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ABSTRACT 

ABSTRACT 

Scab, caused by the funpet1 pathogen Velltrlr-in imeqrtcrlis, is the most common disease 

of the cultivated apple (M~~1~~s x dovrestictr Borkh.). Resistance against scab is found 

in some wild iMfflrf5 species. r/if’ resistance of the small-fruited apple species 1W0lus 

florihndn has been introgressed into several apple varieties during many years of 

breeding. It segregates as a monogenic trait and ti@tly linked genetic markers (M18, 

AM I9 and AL07) have been found in recent years. 

A method that has been shown to be successful for the isolation of genes of which 

only the phenotype and the map position are known~ is map-based cloning. To check 

the feasibility of such a method with the available material (V” markers and apple 

BAC library) an estimation of the physical distance separating the Vff-lanking markers 

Ml8 and AL07 was made. The two markers hybridised to a common 570 kb Nor1 

restriction fragment indicating that this is the maximal physical distance between 

them. The two markers were tested on 1 179 progeny plants of three crosses and M 18 

and AL07 were positioned at 0.2 cM and 1.1 CM from Vj’ respectively, for a total 

genetic distance between them of 1.3 &I. These results indicated that the ratio 

between physical and genetic distance in the Vf-region is about 670 kb/cM. This led 

us to the conclusion that a cllroli7osome-walkin,o prt,ject using the available apple 

BAC library was feasible. To identify the best starting points for the chromosome 

walk on the opposite site of M18, 892 more progeny plants of different crosses were 

analysed with the three molecular markers (MIS. AL07 and AM19) to find 

recombinants that allowed us to determine which of the two co-segregating markers, 

AL07 and AMl9. mapped closer to 5’6 Two recombinant plants indicated that AM19 

was closest to J$ The chromosome walking was initiated simultaneously from Ml8 

and AMI!?. Thirteen BAC clones spanning the region between the two markers were 

found in nine chromoson~c walking steps. The size of the resulting contig is 

approximately 550 lib. In order to reduce the region where vflies, the 29 recombinant 

plants of the Vf-region were tested with the polymorphic markers produced during the 

chromosome walking. This rvay. it was possible to restrict the possible location of’ the 

vf gene to a chromosomal region that could be covered by only five BAC clones 

spanning approximately 350 kb. 
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The screening of a cDNA library derived from Florina leaves inoculated with a 

conidial suspension of V. imequalis, using as a probe the inserts of the five BAC 

spanning the V”region, allowed the identification of a cluster of genes coding for 

receptor-like proteins. Those genes show high homology with members of the cf 

resistance gene family of tomato. The predicted amino acid sequence contains an 

extracellular leucine-rich repeat domain and a putative transmetnbrane domain. Those 

genes have been named EI,EY~J’ (EJotnologues of Clrrrloq~r-izm fif~lvutn Kesistance genes 

of the _Ilf”region). The gene cluster is present on the chromosomes in coupling with the 

resistance as well as on the other one in repulsion (Florins is heterozygous for the I/f- 

region). The cluster in cis with the r/f gene is composed of 5 to 14 Ncl-Vf’genes. Three 

of them were sequenced completely. For two of the three genes malysed it was 

possible to establish that they are constitutively expressed in leaves and that they are 

differentially expressed in vf and non-J’f‘plants, Frorn what has been presented here it 

is therefore probable that one of these genes is the Vj resistance gene. However, this 

last point still has to be demonstrated. 
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RIASSUNTO 

RLMSUNTO 

La malattia pii! comune de1 melo coltivato (Mnlr~s x clovzestiw Borkh) & la 

ticchiolatura causata da1 patogeno fungino Verrtzwicr iucrequnlis. Fonti di resixtenza alla 

ticchiolatura si trovano in alcune specie selvatiche di melo. La resistenza vf; derivata 

da MciZus ,floribmdo una specie di melo con frutti cli piccole dimensioni, 6 stata 

introdotta mediante programmi di miglioramento durati molti anni in diverse varietj 

di melo. La resistenza vf setnbra essere controllata da un singolo gene per il quale 

negli ultimi anni sono stati trovati alcuni marcatori strettamente associati (M 18> 

AM19 e AL07). 

Un metodo the si & dimostrato efficace per clonare geni di cui sia nota solo la loro 

posizione di mappa 2 il map-based cloning. Per vcrificare la possihilita di applicare 

questa strategia alla clonazione di $71 utilizzando le informazioni c il materiale a 

disposizione (marcatori associati a V/‘e genoteca BAC di tnclo) i: stata effettuata una 

stima della dist:anza fisica esistente tra i marcatori molecolari Ml8 e AL07 

fiancheggianti il gene. Si 2, potuto cosi verificarc the entrambi i marcatori ibridano ad 

uno stesso frammento di rcstrizione NorI di 870 kb, dimostrando the questa i: anche la 

tnassima distanzn fisica the li separa. Questi due marcatori sono stati successivamente 

saggiati su 1179 semenzali provenicnti da tre incroci diversi txl i: risultato the ,MlS e 

AL07 distano rispettivamente 0.2 CM c 1.1 CM da yf: Questi risultati indicano the il 

rapport0 tra distanzn fisica e distanza genetica nella regione di V’ i: di circa 670 

kb/cM> provando anchc the in questa regione cromosomica non vi & alcuna 

soppressionc della ricot~lbinaziotle. Per questo motivo si i: concluso the un 

chromosome-walking fossc fattibile. Per stabilire cluale dei due marcatori co- 

segreganti, AL07 e AMl9, fosse pi6 vicino a V,,‘c di conseguenza costituisse il punto 

rnigliorc per cominciare il chromosome-~~aikit~g dalla parte oppostn a MIS. 2 stnto 

neccssario analizzare ulteriori 592 piante provenienti da altri incroci. 

L’identificnzionc di due piante in cui era nvvenuta una ricombinazione tra i due 

marcatori ha provato the AM19 P pi<1 vicino a Vfdi AL07. Si 6 cosi deciso di iniziare 

contempor~lneame17tC il ctlronlosonne-w3lkirlF da LIP parte partendo da ,Ml S e 

dall‘altrn partendo da AM1 9. Nove screening della genoteca BAC sono stati necessari 

per identificare i 13 cloni chc coprono la regione tra i due marcatori. Le dimensioni 

de1 contig (serie di cloni contigui) cosi ottenuto & di circa 550 kb. Per ridurre 
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ultcriormente le dimensioni della regione in cui i: localizzato v’ le 29 piante 

recombinanti nella regione di vl-; individuate tra le 207 1 piaute aualizzate in 

precedenza, sono state saggiate con tutti i marcntori polimorfi prodotti durante il 

chromosome walk. In quest0 modo i: state possibile restringere la regioue contenente 

vf ad UII intervallo di circa 350 lib. the p~~i, esscre coperto cm un minima di cinque 

cloni BAC. 

Lo screening di una libreria cDru’A, ottenuta da fo’oplie di Florins inoculate cm una 

sospensione conidiale di 1! i?loequnli.s, usando come sonda gli inserti dei cinque cloni 

BAC ha permesso di iderltificare un cluster di geni cou struttura simile a quella di geni 

codificanti per proteine cou funzioni recettoriali. I geni ideutificati presentano infatli 

molte omologie con i geni C/‘di pomodoro la cui sequenza nminoacidica conticne ~111 

dominio extracellulare ricco in leucine ILRR, Lcucine Reach Repeat) e LIII putativo 

dominio transmembrana. I nuovi geni identificati sono stati denominati HcrVf 

(Homologues of Clodosprirn~ ,f~rlvz~~n resistance genes of the yf-region). L’nver 

utilizzato una cultivar conic Florinn, etcrozigote per il gene 1’J-: per la costruzione dclla 

libreria BAC, ha permesso di provarc the. sia sul c~omosoma in cis con la resistcnza, 

e quindi parzialmente derivante da Mfjlrr.s ,f7oribzudn, sia sul cmnlosoma omologo, 

derivante da A4cJlrs x rlonlestica. fosse presente un cluster di geni Hcrl$ 

I1 cluster HcrV”in cis cw la resistenza P stato analizzato piii in dettnglio c si i: visto 

cssere compost0 da un numero variabilc tra 5 e 14 memhri della famiglia di geni 

Her-y’: Tre di essi sono stati completamente sequenziati e per due si i: potuto 

dimostrarc the so110 cspressi costitutiv,~mellte uelle i‘oglie. nato the gli Hc-rvf 

identificati souo simili a geui di resistenza gih clonati in altre specie e visto the alcuni 

sono espressi differenzialmente trn cultivar con e scnza ‘Ir’f: c’& una buona probabilitj 

the uno di essi sin il gene di resistenza l!f: sebbenc quest0 ultitno punto debba ancot’a 

essere dimostrato. 



1. INTROIMTI~N 

Apple scab, caused by the fungal patho,uen Vmtwin irrcregunli,c (Cooke.) is the most 

important disease spread over all apple growing areas with high spring and summer 

rainfall. 

V. increqtdis overwinters mainly xs pscudothecia in apple leaf litter but also, less 

f?equently, as dormant mycelium pustules on shoots and budscales. In spring 

ascospores are ejected from the pseudothecia that have been wet by rain at daylight 

and are wind-dispersed, while the conidia. produced asexually on the pustules, are 

splash-dispersed. Ascosporcs, and in a s1ml1 percentage conidia, compose the primary 

inoculum. To germinate and successfully produce an infection, ascospores and 

conidia need a water film and have to land on young apple leaves or fruits of a 

compatible cultivar, The ~crminated spores penetrate the cuticle by the germ tube. 

The hyphae grow hetwccn cuticle and epidermal cells. Depending on the temperature, 

stroma grows and will produce conidiophores and conidia enlerging from the cuticlc. 

The asexually produced conidia will be dispersed by rain splashing and initiate the 

secondary infections. After infected leaves fall Cram the trees in autumn, the 

mycelium invades the interior of the leaf, antheridium and ascogonium develop, and if 

they are of opposite mating types, presudothecia develop. 

Depending on the weather, up to eight asexual cycles might be completed in one 

growing season (MacHardy 1996). If young fruits are infected. they will develop 

abnormally with a consequent total loss of commercial value. To prevent economic 

losses farmcrs treat their apple orchids with fungicide up to 15 times each year. The 

widespread concern today over chemical residues in food XKI ecosystems, and in the 

past the elimination of risk of an epidemic, has always stimulated breeders to look for 

apple selections with nritural resistance to scab and mildew. 

Pioneer work to look for resistance sources was done by Aderhold (1902), Wallace 

(1913) and Rudloff nnd Schmidt ( 1934. 1935). Because at that time 110 commercial 

variety possessed satisfactory rcsistancc to scab, they begun to look for resistance in 

related small-fruited ~~‘/o/ILc species. Rudloff and Schmidt found that hf. ntr-opuptwn, 

44. mictmwl~t,s, A!. specfn1~ili.v and M. spcfol?ilis k’irido were fsee of scab OS showed 

only very light infection during field inoculation tests. Also Crandall (1926) collected 



different small-fruited Mulus species and among them Hough (1944) Pound 6 

selections of Asiatic Mdus species (A4. atrosnnguinea 804, M. ,florihrudn 82 1, M. 

pnrn(folitr 1965 1, M. rirzgo, M. turingo and M. zuxi) that exhibited “field immui~ity” 

to scab. 

The most successful breeding program for scab resistance was the PRI program 

initiated in I945 by Hough and Shay in the USA (Crosby et crl. 1992). Thanks to 

extremely favourable weather conditions for V imeguir1i.r infections in spring 1943 

that Icd to defoliation of unsprayed susceptible trees, Hough and Shay recognised in a 

fLll1 sib cross between two FI selections of Crandall’s cross M. ,florihrmclcr 82 1 x Rome 

Beauty performed in 19 14, a nearly 1: 1 segregation for scab resistance. Besides the 

discovery that the resistance was very probably inherited as a monogenic trait (as was 

confirmed with additional crosses), their really big breakthrough was the discovery of 

two resistant I;? selections (26S29-2-2 and 26330-2-2) with the highest quality and 

largest Fruits available at that time. In Fact. the progenies of a cross bctwcen small- 

fruited h/lLllrrs species Lvith commercial apple cultivars result in ahnost 100 o/n of plants 

that produce small fruits. making the breeding of commercially interesting resistant 

cultivars difficult. The two resistant Fz selections were the source of scab resistance 

used in the PRI program that released the first apple scab resistant cultivar Prima in 

1970. Dayton and Williams (1968) called this resistance gene Vf (V= Vmturiu, .f = 

florilxudn) because it originally derives from M. ,florilxum’~r 82 1. 

In the following years five other loci conferring monogenic qualitative resistance were 

identified: Vm from n/r. ulicrormlrrs, I’r from M. yrtmibn R 12740-7A, Vbj from M. 

17uccutu jrrckii, VI, from Hansen’s baccnta #2 and Vcr from Antonovka PI 172623 

(Williams and Kuc 1969). 

Today, several apple selections with high scab resistance are available. Most of them 

carry only one major known resistance gene that is usually Vfl Janick et nl. (1996) 

reported the presence of the Vfgene in 70 cliffercnt scab-resistant cultivars. 

A major problem of those new selections? already reported by Alston (1989), is the 

low acceptance by the consumcrc due to the lack of important quality components 

such as taste, storage quality. etc. The development of new resistant selections with 

the desired high fruit quality is attempted by crossin, 0 resistant selections with 

commercial cultivars having these qualities. Because hackcrosses are impossible. due 

to the self-incompatibility of the apple, at each new breeding step a different parental 
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plant has to be used. This, combined with the high level of heterozygosity of the 

apple, leads to the production of progeny plants with completely different characters 

than those present in the parents. It is easy to imagine that thousands of seedlings have 

to be produced and kept in the field for years to have a minimal chance to select a 

plant fulfilling the requests for yield, precocity of yield, resistance to foliar diseases, 

fruit size, flavour and colour, tree habit. skin finish and storage quality. In fact, even if 

the screening for scab resistance can bc accomplished in the greenhouse at the 

seedling stage, shortly after i’ (Termination, the evaluation of many other characteristics 

is delayed, due to long juvenile periods (4 to 5 years). Typical examples are yield and 

fruit quality that can be evaluated only after 5 to 6 years. [To produce the new cultivur 

Ariwa it was necessary to screen about 30,000 seedlings (Kellerhals, personal 

communication)]. 

To reduce the number of plants that have to be kept in the field waiting for the 

expression of the phenotype. the genotype of seedlings can be analysed with 

molecular markers associated Lvith the gene of interest. This strategy is called ~Marker 

Assisted Selection (MAS). To increase selection efficiency, molecular markers tightly 

associated with the gene or genes of interest have to be found. Recently, nlolecular 

markers for scab resistance genes vf‘ (Gianfrnnceschi et al. 1996, Tartarini I999)> VIIL 

(Cheng et ~rl. 19981, and Vhj (Gygax personal cornmuliicatiot~), for mildew resistance 

genes P/l (Markussen et al. 1997) and P(:! (Seglias and (;essler 19973) and for aphid 

resistance ScI, (Roche et al, 1997) have been published. The progenies of a cross 

between plants carryin g these genes can be tested for the presence of the correct 

marker allele at the seedling stage, and only the plants caqGng the desired allele 

combinations will be evaluated it1 the field und selected for other characteristics for 

which no molecular markers are available. 

It has been proposed (Crute and Pink 1996) that for the breeding of new cultivars with 

durable resistance several resistance genes. with different resistance mechanisms, 

should be combined in the same plant. This strategy is called gene pyramiding, The 

absolute need for pyramidin, 0 several monogenic resistance genes in apple cultivars 

has been demonstrated by the recent breakdotvn of the yf resistance (Parisi et ~11. 

1993, R&l~)uf and Parisi 2000). Mi\S is fundamental for gene pyramiding. in fact, in 

the absence of races of V. irloeqrwiis able to overcome simultaneously more then one 

resistance gene it would be impossible, without the use of molecular markers, to 

distinguish between seedlings carrying one or more resistance gents. 
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To develop alternative breeding strategies to breed for durable resistance against 

apple scab, it is necessary to have a better knowledge of the source of resistance and 

of the life cycle of the pathogen, but also more information about the interaction 

between apple and V. hmym1i.c is required 

Up to the present the progeny plants of a cross were usually referred to as either 

resistant or susceptible to apple scab but the separation of these two phenotypes is not 

easy. Resistance or susceptibility depends on the host and on the pathogen genotype 

and on the age of the leaves, due to the presence of ontogenic resistance in the apple. 

Chevalier et nl. (199 I) classified the different macroscopic symptoms observed in VF 

resistant plants into coded classes. completing what was previoilsly proposecl by 

Hough and co-workers (Hough c’f i/l. 19531. The histological and scanning-electron 

microscopy (SEM) analysis led to the following proposed classification: 

- Class 1: small pits appearing 4 to 6 days after inoculation. which do not enlarge with 

time. By SEM it was observed that the “pin-point” symptom is a depression of 100- 

500 lun in diameter where the epidermal cells have collapsed. Class 1 is the typical 

hypersensitive reaction. 

- Class 2: symptoms appear between 7 and 10 days after inoculation in the form of 

chlorotic lesions with irregular edges. with the lesion centre sometimes slightly 

necrotic. In any cast no conidia are produced. Histological observations indicated that 

very often the ~rppcr epidermis is partially collapsect, cells arc often plasmolysed and 

the vacuoles enclose dense granulation. 

- Class 3: symptoms appear 7 to 10 clays after inoculation. This class has been divided 

into ‘9 _ sub-classes. Class 3a includes necrotic lesions and some chlorotic ones with 

occasionally very slight sporulation. Usually, secondary stroma become extensive and 

epidermal cells collapse over a large area. Class 31~ includes clearly sporulating 

chlorotic and necrotic lesions. Epidcrtnal cells of chlorotic lesions do not show 

particular changes while epidermal cells of the necrotic lesions are destroyed. 

- Class 4: symptoms appear 10 to 1 2 days after infection. Stroma forms a dense 

subcuticular n&work. The leaves are covered by thousands of conidophores and the 

abundance of annelides is a sign of their activity. This class is characterized by the 

absence of visible histological modifications of the different leaf tissues. 

As previously reported the yfgene is thought to be inherited as a monogenic character 

since in crosses between a heterozygous V~plant and a susceptible cultivar a 1: 1 ratio 
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of resistant / susceptible progeny plants is obtained. However this 1: 1 ratio is obtained 

only if plants classified as 0 (no symptoms), 1, 2, 3a and 3b are considered as resistant 

and plants in class 4 are considered as susceptible and the test conditions (inoculum 

density and climatic conditions) are appropriate. Indications of the correctness of this 

separation can be seen in the histological observation of Chevalier that remarked a 

histological reaction of the seedling only in the classes 1 to 3b. The final confirmation 

of this separation was given by the use of the yf molecular markers that indicate the 

presence of the allele in couplin g with Vj’ in the classes 0 to 3b (resistant) and their 

absence in the class 4 (susceptible) type reaction. 

Interestingly, in contrast to what was reported by Chevalier et ~1. (199 1): the class 1 

type reaction is normally fout~d only in M. f7c~rilm~~cI~~ 82 I, the source of the Vj’ 

resistance, and not in any of the Vf‘-resistant cultivars produced so far. In fact? already 

the F2 selections 26X29-2-2 and 26330-2: derived from Crandall’s cross M. ,floKbz~r~/~l~1 

821 x Rome Beauty, express a class 2 type resistance reaction, indicating that _ 

“something” was lost very early durin g the breeding program. Rknaouf and Parisi 

(2000) proved the presence of a second resistance gene in M. florihurdn 82 1, which 

they called L’jIz (II = hypersensitivity). responsible for the class 1 type of reaction. 

Gessler et nl. (1989) postulated that the genetic factors conditioning class 0 (no 

symptoms), 2, 3a, 3b and 4 reactions are modifier genes, present in any Mcr/~,s cultivar 

resistant or susceptible to scab. Those genes have an identifiable effect on the 

pathogenesis only in combination with the main gene, yb Gessler’s “tninimal” model 

with two loci, each with two alleles, is already sufficient to explain this variation of 

symptoms. One allele of each locus would have an additive effect “+” while the other 

‘I-(’ wo~~lc~ have no effect. Tn a cross with two heterozygous parents (+ -/ + -) 5 

different combinations of modifier alleles are possible. Assuming that the 

homozygous combination of “+‘I in one of the two loci has the same effect as the 

heterozygous combination in both loci. only the total number of alleles “I-” will be 

decisive for a stronger or weaker resistance. Plants carrying vf and the 4 alleles “+” 

will express a resistance reaction of type 0 (no symptoms). plants with 3 alleles “+” 

the class 2> plants with 2 alleles ‘I+” the class 3a. plants with 1 allele “-I-” the class 3b 

and plants carryin g Vf‘tvith only )‘-‘I alleles will be classified with plants without Vf‘as 

class 3. 
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Support to this theory was given by QTL analysis (Seglias 1997b). The author 

reported the identification of different loci “modifying” the expression of scab 

resistance that were effective only in the presence of the Vj’ gene (per definition 

modifiers), and of some other loci with an additive effect that were effective also in 

the absence of v/1 However, those findings could not be dcfiuitively statistically 

confirmed. 

Supplerncntary support to this theory was provided by the discovery of the race 6 and 

by experiments published by Parisi et al. (1993). [Races of scab are defined by their 

virulence to certain breeding stocks (revicived by Boone 1971)]. Race 6 was found for 

the first time at Ahrenshurg (Gcrmnny). It is defined as the group of scab pathotype 

that can incite class 4 type symptoms on certain vf‘ plants but not on h4. ,florilwrclcr 

821. The experiments performed by Parisi et irl. (1993) consisted in inoculating the 

progenies of a cross between VfLheterozygous and a susceptible cultivar with isolates 

of the race 6 and an inoculum without race 6 (“Angers inoculurn”). As expected, when 

the progenies were inoculated with the “Angers inoculut~~” 50% of the plants were 

resistant, showing a range of symptoms distributed over all resistant reaction classes 

(0 to 3b). In contrast, when the race 6 inoculum was used, all the plants exhibited a 

class 4 type of reaction. Since the Vj“ gene was overcome and the modifiers did not 

play a role anymore, therefore no other classes were found. However, in this cast 

also, the classification of all plants in the sumc class -C type of reaction could be an 

artefact, due the lack of a precise differentiation in classes within the susceptible 

plants. 

Benaouf and Parisi (1997) identified a seventh race, namely race 7 that is able to 

infect M. ,florihrrdo 82 1 but not Golden Delicious. By inoculating Golden Delicious 

with race 7 R&xaouC and Purisi (3000) clemonstratecl that such “susceptible” cultivars 

carry a resistance gcnc that they called 1,‘~. 

The presence of “ephemeral” resistance ~ cenes (resistance genes overcome by a high 

percentage of the pathogen population) in so-called “susceptible” cultivars was 

already demonstrated by Sierotzki ct (11. ( 199-t) and Koch (199s). They found that 

some isolates, collected from susceptible cultivars. were able to induce characteristic 

class 4 type symptoms mostly on the culti\.ar the>’ originated from. In contrast on 

other “susceptible” cultivars resistance reactiotls ~vere observed. Moreover Koch et al. 

(2000) reported that some isolates were able to produce class 4 type symptoms on 

several “susceptible” cultivars, clcmonstrating that several virulence alleles were 
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present in the same isolate. Those results should not be forgotten while developing 

strategies to prevent or reduce resistance breakdown. The results of Sierotzki et al. 

(1994) and Koch (1998) indicated the presence of unknown resistance genes in 

various “susceptible” cultivurs and of avirulence/virulcnce alleles in the fungus 

conditioning compatible and incompatible reactions. Those points of evidence 

indicate that if the classification of V. irzucqua1i.r pathotypcs would take into 

consideration also the “ephemeral” resistance genes normally present in Mrlus x 

dmnestica, the number of scab races should be much higher then seven. From those 

studies, which included a total of‘ 13 “susceptible” cultivars, the authors could for 

example identify 13 new differential races. 

In his work, Koch et NJ. (2000) could also prove that the frequencies of’ complex races 

(pathogens carrying more than one virulence) was lower if the isolates were isolated 

from 211 apple monoculture than if they \vere isolated 1-Yom an orchard containing a 

cultivar mixture. In fact. in one orchard composed of 26 different cultivrlrs, isolates 

carrying up to eight different virulences lvere found. This can probably indicate that in 

absence of selection pressure, isolates carrying a single virulence gene are favoured 

probably because complex races tend to have a lower fitness. 

The possibility of finding pathotypes in the population of apple scab that can 

specifically attack only certain cultivars. indicate that Flor’s “gene-for-gene” theory 

(Flor 1971) is valid and holds for the interaction between V. inaeytrrrlis and Mtrlrrs, 

too. The theory assumes that t’or each resistance allele in the plant there exists a 

corresponding pathogen avirulence (Avr) allele. The interaction between the proteins 

coded by the resistance allele and its corresponding avirulence allele gives an 

incompatible reaction so that the pathogen cannot infect the plant. On the contrary, if 

one of the two factors is missing there is a compatible interaction and the pathogen 

can develop and infect the plant. The resistance gene plays a role in recognising the 

pathogen. and for this reason resistance genes are also called “recognition genes” or 

“R-genes”. It is assumed: and in part also demonstrated. that after recognition of the 

corresponding Avr allele. product, the R-gene product, directly or through the 

interaction with other proteins. activates different cascades of def‘ence-reactions. The 

genes involved in the defence mechanism are the so-called “defence-rcspolise” genes 

and include phytoalexines. hydrolytic enzymes and PR-Proteins (p~thogcnesis-rel~ltcd 

proteins). However none of these proteins has been detected in apples up to now. 



A method that proved to be successful for the isolation of genes for which only the 

phenotype and the map position are known (as is the case of vfl is map-based cloning 

(Paterson and Wing 1993, Win, (7 et al. 1994). This strategy was used for cloning 

several resistance genes like: Pto (,Martin ~‘f ~1. 1993), RPS2 (Bent cf trl. 1994), X021 

(Song et NZ. 1995), RPM1 (Grant et ni. 1995), (Zf2 (Dixon et al. 1996), &l/o 

(Biischges et LIZ. 1997), H,cli”““’ (Cai ct crl. 1997), RI??5 (Parker et nl. 1997), Mi 

(Milligan et (11. 1998) and Pib (Wang et NI. 1999). This approach could be divided 

into three main steps: 

1. The gene of interest has to be mapped in a large segregating population. The 

region containing the gene has to be s:aturated with markers so that tightly linked 

markers are identified. For this purpose different kinds of markers could be used: 

- AFLP 

- RAPD 

- RDA 

- RFLP 

- SSR 

- SNP 

- CAPS 

- SCAR 

(Amplified Fragment Length Polymorphism) 

(Random Amplified Polymorphic DNAs) 

(Representational Difference Analysis) 

(Restriction Fragment Length Polymorphism) 

(Simple Sequence Repeats) 

(Single Nucleotide Polymorphism) 

(Cleaved Amplified Polymorphic Sequence) 

(Sequence Characterized Amplified Region) 

For the Vfresistance gene several RAPD markers were found (Yang et al. 1994> 

Kollcr et al. 1994. Tartarini et ~1. 1996, Gardiner et 171. 1996). The three RAPD 

markers closest to the gene, M 18. AL07 and AM 19 were cloned and transformed 

in CAPS or SCAR markers (~i:ulfr~ll?Ce.SChi et al. 1996. Tartarini et al. 1999). 

Although different research g.oups mapp”d tl1ose markers in the same 

chromosomal position and in the same order, the position of the vf gene has 

always been debatcd. Gesslcr ef it/. (1995) and Tartsrini et crl. (1999) placed Vj 

between the molecular markers AL07 (cosrgregating with AM 19) and Ml 8. 

Hemmat et 01. (1998) and Gardiner ct al, (1996) mapped vj’near AL07 and Ml8 

respectively. but on the opposite site of the one proposed by Kessler et nl. (1995) 

and Tartarini ct trl. ( 1999) (Fig. 3B). Tartarini et ill. (1999) mapped vf‘ at a 

distance of 0.5 ch4 from M 18. I\-bile AL07 and AM19 are both located at 0.9 CM 

tram Vj’on the opposite side. 



2. The second step of a map-based cloning project is the estimation of the physical 

distance separating the two closest markers bracketing the gene (physical 

mapping). 

This check is important. because it has been reported that markers that were 

genetically close were in fact physically very far apart, due to a suppression of 

recombination occurrin g at that specific chromosomal region (e.g. Ganal et nl. 

1989, Young and Tanksley 19S9). It is therefore very important to verify the 

absence of suppression of recombination. especially when the region of interest 

has been introgressed from a wild species, as it is the case of y/cif-: 

Once the maximal physical distance between the flanking markers has been 

determined, it is then possible to decide whether new markers, closer to the gene, 

have to be found or if the physical distance between the available markers could 

be covered using a large-insert genomic library. It is also possible to decide which 

kind of library is best suited to the purpose. Currently several large-insert genotnic 

libraries can be constructed: 

Vinntzer ct trl. (1998) published the construction of a BAC library with inserts of 

Florins, an apple cultivar heterozygous for the yf‘gene, obtaining an average insert 

size of 120 kb. Since the library is composed by 36.S64 clones and the size of the 

haploid Mulus x clmc~sticx z oenotne is about 770 ,Mbp (Arunluganath~lIn and Earle 

199 I ), the library represents approximately 5x the haploid genome equivalents. 

Once the library of choice has been constructed or is available, the next step of the 

map-based cloning is to identify the clones carrying the gene of interest. 

Depending on the insert size and on the physical distance separating the two 

flanking markers. a chromosome landing (Tanskley pt 01. 1995) or a chromosome 

walking will be performed. If the physical distance betkveen the flanking markers 

is relatively small anti it is comparable to that of the library insert size, it sl~ould be 

possible to identify, with only one library screening, a single clone containing 
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both markers (and therefore the gene of interest). On the contrary, if the physical 

distance is bigger and such a clone is not found or the clones identified with the 

two markers do not overlap, a chromosome walking has to be performed. ln this 

case contigs of overlapping clones proceedin, - from the two flanking markers in 

direction of the gene have to be constructed until the chromosomal region co- 

segregating with the gene is completely covered. 

It is essential for the map-based cloning of a gene to analyse large segregating 

populations to identify as many recombinant plants as possible in which a 

crossing-over event has occurred between the closest markers and the gent of 

interest. Those recombinants will be used for different purposes: a) to map the 

new markers produced during the chromosome walk in order to establish in which 

direction the contig has to be extended: b) to check the progress of the walk and c) 

to reduce as much as possiblu the region of the contig containing the gene. 

The methodology of chromosome walking with BAC clones has been successfully 

applied in rice to isolate the gcnomic regions containing the Pi-ta’. and xaS genes, 

conferring resistance to rice blast and bacterial blight respectively (Nnkamura 

et al. 1997, Yang et Ill. 109s). 

3. Once the minimal chromosomnl region spanninz (5 the. gene has been identified the 

gene itself has to be identified. Dif’fcrent strategies can be used dependins on the 

size of the delimited region. If the region is re,latively small the fastest way to 

identify candidate genes is to completely sequence the clones (or clones) to find 

candidate open reading frames (ORE‘s) showiq high homology to known 

resistance genes. In contrast. if the region to analyse is still quite large it will be 

preferable to screen :a cDXA library usin, 0 the inserts of the BAC clones of the 

contig as probes to identii‘y cr)NAs present in the genomic region. Martin et rrl. 

(1994) used this strategy to isolate the Pto gene. Once ORF sequences or partial 

OKF sequences are fhutd the comparison of those sequences with the public 

databases will reduce the number of candidate genes. Among all cl>NAs only a 

few will provide similarities n-it11 already clo~xxi genes. The best candidates will 

then be used in complementatiolI~tio~~ experiments to transform susceptible plants (in 

the case of cloning of plants resistance genrs1. Only the resistnncc gene will in 

fact be able to convert a susceptible cultivar into a resistant one, triggering the 

plant defence mechanisms. On the contrary, if no homology can bc fo‘ound among 

the cDNAs hybridising to the clones of the contig spanning the region of the gene, 
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to the already cloned resistance genes, all the genomic sequences containing the 

complete ORF of the cDNAs have to be used in complementation experiments. 

Again the one that will transform a susceptible cultivar into a resistant one will be 

the resistance gene. 

To recognise candidate resistance gene among all the ORFs found it is necessary to 

increase our knowledge about the main features OF the already cloned resistance genes 

and about the mechanism of plant resistance. 

Plants possess two types of resistance. The first type is called horizontal resistance (or 

quantitative) and it is effective n@lst all isolates of a pathogen. It is assumed that 

this resistance is due to the additive effect of resistance gene alleles. The second type 

of resistance is called vertical (or qualitative) and is effective against all pathotypes 

except those few pathotypcs that carry the specific virulence allele that can overcome 

the specific resistance gene allele. This system is explained by the gene-for-gcnc 

hypothesis (Flor 1971). 

Pryor (1987) proposed the follolving scenario to explain the development of such a 

system. The evolutionary grouncl state is considered to he a compatible interaction in 

which a pathogen has evolved to be virulent on a particular host plant. Selection 

favours the evolution and spread of host individuals that specifically rccognise the 

pathogen and resist to the infection. For csample, a receptor that evolved to activate a 

defence response to pathogens in general may be modified so that it specifically 

recognizes a particular pathogen product !an avirulcncc allele product). The pathogen 

responds by modifying or losing the avirulence allele by mutation. The host is now 

susceptible and again selection is brought to bear on new host R-gene allele 

specificity. Consequently. the t3rolution of gene-for-gctie. actually an allele-for-allele 

interaction, can be seen as a continuing l~iove-countermove process, 

A typical cxatnple, not following Flor’s gene-for-gene theory, comes from the first 

cloned resistance gene, the maize MUI sene (John1 and Brigs 1992). FIrlrl encodes 

for a protein that inactivates the HC-toxin, a pathogenicity factor produced by the 

fungus Cocl~lioholr~s 1z&o1*1~~. The genetics of interaction of this gene differ from 

those of the gene-for-gale because toxin-deficient strains also lose their ability to 

cause disease in maize cultivars th3t do not carry Hrfrl, 

However, many of the resistance genes cloned so Ear follow the gene-for-gzne theory. 

Such R-genes have ken divided into five classes according to some features they 

have in common (De Wit 1997, Bent 19%): 



I: The first class is represented by the first cloned plant resistance gene that 

conforms to a classic gene-for-gene relation, the Pto gene of the tomato, 

conferring resistance against Psezdonwnas syririgae pv. tonu7ro (Pst) (Martin 

et al. 1992). Pto encodes a cytoplasmic serine/threonine protein kinase, 

suggesting a role for Pto in signal transduction by protein phosphorylation. The 

modulation of the phosphorylation state is the most common mechanism that 

living organisms USC to control protein activity. A model proposed to explain the 

mechanism of the signal transduction after physical interaction of Pto with the 

AvrPto protein of P. .s>‘rirrgtrc> III’. to77rato has been formulated, thanks to the 

results of yeast two-hybrid esperiments (not yet proven irj plnnt~7) (Zhou ct 01. 

1997). A type III secretion system secretes r\vrPto protein into the plant cell 

where it interacts with the Pto protcin. The recognition event, which may also 

involve Prf (Sahneron ct 01. 1995). a c‘ WE required for the hypersensitive 

response, activates the Pto kinase. Pto self-phosphorylates and becomes active. 

The Ptii protcin, a serine/thrconine kinase, interacts with the Pto-AvrPto complex 

and becomes phosphorylated~ too. The phosphorylated Pit 1 is then involved in the 

activation of a cascade of reactions leading to the hypersensitive response. The 

Pto-AvrPto complex interacts with and also phosphorylates Pit4, PitS and Pit6 

transcription factors involved in the regulation of many PR genes. 

II: The second class of resistance genes encodes for cytoplasmatic proteins with 

leucine-rich repeats (LRR). leucine zippers (LZ) and nuclcotide binding sites 

(NBS), suggestin g a role for these molecules in intracellular signaling. LRR are 

multiple, serial repeats of a motif’ of about 34 amino acids in length. L,RR 

contains lcucines or other hydrophobic residues at regular intervals and can also 

contain regularly spaced prolincs and asparagines. Specificity of LRR resides in 

the atnino acids between the leucincs of the repent (Kobe and Deisenhofer 1994). 

In terms of function I,RR halve been sho\vn to mediate protein-protein interaction 

(Kobe and Deisenhofer 1991). LRR may serve as binding domains for Avr 

proteins or may l’acilitatc the interaction of R-gene proteins with other proteins 

that participate in the defence signal transduction (Dixon et 01. 1996). NBS 

dornnins OCCL~~ in diverse proteins with !\?‘I’ or G’I’P binding activity. The 

function of NBS domains in the activation of the plant‘s defence is yet unlaow~~. 

Finally the L,Z motif, present in this class of proteins. seems to play a role in 

facilitating the protein-protein interaction. I.,Zs are known for their role in homo- 
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and heterodimerization of eukaryotic transcription factors, although their role in 

R-gene function is only speculative. 

III: The third class is composed of genes very sin~ilar to those of the second class, but 

in addition to the LRR and NBS domains the proteins encoded by those genes 

contain an N-tenninal region homologous to the Lho.sc~p/~iln Toll protein and the 

nxunmalian interleukin- 1 receptor !TL-R). This region in plant R-genes has been 

designated the ‘I’IR (Toll/Zntsrleukitl- 1 liesistance). Due to the sequence 

silnilarities between R-genes and Toll :md Tnterleukin- 1, a working hypothesis is 

that these R-genes will trigger plant response by a silnilar mechanism (activation 

of transcription factors). 

Melnbers of this class are the A’ gene of tobacco against Tobacco Mosaic Virus 

(Whitman et al. 19941, Lr5 of flax against Mel~rr~qcrr*~ lilli (Lawrence et crl. 1995) 

and RPPS of Arabidopsis against Permospor~r pulsificLl (Parker ef al. 1997). 

TV: To the fourth class belong genes encoding extracytoplasniic LRR proteins with 

mexthrane anchors (transnlembrnne domain) and short C-ternrinal cytoplasnric 

tails. To this class belong the tonrato genes (T/t’) (Jones et trl. 1994), cf-2 (Dixon 

et 01. 1996), C:f4 (Thornas ct nl. 1997) and <fi5 (Edison et crl. 1998), conferring 

resistance to different r;~es of Ci~rdospo~irm jilh~rt~, and Hs I’“‘“-’ of sugar beet, 

conferring resistance to the nematode Hetcrodercr Lsc/lcllfii (Cai et al. 1997). 

One of the best-studied genes of this class is c/19. The N-ternlinus of the U-9 

protein includes a probable signal peptide necessary for its transportation across 

the cell nlen~brane. This domain is followed by a donxtin conlposecl of 28 LRRs 

with the consensus sequence LsxL~xLxsLnLSSNNI,sCsIPSx (where x is any 

anlino acid). The conser\-ed glycine residue in the LRR is also found in other 

proteins that carry a putative extracellular LRR donrain. Apart from sonle 

N-glycosylution sitcs there arc few conserved anlino ncids internal to the LRR 

backbone. The C-terminus of the protein consists of a very acidic don-tain (10 of 

18 alnino acids are negatively charged). followed by a transmen~brane dotnain 
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(37 hydrophobic amino acids), and a basic domain of 21 amino acids (8 of them 

positively charged). The C-terminus ends with the residues KKRY. In animals 

and yeast the KKxx motif functions as a signal for retrieval of nlembrane-bound 

proteins from the Golgi apparatus to the endoplastnic reticulum. 

V: The fifth class is represented by the rice Xlr21 gene against X~r~tl~c~r~~onas 

ccr7~lpestri.c IT\~ or-\/z?r (Sons et ~1. 19%). 3 gene encoding for a protein with an 

extracellular LRR domain, a transrne~?~l,rane domain and an intracellular 

serine/threonine kinasc domain. Due to the presence of an extracellular L,RR and 

a cytoplasmic kinase domain. the ?<a;! 1 protein appears to possess perceiving and 

signaling domains. so that only the interaction of the Xa21 protein with the 

AvrXa21 elicitor could be needed to start the resistance reaction. 

An R-gene that cannot be placed into one of the five classes mentioned above is IMlo 

of barley against Ey~sij2hc! gruitri7ris ,/I sp. hot-clci (Biischges et ab. 1997). This 

monogenic resistance is mediated by the recessive allele do. The resistance is 

effective against almost all tested isolates of the fungal pathogen. which means the 

resistance is not race-specific. Under pathogen-free conditions 77110 plants exhibit a 

spontaneous leaf cell death phenotype and the appearance of multiple defcnce 

functions such as cell wall modification, accumulation of dcfence-related transcripts 

and phytoalexins. The deduced amino acid sequence of Mlo presents seven trans- 

membrane helices and reveals no homologies to any other described plant resistance 

gene. Two hypothesis of the function of J410 have been proposed by Riischges cpf nl. 

(1997): 1) Mlo suppresses a default cell suicide program in foliar tissue and/or 2) Mlo 

has a specific negati\Te regulatory function by down-regulating multiple defence 

functions. In any case Ml0 does not seem to be involved in recognition of the 

pathogen. 

It is very interestin g that R-yenes from different species nit11 specificity to a wide 

variety of viral, nematode. bacterial and hmgnl pathogens often encode structurally 

similar proteins. This similarity suggests a high deprec of conservation among the 

pathways that plants use to trig$cr defence responses. i\nother feature widespread in 

plants is that very often the members of an R-genes family arc clustered in the 

oenome. Different genes in these clusters often encode resistance against different 3 
races of the same pathogen species. One example is the Cf-9 cluster that besides CYf-9 

contains cf”4 and three other <J-9 homologues (called Hcr9.c for j~oniologue of 

ClLl~losl?ot.ilrllt r.esistance gene CJt, Thomas et 01. 1998). 



The interaction between R-gent products and the pathogens Avr-gene products are 

only the initial steps of a complicated cascade of responses that collectively confer 

resistance on the plants. The followin g section reports a series of induced downstream 

reactions as reviewed by Hllm~nond-Kosllck and Jones (1996). 

1. H~persensitivc Respor~sr~ (HR). Classically HR is defined as the localised induced 

host cell death at the site of infection by a pathogen (Agrios 1997). In interactions 

with obligate biotrophic pathogens, cell death would clcprive the pathogen of 

access to further nutrients. Tn the case of hetnibiotrophic and necrotrophic 

pathogens: the ccllulnr decomparttllentali~~~tioll may lead to the release of hamful 

preformed vacuolar substances. Alternatively. the level of induced phytoalexins, 

which normally are rapidly turned-over in plant cells? may accumulate to 

inhibitory concentrations because they are no longer metabolised. 

2. Reactive O.x~,qen S@cies (X05’). The production of ROS is often the first response 

activated in many incotnpatible interactions. ROS include superoxide ((I?‘), 

hydrogen peroxide (f-1~0~) and hydt-oxyl radical (.OH). These highly reactive 

oxygen species are produced by enzymes involving e.g. NADPH ox&se of the 

plasma membrane of the host cell. The activated oxygen radicals trigger the 

hyctroperoxidatiort)xid~~tioIl of n~~~brane pl~ospholipids, producinL, 2 mixtures of toxic lipid 

hyclroperoxides that disrupt the plant’s cell nmnbranes. The ROS could also be 

involved in oxidation of phenolic cotnpouncls into more toxic quinones, I-i:@ is 

essential for the formation of lignin polymer precursors via peroxidase activity. 

ROS are also responsible for the cross-linking of cell ~vall glycoproteins, thus 

rapidly rnakin g the plant cell walls more refractory to microbial penetration and 

enzymatic degradation. HJOJ is required to increase the production of enzymes 

required for the synthesis of salicylic acid (SA). The generation of ROS leads also 

to the alteration of the redos potential. It is known that in nmnmals tnany 

transcription factors arc redos regulated. Changes of the redox potential may also 

re@nte the stabilit: of specific defmce related mRNA transcripts in plants 

(Mehdy 1994) 

3. Ccl1 1~~~11 ,ji)hficutim (CWF). The fortification of cc17 walls can increase 

resistance in various ~vays, CWF could impede leakage of nutrients for the 

pathogen. The diffusion of pathogen toxins and enzynles to the sensitive parts of 

the cells can be retarded. For biotrophic pathogens CWF could prevent entry of 

haustoria precluding parasitism. Cell wall fragments produced by hydrolyzing 
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enzymes may elicit additional defence response. One type of CWF is the 

formation of papillae that physically block f~mgal penetration. Rapid callose 

deposition in cell walls is also associated with pathogen i~~col~i~~~Ltibility. J3ie 

blockage of plasmodeslllata with callose is essential to impede cell-to-cell 

movement of viruses. 

4. Scrlicylic Acid (Mi. SA has been demonstrnted to be involved in HR and in 

stimulation of systemic acquired resistance (SAR). SAR acts non-specifically 

throughout the plant and reduces the severity of disease caused by all classes of 

pathogens including those that are normally virulent. SAR can be induced by the 

infection with a pathogen or by treatment with certain chemical compo~it~ds (SA 

for example). ‘The role of SA in defeuce is cotnplos and may vary from species to 

species. It has been demonstrated for example that the lack of accLumulation of SA 

in transgenic tobacco and Arabidopsis lines correlated with weakened local 

R-gene-mediated resistance responses !Delaney ct ~1. 1994) and also with a 

blockage in the induction of various defence genes. In contrast, no reduction of the 

CJ’gene-mediated resistance was observed in the C. ~th~o~~ - tomato interaction in 

transgenic tomato plants with reduced SA production. 

5. Prrtlqemsis Relcrted pwteirts (PR}. PR proteins include intra- and extracellular 

proteins that are widely distributed in plants in trace amounts but arc produced at 

much greater concentrations after pathogen attack or stress. PR proteins may show 

either strong anti fLmga1 or antibacterial activity and some are known to be 

chitinnses, glucanases or chitin binding proteins. 

6. Pl~~to~rlexirzs. Phytoalexins are toxic antimicrobial substances produced in 

apl~reciable amounts after stimulation by infections with various types of 

phytopathogenic tilicroor~llnisms or by chemical compounds or by mechanical 

injury (Agrios 1997). Phytoalexins are produced by healthy cells aclSjacent to 

damaged and necrotic cells in response to substances diffLising from the damaged 

cells. Phytoalexins arc not ptocl~~ed during compatible biotrophic infections. They 

accumulate aro~md both resistant and susceptible necrotic tissues. Resistance 

0ccLus when one or more phytoalexins reach a concentration sufficient to restrict 

pathogen development. hjtl‘csst of the phytoalcsins are produced in response, to 

infection by iim~i, but a few bacteria. viruses and nctnatodes have also been 

shown to induct production of phytoalexins. Most phytoalexin elicitors are high 

molecLllar weight substances like glucans. chitosan, glycoproteitls and 
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polysaccharides, which are released from the fungal cell wall by plant enzymes. 

Most of those elicitors are not specific, they are present in both compatible and 

incompatible races of the pathogen and induce phytoalexins accumulation 

irrespective of the plant cultivar. Species or rfccs of fungi that are pathogenic to a 

particular plant species seem to stimulate production of lower concentrations o! 

phytoalexins than non-pathogens (Agrios 1997). 

This short introductiotl summarises the present kno\\Tledge about the mechanism of 

resistance in plants. The positive results obtained in other species and good 

background information about apple scab encoura@ the initiation of n nq-based 

project nimcd at cloning the apple resistance gene v/1 The cloning of vf is important 

also because, in contrast to almost all resistance genes cloned so far, F’fdoes not show 

a hypersensitive response, The resistance is char;icterised by symptoms ranging from 

no symptoms to necrotic lesions with little sporulntionY while lesions with abundant 

sporulation are observed in plants not carrying V/1 This information about the vf 

phenotype, a genetic map of the vf region (Gesslcr c’f 01. 1995) and three 5” f-lanking 

markers (M18, AL07 and AMI9) were the starting points of the map-based cloning 

project of the Vf‘genc. 

This thesis reports the following steps: 

- fine mapping of the ~~genc to establish its position on the genetic maps 

- physical mappin g to estimate the maximal distance between the Vj’ flanking 

niarkcrs 

- chromosome walking using HAC clones to span the Vftregion with overlnpping 

clollcs 

- analvsis of the coding sequences of the I~7/$patming contig 

- identification of :I cluster of genes with homologies to the Cf. resistance genes in 

tomato. 
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2. MATERIALANDMETHODS 

2.1.1 Plant material 

For the fine mapping of yfi young leaves from the crocscs Braeburn x FAW 7 167 (VI) 

and Fuji x Ariwa (vf>. 3 17 and 341 plants respectively, were collected in nurseries of 

the FAW (Swiss Federal Resenrch Station Wklenstt~il), frozen in liquid nitrogen, and 

freeze-dried. 

Scab resistance was evaluated nfter greenhouse tests LIS described in Gianfranceschi 

et 171. ( 1996). Plants were classified for resistance according to Chevalier et al. ( 1991). 

2.1.2 DNA extractiolt.for.fine mryping 

DNA was extracted following the protocol of Aldrich and Cullis (1993), with minor 

modifications. The extraction buffer W;IS modified by adding 2 o/o PVP40 (w/v) and 

reducing the final concentration of P-mercaptoetllatlol to 2 “ib (v/v). The DNA was 

purified from RNA usin g RNaseA (Boehringor Mannheim). All the volumes ~~erc 

adapted to the small-scale extraction. 

2.1.3 Fine mapping of the yf linked markers M18 and AL07 

The primers of the CAPS marker M 1 S (Gianfranccschi et ul. 1996) were modified in 

order to increase the anner~ling temperature to 60 “C, ‘The new seqnenccs of the 

primers are: CH-M I S for ACCACCi\l~CTCCACCCTACA, CH-M 18rev CTTT 

C/-ZCA’I’GTCTAACAAT1‘TTC;C;. Specific PCR amplifications of M I8 and AL,07 

(Gessler et 01. 1995) marker?; were performed in a 1~~1~une of 15 ~11 containing S ng of 

genomic DNA, I U Taq DNA Pnlymerase ( Amerstiam-Phnrmacia~ I X provided 

reaction buft’cr (50 mM KCI. 1.5 mM ,clgCI~ and IO mlC1 Tris-HCI), 0.1 mM dNTP 

(Roehringer Mannkim) and 0.2 j_iM of each prima.. :\nrplificntions were performed 

in a Pctkin Elmer Cetus Gene Amp PCR System 9600. The following temperature 

cycles were used: 2 min 30 see at 93 ‘C: then 35 cycles of 30 set at 04 “C, 30 set at 
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60 “C and 1 min at 72 “C, and I cycle of 10 min at 72 “C. Samples were kept at 4 “C 

after amplification. Ml8 amplification products were then cleaved with 3 U 7ilqI 

restriction enzyme (Boehringer ,Mannheinl). 

The results of the scrccniq of the two segregntiny populations were added to the 

previously screened Florins x Nova Easygro population (49 I plants, Gianfi-anccschi 

et al. 1996). 

JoinMap v. 1.4 (Stam I9931 was used to construct genetic maps since this program 

allows the construction of a linkage map using data obtained from different 

segregating populations. 

2.2.1 Plant material 

The cultivar Florins was the source of DNA for physical mapping experiments. The 

plants were grown in a greenhouse and youn g leaves were collected, immediately 

frozen in liquid nitrogen and either directly used to prepare HMW-DNA or stored at 

-80°C. 

Apple nuclei were isolated from 20 g of fresh or frozen leaves as described by Zhang 

et cil. ( 1995) with the follotving modifications. 

Anti-oxidants were added to the extraction buffer as reported by Paterson et nl. 

(1993), and the time of the slow centrifugation (57 9) was extended to 15 min. To 

better remove leaf debris. the solution containing nuclei was centrifuged a second 

time, at 57 s at 4 “C for 15 min before the last washing step. Nuclei were embedded in 

agarose plugs by mixi n, u them rvitli an equal volume ((for 30 $ leaves :kbout 1 ml) of 

liquid 1.6 % low melting point agarosc maintaitted at -t5 ‘C. The mixture tvas then 

poured into ice cold plug moulds nnd kept on ice for I.‘; min. 
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The plugs (20 mm, 10 mm, 1 mm) were subsequently incubated in the lysis buffer 

(0.5 M EDTA pH 9.0-9.3, 1 % sodium lauryl sarcosine, 0.1 mg/ml protcinase K) for 

36-48 h at SO “C with gentle shaking. 

2.2.3 Digestion qf the evnhedded HMW-DNA 

After incubation in the lysis buffer the plugs were washed as described by Zhang 

et ~1. (1995). The plugs were then cut into quarters and separately equilibrated for 2 h 

on ice with I ml of ix restriction enzyme reaction buffer and 2 mM spermidine 

(Fluka Chemie? Buchs. S\vitzerland). After one hour the buffer was replaced and the 

plugs were incubated for a second hour. After equilibration, the plugs were incubated 

for another hour on ice in 2OOpl of lx restriction enzyme buffer, 2 mM spcrmidine 

and 60 TJ of the respective restriction enzyme (Boehringer Mannheim) in order to 

allow the enzyme to access the DN,\ within the agarose plugs. Digestion was 

performed overnight at the reconrr~tencled temperature. 

The following 16 rare cutting restriction enzymes have been tested: ClnT, MlriI, NcieI, 

No/I, SrrlI, Sfil, SmoI, X7101, ilycrl, Bhr?l, k’sl?I, :v~lr.I PwI, ,QeI, SWTT, Xbcrl 

(Boehringcr Mannheim). 

2.2.4 Pulsed.field gel electrophoresis, hlottivtg mtd ltyhridisntiovt 

Contour-clatnped homoge.ncous electric field (CHEF, Chu et nl. 1986) electro- 

phoresis was performed in a CHEF DR II (BioRad) system. Pulsed f‘icld gel 

electrophoresis (PFGE) ~vas performed in 1 % agarose in 0.5x THE. For the 

separation of the DNA fragments shown in figure 3. the gel was fun for 22 h with an 

initial pulse time of 60 s and a final pulse time ot‘ 120 s at 200 V. Gels were stained 

with ethidium bromide (1 pg/ml) for 15 min. de-stainecl for 10 min in ddH,O and 

photographed. 

Alkali blot of the DNA rvas performed on Amersham llyboncl-Et nylon membranes 

using LKB 20 16 vncugene vacuum blotting (Phalnlacia), following the 

manufacturer‘s instructions Lvith the follon:ing modifications: incubation time in 

0.25 N WC1 was extcndeti to -CO min and blotting time was increased to 90 min. 

The marker AM19 was not used as a probe because in Southern blot experiments it 

hybt-idised to repetitive sec~uences, About 50 ng of the PCR-amplified MIS and AL07 
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fragments were purified (NucleotraP@CR, Macherey-Nagel) and labelled using the 

Pharmacia oligo-labeling kit, following the manufacturer’s instructions. No further 

purification was performed after lubelling. Overnight pre-hybridisatiol? was 

performed at 65 “C in 30 ml of the following solution: 10 c%, dextransulphate, 1 % 

SDS, 50 mM Tris-HCl pH 7.5. 1 M NaCl and 600 11g OC sheared and boiled salmon- 

sperm DNA. Hybridisation was performed by adding the denatured probe to the pre- 

hybridisation solution and incubating at 65 “C over night. Membranes were then 

washed once in 2x SSC for 10 min at room temperature. once in 0.5x SSC -I- 0.1 c/c 

SDS at 65 “C for 20 mitl and once in 0. lx SSC + 0.1 % SDS at 6S “C for 20 min. 

Membranes were exposed for 1-3 days at -80 “C to Kodak X-Omat AR auto- 

radiographic films. Before re-using the membranes for hybridisation they were 

stripped in boiling 0.1 %I SDS for 5 min. Probe removal was checked by exposing the 

membranes at -SO “(3 on Kodak X-Omnt AR autoradiographic film for 4 days. 



26 MATERIALANIIMETHODS 

2.3 CHROMOSOME WALKING 

23.1 The apple BAC library 

The apple BAC library (Vinatzer ef al. 1998) used f’or the cl~rornoson~e walk (kindly 

provided by I-1-B Zhang. Texas A&M University) has the following characteristics: 

- Cloning vector: pECBAC 1 

- Inserts: partially digested high molecular weight DN4 of ‘Florins’, cultivar 

heterozygous for the \//‘rcsistance gene. Partial digestion was obtained by varying 

ratios of EcoRI to EcoRT methylxe 

- Total number of clones: ?G.Shl i 96 1S4-wells plates ) 

- Avct-age insert size: 120 kb 

- Number of apple haploid-genonx equivalents: five 

Apple BAC library filters (provided by the BAC Center of the Texas A&M 

IJniversity): the 96 3Wwclls plates were high-density spotted on 24 filters (four 

plates on each filter). On each filter the four plater \vere spotted two times. 
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2.3.2 Fine mapping of AL07 and AM1 9 

To furthermore confirm the map position of vf and to establish if the chromosome 

walking had to be started from AL,07 or AM19 (on the opposite site liom MIS). a 

total of 207 I plants (from ten different populations) were analysed with the three 

closest molecular markers (M18, AL07 and AIMI 9). PCR conditions for all three 

markers were the same as previously described. The primer sequences of the marker 

AM19 (Tartarini ef ~1. 1999) are: AM1 9for CGTAGAACGGAATTT GACAGTG 

and AM19rev GACnl’lAG(;GCTTAACTTCrC. The results of the screening of ottr 

three mapping population [‘F‘lorina’ x NovaEXyGro‘. Braehurn’ X FAW 7167 (17’) 

and ‘Fuji’ x ‘Ariwa’ (Li/-)I were combined \vith the results of the screening of seven 

populations segregating for I!/‘of the DCA Bolo~nn 1. ‘Primiera’ x‘Self Cox’s, ‘Royal 

Gala’ x’Se1 DCA S 1.4 17.002‘. ‘Primiera’ x ‘Se1 DCA 79.410.002’> ‘GoldRush x 

‘Se1 DCA 79.410.002‘, ‘Primicra’ x ‘Abbondanza TOSS~‘. ‘Primiera’ x‘Pink Lady’ 

and ‘Primiera’ x ‘Gold ChieY]. 

JoinMap v. I .4 (Stan 1993) was used to construct the linkage map of all 207 1 plants. 

2.3.3 Screening of the MC library and analysis of putcrtive positive clones 

The apple BAC library (Vinatzer rf 171. 199s) has been screened by n radioactive 

method as follows: nylon membranes were pre-hybridised overnight at 65°C in 

hybridisation buffer (0.5121 sodium phosphate pH 7.2. 7 % SDS: 1 o?o BSA, 1 mM 

EDTA and 0.2 mg/tnl denatured salmon sperm). Hybriclisation was performed 

overnight by adding SO tlg radioactively lxbelled (Phalnucia oligo-Jabelling kit) 

purified PCR product (NuclcntraPOCR, Macherey-Nngel), I ng of lambda DNA was 

mixed with the probe before labelling to visunlise the grid of all clones spotted on the 

filters this simplifies the reading of the co-ordinates of the hybt-idising positive 

clones. Filters were then riused with 2X SSC nnd washed twice in 0.5x SSC, 

0.1 5% SDS for 25 min at 65°C and once in 0.1x SSC, 0. 1 % SDS for 25 min at 65°C. 

The filters were exposed for Z-3 days to X-ray film (Kodak X-Omat AR). Putative 

positive clones \vere picked fmm the library and checked by colony PCR. BAC LINA 

was extracted (proced~~e see next p~ng-rqh) from those clones that yielded a PCR 

product of the expected length. J3ch mnple (about 300 ng plnsmid) was digested 
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with EcoRI, loaded on 0.8 % agarose gels, and run in IX TBE or IX TAE. Gels were 

stained with ethidium bromide, photographed and blotted onto Hybond-N’ 

membranes (Amersham). Hybridisations were performed as described above, with the 

same marker used as a probe for the screening. 

2.3.4 BAC miniprep and insert-end isolation 

Standard alkaline minipreps were performed to extract BAC plasmids. To produce the 

clearecl lysate of 3 ml overnight cultures (LB medium with 12.5 Lcgirnl 

chlorampl~enicol), 250 p-11 of resuspension, -c ‘310 I.11 , of lysic and 350 cl1 of neutralisation 

solution of the Promega Wizard Plus SV Miniprep DNA Purification System were 

used. Cleared lysate was precipitated with two vol~~mes of ethanol and resuspended in 

100 111 TE pH 8.0. No further purification was needed. 

The end of’ the insert flanking the seqnence of the ‘1’7 universal primer on pECBAC 1 

(vector used for the construction of the BAC libtx);) wzs called T7-end, and the end 

of the insert close to the Sp6 universal primer sequence was called SpG-end. 

For insert-end isolation. 4 ~1 aliquots of BAC DNA were digested separately with 511 

of various restriction enzymes (f1%/ITl, ,\j,llI and Bnr~~HI for the T7-ends and 

enzymes Ncoi. WXT, and BseAI for the Sp&ends) in a final reaction volume of 

40 ~1. After restriction digestion the DNA wns precipitated and resuspended in 150 1-11 

TE pH 8.0. The DNA in ‘70 1-11 aliquot was self-ligated in a total volume of 100 ~11 

using 20 units of ‘1‘4 lignse (Pharmacia) at 16 “C o\-ernight. Five ~1 of the ligation 

products were used for end isolation by inverse PCR (~IPCR) (Cai c,t (71. 199.5). 

PCR reactions were performed in a Perkin-Elmer Gene Amp PCR System 9600 in a 

volume of SO ~1-11: 1OmM Tris-HCL pH 9.0. 1 .S n&l MgCI,, 50 mM KCl, 0.1 t&l 

dNTPs, 0.2 LIM primers and 0.07 LTLT/@ Taq polymerxe (Phnrmacia). PCR was carried 

out for 35 cycles at 9-F ‘C for 30 sec. 50 “C for 30 set and 72 “C for 1 min with a final 

cycle of 10 tnin at 72 “C, 

T7 insert-ends were amplified by using 1’7 ancl Sp6 univusal primers while three 

primers compatible Lvith the universal primer Sp6 \t’ere cle~~eloped to perform TPCRs 

of the Sp6-ends (BseL\Ii;,r: AAC;\CT,~?‘CCCX’I’,\‘TCXC’, EclXIf~r: GCTAACTC 

ACATTATTG or NcoTfcx: AT~I’CATTX:1GC:ATTC’T‘C;). The primer EclX11‘0~ can be 

used also with the restriction enzyme Ecrel. To isolate the Spb-ends, the BACUBAC2 
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primers (Woo et al. 1994) were also used in combination with the ligation products of 

the HinclIII digestion. 

PCR products longer than 350 bp were purified (QTAyuick PCR Purification Kit, 

Qiagen), quantified, and about 50 n g t~wt: used as a template for cycle sequencing. 

Reactions were r~ltl on an ABT 373 L3NA sequcncin, _I ~7 s~stcm (PE Applied .Biosystem, 

Foster City CA, USA). If more than one restriction enzyme produced a PCR 

fragment, the smaller fiqment was sequenced from both sides (if necessary); the 

larger fragments were sequenced only with the Sp6 primer for the T7 end-rescue, or 

with either the BseATt‘oi-. EclSTl;~r or NcoI<or primer for the Sp6 end-rescue. The 

SeqLlences were the11 assembled LlSiIlg GcG (GelletiCS ~~olnptlter CJroUp, Madison, 

WT, USA) software package. version 8. The propram Primer version 0.S (Whitehead 

Institute for Biomedical Research) was used to develop specific primers on the 

assembled sequences of the ends of each insert. 

Two approaches were used to identify the most external BAC ends of the contig. ‘The 

first one was based on PCR. All specific BAC end primer pairs were tested on all 

clones found by screening the library, including the clone from which the probe was 

generated. The primer pair that amplified a fragment only from the clone from which 

it was generated was considered as the new end of the contig. The second approach 

consisted of hybridising Southern blots carrying EcoRI digestions of all clones of the 

contig with labelled PCR-amplifiecl ligation products of end-rescues or PCR 

fragments amplified Lvith end sequence-specific primers (procedure as described 

before), Again3 the BAC end hybridking only to the clone from which it was derived 

or hybriclising to a11 EcoRT restriction fragtncnt not ptuent in the other clones (in the 

case that the corresponding sequence was repeated in the regior). was considcrecl the 

new end of the con@. 
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2.3.6 Mapping qf insert end-sequences and preparation sf probes -for the 
succeeding step 

To produce a polymorphic marker on the new end of the contig it was first 

determined whether the pritncrs developed there showed a length polymorphism 

between plants known to be either hotnozygous- heterozygous-resistant or 

homozygous-susceptible. If no length polynmrphistn was detected: the PCR products 

were digested with restriction enzyn~es in order to identify one that reveals a 

polymorphism. The enzymes mu-e chosen frotn those that cut the end sequence 

between the two primers. as cletertnined with the lMLWSORT function of GCG 

software package (Genetics Computer Group. Madison LVI. USA). 

To determine if a marker was suitable for used as a probe for the next screening of the 

library, the PCR product of the marker was used as probe, on a So~hx~~ blot of 

‘Florins’ DNA. If bands coulcl he distinguished, i.e. the probe didn’t produce a smear, 

the marker was used for the nest screening. 
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2.4.1 Starting m&rid 

The 101 cDNAs fofound to hybridise to the T/f’reginn and the EcoRI and SnuliAI BAC 

subclonc libraries of the five minimal BI\C clones required to span the Vj-region 

(Ml&2, Ml&S, Ml&G, MlS-7 and MlS-S), kindly provided by R. Vinatzer (DCA 

Bolognn, Ttaly), were the starting materid of this part of the thesis. 

cn NA library charncteridics~ --.-* 
Plant material: leaves of the apple cultivar ‘Florins’ (heterozygous for 1/,, 

harvested 24 h and 4S h after inoculation with a conic&d suspension of Ve7ttrttic1 

irlney~tolis (Gianft-mceschi et al. 1996) 

Kit used: Stratagene cDNA Synthesis Kit 

Probe uxd for cDNA library screening: .“P labcllcd inserts of the five minimnl 

BAC clones required to spm the 1’T$region 

Total number of cDSi1, clones screened: about 750.000 

Total number of cL)NAs hybridising to the probe: 101 cDNAs 

EcoRT and SrrzdAI BAC su~ibraries: 

- Cloning vector: pGEM--tz (Promega) 

- EIigh density filters were prepared using the Beckman 2000 Automated 

Workstation after Zhang et ai. ( 1996) 
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2.4.2 Characterisation of positive cDNAs 

The inserts of the 101 cDNAs. hybridising to the inserts of the five minimal BAC 

clones required to span the VfLre$on. were atnplifiecl using the primers Ml_?-forward 

and M 1 S-reverse to determine their insert size. To verify that they were real positives, 

Southern blots were perfomied after minin, cf the PCR products on 1% agarosc gels 

using the same probe as for [he cI>S-A library screenin,. (7 The plasmids of the positive 

cDNAs were extracted (Wizard Plus SV miniprep kit. Promega), gel quantified and 

sequenced from the poly-11 tail with the Ml.5fomad primer. cDNA sequences were 

compared with each other to identify multiples using the function Fasta of the GCCJ 

software package (Genetics Computer Group, Madison WI, USA). The longest cDNA 

of each group was also sequenced with the M lli-revcrse primer. 111 order to identify 

candidate I/f‘genes, BlastX and Fasta searches were performed on all sequences using 

the ~v~~w.cl(lbi.ni~.ac..lI website to analyse the cDNAs for homologies to cloned 

resistance genes. 

2.4.3 Development qf.fv primers 

During the screening of the cL1NA library three cDNAs with homology to the cf 

resistance gene family of tomato (Jones ~)r (11. 1994, Dixon tf crd. 1996, Thon~~s et al. 

1997, Dixon ct al. 1998) were identified. The three cDNAs (~8- 1, 10-5 and I S-4) were 

compared with each other and the tesion spannin g the stop codon was found to be 

highly similar in all of them In this conserved resion the fv-rev primer 

(AGCr\CTA”~CTATTC~~(~~~AAYYSTc) was developed. Comparing the sequences 

of the BAC s~k~clones (hybridking to the cDNA S-l) with the CTf resistance genes 

sequences, it was found that some subclones presented l~oumlogy to the 5‘ region of 

the (Z/s gems (within the LXR domain). On one of those s~~bclonc sequences 

(63Sau2H 12m13r), the primer fv-for was developed (CAAT(;CCT?‘ACC;‘TGC;‘TC; 

AAA) (Fig. 7). PCR conditions were the same 3s for the markers AL07, CH-MlS and 

AM19 (set previous sectiotll, 
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2.4.4 Cloning of PCR products 

PCR products obtained from the BAC clones spanning the Vftregion using the fv-fol 

and fv-rev primers (fv-PCR proclucts) were gel purified (Qiagen Gel extraction kit)? 

gel quantified and ligated into the pGEMT clonin g vector- (Proniega), following 

manufacturer’s instructions. To distinguish transformants that had inserts of the same 

size, the clones were analysed by RFLP-PCR, amplifyin, m the inserts using the fv 

primers and digesting the PCR products with Sarl3A1, H(-rcIlI: MuI and 2”cqI 

separately. The different PCR products that were identified were completely 

seqncncecl by primer walking. 

2.4.5 RT-PCR 

RT-PCR was performed to check the expression of candidate resistance genes. Total 

RNA was extrxted (Promcgn SV Total RNA Isolation System following 

manufacturer’s instructions) from about 3 mg of leaves of three cultivars, ‘Florins’ 

(vf)> ‘Prima’ (v’) and ‘Golden delicious’ inoculated with 17. irluepalis. lnoculntion of 

young leaves was performed as described by Gianfranceschi ct rrl. ( 1996). The leaves 

were harvested at 0 11, 12 11. 2-l h. 43 11, 72 h and 96 h after itmculation. For infection 

times longer than 48 h the plants were transferred from the growth chamber (100 r/c 

humidity, IX “C) to the greenhouse (80 % humidity, IS “C). To perform RTPCR the 

QIAGEN OneStep RT-PCR kit ~vas used, following the manufacturer’s instructions. 

As template for RT-PCR three bulks, one for ench cultixxr, rvere set up by mixing the 

same volumes of I:50 dilutions of extracted total RN:4 of leaves harvested at different 

times. without previous qumtit‘icntion. To check the quality of the extracted RNA 

(absence of DNA). control reactions u’erc performed by inhibiting reverse- 

transcriptase (15 rnin at 95 “0. To ptxfom RT-PCR of HcrvfZY the primers (v-for 

(CAATC;CC’1’17ACG’I~G~~TGA‘-~~~~ md 62 1 Orev (CAGGGATTCCAGCCA~~~CTA) 

were used. These primers were also used for t hc nqping of NcrVJ2. RT-PCR of 

flcr~/3 was performed with the primers ORF3for (‘TCi\CGGTTCI;~AAGAC(II-\7’CC) 

and 0RF3rev iGCAGGGIZ“L‘CCCAG;~T;2T~~GC’). The amcnlin~ tenipcrature of all 

the primers is 60 “C. Single RT-PCR products were purified (QTAGEN QlAcluick 

PCR Purification Kit), gel quantified and sequenced without cloning. RT-PCR 

reactions producinp several bands n’cre cloned in pGEM‘-T vector asing the Promeg 
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pGEM@-T Vector Systems (clonin g of RT-PCR products obtained with the fv 

primers). 

2.4.6 RACE 

RACE experiments were performed, usin, (7 the Roche 573 RACE kit, to confirm that 

the transcription start of the i71~-lj/‘C>RF‘s was reached. The reactions were performed 

using the Roche Expand“‘l IIigh Fidelity PCR System. The ‘Florins’ RlNA bulk> used 

for the RT-PCR experiments. \vas used as template. All three antisense primers. 

necessary for the amplification of the 5’ gene end, were developed using the WWW 

Primer Picking program (Primer 3.0 from the Whitehead Institute for Biomedical 

Research) in common regions of Hcl-vf‘l and Her-I712 genomic sequences. HcrVfli and 

Hcr~f4 were not considered (H1*1.\rf3 is not expressed and Hcr-Vf4 is not completely 

charactcrised). For cDNA synthesis (3s primer SP 1): the primer RT-FDS rev 

(CAACCAGTCAGATGCTTTG} was used. For the following two PCR reactions the 

prima 6210IPCRrev (TGC’T’I’TAAc\CTG‘~GCAAAGAAC;G) and the primer RACE 

Sp3 FDS-6210 (‘I‘A’I“TA~~GGTGCAGCTCGTGG) were used (as SF2 and SP3 

primers respectively). Because more tlun one band w:as amplified all the amplified 

bands were cloned using the Promega pGBM@-T Vector Systems. Bands of the 

expected size were excised from the gel and blunt-end cloned using the Roche PCR 

cloning kit. Two to three clones for each band were sequenced and the sec~~~exxx 

compared to the genomic sequences of the HcrVJ’genes. 

2.4.7 OHFs analysis 
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RESULTS 

The order of Vj’ and the markers M 18 and AL07 on the genetic map was alrendy 

determined in the Florinn (I<> x Nova EasyGro (vf) population (49 1 plants), generated 

for molecular analysis in 1994 (Gessler et al. 1995. Gessler et 01. 1997). On that 

population the scab resistance scoring wx clone accurately and plants with dubious 

scoring have been double-checked for scat? resistax in the field over several years. 

In that population it was proven that V’ mnps between the two molecular markers 

M 18 and AL07. 

To increase the resolution of the genetic map around I” ancl to find more recombinant 

plants necessary for the chromosome wdkitig, the resistant plants of two other 

populations, Rraeburn s FAW 7 I67 (I;i) (3 17 plants) and FLlji x Ariwa (\:/I (441 

plants), were screened with the moleculx mxkcrs Ml8 and AL07. The plants were 

classified into resistance classes accortlin~ to Chevalier c~f 01. ( 199 I). Plants in classes 

0 to 3b were considered to be resistant and plants in clilss 4 to be susceptible (the 

latter were not a~~~~ilablc). Those popul:ltintis mere generated for breccting pqoses: 

therefore, their scab resistance scoring n’x not clone as ca~titlly as in the previous 

population. Tn fact, about 9 % (70 out of 758) of the plants considered to be 

phenotypically resistant were found to be carrying both molecular marker alleles in 

repulsion with vf‘(Tah. 1). 



According to the order of the markers established in the Florina x Nova Easy&o, all 

those plants should be considered as double recotnbinants or as incorrectly classified 

for resistance. The latter is the most probable hypothesis. as supported by the presence 

of a higher percentage of these plants in the classes 0 and .ib, the two classes that are 

most prone to errors. Class 0 contains plants showin g no symptom of infection and 

thus includes, besides the highly resistant plants, those plants that “escaped” the attack 

of the pathogen. Class 3b includes plants showing chlorotic and necrotic spots with 

little sporiilation. Plants of this class are considered to be resistant, however it is not 

always easy to distinguish class 3b from class 1. kvhich contains the heavily infected 

plants that are considered to be susceptible. 

The 70 plants were re-checked in the t‘ield and 10 out of these were confirmed to be 

resistant, although the molecular analysis excluded the presence of the Vj gene. The 

greenhouse resistance classification of these 10 plants was the following: 1 plant was 

classified as class 2, 2. plants wx classified as 3a and 7 were classified as class 3b. 

The remaining 60 plants mxxe trouped as follows: 

- 34 plants were found to be incorrectly classified as clear sporulating lesions were 

obscrvcd, so that the classification was changed to class 4 !susceptible plants). 

- 19 plants were dwarf. Due to the slow and rcduccd growth, the leaves of clwarf 

plants usually present 0ntoFenic resistance. Once transferred to the field some 

dwarf plants showed clear sporulating lesions, confirming this hypothesis. 

- 5 plants showed a reduced growth. For this group of plants the same hypothesis as 

for the clwarf plants can be proposed. Also in this case a plant presenting 

sporulating lesions could bc found in the field. 

- 2 plants died during the Lvintcr and could not be re-analyscd, 

Although the check in the field allowed correctin_e the classification of more than half 

of these plants. all 70 plants Lvere not used for the construction of the linkage map. 

The obtained genetic distances from Ml8 to 1/f and AL07 to vfnre 0.2 CM and 1.1 CM 

respectively. giving a total of I ..?I CM bet\veen the market~s ;l’ll8 and AL07 (Fig. 1). 
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~.~PHYSICALMAPPINGOFTHE VF-REGION 

32.1 Extraction of high molecular weight DNA (HMW-DNA) 

White pellets of nuclei were obtained using the modified protocol of Zhang ( 19%). 

After the fixation of the nuclei into agnrose plugs and the following incubation in lysis 

buffer, the plugs of some extractions turned to light brown while others remained 

white. This change ot‘ coluur is prob~tblv due to the oxidation of a little cell debris 

containing polyphenols, hut it does not ;eem to influence the digestion of the DNA. 

Pulsed-field gel electrophoresis (PFCXJ of undigested and digested HMW-DNA 

proved that the extracted DNA is of megabase size and accessible to restriction 

enzymes (data not sho\vn). 

3.2.2 Southern Mot 

To estimate the physicnl distmce occurring between the V/tflnnking markers IM I8 and 

ALO7: 16 rare cutting restriction enzyms Lvere tested. Only fVot1 p~od~~~cl a fragment 

that hybridised to both vf‘ flanking markers. AL07 and 1M18 (Fig. 2). The size of this 

fragment is about 870 kb. Since the genetic distance between AL07 and MlS is 

1 ._? cM (Fig. l), the maximm specific ratio between physical and genetic distance for 

the yf’region was calculated to be 670 l&/&f. 

Other restriction enzymes. such as Il_l/frI, ,S/?I, SmrI nncl il’ircl, produced fragments 

hybriclising to either nmrkcr ranging from 200 kb to S.E;O kb. but no other restriction 

fragment on which both nmkers co~~lcl hybridise LVX found. Restriction enzymes 

AI)NI, KqI, P\*ltI and Cl171 did not produce fragments in the resolution range of the 

chosen PFGE settings. The HMW-DNA fragments of those restriction enzymes 

hybridising to the probes ~verc in the compression band, indicating that their size is 

bigger than 1.6 Mbp. All other restriction enqmcs tested produced fragments 

hybridising to the probes smeller than 100 kb (Tnhle 3). 

Iii figure 2. in the lanes of the mtriction cnzytnes XI1211 and ;C’ofI. t\vo bands appear. 

This can be expl~~ined by H. restriction polymorphistn (Florim~ is heterozygous for vi) 

which could be caused not only by point mutations modifying the recognition site, but 

also by a different methylation of the site. 
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Figure 2: Hybriclisation of ;1 lx~lsed field :el electrophoresis IPFGE) gel with the two Iit’ 
flanking markers AL07 and ,M 1 S. 011 the left panel the probe met1 was ‘41,07, on the right one 
MIS. 7’he XI-ow indicates the S70 h-b DNA frngnlent hybridising to both markers. 
PFGE conditions: 1 5% agarosc. 0.5x ‘TRE, 11 “C. 22 h with an initial pulse time of 60 s and a 
final pulse time of 130 s at 700 V. Yeast cl~rotm~somal DNA strain YNN295 (RioRad) was 
used iis size standard. 

l’:lble 2: Size of PFGE-separated restriction haplcnts (‘in kb) hybridising to the lu:ukets 
AL07 and Ml 8 
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3.3 CHROMOSOME WALKING 

33.1 Fine mapping of AL07 and AM9 

The vf‘marker AMlO, mapped with 109 plants. has been found to be co-segregating 

with AL07 (Tartarini 1996) and could therefore be an alternative starting point to 

AL07 for the chromosome walking. Anulysing the 1179 plants of the previous 

section, no informative recombinant plants were found. To definitively determine 

which marker is closer to V” it was nccessnry to analyse seven more crosses to reach a 

total of 2071 plants. Two plants with ;t recombination bstlveen AM 19 ancl AL07 were 

finally found. These two pl~mts indicated that XM 19 is closer to yfthan ALO7. 

The mapping of 207 1 plants with all three markers (;\/I IS. AL07 and AM191 did not 

modify the order of the markers. the position of the Vi gene and the genetic distances 

also varied only slightly (Fig. 3A). 

A 

I / 

I : AM19 
0.34 k AL07 

I3 T 
+------ Vf Gardincr et a/. .I996 

+------ Vf Gardiner et a/. 1996 

Gessler ef a/. 1995 
- vf 1.artarini ci ii!. 1999 

I 
- AL.O’i 

- Vf Hemmat ef a/. 1998 
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3.3.2 Ident@ation qf positive clones 

Each clone hybridking to the probes used in the screenings was do~~ble tested in order 

to confirm their belonging to the contigs, The first check consisted in performing a 

PCR reaction using the specific primers of the marker used for the screening, in order 

to determine if the clones were real positives of contained only a sequence 

homologous to the marker. Since polymorphic markers were used for most screenings 

of the library, it was visually possible to determine inmecli~~tely whether the newly 

identified clones were derived from the chronmotne carrying the resistance sene or 

from its hon~ologue. The second check consisted in the comparison of the EcoRI 

restriction patterns of the tmvly identified clones with those of the clones of the pre- 

existing contig. This test usually gave a clear confirmation of the overlap; 

fm&mnore, it permitted the estimation of the length of the overlap and the length of 

the concluded step. Probin, ~7 the Southern blots bearing EcoRl digests with the RAC 

end used for the screening and with the BAC ends derived from the newly identified 

clones. also gave an additional confirmation of the correctness of the contig. 

3.3.3 End rescue 

End rescue IPCR always produced, at least with one of the restriction enzymes, a PCR 

fragment that could be sequenced. For most of the ends. PCR products from more 

than one restriction enzyme n’erc obtained. These PCR products were usually of 

different lengths and enabled the design of two pairs of primers per RAC encl: one 

immediately at the end of the BAC clone, and the other in a IDOX internal position 

(approxitnately at SO0 to 30001~1~ front the end). This option was used when a hiphly 

repeated sequence wets present at the end of the clone, or when the first marker 

produced on the end of the clone ~vns not polyn~orphic. 
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3.3.4 The chromosome walk towards the yf gene starting from MIS 

The screening of the apple BAC library with Ml8 allowed the identification of three 

positive clones (IMISS-l, IM~SS-2 and MIS-L). The clone MIS-1 contains DNA 

derived from the chromosome carrying 1/f, which was called “resistaat”, while the 

other two clones M18S- 1 and Ml E-2 contain L3NA from the homologous 

chromosome not curryin p vf: which was called “susceptible”. All three BAC inserts 

contained a NotI restriction site. 

The overlap of the clones Ml8S- 1 and M lSS-2 W;~S determined by PCR, To 

determine in which direction the contig had to bc extended to walk towards vf: 

polymorphic markers on the protruding ends of the contiss were produced. PCR 

amplification of genomic DNA. using primers developed at the T7-end of M 1 SS- 1 

(marker QU97), p. d to aced n polymorphic band, QU97L. that appeared only in the 

resistant plants, and out’ band of the expected six. QU97S: that appeared in both 

susceptible and resistant plants. QU97 \vas mapped and found to co-segregate with v/1 

When M 18-1, the only “resistant” clone kound during the first library screening, was 

tested with QU97, only QU97S (and nor QU971,) was amplified. indicating that we 

had found a new nurker near vf‘ that \vas not on the contis in construction. For this 

reason it was decided to use QX!97L as a probe in the next screening of the library. 

Unfortunately, when QU97L was hybridised to gcnomic DNA, it was found to 

contain a highly repeated sequence. Comparison of the sequences of QTJ97L and 

QU97S, revealed that the only difference between them was an insertion of about 160 

bases in QU97L. Southern analysis indicated that the highly repeated sequence 

present in QU97L was this 160 bp insertion. However. since QUQ7S and QU971, 

share non-repetitive sequences, it leas possible to use QV97S as a probe to find the 

clones containing QlT97L. Thirty-seven new positive clones were fo‘ound. Seven of 

them were confirmed as positives after PCR. Four clones were derived from the 

“resistant” chroniosomt2: i.e., MlS-2. MI S-3. M 1 S-4 and M 1 S-S. and three from the 

“susceptible” one: i.e.. M I SS-3, MISS-3 and ,V 1 SS-5. Interestingly. the clones M 1%4 

and Ml S-5 contained only the QU97L band, while. Ml S-2 nnd Ml S-3 contained both 

QU97S and QU97L bands filling the gap bet\veen 3f 1 S- 1. which contains only 

QU97S. nncl M 1%4 and MlS-5. The fact that ;\/I 18-2 and MlS-3 contained both 

QII97S and QU97L indicates a duplication of this sequence: consequently, QU97S 
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and QU97L are not alleles of the same locus. Therefore, the screening of the library 

with QU97S enabled performing two steps of chrotnosome walking in one (Fig. 4). 

E3 

Figure 4: A PCR amplification nit11 the ~murlw QUO7 of the first five clones clcrived li.om 
the “resistant” ch~~niosonie found during the chrorriosome walkitip stat-ted from M 18. QU97 
amplifies two ban& on the “resistant” ch~o~nosot~~e. Qlr97S atltl QU97L. The only difference 
between QIJ97S and QIJO7L is an insertion of 16Obp in QW7L. B Overlaps of the five 
clones derived from the “resistant” chrotnosot~~e containing the two QU97 loci deduced from 
the PCR pattern shown in Fig. 4A. 

A similar observation w:~s made \vith the “susceptible” contig. In this case, QU97S 

identified the clone M ISS-5 that did not overlap directly with the clones founcl with 

the marker MIS (M18S- 1 and 3); but the clones MISS-3 and MISS-4, also found with 

QU97S, covered the gap between them. 

The restriction patterns of the clones Ic118-4 and Ml S-J wct’e very similar, and 

comparison of the Sp6-end sequences showed that they have one end in common. 

Hybridisation determined that the SpG-end of M 1 S-S (and N11 X--t) was the new encl of 

the “resistant” contig, The marker dc\,elopcd on the new end (M5S) was mapped and 

found to co-segregate \vith 1/:f: 

During the next three Geps of the chromoson~e ttralk. only one positive clone was 

identified in the library each time: >11S-6, Yf 18-7 anti Ml&S respectively. These 

clones were confirmed and usi$ned to the “resistant” contis. The clone Ml%8 was 

also identified during the c hromo~ome \valk that started from AM 19, suggesting that 

the urholc region between M 1S and XVI 19 had been cot.cred, On the M 1 S-S Sp6 

sequence (i.e. the end of the .M 18 contig) a polymorphic marker (MSS) was 

developed. The analysis with the marker MSS of the plants that showed a 
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recombination in the region between Ml 8 and AM19 demonstrated that this marker 

does not co-segregate with vf; thus indicatin g that the genomic region spanning V’f 

had been completely covered (Fig. 5 and Fig. GA). 

The “susceptible” conti g was not extended further because the Sp6-end of the last 

clone M18S-5 contained a highly repeated sequence that could not be used to screen 

the library. Furthermore, all hut one marker (M7T) that were produced on the 

“resistant” contig were dominant, mnking it impossible to identify the clones frotn the 

“susceptible” chromosome among those identified during the screening of the library. 

In the case of M7T no “susceptible” clone was found, indicnting a probable gap in the 

library for this region of the “susceptible” C~I~~IIIOS~IIIC (Fig. SA). 
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3.3.5 Identification of candidate yf-contairzing clones 

The contig spanning the region betwee the MIS and AM19 markers is about 550 kb 

long. This region has been covered with 13 clones. To reduce the size of the interval 

in which the vf‘ gene could be located. the 27 recombinants of the MIX - AM 19 

interval were analysed with the polymorphic markers produced during the 

chromosome walk. Since the physical distance lxtivcen Ml8 and AMI 9 was found to 

be S50 kb, the average distance hcttveen the crossing-overs in this interval is 20 kb. 

By mapping the markers of the interval it lvwas fo~mcl that the distribution of 

recombination events in the interYa1 is very irregular (Fi,. 0 6BJ. While three crossing- 

avers are located between M 1X and QL97. an interval that is approximately 1 SO kb 

long, and 24 recombinants are located between M7T and NM19~ which define a 

stretch of approximately 300 kb, no crossing-avers were identified between QUQ7 and 

M7T, the markers co-segregntin g nith I/$ The distance between these last two 

markers is about 140 kb. However, the possible location of Iif‘is not restricted to this 

interval, but to the region delimited 1~~ the t~vo closest cross@-over events flanking 

it. The sites of these crossing-avers LKC’ on the BAC clo~les M18-2 and Ml S-S. 

Therefore, vf is located between the MZS marker, clcveloped on the SpG-end of clone 

Ml%2, and the M8S marker, developed on the Sp6-end of clone M 18-8. These arc the 

closest markers to I$ \vhich do not co-segregate with it. The distance between these 

two markers is 350 kb. This region is covered by a minimum of five clones: Ml&2> 

Ml&S? ,M18-6, Ml%7 and M 1X-8. 



47 RESULTS 

3.4.1 Idertt{fication qf cDNAs hornologor~~ to the tomato Cfresistance genes 

750,000 clones of a cDNA library of leaves of Florins inoculated with V. iuncqurtlis 

were screened with the inserts of the five minimal BAC clones that span the Vf’region 

(MIS-Z, Ml%5, M 18-h. Ml%-7 and MlS-8. Fig. GA). To these five BAC inserts 

hybridisecl 10 1 cDNAs. After sequmcing from the poly-A tail. the sequences were 

compared. Fifty unique c ~~enes lvere found, These cDNAs mwe then sequenced from 

the S’-end and both 5‘ and 3‘ ends lvere conq~arecl to public sequence databases. Three 

cDNAs (cDNAs S-l. IO-5 and 15-q) were sirnilx to each other and showed 

similarities to cf resistance LL wies of tomato (Jones et 01. i994, Dixon c,t 01. 1996, 

Thomas ef NI. 1997, Dixon et ~1. 1 BS), Those cDNAs were completely sequenced hut 

unfortunately they were not frill length. Usins BlastX, their deduced amino acid 

sequences were about 35% identicul to the proteins encoded by the Cj‘ resistance 

genes. The three cDNAs proved to be members of a gene family coding for protcins 

with a putative transmemb~~lno domain and extra-cellular leucine rich repeat (Tab. 3). 

The longest of the three cDNAs. cDNA S-l. ~~1s used to probe a Southern blot of 

EcoRT digested BAC clones of the 550 kb BAC contig of the VJ-region (including 

clones from the “susceptible” 2s well as from the “resistant” chromosoiues). The 

probe hybridised to multiple bands of DNA fragments of the co@ comprising clones 

co-segregating with resistance in cis and in trans. The high number of bands indicatccl 

the presence of a gene cluster of many CYf’resistance gene homologues. The members 

of the cluster were called E-lrr-Ii/‘ senes (~on~ologues to ~l~rcios~~n~~i~/n~ ,f‘l~l~wz 

:esistance genes of the Vflregion, in annlo3y to Parniske trf ~tl. l999>. 

To identify the BAC fragments hybridising to cL>Nk! S-l, the EcoRI and Sm3AI sub- 

libraries of the five BAC clones were screened with the cDNA. The positive s~hzlones 

were partially sequenced usin g the universal primers ,M I_?-forward anti M 13-reverse. 
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The comparison of the subclone sequences with those of the three cDNAs revealed 

that some subclone sequences were homologous, but not identical to the three cDNAs, 

thus indicating that the cDNAs were not from the yf”region in cis with the resistance. 

The comparison of the positive subclone sequences in public sequence dat&ases 

revealed that some sequences showed the same homologies to the c’ genes as the 

three cDNAs. 

3.4.2 Development of spec~j~c prirrtws .for the Hcrr/lf gene ~fantil~ (fv primers) mtcl 
identification of Hcryfl in the corttig 

Due to the high sequtmx homology and. in most cases insufficient overlap of the 

EcoRI and Scr~lAl BAC subclones hybridising to the cDNA S- 1, it was ulmost 

impossible to assemble the subclones to fincl complete ORFs. For a correct 

assembling of the subclones it \v:ls necessary to develop a pair of primers that co~tlci 

amplify the largest possible part of the IZc%l-If“ genes. The comparison of the sequence 

of this PCR product to the sequtnccs of the suhclows would allow the correct 

aligning of the subclones. Compnring the sequences of’ three cDNAs icDNAs S- 1, 

10-S and 15-4) to each other. it was found that the most conserved part of the 

sequence was located just before the stop codnn. In this region the fv-rev primer was 

developed. The fv-for primer was designed on the genomic sequence of a UAC 

subclone that encoded for a L-RR showing high homology with tomato cf genes 

(Fig. 7). 

fv-for -, -. ___... .--.- 



The fv primers were first used on the five RAC clones spanning the yf-region. A 

single band of 1800 bp was obtained from Ml%2 and Ml%5, and two bands (1900 

and 2700 bp long) were obtained from ,M18-6 (Ml%6A and MIX-GR). The four bands 

were cloned and 12 transformants per ligation were re-amplified, using the fv primers. 

The PCR products were digested Lvith four restriction enzymes (TagI, ScruiiAI, A/UT 

and HealII). Three different fv-PCR products were found. The bands obtained from 

MI X-2 and Ml 8-5 prot,ed to be identical and for this reason it was assumed that they 

derived from the overlnpping part of clone MIS-2 and M 1 S-S (this band was called 

Ml%2/SA) (Fig. S), As expected, the comparison of the three fv-PCK product 

secluences to public databases revealed the same homologies to the cf resistance 

genes found with the three cDNAs. 

Vf region (350kb) 
1 

-.. -... 
I I _ MI&l 

: $ 
Mi8-2/5A 

: 

Figure 8: Relative position of the three f\,-PCR prod~~crs. The eight boxes represent the 
inserts of the eight I3AC clones that span the 1(/Lregion, The n;uncs of the BAC clones are 
written in the boxes. Black boxes represent the five minimnl BAC clones necessary to cover 
the liftregion. M I S-YSA, b11 S-6,4 and XI 1 S-6H ari‘ the three t‘v-PCR products obtained from 
BAC clone Ml S-2 (and MI S-5) md Ml S-h respectively, performins a PCR with the fv 
primers. Their positions on the conti g are indicated with an-ows. 
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vf candidate genes are expected in the two V’cultivars, Florina and Prima, and they 

should be absent in the susceptible cultivar (‘;oldcn Delicious. 

The RT-PCR produced two bands (named L, and S) present in all cultivars and a. third 

band (M band) that was observed only in the Vfresistmt culti\‘ars (Fig. $4). All three 

bands have beeu clorml and the digestion of the amplified cloned fragments with 

several restriction enzymes nllom~d the identification of three different clones 

containing the band M (two from Prima nnd one tiom Florins). The same test showed 

that in all three cultivars a mixture of PCR products of the same size composed the S 

band. In contrast the L, hand was conq~sed of a single PCR product identical in all 

three apple cultivars. Sequctm comparison of the three clones containing the M band 

showed that they were almost identical (r 99 % identity, Lvith only a few nuclcotides 

that wese different). A consensus sequence was generated and its comparison to 

partial sequences of BAC subclones hybridising to the cDNA 8-l allowed the 

identification of two EcoRt subclones of M 1 S-2 (about 3000 bp and 6000 bp long) 

with a 100 o/o match, The complete sequencin ,E of the 3000 bp subclone, the extension 

of the partial sequence of‘ the 6000 bp subclone and the assembly of the sequences led 

to the identification of the first ORF. Flcr-Lj[/ (Fi:. 9B nnd Tab. 4), possessing all the 

domains present in cf‘ rc.sistance c vnes, Since the consensus sequence was generated 

from cloned RT-PCR bands. the expression of Hcl-lifl was automatically proven. 

Putative vf resistance genes have to fulfil three requirements: a) sliould map in the 

VfLregion, b) should be expressed and possibly similar to an already cloned resistant 

gene, and c) should be dit‘l‘erentiallg~ expressed between Vf and uon-Vf resistant 

cultivnrs. Hcl-‘l/(j’l fulfilled the l:\st t\vo requirements, hut the map position remained to 

by clarified. Sevtzral attempts were performed usin, (7 diflkrent sets of HcrVfl specific 

primers. but although primers t~~crc developed in regions absent or different in the two 

HcrVfs found later, no polymorphic marker LVX fbund: thus it was not possible to 

map FI0-‘I!f‘l more precisely than its position on BAC clone M I S-2 (Fig. 9C). 
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3.43 Iclentification of HcrVfl, HcrVf3 and HcrVf4 

The sequencin g of the three different cloned fv-PCR products; Ml%USA> Ml&GA 

and Ml%bB, obtained with the fv primers from the Br\C clones M 18-2 and MlS-6 

and the following translation led to the identification of n second putative ORF 

(H~rVj2). HcrF’fZ. was fo~mc-l translating the sequence obtained from Ml S-2/5A. The 

other two sequences obtained from MI S-GA and Ml%SB were similar to Her-\irfl and 

Hcrvp but presented a truncateci OKF. 

The comparison of HcrV’fZ parti sequcxe (1SOObp) with the sequences of the 

subclones hybridisiag to the cDNA S- 1 allowed the identification of four BAC EcoRI 

subclones and four BAC %r/~.!J~T subclones originating from Ml%2 and M 1 X-S, 

confirming the position of FI~r\ff? in the overlapping region of these two BAC clones. 

Thanks to the known sequence of the cloned fv-PCR product M1%2/5A and the 

overlapping of some EcoRl ;tnd Sa~13AI BAC subclones, the assembling of the 

con-csponding gcnomic scqiience was possible (Fig. 10) 

HcrVf2 



To further extend the genomic sequence at the 5’ end of the assembled sequence, a 

probe in the overhanging part of the Sat~liAI BAC subclone insert (Ml%2Saul DlS) 

was used to screen the Ml%2 and Ml&5 EcoRI BAC subclone library. One E&RI 

subclone was found (Ml 8-SEco19). thus allowing the extension of the genomic 

sequence. The same strategy was applied to find the corresponding Sau3AI WAC 

&clone with no success. 

To identify the putative start of HL~.TYZ. another strategy was used. Comparing 

~~-Vjl genomic and Hcl-Vf:! partial genomic sequences, it was noticed that the two 

genes were not only similar in the ORFs but also down-stream from the stop codon. In 

the 150 nucleotides down-stream loom the stop codon, the two ORFs dil%rcd by just 

two nucleotidcs, Speculating that also up-stream from the presunred transcription start 

of I-lo.l/f‘l a sequence homology bet!veen the two ORFs would be present, a pair of 

primers was developed up- and down-stream from the t$~vf-‘l coding sequence 

(HcrVClfor and rev? Fig. 9B). The primers were tested on the BAC clones of the 

contig and amplifications were obtained from MIS-Z, Ml 8-5 and Ml S-6 (one band 

each). EcoRI restriction digestion of the PCK product obtained from M 1 S-3 

confirmed the amplification of Hc>r7fl but indicated also the amplification of a second 

product, which showed some of the EcoRI fragments expected for Ncl-k’j2. On the 

contrary, the EcoRI digested PCR product, obtained f’rom M 18-5: showed only the 

fragments expected from Hc~‘l<fZ. The scquencin, 0 of this latter cloned PCR product 

confirmed that this product was i-l;:r17fti, 3 that the BAC subcloncs were assembled 

correctly and allowed obtaining the pres~mcd complete ORF; of HcrVf2. 

The sequence analysis of the cloned PCR product obtained from Ml%6 allowed the 

identification of a third ORF that LXS called fIcr’iif3 (Fig. 9C). 

The comparisons of the amino acid sequences of Il(-/-T/jl’l. Ncl-VfL? and Ho-T/f3 with 

those of cF9 indicated that the I-fcr.lrf‘ ORFs should be complete, because all seven 

domains present in (79 protein UW~ also identified in the predicted Ncr.l/jj’ proteins 

(Tab. 4). 





To investigate the expression of Hcryp and HcuVf3 (the expression of Hub”1 had 

already been demonstrated’) RT-PCR experiments were performed as described for 

Hu-vfl. The comparison of the genomic sequences of Huyfl I HuVfI/f and HcrVf3 

permitted the finding of regions specific to 111o-Vj3 and Hct.VJ3 where specific primers 

were developed. The result of the RT-PCRc for both Hulf’k was a single band present 

in Florina and Prima that was absent in Golden Delicious. The RT-PCR sequences of 

the HcrvfZ specific products obtained from Florins and Prima were identical. ‘The 

comparison of the RT-PCR sequences Ivith the genomic sequence of Hct-V’J2 showed 

a 100% match. It was therefore proven that the Ht-lcj-\/fT! is expressed only in 1/j 

cultivars and is absent in “non-If/” plants. The mappin 1~ of Hc1-17J2 proved its co- 

segregation with the resistance. 

As was the case for Hct-Vf2. the seq~~exes of the RT-PCR products of Florins and 

Primn obtained with Hcrlif3 specific primers were identical. The. comparison of these 

RT-PCR sequcnccs with the II(-,r-?Jj’3 gcnomic sequence revealed that the sequences 

wet-e very similar (97 % identity) but not exactly the same. Therefore, it was not 

possible to prove that Net-VJ:i is expressed. However. the results of this last RT-PCR 

experiment led to identification of a fourth C)RF that was called Her-VjY. The 

comparison of this new RT-PCR scqucnce with the partial sequences of the BAC 

subclones permitted the identification of an EwRI sut~clone of about 450Obp that 

spans almost the f~111 ORF. HuVf3 and HcrvflF were not nruppcxi because they Iny on 

the BAC clone MlS-6, which co-seFre@es with Vb 

The constitutive expression of Hc/.lif:! and Her-l!t;c coulcl be proven by RT-PCR 

performed on total RNA extracted from leaves of Florins and Prima harvested just 

after inoculation (0 h). performed usins H(:r-l<jZ aid Hcr-‘l*f3 specific primers. The 

same experiment repeated using the fv primers demonstrated the constitutive 

expression of Hct.l<f‘l . 
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3.4.4 &ICI3 (Rapid Amplification of cDNA Ends) 

The St-RACE methodology was used to find the S.-end of the ORFs previously 

identified including the transcription and ttmslation starting points. First strand 

cDNA was synthesised from total RNA using an mtisense gene-specific primer (SP 1) 

and AMV reverse transcriptase. Terminal transferase was then used to add a 

homopolymeric A-tail to the 3’-end of the cDNA. Tailed cDNA was amplified by 

PCR using an antisense gene-specific primer i’St“l!) and an oliso dT-anchor primer. 

The obtained cDNA WQS further m~plified by n second PCR using 3 nested, antisense 

gene-specific primer (SW and the PCR anchor primer. The result of this procedure is 

ttic anplification of the 5’ ~enc’ extremity. 

The three gcnc specific primers Lvere developed at S39 bases (SPl), at 346 bases 

(SP2) and at 273 bases (SP3) from the putative translation start. All three primers 

were developed in a conmon region of NO-Vf‘l and HuVJ2. Hct-v/J and IYcl-vt;LF were, 

not considered (L!cI-\!/~ is not expressed and 1z-lcryj4 is not completely characterised). 

The first PCR amplification did not produce any visible band while after the second 

one, nine bands of different length appeared. The PCR product mix was cloned and 

the transformants were malysed by PCR rc-luuplificatiolI~plific~iti~~ll of the cloned bands and 

digestion of the PCR products with BumHI (conrparin_c Fic:rl/f‘l and IF;rcr-YJI gcnonlic 

seqwnces a BmzHI restriction p(~lyl?lolE’liist~i was found). 

Clones whose re-amplified insert was cut by R~IH‘L \verc candidates to be the 5’ end 

OF HcrV”2; all the others were cmdidates to be Hcrvf‘l. The comparison of the 

sequences of the cloned RACE band; v,$th Nul/j‘l genonlic sequences revealed no 

1natch for ?hvfl. on the oontrxy clones c:! and D2 gave :I perfect match with 280 

nucleotidcs of HoV”Z scnonlic sequence (Fig. 11). 

A perfect match was observed in the first 244 bases of the ORF and in the 36 bases 

up-stream from the putative trntislation start, indicatin, o that the leader sequence of the 

gene might be 36 bases long. After these 36 bases a 26 bases long CT rich sequence 

was found. The prescncc of that 76 bases. not matching the genomic sequence of 

HcrV2. could be esplaincd in cdifferenr tvays. It is possible that even if the sequences 

of the two RACE clones present a perfcct m;Sch lvith the Lc- “i;nomic sequence of 

HcrVf3 over X0 bnses. these clones might not derive front the transcription of 

Her-T/(f2. but they could derive from anorher Z-Iu-l~‘~ sene with high homology to 

Flct.l!J?, A second hypothesis to explnin such a sequence mismatch could be the, 



presence of an intron in the leader sequence. However, the absence of the AG 

nucleotides maintained at the 3’-end of all dicotyledonous introns does not stem to 

support this hypothesis. Accordin g to Roche customer support it is also possible that 

such a CT rich sequence could lx a PCR artcfact due to the slippage of the poly-‘T 

primer during the x~~plif‘ication. From the data presently available it is not possible to 

decide which of the hypotheses is the correct one. Although. the presence of a 280 

perfect match between the transcript and Hc~‘l~f’l! c‘ ~~enomic sequence strongly supports 

the idea that C3 and LIZ are in fact the 5’-end ot‘ the !?c:~.TifZ. transcript. 

The analysis of the _eenomic sequence of H01{f3, up-stream from the presumed 

translation start permitted the identification of trvo transcription regulatory sequences. 

A putative TATA-box (sense strand sequence ,A’l’ATAT‘A) was found 36 bases from 

the presumed transcription start and a CAAT-130s (sense strand sequence GTTTA) 

was found 22 bases fkoni the TATA-box. The ctist:mcc of 36 bases between the 

putative TATA-box and the transcription start (i.e. beginning of the match between 

the RACE sequence and the iL “enomic sequence) is in good agreement with zverage 

distances observed in higher organisms. All thcsc data indicate that very probably 

Ilcr.I$? is complete and through homology also Hcr.VjI and FIcr-Vf3. 



HcrVf2 (seme strand) 

c2 
n2 
IicrVf2 

Figure 11: Alignment of HcrVJ? ~ ~enomic sequence (sense mmtl) with two sequences of 
cloned RACE products ((2 and Il2). The prfcct match betwern two cloned RACE products 
and the genotnic sequence of NcrL~f2 over’ 2-t-1 bp in the presumed OKF and 36 bp up-stream 
from the presumed first methionine indicntit that most prot~at~ty the transcription start of the 
gene has been reached (Met 1 or Met3 indicated in bold). Putative TAT/l-box and CAA’I’ box 
are indicated in bold. The RaruHI restriction polymorpltisn~ between Hu-L’fl and Hcr’lij2 is 
indicated. 
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3.4.5 Analysis and comparison qf Hcryfl, HcrVJ11! and Hcryf3 ORFs 

From the region of the Hcr.Vfl. Hrrlif3 and I-lcl-vf3 it was possible to sequence 

4362 bp, 3124 bp and 2937 bp respectively. The three regions contain a single major 

open reading fmme (ORF) encoding polypeptictes of 1015, 980 and 916 amino acids 

(Tab. 4). The HcrV’k predicted proteins show similar structures to those observed for 

the (Y[ resistance genes (Jones et (11. 199-C. Dixon et nl. 1996, Thomas ct c/7. 1997, 

Dixon et ~1. 1098). 

According to sequence data a signal peptick and its cleavage site were predicted to be 

present at the N-terminus of the three proteins (domain ,A). The B domain would thus 

be the N-terminus of the rmture protein. once the siFna1 peptide has been clcnved. 

The three C domains of the II~~r.l,~/k ( 1. 2 and 3) contain 110, 29 and 26 imperfect L,RR 

with an average length OF 24 amino acids each. in sood agreement with the consensus 

sequence I,xxLxsl,xLSxNsLxC~sI~. ,Is for the (Iyf proteins, no function could be 

assigned to the D domain, connposecl of 27 amino acids. The F domain, composed of 

36 hydrophobic amino acids. is predicted to be the trlll-tsrllembralle domain of the 

protein. E and CJ domaifis. flankin, (7 the h~~clrophobic domain. are rich in polar amino _ 

acids, consistent with the prectictecl role of orientation mcl anchoring of‘ the protein to 

the cell membrane . 26. 33 ~tncl 73 putatit.e N-glvcosylation sites are present in the 

domains B to D of HclVfl. Hcrvfz and Ht*rl/f3 respectively, As for the Cyf resistance 

genes, these genes most probably encodc for extracytoplasmic glycoproteins anchored 

to the cell membrane with the nrkISjority of the extrac~toplllsmic cloniain constituted of 

LRRs motifs (Tab. jr). 

At the amino acid level the three complete ORFs, compared two by two, show on 

average :tbout 87 % identity (GCG sot‘tware p~kugc, function BESTFTT with gap 

penalty of 8 and sap estension of _ ‘I The most conserved region among the three 

ORFs is the A donlain and the rc?ion from D to CT. presenting on average 95 ‘5 and 

96 % identity respecti\rely. The more vsriabk domains are the domains R and C, 

presenting on average S-t % and S6 % identity resptzctively. Fu~Ihemmre, it is possible 

to see that within the C cloniain the v~uk~kility is not cq~~:dly distributed. The Cl and 

C2 sub-regions nre sho~t;n in T:ablc 5. When cornp~ed. the three Hcrvfi~ present an 

averqo identity of 89 ci;- in the sub-domain C 1. Lvhilc: the identity decreases to 82 (;+ 

in C3. The lower level of iclentity in C2 it is not only due to difference in the number 

of LRRs (with reference to Hc~~/l. 11~rI:‘fZ lacks two. anti Hcrrkrtiif3 l~ks five LRRs), 
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3.4.6 Hybridisation qf HcrV’ to the EcoRI digested BAC clones qf the Vf contig 

The hybridisation of Erlcryf2 to the complete E&RI digestions of the “resistant” and 

“susceptible” BAC clones of the VJregion allowed the identification of other loci with 

homologies to the sequenced Hcr~l~fi. Knowing the recipumtl overlapping of the HAC 

clones (Fig. 6A), the fragments corresponding to H~rVj’l and Hcrvf2, the number of 

fragments expected for Ho-Ii/_? and for I-Irr~fic and assumin, 0 an average Her-V/i gene 

size of 3 kb, it is possible to estimate the minimal and the maximal number of H~‘cl-\/f 

loci present in the region. For the minimal number of loci it is assumed that only one 

H~p.vf’is present in each fragment larpr thm 3 kb that hyht-iclises to HcrVjf2. For the 

estimation of the maximal number of loci the maxinlun~ possible number of genes of 

3 k-b for each fragment that h>$ridisecl to the probe are cnlculntccl. For example it is 

ass~m~ecl that a 7 kb frngtnent \vill carry two loci. In this way in the contig part 

between M 1 S-2 to MIS-S (350 lit>) 3 minimum of 5 nnd a nmxirnim of 14 loci can be 

postulated. On the BAC clones >I 1 SS- 1. bll SS-3, ‘ICI 1 SS-4 and MlSS-5 @AC: clones 

from the hoinologous “susceptible” cl~romoso~i~r) a number of loci between seven and 

15 can be hypothesised (Fig, 13‘). Another t\vo Hu.‘lrf loci were f‘oiitici on acl~juccfit 

BAC clones AM19-1 to 4 in cis tvith the resistance (data n~ot shown). 

In s~mmmy, in the BAC cioncs of the contig in cis nncl tram with the. resistance, 

spanning 550 kb and 270 kb respectively, at least seven loci with homologies to 

Hcryj2 can be hypothesised for mch contig. In total, in the Florins Vf-region, a 

minimum number of 14 Hct-Vf‘ loci can be presumed. 
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Figure 12: Hyht-idisation of Hcr\j#3 with EroliI cliFestct1 RAC clones spanning the Vfregion. 
The BAC clones M I S- 1 to S contain DNA inserts from the chmnoson~e carrying in cis with 
b” while the BAC clones Ml XS- 1 to 5 contain inset?s in tran< with the resistance. The ~WUCVS 
indicate the fragments correspondin g to the Hcrl;/'l , Hc+7l and Hrl-\/f-X The fmgments of 
Ho-v/I? are not kno\vn, hut froni its restriction niap it is kno~~i that t\vo hybridising bands of 
Ml 8-6 should contains its sequence. Of Ho.\,‘/4 only one ~mpment is known. 
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4. DISCUSSION 

4.1 FINE MAPPING OF VI; 

The vf- gene, derived ti-om Mn1u.s ,flo~~i/xrtttl~~ 82 1, is the mosl widely used source of 

resistance in apple breeding programs. l/f‘ is considered to be a single dominant gene, 

but minor genes influence its resistance reaction, In fact. plants carrying V[show very 

different phenotypes rat@, (7 from a complete abscrlce of sy1rlpt0nx to sy1npton1s 

such as chlorotic spots and even limited sporul2rion of‘ 1?. if2ciefprrlis (Ciardincr fit ~1. 

1996). Conversely, plants on \vhich V. iltucqml1i.c sporulute heavily are consicfcrect not 

to carry the V’gene. Due to the lxk of a clear difference between the phenotypes of 

plants with or without 1:/l the classificxtinn of the genotypes of some plants, in 

popu13tions segre@ny for l!f: cxnnot be L~nambi~uously identified. The uncertaiu 

resistance scores of these plants led to problctns in niqqkig the gene. In fact, 

althOUgh Vj‘has been mpped by fOw differetlt groups (Ceder et (71. 1995. &diner 

et d, 1995, Hemmnt et ill. 1998, “I’artarini et (II. 1999) to the same chromosomal 

region, there is as yet no agreed map positic)n (Fig. 3BJ. 

During the analysis of the populations Brucb~m s FXW 7 167 (vf) and Fuji s Ariwa 

(Vj), about 9% of plants classified 3s resisrant anrplifiecl the alleles of M 18 and AL07 

markers in repulsion with y/1 After a second check in the field, it was possible to 

correct the classification (from resistant to susceptible plants) of 34 of these 70 plants. 

Twenty-four plants were dwarfs or had a teclucecl grotvtlr characteristic. Due to the 

slow ancl reduced ~ (TronTh. the lca\‘es of dwarf plants lxcsent mostly ontogenic 

resistnnce and can not be successf~~lly infected &win g the ~recnhouse test. A second 

explanation is that seedlings v,ith rcctuced gro\n$h habits are shielded by the normal 

growing seedling and are not inoculated \\+tli the sprayed coniclial suspension during 

the greenhouse test. ln fact.. in the field some d\vurf plants showed clear sporulating 

lesions. confirming this hypothesis. However. without repeating the inoculation test 

on the dwarf plants mhich did not show clear sporulxion nnd on the remaining 10 

plants (t\vo plants died). it is impossible to correct the clussification of these plants. 

Nevertheless, for three reasotx these plants are probably classified incorrectly. If these 

plants are classifieci correctly they must be double rccombinants, but this is quite 

mlikcly. Given a L_ rrcnctic distance of 0.5 CM between M 18 and LTf and a genetic 



distance of 0.9 CM between AL07 and V” as reported by Tartarini et nl. (1999), the 

probability of double crossing-over events cutting out the resistance gene should be 

9~10~~. The value of 4.5 % (36 plants out of 758) observed in our populations is 

significantly different (about 500 times greater) from the expected. The second 

indirect validation of this hypothesis conks also from the fact that if the scoring of I!f 

of these plants would be considered correct the tnarkcrs AL07 and Ml8 should map 

very far from v/1 This would be in disagreement with our Florins x Nova Ensygro 

data and also with works previously publi~hrd by King et al. (I 998), Maliepaard et rrl. 

(199s). Tartarini et rrl. ( 1996). Gardiner rt (71. (\ 1996) and Henmat et ~71. (1998). The 

third indication that the plants are x*er~’ probably incort-ectly clnssificd for the 

resistance is given by the analysis of the 70 plants with a set of polymorph markers 

(internal to the V&region) developed during the chromosome walk (QUQ7, M5S, M7T 

and MSS, Fig. 6). All 70 plants amplified the marker alleles in repulsion with the 

resistance with all the markers tested, thus indicating that if these plants are 

considered double recombinants. the two recombination e\‘ents of all the plants must 

be in the region hct\voen two marker next to each other. Because the physical 

distances between t\vo nrurkers range front about SO to 100 kb this is highly 

improbable. This check seanls to exclude the possibility that thcsc plants can carry the 

~fresistance, 

Tf a mistake in the classification of the resistance was not made and therefore those 

plants do not contain VJ the only other explanation that can be proposed is the 

presence of other resistance penes. The existence of s~rch resistance germ with 

additive effect has been reported by Seglias ( 1997) \vi th QTL mapping experiments. If 

this is the case. because the resistance phenotype of these plants is not due to the vf 

gene, it is cot’rcct and necxssary not to consider these plants for the mapping oC vi: 

A similar problem has already been reported by Kessler et crl. (1997). In that 

publication it was reported that five out 49 I plntits of the cross presenting the two 

marker alleles of l&l18 and ~‘\I.,07 in coupling with TJ:~: were classified as susceptible, 

The possibility that those plants m’ere double recombinnnts \vas excluded because they 

were found at a too high frequency, 1 %. while the expected frequency was 9.6x I (P. 

It was therefore assumed that the plants carried the Jif sent’ but \vere susceptible. lt 

was proposed that the expression of the I’:/’ t vne Leas modified by the, genetic 

backgrouncl (modifiers) to such an extent that individuals carrying the resistance gene 

could becotm susceptible. 



Compared to Gardiner et al. (1996) and Hemmat et al. (1998), who have used 

mapping populations of 258 and 73 plants respectively, our maps include 11’79 and 

2071 plants respectively. Due to the large number of individuals analysed. it was 

possible to determine the map position of‘ Vj’lvith a LOD score sreater than 500 and to 

find out that AM 19 maps closer to Vj’than AL07. 

The location of the vf gene has been confirmed by three commercial scab resistant 

cultivars carrying Jrf (Trent, Witos and Rewena). These three cul tivars have 

undergone a recombination event between M 18 (amplification of the allele in 

repulsion) and QUO7 (amplification of the allele in coupling), indicating n different 

position of yfthan the one assigned by Gardiner c-‘t ~11. ( 1996, (Fig. YES). The same line 

of reasoning can be applied to the position of -Vfassigned by Hcmmat et al. (1998). In 

fact, among the 207 1 plants nnalysed. 27 recombinant plants indicate that vf’ must be 

located between Ml8 and AM 19, and not be&veal AL07 ancl SS as published in 

Hemmat et rrl. (1998). 

For all these reasons I am confident that the position assigned to the Vf‘gc,tie is correct 

and that for the cloning of the Vj‘getle it is correct to construct a contig spanning the 

chromosomal region between the M 18 and AhTIC) nlolecular markers. 

The haploid genome of ,%1(7lrt.r .Y dottle,sficcr is estimared to be between 743-796 Mb 

(Arumuganathan and Exle 199 1 ). The published linkare maps of apple range from 

692 CM (Conner et trl. 19971 to 9X-l c,M (~Maliepaxd rt ~1. 1998), by assuming an 

average haploid genome size of 770 Mbp, one &‘I \vould correspond for the largest 

linkage map to about 780 kh and for the smallest to I 1 IO kb. 

The maximal physical distance of S70 kb betivcen MIS and AL,07 and their gcnctic 

distance of 1.3 CM calcul~~tcd Lvith the data of 1 179 plants, or 1.5 CM with 307 1 

plants, lend to a specific rntio bct\veen genetic and physical distance for the I//lre&on 

of 670 kb/cM and 5SO kb/cM respectively, This vulue is not very different from the 

estimated value obtained ls’ith the largest linkage map of Maliepnard (780 kh/cM), 

inclicatiti~ the nbscnce of suppression of recolnhinatiitn in the region. In fact, where 

suppression of recombination \vas found. as in the ‘T’m-32 region of the tomato. the 
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two values diverged by a factor of 7 (Gad et d. 1989). The fact that recombination 

suppression was not observed could indicate that the introgresscd region from the 

wild apple species is not substantially different from the one present in Ill0lrr.s .u 

c/omsticci. 

The screening of the apple BAC library with the markers MIS permitted the 

identification of three BAC clones whose inserts were cleaved by No& The screening 

with AL07 gave six positive clor~es: two of them ~vere also cleaved by Not1 (one 

contained the allele of AL,07 in coupling xvith \~~~‘and the other the allele in repulsion. 

Vinatzer personal conllllunicatiotl). The fact that these ctones were the only ones 

Counci during the chromosome walk containing internal I’cTc,rl restriction sites, indicate 

that the 870 kb NorI band (hybridising to the t\vo markers) is not an art&act clue to the 

presence of two Not1 frugments of the same six, one carrying the MIS and the other 

carrying the AL07 marker. Considering that the physicd distance between M 18 and 

AM19 in the BAC contig is 550 kb and th;lt the AM 19-,X07 interval 11:~s a gap. the 

physical distance between the two ;vC)tl sites bracketin, 0 the I/ii-region could be in fact 

870 kb long, as estimated in the physical mqping experiment. 

The aim of the physicd mapping, performed before the chromosome wdking, was to 

test the. feasibility ot‘ the map-based clonin g of I,‘/’ Lvith the available materinl (apple 

BAC library and flankin, ~7 markers Ml8 and Xv1 19). The results that were available 

before the start of the chromosome walk ~verc the estimation of the maximal physicd 

distance between ;“\/118 and AL07 (S70 kh). LS well as the estimation of the specific 

ratio of the gcnctidphysical distance for this interval. Already this limited infonuation 

pertnittecl the estimation ot’ the distance between Ml S and J<f to be between 130 kb 

(0.2 CM x 670 kb/c$l) and 170 kb (0.3 CM x 580 kb/cW, predicting the feasibility and 

good chance of s~~cesc of a chromosome \valking u?th the nvailable material. 
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The work presented here reports an improved methodology for chromnsome walking 

with RAC clones. The TPCR technique proposed by Cai ct crl. (1995) for the isolation 

of T7-ends of BAC inserts has been successfully modified and applied also for 

Spb-ends. This technique involves a three-step procedure consisting of BAC DNA 

digestion followed by li@ion und PCR. The purified PCR products can be used 

dkctly for sequencin, (7 and :I?; RFLP probe.s. These probes were used in Southem blot 

hybriclisations of the EcoRl digested clones of the already established contig and of 

the new clones from mkiclr the probes had been derived. This allowed identification 

of the protrudin g ends of the contig. By using the probes on genomic Southern blots 

of recombinant plants and of ‘FInrim’, the progress of the walk and the presence of 

repeated DNA in the probes could be assessed at the same time. In this way. it was 

possible to proceed itrrmeciiately to the next library screening, i.e.. the next step of 

chromosome walking. In the mxntime, a new PCR-based marker was developed 

based on the sequence of the new end of the contig, :~llowing the identification of the 

real positives mlong the clones identified by hvbridisation. At the same time. 

co-dominant nmkers ttllomxd the discrimination anmn~ the positive BAC clones of 

the clones derived from the “resistant” chmnosotne from those derived from the 

“susceptible“ one. The established procedure minimises the time between one 

chromosome walking step and the next. 

The resulting contig containing V/i cncompxsin, (7 the whole clironmomal region 

between Ml 8 and AMl9, nlcx~~~cs about 550 fib. The M is-AM1 9 interval is 

completely covered by 13 resistant BAC clones. Nine “susceptible” clones were also 

found from the M l&AL07 interval, but they cover the region only partially (Fig. 6A). 

Clones connecting the MIS-AM 19 “resistmt” contig \vith the BAC clones identified 

for AL07 were not found, thus indicating that the chrot~iosotnc walking has been 

performed with a BAC library m+th a critical nunlbcr of haploid genotm equivalents, 

Tn fact. although the apple BAC lihrury represents five haploid genome equivalents. 

F1orina (the cultivx used for the construction ot‘ the B;\C library) bein? heteuozypous 

for the y/lregioil, only 2.5 haplnict ~etiotw? qui~~detits ~vrre pmmt in the library for 

each of the two homologue chco~~~oso~ncs of this re@on. ?;c\:ertheless, it was possible 

to construct a contig \vithout gaps on the chromosornnl region containing the Vf$eiie. 



The screening of a large number of plants allowed the identification of 29 

recombinant plants that permitted the reduction of the genomic region containing yf 

from 550 kb to 350 kb. This region can be covered by five clones (MIS-2, MIS-S? 

Ml%-6, Ml%7 and MlS-8, Fis. 6). A clear suppression of recombination has been 

detected between the markers Qli97 and IM7’T’. In fact, in the region of about 140 kb 

between these two markers no crossing-over was found, while in the flanking region 

between the markers M7T and AM 19 an average of tight recombination events per 

100 kb in more than 3000 plants analysed was found. The suppression of 

recombination near the \[f gene could be due to n high cle~rcc of polymorphism 

present between the tivo l~omologous chromosomes in the rosistnnt parents used in the 

crosses (all heterozygous for the I/f-region) that could prevent the correct pairing of 

the chromosomes during meiosis? thus inhibiting recounbination. Adjacent to this 

region with suppressed recombination, the crossing-over frequency goes back to 

“normal” and most probably this is why the suppression of recombination was not 

detected during the physical mapping experiments. The suppression of’ recombination 

could partially explain why it was not possible to reduce the region where vf‘ is 

located to less than 350 kb. 

With the construction of the contig cncompassin g the ~vliole VfLrcgion, the feasibility 

of the map-based cloning approach in fruit trees has been verified. The construction of 

a contig spanning the I/f-region is a fundamental step to~~xds to the cloning of the Vj‘ 

gene. allowing the further charncterisation of the V”-region. 



4.4 IDENTIFICATION OF RESISTANCE GENE HOMOLOGUES IN THE 

VF-REGION 

The most interesting penes found in the conti? spmning the Vf”region ate the HcKIQ 

(Ijomologues of L,‘irrclo.s~7ot-irirll ,/ill\~~~ resistam renes of the V’J-region) that present 

homologies to the cf resistance eenes of tomato. The first indication of the presence 

of this gene class in the I!i-region was found by l’erfotming a screening of a cDNA 

library of V. imreqrra1i.c inoculated leaves of Florins (the same cultivar used for the 

construction of the BAC library). T;sing the inserts of the 5 BAC clones necessary to 

span the Vfregion (350 kb) as a probe. SO different cDNAs were identified, among 

the 750,000 cDNAs screened. l’hree of those 50 presented similarities to the Cj 

resistance genes. The comparison of the patid sequmccs of the HAC subclones 

hybridizing to them incticntecl that the three cDNAs were not from the VjFrcgion, or at 

least not from the chmnoson~ in cis Ivith the resistance. 

The high number of different cDNAs hybridkin g to the ‘C’/-region, 50 in 350 kb, 

would correspond to an average gene density of one geue every 7 lib if all these 

different genes would really be encoded in the I/F-region. The high number of 

different cDNAs hybridising to the five BAG can also be explained by the presence 

of some repeated sequences in the ‘I(ftregion. These scqucnccs can be similar to L/RR, 

found in the Hc~-I$s, or to microsatellites also found in some HAC3 clones of the vf- 

region (Viuatzer personal conlnluniclltion). The low number (three) of cT)NAs 

presenting homologies to the Hrr-l<fs in a total number of 750.000 cDNAs screened. 

the fact that all three n’ere dift‘crent from each other, and the absence of matching 

sequences to H~Ylifl and W~t.yf2 (r”lc,r-lTj3 is not expressed and HCI-vf-4 is not yet well 

characterised). are indications that this Fene family has a low level of expression. The 

low level of expression of this gene family has also been cotlfirriiecl by northern blot 

experiments using 10 ~12 of total RNA, u-here no hybridisation co~~lcl be found (data 

not shown). The RT-PCR product obtained 1vitt-t Frk~-l,y3 spccit‘ic primers (with RNA 

from Florins and Prima) presented 97”. ( identity lvith II~lcl-\~~/:i atid 94% identity with 

Hccl~b’fl and Iilcrl/f:! (N.B. 100% mutch \vas fhund only v,$th Hu\<‘J). Tf the HcI-I/~J 

specific PCR product lml used as a probe in the northern blot experiment, it woulcf 
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have hybridised to trlcrI~“l, IrlcrI$I and HcrI9’4 mRNAs and to all other unknown 

expressed genes of the family. Given the large size (about 3 kb) and the small 

differences in length between the Ilcr.l,:f:v (e.g. about 100 bp between HcrVf‘l and 

E3ul$?) it would probably have been impossible to distinguish the different mRNAs. 

The expression of an Her-~‘could only be proven with RT-PCR using Hc/.VjS specific 

primers? sequencing and comparing the RT-PCR sequence with the genornic 

sequence. 

The strategy of alignin g and orienting the three cDNAs (8- 1, IO-5 and 1 S--F) and the 

partial RAC subclones sec~~~e~w to the Cf’9 sequence, in order to develop a pair of 

primers jfv) able to amplify large parts of Her-I@, was decisive for the identification 

of HuVj’l, Huyf3 and 33c~I~jf3. In fact. due to the similarity of the genes and, in most 

cases, insufficient overlap of the ELYIRI with the SNH~AI subclones, it was almost 

impossible to be sure of the correct assembling of the subclones. Only the comparison 

of the subclonc sequences with that of a long PCR frngmcnt sufficiently ensures the 

correctness of the sequence assembly. Moreover if the sequence obtained derives 

from RT-PCR experiments (as \vas the case for Hu-\(f‘l). the expression of the gene 

was automatically demonstrated. 

Due to the sequence conservation up-stream and down- stream from the Hc:l-bTf ORF. 

it was possible to develop the primers t-IcrVElfor/rcv. These primers permitted the 

amplification of the three sequences containing the three complete ORFs of the 

F-lc/.vj’l to 3. Comparing the restriction digestion patterns of‘ these PCR products and 

knowing the relative overlap of the l31\C clones. it was possible to estimate the 

position of Hul/il‘l, Hc~.\~f:! aid Hi-,r.\(JJ on the contig. 

Because LM18-2 is not completely in the I:‘ftregion (&To recombinant plants present a 

crossing-over between the two markers at its extremities), it was necessary to map 

Hul</‘l and Hcr.\!jZ. Hu~l{fl \vas mapped in the ‘I:‘f”regiotl. tvhile up to now it has not 

been possible to map Hc~.‘ljf‘l, It was ~rnnec~ssary to map Hcr1//3 because the RAC 

clone from which it nas obtained lies in the middle of the I’f-region (Hc7-\;ifJ is not 

expressed and thus is not 2 I(f’cnndidate>. 

TO verify if the N-terminus of the zenes was reached. RiICE experiments wvcre 

performed. 21 RACE product ~vas found Lvith a perfect match to the first 244 bp in the 

coding sequence and up to 36 1~~s up-str~a~~~ from the prcsumed first methioninc of 

EZ~~.vf’z. ORF. Twenty-six bnses up- stream from the end of the match a putative 

TATA box and twenty-two bases further on. 3 CAAT box was found on the genotnic 
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sequence of E-lcrV/Q. The analysis of the presumed ORF revealed that the first 29 

amino acids may encode a signal peptide. All this evidence and the similarities with 

the cs-9 resistance gene of tomato (presence of all the domains) suggest that the 26 

bases at the beginning of the RACE product with no similarity to the genomic 

sequence of Hu-V’Z could be a PCR xtefxt. and that the gene is most probably 

complete. Indirectly, Hc~~cif’l and Hcl.l(f3 should also be complete, because n high 

level of similarity as been observed hetLveet1 the mcmhers of this gene family. 

The hybridisation of Ht-rb’f- 7 to the Eu)Rl digestions of the “resistant” and 

“susceptible” BAC clones of the I~f~reginn allowed the identification of at least 14 

Her-yf loci. Seven Ncl.yfloci are in cis (tivo of those are out of the J!f-region but on 

the 550 lib contig) and seven are in trans n;ith the resistance. ‘Three of the loci in cis 

were analyscd (the fourth is only partially characterised). HuVj1 and Hc~vfz are 

expressed genes, while the third, Hcr\/f3, is not. Of the two expressed genes. only 

HuVj2 maps definitely in the Vrfregion. The remaining loci, all of them deriving from 

the BAC clone MIX-6. located in the \({Lregion, have to be analysed in future. Two of 

them should contain the two sequcnccs M 18-64 and M 1 MB obtained with the fv 

primers, which are similar to the Hcl.ljfs but contain intcrnnl stop codons. 

In Figure 11 it is possible to see that the bmd called HcrVf’I b of I-lcl-k”l is present in 

RAC clone IM I S-1 _ M 18-Z and in Ml S-3. The second band, HcrVfl a, containing the 

rest of the sequence of H~)-l~f‘l. is missing in MIS-l. These results sngpxt thnt 

HcrVfl b must be the extremity of M 1 S-3. During the construction of the contig ull the 

BAC clone ends were sequenced. The comparison of the corresponding end of M 18-3 

did not show any homology to Hc~l:‘f’l . This result can only be explained assuming 

that )MlS-3 is a chimeric clone. The chimeric part of MlS-3 sho~~lcl therefore bc the 

T7-end. This end was not used for the construction ot’ the contig? therefore not 

compromising the correct assembling of the cotitig. If this end hnd been used for the 

screening of the librxy, the mappin $ of each new probe would have revealed the 

problem. 
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4.4.2 Homologies of the HcrVfs to the CTf resistance genes (and other K-genes) 

The amino acid sequence comparison of the three 11c%r-1!fs permitted the identification 

of the most conserved and the most variable regions. While the domains A and D to C? 

arc very conserved (95 % and 96 % identity respectively), the domains B and C are 

quite variable, each showing only S4 % xld 86 5% identity respectively. If the domain 

C is divicled into two sub-domains Cl and C2 (Tab. 5), it is possible to see that most 

of the diversity is concentrated in C 2. In fact. C 1 slio~vs S9 % identity. but C2 shows 

82 % identity. This kind of distribution of the v;xiability in the LRR has already been 

found in the C” resistance genes (Parniske et ~ri. 1997i. For the ~~resistancc genes it 

has been proposed that the region correspondin g to the N-terminal part of the LRRs, 

our C2 domain, encodes for the specificity domain that is responsible for the 

recognition of the fungus avirulence gene product, and for this reason it is the part of 

the gene that is less conserved (~Parniskc cf rrl, 1997). Another interesting feature 

observed in the Her-V/s and also in the Cyf~ genes is an interruption of the LKR motif 

after the fourth repeat. 

Other similarities between the NcrVJS and the Cyf 9~1x5 are evident. The two gene 

families belong to the same class of series, showing the same scvcn domains (Tab. 4) 

in the same order, with the identical LRR consensus sequence. Furthermore, JZcrl,~/:s 

and C,‘f’ genes have both been predicted to encode e?ctracytopl~lsmatic glycoproteins 

anchored to the cell membrane, lvith the majority of the estracytoplast-natic domain 

composed of LRRs. If it were possible to demonstrate that one or more !YuT<f‘s found 

in the Vflregion are resist:ince ~ (vnes, then they lvould belong to the class IV of 

resistance genes. 

Some common features can be found compxin g C f and l’:f‘ resistance. cf‘ and Vf : ~ 

resistant plants carrying the i- wles in the hotnozygous state show an increased 

resistance compxed to the hetelozygous plnnts ( flammon-Kosak and Jones 1994. 

Gessler et ~71. 1997), thus indicntin$ xi incomplete dominance of these genes. It is 

possible that two copies of the gene result iii l@er amounts of active protein and this 

accounts for the discernible effect. An additional common future is that the resistance 

level depends on the background (F-famnlon-Kosak and Jones 1991, Lnmb 3x1 

Hamilton 1970). The cflect of the background sho~~ld be considered in mapping 

experiments. This is especially true for c (yena such ai; 1:‘I-l tvliich shows a high variation 

in the expression of the resistance. In these casts, paretitc known to Show more 
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extreme resistance phenotypes should be preferred to simplify the scoring of the 

resistance phenotype. 

A last characteristic of the Ho.v’S that is common to many resistance genes is the 

clustering of many homologue penes in the same re$on. For example, in the y/- 

region (in cis with the resistance) a number varying between 7 and 16 HcI.~~ 

homologues can be presumed. 

Because Hc/.vfs nre similar to the cf resistance > crenes, and assuming that one of 

them is v/i it can be speculated that a Cy/Llike mechanism of resistance is present in the 

apple. Joosten and d e Wit (1909) prevented three different possible mechanisms 

leading to resistance in tomato plants carr\+n g C’f’S. Tn all three mechanisms the Cf-9 

protein, which is mostly extra-cytopla;Inatic. interacts with n second membrane- 

anchored protein (transducer) with a cytnplasmatic domain carrying a kinase or that 

interacts with a kinasc protein. I.‘pon interaction of the Avr9 protein with the Cfl-9 

protein. the complex interacts w$th the transducer and defence response initiates. 

Alternatively, the Avr9 protein interacts with another tliembrane-anchored protein 

(which could be the transducer itself or noti that afterwards interacts with the Cf-9 

protein, after which the defence response is initiated. It has been demonstrated that Cf 

proteins are not the primary receptors of the elicitors (Avr9 protein) (Kooman- 

Gersmann (vt ni. 19%). but it is possible that they interact with 3 lower affinity than 

the target. After recogition. the signal transduction involves phosphorylation 

cascades that can eventually activate effector proteins such as enzymes or 

transcription factors. 

In the apple, the vf mediated resistance may function with a similar mechanism. A 

protein called LRPKm 1 has recently heen cloned from Florins (Komjanc et cl/. 1999). 

LRPKml is predicted to encode a LRR-receptor like protein kinase that is present in 

multi copies in all apple cultivars (resistant and susceptible). Its expression is induced 

upon pathogen attack and saliqrlic acid treatment, The resistance mechanism coulci bc 

described as follows: upon perception of the A~rT/rf’ protein by the vf‘ protein, the, 

VfLAvrVf complex interacts Lvith LRPKm 1 and the defence response is initiated by 

activating the kinase domain of L.RPKm 1. Alternatively. the LRPKml protein could 
interact directly Lvith AvrVf to form ;I LRPKm l-=\~rVf cornplcx. which through the 

interaction with one of the HcF\{~ proteins tri,, nor the kinasc activity of LRPKm I. 

eventually starting the plant resistance response. 
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An increase of LRPKml expression after salicylic acid treatment (salicylic acid is 

known to improve expression of defcncc response proteins) could reinforce the signal 

transduction pathway. Being present in resistant and susceptible cultivars, but giving 

rise to an incompatible reaction only in the vj’cultivar Florins, LRPKml gene could 

be one of the proteins modifying y/ resistance. Different L,RPKm 1 allelic 

combinations (or of simil:ar gcncs) could modulate the different resistance phenotypes 

observed. However, this mechanism is highly specul:lti\fe. 



~.OUTL~OK 

The results presented in this thesis should form the foundation f’or further studies 

aiming at the cloning mcl understanding the mechanism of resistance provided by the 

V” gene. First of all the remaining 1?c~Jjf; should be characterised. A good candidate. 

which is not yet completely characterised. is Hul{fq. Hu-V)‘4 is expressed and it is 

located in the yjlregion. Holvevrr. Hcl-lffq is not the only i”lu.vf that has to be 

characterised. From the hybtidisation of Hc~-I!~Z on the E’coRI digested BAC clones of 

the contig, it is kno\vn that other Ncr.J+ are present on the BAC clones Ml S-5 and 

Ml%6, of which nothing is knom~ except for the two PCR products obtained with the 

primer fv, containing truncated ORFs. 

Furthermore, other recombinnnt plants for the VFregion should be found to attempt to 

further reduce the region and thcrcl’ore to be able to exclude some 1Jc/-J@. However. 

as already demonstrated by the genetic mapping. recombination events in the 1/b 

region between the l3AC clones ,\I 1%3 to MlS-7 are extremely rare. Tn fact. in the 

2071 plants analyscd no recornbinmts could be foutld. 

At the moment Huvfl is still not mapped. The comparison of its sequence \\ith the 

sequences of all other I”101r/S should permit the development of Nc~vJ‘l specific 

primers that will allow its mappin_e. 

Whenever a complete sequence of m espresscd Hul’f‘ gene. which maps in the L/f- 

region is available. complcmentation esperirnents of a susceptible, cultivar should be 

perforn~ecl, The Her-yf‘ that Lvill transform a susceptible plant into a resistant one will 

be the vf resistance gene. This kind of experiment will be the only one that will 

definitively demonstrate lvhich Hcr.\:‘f is the vf gene. However, besides the homology 

between the ~~r-~/~ and the C~‘resistance genes, up to now there is no other evidence 

that HcrVf-:r could be in\,olved in ~[‘medinted resistnnce. 

A possibility to have an indirect inclic:ttion in a relati\rcly short time that the HuVj!s 

are really invol\:ed in resistance. is given once more by the fv primers. Preliminary 

experiments have sh0u.n that PCR products of differetlt sizes were amplified with 

these primers from 21 diffcrctlt qplc cultivm. regardless of the fact that these plants 

were susceptible or resistant. A RT-PCK lmx3 of Golden Delicious (band I,, Fig. 9) 

obtained with the ti; primers has been cloned and sequcncecl and the same domains of 



the IIuvf were found, thus indicating that HcrVf’i are present and expressed also in a 

“susceptible” cultivar. This result can be explained in two ways. The first explanation 

is that the fv primers can amplify the “ephemeral” resistance genes present in apple 

cultivars (Sierotzki et NI. 1994, Koch et 01 . 2000) as well as other resistance genes. If 

this is true, it will be interesting to USC these primers in mapping expcrirnents of 

several resistance genes to verify il‘ a ~narker cieri\Ted from these primers co-segregates 

with the resistance. If this is the case. an indirect clemomtration that one of the l$uVjs 

is the Vj’ gene will be obtained, However. it will not be clear which HuVj is the VI’ 

gene. Although less likely, a second possible explunation could be that OUT candidate 

genes are present in all apple plants and they are not involved in the resistance. 

To reduce the intrinsic risk of concentrating all the efforts on a single gene, the 

transformation of susceptible apple cultivars with the inserts of the five BAC clones 

spanning the Vflregion usin, (7 the BIBAC technology (\Hamilton 1997) should be 

continued (this part of the ~vork has been initiated by the group of Professor Smsavini 

at the IXA Bologna). The transfer of the inserts of the HAC clones M 18-S and M 1 S-6 

and transfornmtiot~ mpcriments have already been performed and the results should 

be available some time in the near future. 
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6. CONCLUSIONS 

The results obtained so far in the map-based cloning of the I</‘ resistance gene from 

ML711ls~o1.i01111(((1 82 1 are very psomising. Ln fact. all the intermediate steps have been 

successf~rlly completed and a cluster of putative resistance genes (Hcl-vf) has been 

identified in the Vj’region. In the first part of the work strong evidence of the accuracy 

of the position of the \if gent on the genetic map was presented. In the second part, 

the feasibility of a chromosome walk employing the available apple RAC library and 

the two I/f flanking markers lMl8 and AL,07 n’as denmnstrated. Furthermore. the best 

starting points for the chromosotuc walk. ,&I 1S and AM1 9, were determined. ln the 

third part, the chmmso~~~e walk was successfully completed, allowing the 

construction of a contig encompassing the whole l/iLregion between M I8 and AM1 9. 

The construction of the contig is a fmdanrentnl step towards the cloning of the I/f 

WE. Finally. the analvsis of the V~“re~ion allowed the identification of a cluster of b 
genes, Hu-Vj; honiologucs to the (.?f‘resistatice genes of tomato. 

Preliminary results demonstrate that Her-I/f‘ homologues are prcsetit in all analysed 

cultivnrs (susceptible and resistant) and in other breeding sclcctions carrying different 

resistance genes. If it is denrotistrated that one of the H(:I-I@ is VJ it could also be 

hypothesised that the H~-l<f‘ honmlog~es, present in all apple cultivars, are ephemeral 

resistance genes overcome by different KICCS of the fungus. The icientif‘ication of 

ephemeral resistance genes would be a very important result since these genes could 

be used for a better deploytnent of the resistance. 9ew strategies, mch as resistance 

genes pyramiding and/or selection of “susceptible” cultivars with the best 

combination of “ephemeral” resistance genes, could be proposed and eventually used 

in mixed cultivar orchards to control apple scab in a more efficient and ecologically 

conscious way, reducing the 15 annual fungicide application; currently used. 
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