@V cDNA clone using the SURE cells, |

corrected and successfully assembled the ASPV cDiNde.
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pCass2 ASGV fragment

Enzyme 2

Step 1 ‘ Enzyme 1 ‘ ‘ Enzyme A ‘ Enzyme 1

35S Promotor 35S Terminator

Step 2 ‘ Enzyme 2 ‘ ‘ Enzyme A ‘
5—// m— 'TT r/r- 3
358 Promotor 358 Terminator
[Ermes] [Emmen |
Step 3 Enzyme 3 Enzyme A
yme A
5/ m—- 3
358 Promotor 358 Terminator

Figure 16. Schematic presentation of the fragment assemblingrategy. Step 1: The pCass2
vector and the first fragment were digested withyeme 1 and A, and ligated. The restrict
enzyme recognition site for Enzyme 2 was incorpatan fragment Stef 2: The pCass2 vector
and fragment 2 were digested with Enzyme 2 and ] Bgated. The restriction enzyr
recognition site for Enzyme 3 was incorporatedragment 2 Step 3: The pCass2 vector al
fragment 3 were digested with Enzyme 3 and A, &atdd. The reriction enzyme recognitio
site for Enzyme 4 was incorporated in fragment Be Btrategy was continued until all
fragments were assembled in pCe

3.2.2 Testing for Infectivity

The full length cDNA clones (pCass?2) were testedrftectivity by mechaniceinoculation (5 pug
of cDNA clone per plantdf N. occidentali, N. glutinosaandC. quinoa diagnostic host speci
of ASGV and/ or ASPV. Positive controls were pemried by mechanically inoculating t
diagnostic hosts with virus infecteMalus sap. Negatie controls were performed usivirus-
free Malus sap. No symptom expression was observed in plafested with the cDNA clone
and all plants tested negative with-PCR as well as ELISA. Positive controls tested tpasior

ASGV and ASPV respectiveand showed stunting, leaf deformation and yello (fig. 17).
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Figure 17 Symptoms expressed after mechanical inoculation &SGV-AC and ASPV-LFP
infected sap. & N. occidentali showing leaf deformation, stung and yellowing after
inoculated with ASPM-FP infectedMalus sap. b)C. quinoashowing chlorotic spots a leaf
deformation after inoculateslith ASGV-AC infectedMalus sap.

As no infectivity wasobserve with mechanical inoculatiorthe ASGV and ASPV fullength
cDNA was cloned into the pPXP200 binary vector for -infiltration of N. occidentalisandC.
guinoa None of the plants showed any symptoms and testgdtive for the respective virus
Both cDNA clones were sequenced and no unwanteationsg, deletions ' insertions in the

viral cDNA were observed.

3.3 ESTABLISHMENT OF AN IN VITRO CULTURE SYSTEM FOR STUDING
VIRUS-VIRUS AND VIRUS-PHYTOPLASMA INTERACTION ON
DIFFERENT MALUS GENOTYPES

3.3.1 Pathogen-free andVirus and/or Phytoplasmainfected Malus Genotypes

Most of the pathogen-frellalus genotypes used in this studkere alread established micro-

propagated plantletaintained at Allanta, Institutefor Plant Researc(table 4). New virus-

and-phytoplasmé#&ee hybrids were received during the study itheir culture was initiated.

Each culture line was established from a single,temd not from different seedlings. This

important because the recombination event for eagdling from the same parents coulc

different and it is important to have a homogenculture line that could be maintained o

years for comparable datél. domestic cultures infected with ASGWC, ‘Ca. P. mali’ strains
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PM4+ASGV-AC, PM5 and PM6 were already establishgd AbPlanta, Institute for Plant
Research. After successful transmission thranghtro grafting of the different pathogens to the
different Malus genotypes, the plantlets were tested for the poesef the appropriate pathogen
every 6 weeks, to confirm the infection. After 6 mtits these cultures were considered as

homogenously infected, replicated and used as Inocar for further tests.

In this study, 1180 grafts were performed from whi€71 (including healthy controls) were
considered to be successful by testing the gradingth, and the infectivity of the inoculum
(when appropriate). Ten differeMalus genotypes were tested and graft inoculated with 12
combinations of ASGV, ASPV, an€a. P. mali’ (Appendix C1). Two different ASGV isoést
and 3 different Ca. P. mali’ strains were used in this study. At ted of the study 98
combinations were tested. Some of kha&lus genotypes were only received later in the studly an
not all pathogen combinations could be graft-inatad, due to the time constraint of the study.
Of the 625 successful grafts 309 (49%) tested ipesif a period of 6 months for the appropriate
pathogen.

The percentage of hypersensitivity (3-8%) and traasion rate (40-65%) was not influenced by
the season and we could conclude that it is depermtetheMalus genotype and the inoculums

used (Appenedix 7B).

3.3.2 Successful Transmission of ASGV and ASPV througim vitro Grafting
Micro-propagated. domesticanfected with ASGV-AC and ASPV-LFP were the maialédes
used in this study. ASGV-AC and ASPV-LFP were amsged with the decline and death
observed in the field trials of the potential ApgReoliferation resistant rootstocks and to
reproduce the symptoms observed in the field tirathein vitro system, the same virus isolates
were used. Only grafts with a strong graft uniorraveonsidered as successful and used for
further analysis. The inoculum graft tips wereedsfor the desired pathogen when the rootstock
tested negative for the transmission. Grafts whipsetested negative were also not considered

successful and were not included in the data.

ASGV-AC was successfully transmitted to differ®lus genotypes. The transmission rate was

dependent on the rootstock genotype, with the bybenotypes W355, B89 arM. sieboldii
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with the highest transmission rate of 83, 69 an $8spectively. It was not possible to transmit
ASGV-AC to the hybrid genotype CAT5 (table 15). lEomparison another German isolate from
Stuttgart (ASGV-stutt) was also transmitted to efiéint Malus genotypes (table 16). The
transmission rate for ASGV-stutt was the highesthie hybrid genotype B89 with 89% and a
50% transmission rate for hybrid genotypes D45, B3®355 andVl. domesticacv. Rubinette.
No transmission to the hybrid genotype CC38 anerg low transmission rate to CAT5 (8%)
was observed. A higher overall transmission rats whserved for ASGV-stutt compared to
ASGV-AC.

Table 15 Transmission and survival rate of the differentMalus genotypes graft-inoculated
with the ASGV-AC isolate.

Rootstock Tip Inoculum Amount of ASGV 3 mpi 6 mpi
successful  positive
grafts (%)

CATS Rubinette  ASGV-AC 6 0% nt nt
Golden Del Rubinette ASGV-AC 30 10% 100% 100%
045 Rubinette ASGV-AC 9 11% 100% 100%
D45 Rubinette ASGV-AC 11 18% 100% 100%
B323 Rubinette  ASGV-AC 10 30% 100% 100%
Rubinette Rubinette ASGV-AC 6 33% 100% 100%
CC38 Rubinette  ASGV-AC 12 42% 100% 80%
M. sieboldii Rubinette ASGV-AC 10 50% 80% 80%
B89 Rubinette ASGV-AC 16 69% 100% 36%
W355 Rubinette ASGV-AC 6 83% 83% 17%

The survival of the newly established cultures wels recorded, the survival rate 3 and 6
months post transmission/inoculation (mpi) werenMeein 80-100% for most genotypes infected
with ASGV-AC (table 15). The two genotypes thatwhd the highest ASGV-AC transmission
rate showed the lowest survival rate 6 mpi: B8%43&nd W355 (17%). The survival rate for the
plantlets infected with the ASGV-stutt isolate sleoha survival rate of between 25-100% 3 mpi,
with only 25% forM. sieboldiiand D45 (tablel16). After 6 months the survivakraf most
cultures was lower than after 3 mpi. Only two crdgihad a 100% survival rate, CAT5 and
W355. None of the ASGV-stutt infectddl sieboldiisurvived 6mpi.
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Table 16 Transmission and survival rate of the differentMalus genotypes graft-inoculated

with the ASGV-stutt isolate.

Rootstock Tip Inoculum Amount of ASGV 3mpi 6 mpi
successful  positive
grafts (%)

CC38 Rubinette ASGV-stutt 4 0% na na
CAT5 Rubinette ASGV-stutt 12 8% 100%  100%
045 Golden Del  ASGV-stutt 16 19% 100% 33%
Golden Del Rubinette ASGV-stutt 24 25% 66% 50%
M. sieboldii  Golden Del  ASGV-stutt 16 25% 25% 0%
B323 Rubinette ASGV-stutt 8 50% 100% 75%
D45 Rubinette ASGV-stutt 10 50% 25% 25%
Rubinette Golden Del ASGV-stutt 6 50% 66% 66%
W355 Rubinette ASGV-stutt 4 50% 100% 100%
B89 Rubinette ASGV-stutt 9 89% 100% 77%

ASPV-LFP was also transmitted to differdvialus genotypes and the transmission and survival
rates were recorded (table 17). The transmissitenwas between 14-100% depending on the
genotype. The highest transmission rate was obdarv®. sieboldii (100%) and 045 (80%),
with an 80 and 40% survival rate respectively, 6.rijpe transmission rate was the lowest in
genotype D45 (17%) and tih. domesticacv. Golden Delicious (GD) (14%). The transmission
rate was much higher for ASPV-LFP compared to ASGgenotypesM. sieboldii CAT5 and
045. The survival rate of the different genotypefedted with ASPV-LFP was between 40-
100% 3 mpi and declined 6 mpi. Golden delicious aary low transmission and survival rate,
although the inoculum culture used for the transioiss was an established Golden delicious
genotype infected with ASPV-LFP.

In most of the potential Apple Proliferation reaist rootstocks that showed decline and death in
the field trials, more than one latent virus waseasked. The multiple transmissions were
grouped into two pathways; co-transmission and rstrpasmission. Co-transmission is when
two or more pathogens were simultaneously transdhith the micro-propagatédalus cultivar.

In super-transmission different pathogens werestratted to the micro-propagatedalus
cultivar at different times. The effect of the sedopathogen in co-transmission and super-
transmission trials on the transmission could iatlichow these pathogens affect the defense

system of the plant.
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Table 17 Transmission and survival rate of the differentMalus genotypes graft-inoculated
with the ASPV-LFP isolate.

Rootstock Tip Inoculum Amount of ASPV 3mpi 6 mpi
successful  positive
grafts (%)

B323 Golden Del  ASPV-LFP 10 70% 100%  85%
B89 Golden Del ASPV-LFP 10 60% 100% 50%

CATS Golden Del  ASPV-LFP 9 67% 67% 33%
CC38 Golden Del ASPV-LFP 10 50% 40% 20%

D45 Golden Del  ASPV-LFP 6 17% 100% 100%
Golden Del Golden Del ASPV-LFP 7 14% 100% 0%

M. sieboldii Golden Del  ASPV-LFP 5 100% 100%  80%
045 Golden Del ASPV-LFP 5 80% 50% 50%

Rubinette Golden Del  ASPV-LFP 10 60% 83% 83%
W355 Golden Del ASPV-LFP 7 71% 100% 40%

First M. domesticacv. Rubinette cultures, infected with one pathggeere super-infected by
graft-inoculation with ASGV-AC, ASGV-stutt, ASPV-IEFor ‘Ca. P. mali’ (table 18). These
double infected lines were then used as inoculurptransmit both pathogens to the different
genotypes. Ca. P. mali’ strain PM6 had a 100% transmission rat&ktminette infected with
ASGV-AC compared to a transmission rate of only 2@%en it was transmitted to virus-free
Rubinette. The ASGV-stutt transmission rate wasaaobdd from 50 to 90% when super-
transmitted to Rubinette ASPV-LFP. The transmissair of ASPV-LFP to Rubinette was also
enhanced (from 60 to 100%) when super-transmitieRubinette ASGV-AC, while ASGV-stutt

and PM6 had no effect. In all cases a 100% survatalwas observed 6mpi.

In the ASGV-AC + ASPV-LFP co-transmission trials 88Cand GD showed a 100 and 80%
transmission rate respectively for both virusesilev@ATS could not be infected. sieboldii
showed a 50% transmission rate for both virusess#me as for ASGV-AC alone, with half the
plants surviving 6 mpi (table 19). For the comhimat ASGV-stutt + ASPV-LFP the co-
transmission rate was lower than with the combamaASGV-AC + ASPV-LFP and single virus

transmissions were more prevalent (table 22)MlIsieboldiionly ASPV-LFP was transmitted.
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Table 18: Transmission and survival rate of the diierent Malus genotypes graft-inoculated with ASGV-AC + ASPV-LFP

ASGV ASPV ASGV & ASPV
Rootstock Inoculum Successful grafts| % 3mpi 6mp | % 3mpi 6mpi | % 3mpi 6 mpi
CATS ASGV-AC + ASPV 5 0% née ne 0% née ne 0% née ng
CC38 ASGV-AC + ASP\ 6 100%  83% 0% 100%  83% 0% 100%  83% 0%
Golden Del ASGV-AC + ASPV 5 80% 100% 100% | 80% 100% 100% | 80% 100% 100%
M. sieboldii  ASGV-AC + ASPV 4 50% 50% 50% 50% 50% 50% 50% 50% 50%
045 ASGV-AC + ASP\V 6 17% 100% 0% 83% 83% 83% 17% 100% 0%

Table 19 Transmission and survival rate of the differentMalus genotypes graft-inoculated with ASGV-stutt + ASPV-IEP

ASGV ASPV ASGV & ASPV
Rootstock Inoculum Successful grafts| % 3mpi 6mpi | % 3mpi 6mpi | % 3mpi 6 mpi
M. sieboldii  ASGV-stutt + ASP\ 1 0% ng ne 100% 100% 100% 0% ng ne
CATS ASGV-stutt + ASP\ 7 43% 67% 67% 71% 80% 60% 29%  100% 100%
CC38 ASGV-stutt + ASP\ 6 33% 100% 100% | 33% 50% 50% 0% ng ne
D45 ASGV-stutt + ASP\ 2 100% 0% 0% 50% 0% 0% 50% 0% 0%
W355 ASGV-stutt + ASP\ 4 50% 100% 100% | 75% 100% 67% 50% 100% 100%
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Table 20: Transmission and survival rate of the diierent Malus genotypes graft-inoculated with ASGV-AC and the ‘CaP.
mali’ strain PM4

ASGV ‘Ca.P. mali’ (PM4) ASGV & PM4
Rootstock Inoculum Successful grafts % 3mpi 6mpi| % 3mpi 6 mpi % 3mpi 6 mpi
B323 PM4 + ASG\-AC 8 100% 50% 50% 38% 100%  100% 38% 100%  100%
B89 PM4 + ASG\-AC 8 75% 100% 67% 38% 100% 67% 38% 100% 67%
CATS PM4 + ASG\-AC 5 0% ne ne 0% ne ne 0% ne ne
CC38 PM4 + ASG\-AC 8 25% 100%  100% 25% 100%  100% 25% 100%  100%
D45 PM4 + ASG\-AC 2 50% 100%  100% 50% 100%  100% 50% 100%  100%
GoldenDe  PM4 + ASG\V-AC 13 31% 100% 75% 54% 71% 57% 23% 100% 67%
M. sieboldii PM4 + ASG\-AC 7 0% ne ne 14% 100% 0% 0% ne ne
045 PM4 + ASG\-AC 5 0% ne ne 20% 100% 0% 0% ne ne
W355 PM4 + ASG\-AC 3 67% 100%  100% 0% ne ne 0% ne na
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Genotype CC38 also showed no co-transmission amg ASGV-stutt or ASPV-LFP was
transmitted. There was also a difference in tragsiomn rate of ASGV alone depending on the
isolate in certain genotypes. The transmission cat#&SGV-AC to M. sieboldiialone (50%) or
when in combination (50%) with ASPV-LFP was muclgh@r than the transmission rate of
ASGV-stutt alone (25%) or in combination (0%) WABPV-LFP.

Table 21: Super-transmissions performed oM. domesticacv. Rubinette

Rootstock Inoculum Number of Positive for 3 mpi 6 mpi
Status successful Inoculum
grafts Pathogen (%)

ASGV-AC PM6 7 100% 100% 100%
PM6 ASGV-stuti 10 90% 100% 100%
PM6 ASPV-LFP 6 50% 100% 100%

ASGV-AC ASPV-LFP 7 100% 100% 100%

ASGV-stutt ASPV-LFP 12 75% 100% 100%

The effect Ca. P. mali’ strain PM4 on the co-transmission ratetA&GV-AC and the survival
rate of the genotypes were also analyzed (table Bxith pathogens could be co-transmitted to
the genotypes Golden delicious (23%), CC38, (238) (38%), B323 (38%) and D45 (50%).
No transmission was observed to the genotype CXle in the genotypeBl. sieboldii(14%)
and 045 (20%) a low transmission rate of PM4 alaas observed, but these plants did not
survive 6 mpi. ASGV-AC could be transmitted tb sieboldii alone or in combination with
ASPV-LFP but no transmission was observed in coatlwn with ‘Ca. P. mali’ strain PM4.
Grafting experiments to transmit th€d. P. mali’ strains PM5 and PM6 td. sieboldii were

successful but all transmissions with the addibgbASGV-AC or ASPV-LFP were unsuccessful.

Interestingly, even with the addition of ASPV-LFP ‘@€a. P. mali’ strain PM4 in the co-
transmission trails, some of the hybrid genotypetedasimilar as they did when infected with
ASGV-AC or ASGV-stutt alone, for example: the hybgenotype CAT5 could not be infected
with ASGV-AC regardless whether it was graft-in@ted alone or in combination with ASPV-
LFP or ‘Ca.P. mali’ strain PM4. Similar results were obserwethe hybrid genotypes 045 (low
or no transmission rate of ASGV-AC alone or in cambion with ASPV-LFP orCa. P. maly’
strain PM4). Here it is important to note that bggnotypes CAT5 and O45 have a similar

genetic background: the entire genome 4551 (sde &bln contrast, high transmission rates of
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ASGV-AC alone or in combination with ASPV-LFP ofa. P. mali’ strain PM4 strain were
observed for the genotype CC38 while transmissfoASGV-stutt was always low. This could
indicate that the hypersensitivity of the hybrichgt/pes towards ASGV was not influenced by a
second pathogen. The opposite observation was matie ASGV toleranM. domesticacv.
Golden Delicious, where the addition of a secontiggen in the co-transmission trials enhanced
the transmission rate for ASGV-AC as well as folPASLFP.

3.3.3 Stable Virus Culture Lines

The variable area 1 of ASGV-AC was sequenced 3gtiowver a period of 3 years (2008, 2009,
2010) and the ASPV-LFP coat protein 2 times ovperod of 2 years (2010, 2012). Sequence
comparisons for both the ASGV variable area 1 &edASPV coat protein show an identity of

100% for all sequences obtained respectively. Theselts provide prove that a define isolate

could be stably maintained in vitro Malusplantlets.

3.4 HYPERSENSITIVITY ANALYSIS OF THE MALUS GENOTYPES

INFECTED WITH ASGV, ASPV AND/OR ‘CA. P. MALI’
All the in vitro grafting experiments were analyzed for graft unm@crosis, an indication of
hypersensitivity to ASGV and ASPV (fig. 18). Neasand or death of the graft tip alone were
not considered, because it could be due to anfiosuft connection at the graft union. A weak
graft connection could hamper the flow of nutrietatshe graft tip and cause necrosis and death.
ASGV, ASPV and Ca. P. mali’-free grafts were performed as control dtirgraft transmission
experiments (table 22). The ‘healthy’ grafts showednecrotic reaction except ft. sieboldii
that had an 8% incidence. Some of the grafts shaegti union necrosis but died before it could
be tested for the appropriate pathogen; in thesescthe data were not included as successful
graftings as the transmission of the pathogen ¢ordlotstock could not be confirmed, but the
necrosis and rapid death of the rootstocks were @ssidered as a hypersensitive reaction. No
hypersensitive reaction was observed inNhelomesticacv. Golden Delicious and Rubinette as
well as thaM. sieboldiiderived hybrids B323 and B89 (table 22).
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Table 22 Percentage of necrotic reaction at the graft unionof the different Malus genotypes to the different pathogen

combinations
ASGV-AC + ASGV-stutt+ ASGV-AC +

Healthy ASGV-AC ASGV-stutt ASPV-LFP ASPV-LFP ASPV-LFP PM4
Golden Del 0% 0% 0% 0% 0% - 0%
Rubinette 0% 0% 0% 0% - - -
B323 0% 0% 0% 10% - - 0%
B89 0% 0% 0% 0% - - 0%
W355 0% 17% (14% 0% 0% - 0% 0%
D45 0% 0% (21% 0% 17% (33% - 0% 0%
045 0% 0% 19% (15% 0% 17% - 20% (17%
CC38 0% 0% 0% 0% 0% (14% 33% 0%
CAT5 0% 0% (25% 25% 0% 0% 0% 0% (38%
M. sieboldii 8% 0% (9% 40% (6% 0% (29% 0% 0% 43% (13%

Values in brackets are the percentage of rootstiheksshowed necrosis and sudden death.
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M. sieboldiimicro-propagated plants showed a high percentbbgpersensitivity when grafted
with ASGV, ASPV, and ASGV-AC +Ca. P. mali’ strain PM4. Local or graft union necmosi
was observed associated with both latent virusis. flecrotic reaction was divided into two
groups. Plants that showed necrosis and testetivepsand plantlets that showed necrosis and
sudden death (indicated between brackets on téjleChly 9% of theM. sieboldii plantlets
infected with ASGV-AC and 29% of the ASPV-LFP intied plantlets showed necrosis and plant
death, while most of the infectédd. sieboldiiinfected plantlets showed no necrotic reaction and
survived 6mpi and could be maintained. None ofplaatlets infected with ASGV-AC or ASPV-
LFP that showed necrosis survived. ASGV-stutt iradluan initial necrotic reaction after which
the plantlets recovered from the initial symptom&re homogenously infected and could be
maintained. In the case of ASGV-AC €a. P. mali’ strain PM4, 43% of the plants showedtgra
union necrosis preventing further virus propagation

Figure 18 Graft union analysis one month post graft transmis®n. a) Healthy graft union
showing no graft union necrosis. b) Graft unionrosis c) severe graft union necrosis.

The hybrid genotypes W355, D45, 045, CC38 and Cali&ved hypersensitivity of between 0-
38% depending on the inoculum. W355 only showedasts associated with ASGV-AC. CC38
reacted hypersensitive only in association with X3P, whereas CAT5 reacted

hypersensitive in the presence of ASGV but onlp8PV-LFP is absent. 045 and CAT5 were
the only hybrids that reacted hypersensitive to XS&& + ‘Ca. P. mali’ strain PM4
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3.5 GROWTH AND SYMPTOM ANALYSIS

After homogenous culture lines were establishedh different combinations of ASGV, ASPV
and Ca. P. mali’, the effect thereof on the growth and stonp expression, were analyzed. All
the plantlets were subcultured under to approxilpdtem in size and grown for 6 weeks under
the same conditions (section 2.4.3). The growth symdptom expression was then recorded by
measuring the leave size, the height and the anawsitoots which is indicative for the vigor of
the plantlets. In all experiments a pathogen frekue was included as control. All the data
obtained were statistically analyzed. Different tamations of pathogens on the same genotype
were analyzed to determine the effect on the g@eotin other cases the same pathogen was
analyzed on different genotypes to see how therdifft genotypes respond to the same pathogen
(table 5). Data obtained from the biostatisticggpamn R for all growth analyses is summarized in

Appendix B.

Figure 19 M. domestica cv. Rubinette plantlets infected with different pdhogens
subcultured to 1 cm.

3.5.1 ASGYV Isolates onM. domesticacv. Royal Gala

M. domesticav. Royal Gala infected with 5 different Canadisolates were established through
culture initiation from previous graft inoculated-eitro plants and three German isolates were
transmitted to healthy Royal Gala plantlets throumghitro grafting. After all the infected Royal
Gala plantlets were established and homogenoufdgted, they were subjected to analysis. The
experiment was repeated three times (10 culturesspkate times 3) and the data pooled for

statistical analysis. Statistical differences wabserved in all three aspects analyzed.
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Table 23 Symptom expression data and statistical differencef Royal Gala infected with
different ASGV isolates.

Pathogen (s) Amount of shoots Shoot height Leaf siz
Mean Statistical Mean Statistical Mean Statistical
difference difference difference
Virus-free 2.4 o 1.22 d 0.5( de
ASGV-AC 3.44 bc 1.5C cd 0.7 c
ASGV-CO2 2.7( (o 2.1: bc 0.5t d
ASGV-C04-1 4.7t a 1.5t cd 0.5( de
ASGV-C0O4-2 2.47 (o 2.5 b 0.97 b
ASGV-CO6 3.€ bc 1.2¢ d 1.57 a
ASGV-CO7 4.1¢ ak 1.65 c 0.64 cd
ASGV-stutt 3.0C bc 1.2C d 0.81 bc
ASGV-W157 4.0C ak 4.0C a 0.3C €

a-e Each letter represents a statistical diffemegan value

The Kruskal-Wallis chi-square test showed sta@stdifferences in the mean amount of shoots
per culture, grouping the isolates in 3 statishjcdlfferent categories (table 23). The virus-free,

CO2 and CO4-2 isolates showed the lowest amoushadts (2.4-2.7 shoots per culture) while

the W157, CO4-1, and COY7 isolates showing the Isighmount of shoots per culture (4.0-4.75).

Statistical difference was also observed in the m&oot height, grouping the isolates in 4

statistical groups. The average height for theaigsl was between 1.2 and 2.5 cm for most
cultures except for CO6, which grew to a mean eizé¢ cm. The mean leaf size of the ASGV

infected Royal Gala was between 0.3 (W157) andcin6CO6) and grouped the isolates in 5

statistical different categories. For most of thétures a mean of 0.5-0.8 cm were recorded,
similar to that of the virus-free control. No extre values were recorded for ASGV-AC and

ASGV-stutt infected cultures.

3.5.2 The Effect of a Second Latent Virus on théVl. domesticacv. Rubinette

The same parameters (shoot proliferation, height l@af size) were also analysed fiuok
domesticacv. Rubinette infected with ASGV-AC or ASGV-stwtith or without ASPV-LFP.
This was done to analyse the effect of the ASGVsgmptom expression if a second virus is
present. Although a slighly higher mean amount hajogs was observed with the addition of
ASPV, it was not statistical significant. Statisliadifferences were observed when the shoot
height was analysed (table 24). In both cases ddé&ian of ASPV-LFP slightly increased the

height of the cultures infected with ASGV alone eTleaf size was more variable between the
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different combinations ranging from an avarage eiz8.54 to 0.85 cm. The leaf size was slightly
bigger in Rubinette ASGV-stutt + ASPV-LFP compatedASGV-stutt alone, while the leaf size
was slightly reduced in ASGV-AC + ASPV-LFP compatedSGV-AC alone.

Table 24 Symptom expression data and statistical differencef Rubinette infected with
ASGV alone compared to ASGV co-infected with ASPV-EP

Pathogen (s) Amount of shoots Shoot height Leaf siz
Mean Statistical| Mean Statistical| Mean Statistical
difference difference difference
Pathogen free 2.96 na 2.37 bc 0.68 b
ASGV-AC 2.82 na 2.12 bc 0.82 a
ASGV-stutt 2.79 na 2.04 C 0.54 C
ASGV-AC + ASPV-LFP | 3.05 na 3.05 a 0.70 b
ASGV-stutt + ASPV-LFP | 2.92 na 2.54 b 0.85 a

a-c Each letter represents a statistical differeain value. Na, not applicable, no statisticaled#fce
observed.

3.5.3 The Effect of ASGV on the Reaction oM. domesticacv. Rubinette Infected

with ‘ Ca.P. mali’
It is important to know if the addition of ASGV-A@G effecting the symptom expression of
Rubinette whenCa. P. mali’ is present, and could be an indicatiorihef plant response to the
addition of a second pathogen (table 28).domesticacv. Rubinette infected witiCa. P. mali’
strain PM5 showed a slight enhancement of shodifenation when co-infected with ASGV-
AC. No change in shoot height or leaf size was ek in M. domesticacv. Rubinette co-
infected with Ca.P. mali’ and ASGV-AC compared td. domesticav. Rubinette infected with
‘Ca.P. mali’ alone. Statistical difference was howevbserved whenCa. P. mali’ strains were
compared. With PM6 showing less stunted growth laigder leaf sizes when compared to the
strains PM4 and PM5. The data indicate that thegmee of ASGV-AC has little effect on the

symptom expression of the plantlets when infectagld Wa.P. mali’.

Unfortunately Ca. P. mali’ strain PM4 without ASGV-AC was only recnestablished and not
included in this study, but no differences wereestssd when PM4 was compared with PM4 +
ASGV-AC cultures (data not shown). In all three sweaments a statistical difference was
observed when theCa. P. mali’ infected cultures were compared to theiwiand phytoplasma
free control (fig. 20).
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Table 25 Symptom expression data and statistical differencef Rubinette infected with
different ‘' Ca.P. mali’ strains alone compared to c-infections with ASGV-AC

Pathogen (s) Amount of shoot: Shoot height Leaf size
Mean Statistical Mean Statistical Mean Statistical
differenc differenc differenc
e e e
Pathogen free 2.96 b 2.37 a 0.8t a
ASGV-AC + PM4 | 4.07 a 1.07 c 0.2t C
PM5 3.06 b 1.12 c 0.25 c
ASGV-AC + PM5 | 4.26 a 1.05 c 0.2t C
PM6 4.31 a 1.49 b 0.41 b
ASGV-AC + PM6 | 4.23 a 1.47 b 0.4C b

a-cEach letter represents a statistical different mvedune.
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Virusand ASGV-AC ASGV-stutt ASGV-AC+ ASGV-AC+ PM6 ASGV-AC+
phytoplasma PM4 PM5 PM6 |
free

Figure 20: Symptom expression oM. domesticacv. Rubinette with different combinations
of ASGV and ‘Ca.P. mali’ strains

3.5.4 The effect of ASG\-stutt, ASGV-AC and ASPV-LFP on the Reaction ofM.

domesticacv. Rubinette infected with Ca.P. mali’ strain PM6
After the conclusiorthat the ASG\-AC isolate had no effect on the severity of the gtoms
caused byCa. P. mali’ infecticn, the effect of another ASGV isolafstutt) ant ASPV-LFP on
the symptom expression was analy The ‘Ca. P. mali’ strain PM6 without the addition of
virus was compared to PM6 -infected with ASGV-AC, ASG\stutt or ASPY-LFP. No
statistical differencewvas observed in all three variables leading to ¢baclusion that th
symptom expression ofCa. P. mali’ is not enhanced or reduced by the addition of AS§'
ASPV (Appendix 4B).
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3.5.5 The effect of ASGV-AC onM. sieboldii, M. domesticecv. Rubinette and the
Hybrid Culture CC38.
To analyze the effect of ASGV-AC on a tolerant asahsitive genotype and a potential apple
proliferation resistant hybrid genotype, the symptexpression was monitored for ASGV-AC
infected RubinetteM. sieboldiiand CC38 (table 26). A virus-free control of egemotype was
also included. No statistical difference was foumdhe amount of shoots per genotype. For the
shoot height analysiM. sieboldii and CC38 showed some decrease in shoot heighthéor
cultures infected with ASGV-AC compared to the sifuee cultures. In th&l. domesticacv.
Rubinette trial, the ASGV-AC infected culture hatiigher shoot height compared to the virus-
free culture. No statistical difference between A&GV-AC infected and virus-free Rubinette
and M. sieboldii cultures were observed in the leaf size examinatBiatistical difference was
observed for the CC38 culture, with the virus-foeture showing bigger leafs when compared
to the ASGV-AC-infected culture.

Table 26 Symptom expression data and statistical differencef different Malus genotypes
infected with ASGV-AC compared to virus-freeMalus genotypes.

Genotype/Pathogen (s) | Amount of shoots Shoot height Leaf size
Mean Statistical | Mean Statistical | Mean Statistical
difference difference difference
CC38 3.0C ne 1.5¢€ cd 0.61 b
CC38ASGV-AC 2.7F ne 1.1% d 0.3¢ c
M. sieboldi 2.1t ne 2.0C bc 0.3¢ (o
M. sieboldi/ASGV-AC 2.9C ne 1.4: d 0.4z c
Rubinett 3.1C ne 2.3t ak 0.7¢ a
Rubinette A( 2.9t ne 2.7t a 0.7¢ a

a-d Each letter represents a statistical differeein value. Na, not applicable, no statisticaleddfce
observed.
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and ASGV-AC
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3.5.6 The effect of Ca.P. mali’ strain PM4 + ASGV-AC on M. domesticacv.
Rubinette and the Hybrid Cultures D45 and B323

How do the different hybrid genotypes react whennéected with ASGV-AC andCa. P. mali’

strain PM47? The hybrid genotypes D45 and B323 miected with ASGV-AC andCa.P. mali’

strain PM4 were analyzed (table 27). Rubinette wmatuded as ASGV-AC tolerant control.

Unfortunately after three years of grafting expeims no transmission o€a. P. mali’ strain

PM4 and ASGV-AC tdM. sieboldiiwas possible and the ASGV-AC sensitive controlld¢owot

be included in this symptom expression comparison.

Table 27 Symptom expression data and statistical differencef different Malus genotypes
co-infected with ‘Ca. P. mali’ strain PM4 and ASGV-AC

Genotype Amount of shoots Shoot height Leaf size
Mean Statistical| Mean Statistical| Mean Statistical
difference difference difference
Rubinette 3.99 a 1.07 b 0.25 b
B323 2.88 b 0.74 C 0.23 b
D45 2.73 b 2.26 a 0.36 a

a-c Each letter represents a statistical diffenegdén value.

Rubinette showed a higher amount of shoots peureuttompared to the hybrids B323 and D45
(fig. 21). The hybrid culture D45 had the leasingtd growth, and biggest leaf size compared to
the M. domesticacv. Rubinette and B323. Furthermore the amoushobts (2.2) and the height
of the shoots (2.5 cm) were similar to the virug-phytoplasma free culture of D45, only the
leaf size was smaller (0.64 cm). This could be ratication of possible resistance ©a. P.

mali’.

3.6 ESTABLISHING OF QUANTITATIVE REAL-TIME

The real-time analysis was performed using SYBRe@rk as detection method. The SYBR
Green | molecule binds specifically double-stradAD In this state, after excitation from a 492
nm light-source, it emits a fluorescence signahveit513 nm wavelength. The emitted signal is
proportional to the quantity of SYBR Green I® bousad therefore to the DNA quantity and
length. The continuous fluorescence detection efammplified products allows the calculation of
the quantity of the template initially present e tsample. There is a direct relationship between

the initial amount of template present in the riacaind the cycles required before a significant
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increase in the fluorescence signal is detectedtHar words, the higher the initial copy number

in the sample the fewer cycles are necessary sxdatsignal.

D ata and Standards
[ All Dyes [~ LogScale |V AutoScale  Smoath: Tm y=-02777%+993; r"2=0938 ™ Use Replicates [ Selected Wels

-4 1 =

Both

0,75

% e e B B e e A
1 10 20 30
O Taagle Axis
4 L 4 L3

Standards
» 0
[=]

4

l

Figure 22 Fluorescence and standard curve of the standard dition series used in Ca. P.
mali’ gPCR reactions

The cycle threshold (ct) or quantification cyclegj@ine was manually adjusted to the best fit of
linearity in the logy curves of all samples, excluding any backgroundenof samples and non
template control. Negative template controls (NM®&re also included in all gPCR and RT-
gPCRs. For each run a dilution series of the fragnte be amplified was included as
quantification standard and the quantity (knownycopmber) was plotted against the cycle were
the fluorescence exceeds the cycle threshold Z2y. The quantity of template of the unknown
samples was then calculated automatically by apglyd the standard curve. The R-squar® (R
value indicates how well the fit of the standardveudescribes the variation in the data. The
value of R-square can vary between 0 and 1, withegacloser to 1 signifying a good fit. All
runs showed an R-square value of between 0.990&98, indicating that 99% of the variance
in the data could be explained by the standardecure dilution series were run in duplicate and
outlying points were deselected. The primers focheeeaction was carefully designed and
optimized to exclude primer dimer formation. Thegance of primer dimers could enhance the

signal observed and could lead to false data.

The quantity of the initial template data was tleapted to an efficiency of 100%. Each sample
was run in duplicate and each run repeated to amalye intra-assay variation and variation

between runs. The four values obtained for eaclpkamere used to calculate the mean copy
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number of the sample. In the case where one valoeed significant variation compared to the
other 3 values obtained for the same sample, thee waas eliminated and the mean value was
only calculated from the remaining 3 values. Thigswperformed to exclude samples with
pipetting errors. The absolute quantification wstandard curve was used for all gPCR and RT-
gPCR reactions including the SBE1 gPCR. The meams\wr Ca. P. mali’ copy number per
sample was normalized against (divided by) the n®BBE1 copy number for the same sample.
The normalization calculation was adapted to tloédylof eachMalus genotype. The normalized
values were then subjected to statistical anafysisstatistical comparisons using the biostatistics

program R.

3.6.1 Normalization with the Starch Binding Protein Genel

For the comparison of virus an€a. P. mali’ titers in thein vitro plantlets, a reference is
required for the normalizing of the Real-Time PCGR/PCR. As reference a single copy gene
from the apple genome was selected, the starclingipadotein gene 1 (SBE1). A fragment of the
SBE1 gene of alM. domesticaM. sieboldiiand hybrids used in this study was amplified and
sequenced and all 21 sequences obtained showe@ 0identity at the primer binding site.
Because the different hybrids akthlus cultivars have different polyploidy levels, the noen of
SBEL1 alleles peMalus genotype was different. Table 4, shows the ploalel of eachMalus

genotype. The ploidy number was then used to stdimtathe data analysis.

To analyze the effect of ASGV-AC on the SBE1 geopycnumber, the SBE1 copy number of
M. sieboldiiand M. domesticacv. Rubinette was determined. For extracts frochegenotype
were tested in duplicate and the run repeated.afldéion of ASGV-AC had no influence on the
SBE1 copy number d¥l. sieboldiior Rubinette and the data were normally distridu¢8hapiro-
Wilk normality test, W = 0.9335, p-value = 0.5158). sieboldii (tetraploid) had 1.965 times
more SBElcopies per gram fresh weight than Mhe domesticacv. Rubinette (diploid),
confirming our assumption that the ploidy levelao§enotype is an indication of the amount of

SBE1 alleles present.

The effect of the addition ofCa. P. mali’ on the SBE1 copy number was analyzed bypaying
the copy number oM. domesticacv Rubinette infected with ASGV-AC (93 extracts) M.

domesticacv Rubinette co-infected with ASGV-AC an@a. P. mali’ strain PM4 (110 extracts).
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The data were not normally distributed (ShapiroRWibrmality test, W = 0.9787, p-value =
8.184 x 1¢F), and statistical difference between the mean capgbers was observed (p-value =
1.622 x 10)). Rubinette co-infected withCa. P. mali’ strain PM4 and ASGV-AC (3 x 10
copies) showed a higher copy number per gram ahfsgeight that Rubinette infected with
ASGV-AC alone (2 x 1%). This could be due to more compact cellsGa.'P. mali’ symptomatic
plants having a higher amount of cells per granfregsh weight. This result also confirms the

choice of using a normalizing gene rather thartithditional copies per fresh weight analysis.

The effect of differentCa. P. mali’ strains co-infected with ASGV-AC on the @t of SBE1
copies per gram fresh weight were analyzed to séeie is any changes in the SBE1 copy
number. The data were normally distributed (p =8668) and no statistical difference were
found between the copy numbers of Rubinette inteatith PM4, PM5 or PM6 co-infected with
ASGV-AC, indicating that theCa. P. mali’ strain has no effect on the SBE1 copy nemnf

‘Ca.P. mali’-infected Rubinette.

To be certain that there is no inhibition in qPGRlgsis, a dilution series (100 ng/ul, 10 ng/ul, 1
ng/ul) of Rubinette andil. sieboldiitotal nucleic acids was tested. The 4 dilutionesémwere
made from 4 different Rubinette and 4 differ&htsieboldiicultures and tested in duplicate. For
each series step the SBE1 copies were decreasthglwk 10, confirming that there is no

inhibition in the gPCR reaction.

3.6.2 ASGV Quantitative Real-Time RT-PCR

Primers were designed to amplify a 210bp fragmerihé Variable region 1. The primers were
designed using the nucleotide sequences obtained the Variable region study described in
section 3.1.2. The RT-gPCR reactions were firsineiped on RNA extracts (DGenos) before it
was used on the CTAB total nucleic acid extracts.di¥ference in amplification efficiency was
observed between the two extraction methods. Thee sxtractions were also used to test for
SBE1 gene as well as fo€a. P. mali’ (when applicable). Virus and phytoplasmeefcontrols
were included for each run. All data obtained frahe biostatistics R program for are

summarized in table 31.
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3.6.2.1 Analysis of the replication efficiency of differentASGV Isolates onM. domestica
cv.Royal Gala

The virus titer from estdishec micro-propagated Royal @& plantlets infected with differe
ASGYV isolates were determined to analyze the rafitio efficiency of the different isolates a
compare it with the symptom expression analysisiltes Statistical difference in the me
ASGV copy number per cell from the differt isolates was observed (table). The titer varied
greatly among isolates with ASCG-AC having the highest titer mean of 7.92 virusesga#l and
ASGV-W157 the lowest wih 1.16 copies per cell (tle 28). ASGV-AC #&0 showe much more
variability in the titer per cell within the Roy&ala culture compare to the other ASGV isol:

ASGV-AC showed no extreme symptom expression valuestt@aghoot length, shoot heig
and leaf size was similar to the AS-AC free cdture. The W157 isolate showed the low
virus titer but in the symptom expression analgsiSeme values were recorded. Similar res
were also observed in Rubinette; the AS-AC isolate had a mean copy number per cell of

while ASGV-stutt had aapy number per cell of 2.7
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Table 28 Statistical difference determined in the ASGV tite of Royal Gala infected with
different ASGV isolates.

Pathogen (s) Mean Statistical difference
ASGV-AC 7.92 a
ASGV-CO4-1 3.56 b
ASGV-C0O4-2 1.52 bc
ASGV-CO6 1.73 bc
ASGV-CO7 4.95 ab
ASGV-stutt 3.60 bc
ASGV-W157 1.16 c

a-c Each letter represents a statistical diffenegdn value

3.6.2.2 The Influence of a Second Pathogen on the ASGV-ACeRlication Efficiency

To analyze if there is an effect of a second pathogn the replication efficiency of ASGV-AC,
the titer of Rubinette ASGV-AC cultures co-infectedh ASPV-LFP or theCa.P. mali’ strains
PM4, PM5 and PM6 were determined (fig. 24a, talflep Zhe replication efficiency of ASGV-
AC was reduced when co-infected with ASPV-LFP and@a. P. mali’. Although a slight
decrease in the ASGV-AC titer was observed whentitees of Rubinette ASGV-AC + PM6
were compared to Rubinette ASGV-AC titer alonerehgas no statistical difference in the mean

titer values (fig. 24a).

Table 29 Statistical difference determined in the ASGV-AC tier in the presence of a
second pathogen

Rubinette infected with ASGV-AC virus Statistical
titer difference
ASGV-AC 6.94 a
ASGV-AC + ASPV 3.66 b
ASGV-AC + ASPV + ‘Ca.P. mali’ strain PM6 2.34 b
ASGV-AC + ‘Ca.P. mali’ strain PM4 3.97 b
ASGV-AC + ‘Ca.P. mali’ strain PM5 2.89 b
ASGV-AC + ‘Ca.P. mali’ strain PM6 6.46 a

a-b Each letter represents a statistical diffenegein value.

In all other combinations the titer decreased byartban half of the titer of the ASGV virus
alone. TheCa.P. mali’ strain PM6 is considered to be less vinulehen compared to the PM4

and PM5 strains which could explain why the titerswot reduced. In the case where PM6 is co-
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infected with ASGV-AC and ASPV-LFP the ASGV tites significantly reduced, possibly

because of completion for the plant enzymes ardlaeimachinery needed for replication.
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Figure 24: Boxplot analysis of the ASGV-AC titer per plant cd a) The influence of a second
pathogen on the ASGV titer per plant cell b) ASGZ-Ater per plant cell in differer¥alus
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3.6.2.3 The Replication Efficiency of ASGV-AC in Different Malus Genotypes

The replication efficiency of the virus could indte why certaitMalus genotypes react sensitive
or tolerant to the ASGV virus. The ASGV-AC titerrpeell was significantly lower irM.
domesticacv. Rubinette (6.94) compared k. sieboldii (31.94) and the hybrid culture CC38
(51.57, fig. 24b). Previous results also show aelo&SGV-AC titer in theM. domesticacv.
Royal Gala (7.92). The high replication efficienafy ASGV-AC in theM. sieboldiiand CC38

genotypes could be an indication of why these ggrest react sensitive to ASGV infection.

3.6.2.4 The Replication Efficiency of ASGV-AC in Different Malus Genotypes co-infected
with * Ca.P. mali’ strain PM4

The hybrid genotypes B323, B63, D45 co-infectechwiBGV-AC and Ca. P. mali’ strain PM4

were subjected to ASGV-AC RT-gPCR for the titeredetination, to study if the replication

efficiency in the hybrids is similar or higher ththose of the ASGV toleraml. domesticecv.
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Rubinette. The ASGV-AC titer in all three hybridnggypes was significantly higher compared

to Rubinette (table 30).

Table 3Q Statistical difference determined in the ASGV-AC iter in different Malus
genotypes co-infected withCa.P. mali’

Malus genotype infected
with ASGV-AC + PM4

ASGV-AC virus titer

Statistical difference

Rubinette
B63
B323
D45

3.97
25.38
45.82
48.85

b

ab

a
a

a-b Each letter represents a statistical diffenegdn value

Table 31 Results of the R-test per experimental data setiféhe ASGV-titer per plant cell.

Experiment

Shapiro-Wilk
normality test

Bartlett test of
homogeneity of
variances

Kruskal-Wallis
chi-squared test

Duncan test to
compare means

ASGYV titer per
plant cell of
Royal Gala
infected with
different ASGV
isolates

The effect of a
second pathogen
on the ASGV-
AC copies per
Rubinette plant
cell

ASGYV titer per
plant cell of
different Malus
cultivars
infected with
ASGV

ASGYV titer per
plant cell of
different Malus
cultivars
infected with
ASGV and PM4

W = 0.7937
p-value = 5.18 x 16

Not normally
distributed

W =0.9172
p-value = 0.01187

Not normally
distributed

W =0.8414
p-value = 0.003032

Not normally
distributed

W =0.869

p-value = 0.005039

Not normally
distributed

K-square = 39.2223
df =6
p-value = 6.474 x 10

Variance not
homogenous
K-square = 16.1468
df=5

p-value = 0.006437

Variance not
homogenous
K-square = 28.2604
df =2

p-value = 7.3 x 10

Variance not
homogenous
K-square = 36.9786
df=3

p-value = 4.65 x 18

Variance not
homogenous

chi-squared = Confidence level 0.95
21.5544 Variation Coefficient:
df =6 83.99%

p-value = 0.001476
Differences in mear

values

chi-squared = Confidence level 0.95
18.0949 Variation Coefficient:
df=5 42.08%

p-value = 0.00283
Differences in mean

values

chi-square = Confidence Level
15.7741 0.95

df =2 Variation Coefficient:

p-value = 0.003761 47.64%

Differences in mear

values

chi-square = 14.006 Confidence Level

df=3 0.95

p-value = 0.002896 Variation Coefficient:
70.57%

Differences in mean

values
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3.6.3 ASPV Quantitative Real-Time RT-PCR

To analyze if the addition of ASGV-AC or ASGV-stutifluence the replication efficiency or
fithess of ASPV-LFP the mean titer per plant cedisvdetermined iM. domesticav. Rubinette
infected with ASPV-LFP, ASPV-LFP + ASGV-AC and ASRWP + ASGV-stutt. No statistical
difference was observed between the mean titerpfgert cell of the single ASPV infected
plantlets compared to the Rubinette plantlets éecbed with either of the ASGV isolates. The
titer of ASPV-LFP was however significantly highehen compared to the ASGV titer (7 copies

per plant cell) in single infectedd. domesticav. Rubinette.

Table 32 Statistical difference determined in the ASPV-LFPtiter in M. domesticacyv.
Rubinette co-infected with ASGV

Rubinette infected with ASPV

and/or ASGV ASPV-LFP virus titer Statistical differ ence
ASPV-LFP 48.5 na
ASPV-LFP + ASGV-AC 33.46 na
ASPV-LFP + ASGV-stutt 25.7 na

Table 33 Results of the R-test per experimental data setiféhe ASPV-titer per plant cell.

Experiment Shapiro-Wilk Bartlett test of Kruskal-Wallis chi-  Duncan test to

normality test homogeneity of squared test compare means
variances

ASPV titer per W =0.7633 K-square = 5.7139  chi-squared = 0.6944 Confidence level 0.95

plant cell of p-value = 0.01145 df =2 df =2 Variation Coefficient:

Rubinette co- p-value = 0.05744 p-value = 0.7066 51.06%

infected with Not normally Variance is No differences mean

different ASGV  distributed homogenous values

isolates

3.6.4 ‘Ca.P. mali’ Quantitative Real-Time PCR

3.6.4.1 The Effect of ASGV-AC on the Ca.P. mali’ Replication Efficiency in M. domestica
cv. Rubinette

The addition of aCa. P. mali’ is reducing the replication efficiency ABGV-AC, but how is

ASGV-AC changing the replication efficiency afa. P. mali’? The same extractions used for

the ASGV-AC titer determination were used for thiigdy. Rubinette infected witlCa. P. mali’

strain PM4 was only established at the end of togept and was not included in this study. No

statistical difference was observed between thenm@a. P. mali’ titer per plant cell in the co-
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infections PM4 + ASGV-AC and PM5 + ASGV-AC (tablé,3ig. 25a). Statistical differences in
the ‘Ca. P. mali’ titer per cell were observed for PM6 +AS@C when compared to PM4 and
PM5 co-infected with ASGV-AC, with a titer per Ruabite plant cell of 18.21 compared to 34.35
and 34.18 respectively. For both PM5 and PM6 tteg per Rubinette plant cell was enhanced
when co-infected with ASGV-AC. All obtained from ethbiostatistics R program for are

summarized in table 36.

Table 34 Statistical analysis of the effect of ASGV-AC on té titer per plant cell of ‘Ca. P.
mali’

Rubinette infected with ASGV-AC and

‘Ca.P. mali’ strain ‘Ca.P. mali’ titer Statistical difference
PM4 + ASGV-AC 34.35 a

PM5 16.90 bc

PM5 + ASGV-AC 34.18 a

PM6 10.59 C

PM6 + ASGV-AC 18.21 b

a-c Each letter represents a statistical diffenegén value

3.6.4.2 The effect of Latent Apple Viruses on the Replicatin Efficiency of the ‘Ca.P. mali’
strain PM6 in M. domesticacv. Rubinette

The effect of ASPV-LFP and a second ASGV isolatat{swere analyzed to see if they also
enhance theCa. P. mali’ replication efficiency as in the case d®@V-AC. The Ca. P. malv’
titer per Rubinette plant cell were slightly incsed in the Rubinette co-infected with PM6 and
ASGV-stutt compared to Rubinette infected with Pl@ne (table 35, fig. 25b). A slight
decrease was recorded in Rubinette co-infected MAlB and ASPV-LFP but with the addition
of a 3 pathogen (ASGV-AC + ASPV-LFP + PM6) a magngicant decreased irCa. P. mali’

titer was recorded.

89



Table 35: Statistical analysis of the effect of atent virus on the titer per plant cell of‘Ca.
P. mali’ strain PM6

Rubinette infected with ‘Ca.P. mali’

strain PM6 + a latent apple virus Ca.P. mali’ titer Statistical difference
PM6 10.59 bc
PM6 + ASGV-AC 18.21 a
PM6 + ASGV-stutt 13.73 b
PM6 + ASPV-LFP 9.53 c
PM6 + ASGV-AC +ASPV-LFP 6.06 d
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Figure 25 Boxplot analysis of the'Ca. P. mali’ titer. a) The effect of ASGV-AC on the titer
per plant cell of different ofCa. P. mali’ strains. b) The effect of a latent appleis on the titer
per plant cell of Ca.P. mali’ strain PM6.

3.6.4.3 The Replication Efficiency of ‘Ca. P. mali’ strain PM4 in different Malus
Genotypes co-infected with ASGV-AC
The ‘Ca. P. mali’ titer per cell was determined in thle domesticacv. Rubinette and the hybrid
genotypes B323, D45 and B63 to analyze the remicaefficiency of Ca. P. mali’ in
comparison to the ASGV-AC replication efficiencywsll as the symptom expression of these
cultures. No statistical difference was found ia tGa. P. titer between the genotypes Rubinette,
B323 and B63 and a titer per plant cell of betwB8ér85 and 45.46 was recorded (fig. 26). A
significantly lower Ca. P. mali’ titer was recorded in the hybrid genotypé5 (12.91). The
growth analysis also showed less stunting in th& Bdnotype compared to the B323 and B63
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hybrids. There could be a link betweeCa. P. mali’ strain PM4 titer values and symptc

expression. Hybrids with a loweCa. P. mali’ titer showed fewer sympton

Table 36: Results of the Rest per experimental data set forCa. P. mali’ titer analysis.

Experiment

Shapiro-Wilk nor mality

Bartlett test of

Kruskal- Wallis chi-

Duncan test to

test homogeneity of squared test compare means
variances
Rubinette infected W =0.8473 K-square =119.9884 chi-squared = 76.47: Confidence level 0.95

with different ‘Ca.
P. mali’ strains
with or without
the addition of a
second pathogen
The effect of latent
apple viruses on
Rubinette infected
with ‘Ca. P. mali’
strain PM6

Malus cultivars
infected with PM4
and ASGV-AC

p-value= 8.754 x 1r*®

Not normally distribute

W = 0.8965
p-value = 2.478 x 1

Not normally distribute
W =0.8981

p-value = 2.566 x 1°

Not normally distribute

df=4
p-value < 2.2 x 18°

Variance not
homogenous
K-square =44.0832
df=4

p-value = 6.166 x 1B
Variance not
homogenous
K-square = 19.0451
df =3

p-value = 0,0002676

Variance not

df =4

p-value = 9.718 x 16
Differences in mea
values

chi-squared = 24.42!
df=4

p-value 6.549 x 1B
Differences in mea
values

Chi-square = 12.53:
df=3

p-value = 0,0057€

Differences in mea

Variation coefficient
=70.17%

Confidence level 0.95
Variation coefficient
=72.62%

Confidence level 0.95
Variation coefficient
=71.68%

homogenous values
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Figure 26 ‘Ca. P. mali’ titer of different Malus cultivars infected with PM4 and ASGV-AC
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4 DISCUSSION

The apple industry is one of Germany’s most impuarteuit industries, and is considered as the
most important fruit tree in Germany in 2012. Oweo thirds of the area under fruit trees (70%)
in Germany is used for apple production (Statibtsc Bundesamt, Pressemitteilung 2012,
325/12, www.destatis.de). In 2001 Germany lost 2iam Euro due to an outbreak of Apple
proliferation disease, causing the fruits to beelass and undersized (Strauss, 2009). The fast
spreading and economic impact of this diseaseestast boom in phytoplasma research,
especially in the production of Apple proliferatiogsistant rootstocks. In 2006, this process was
complicated by three latent apple viruses, ASGVPXSand ACLSV causing the potential
resistant apple rootstocks to decline and die. dpmsned the following questions: What do we
know about these viruses? What is the best sysiesstutly these viruses? Which of these viruses
were responsible for the decline? Is there anyact®n between the latent viruses or between
virus and Ca. P mali"? How do the hybrid rootstocks react upoesthinfections? In the next
section | will discuss the results | obtained imsthtudy in an attempt to answer these open
guestions.

4.1 WHAT DO WE KNOW ABOUT THE LATENT VIRUSES

Hypersensitive reactions of sorive sieboldiiderived hybrids were also observed in ithe&itro
culture system at AlPlanta, Institute for Plant &ash. After the detection of the three latent
viruses in the decliningValus trees, tests were performed at AlPlanta, Institiste Plant
Research, and the presence of ASGV and ASPV wastddtin the Ca. P. mali’ inoculum

plantlets. This led to the focus of ASGV and ASR\tausative agents.

Because not much is known about ASGV, especialtyforathe German isolates, we started our
study on the genomic variability and molecular etioh of ASGV. Variability studies and
molecular characterization of ASPV were performgdlzollogue Jessica Barth (Bachelor study
at Fachhochshule Bingen) and will not be discusswd. The complete genome of ASGV-AC,
the isolate associated with the decline observegténious studies, was sequenced. This is the
first report of the full length sequence of ASG\Wrfir Germany and Europe and showed a
nucleotide identity of between 82-97% comparedutbléngth sequences on Genbank nchi. The

German isolate ASGV-AC is closest to an Indiandtml The genomic organization of ASGV-
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AC was similar to those of previously describediases of ASGV (Yoshikawat al, 1992;
Ohira et al, 1995; Shimet al, 2004; Tatineniet al, 2009b). There is a high degree of
conservation among the different isolates, exceptWo variable areas, variable region 1 (V1,
amino acids 532-570) and variable region 2 (V2,namacids 1,583-1,868) (Tatineeat al,
2009b). These areas were further compared to ésotditained from France and Canada as well
as sequences obtained from Genbank ncbi and usedléxtion pressure analysis. Additionally,
no stop codon was found in any of the variable seges of ORF1, confirming previous results
by Magomeet al (1997) and Tatineret al (2009b) where no stop codons were found in any of

the isolates analyzed.

The initial results from the classical dN/dS estiesaobtained from the PAML software showed
that the Variable region 1 and 2 have a high anaicid diverisity compared to the rest of the
genome. These results suggested that at least otine codon positions in these regions could
be subjected to positive selection and involveddaptation of the virus. The analysis of positive
selection in region V2 was more difficult becausednsists of overlapping ORFs. “Classical”
dN/dS analyses are not suited to analyze seleati@averlapping ORFs since they assume that
synonymous substitutions are neutral, which istnag in the case of overlapping ORFs because
synonymous substitutions in one ORF are frequenibtyysynonymous (and consequently
frequently not neutral) in the other ORF. In thase, a joint estimation of dN/dS in both ORFs is
necessary. Using the dN/dS joint estimation in layging ORFs developed by Sabahal
(2008) showed that evolution of region V2 was velose to neutrality for the replicase OR. As
expected, this estimate contrasted greatly with “tassical’ estimate from PAML which

predicted positive selection.

Taxonomically, capilloviruses are closest to trichend citriviruses in the family Beta-
Flexiviridae. However, only capilloviruses encod#tbthe replicase and coat protein in a single
ORF (Hirataet al, 2010). The introduction of a stop codon in thgion V2 of the replicase gene
would split the replicase from the CP, as for thehb- and citriviruses (fig. 27). Phylogenetic
analysis based on genome sequences shows extdmmwelogy between capillovirus and
trichovirus, while the viruses in both genera whistorically classified into independent taxa

primarily because of the difference in their genarganizations (Coffin and Coultts, 1993).
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Figure 27: The introduction of a stop codon in the region V2 bthe replicase gene o
cappiloviruses would split the replicase from the coatprotein. This would cause th
formation of a third ORF and a similar genome orgarnzation as for the trichc- and
citriviruses.

In a recent study, Hiratet al (2010) used an ASGYV infectious clone to introducdéicial stop
codons in the V2 region of ORF1 at the end of thglicas gene, which lead to truncat
polyproteins lacking the CP fragment. Four of fisenstructs were infectious and capable
systemic movement. The only r-infectious construct was mutated at the beginnihgegion
V2 (at position 4795 as compared to tion 4825 or beyond in the case of the other fofithe
ASGV genome. This demonstrates that the V2 regibithe replicase gene downstream
position 4825 is not essential for the replicasgvilg and systemic movement, confirming t
low evolutionaryconstraint in this region, as attested to by théd@\analysis. Our analys
together with the data of Hiraet al (2010), fuels the hypothesis of the “compactionotié
(Keese and Gibbs 199Belshav et al, 2007) where the elimination of a stop codon and
overprinting of a novel coding region over the atd ORF, increases the amount of ger
data that can be storedvimuses with small genom

Evolution analyses of regions V1 and V2 of ORF1gasj that they correspond to regions v
relaxed evolutionary constraints but do not shognificant positive selection. They cot
consequently act as bridges between itant functional domains,i.e. between
methyltransferase and protease domains of thecesglifor region V1 and between the replic
and the CP for region V2 (fig. ). The only constraint in regions V1 and V2 is #i#sence o
stop codons that would produce truncated formshefreplicase, lacking important functiol

domains. As the CP gene is suspected to be produmeda su-genomic RNA(Hirata et al,
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2003; Tatineniet al, 2009a), our results suggest that a CP linkati¢dC terminal extremity of
the replicase could be functionally important fbe tvirus, which would explain the absence of

stop codons in region V2.

A clear difference was observed between the selegtiessure on regions A and B of ORF2 (fig.
10, table 14). Surprisingly, region B of ORF2, whioverlaps with the functionally important
CP, was much less constrained (and not signifigatifferent from neutral evolution; table 14)
than region A, which overlaps with the low consted part of the replicase. This suggests that
region B of ORF2 might have a more recent origentihegion A and could be a new extension
of ORF2 with lower selection pressure.

4.2 ASSEMBLING AND TESTING FOR INFECTIVITY OF ASGV AND ASPV
cDNA CLONES
Although an ASGV-AC and ASPV-LFP full length clonegere successfully assembled no
infectivity was established. The attempt to corwtthe infectious clones were performed for two
reasons: first we wanted genomic stable ASGV-AC AB®V-LFP virus isolates that could be
transmitted toMalus genotypes for interaction and symptom expressiowliess. The most
variable areas ASGV-AC (V1 and V2) and ASPV-LFP Y@Rs sequenced three times over a
period of three years and no change in the nudeaequence of both ASGV-AC and ASPV-
LFP was observed, and indicates that we were abéstablished and maintain genomic stable
ASGV-AC and ASPV-LFP isolates. These isolates asle accessible and were successfully

used in interaction and symptom expression studies.

Secondly, we wanted to perform gene or fragmentppmg between virulent and avirulent/less
virulent virus isolates to determine areas assediatith virus virulence. Hiratat al. (2010)

suggested that the two variable areas of ASGV cbelthvolved in pathogenicity or virulence of
ASGV. Unfortunately, the variability studies done ASGV-AC and other ASGV isolates from
France, Germany, Austria and Canada showed lovahifity when compared with each other
and only high variability was observed when comgaceASGV sequences from Asia, making it

hard to select a virulent isolate based on sequeadability. ASGV-AC showed the highest
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mean titer per plant cell compared to the other XSé&blates tested, an indication that the
German (AC) strain has a high propagation efficyesued virulence.

Unfortunately due to the time constraints of thisdyg, the full length clones were not further
tested for infectivity, and the focus of my studtbsrefore shifted to experimental procedures

that could deliver answers without the use of thalA& clones.

4.3 THE USE OF IN VITRO GRAFTING TO TRANSMIT APPLE VIRUSES
AND TO ESTABLISH HOMOGENOUS VIRUS INFECTED MALUS
PLANTLETS

In vitro graft inoculation has been successfully exploftedthe transmission ofCa. P. mali’ to
micro-propagatedValus (Jarauschet al, 1999; Bisogninet al, 2008a) as well as for the
transmission Plum pox virus (PPV) to micro-propadaPrunus (Lansac et al, 1998;
Lichteneggeeet al, 2010). Although the micro-propagation of ASG\WahSPV infectedValus
cultures have been reported (Knapp al, 1998; James, 2010), this is the first report of
transmission of ASGV and ASPV tdalus genotypes througin vitro grafting. ASGV and
ASPV were successfully transmitted and maintaimethe biologically importani. domestica

M. sieboldiiand M. sieboldiiderived hybrid genotypes. The homogeneity if eaddction was
analyzed through extensive RT-PCR testing for tppr@priate pathogen. The homogenous
establishment and maintenance of different latensvsolates alone or in combination on micro-
propagatedMalus plants, under controlled and comparable conditimpens a new way of
research for virus and virus-host interaction stadiThis technique is less time consuming and
requires less space compared to the traditionl &ad greenhouse trails (Lansetcal, 1998;
Jarausclet al, 1999). Virus-Ca. P. mali’ combinations were also successfully esthbd and
the reproduction of symptoms was successful witferdint Malus genotypes acting similar to
those observed in the field trials. Timevitro system gives you the advantage to study the virus
and virus-virus or virus-phytoplasma interactionms the economic important natural host and
allows you easy access to a genomic stable replicairus. This is the first report of virus

interactions studied in an vitro woody plant system.
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In the co-transmission trials the hybrid genotypescted differently upon different inoculums,
some acted similar to the tolerakt domesticagenotypes and others reacted similar to the
incompatibleM. sieboldiigenotype (CATS and O45), while most of the hylgehotypes acted
somewhere between the two (CC38, D45, W335). AS@/eaAuld not be transmitted to CAT5
alone or co-transmitted with ASPV-LFP dza. P. mali’ strain PM4. CAT5M. domesticecv.
Laxton superb ». sieboldi) and O45 (4551M. domesticacv. Laxton superb ¥. sieboldi) x

M9) have both the full maternal/i( sieboldi) genome and acted similartb sieboldii

4.4 THE MALUS GENOTYPES REACT DIFFERENTLY TO THE VIRUSE S

ALONE, VIRUS-VIRUS AND VIRUS-PHYTOPLASMA COMBINATIO NS
Lichteneggeret al (2010) used than vitro grafting as a tool for the investigation of
hypersensitivity ofP. domesticato PPV and corresponding observationsefovitro grafting
plants were made. In this study the hypersensigponse observed on tMalus field trials
were reproduced in the establisheditro culture system. The response/ symptom expression o
the Malus genotypes upon infection were divided into twoup® for this study, incompatible
(extreme resistance and hypersensitive) and cobipaftolerant and sensitive) (fig. 28).
Tolerance is a manifestation of resistance in wiptdmts show mild or no symptoms as a
function of infection, and in most cases a loweuwititer (Bruening, 2006), while sensitivity
allows the plant to be infected, showing symptormregsion and a moderate virus titer. Extreme
resistance is when a necrotic reaction occurs wh@tant defense response is activated upon
infection, initiated by the plant resistance geflRgyenes) and infected cells are killed off to
prevent further infection (no transmission) (Paltikaand Carr, 2008; Pallas and Garcia, 2011).
In the hypersensitive response, the necrotic r@@ds activated but the virus escapes this initial
response, allowing the virus to spread before tberatic response is activated, killing all
infected cells. This response might prove to bkdletor the plant (Palukaitis and Carr, 2008;
Pallas and Garcia, 2011). Another hypersensitigparse is also possible; the viral factor could
activate a pathological response by inducing astasce mechanism (necrotic reaction) but then
suppresses it, allowing the virus to propagateutinathe plant without activating further necrosis
or cell death (Pallas and Garcia, 2011).
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Previous studies on the screeningM. sieboldii derived rootstockseferrec to resistance as
having a low pdtogen concentration a no symptom expressiomhile tolerantcultivars were
described as showing no hyperseivity, high pathogen titers and no symptom exp@ssnd
sensitive cultivars were those which exted high pathogens titers and severe sympi
(Jarausclet al, 1999; Bisogniret al, 2008; Ciccottet al, 2008; Semuller et al, 2007; 2008) In
the discussion | will classify trMalus reactions towards the differgmathogen according to the
above mationed method (fig 2€

Pathogen-Plant host
Interaction

| 1
Incompatible Compatible
Resistant Susceptible
| |
Extreme resistance Hypersensitive Tolerant
(Necrotic reaction and no (Necrotic reaction with === (Pathogen transmission,
transmission) transmition) no symptoms, low titer)
. . Sensitive
Initial local necrosis, »
bl systemic infection, plant | ke ( Pathogen transmition,
death symptoms, moderate
titer)

Initial local necrosis,
systemic infection, no
further symptoms

(high pathogen titer)

Figure 28 Schematic illustration of the plants’ reactionagainstpathogen:

The M. domesticav. Rubinette and Golden Delicious could be inféatéth ASGV, ASPV anc
‘Ca. P mali’ and combinations thereof without showing any nasrall or plant death and &
considered being tolerant toe two latent virusesThe hybrid genotypes B323, B89 and E

acted similar than the toleraM. domesticacultures and showed no virus indd necrotic
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reactions. Interestingly, all three hybrid genoty/mtem from seedlings of the same parentage
(4608 M. purpureax M. sieboldi) x M9 (M. domesticax M. domesticaand obtained only half

of theM. sieboldiigenome.

M. sieboldiiconfers tolerance tcCa. P. mali’ and hypersensitivity to ASGV and ASPVstame

of theM. sieboldiihybrids, indicating that not all four alleles gathese traits or that these traits
could be recessive (Palukaitis and Carr, 2008)h wuigbrids containing half th&l. sieboldii
genome showing less or no hypersensitivity towatds viruses and sensitivity (symptoms)
towards Ca. P. mali’. Another possibility is that these tsadre allele dosage dependent. One
example is the dosage-dependagene allele oPahselus vulgarigbean). Collmeet al. (2000)
observed variation in the defense response ofrdiftebean cultivars toward8ean common
mosaic potyvirugBCMV), with plants showing extreme resistance, drggnsitivity, or systemic
necroisis upon BCMV infection. These reactions wagpendent on the amountlofene alleles

in the different cultivars. Allele dosage dependent resistance toward3arley yellow dwarf

virus was also observed ifriticum (Ayalaet al, 2001).

In most of the hypersensitive reactions observatii;istudy, an initial or local necrotic reaction
was observed after which the virus replicated apitasl causing necrosis and death of the
plantlet or had no further effect at all. In thédg, the plantlets were homogenously infected and
could be maintained at least 6 mpi. Extreme restgtavas observed in CAT5, where an initial

necrotic reaction was observed with no furthergmission.

M. sieboldii micro-propagated plants showed a high number pktsensitivity when grafted
with ASGV, ASPV, and ASGV-AC +Ca P. mali’ strain PM4 compared to othbtalus
genotypes. All three levels of incompatibility weobserved inM. sieboldii ASGV-AC and
ASPV alone caused necrosis and plant death in ptendets. While ASGV-stutt only activated
the initial or local necrosis after which the platg recovered and the virus infected plantlets
could be maintained\V. sieboldii co-transmitted with ASGV-AC andCa. P. mali’ strain PM4
caused extreme resistance, and no transmissiorobgzsved. The difference in reactionf
sieboldiito the infection of ASGV-AC and ASPV-LFP alone twbbe due to the virus titer of the

inoculum tip, with higher virus titers activatingh@re severe response (Stoimeneval, 2005).
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Unfortunately the tips were only tested for thesgrece of the virus and no titer determination

was performed.

The CAT5 hybrid genotype showed the highest peaggnbf incompatibility of all the hybrid

genotypes tested and acted similaMtosieboldiiwith the only exception that no hypersensitivity
was observed in association with ASPV-LFP. CAT5Ildawt be infected with ASGV-AC or

ASGV-AC co-infected with ASPV-LFP orCa. P. mali’ strain PM4 but could be infected with
ASGV-stutt and/or ASPV-LFP. The hybrid genotypes38CW355, D45 and O45 showed
different levels of hypersensitivity dependant &l tnoculums. Both ASGV and ASPV were
able to activate the hypersensitive reaction olesem the field trials, with the hybrid genotypes

reacting differently to the viruses alone or in dmation with each other or witl€Ca. P. mali’.

Pt P

N

Figure 29 CC38 micro-propagated plants infected with ASGV-ACand ASPV-LFP dying 6
mpi.

The ASGV titer was significantly lower in the todet M. domesticacv. Rubinette compared to
the virus titer in the recoverdd. sieboldii plantlets. A similar response was also foundNin
benthamiangplants infected withTomato ringspot nepoviru§ToRSV) that activates an initial
necrotic response after which the plants recovérshili shows high virus titers (Jovet al,
2007). The recovery phenomenon of solalus genotypes after the initial necrotic reaction
could be due to the virus suppressing the planporese. The p30 like MP of ACLSV
(Betaflexivirida@ has recently been found to be involved in sugngssystemic RNA silencing
but not local silencing itN. benthamiandYaegashet al., 2007). ASGV also contains a p30 like

MP and although no such study has been done on A8@/could explain the recovery bf.
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sieboldii and M. sieboldii derived hybrid genotypes after the initial or llooacrotic reaction
induced by ASGV. Similar observations were also enaith the TGB protein 1 dPotato virus

X (PVX, Genus:Potexvirug Family: Alphaflexiviridag. The TGB1 protein has been found to be
recognized by thdk gene encoded proteins of plants and activatepldnets hypersensitive
response (Malcuiet al, 1999). The same protein has also been showpfarass the activity or
production of the mobile silencing signallh BenthamiangVoinnetet al, 2000; Martelliet al,
2007). This could explain the recovery observedhef M. sieboldii hybrids after the initial

necrotic reaction initiated by ASPV.

4.5 IS THE SYMPTOM EXPRESSION OF ‘CA. P. MALI' ENHANCED BY THE

ADDITION OF THE LATENT VIRUSES OR IS IT DEPENDANT O N THE

‘CA. P. MALI' STRAIN
Although ASGV and ASPV is considered to be latentcommercial apple varieties likKd.
domesticasome vigor reductions have been reportedaftus associated with ASGV. The effect
of the different ASGV isolates on the vigor of tReyal Gala were analyzed and showed some
contradicting results. James (2001) observed aedserin the vigor oM. domesticatrees
infected with ASGV compared to virus-free trees avel expected similar results (decrease in
shoot height, leaf size and amount of shoots feritfiected plantlets). But the opposite result
was observed with most cultures showing a higheosheight, leaf size and amount of shoots
when compared to the virus-free culture. Unfortehait is difficult to compare our results with
those of James (2001) because different ASGV Belanhd differeni. domesticacultivars were
used and the study was performed under differentlitions (n vitro vs. field). Birisket al
(2010) looked at the effect of the ASGV on diffaremommercial cultivars and reported a
decrease in trunk diameter of infected trees coatptr uninfected trees, but found no statistical
difference when the amount of shoots and heighheftrees were analyzed, indicating that the
measurement of the trunk diameter could be a battdicator for vigor measurement.
Unfortunately it was impossible to measure the krdiameter of our cultures because of their

small sizes.

The effect of the addition of ASPV-LFP on the syamptexpression of ASGV infected Rubinette

was analyzed. Only slight enhancement of the shemgth was observed when the ASGV

101



infected Rubinette cultures were compared to Rutanefected with only ASGV-AC or ASGV-
stutt. The symptom expression of Rubinette infeet@t different ‘Ca. P. mali’ strains was not
affected with the addition of ASGV-AC, ASGV-stutt ASPV-LFP. The symptom expression
was however more extreme in th€a. P. mali’ strains PM4 and PM5 infected Rubinette
compared to the PM6 infected Rubinette. This ctalén indication of virulence of the<gd. P.
mali’ strains. The effect of ASGV-AC on the sensitiM. sieboldii and M. sieboldii derived
hybrid genotype CC38 revealed a slight reductiorthiea shoot height of both CC38 aiil
sieboldii when compared to the virus-free cultures, whileRinbinette the shoot height was
increased, confirming the results obtained in tlogdR Gala ASGV trials. The effect of PM4 +
ASGV-AC was analyzed on the symptom expressiomheM. sieboldiihybrid genotypes B323
and D45 and compared to thed. P. mali’ susceptible cultivar Rubinette. D45 showieel least
severe symptom expression when compared with Rubeinend B323, with less shoot
proliferation and stunting. D45 is the only hybgdnotype with Supporter M( baccatacv.
Himalaica) as parent anél. baccatatogether withM. sieboldii could enhance the tolerance

towards Ca.P. mali'.

4.6 VIRUS-VIRUS AND VIRUS-PHYTOPLASMA SYNERGISTIC OR
ANTAGONISTIC INTERACTION?
To analyze if there is an interaction between tI&GAN and ASPV or between the viruses and
‘Ca.P. mali’ the titer values d¥lalussingle infections were first determined through §HER.
Although the Minimum Information for Publication Qfuantitative Real-Time PCR experiments
(MIQE) is mainly optimized for relative quantificah of gene expression studies, it was used as
guideline to establish the absolute gPCR and RTRyp@tocols used in this study (Busénal,
2009). The experimental design is fully explainedthis study, including data on sample
preparations, optimization and design of primeagget information, qPCR protocol information
and programs used for data analysis. The reactiens validated by intra-assay comparisons as
well as individual run comparisons. Sample efficies and calibration curve value$)(were

comparable between runs and non template conteis imcluded for each assay.

A SYBRGreen based RT-gPCR method for ASGV and ASRVe established and the titers
were normalized using the SBE1 gene. At the stathis study, the SBE1 gene was the only
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one-copy/ reference gene studiedMalus (Hanet al, 2007). In 2012, Gadiou and Kundu also
developed a RT-gPCR technique for the quantificatibASGV and found the GAPDH and S19
Malus genes as the best reference genes, but the SBiEIwges not analyzed in the study. For
the quantification ofCa. P. mali’ the method described by Jaraustchl (2004) were used, with
the adaptation of using SBE1 as normalizer to detex the copy number per plant cell. Previous
studies performed on the quantification 6&. P. mali’ were performed on the copy number per
gram of fresh weight or per copy number per hoshfpDNA (Jarauschkt al, 2004; Bisogniret

al., 2008a). No difference in the relative changesthaf ‘Ca. P. mali’ copy numbers were
observed when these two techniques (copy numbecglens. copy number per gram fresh
weight) were compared. For the quantification oé thirus titers in virus infectedalus
compared to co-infections witlCa. P. mali’, this method was insufficient, because titer per
gram fresh weight was influenced by the symptonresgion of Ca. P. mali’ (a higher amount
of cells per gram fresh weight i€& P. mali’ + ASGV infected Rubinette cells, comghte the
amount of cells per gram fresh weight of ASGV orFASinfected Rubinette plantlets). This
result was confirmed by the number of copies pangiresh weight of the SBE1 gene @& P.
mali’ infected compared to the amount of copiedABGYV infected plantlets. Bariet al (2004;
2006) used Malus chloroplast gene coding for tRNA leucine as inééfACR control, but this
gene was not used as reference in titer quantdicat his is the first report for the quantificatio

of ‘Ca. P. mali’ and ASPV quantification usingvalus gene as reference.

The mean ASGV-AC titer per plant cell in the tolgr@enotype Rubinette was 4 times lower
compared toM. sieboldiiand 7 times lower compared to CC38. Interestingbyhypersensitivity
was observed in CC38 towards ASGV-AC alone, ang bygpersensitive reactions (and delayed
death) was observed when ASPV-LFP were co-transtitihile inM. sieboldii the plantlets
showed initial necrosis and recovered or extrermsestance (necrosis and no transmission). One
hypothesis for this result is that in the tolerRabinette, a low or delayed plant defense response
is triggered, while inV. sieboldiia severe defense response is triggered, activitengirus to

suppress the response (fig 8, Zvereva and Poc2@ir2).

103



ASGV -Plant host

interaction
|
| |
Incompatible Compatible
M. sieboldii Rubinette
|
| |
Extreme resistance Hypersensitive Tolerant
(Necrotic reaction and (Necrotic reaction (transmission, no
no transmission) with transmission) symptoms, low titer)

Initial local necrosis,
systemic infection, no
further symptoms
(high titer)

Figure 30 Schematic illustration of theMalus defense reaction against ASGV in this stud

An antagonistic interaction between AS-AC and ASPVLFP in the toleranM. domestica
cultivar Rubinette was observed. The AS-AC titer was reduced by half when-infected with

ASPV-LFP, while the ASPMFP titer was unchanged. The ASRY¥P titer per fant cell was
10 times higher compared tbe ASGYV titer in the caafected Rubinette. Because no previ

studies were performed on the interaction of thegeviruses we can onlhypothesize: 1) Both
viruses are single stranded positive sense virfuem the familyBetaflexivirida« and it could be
possible that both viruses use the same host &atddorm replication complexes and that AS

is outcompeting ASG\Clarke et al, 1994; Hurst and Lindquist, 2000)) The TGB could
constitute more efficiennovement of ASPV and enhance its fithess, comptirétde p30 like

MP of ASGV. 3) Another possibility is the abilitf ASPV to suppress the plant response n

adequately compared to AS( (fig. 31).

Differences in the titer ofCa. P. mali’ strains, PM, PM5 and PM6 were observed. PM4 ;

PM5 titers per cell were dout as high as for PM6 in both single infections an-infected with
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ASGV-AC. A previous study performed by Bisogret al (2008b) on the concentration

different ‘Ca. P. mali’ strains n the M. domesticacultivars Rubinette and Golden delicio
showed significant higher PM4 titers compared wtiter obtained for PM6. These results w
confirmed by this study. These results also confira results obtainedom our symptom
expression studyhe symptoms observed in the PM6 infected Rubineftee less sevel
compared to the symptoms observed in PM4 and Pl6ted Rubinette

ASGV —-ASPV

Interaction

Compatible

(Rubinette)

ASGV ASGV + ASPV ASPV
Tolerant Antagonistic Interaction Tolerant
(transmission, no symptoms, ASGV titer decrease (transmission, no symptoms,

low titer) ASPV titer unchanged high titer)

Competition for host factors?

ASPV higher fitness compare to
ASGV?

ASPV suppress plant defense,
ASGV not?

Figure 31 Schematic illustration of the Malus defense reaction against ASGV observed
this study.

An antagonistic interaction between AS-AC and Ca. P. mali’ strain PM5 (PM4) wa
observed in Rubinette. The ASt-AC titer per cell waseduced by half (similar to theffect
observed when co-infeaavith ASPV), while theCa. P. mali’ titer per plant cell was increas

(doubled). Canfections with the Ca. P. mali’ strain PM6 and ASGYC revealed an increa:
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in PM6 titer (doubled) but no statistical differenin the ASGV titer compared to the titer
observed in Rubinette infected with ASGV-AC alowas observed. No statistical difference was
observed in the titer of PM6 when co-infected WRBPV-LFP or ASGV-stutt. A decrease in
PM6 titer was observed when PM6 was co-infecteth WiSGV-AC and ASPV-LFP. Although
the titer of Ca. P. mali’ was increased by the presence of ASGV-AG,influence on the

symptom expression was recorded.

The ‘Ca. P. mali’ strain PM4 and ASGV-AC concentration wasoadetermined in the hybrid
genotypes co-infected with both pathogens. Theitdytultivar D45 had a significantly lower
PM4 titer compared to B323, B63 and Rubinette. @All the hybrid genotypes B63 and B323
had significantly higher ASGV-AC titers comparedRabinette. D45 had a moderate ASGV-AC
titer and is the only hybrid genotype that showetha degree of tolerance (lowa. P. mali’
titer and moderate ASGV-AC titer) towards the cteation of ASGV-AC and PM4, confirming
the results obtained in the symptom expressioryaisal

These results open the question if there is twepeddent or related plant defense mechanisms
activated against the two different pathogens dnthere is cross talk involved where one
response is favored or influence the severity efsacond response? And if so, how are these
different responses regulated in the diffefglaius genotypes? No previous study has been done
on the interaction between phytoplasmas and virwsesnot much is known about thkalusor

any plant defense response/s triggered ®Gg. ‘P. mali’, ASGV, or ASPV. This makes it
extremely difficult to construct a scientific hypessis without further experiments on talus
defense response. To explain this remarkable oasenv| tried to find a plant defense model

that could fit to my data, and could be the basiddrther research.

The Salicylic acid (SA) and Jasmonic acid (JA) pldefense responses have been extensively
studied in the last years and revealed that thereome degree of cross talk or interaction
between the two pathways (Met al, 2006; Pieterset al, 2009; Thaleet al, 2012). Multiple
defenses to multiple pathogens can be costly famtpland reduce plant’s fitness. The cross talk
or interaction between these two independent resppathways provides the plant the regulatory
potential to tailor its defense to the most sevarelangerous pathogen (Pieteeteal, 2009;

Thaleret al, 2012). It is also known that both viruses angtpplasmas are able to activate the
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SA response pathway (Murptet al, 1999; Ahmd and Eveillard, 2011; Hreet al, 2009),
affecting the replication and systemic movement otiseés (Murphyet al., 1999), and could
induce resistance towards phytoplasnSanchez-Rojet al, 2011). In the following paragrap!

I will use this model to construct a possible hyyasis to explain e results observed in tt
study.

Ca. P. mali-ASGV-Plant host

interaction
| | |
M. sieboldii Rubinette D45
Extreme resistance Tolerant to Ca. P. mali
(Necrotic reaction and no Tolerant to ASGV and Sensitive to ASGV?
transmisson of Ca. P. mali or sensitive to Ca. P. mali ] .

ASGV) (No necrosis to ASGV in

presence of Ca. P. mali)

I_I

High ASGV-AC titer

Low Ca. P. mali titer

SA and JA signaling

: - Antagonistic interaction
activated?

between Ca. P. mali

1

Ca. P. mali titer increase

(mild Ca. P. mali symptoms)

ASGV titer decrease SA and JA activated, but JA

(Ca. P. mali symptoms not favored?
increased by ASGV)

SA and JA activated, but SA
favored?

Figure 32 Schematic illustration of the Malus defense reaction against the ~infection of
‘Ca.P. mali’ strain PM4 and ASGV-AC observed in this study.

The hypersensitive reaction or necrotic reactiosoaisted with virus infection is normal
associated with Salicylic acid plant response, evthie systemic, n-necrotizing virus infection
do not normally trigger the biosynthesis of Salicycid or he induction of SA response ger
(Alvarez, 2000; Palukaitis and Carr, 2008). Howeaestudy done oiCucumber mosaic viri
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(CMV) showed a mild induction of SA biosynthesidyoafter systemic movement of the virus
and was not activated before (Ji and Ding, 2001itWdm et al, 2003). If this is true for ASGV-
AC in the tolerant cultivar Rubinette, it could ¢xip the low virus titer. A recent study on the
response of tomato to the stolbur phytoplasma vesfommed by Ahmad and Eveillard (2011)
and revealed that different strains of the samequtgsma could activate different plant defense
responses. The milder isolate, causing less seyenptoms activated the SA, ET and JA plant
defense responses, while in the more severe gtairsing severe symptom expression) only the
SA and ET was activated while the JA was signifigasuppressed. A possible explanation for
the increase inCa. P. mali’ titer in association with ASGV-AC could bleat both the virus and
‘Ca. P. mali’ induce salicylic acid response and thatséh responses are milder in single
infections, compared to the response activatetienco-infection of Rubinette. The higher level
of salicylic response causes the inhibition or segpion of ASGV, and hence the lower virus
titer. Because there is mostly an antagonistidicglahip between the two independent response
pathways JA and SA, it could be possible that thasJsuppressed to a level that ti@&a: P.
mali’ could multiply and spread to a higher concation than in single infected plants.
Phytoplasmas also produce effectors that have foegm to be involved in signaling pathways
alterations and modulating the production of phgtohones that regulate plant defense
responses (Sugiet al, 2011). One example is the effector SAP11 produze the Ca. P.
Asteris’ (AY-WB) that is involved in the destabiitton of plant TCP’s, which in turn reduces
the Lox2 expression and impairs the JA synthestichvenables the leafhopper nymphs to
develop and so guaranty the further transmissidhephytoplasma (Suget al, 2010). But this
specific effector was not found in the sequendeal. P. mali’ strain AT (Sugicet al, 2010). So
far none of the 13 effectors produced Ba!P. mali’ strain AT have been studied, but we cannot
exclude that Ca. P. mali’ strain PM4 does not have an effector vétisimilar function. The
presence of such an effector could explain the highof ‘Ca. P. mali’ strain PM4 in Rubinette
compared to the more tolerant hybrid genotype D#he ‘Ca. P. mali’ strain PM4 is able to
suppress the JA response to a certain extend isehgitive cultivar Rubinette, but not in the
possible tolerant hybrid genotype D45, and theslfavored over the SA response it could cause
a low ‘Ca.P. mali’ titer, and a high ASGV-AC titer. In the-adfection of ASGV-AC andCa.P.
mali’ (PM4) it could be possible that the suppressbf JA is double strong, first by the
suppression by the SA response and secondly bgftbetors produced byCa. P. mali’ (PM4),

resulting in a higherCa. P. mali’ (PM4) titer.
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If this hypothesis is correct, why is there no efffef the Ca. P. mali’ strain PM6 on the ASGV-
AC titer, compared to the decrease in titer obskmaehe presence of the more virule@a: P.
mali’ strain PM4? A lower PM6 titer as well as lesss/ere symptom expression was observed in
the single infections of Rubinette compared to there virulent strain PM5. Ahmad and
Eveillard (2011) found that with the milder stolbphytoplasma strain, both the SA and JA
response pathways were activated. It is possil@lettie Ca. P. mali’ strain PM6 is not able to

suppress the JA response, hence the lower titsesrdd.

In the ASGV-AC hypersensitive cultivav. sieboldii extreme resistance was observed when
ASGV-AC and PM4 was used as inoculum. A low peragetofM. sieboldii plantlets acted
hypersensitive to ASGV-AC alone but with the additof ‘Ca. P. mali’ strain PM4, 56% of the
plants showed necrosis and the transmission of patihogens was not possible. We know that
the hypersensitive reaction (necrosis) is assatiati¢gh salicylic acid plant response (Alvarez,
2000; Palukaitis and Carr, 2008) and we can asshatehe SA is also activated M. sieboldii
upon infection with ASGV (at least in those platitat showed necrosis). I€a. P. mali’ also
activates the SA response, this super activatiatdcbe responsible for the extreme resistance
response observed M. sieboldiiwhen co-infected with ASGV-AC and PMA4.
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5 SHORT SUMMARY OF THE FINDINGS AND FUTURE
PROSPECTS

The ASGV isolate (AC) associated with the declinesayved in previous trials was
successfully sequenced and showed two areas ovhighbility (V1 and V2).

Selection pressure analysis of these variable aleawed significant positive selection
compared to the rest of the genome which predortijnaimowed negative selection
pressure.

However, the V2 area includes overlapping ORFs, ingakhe estimate biased. Joint
estimates of the selection intensity in the differ©®RFs indicated that this region of
ORF1 was in fact evolving close to neutrality. Sesjgng that the elimination of a stop
codon caused the overprinting of a novel codingoregver the ancestral ORF.

An in vitro culture system was established were ASGV and ABBd be successfully
transmitted througlhin vitro grafting and the infected cultures could be maneth and
propagatedn vitro.

The establishing of thi vitro system allowed for studies on the interaction &GV
and ASPV as well as for the interaction studieSGat P. mali’ and ASGV by eliminating
all environmental factors that could influence thageractions.

Symptoms observed in field trials were reproducedth different degrees of
hypersensitivity observed in the potential AP resis M. siebolditderived hybrid
genotypes.

ASPV and ASGV are the causative agents for therdedbserved. The hypersensitivity
observed was different for eabh siebolditderived hybrid genotypes. With some acting
hypersensitive upon ASGV infections, while othesiated hypersensitive towards ASPV
or a combination of both viruses.

No enhancement ofCa. P. mali’ symptom expression was observed withatthéition of
ASGV in M. domesticaultivars.

The highest percentage of hypersensitivity was mfeskein the co-infection trials ofCa.

P. mali’ strain PM4 and ASGV-AC, an important findifor the screening of potential

‘Ca P. mali’ and ASGV toleraritlalus genotypes.
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« A quantitative Real-Time PCR and RT-PCR usinghtaus normalizing gene SBE1 was
established for ASPV, ASGV, andCa P. mali’ and successfully used for titer
determinations per plant cell.

* An antagonistic interaction was observed betweeGYA&@nd ASPV, with the ASGV titer
being reduced by half, and the ASPV titer stayinghanged in co-infections.

e An antagonistic interaction was also observed betwASGV-AC and Ca. P. malr’
strain PM4. With the ASGYV titer per plant beingrsfgcantly reduced and theCa. P.
mali’ titer being significantly increased in co-adtions.

* This result also suggests that care should be takieost-phytoplasma interaction studies,

because the addition of a second pathogen coulgemde these results.

This is the first study done on the ASGV-ASPV an8GV-'Ca. P. mali’ interaction, and
possibly the first interaction study performed oruses and phytoplasma. Now that it has been
established that an interaction between these dicdtly distant pathogens exist and a in vitro
system was established to easily study these atiena, further studies can be done to determine
how this interaction is possible between a phloestricted pathogen and a cytoplasm restricted
virus. The analysis of gene expression involvethim salicylic acid and jasmonic acid defense
pathways could be a start to understand and exgi@gnindirect interaction between virus and
phytoplasma. Ahmad and Eveillard (2011) studieddkeression of the pathogen related PR1,
PR2 and PR5 genes involved in the salicylic aciémie pathway and the PIN2, GluB and LoxD
genes involved in the jasmonic acid defense pathwy infection of stolbur phytoplasmas in
tomato. Whithamet al. (2003) studied the expression of genes involvegdlamt defense upon
infection of diverse RNA viruses and found that BiR1, PR5 and PAD4 genes involved in the
salicylic acid defense pathway were up-regulatedesponse tdilseed rape tobamovirus
(ORMV) andCucumber mosaic virueCMV). These genes could be of interest in stugltime
pathways activated byCa P. mali’ and ASGV. Functional studies on the ff8ators produced

by the Ca. P. mali strain’ AT as well as for the PM4 and PBtfains needs to be performed to

determine if any of the effectors are involveduipgressing the plant defense.
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APPENDIX B

Table 1B Results of the R-test per experimental data set forRoyal Gala growth
experiments infected with different ASGV strains

Experiment Shapiro-Wilk Bartlett  test of Kruskal-Wallis chi- Duncan test to
normality test homogeneity of squared test compare means
variances Confidence level:0.95
Amount of W=0.9 K-square = 34.1 chi-squared = 25.3
shoots p-value =3.787x1® df=8 df=8 Variation Coefficient:

Not normally
distributed

W =0.7159

p-value = 3.973 x It

Shoot height

Not normally
distributed

W = 0.7453

p-value = 2.213 x 1&

Leaf size

Not normally
distributed

p-value = 3.912x 10
Variance not
homogenous
K-square = 110.0209
df=8

p-value < 2.2 x 18°
Variance not

homogenous
K-square = inf
df =8

p-value < 2.2 x 16°
Variance not
homogenous

p-value = 0.001364  48.62%

Differences in mean

values

chi-squared = 38.0219 Variation Coefficient:
df =8 64.54%

p-value = 7.459 x 1B

Differences in mean

values

chi-squared = 59.8267 Variation Coefficient:
df =8 46.18%

p-value = 5.04 x1¢
Differences in mean
values

Table 2B: Results of the R-test per experimental data set fdhe symptom expression of
Rubinette in vitro plants infected with ASGV with or without the addition of ASPV

Experiment Shapiro-Wilk Bartlett test of Kruskal-Wallis chi- Duncan test to
normality test homogeneity of squared test compare means
variances Confidence level:0.95
Amount of W =0.932 K-squared = 20.842 chi-squared = 1.013 Variation Coefficient:
shoots p-value = 1.444x 10 df=4 df =4 45.81%
p-value = 0.0003403 p-value =0.9078
Not normally Variance not There is no
distributed homogenous differences in the
mean values
Shoot height W =0.9347 K-squared = 3.784 chi-squared = 16.059 Variation Coefficient:
p-value =2.221 x 10 df=4 df =4 40.88%
p-value = 0.436 p-value = 0.00294
Not normally Variance Differences in mean
distributed homogenous values
Leaf size W = 0.852 K-squared = 8.403  chi-squared = 34.408 Variation Coefficient:
p-value = 3.136 x 1 df=4 df =4 30.91%

Not normally
distributed

p-value = 0.07786
Variance
homogenous

p-value = 6.146 x 10
Differences in mean
values
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Table 3B: Results of the R-test per experimental data set fdhe symptom expression of
Rubinette in vitro plants infected with ‘Ca. P. mali’ strains with/without an addition of

ASGV
Experiment Shapiro-Wilk Bartlett test of Kruskal-Wallis chi- Duncan test to
normality test homogeneity of squared test compare means
variances Confidence
level:0.95
Amount of W = 0.8988 K-squared = 54.889  chi-squared = 21.377 Variation Coefficient:
shoots p-value =7.021 x 18 df=5 df=5 54.01%

Shoot height

Leaf size

Not normally
distributed

W =0.8617
p-value < 2.2 x 18°

Not normally
distributed

W =0.8746

p-value = 1.013 x It

Not normally
distributed

p-value = 1.376 x 18
Variance not
homogenous
K-squared = 67.074
df=5

p-value = 4.16 x 1&
Variance not
homogenous
K-squared = 18.138
df=5

p-value = 0.002779
Variance not
homogenous

p-value = 0.0006875
Differences in mean
values

chi-squared =
100.048 df =5
p-value < 2.2 x 1%°
Differences in mean
values

chi-squared =
141.270df =5
p-value < 2. X 18°
Differences in mean
values

Variation Coefficient:
38.84%

Variation Coefficient:
41.57%

Table 4B: Results of the R-test per experimental data set fdhe symptom expression of
Rubinette in vitro plants infected with PM6 with/without an addition of ASGV-AC, ASGV-
stutt or ASPV

Experiment

Shapiro-Wilk
normality test

Bartlett test of
homogeneity of
variances

Kruskal-Wallis chi-
squared test

Duncan test to
compare means
Confidence
level:0.95

Amount of
shoots

Shoot height

Leaf size

W = 0.888
p-value = 2.26 x 1®

Not normally
distributed

W =0.880
p-value = 3.795 x ¥

Not normally
distributed

W =0.888
p-value = 1.688 x 1t

Not normally
distributed

K-squared = 41.943
df=3

p-value = 4.125 x 19
Variance not
homogenous

K-squared = 3.431
df =3

p-value = 0.3298
Variance is
homogenous

K-squared = 3.198
df=3

p-value = 0.362
Variance is
homogenous

chi-squared = 4.012
df =3

p-value = 0.2601
There is no
differences in the
mean values
chi-squared = 1.756
df =3

p-value = 0.6245
There is no
differences in the
mean values
chi-squared = 1.424
df =3

p-value = 0.6999
There is no
differences in the
mean values

Variation Coefficient:
56.63%

Variation Coefficient:
34.39%

Variation Coefficient:
47.12%
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Table 5B: Results of the R-test per experimental data set féhe symptom expression of M.
sieboldii, M. domesticacv. Rubinette and the Hybrid Culture CC38.

Experiment Shapiro-Wilk Bartlett test of Kruskal-Wallis chi- Duncan test to
normality test homogeneity of squared test compare means
variances Confidence
level:0.95
Amount of W =0.9212 K-squared = Inf chi-squared = 8.3436 Variation Coefficient:
shoots p-value = 0.0001321 df =5 df =5 36.90%
p-value =<22x1&  p-value =0.1383
Not normally Variance not There is no
distributed homogenous differences in the
mean values
Shoot height W = 0.8967 K-squared = 32.3626 chi-squared = 30.935 Variation Coefficient:

Leaf size

p-value = 1.119 x 10

Not normally
distributed

W = 0.8805

p-value = 2.563 x 10

Not normally
distributed

df=5

p-value = 5.035 x 1B
Variance not
homogenous
K-squared = 5.0549
df=5

p-value = 0.4092
Variance is
homogenous

df=5 36.01%

p-value = 9.646 x 10

Differences in mean

values

chi-squared = 41.382 Variation Coefficient:
df=5 28.79%

p-value = 7.854 x 1d
Differences in mean
values

Table 6B: Results of the R-test per experimental data set fdhe symptom expression of
different in vitro Malus genotypes infected ASGV-AC andCa. P. mali’ strain PM4.

Experiment Shapiro-Wilk Bartlett test of Kruskal-Wallis chi- Duncan test to
normality test homogeneity of squared test compare means
variances Confidence
level:0.95
Amount of W = 0.9257 K-squared = 34.470 chi-squared = 36.070 Variation Coefficient:
shoots p-value = 9.257 x 16 df=2 df =2 31.39%
p-value = 3.272 x 1 p-value = 1.47 x1®
Not normally Variance not Differences in mean
distributed homogenous values
Shoot height W = 0.9063 K-squared = 26.401 chi-squared = 101.59 Variation Coefficient:
p-value = 2.028 x 1 df=2 df =2 30.32%
p-value = 1.85x1®  p-value < 2.2 x 18°
Not normally Variance not Differences in mean
distributed homogenous values
Leaf size W = 0.8749 K-squared = 16.220 chi-squared = 15.345 Variation Coefficient:
p-value =3.976 x 10 df=2 df=2 46.68%

10

Not normally
distributed

p-value = 0.0003005
Variance not
homogenous

p-value = 0.0004655
Differences in mean
values
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Table B: 7. Results of the R-test per experimental data set fadhe seasonal analysis of the
transmission rate, of ASGV, ASPV, Ca. P. mali, and necrotic reactions.

Experiment Shapiro-Wilk Bartlett test of Kruskal-Wallis chi- Duncan test to

normality test homogeneity of squared test compare means

variances Confidence
level:0.95

ASGV W = 0.8893 K-squared = 10.7741 chi-squared = 3.6782 Variation Coefficient:
transmission p-value = 2.76 x 16 df=3 df =3 85.05%
per season p-value = 0.01303 p-value = 0.2984

Not normally Variance not No differences in

distributed homogenous mean values
ASPV W = 0.9056 K-squared = 3.0111 chi-squared = 0.5149 Variation Coefficient:
transmission p-value = 0.01798 df=3 df =3 53.28%
per season p-value = 0.3899 p-value = 0.9156

Not normally Variance are No differences in

distributed homogenous mean values
‘Ca. P. mali’ W = 0.8693 K-squared = 1.5363 chi-squared = 3.3647 Variation Coefficient:
transmission p-value =3.932x 10 df=3 df =3 95.97%
per season Not normally p-value = 0.6739 p-value = 0.3387

distributed Variance are No differences in

homogenous mean values

Necrosit W =0.5138 K-squared = 21.8537 chi-squared = 6.6622 Variation Coefficient:
reaction per p-value=22x 18  df=3 df =3 220.2%%
season p-value = 6.997 x 10 p-value = 0.08348

Not normally Variance not No differences in

distributed homogenous mean values
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APPENDIX C

Table C 1: Graft-Inoculation experiments performedin this study

Rootstock Rootstock M. domestica Inoculunr Grafts Successful
Status performed grafts

B32: Healthy ASGV-AC 10 10
B323 Healthy ASGV-stuti 10 8
B323 Healthy ASPV-LFP 10 10
B32: Healthy Healthy 10 10
B323 Healthy PM4 + ASG\V-AC 10 8
B323 Healthy PM5 10 10
B32: Healthy PM6 10 4

B89 Healthy ASGV-AC 10 10

B89 Healthy ASGV-AC 10 6

B3¢ Healthy ASGV-stuti 10 9

B89 Healthy ASPV-LFP 10 10

B89 Healthy Healthy 10 10

B8S Healthy PM4 + ASG\V-AC 10 8

B89 Healthy PM5 10 8
CAT5 Healthy ASGV-AC 10 6
CAT5 Healthy ASGV-AC + ASP\ 10 5
CAT5 Healthy ASGV-stuti 20 12
CAT5 Healthy ASGV-stutt + ASP\ 10 7
CAT5 Healthy ASPV-LFP 10 9
CATS Healthy Healthy 10 9
CAT5 Healthy PM4 + ASG\-AC 10 5
CAT5 Healthy PM5 10 8
CAT5 Healthy PM5 + ASG\V-AC 10 6
CAT5 Healthy PM6 10 6
CAT5 Healthy PM6 + ASG\-AC 10 8
CATS Healthy PM6 + ASG\-stuti 10 7
CC38 Healthy ASGV-AC 20 12
CC3¢8 Healthy ASGV-AC + ASP\ 10 6
CC38 Healthy ASGV-stuti 10 4
CC38 Healthy ASGV-stutt + ASP\ 10 6
CC38 Healthy ASPV-LFP 10 10
CC38 Healthy Healthy 10 5
CC38 Healthy PM4 + ASG\-AC 10 4
CC3¢8 Healthy PM5 10 4
CC38 Healthy PM6 10 2
CC38 Healthy PM6 + ASG\V-AC 10 2
ccCag Healthy PM6 + ASG\-stuti 10 3

D45 Healthy ASGV-AC 20 11
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Rubinette ASGV-stuti ASPV-LFP 10 3
Rubinette Healthy ASGV-AC 10 6
Rubinette Healthy ASGV-stuti 10 6
Rubinette Healthy ASPV-LFP 10 10
Rubinette Healthy Healthy 20 15
Rubinette Healthy PM5 10 7
Rubinette PM6 ASGV-stuti 10 7
Rubinette PM6 ASPV-LFP 10 6
W355 Healthy ASGV-AC 10 6
W355 Healthy ASGV-stuti 10 4
W35E Healthy ASGV-stutt + ASP\ 10 4
W355 Healthy ASPV-LFP 10 7
W355 Healthy Healthy 10 6
W35E Healthy PM4 + ASG\V-AC 10 3
W355 Healthy PMé6 10 3
W355 Healthy PM6 10 5
W35E Healthy PM6 + ASG\-stuti 10 3
Total 1180 771
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