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Abstract 
 
Apple scab caused by the fungal pathogen Venturia inaequalis is one of the most damaging 

diseases affecting apple production, especially in areas with high spring and summer rainfall. 

Natural resistance to apple scab is found in many wild Malus species. Vf (Venturia floribunda) 

apple scab resistance derived from the wild apple Malus floribunda 821 is the most studied and 

widely used source of apple scab resistance. Inheritance studies show that Vf is due to a single 

locus, as is Vf virulence in V. inaequalis demonstrating a gene-for-gene interaction. Gene-for-

gene interactions are proposed to involve a plant receptor protein (encoded by a plant 

resistance gene) that recognises a pathogen elicitor (encoded by a pathogen avirulence gene). 

A cluster of resistance gene homologues was recently identified in the region of the Vf locus 

(named HcrVf genes). They are predicted to encode transmembrane proteins with an 

extracellular receptor domain. 

This thesis describes the functional analysis of these genes via gene inactivation in a scab-

resistant apple cultivar and gene transfer to a scab-susceptible cultivar. Gene silencing, using 

an antisense HcrVf sequence, in the apple scab resistant cultivar Florina appears to lead to 

plant death, especially following plant wounding. The R gene homologue HcrVf2 was 

successfully transferred to the scab-susceptible cultivar Gala via Agrobacterium-mediated 

transformation. Inoculations with spore suspensions of V. inaequalis showed both in vitro and in 

vivo that this gene is involved in scab resistance. Inoculations with both Vf virulent and Vf 

avirulent races of V. inaequalis demonstrated that this gene is involved in recognition of 

individual pathogen races. 

It has been suggested that developmental regulation of some of these R gene homologues 

(HcrVf genes) may occur. The identification of their upstream, (5’) promoter sequences, 

responsible for gene expression is described in this thesis. These promoters can now be used 

for the further investigation of the control of HcrVf gene expression.  

Identification of avirulence genes or elicitors from V. inaequalis and further investigation of 

the other resistance gene homologues of the Vf region is now required. This will help to further 

clarify whether genes other than HcrVf2, the gene analysed in this thesis, are involved in race-

specific interactions between Vf and V. inaequalis.   

 



Zusammenfassung 
 
Apfelschorf (Venturia inaequalis) ist eine der schädlichsten Krankheiten, mit der die 

Apfelproduktion zu kämpfen hat, dies vor allem in Regionen mit hohem Niederschlag im 

Frühjahr und Sommer. Viele wilde Apfelsorten (Malus sp.) haben eine natürliche Resistenz 

gegen Apfelschorf. Die Apfelschorfresistenz Vf (Venturia floribunda) stammt aus dem wilden 

Apfel Malus floribunda (821) und ist die am meisten untersuchte und verbreitete Quelle von 

Apfelschorfresistenz. 

Vererbungsstudien haben gezeigt, dass Vf durch einen einzigen Lokus verursacht wird. 

Dies gilt auch für die Virulenz in V. inaequalis. Es handelt sich deshalb um eine Gen-für-Gen-

Interaktion. In einer Gen-für-Gen-Interaktion erkennt ein Protein von der Pflanze (kodiert durch 

ein Resistenzgen) ein Protein des Pathogens (kodiert durch ein Avirulenzgen) und löst dadurch 

die Abwehrmechanismen der Pflanze aus. In der genetischen Region von Vf wurde aber eine 

Gruppe von Resistenzgen-Homologen gefunden. Für die Genprodukte dieser Gene, genannt 

HcrVf (homologues of Cladosporium fulvum resistance genes of the Vf region), wurde ein 

Proteinaufbau mit Transmembranteil und einem extrazellulären Proteinempfänger 

vorausgesagt. 

In dieser Dissertation werden Untersuchungen dieser HcrVf-Gene mittels Unterbrechung 

der Genaktivität in einer apfelschorfresistenten Apfelsorte und Gentransfer in eine 

apfelschorfanfällige Apfelsorte beschrieben. Die Unterbrechung der HcrVf-Genaktivität in der 

apfelschorfresistenten Sorte Florina führte zum Absterben der Pflanzen, vor allem nach 

Verletzung. Das Resistenzgen-Homologs HcrVf2 wurde mittels Agrobacterium-vermittelter 

Transformation erfolgreich in die apfelschorfanfällige Sorte Gala transferiert. Die Beimpfung 

dieser Pflanzen mit V. inaequalis zeigte, dass der Resistenztransfer in vitro und in vivo 

funktioniert. Resistenzversuche mit Vf-virulenten oder Vf-avirulenten Stämmen von V. 

inaequalis zeigen, dass das Gen HcrVf2 unterschiedliche Pathogen-Stämme erkennen kann. 

Eine andere Studie hat gezeigt, dass einige Apfelschorf-Resistenzgene im verscheide 

Entwicklungs-stadien unterschiedlich exprimert werden. In dieser Dissertation wird die 

Identifikation der Promotoren der HcrVf-Gene beschrieben. Diese Promotoren könnten nun für 

weitere Untersuchungen der Gen-Kontrolle gebraucht werden. 

In weiteren Versuchen müssen jetzt Avirulenzgene oder Proteine von V. inaequalis 

gefunden werden. Auch die Untersuchung der anderen HcrVf-Gene ist notwendig. Diese 

Untersuchungen könnten dazu beitragen, herauszufinden ob weitere Gene zusätzlich zu dem in 

dieser Arbeit analysierte HcrVf2 an der rassenspezifischen Interaktion zwischen Vf und V. 

inaequalis beteiligt sind. 
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Abbreviations 
 
General 
R gene: plant resistance gene 

avr gene: pathogen avirulence gene 

dNTP: Deoxyribonucleoside Triphosphate 

DNA: Deoxyribose Nucleic Acid 

RNA: Ribose Nucleic Acid 

BAC: Bacterial Artificial Chromosome 

ORF: Open Reading Frame 

nptII: neomycin phosphotransferase II gene 

CaMV 35S: 35S promoter from Cauliflower Mosaic Virus 

HDGS: Homology-dependant gene silencing 

PTGS: Post transcriptional gene silencing 

mRNA: messenger RNA 

dsRNA: double stranded RNA 

siRNA: short interfering RNA 

cDNA: copy DNA 

UTR: Untranslated region 

T-DNA: Transfer DNA, DNA transferred to plant genome during genetic modification 

Ga2: Apple plants of the cultivar Gala transformed with HcrVf2

GUS: β-glucuronidase 

 

Plant resistance genes 

Vf: Apple scab (Venturia inaequalis) resistance gene originating from Malus floribunda 

Vm: Apple scab (Venturia inaequalis) resistance gene originating from Malus 

micromalus 

Vr: Apple scab (Venturia inaequalis) resistance gene originating from Russian seedling 

HcrVf: Homologue of Cladosporium fulvum resistance genes of the Vf region 

Pto: Pseudomonas syringae resistance gene of tomato 

Prf: Pseudomonas resistance and fenthion sensitivity  

Cf4/9: Two R genes from tomato involved in resistance towards Cladiosporium fulvum. 

Pi-ta: Resistance gene of rice involved in resistance to Magnaporthe grisea 

Xa21: Resistance gene of rice involved in resistance to Xanthomonas oryzae 

Gpa2: Resistance gene of potato conferring resistance to Globodera pallida 

Rx: Resistance gene of potato conferring resistance to potato virus X 

 



 

Pathogen avirulence genes 
avr4, avr9 and avr4E: avirulence genes from Cladiosporium fulvum 

avr-Pita: avirulence gene from Magnaportha grisea 

avrPto: avirulence gene from Pseudomonas  syringae pv. tomato 

 
Gene domains 
LRR: Leucine Rich Repeat 

NBS: Nucleotide Binding Site 

TIR: Toll and Interleukin 1 receptor domain 

TM: Transmembrane domain 

 

Experimental 
YEP: Yeast Extract and Protease media  

TDZ: 1-Phenyl-3-(1,2,3-Thiadiazol-5-YL)-Urea; artificial cytokinin 

IBA: Indole-3-butyric acid; artificial auxin 

dai: days after inoculation 

PCR: Polymerase Chain Reaction 

RT-PCR: Reverse Transcriptase-Polymerase Chain Reaction 

 

 

 

 

 

 

 

 

 

 



General Introduction 

 

General Introduction 
 
Plants are able to defend themselves against pathogen attack by recognising the 

presence of invading pathogens and subsequently triggering defence mechanisms. 

The recognition process involves complementary genes in both plant (resistance 

genes) and pathogen (avirulence genes) (1). Improved understanding of this natural 

plant resistance, especially in economically important crops, is the first step towards 

developing new disease control strategies based on host resistance with the aim of 

achieving durable resistance. This thesis describes the functional analysis of putative 

resistance genes from apple that may be involved in resistance towards apple scab, 

one of the most damaging diseases affecting apple production. 

 

Gene-for-gene interactions 

The gene-for-gene interaction between plant resistance genes (R) and pathogen 

avirulence genes (avr) was defined by Flor as an explanation for results from studies of 

flax and flax rust (Melampsora lini) (1). He postulated that for every R gene in the plant, 

an avr gene was present in the pathogen. The incompatible interaction between plant 

R genes and the avr gene in the pathogen, leading to disease resistance has 

subsequently been studied in great detail. The first plant R gene was cloned more than 

ten years ago and since then our understanding of plant-pathogen interactions, on the 

molecular level, has increased greatly. Many R genes have been cloned and the 

majority have been shown to encode receptor-like proteins and can be classified into 

several main groups according to the structure of the protein they are proposed to 

encode (Table 1) (reviewed by 2, 3).  

A leucine rich repeat (LRR) domain is found in the majority of R proteins. Due to its 

involvement in protein-protein interaction the LRR is thought to be the main protein 

domain involved in recognition of the specific avr gene products. Differences in LRR 

domains of related R genes have been shown to be responsible for providing specificity 

to avr elicitors, however mutations in other domains also contribute to specificity (4, 5, 

reviewed by 2). Furthermore R genes that encode proteins that do not contain an LRR 

domain have been found to interact with avr proteins (6). 

Many of the R genes in the NBS-LRR (Nucleotide binding site – LRR) class 

possess at the N-terminus a leucine-zipper or coiled-coil domain. These domains and 

the Toll and Interleukin 1 receptor domain (TIR) are implicated in signal transduction. 

The rice R gene Xa21 provides a link between receptor function and signal 

transduction as it is predicted to encode a protein with both an extracellular LRR 
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General Introduction 

receptor domain and an intracellular protein-kinase domain, the latter being implicated 

in signal transduction (7). 

The Pto gene of tomato is quite unique in that it encodes only a protein kinase and 

is implicated in both recognition and signal transduction (6, 8). However a second gene 

from tomato, Prf, encoding an NBS-LRR protein, is required for Pto-mediated defence 

mechanisms triggered by avrPto (9). 

   

 

Table 1: Major groups of R genes classified according to putative protein structure.  
 

Example Sequence 
indicates 

following protein 
R gene Host plant Pathogen 

Comments 

NBS-LRR RPS 2*  
 

Pi-ta 

Arabidopsis 
 

Rice 

Pseudomonas 
syringae pv.maculicola 

Magnaporthe grisea 
 

Majority of R 
genes in this 

class 

N 
 

Tobacco Tobacco mosaic virus TIR-NBS-LRR 

L, M and P Flax Melampsora lini 
 

At least 8 R 
gene in this 
class, for 

several species 
 

LRR-TM Cf-2, Cf-5, 
Cf-4, Cf-9 

 

Tomato Cladosporium fulvum  

Protein kinase Pto Tomato Pseudomonas syringae pv. 
tomato 

 

Pto only gene 
of this class 

LRR-TM-protein 
kinase 

Xa21 Rice Xanthomonas oryzae Xa21 only 
gene in this 

class 
NBS:Nucleotide binding site; LRR: leucine rich repeat; TIR:Toll and Interleukin 1 receptor; 
TM:transmembrane. * coiled-coil present at N-terminus. Summarised from Martin et al 2003. 

R protein structure often correlates with the mode of action of the pathogen that it 

recognises (2). For example, Pto, involved in gene-for-gene interactions with the 

bacterial pathogen Pseudomonas syringae pv tomato, encodes a cytoplasmic protein 

kinase. This corresponds with the fact that avr gene products from P. syringae are 

thought to be transported into the plant cell (8, 10). On the other hand the Cf genes 

from tomato that recognise the pathogenic fungus Cladosporium fulvum, which is 

limited to the extracellular space of the plant, encode membrane anchored proteins 

with an extracellular receptor domain (figure 1) (11). 
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Figure 1: Graphical representation of the major groups of proteins encoded by plant R gene. The 

horizontal bar represents the cell membrane. Cf, group of R genes from tomato conferring resistance to 

Cladosporium fulvum; HcrVf, putative R genes of apple conferring resistance to Venturia inaequalis 

(investigated in this thesis); Xa21, from rice conferring resistance to Xanthomonas oryzae; Pto, from 

tomato conferring resistance to Pseudomonas syringae pv. tomato; N, from tobacco conferring 

resistance to Tobacco mosaic virus; RPM 1, from Arabidopsis conferring resistance to Pseudomonas 

syringae pv.maculicola. Summarised from Hammond-Kosack and Parker 2003.  

 

 

 

The exact mechanism of interaction between R and avr gene products is, in most 

cases, unclear. Direct interaction between R and AVR proteins has been shown for the 

rice protein Pi-ta and Avr-Pita from Magnaportha grisea (rice blast) and for Pto from 

tomato and avrPto from P. syringae (6, 12). However for many R-avr gene interactions 

no direct interaction between the proteins encoded has been found. Repeated 

attempts, with various methods, to show direct interaction between Cf-9 of tomato and 

avr9 from C. fulvum have failed, leading to the conclusion that a protein complex may 

be involved in recognition (13, 14). Several models for indirect protein interaction have 

now been proposed and in various systems an additional gene (i.e. not R or avr) has 
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been identified that is required for the initiation of defence mechanisms (14, 15). 

Evidence to support this protein complex hypothesis is now emerging from studies 

between plants and in particular bacterial pathogens (16, 17). The results from these 

studies indicate that the interaction between plants with R genes and pathogens with 

avr genes involves more sophisticated mechanisms than a single protein-for-protein 

interaction (16). 

 

Co-evolution 
Many R loci consist of a cluster of R gene homologues (18). In only a few cases have 

the individual R gene homologues of the gene cluster been studied in some detail. The 

results from studies of Cf gene clusters show that more than one gene of a cluster can 

be involved in plant resistance (19, 20). In the Cf-4 gene cluster of tomato, two R genes 

are found that form race-specific interactions and confer resistance to C. fulvum; Cf-4 

interacts with Avr4 and Hcr9-4E interacts with Avr4E (19). However the other three 

homologues of the cluster do not appear to be involved in resistance to C. fulvum as 

plants carrying these genes are susceptible to at least two different races of C. fulvum 

(21). These results indicate that individual genes of a cluster can, but are not always 

involved in defence reactions. It is also feasible that the genes of a cluster are involved 

in other mechanisms. A few R gene clusters have been found that consist of R genes 

conferring resistance to very different pathogens. For example the Gpa2 gene and the 

Rx gene, from potato, confer resistance to the nematode Globodera pallida and potato 

virus X respectively and are found within a cluster of genes belonging to the NBS-LRR 

group of R genes (22, 23). 

The homologues within a cluster that do not contribute actively to resistance are 

still of great importance. Plants must evolve R genes with new specificity in order to 

detect newly evolving strains of the pathogen (24). The pathogen will evolve to avoid 

recognition, by the plant host, via the loss or mutation of the avr gene. The speed at 

which a virulent pathogen population can establish itself varies from system to system 

and is dependant on many factors, for example rate of mutation, the size of the 

pathogen population and the mode of reproduction of the pathogen (25). It can also 

depend on the fitness penalty exerted on the pathogen due to loss of the avr gene 

function (26). In some cases loss of an avr gene function does not affect pathogen 

fitness (eg, avr9 and avr4) and in other cases reduced growth or reproduction of the 

pathogen may be observed (reviewed by 26). Therefore for a plant to remain resistant 

it must possess R gene(s) that are able to recognise several pathogenic strains and/or 

R genes that correspond to avr genes whose inactivation cause a considerable fitness 

penalty for the pathogen. 
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General Introduction 

Genetic recombination within gene clusters can re-assort genes and create novel 

variants depending on whether crossing over occurs in the intergenic or intragenic 

region. For R genes, recombination within the LRR domain probably contributes most 

significantly to providing novel genes with new specificity, as this domain is implicated 

to be involved in pathogen recognition. Clusters of R genes provide more opportunities 

for genetic recombination than single gene (simple) loci. In particular unequal crossing 

over during misalignment contributes to changes in R gene clusters as alterations in 

gene number and creation of novel genes can occur (24).  

 

Apple scab 
One of the interesting gene-for-gene systems highlighted in 1971 by Flor was the 

interaction between Malus and Venturia inaequalis (27). The causal agent of apple 

scab, V. inaequalis, is an ascomycete that grows saprophytically and overwinters within 

decaying leaves. However it grows biotrophically on leaves and fruit for much of the 

growing season. During the biotrophic phase, growth of the fungus is restricted to the 

subcuticular space and the fungus does not form haustoria or any other plant cell 

invading structures, unlike many obligate biotrophic fungi (28, 29). Apple trees are able 

to grow and bear fruit despite heavy scab infections but unsightly lesions on fruits 

cause severe financial loss to the grower and hence, in commercial orchards scab is 

control by numerous fungicidal applications. The interaction between V. inaequalis and 

Malus species has long been of interest to researchers. Resistance towards this 

pathogen is found in several wild Malus species (30-32). By the end of the 1960’s five 

scab resistance genes had been identified in wild Malus species. One of these, the Vf 

gene derived from Malus floribunda 821, was resistant to all known races of V. 

inaequalis and hence was seen as a potential source of resistance for breeding scab 

resistant apple cultivars. Several apple breeding programs produced new Vf cultivars 

which, although scab-resistant, did not meet with commercial success mainly due to 

poorer fruit quality. Not until the 1990’s did Vf virulent races of V. inaequalis start to 

appear, (33, 34) indicating a relatively high durability of Vf resistance. Especially 

considering that for two other scab resistance genes Vm (derived from Malus 

micromalus) and Vr, (derived from Russian seedling R12740-7A) identified at the same 

time as Vf, virulent strains of the pathogen were also rapidly identified (35, 36). 
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Inheritance studies show that Vf resistance is due to a single dominant gene or 

group of closely linked genes (30). However the scab symptoms observed on Vf plants 

are classified into several groups ranging from chlorotic lesions to chlorotic and 

necrotic lesions with slight sporulation. This range of resistance symptoms can be 

explained by the presence of modifier genes in the genetic background. Studies of 

several Vf cultivars showed that these modifiers could be inherited from both the scab 

resistant and the scab susceptible parent (37). On a microscopic level these symptoms 

reflect the advancement of subcuticular fungal stroma and occasionally the production 

of sporulating conidiophores (38). This is in contrast to the resistance reaction induced 

by many R genes. In most cases the interaction between R and avr genes leads to 

localised cell death, known as the hypersensitive response, which inhibits the spread of 

the pathogen (39). Therefore the resistance reaction triggered by Vf resistance appears 

to be unique among the classical R-avr gene responses.  

Understanding of Vf resistance mechanism was greatly assisted by the 

identification of a cluster of R gene homologues in the region of the apple genome 

responsible for Vf resistance (40-42). These genes show similarity to the Cf genes of 

tomato and were therefore named “Homologues of Cladosporium fulvum resistance 

genes of the Vf region” (HcrVf). Their sequence shows that they belong to the TM-LRR 

group of R genes, predicted to encode a transmembrane (TM) protein with an 

extracellular LRR (42). The aim of this thesis was to further investigate this gene 

cluster and to find out which, if any, of the open reading frames are involved in apple 

scab resistance.  

Gene function can be studied in two ways, either by gene inactivation or by gene 

transfer to an individual that lacks the trait which the gene is proposed to control. Both 

strategies were followed and are described in this thesis. Chapter 1 outlines the 

construction of binary vectors, containing HcrVf gene sequences, suitable for use in 

Agrobacterium-mediated gene transfer to apple. Also described in this chapter is the 

establishment of an early scab resistance assay for in vitro maintained plantlets. This is 

especially important for testing of apple plants modified to contain putative resistance 

genes as apple transformants re-generate very slowly and early resistance assays are 

therefore advantageous. Chapter 2 describes the attempted gene silencing of HcrVf 

genes via the introduction of the antisense sequence of HcrVf2 into the scab-resistant 

(carrying Vf) apple cultivar Florina. Chapters 3 and 4 describe the transfer of HcrVf2 to 

the scab-susceptible apple cultivar Gala1 and resistance tests with different 

physiological races of V. inaequalis. HcrVf2, one of three R gene candidates from the 

Vf region, was chosen as the first candidate R gene to be tested as both the full 
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sequence and confirmation of its location (genetic mapping) within the Vf region were 

available at the beginning of the project. The detailed study of a gene is not complete 

without investigating the flanking regulatory sequences; Chapter 5 describes the 

identification of HcrVf upstream (5') sequences responsible for gene transcription. 

 

 
1 carried out in collaboration with Professor Silviero Sansavini’s group from the department of 

woody fruit trees (DCA), University of Bologna, Italy. 
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Establishing materials and methods 

Binary vector construction and apple transformation 
 
 
 

 
This chapter outlines the materials and methods used to produce HcrVf transformed apple 

cultivars and a method which was established for preliminary in vitro disease resistance 

screening. Agrobacterium-mediated transformation was chosen, rather than electroporation or 

particle bombardment in order to avoid an excess number of transgene copies being integrated. 

The binary vector pCambia2301, provide by Cambia vectors, Canberra, Australia was chosen 

as it was specifically designed for Agrobacterium-mediated transformation and contains useful 

promoter sequences and cloning sites. Furthermore it contains a neomycin phosphotransferase 

II (nptII) gene which confers resistance to the plants against the group of amino glycoside 

antibiotics that include Kanamycin. This antibiotic has previously been shown to be a suitable 

selection medium for apple transformation. 
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Construction of binary vectors 
All plasmid constructs suitable for Agrobacterium-mediated transformation of HcrVf 

genes into apple were made using the binary vector pCambia2301 (Genebank 

AF234316). This vector contains an nptII gene for conferring resistance to the amino 

glycoside group of antibiotics which include kanamycin and a GUS reporter gene. The 

latter was removed and replaced by HcrVf gene sequences to provide plasmid 

constructs containing an HcrVf gene and an nptII gene both driven by a Cauliflower 

Mosaic Virus 35S (CaMV 35S) promoter. 

HcrVf sequences to be cloned into pCambia2301 were PCR amplified using Pfu 

Taq Polymerase (Promega, Madison WI). A total reaction mix of 50µl was made up of, 

10X reaction buffer, 0.2mM dNTPs, 0.8µM of each primer and 2 units Pfu Taq 

polymerase. Restriction digests were incubated for at least 3 hours at the relevant 

temperature with enzyme specific buffers (Roche Diagnostics, Switzerland). After 

restriction digestion but prior to ligation the pCambia2301 vector was dephosphorylated 

using Calf Intestinal Phosphatase (New England Biolabs) according to the 

manufactures instructions. After each manipulation a clean-up step was carried out, for 

the vector with BIO101 Geneclean kit (according to the manufacturers' instructions) 

and for all PCR products QiaQuick PCR Purification kit (Qiagen). Vector and inserts 

were ligated together using T4 DNA ligase (Roche Diagnostics, Switzerland) with 

overnight incubation at 160C. Transformation into Escherichia coli (MAX Efficiency 

DH5αTM, Invitrogen, UK) was carried out according to Sambrook and Russell (1). E. 

coli colonies which had successfully integrated the plasmid were identified by direct 

colony PCR, carried out as follows: A 20µl PCR mix was prepared containing, 10 X Taq 

Polymerase Bufffer, 0.1mM dNTPS, 0.20µM of each primer and 1.4 units Taq 

Polymerase. Primers designed on the vector were used; the forward primer 

CAM2301for 5' ACACTTTATGCTTCCGGCTC 3' is located approximately 70bp 

upstream of the multiple cloning site, the reverse primer CAM2301rev 

5'TATGATAATCATCGCAAGACCG 3' is located downstream of the Bst EII site. 

Bacterial cells were added to the PCR mix directly using a sterile pipette tip.  
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HcrVf2 sense construct (pCORF2) 
Binary vector pCambia2301 was digested with Eco RI and Bst EII. The open reading 

frame of HcrVf2 was PCR amplified, from a subclone of BAC clone M18-5 using the 

following primers 5’TTTACGTTCATATGGAGAGAACAATGAGAGTTG (Nde I site 

underlined) and 5’ATCTAGATGGTCACCCTAGACATATTCAACAATTACATG (Bst EII 

site underlined) (HcrVf2 in italics) and subsequently digested with Nde I and Bst EII. A 

CaMV 35S promoter was obtained by digestion of a cloning plasmid with Eco RI and 

Nde I. The two fragments were then simultaneously ligated into pCambia2301 between 

the Eco RI and Bst EII sites (Fig. 1a). E. coli positive clones were selected by PCR 

using the primers above and verified via sequencing. One clone, pCORF2, had an 

almost perfect match with the original sequence. A single base pair mutation at the five 

prime end of HcrVf2 was revealed by sequencing. The sixth base in the HcrVf2 ORF, a 

guanine, is a cytosine in pCORF2. This represents an amino acid change from 

glutamic to aspartic acid, although these amino acids differ by only one CH2 group 

within the side chain. The side chain of both amino acids is positively charged and, 

hence, their interchange should have little effect on the structure or function of the 

protein. In addition, the mutation is in the signal peptide, which is not present in the 

mature protein.  

Therefore, despite this base pair mutation, pCORF2 was used further for apple 

transformation experiments. 

 
HcrVf2 anti-sense construct (pHcrVf2AS) 
pCORF2 was digested with restriction enzymes Hind III and Bst EII, thus removing the 

HcrVf2 sequence. A new multiple cloning site was constructed using the following two 

primers: 

5'AAGCTTCATATGAGTTAACAAGACGTCATGGGCCCGTGTCGACGGTCACC3' 

5'TTCGAAGTATACTCAATTGTTCTGCAGTACCCGGGCACAGCTGCCAGTGG3'. 

The primers where mixed together, to a final concentration of 100µM, and ligated into 

the Hind III/Bst EII site of pCORF2, thus providing via an HpaI restriction site, a blunt-

end cloning site. Correct integration of the primers was verified by sequencing. 

HcrVf2 was PCR amplified with Pfu Taq (as described above) and blunt end ligated 

into Hpa I site of this vector (Fig. 1b). Anti-sense constructs in E. coli were detected by 

colony PCR. Direct sequencing confirmed that one clone pHcrVf2AS was shown to 

contain the complete and correct sequence in reverse orientation. 
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Figure 1:  
a) Binary vector construct, pCORF2,containing HcrVf2 in sense orientation. Neomycin 
phosphotransferase II (nptII) and a putative scab resistance gene (HcrVf2) are both regulated 
by cauliflower mosaic virus 35S promoters (35S);  
 
b) Binary vector construct,  pHcrVf2AS, containing HcrVf2 in antisense orientation. A 
polycloning site (dark grey boxes) was inserted into the Hind III (H) and Bst EII (B) sites of 
pCORF. The HcrVf2 open reading frame was subsequently cloned, in reverse orientation, into 
the Hpa I site.  
 
E, EcoRI; B, BstEII; The EcoRI site also indicates the position of the multiple cloning site. Nos: 
Nos poly A signal; CaMV: CaMV 35S poly A signal; LB: Left T-DNA border; RB: Right T-DNA 
border. 
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Transformation into Agrobacterium tumefaciens 
 Competent Agrobacterium tumefaciens cells from stain EHA105 containing helper 

plasmid pCH32 (2) were prepared as described Höfgen and Willmitzer (3). Binary 

vector constructs pCORF2 and pHcrVf2AS were individually transformed into EHA105 

using a heat shock protocol (3) and plated out on Luria Broth (LB) Media containing 

Kanamycin (50mg/l), Tetracyclin (5mg/l) and Naladixic Acid (25mg/l). Several bacterial 

colonies were chosen for plasmid extraction. Agrobacteria were multiplied in liquid YEP 

media (4), containing Kanamycin, Tetracyclin and Naladixic acid as above, for 24 hours 

at 280C with shaking at 180rpm. Plasmids were extracted using the Wizard Plus SV 

minipreps from Promega with the following modifications; the cell pellet was 

resuspended, by vortexing, in 200µl Resuspension solution (from the kit). To this 50ml 

Lysozyme (10mg/ml) was added, mixed and left to stand at room temperature for 5 

minutes. Cell Lysis solution, 200µl and Neutralisation solution, 350µl from the kit were 

added and then the rest of the protocol was followed according to the manufactures 

instructions. Plasmids were sequences to ensure integrity of plasmids was retained. 

All EHA105 strains containing the binary vector constructs described above were 

used for apple transformation experiments. These were carried out in parallel by the 

group of Prof Silviero Sansavini, at the Department of woody fruit trees (DCA), 

University of Bologna, Italy.  

 
Apple transformation 
EHA105 modified strains were grown for 48 hours in LB with Kanamycin (50mg/l), 

Tetracyclin (5mg/l) and Naladixic acid (25mg/l) at 28C with shaking. Then re-inoculated 

with fresh antibiotics and re-grown for a further 24 hours. The bacteria were collected 

and resuspended in MS 4.4g/L, Sucrose 30g/L, pH5.2 supplemented with L-Proline 

1.0mM and Aceteosyringone 0.1mM, to an OD600 of between 0.7-1. The bacteria were 

then left to stand at room temperature for two hours. 

Plant material, from cultivars Florina and Golden Delicious was established and 

propagated in vitro as described by Puite and Schaart (5). Additional starting material 

for Florina was provided by Elizabeth Chevreau, INRA angers and from Gala and 

Enterprise by Stefano Tartarini, DCA, Bologna and propagated in the same way. Plants 

were maintained at 18-220C with 16 hour photoperiod of 3,500lux. These in vitro 

maintained shoots were used for Agrobacterium-mediated transformation experiments. 

Leaves were wounded either with forceps (6) or by partial slicing with a scalpel and 

incubated in the bacterial suspension for 5 minutes. After drying on sterile filter paper 

(Whatman) the leaves were transferred to co-cultivation media, (per litre: MS salts with 
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Vitamins1 4.4g, Sorbitol 30g, 1-Phenyl-3-(1,2,3-Thiadiazol-5-YL)-Urea (TDZ) 1 5mg, 

Indolbutyric acid (IBA) 1 0.5mg, L-Proline 1.0mM, Aceteosyringone 0.1mM, Phytagel 

(Sigma) 3g with a pH5.7 (E. Chevreau personal communication)). After four days co-

cultivation, in the dark at 240C the leaf sections where sliced and transferred to re-

generation media containing Kanamycin (50mg/L) and Cefotaxime (200mg/L) and 

returned to the dark. Re-generation media was the same as the co-cultivation media 

but without L-Proline and Aceteosyringone.  Leaf explants were transferred monthly to 

fresh re-generation media. Emerging shoots where transferred to 200C with partial light 

and grown on shoot elongation media (SEM (per litre: MS salts with Vitamins1 4.4g, 

Sorbitol 30g, TDZ1 1mg, IBA1 0.2mg, Difco Bacto Agar 7g, pH5.7)) or shoot 

multiplication media (7). They were later transferred to a growth chamber with 

temperatures of 220C to 180C and 16 hours light each day. Once fully emerged, shoots 

were grown solely on shoot multiplication media. 

 
1:Duchefa, NL 

17 



Chapter 1: Establishing materials and methods 

  

Literature cited 
 

1. Sambrook, J. & Russell, D. (2001) Molecular cloning, A laboratory manual (Cold spring 

Harbor). 

2. Hamilton, C. M. (1997) Gene 200, 107-116. 

3. Hofgen, R. & Willmitzer, L. (1988) Nucleic Acids Research 16, 9877-9877. 

4. DeBondt, A., Eggermont, K., Penninckx, I., Goderis, I. & Broekaert, W. F. (1996) Plant 

Cell Reports 15, 549-554. 

5. Puite, K. J. & Schaart, J. G. (1996) Plant Science 119, 125-133. 

6. Norelli, J., Mills, J. & Aldwinkle, H. (1996) HortScience 31, 1026-1027. 

7. James, D. J. & Dandekar, A. M. (1991) in Plant tissue Culture Manual, ed. K., L. 

(Kluwer Academic Publishers), Vol. B8, pp. 1-18. 
 

 

18 



Chapter 1: Establishing materials and methods 

 
 
 
 

Evaluation of in vitro grown apple shoot sensitivity to Venturia 
inaequalis using a detached leaf assay 

 

 

 

 
Assessment of scab susceptibility or resistance of apple plantlets, grown in vitro, is important for 

early assessment of individuals transformed with putative scab resistance genes. Useful clones 

can be selected and only these plants need be grown further and acclimatised to the 

greenhouse.  Here, a detached leaf assay is described, carried out using in vitro grown shoots 

of the cultivars Florina, Enterprise and Gala. The defined resistance reaction classes observed 

on a microscopical level enable resistant (Vf) cultivars to be distinguished from susceptible 

ones. Under the conditions described statistically significant differences are seen between 

Florina (Vf) and Gala. Also tested are Florina shoots that have been re-generated from calli, as 

transformed plantlets would be. No significant variation was observed between the results from 

these plants and those of Florina shoot tip cultures.  

 

 

 

 

 

 

 

 

 

 

 

This work was published 2003 in IOBC/WPRS bulletin 26. 
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Introduction 
Resistance of many modern apple varieties to the fungal pathogen Venturia inaequalis, 

the causal agent of apple scab, originates from Malus floribunda 821 (Vf- Venturia 

floribunda). Recently a cluster of genes, encoding transmembrane leucine rich repeat 

proteins, were cloned from the apple cultivar Florina (1). These genes map in the Vf 

region and are similar to the Cf resistance genes of tomato which confers resistance to 

the fungal pathogen Cladosporium fulvum. These genes are therefore believed to be 

involved in apple resistance to V. inaequalis. They were named HcrVf, homologues of 

C. fulvum resistance genes of the Vf region. To investigate the function of HcrVf gene 

products, analysis of the pathogenic interaction between the scab fungus and plants 

(originally possessing no Vf resistance) transformed with an HcrVf open reading frame, 

is required. As the process of growing the plants until they can be maintained under 

greenhouse condition is long, an earlier test on in vitro grown plants is desirable. Shoot 

tip cultures from Gala, Enterprise (possessing the Vf resistance gene) and Gala 

transformed with HcrVf2 were used in a detached leaf assay to assess sensitivity to 

scab (2). After 4-5 days the samples were evaluated microscopically, each sample was 

classified into resistance classes A, B, C, D or E (described below). Problems occurred 

whilst trying to define a threshold for resistance and susceptibility amongst the classes. 

Microscopical studies of the interaction between apple and the scab fungus show 

that on both susceptible and resistance apple cultivars V. inaequalis is able to 

germinate, form appressoria, penetrate the host cuticle and that differences in 

pathogenesis are first observed at a subcuticular level (3, 4). In susceptible varieties 

penetration of the epidermal cells is followed by the formation of subcuticular primary 

stroma, extended secondary hyphae, which advance to form a criss-cross of running 

hyphae and finally conidiophores forming conidia which complete the asexual cycle. In 

resistant varieties primary stroma forms, this sometimes gives rise to branched hyphae 

but if so, the expansion of the hyphae is limited (5). Chevalier et al (1991) also reported 

that in weakly resistant samples (Class 3a- macroscopic symptoms being described as 

the formation of necrotic lesions, some chlorotic lesion and very little sporulation) 

secondary running hyphae expand and the formation of conidiophores is possible but 

that they soon abort. 

Pathogenicity tests on shoot-tip cultures have shown that although macroscopic 

symptoms are comparable to those on greenhouse grown plants, symptoms develop 

more slowly (6) on in vitro grown shoot tip and detached leaves. This was confirmed by 

a further study where both macroscopic and microscopic symptoms were observed (7). 

They showed that shoot tip cultures and detached leaves from shoot tip cultures of 

susceptible and resistant cultivars could be distinguished by the presence and absence 

21 



Chapter 1: Establishing materials and methods 

of macroscopic scab symptoms and that although primary stroma was observed in all 

samples no secondary stroma was observed in the resistant cultivar even after 28 days 

of incubation. 

Considering these points a detached leaf assay using leaves from in vitro grown 

shoot tip cultures may require an incubation time longer than five days and previous 

studies have shown that longer incubation times are possible without leaf senescence 

occurring. Care must be taken that the controls are representative and do not lead to 

bias, i.e. they should have, as far as possible, under gone the same treatment as any 

of the tested samples. Avoiding misleading results due to ontogenic resistance must 

also be considered by selecting only the youngest leaves. Ontogenic resistance is 

already present, to some degree, in the third leaf of greenhouse grown plants (4). 

Selecting the first or second leaf from in vitro grown shoot tip cultures is not so straight 

forward as the shoots do not always grow in an apically dominant fashion. Therefore 

only shoots with clearly identifiable young leaves should be used for inoculations. 

Here we describe a detached leaf assay where we attempt to find a method that 

will allow us to distinguish between resistant and susceptible leaves and that can be 

used in future to assess plantlets transformed with putative resistance genes. 

 

Materials and Methods 

In order to allow sufficient development of the fungus in susceptible varieties and to 

properly test the resistant varieties incubation times of up to ten days were chosen. The 

cultivars Florina (Vf), Enterprise (Vf) and Gala (scab susceptible) were used. In addition 

Florina plants that had been through the same regeneration process as Gala shoots 

transformed with HcrVf2 were tested to assess the effect, if any, of the regeneration 

process. Further scab susceptible controls were not tested as Gala was considered the 

best possible control, as it is the background cultivar of the HcrVf2 plants. 

 
Plant material 

Preparation of shoot-tip cultures of Florina, Enterprise and Gala is described 

above (p16 of this thesis). Regenerated Florina plants were non transformed plantlets 

arising from an Agrobacterium-mediated transformation experiment. The shoots were 

re-generated, via callus formation from leaf segments.  

 
Inoculation of detached leaves with Venturia inaequalis 

The youngest leaves of shoot tip cultures were removed and placed adaxial side 

up on water agar. Ten leaves from Florina, Enterprise and Gala were prepared and five 

from regenerated Florina. Conidial suspension was prepared by thoroughly washing 
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scab infected leaves, collected from a Gala orchard (FAW, Switzerland), in water. Leaf 

debris was removed and the conidial suspension centrifuged at 3000g for 10 minutes. 

The supernatant was removed and conidia were resuspended in water to a 

concentration of 2x105 conidia/ml. Two 5µl drops of the conidial suspension were 

placed upon each leaf and the leaves were incubated at 180C with 2,000Lux 

continuous light for five, seven or ten days. 

 
Preparation of microscope samples 

Whole leaves were cleared in 96% Ethanol, 4% Acetic acid at 750C for 30 minutes, 

stained in 70% Ethanol, 29.9% water, 0.1% Aniline Blue also at 750C for 7 minutes, 

then washed three times in 70% Ethanol and left for at least 30 minutes, at room 

temperature, in 50% Ethanol, 50% lactic acid. Finally leaves were mounted on a 

microscope slide with lactic acid and protected with a coverslip. The samples were 

observed using a light microscope (Olympus BH-2). 

 
Evaluation of severity of infection 

Conidia were counted and degree of fungal development from each conidium was 

assessed on a scale A-E (Figure 1). Each leaf was finally classified according to the 

most advanced class found more than once, with the exception of Class A. Even if only 

one conidium with Class A symptoms was found the leaf was assigned to this class. 
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Figure 1: Developmental classes of Venturia inaequalis infection. "A"; secondary expanding running 

hyphae, often star shaped outgoing from a central plate of primary stroma, "B+"; presence of primary 

stroma as a plate with limited secondary hyphae starting to form, "B";  absence of the typical running 

hyphae but the presence of primary stroma as plate with a typical lobed structure, "C"; single hyphae 

extending from the appressoria, clearly larger than a germination tube, borders of the hyphae clearly 

lobed, "D"; as stage C however hyphal walls straight, "E"; no fungal development beyond that of 

appressoria and penetration pegs. 

Note: in photographs A,B+,B and C stroma, which is clearly visible in coloured photographs, has been 

outlined using Microsoft Paint software. 
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Results and discussion 

 

On all those samples which could be evaluated, conidia which had reached 

development stages C to E were found (Table 1). A few samples (less than 5% of total 

inoculated) had to be discarded as they had become infected with secondary fungi or 

the leaf had degraded during incubation. Class B was observed on most samples of all 

cultivars. Class B plus was found more frequently on Gala, Enterprise and Re-

generated Florina than on Florina, especially after seven days (Table 1). Class A was 

never found on Florina and only single cases were found on re-generated Florina, 

where after the same incubation time 70-80 cases were found on Gala (Table 1a and 

1b). On Gala samples class A was already found after five days and the running 

hyphae had extended further after seven days (Figure 2). 

 

 
 

Figure 2: Venturia inaequalis infection on Gala, 5 and 7 days after inoculation. Running hyphae have 

extended further 7 days after inoculation than 5 days afterwards. 
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Curious were the results from Enterprise, after five days only a few cases of class 

A were found, however after 7 days many were found, in fact more than on Gala. It 

must be noted however that the number of Class A conidia found on Gala samples 

after 7 days may be low as the high density of running hyphae, firstly made counting 

difficult and secondly may have given preference to the wide expansion of hyphae from 

fewer conidia. The number of Enterprise samples that after 10 days incubation showed 

Class A symptoms was once again reduced. Indicating that for this variety the results 

obtained from this test are not consistent. 

 
Table 1. Stroma development after five (a), seven (b) and ten (c) days of incubation at 180C.  Shown are 

the total number of conidia, assigned to each infection class from all leaves of the relevant cultivar and 

incubation time. Florina (RG) = Florina re-generated. 

a. After 5 days incubation 

 

Number of conidia of Class A-E Cultivar 

A B plus B C-E Total 

Florina 0 2 174 1562 1738 

Enterprise 2 12 154 2139 2307 

Gala 81 57 239 1691 2068 

Florina (RG) 1 72 186 1196 1455 

 

b. After 7 days incubation 

 

Number of conidia of Class A-E Cultivar 

A B plus B C-E Total 

Florina 0 6 242 2406 2654 

Enterprise 161 88 444 2098 2791 

Gala 70 31 222 2262 2585 

Florina (RG) 1 77 381 958 1417 

 

c. After 10 days incubation 

 

Number of conidia of Class A-E Cultivar 

A B plus B C-E Total 

Florina 0 23 458 1884 3295 

Enterprise 64 41 207 2588 2900 

Gala 45 50 307 2415 2817 

Florina (RG) 0 10 129 746 885 
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Once the leaves have been classified according to the A-E scale the results must be 

evaluated according to resistance or susceptibility to scab. This can be done by making 

a threshold for resistance and susceptibility between the classes. 

If the threshold is drawn between classes B and C (i.e. All leaves classified in 

classes A, B plus and B are considered susceptible and all leaves classified in classes 

C to E resistant) there is little correlation between the results and the phenotype of the 

plant material (Table 2). Using this threshold the majority of the leaves from both Vf 

cultivars are assessed as susceptible therefore it seems clear that Class B symptoms 

can not be considered symptoms of susceptibility. Table 3 indicates that this could also 

be true of Class B plus as when the threshold is drawn between classes B plus and B 

several samples from Vf cultivars are also assessed as susceptible. 

 

 
Table 2. The values shown represent the number of leaves from each cultivar, which were considered 

susceptible or resistant, if resistance threshold 1 is used. All leaves classified as Class A, B plus and B are 

considered susceptible, all leaves classified in Classes C to E, as resistant. 

  

5 days 7 days 10 days Cultivar 

Susceptible 

A-B 

Resistant 

C-E 

Susceptible 

A-B 

Resistant 

C-E 

Susceptible 

A-B 

Resistant 

C-E 

Florina 6  3 8  2 9  1 

Enterprise 8 2 8  2 5 4 

Gala 10 0 10  0 9  0 

Florina (RG) 4  1 3  0 4 0 

 

 

Table 3. The values shown represent the number of leaves from each cultivar, which were considered 

susceptible or resistant, if resistance threshold 2 is used. All leaves classified as Class A, B plus are 

considered susceptible, all leaves classified in Classes B to E, as resistant.  

 

5 days 7 days 10 days Cultivar 

Susceptible 

A-B plus 

Resistant 

B-E 

Susceptible 

A-B plus 

Resistant 

B-E 

Susceptible 

A-B plus 

Resistant 

B-E 

Florina 1 8 3 7 3 7 

Enterprise 3 7 6 4 4 5 

Gala 6 4 7 3 9 0 

Florina (RG) 3 2 3 0 2 2 

 

 

If the threshold is drawn between class A and B, so that only leaves with class A 

symptoms are assessed as susceptible, there is a good correlation between the 
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phenotype of the cultivars and the results from the detached leaf assay (Table 4). All 

Florina samples are assessed as resistant and the majority of Gala samples as 

susceptible. Regardless of the incubation time statistically significant differences were 

observed between Gala and Florina if this threshold is chosen (Table 5). 

 

 
Table 4. The values shown represent the number of leaves from each cultivar, which were considered 

susceptible or resistant, if resistance threshold 3 is used. All leaves classified as Class A are considered 

susceptible, all leaves classified in Classes B plus to E, as resistant.  

 

5 days 7 days 10 days Cultivar 

Susceptible 

A 

Resistant 

B plus-E 

Susceptible 

A 

Resistant 

B plus-E 

Susceptible 

A 

Resistant 

B plus-E 

Florina 0 9 0 10 0 10 

Enterprise 2 8 5 5 3 6 

Gala 5 5 6 4 6 4 

Florina (RG) 1 4 1 2 0 4 

 

 
Table 5. Chi-squared values calculated from results if threshold 3 is applied. Gala is compared to Florina 

and to Enterprise. The subsequent p values show that Gala is significantly different to Florina at all 

incubation times (At a significance level of at least 0.5%). 

Incubation time 

5 days 7days 10days 

Cultivar χ2 p χ2 p χ2 p 

Gala/Florina 6.46 0.011 7.75 0.005 8.41 0.004 

Gala/Enterprise 2.457 0.117 0.215 0.643 1.574 0.210 

 

Increasing the incubation time from 5 days to 7 days was advantageous as a 

greater difference between resistant (Florina) and susceptible varieties could be 

observed (Tables 3, 4 and 5).  This contrast did not develop further between 7 and 10 

days of incubation, therefore there seems to be no particular advantage in 10 days of 

incubation in fact it only increases the chance of contamination from secondary 

infections. 
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Conclusions and Discussion 
 
In our previous study (2) samples were assigned to a resistance class A, B, C, D or E 

without counting all conidia by three independent assessors. In the samples assessed 

there was a clearer distinction between Classes A and B, therefore the symptoms we 

now define as Class B+ were not observed very often. If they were observed they were 

classified as either A or B, depending on the expansion of the hyphae. Classification of 

individual samples functioned well and there was little disagreement between the 

individual assessors. Problems occurred, however, with the setting of a threshold for 

resistance between the classes. The results were summarised using thresholds one 

and three described above but from the control results of Gala and Enterprise samples 

it was not possible to define the correct threshold. 

In the study presented here further data were collected to assist with the setting of 

a threshold. The results of this study show that if threshold three is used (i.e. only class 

A samples are considered as susceptible) then a clear difference can be observed 

between susceptible (Gala) and resistant (Florina) samples.  

The differences between Gala and Enterprise were not so apparent and therefore 

we conclude that this variety is not suitable for this test, as its resistance is not 

sufficiently expressed under these particular experimental conditions. 

A clear difference could be observed between Gala and re-generated Florina 

especially if the number of class A conidia found on each leaf were considered. 

Although only a few re-generated Florina samples could be tested, the similarity of 

these results with those from propagated Florina strongly indicate that the re-

generation process has little effect on the resistance of this variety towards scab.  

In conclusion we have shown that both Florina and Gala can be used as control 

cultivars in a detached leaf assay for in vitro propagated and re-generated apple 

shoots, using the method and scale described, to assess the severity of the scab 

infection. 
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HcrVf gene silencing in the scab resistant cultivar Florina 
 

 

 

 
The HcrVf genes are a cluster of resistance gene homologues found in the Vf region in 

apple which confers resistance to the fungal pathogen Venturia inaequalis. In order to 

confirm the involvement of these genes in pathogen defence, gene inactivation via the 

introduction of an HcrVf antisense sequence into a resistant (Vf carrying) apple cultivar 

was attempted. Despite several attempts all transformation experiments resulted in a 

low regeneration rate and frequent mortality of transformed plantlets. It is hypothesised 

that the low regeneration rate and plant instability is due to the antisense construct 

silencing several genes, especially those containing LRR domains. Such genes most 

likely encode receptor proteins and in the case of wound-induced defence pathways 

may include the HcrVf genes themselves. 
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Introduction 
 
The ability to inactivate a gene can be an important step assisting the study of gene 

function, as changes in the phenotype of the mutant organism can help to identify gene 

function. In plants, gene inactivation at the DNA level relies mainly on random 

mutations, for example via transposon or T-DNA insertion. Such methods require 

generation and screening of many progeny in order to find mutants containing the 

disrupted gene of interest. Hence studies are often focused on directly visible and 

easily assessed plant characteristics. Even studies of disease resistance pathways rely 

on mutants that show an easily identifiable hypersensitive response or mutations that 

are linked to other phenotypic characteristics like dwarfing (1). This can be useful for 

producing libraries of mutants from one species but is a laborious task for the 

inactivation of a single gene. Additionally such methods are only really applicable to 

organisms which are easy to transform or mutate and which grow rapidly. This is not 

practical for a slow growing, woody species with a low transformation rate such as 

apple.  

Silencing of a specific gene can be achieved via introduction of a homologous 

sequence. Homology-dependant gene silencing (HDGS) can occur at the 

transcriptional or post transcriptional level (2). In both cases successful silencing is 

affected by the copy number of transgenes and the chromosomal site of integration. 

The later is also dependant on the gene targeted (i.e. the transgene used) and can be 

affected by environmental conditions (3).  HDGS is usually more successful if several 

copies of the gene of interest are integrated by can also occur in single copy 

transformants (4). However the integration of an extra copy of an endogenous gene 

can also lead to over expression rather than silencing. This was shown to be the case 

for one resistance gene (R gene) Pto where over expression lead to increased plant 

resistance (5). Therefore HDGS is not a suitable method for targeted R gene silencing. 

An alternative method of gene silencing is to introduce an antisense sequence of 

the gene of interest. This also leads to post transcriptional gene silencing (PTGS) but 

avoids problems of over expression. Although the exact mechanisms of antisense 

induced silencing are unknown, it is thought that the complementary mRNA strands 

bind together to form double stranded RNA (dsRNA) or that dsRNAs are produced by 

RNA dependant RNA polymerases as is seen in homology dependant PTGS (6, 7). 

These dsRNAs are then cleaved into smaller short interfering RNAs (siRNA) which 

direct sequence specific silencing of the endogenous target gene (8, 9). Antisense 

technology has proved to be a successful approach for the study of gene function in 

plants (10). The range of mechanisms studied using antisense technology is broad, 

33 



Chapter 2: HcrVf gene silencing                                                           

from flower and fruit pigmentation, to fruit ripening, metabolic pathways and 

development. However many studies concentrated on easily identifiable phenotypic 

changes, only two studies have used antisense technology for investigation into plant 

defence against herbivore and pathogen attack (11, 12). McGrul et al were able to 

confirm the involvement of the small signalling protein systemin in wound induced 

defence pathways triggered by herbivore damage. The only study testing pathogen 

defence mechanisms showed the successful silencing of a β 1-3 glucanase, which in 

combination with chitinase can have an anti-fungal function, however this had no effect 

on pathogen progress (11).  

Apple scab caused by the fungal pathogen Venturia inaequalis is a major 

hindrance in apple production and control of this pathogen requires intensive fungicide 

use (13). Several genes responsible for scab resistance have been identified in wild 

Malus species (13-16). Recently, a cluster of putative apple scab R genes were 

identified in the scab resistant cultivar Florina, in the region of the Vf scab resistance 

locus which is derived from the wild apple species Malus floribunda 821 (17). Gene 

sequence, similar to that of R genes from tomato, indicates that they encode 

transmembrane proteins with extracellular leucine rich repeats. These genes are 

therefore thought to encode receptors for recognition of fungal elicitors. Clarification of 

function and true involvement of each gene in scab resistance can only be achieved by 

transformation of scab susceptible (i.e.Vf lacking) cultivars with the individual ORF’s. 

Within the gene cluster three scab resistance gene candidates (HcrVf 1, 2 and 4) are 

found which map in the Vf region, produce full transcripts and segregate with 

resistance. Investigation of the individual and combined function of all candidate genes 

is clearly a considerable and lengthy challenge. Furthermore proof of apple scab 

resistance conferred by the Vf locus is not straight forward as resistance symptoms 

range from small areas of leaf chlorosis to limited fungal sporulation (18). The 

identification of the HcrVf genes makes gene silencing experiments in scab resistant 

(Vf) cultivars plausible. Proof of susceptibility in silenced plants should be easier to 

assess. 

Here the transformation of the apple cultivar Florina with an antisense construct of 

HcrVf2 is described. This cultivar is a Vf apple scab resistant cultivar, it therefore 

carries all three putative scab resistance genes of the HcrVf cluster found in this 

genetic region. It has been shown that the amount of antisense transcripts does not 

have to be equal to that of the endogenous gene for correct silencing (19) and given 

that the HcrVf genes are homologous it can be predicted that transformation of a Vf 

cultivar with an antisense construct from one HcrVf gene would lead the silencing of all 

HcrVfs. However it is not possible to predict if the silencing will be complete or not, as 
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the degree of silencing is reliant on many factors, including copy number and site of 

transgene integration (10, 19).  

 
Materials and methods 

Apple transformation 
The plasmid construct pHcrVf2AS was used for Agrobacterium-mediated 

transformation of the apple cultivar Florina. Preparation of the plasmid, transformation 

set-up and plant re-generation were carried out as described in chapter 1. The 

regeneration media contained a high cytokinin to auxin ratio in order to encourage 

direct shoot regeneration. Selection of transformed plant cells with Kanamycin (50mg/l) 

was maintained for the first eight months. 

Transgene integration 
Success of transformation was monitored by regular PCR checks of regenerating plant 

material. DNA was extracted from calli or leaf material using the method of Koller et al. 

(20)  or with the Nucelospin Mulit-96 Plant kit (Macherey-Nagel GmBH Düren, 

Germany). For each sample two PCR checks were carried out, one with primers 

pCamBst 5'TATGATAATCATCGCAAGACCG3' and SP3 HcrVf (17) to detect the 

section of the HcrVf2 antisense sequence closest to the right T-DNA border and one 

with primers nptIIfor 5'AATATCACGGGTAGCCAACG3' and nptIIrev 

5'GAATGAACTCCAGGACGAGG3' designed on the nptII gene.   

Transgene expression 
Total RNA was extracted from transformant 62Y at the calli/leaflet stage and from 

Florina leaves using the SV Total RNA isolation system from Promega. The reverse 

primer RT2-rev (17) was used to produce cDNA from the sense mRNA. The primer 

RT1-for (17) was used to produce cDNA from the anti-sense mRNA. Ominscript 

reverse transcriptase (Qiagen) was used for the cDNA synthesis, reaction quantities 

and amplification conditions were set up according to the manufacturer’s instructions. 

For each sample two reactions were prepared, one of which remained on ice during the 

cDNA synthesis step. Two internal primers, fvfor2 5'TCAGGTCCCATTCCAATGTC3' 

and 6210rev2 5'TTGGGACATTCCCAGTTAGG3' were used for PCR amplification from 

all cDNAs and control reactions. PCR reactions of a total of 50µl were composed of: 

5µl 10X taq polymerase buffer, 2.5µl dNTPs, 1.2µl each primer, 0.75µl Taq 

polymerase, 29.35µl water and 10µl cDNA or control reaction mix as template. RT-

PCR products were subsequently sequenced with the primer 6210rev3 

5'GAAAATTGTTCCCGAGACGA 3'. 
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Results 

Transformation efficiency 
Apple transformation is a slow process with a relatively low success rate. Previous 

studies regularly quote success rates of 1-8% (21, 22). Therefore in order to obtain 

several independent transformed lines a high amount of starting material is required. 

Three transformation experiments were started using 168, 109 and 110 leaves from in 

vitro grown Florina plants. Following co-cultivation with the Agrobacteria each leaf was 

cut into at least four thin sections so that the starting number of explants can be 

estimated to be 1550. After eight to nine months on regeneration media most cultures 

had not developed much beyond the callus stage. Some formed apical meristems or 

leaf like structures however these were still brittle and transparent, although most were 

bright green indicating efficient photosynthesis. A further four to six months on 

proliferation media (containing a reduced amount of cytokinin and auxin) was required 

before true shoots were produced. After 9 months the success of the transformation 

experiments could be estimated at being between 0.4 and 1.1 percent (Table 1).  

 
Table 1: Summary of transformation rate from three independent Agrobacterium-mediated transformation 

experiments. Leaves were either sliced with a scalpel (cut) or wounded with forceps prior to co-cultivation. 

Rate of transformation was determined by PCR amplification from regenerating plant material using 

transgene specific primers. 

 

After 9 months1Transformation 

experiment 

Method of 

leaf injury 

No of 

explants Total + % 

A wounded 672 18 3 0.4 

B cut 436 11 2 0.5  

C wounded 440 14 5 1.1 

 

1: Number of calli or plantlets obtained after 9 months of regeneration 

+: Number of calli or plantlets showing positive PCR results with HcrVf2AS specific primers 

%: Percentage of original explants which are transformed.  

 

Validation of construct 
The two internal primers used for the second step of RT-PCR are expected to produce 

a fragment of 680bp from cDNA samples which contain the HcrVf2 sequence. A band 

of this size was amplified during RT-PCR reactions using both sense and antisense 

strand specific primers for cDNA synthesis from Florina leaves and transformant 62Y at 

the green callus like stage of re-generation. No signal was detected in the control 

samples showing that no DNA contamination was present. This suggested that 

unexpectedly an antisense sequence of HcrVf2 is also present in untransformed 
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Florina. Direct sequencing of the PCR products, from the antisense strand specific 

reaction amplified from 62Y, showed that the 640bp sequenced had 100% sequence 

identity with HcrVf2. The fragment amplified from Florina with the same primer had only 

96% identity with HcrVf2. It is assumed that the fragment amplified from Florina is from 

an HcrVf homologue and that, due to the 100% sequence identity, the fragment 

amplified from 62Y at the green callus like stage of regeneration, is transcribed from 

the HcrVfAS construct. 
 

Antisense transformants 

Nine months after the start of transformation experiments PCR amplifications with 

transgene specific primers identified in total 10 plantlets or calli, that contained the T-

DNA, from all three transformation experiments (Table 1 and 2). These 10 

transformants were multiplied on media containing reduced amounts of both cytokinin 

and auxin which encourages shoot proliferation. The progress of these lines was 

monitored by regular PCR checks (Table 2). Some lines were able to regenerate better 

than others. Lines 6, 6b, 9, 15, 22 and 140 never truly regenerated. The other lines, 21, 

42, 141 and 62Y were able to form shoots but the survival rate of shoots was low. 

Shoots from line 141 rapidly died or halted growth. Line 21 was the most promising 

antisense line, this was one of the first to regenerate into healthy green shoots, 

although abnormal phenotypes were still visible in some individuals. Twelve months 

after the transformation experiments were started this line had formed 20 shoots. At 

this point nine, that were growing well, were tested by PCR and two were found to be 

positive for both primer sets (+/+). Of these two, one died with a month of the DNA 

extraction and the symptoms suffered were curious. The leaves and stem of the 

previously healthy shoot had turned red brown and the shoot had lost all turgor (Figure 

1). Such symptoms of senescence were also observed in shoots from line 42, plants 

from this line had also managed to advance beyond the callus stage to form true 

shoots. The second transformed shoot from line 21 survived to be further split in two, 

from one half shoots were able to survive and proliferated well, these were however 

probably HcrVf2AS minus escapes. When eight such shoots were tested for presence 

of the construct all were found to contain only the nptII gene (Table 2). The other half of 

this shoot died and it is assumed that this was the true transformant. Two shoots, from 

line 62Y, which showed positive PCR results after the first split, were able to produce 

new shoots. However it is assumed that the original transformed shoots had also died 

and that these new shoots were escapes as they were not able to grow when returned 

to proliferation media containing Kanamycin. None of the shoots from the remaining 

fully transformed line 42 survived. 
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Figure 1: Plant senescence following wounding: an HcrVfAS positive shoot (line 21) 

which one month previously was healthy and green. At this time one leaf was 

removed for DNA extraction and the shoot was separated from the base (main 

stem). 

 
 
From this point on it was difficult to track individual plants due to inconsistent PCR 

results. Repeated DNA extraction and PCR from the same line did not give consistent 

results showing that some lines contained chimeras. This is supported by the data from 

line 21, which although was previously shown to contain the full T-DNA later produced 

many shoots containing only the nptII gene and therefore presumably a partial 

integration from a separate transformation event. After 18 months of re-generation 

most individuals showing positive PCR results (+/+) for the pHcrVf2AS construct had 

died, stopped growing or never regenerated properly. It was thus concluded that 

starting from 1550 explants no true antisense plants had survived to regenerate into 

stable shoots. 
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Discussion 
 
Although examples of the use of antisense technology for gene silencing are found 

many are focused on clearly visible changes in phenotype and not with quantitative 

changes such as pathogen resistance. Furthermore silencing is often incomplete, in 

petunia the use of antisense technology to disrupt the action of the pigmentation gene 

chalcone synthase lead to a variety of flower phenotypes in one copy transformants 

(19).  Other studies have shown that an antisense approach can lead to complete 

inhibition of protein production (12, 23). Antisense technology has also successfully 

been used in crop improvement, for example to obtain tomatoes that lack the fruit 

ripening enzyme Polygalacturonase and therefore postpone fruit rotting, without 

negatively affecting fruit colour (24, 25). 

During this study it was not possible, due to transformant instability, to establish if 

levels of asRNA or HcrVf mRNA had been altered and therefore to confirm whether the 

antisense system was truly silencing the HcrVf genes. However the low regeneration 

rate and high mortality rate of transformants indicate that over expression of the 

antisense transgene has occurred. The entire sequence of HcrVf2 was used for the 

pHcrVf2AS construct. In other studies complete gene sequences have been found to 

be one of the most efficient for gene silencing (26). In the experiments presented here 

it appears to have been "too" efficient.  

The HcrVf genes are composed of sequences that encode Trans-membrane 

Leucine rich repeat (TM-LRR) domains. Leucine rich repeats (LRR) are common 

domains found in many genes for example those involved in plant development, which 

includes receptors for plant hormones (27-29). Domain similarity however does not 

reflect sequence similarity. The nucleotide sequence from the LRR domain of HcrVf2 

has relatively little homology with these genes, for example 36% sequence similarity 

with CLAVATA1 gene from Arabidopsis. Is this enough similarity for gene silencing to 

occur via an antisense system? Studies using the homology dependant method of 

PTGS showed that at least 60% sequence identity is required (30). The HcrVf genes 

have on average 95% sequence similarity within the gene cluster and therefore a 

single antisense construct should be able to silence all members of the cluster. 

However this means that one promoter must produce enough asRNA to silence mRNA 

from three endogenous genes. The CaMV 35S promoter is relatively strong and as R 

genes generally produce low levels of transcripts it is plausible that silencing of non-

target genes may have occurred, especially considering the fact that the sequence 

similarity between the HcrVf2 gene and other apple genes will probably be higher than 

comparisons with genes from Arabidopsis. 
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The low re-generation rate is not that unusual for apple but the sudden mortality of 

transformants is rare (31). Mortality coincided with plant wounding (leaf removal for 

DNA extraction) suggesting that defence mechanisms in response to wounding were 

not functioning properly. One explanation for this is that the antisense construct has 

silenced the genes from the HcrVf family and the absence of the HCRVF proteins leads 

to a form of plant immunodeficiency. Implying that the HcrVf genes are not only 

involved in resistance towards to scab but also have a secondary function that is 

important for defence against wounding. This would correlate with the fact that plants 

often retain "defeated" resistance genes, i.e. those which are, in terms of pathogen 

recognition, no longer functional due to a virulent pathogen strain. A secondary function 

would require the retention of these genes in future generations. Similarities between 

plant wounding and race-specific pathogen resistance pathways are known (32). 

Protein kinases involved in wounding pathways and subsequently wound-induced 

defence responses are activated following an incompatible plant-pathogen resistance 

reaction (33). It has also been suggested that wound induced signals can activate 

pathogen defence pathways in order to protect the plant against future attack (34). It 

can therefore be hypothesised that the HcrVf gene products are in someway involved 

or influenced by signalling pathways for general plant defence. A second possibility is 

that other receptor proteins involved in wound induced defence pathways have been 

silenced. The structure of receptor proteins in wound induced pathways is not well 

known therefore comparisons with the HcrVf genes are not possible.  

Further gene silencing studies with more specificity, for example with antisense 

sequences of varying lengths and with inducible promoters may help to clarify whether 

the effects observed are due to silencing of the HcrVf genes. The problems of silencing 

the universally present LRR domains could be avoided by targeting of HcrVf 5' UTR or 

promoter regions, which have recently been identified for these genes (35). 

Recently an alternative method for gene silencing, using virus vectors, in plants 

has been investigated. Virus induced gene silencing (VIGS) produces directly the 

dsRNA that leads to the production of siRNA which target the gene of interest (8). The 

main advantage of VIGS over the antisense technique is that it is applied to mature 

plants and the effects of silencing are visible within a few weeks of inoculation (36). 

This would be a huge advantage for a species such as apple where production of 

transformed plants is hampered by low efficiency and long regeneration times. 

However similar problems of varying success rate affect VIGS. Additionally in some 

cases the silencing is unstable and wild type characteristics return, whilst this is clearly 

visible when dealing with phenotypic changes, a reversion to wild type would 

complicate matters during assessment for disease resistance or susceptibility. The 
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application of VIGS to apple would also require the identification of a suitable vector as 

viruses are generally host specific and to date the only VIGS vectors available are from 

TMV (Tobacco Mosaic virus), TRV (tobacco rattle virus), PVX (Potato virus X) and 

TGMV (Tomato Golden Mosaic Geminivirus) (36). This method should help to 

circumvent the possible problems of gene silencing during plant development however 

silencing must be maintained long enough for pathogen inoculations to be carried out. 

A recent study into the defence mechanisms mediated by the well known resistance 

gene N from tobacco used the VIGS system for gene silencing. The silencing of 

numerous genes within the resistance pathway as well as the N gene itself was 

demonstrated; however the silencing experiments were carried out in a Nicotiana 

benthamiana one copy N gene transformed line and not the original host tobacco. The 

silencing of secondary genes is probably reduced in the new host due to gene diversity 

between N. benthamiana and Tobacco. Furthermore the silencing of a non-

endogenous gene can clearly not be fatal to the plant. This shows that even in a well 

established system with an adaptable host such a tobacco, gene silencing can be 

complex (37).  

Despite the isolation and characterisation of numerous plant R genes, there are 

few examples of R gene inactivation in the host plant even though most of these genes 

have been isolated from and extensively studied in rapidly growing and easily 

modifiable plant species (reviewed by 38, 39). Plants mutated at the DNA level in R 

gene loci are available but are mainly Arabidopsis mutants (reviewed by 38). One 

further example of R gene inactivation at the DNA level was shown using the 

resistance gene Cf-9 which was isolated from tomato using transposon tagging, 

involving its own inactivation (40). Identification of plants containing the inactivated R 

gene was possible using a cross between Cf-9 tomato plants and transgenic Avr-9 

tomato (containing the avirulence gene from the pathogen Cladosporium fulvum which 

interacts with Cf-9). It is lethal for offspring to inherit both genes and therefore only 

plants with the inactivated R gene survive to maturity (41). These R gene mutants 

show that it is possible to inactivate an R gene in the species of origin if the method 

does not rely on post transcriptional silencing of homologous genes.  
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The experiments described in the following chapter were carried out in collaboration 

with Professor Silviero Sansavini's group from the department of woody fruit trees 

(DCA), University of Bologna, Italy. The HcrVf2 transformed Gala plants were produced 

by Enrico Belfanti using the EHA105 Agrobacteria strain containing pCORF2 binary 

vector (described in chapter 1 of this thesis). The division of work was as follows. 

Part 1: 
PCR analysis of transgenic lines and the preparation of in vitro scab assay were 

carried out by Enrico Belfanti and Dr. Stefano Tartarini, (DCA), University of Bologna, 

Italy. Evaluation of fungal development was carried out by me together with Dr. C. 

Gessler, Dr A. Patocchi from the Institute of Plant Sciences, ETH, Zürich. 

Part 2: 
RT-PCR reactions and inoculation of greenhouse plants were carried out by Enrico 

Belfanti and Dr. Stefano Tartarini, (DCA), University of Bologna, Italy.  

I carried out the Southern blot analysis of transgenic lines and microscopical evaluation 

of conidia presence. 
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Part 1: Preliminary results from scab resistance assays of 

 in vitro plants. 
 
 
 
 

A cluster of genes, encoding transmembrane, leucine rich repeat proteins, have recently 

been cloned from the Vf region of the apple genome, responsible for resistance towards apple 

scab (Venturia inaequalis). These genes are similar to the Cf resistance genes and were named 

HcrVf (homologues of C. fulvum resistance genes of the Vf region). The aim of the current 

project is to investigate functional expression of the HcrVf genes. Gala shoots transformed with 

the HcrVf2 open reading frame have been regenerated from leaf discs. These were used in a 

detached leaf assay to test their susceptibility towards apple scab. Leaves from scab 

susceptible and scab, Vf, resistant varieties were used as controls. Detached leaves were 

inoculated with a V. inaequalis spore suspension and later prepared for light microscopy. Each 

sample was classified according to the advancement of the fungus on a scale A-E. "A" being the 

most advanced stage and "E" the least. Results from ten lines of Gala transformed with HcrVf2 

were very promising as only limited growth of the fungus was observed, in comparison to the 

more advanced symptoms observed on the majority of the susceptible controls. These 

preliminary results indicate that it is highly likely that HcrVf2 is involved in apple resistance to 

scab. 

 

 
 

 

The results from experiment 1 were published 2003 in HortScience 38(3): 329-331. 
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Introduction 
 
The Vf region, derived from the wild species Malus floribunda 821, provides resistance 

towards apple scab caused by Venturia inaequalis and forms a gene-for-gene 

relationship with individual strains of V. inaequalis (1). A cluster of genes, encoding 

transmembrane leucine rich repeat proteins, have been identified in the Vf region using 

a map-based cloning approach (2). These genes are similar to the Cf resistance genes 

of tomato hence are believed to be involved in apple resistance to V. inaequalis. They 

were named HcrVf, homologues of C. fulvum resistance genes of the Vf region. 

The binary vector pCORF described in chapter 1 was used to transfer the putative 

scab resistance gene HcrVf2 to the scab susceptible cultivar Gala using Agrobacteria-

mediated transformation. Leaves from in vitro maintained plantlets were tested for scab 

resistance using a detached leaf assay. Initial scab assays were carried out on two 

transgenic lines and four to five days incubation were allowed for fungal development.  

Scab-test trails with shoot-tip cultures of several apple cultivars showed that an 

incubation time of 7 days can lead to a more pronounced difference between 

symptoms observed on resistant and susceptible hosts (Chapter 1 of this thesis (3)). 

Therefore HcrVf2 transformed Gala was also tested under these conditions. In total 10 

of 15 lines which re-generated and proliferated well were tested. Integration of the T-

DNA from pCORF2 was confirmed by PCR using HcrVf2 and nptII specific primers (2, 

4).  

An early scab-resistance screening approach, using young leaves from in vitro 

plantlets, is useful as the need root transgenic plants and acclimatise them to the 

greenhouse is avoided. 

 
Material and Methods 

Experiment 1 
One young leaf per plant was detached and kept for two days on water agar and then 

inoculated with 20-40 µL/leaf Venturia inaequalis conidia in suspension (at least 

1.5x105 conidia/ml) taken from naturally infected orchard plants of the cvs. Golden 

Delicious and Red Chief. Four to five days incubation time was allowed for fungal 

development. Two transgenic lines Ga2-1 and Ga2-2 were tested. Two independent 

experiments, testing both lines together with Gala (scab susceptible), Enterprise (Vf 

resistant) controls were carried out. 
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Experiment 2 
Young leaves detached and kept on water agar for only 1 day prior to inoculation. 

Inoculum source as for experiment 1 but the concentration of the conidia spore 

suspension varied between 1.1-2.2x105conidia/ml. The incubation time was increased 

to 7 days. Ten transgenic lines were tested with Florina (Vf resistant) and Gala (scab 

susceptible) as controls. 

Fungal development 
 
At the end of the incubation time leaves were cleared and stained with aniline blue 

(described in chapter 1). Fungal development was assessed in a blind evaluation, 

using the following scale for fungal structure observed under the light microscope 

(Olympus BH-2).  

Fungal developmental stages of V. inaequalis (see p24 for photographs): 

"A"; secondary expanding running hyphae, often star shaped outgoing from a central 

plate of primary stroma, 

"B"; absence of the typical running hyphae but the presence of primary stroma as plate 

with a typical lobed structure,  

"C"; single hyphae extending from the appressoria, clearly larger than a germination 

tube, borders of the hyphae clearly lobed, 

"D"; as class C however hyphal walls straight, 

"E"; no fungal development beyond that of appressoria and penetration pegs. 

 

 

Samples were first checked over the whole surface to enable immediate detection 

of the presence of development stage A. Even if only a few cases of stage A were 

present, the sample was classified as susceptible to scab. If no stage A was detected, 

conidia with appressoria were observed and counted until the most developed stage 

found more than once was determined. A maximum of 100 conidia developing to stage 

E were observed. A single observation, except for a stage A, was not considered. 

Samples with less than 30 germinated conidia were discarded due to insufficient proof 

of adequate inoculum pressure for infection. 
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Results 

Experiment 1 
Of the 15 leaves, from the two lines of HcrVf2 transformed Gala (Ga2), studied on only 

one was the most advanced stage of fungal development observed, stage A, found 

(Table 1). Whereas on fifty percent of Gala samples stage A fungal development was 

found. 

Once the leaves have been classified according to the A-E scale the results must be 

evaluated according to resistance or susceptibility to scab. This can be done by making 

a threshold for resistance and susceptibility between the stages of the scale (Table 1). 
 

 
Table 1. Microscopic evaluation of fungal development on detached leaves of in vitro maintained plants. 
Separation of developmental stages according to resistance or susceptibility towards apple scab. 
 

Fungal development3

Threshold 1 Threshold 2 
Cultivar or 

transgenic line1
HcrVf2 
Gene2

Total 
no. of 
leaves 

Susceptible 
A 

Resistant  
B+C+D+E 

Susceptible  
A+B 

Resistant  
C+D+E 

Gala  - 8 4 4 7 1 
Enterprise  + 10 2 8 5 5 
Transgenic Ga2-1  + 11 1 10 3 8 
Transgenic Ga2-2  + 4 0 4 0 4 
 
1: All plants maintained in vitro. Cultivars Gala and Enterprise produced from shoot tip cultures. Ga2-1/2 are 
independent lines of transgenic Gala containing the putative apple scab resistance gene HcrVf2 
2: Presence of HcrVf2 confirmed by PCR with specific primers 
3: Number of leaves showing the given developmental stage as described in material and methods. Two 
thresholds of resistance and susceptibility proposed.  

 

Determining at which developmental stage of the pathogen the threshold line 

between resistance and susceptibility has to be drawn is unclear (either between A and 

B or B and C) and influences the results (see the two thresholds and their effects in 

Table 1).  

Of the 10 cv. Enterprise (Vf-resistant) samples, two were classified atypically as A 

and three as B. In the susceptible cv. Gala, four of eight samples did not show infection 

stage A or B. These results are clearly unexpected given the phenotype of the cultivar 

from which the leaf originates. The lack of expanded stroma on Gala leaves could be 

due to ontogenic resistance, selection of young leaves from in vitro maintained plants 

can be difficult as shoots sometimes stop growing. The cultivar Enterprise consistently 

showed areas of expanded stroma on some but not all leaves, this indicates that the 

inoculum used may contain more aggressive strains (races) of V. inaequalis. The level 

of fungal development on leaves of the HcrVf2 transformant lines 1 and 2 did not differ 

from that of the resistant Enterprise, while the susceptible Gala differed from both 

transgenic lines and Enterprise (Table 2).  
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Additional samples (about 30% of all leaves assayed) are not reported as they 

could not be scored due to insufficient numbers of conidia or the presence of 

secondary infections.  

 
 

Gala/Ga2 1 5.862 0.02 9.588 0.002 

 
Table 2. Statistical analysis of fungal development results presented in table 1 (chi-square test). 

 
 

Degrees 
of freedom 

Threshold 1 
(Stage A = susceptible) 

Threshold 2 
(Stages A+B = susceptible) 

  χ2 p χ2 p 
Gala/R1 1 5.236 0.02 7.530 0.01 

 

Enterprise/Ga2 1 0.638 0.42 2.178 0.14 
1: R = resistant cultivar Enterprise and Gala HcrVf2 transformed lines 

 

Experiment 2 
 
After seven days incubation fungal development on more than fifty percent of Gala 

samples had progressed to the most advanced stage observed (Stage A). On the other 

hand the majority of samples from the transgenic Gala carrying HcrVf2 (Ga2) and from 

Florina were classified as resistant (Stages B-E). During this experiment most of the 

samples observed showed stage A or stage E fungal development therefore the 

assessment of thresholds other than threshold 1 (Susceptibility=A; 

Resistance=B+C+D+E) is not possible. Furthermore threshold 1 has previously been 

shown to be the most appropriate under these experimental conditions (Chapter 1 of 

this thesis). In a previous study the use of Enterprise as a control for scab tests under 

the conditions used in this experiment was found to be of little use (Chapter 1 of this 

thesis) therefore only Florina was used as the resistant (Vf) control.  The majority of 

Florina and Ga2 samples were classified as resistant. On the other hand 11 of the 20 

Gala samples studied were classified as susceptible (Table 1).  

 

Table 3: Fungal development detached leaves of in vitro maintained plants, after 7 days incubation 
 

 Fungal development stage3

 

Line or cultivar 
HcrVf2 
Gene2

Total 
number 

of 
leaves 

Susceptible 
A 

Resistant 
B-E  

 
Gala - 20 11 9  

 
Florina + 21 5 16  

 
Ga2 lines1 + 30 2 23  

 
1: Pooled results from 10 transgenic lines of Gala transformed with HcrVf2 
2: Presence or absence of HcrVf2 confirmed by PCR with specific primers 
3: Number of leaves showing the given fungal developmental stage as described in material and methods 
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After 7 days incubation no significant difference was observed between the results from 

Florina and Ga2 lines but a significant difference was observed between Gala and Ga2 

lines (Table 2). 

Again some samples, approximately 34% of all leaves assayed, are not reported as 

they could not be scored due to insufficient numbers of conidia. 

 
Table 4: Chi-squared calculated for data from experiment 2 (Table 3). 

 

Expected/Observed 
Degrees of 

freedom χ2 p 
Gala/R1

1 11.123 0.001 
Gala/Ga2 1 12.37 0 

Florina/Ga2 1 1.438 0.230 
1: R = resistant cultivar Florina and Gala HcrVf2 transformed lines 

 
 

 
Discussion 
 
These preliminary results indicate that the candidate resistance gene HcrVf2 is in all 

likelihood associated with scab resistance.  

Each transgenic line must be genotypically characterised to identify the number of 

transgene copies that have been integrated into the apple genome. Firstly as plants 

homozygous for the Vf gene seem to be more resistant than the heterozygous ones (5, 

6) and secondly as the integration of multiple transgene copies can lead to gene 

silencing and therefore the true effect of the integrated gene is not observed. (7) Proper 

expression of the transgene must also be established as in some cases the site of 

integration can cause transgene silencing (8). Transgenic lines containing only the nptII 

gene would also be of use to ensure that the resistance effect is not due to the 

integration of this gene.  
However the results presented here show that the transfer of HcrVf2 to c.v. Gala 

plants induced resistance to V. inaequalis in a sufficient number of leaves to support 

the transfer of resistance. The results from the in vitro scab test, although improved if 

seven days of incubation are allowed for fungal development, were not wholly 

satisfactory, especially with respect to a sufficient number of Gala samples exhibiting 

symptoms of susceptibility. It is evident that definitive proof of transformation and 

acquired resistance to V. inaequalis must come from in vivo artificial inoculations of 

greenhouse adapted plants. 
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Part 2: The HcrVf2 gene from a wild apple confers scab 
resistance to a transgenic cultivated variety 

 

 

 

 
 
 
The Vf gene from the wild species Malus floribunda 821 is the most studied apple 

scab-resistance gene. Several molecular markers mapping around this gene were the 

starting point for a positional cloning project. The analysis of the BAC clones spanning 

the Vf region led to the identification of a cluster of genes homologous to the 

Cladosporium fulvum resistance gene family of tomato. One of these genes, HcrVf2 

(homolog of the Cladosporium fulvum resistance genes of the Vf region), was used to 

transform the susceptible apple cultivar Gala. Four independent transformed lines 

resistant to apple scab were produced, proving that HcrVf2 is sufficient to confer scab 

resistance to a susceptible cultivar. The results show that direct gene transfer between 

cross-compatible species can be viable when, as in apple, the use of backcrosses to 

introduce resistance genes from wild species cannot exactly reconstitute the 

heterozygous genotype of clonally propagated cultivars. 

 
 
 
 
Published (2004) in Proc. Natl. Acad. Sci. 101: 886-890 
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Introduction 
 
Apple scab, which is caused by the ascomycete Venturia inaequalis (Cke.) Wint., is the 

most damaging disease in apple growing districts with high spring and summer rainfall. 

Its control in commercial orchards can require up to 15 fungicide treatments per year. 

An alternative approach is the use of resistant cultivars and sources of scab resistance 

have been found in small-fruited wild species (1). However, the transfer of these genes 

by classical breeding to cultivated apples is difficult due to the self-incompatibility that 

prevents exact reproduction of the heterozygous state of cultivated varieties and the 

long juvenile phase. Starting from the wild species Malus floribunda 821 carrying the Vf 

gene, breeders have developed several scab-resistant apple cultivars (2) but none 

have met with commercial success. Indeed, when compared to such commercially 

popular cvs. as Golden Delicious and Gala, the main horticultural and fruit quality traits 

of these scab-resistant cultivars are notably different and undoubtedly less acceptable. 

The direct transfer of the Vf gene to apple cultivars was thus seen as a potential 

alternative disease control strategy. Moreover, the fact that two Vf-virulent races of V. 

inaequalis have been identified makes Vf a good system to study gene-for-gene 

interactions between apple and scab (3, 4, 5).  

The mode of Vf inheritance corresponds to a single dominant gene or to the 

combined action of a cluster of tightly linked genes (1). Yet Vf is not strictly to be 

viewed as a dominant gene(s) since homozygous Vf plants are usually more resistant 

than heterozygous ones (6, 7). When inoculated with scab, Vf-carrying apple plants 

show varying resistance reactions, ranging from the absence of visible symptoms to 

chlorotic-necrotic clearly sporulating lesions. Plants lacking the Vf gene do not develop 

a defence reaction and heavily sporulating unrestricted lesions are visible. It has been 

proposed (8, 9) that the variation in resistance reactions of Vf-carrying plants may be 

due to the presence and action of modifier genes.  

To elucidate Vf’s complex mode of action, positional cloning was performed and 

the steps leading to the identification of a cluster of resistance genes encoding 

receptor-like proteins have been reported (10, 11, 12, 13). Their amino acid sequence 

contains an extracellular leucine-rich repeat domain and a putative transmembrane 

domain similar to the Cf resistance genes of tomato (14). The genes were named 

HcrVfs (homologues of Cladosporium fulvum resistance genes of the Vf-region) (11). 

The cluster is composed of at least 4 HcrVf genes, all transcribed but one producing 

only truncated mRNA (15). Fully transcribed genes HcrVf1, 2 and 4 co-segregated with 

apple scab resistance in more than 2000 assayed plants and are thus viewed as 

candidate Vf-resistance genes. The present paper reports the complete evidence that 
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the HcrVf2 gene derived from a wild Malus species is sufficient to induce apple scab 

resistance in transformed cv. Gala plants and thus the first report of the cloning of a 

resistance gene from a woody plant. 

 

Materials and Methods 
Construction of the plasmid binary vector 
The entire open reading frame (ORF) of HcrVf2 (Genebank AJ297740) and the 

constitutive cauliflower mosaic virus 35S (CaMV35S) promoter were cloned into the 

binary vector pCambia2301 (Genebank AF234316). Clones were verified by 

sequencing, and the clone pCORF2 was chosen as, except for a single base-pair 

change in the signal peptide, it revealed complete identity with HcrVf2. (16). This clone 

was subsequently transferred into the Agrobacterium tumefaciens EHA105 strain 

containing the helper plasmid pCH32 (17) after Höfgen and Willmitzer (18). 

Plant material and apple transformation 
The HcrVf2 gene was introduced into the scab-susceptible apple cv. Gala by 

Agrobacterium tumefaciens-mediated transformation using the engineered EHA105 

strain. In vitro grown plantlets were preconditioned by vacuum infiltration in liquid 

regeneration media TN505 (16) or TN22 (MS medium supplemented with 2 mg l-1 NAA 

and 2 mg l-1 TDZ; P. Negri, pers. comm.). Infection and co-cultivation of leaves (19) 

and internodes (20) was followed by decontamination (200 mg l-1 cefotaxime) and 

selection (50 mg l-1 kanamycin) on the two media. Regenerating shoots were 

proliferated on A17 (21) and rooted on half-strength MS medium supplemented with 2 

mg l-1 IBA (P. Negri, pers. comm.). Transformed lines were named Ga2, for Gala 

transformed with HcrVf2, and numbered consecutively as regenerated. As controls for 

greenhouse apple scab inoculation, in vitro grown shoot tip cultures of Gala, Florina 

and Enterprise were rooted and all plants were acclimatised to the greenhouse.  

Evaluation of apple scab resistance 
Apple scab resistance of the five transgenic lines Ga2-2, Ga2-5, Ga2-7, Ga2-8 and 

Ga2-21 was tested by greenhouse inoculation. Young leaves of actively growing plants 

were sprayed with a suspension of Venturia inaequalis conidia (at least 200,000 

conidia/ml) derived from cvs. Gala, Red Chief and Golden Delicious growing in an 

untreated orchard. Conidia vitality was verified after 24 h as per the fraction of 

germinated conidia (about 80%). Inoculum ability to infect Gala was tested by including 

in all experiments either cv. Gala and/or a regenerated Gala line lacking the HcrVf2 

gene (Ga2-7); the varieties Florina and Enterprise served as scab-resistant controls. A 

completely randomised scheme was adopted for plant location in the greenhouse. The 

environmental conditions were set as follows: 19±5°C temperature and 100% humidity 
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for 48 h after inoculation and 70-80% thereafter. Three independent infection cycles 

were carried out in an attempt to test all transformed plants and controls twice.  

Macroscopic symptoms and infection severity were evaluated on each leaf 10, 15 and 

21 days after inoculation according to Chevalier (22) and Croxall scales (23, 3). The 

maximum level of symptoms recorded 21 days post-inoculation and their median and 

confidence limits were computed to describe the overall response of each line. 

The presence of germinated V. inaequalis conidia on the leaf surface of inoculated 

plants was assessed at the end of the second inoculation round by observing under the 

light microscope one inoculated leaf per plant. At 21 days post-inoculation leaves were 

prepared for microscopy after E. Silfverberg-Dilworth et al. (24).  
DNA extraction and detection of T-DNA integration 
 T-DNA integration was confirmed by Southern blot analysis. HindIII digested genomic 

DNA from greenhouse acclimatised plants was transferred to Nylon membranes 

(Hybond-N+, Amersham Biosciences, UK) and hybridised with probes, produced by 

radiolabeling PCR-generated fragments, of the entire HcrVf2 ORF and a section of the 

neomycin phosphotransferase II (nptII) gene (Fig. 1).  

 

 

 
 
Figure 1: Schematic representation of T-DNA from pCORF2 used in the transformation experiment. 

Neomycin phosphotransferase II (nptII) and putative scab resistance gene (HcrVf2) are both regulated by 

cauliflower mosaic virus 35S promoters (35S); E, EcoRI; B, BstEII; H, HindIII numbers represent 

restriction sites 1, 2 and 3. Thin bars represent the distance in kilobases between HindIII restriction sites. 

Dark bars above represent Southern blot probes. LB, left border; RB, right border; CaMV, CaMV 35S 

poly A signal; Nos, Nos poly A signal;  

L 
B 

R
B

E H2 H3H1 

nptII 

1.2kb 0.3kb 

B

Nos HcrVf2 CaMV 35S 35S 

 
RNA extraction and RT-PCR. For transgenic and control plants the presence or 

absence of HcrVf2 and nptII mRNAs was determined 21 days after inoculation. Total 

RNA was extracted from 30mg young leaf tissue and quantified. cDNAs were 

synthesized from 0.2µg total RNA using the ImProm-II reverse transcription system 

(Promega, Madison, USA) with an Oligo(dT) primer. PCR was performed using HcrVf2 

specific primers (RT1-for and RT2-rev) (11) and nptII specific primers (25). PCR using 

total RNA as template was performed to detect any DNA contamination. 
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Results 
Transfer of HcrVf2 gene to the scab-susceptible apple cv. Gala. Agrobacteria-

mediated transformation of cv. Gala with HcrVf2 was successful and yielded several 

independent transformed lines. Of these, five proliferating well in in vitro culture were 

acclimatised to the greenhouse and tested for scab resistance. Integration of the T-

DNA (Fig. 1) and uniformity among regenerated plants of the same line were confirmed 

by Southern hybridisation of DNA extracted from single plants of the lines Ga2-2, Ga2-

5, Ga2-7, Ga2- 8 and Ga2-21. Two probes, one from HcrVf2 and the other from the 

selectable marker neomycin phosphotransferase II (nptII) conferring resistance to 

kanamycin, were used. Twelve fragments hybridising to the HcrVf2 probe were present 

in non-transformed Gala DNA. Additional hybridisation signals supported transgene 

integration in transformed regenerated plants (Fig. 2). Four transgenic lines, all except 

Ga2-7, showed two additional bands. One gene fragment (1.2 kb) was produced by 

HindIII sites within the T-DNA and the second, at least 1.5kb in size, by a HindIII site in 

the T-DNA and an additional site within the apple genome. This latter fragment, the 

same size for all individual plants of each line, was 9.0kb, 4.4kb, 3.0kb and 2.4kb for 

the lines Ga2-2, Ga2-5, Ga2-8 and Ga2-21, respectively. Southern analysis based on 

the nptII probe showed a single band with a specific size for each transgenic line, 

including Ga2-7 (Fig. 2).  

The hybridisation results support the presence of one complete copy of the T-DNA 

in the transgenic lines Ga2-2, Ga2-5, Ga2-8 and Ga2-21. Plants of line Ga2-7 most 

likely contain a partial integration of the T-DNA, as only fragments also hybridising with 

Gala DNA hybridised to the HcrVf2 probe whereas one clear hybridisation signal was 

evident for the nptII probe. Moreover, PCR amplification of 35S::HcrVf2 from this line 

was negative and that from the nptII positive, thus supporting the conclusion of a partial 

integration of the transformation construct in line Ga2-7 (data not shown).  
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Figure 2: T-DNA integration and copy number. Southern blot hybridisation of HindIII digested genomic 

DNA Lanes: 1, Ga2-7; 2, Ga2-2; 3, Gala; 4, Ga2-5; 5, Ga2-21; 6, Gala; 7, Ga2-8 hybridised with: 

i) HcrVf2 probe, showing in addition to the 1.2kb specific fragment of HcrVf2 gene (the 300bp fragment 

produced by HindIII sites 2 and 3 was too small and not transferred to the membrane) a second 

fragment for the estimation of the copy number. Ga2-2, -5, -8 and -21 contain a single copy of the 

pCORF2 T-DNA each. Ga2-7 contains no HcrVf2 gene. T-DNA integration is shown by fragments of 

9.0kb, 4.4kb, 3.0kb and 2.4kb hybridising to this probe for the lines Ga2-2, Ga2-5, Ga2-8 and Ga2-21, 

respectively.  

ii) ntpII probe, all transgenic lines show one single hybridisation band of specific size showing presence 

and integration to the nptII gene. 
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Transcription of HcrVf2 is demonstrated by RT-PCR since the expected fragment 

(855bp) was amplified from the Vf-resistant cvs. Enterprise and Florina as well as all 

plants of lines Ga2-2, Ga2-5, Ga2-8 and Ga2-21. No amplification was noted from Gala 

or Ga2-7 plants (Fig. 3a). The nptII gene transcription was confirmed in all transgenic 

lines but not in control cultivars (Fig. 3b). PCR carried out directly with RNA showed 

that no DNA contamination was present in any of the samples (data not shown). 

 

1       2       3      4       5      6       7      8       9
a 

855 bp

b 

 
 
Figure 3: Transcription evaluated by RT-PCR. Lanes: 1,100 bp ladder; 2, Enterprise; 3, Florina; 4, Gala; 

5, Ga2-2; 6, Ga2-5; 7, Ga2-8; 8, Ga2-21; 9, Ga2-7.  

a HcrVf2 primers, showing that the gene is expressed in Vf cultivars and in all transformed lines excepted 

Ga2-7. 

b nptII primers, showing that the gene is expressed only in transformed lines.  

Photos provided by E.Belfanti 

750 bp

 
Scab resistance evaluation 
To assess scab resistance in transgenic lines, plants were evaluated twenty-one days 

after inoculation with V. inaequalis conidia. The untransformed cv. Gala and the line 

Ga2-7 showed clear symptoms of susceptibility, while untransformed Vf-resistant 

varieties and HcrVf2 transgenic plants proved to be resistant (Table 1). Resistant 

plants were inoculated twice and the results were consistently similar, as indicated by 

the median value and confidence limits (Table 1). Gala showed high scab susceptibility 

to the inoculum, with sporulation observed as early as 10 days after inoculation. 
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Symptom severity peaked after 21 days, heavy sporulation being observed on all 

inoculated young leaves; in addition, Gala showed no resistance reaction (Fig. 4). 

Similar symptoms were observed on plants from the line Ga2-7 which contains a 

functional copy of the nptII gene but not HcrVf2. Additional inoculations of Ga2-7 and 

Gala plants proved impossible because of the extreme damage suffered after the first 

inoculation round.  

On leaves of the Vf-carrying cv. Enterprise, small chlorosis lesions appeared after 

10 days; about 25% of the leaf surface of one to two leaves per plant showed chlorotic 

lesions after 21 days. During the second inoculation round, some necrosis along with a 

very limited level of sporulation was observed on two Enterprise leaves, so the 3b 

classification was assigned as the maximum symptom observed on Enterprise leaves. 

Leaves of the other Vf-carrying cultivar, Florina, were inoculated only once and showed 

chlorotic lesions after 21 days.  

The highest level of resistance was observed in transgenic lines Ga2-5, Ga2-8 and 

Ga2-21, which had either no symptoms or rare, pinpoint pits as resistance reactions 

(Fig. 4). The transgenic line Ga2-2 showed no symptoms on about half of the young 

inoculated leaves and small chlorotic lesions after 10 days on other leaves of this line; 

in a few cases after 21 days the chlorosis became more severe and small necrotic 

lesions with restricted sporulation were observed on one leaf of one plant. Although 

Ga2-2 occasionally showed some restricted fungal development, the line can still be 

considered more resistant than the resistant cv. Enterprise, as indicated by the median 

(Table 1).  
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Figure 4: Leaf symptoms 21 days after inoculation with V. inaequalis conidia. Transgenic line Ga2-21, 

containing HcrVf2, represents typical symptoms observed on all HcrVf2 transformed lines. Transgenic line 

Ga2-7 contains only the selective nptII gene and is thus a transgenic control. Susceptible (Gala) and 

resistant (Florina) apple cultivars are included for comparison of scab symptoms. 

Photos provided by E.Belfanti. 

 

The presence of germinated V. inaequalis conidia was confirmed on the leaves of 

plants showing either a resistance reaction or no symptoms, lines Ga2-2, Ga2-8, Ga2-5 

and Ga2-21 (Table 2). In most cases (97% of conidia observed) no fungal development 

beyond that of appressoria and penetration peg formation was observed (Class γ). In a 

few rare cases subcuticular primary stroma formed but expansion did not exceed 40µm 

(Class β).  On the leaf from two plants of line Ga2-2, which had shown small chlorotic 

lesions, small isolated areas of stroma with sporulating conidiophores were found 

(class α). However equivalent fungal development was also seen on the leaf of the Vf 

resistance cultivar Enterprise. 
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Table 2: Presence and development of germinated V. inaequalis conidia on leaf surface of resistant plants 

No. of conidia Fungal development2

Line or 

cultivar 

No. of  

Samples1

Average per 

sample  Total α β γ 

Ga2 - 2 6 97 582 55 8 519 

Ga2 - 5 4 137 548  1 547 

Ga2 - 8 4 100 401   401 

Ga2 - 21 3 80 240   240 

Enterprise 1 54 54 10 33 11 

 
1For each plant one leaf section (approx. 1.5 x 1cm) was examined.  
2Fungal development, for each conidium, was defined according to the following classes: (α) isolated 
areas of stroma with sporulating conidiophores; (β) primary stroma expanding no more than about 40µm; 
(γ) no fungal development beyond that of appressoria and penetration peg. 

 

 

Discussion 
The reported data show that the HcrVf2 gene is able to confer resistance to apple scab 

when transferred to the scab-susceptible cv. Gala. Of the five transgenic lines, Ga2-5, 

Ga2-8 and Ga2-21 showed a very high level of resistance. Line Ga2-2 shows a level of 

resistance at least comparable to that of Vf cultivars, although the peak symptoms 

observed on these plants were more severe than those seen on other transgenic lines. 

As all the transgenic resistant lines contain only a single copy of the transgene, the 

differences between Ga2-2 and the other scab resistance transformants are most likely 

attributable to the integration site of T-DNA, which may modify transgene expression 

(26, 27) and consequently, influence the level of resistance. The slight differences 

observed between inoculations were probably due to environmental variation, since 

they were observed for both transformed and control plants. The fact that transgenic 

line Ga2-7 containing the nptII gene, but not the HcrVf2 gene, is scab-susceptible 

proves that neither the method used to regenerate plants nor the nptII gene affects 

plant resistance to V. inaequalis. 

The interaction of V. inaequalis with Malus genotypes follows the “gene-for-gene” 

rule (28, 29). Our data, in fact, clearly show that, when transformed with HcrVf2 gene, 

the scab-susceptible cv. Gala is able to develop an incompatible interaction with a 

mixed strain inoculum of V. inaequalis.  

HcrVf2 is one of at least three putative resistance genes mapping at the Vf locus 

(11). The influence of the HcrVf1 and HcrVf4 genes on scab resistance also needs to 

be investigated to determine whether HcrVf2 is the only gene able to trigger a 

resistance response. Of the more than 30 plant resistance genes characterized so far, 
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at least half are members of gene clusters (30). In tomato the Cf genes confer 

resistance to Cladosporium fulvum and different members of the Cf gene family 

recognize different avr genes (31, 32). The two resistance genes Cf-4 and Cf-9 are 

each found within a cluster of five ORFs, and within each cluster two ORFs confer 

resistance to C. fulvum (Cf-4 and Hcr9-4E; Cf-9 and Hcr9-9A or B, respectively). 

Interestingly, Hcr9-9A and B are only active in adult plants whereas Cf-9 and Cf-4 are 

active in seedlings, too, showing a differentiated expression pattern between the 

members of a cluster (33, 34). The resistance gene Xa21 in rice, which confers 

resistance to Xanthomonas oryzae pv oryzae, encodes a receptor-like kinase with 

extracellular LRR and a serine/threonine kinase in the putative intracellular domain. Of 

seven ORFs studied within the Xa21 gene family, only two were found to contain the 

complete sequence encoding for receptor kinase-like proteins (35) and only Xa21 has 

been shown to confer resistance (36). The Pto resistance gene in tomato mediates 

resistance to strains of Pseudomonas syringae pv tomato expressing avrPto. Pto is the 

only gene of a cluster of seven found to interact with the AvrPto protein and hence, 

confer resistance, even though several genes of the cluster were shown to be 

transcribed. Note, however, that only one avr ligand has been identified from 

P.syringae pv tomato and the other ORF found at the Pto locus may interact with other 

strains of the pathogen (37). The examples cited show that, although HcrVf2 is clearly 

able to confer resistance to apple scab, it will be important in future to clarify the 

function of all genes within the Vf cluster.  

The cloning of an apple scab-resistance gene represents the basis for further 

investigation of the resistance mechanism. It also represents a first step towards a 

“gene therapy” (restoring resistance where lost) of the scab-susceptible cultivars that 

currently dominate the apple industry. This strategy will allow the transfer of resistance 

from a wild apple species to any commercial apple genotype while maintaining the 

horticultural and quality traits growers and consumers prize most. It may also be 

possible to achieve greater resistance durability by the simultaneous transfer of several 

resistance genes from wild apple species. The use of apple promoters and novel 

techniques that eliminate selective marker genes (38, 39), could help to generate 

transgenic varieties without any non-apple genes and, hence, may make genetically 

modified plants more acceptable to growers and consumers alike. 
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The apple scab resistance gene HcrVf2 forms race-specific 
interactions with Venturia inaequalis. 

 

 

 

 
The interaction between Malus species and the fungal pathogen Venturia inaequalis, the causal 

agent of apple scab, follows the gene-for-gene rule. Major resistance genes are found in Malus 

species which form incompatible interactions with most physiological races of the pathogen. 

However for many of the resistance genes found in Malus compatible interactions, resulting in 

disease, are observed with a virulent race of the pathogen. The molecular basis of this 

interaction between Malus and V. inaequalis is poorly understood. Recent experiments have 

lead to the identification of a single gene HcrVf2 that confers scab resistance to a scab 

susceptible apple cultivar (Gala). The HcrVf2 Gala plants (Ga2) were inoculated with two V. 

inaequalis spore suspensions, one avirulent and one virulent to Vf apple scab resistance. The 

results show that HcrVf2 forms race-specific interactions with V. inaequalis.   

 

 

 

 

 

 

 

 

 

This work was carried out in collaboration with the Professor Silviero Sansavini’s group 

from the Department of woody fruit trees (DCA), University of Bologna, Italy. The 

HcrVf2 transformed Gala plants were produced by Enrico Belfanti using the EHA105 

Agrobacteria strain (as described in Chapter 3 of this thesis) containing pCORF2 binary 

vector (described in chapter 1 of this thesis). In the following chapter only the results I 

obtained personally are described. 
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Introduction 
Plant resistance (R) genes responsible for resistance towards pathogenic bacteria, 

fungi and viruses have been cloned from several plant species (1, 2). Plants containing 

such R genes form incompatible interactions, which result in disease resistance, with 

pathogens that possess complementary avirulence genes (3). Avirulence genes (avr) 

or proteins have been identified in several plant pathogens and in some cases direct 

interaction between R gene products and pathogen avirulence factors have been 

shown to be involved in initiating plant defence pathways (4-6). In most cases the 

protein interaction appears to be indirect and most likely involves a protein complex 

including the R and avr gene products (1, 7). Onset of disease requires the lack of 

pathogen recognition due to the absence or mutation of either the R or avr gene. In 

order to become virulent, that is to cause disease on a resistant plant, a pathogen must 

avoid recognition through mutation or loss of the avr gene. In some cases this leads to 

a reduction in pathogen fitness, several examples of reduced growth rates in virulent 

pathogen strains are available (reviewed by 8).  These pathogen strains will naturally 

be less competitive (i.e. reduced persistence and aggressiveness) and therefore will 

take longer to become established, which will be reflected in R gene durability. In plant-

pathogen interactions there is a constant evolutionary fight between host and pathogen 

to avoid disease or recognition respectively. 

The interaction between Malus species and Venturia inaequalis, the causal agent 

of apple scab, involves such a battle (9). Genetic resistance towards apple scab is 

found in wild apple species and several major resistance genes have been identified 

(10-13). However physiological races of V. inaequalis able to overcome most of these 

R genes were already present or appeared rapidly (11, 14, 15). Physiological races of 

V. inaequalis are defined according to the host range and symptom severity during 

compatible interactions (16). The wild apple Malus floribunda 821 showed a high level 

of resistance and hence the scab resistance locus Vf (Venturia floribunda) from this 

apple became of interest to apple breeders and researchers alike (9). Only recently 

have physiological races of V. inaequalis, that are able to overcome Vf resistance, 

been identified (17, 18).  

In the last decade molecular markers have been developed for Vf and identified a 

narrower region of the apple genome responsible for Vf resistance thus making the 

map based cloning of genes in this region feasible (19, 20).  As with many R genes a 

closer look at Vf resistance at the genetic level revealed not a single gene but a cluster 

of resistance gene homologues (2, 21). The activity of individual homologues within an 

R gene cluster seems to depend on the system, in many cases one gene within the 

cluster confers resistance and the others are paralogs that are no longer functional (2). 
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However in some cases the individual genes within a cluster play a role in resistance 

(22, 23).  In the Vf region a cluster of four R gene homologues was found, one gene 

produces only truncated mRNA and is therefore not fully functional (24). Of the 

remaining three, all are fully transcribed and segregate with scab resistance and are 

therefore candidate R genes (21). We recently showed that one of these genes, 

HcrVf2, alone is able to confer apple scab resistance to the apple cultivar Gala (25). In 

the previous study HcrVf2 transformed Gala plants were found to be resistant to a 

mixed scab inoculum. However this does not show that HcrVf2 is involved in 

recognition of the pathogen but rather proved the involvement of this gene in scab 

resistance generally. Pathogen recognition can be verified by testing the HcrVf2 

transformed Gala with physiological races of V. inaequalis that form compatible and 

incompatible interactions with Vf resistance. 

 
Material and Methods 
Plant material 
Malus x domestica cv Gala plants modified to contain the HcrVf2 gene from lines Ga2-

21 were previously characterised and shown to contain one copy of the T-DNA from 

construct pCORF2 (25). Plants were rooted according to James and Dandekar with the 

Auxin in the root induction media being provided by 1.5mg/L IBA (3-indolbutyric acid) 

(Duchefa, NL).  As a scab susceptible control Malus x domestica cv Gala plants which 

had been regenerated from calli were rooted in the same way.  The plants were 

transferred gradually from in vitro conditions to the greenhouse (240C-180 C). The Gala 

plant was maintained in the greenhouse for six months prior to inoculation. Plants were 

inoculated as soon as the Ga2-21 plants were acclimatised to greenhouse conditions. 

 

Fungal strains 
Two V. inaequalis inocula were prepared; one originating from Gala orchard trees 

(Gala inoculum) which will form an incompatible interaction with Malus floribunda 821 

(from which Vf resistance originates) and one isolated from Malus floribunda 821. The 

Gala inoculum was prepared from scab infected leaves collected, in May 2000, from 

Gala trees, at the Swiss federal research station for fruit growing, horticulture and 

viticulture, Wädenswil, Switzerland. For preparation of the conidial spore suspension 

the infected leaves were mixed thoroughly in water and all leaf debris was removed. 

The spore suspension was then centrifuged at 3000rpm for 10 minutes and the 

supernatant removed, spores were resuspended to a concentration of 2x105 condia/ml. 

Race 7 was isolated from a scab infected Malus floribunda 821 tree from the same 

orchard one year later. Conidia were washed from the leaves and plated out on PDA 
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agar, after two days a single spore was taken and transferred to fresh PDA covered 

with a cellophane film. The fungus was allowed to sporulate and conidia for plant 

inoculations were harvested by removing a section of mycelia covered cellophane and 

washing it in water. Conidial spore suspension of 2x105 conidia/ml was prepared as 

described above. 

 

Inoculation conditions 
Inoculations were carried out in a climate chamber to insure containment of the Vf 

virulent race. A temperature of 20±2 C and a 16h photoperiod of 5800 lux light intensity 

remained constant for the 28 days of incubation. The relative humidity was kept at 

100% for the first 48h, for the next 19 days the humidity was reduced to 80% and then 

for the final 7 days increased once again to 100%. Two plants from Ga2-21 and one cv 

Gala plants were inoculated. Three 5µl drops of the mixed race inoculum were placed 

on the left-hand side of the youngest three leaves of each plant. To the right-hand side 

of each of these leaves, three drops (5µl) of the race 7 inoculum were added. 

 

Disease assessment 
Disease symptoms were monitored every 7 days after inoculation, the experiment was 

stopped 28 days after inoculation (dai) when the symptoms were thought to have 

reached a maximum. At this point disease symptoms for each inoculated leaf were 

assessed according to the scale of Chevalier (26). The youngest inoculated leaf was 

prepared for microscopy as previously described (27). 

 

Results 
Assessment of scab infections 
Symptoms of scab infection began appearing on cv Gala and plant Ga2-21A 14 days 

after inoculation (dai). Three clear chlorotic spots were observed on the right-hand side 

of the youngest inoculated leaf (leaf 1) of both Ga2-21 plants. Leaf 1 of Gala showed 

both chlorotic and necrotic lesions at this point. Lesions caused by artificial scab 

inoculations usually sporulate within 21 dai under greenhouse conditions. During this 

experiment, by day 21, only slight sporulation had begun to appear and therefore a 

further seven days incubation was given. This delay in symptom appearance is 

probably due to the climate chamber conditions where maintenance of high humidity 

levels is difficult. 

On Ga2-21 plants, the ability of the Gala inoculum and race 7 to cause infections 

varied greatly. On leaf 1 from Ga2-21A the part of the leaf inoculated with the Gala 

inoculum (left-hand side) no visible symptoms were observed, 28 dai (Table 1). On the 
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other hand the part of the leaf inoculated with race 7 (right-hand side) showed three 

distinct lesions, with slight sporulation, one for each drop of inoculum deposited (Figure 

1). Plant Ga2-21B also showed no visible symptoms with the Gala inoculum. When 

inoculated with race 7 chlorotic and necrotic lesions were observed on leaf 1. On Gala 

leaves slightly sporulating lesions were observed with both inocula i.e. on both halves 

of the leaf (Figure 1). The symptoms observed were less pronounced on the second 

(leaf 2) and third (leaf 3) leaf inoculated, for all plants (Table 1).  

Table 1: Assessment of disease severity 28 days after inoculation. 

Scab symptoms3

Leaf 1 Leaf 2 Leaf 3 

 

Host plant1
 

Area 

assessed 

 Gala 

 (Vf avir) 

Race 7 

(Vf vir) 

Gala 

 (Vf avir) 

Race 7 

(Vf vir) 

Gala 

 (Vf avir) 

Race 7 

(Vf vir) 

Gala  Whole leaf2 3a 3b 2 2 0 0 

Drop 1 0 3b 0 3b 0 0 Ga2-21A 

Drop 2 0 3a/3b 0 3a 0 2 

 Drop 3 0 3a/3b  0 3b 0 0 

Drop 1 0 3b 0 0 0 0 Ga2-21B 

Drop 2 0 3b 0 0 0 0 

 Drop 3 0 3b 0 0 0 0 

 

1: Either the cultivar Gala or transgenic Gala containing HcrVf2. 

2: Distinct lesions caused by individual drops of inoculum were not visible. 

3: All three inoculated leaves were assessed for symptom progression, according to the scale of Chevalier, 

28 Days after inoculation; 0= no macroscopically visible symptom, 1= hypersensitive pin points, 2= 

chlorotic areas with no sporulation, 3a= chlorotic and necrotic areas with no sporulation, 3b= chlorotic and 

necrotic areas with sparse sporulation, 4= sporulation covering entire leaf. Class 4 represents susceptibility 

and all other values degrees of resistance. 

 

 

Plant Ga2-21B did not grow as well as the others during the incubation time for 

disease development. In particular the inoculated leaves remained small. Plant Ga2-

21A grew well and the leaves remained green. The Gala plant grew well until day 21 

when it stopped growing, this plant also suffered general leaf chlorosis. 
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Figure 1: Scab symptoms 28 days after inoculation on leaf 1 of Gala and Ga2-21A. The left-hand side of  

each leaf was inoculated with three drops of V. inaequalis inoculum originating from Gala 
orchard trees (Gala), the right-hand side with three drops of inoculum originating from Malus 
floribunda 821 (race 7). Vf avir= inoculum avirulent to Vf resistance, Vf vir=inoculum virulent to 
Vf resistance. 

 
 

 
Microscopy 
Leaf 1 from each plant was chosen for disease assessment microscopically (Table 2). 

This leaf showed the most advanced symptoms macroscopically. On both halves of the 

Gala leaf expanded subcuticular stroma was observed, conidiophores had formed and 

had began to produce new conidia, (Table 1 (sporulating conidiophores)). On leaf 

sections from the Ga2-21 plants, tested with the Gala inoculum, germinated conidia 

were observed but they had not progressed beyond producing appressoria. 

Penetration pegs may have formed but the fungus was not able to produce visible 

subcuticular primary stroma (Figure 2). Here it was possible to count the number of 
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germinated conidia present and on each leaf half observed, more than 400 germinated 

conidia were found (Table 2). On Ga2-21 leaf sections tested with race 7, subcuticular 

stroma with sporulating conidiophores was observed. The extent of sporulation (i.e. 

number of new conidia produced) varied a little between samples, most notably for 

drop 1 (closest to the leaf apex) of Gala and Ga2-21B inoculated with race 7.  
 

Table 2: Fungal progression on youngest leaf inoculated 

Gala inoculum 

(Vf avirulent) 

 Race 7 

(Vf virulent) 

Fungal development2 Fungal development2

Host 

Plant1

Drop  

No. of  

conidia3

 

Drop  

No. of 

conidia3

1 Spor. conidiophores n.a.  1 Conidiophores (some spor.) 

2 Spor. conidiophores   2 Spor. conidiophores 

Gala 

3 Spor. conidiophores   3 Spor. conidiophores 

n.a. 

1 Appressoria only  1 Spor. conidiophores 

2 Appressoria only  2 Spor. conidiophores 

Ga2-21 A 

3 Appressoria only 

469 

 3 Spor. conidiophores 

n.a. 

Ga2-21 B 1 Appressoria only  1 Conidiophores (some spor.)  n.a. 

 2 Appressoria only  2 Spor. conidiophores  

 3 Appressoria only 

425 

 3 Spor. conidiophores  

 

1: Either the cultivar Gala or transgenic Gala containing HcrVf2. 

2: Appressoria formation is the first stage of infection. Sporulating conidiophores represent the last stage of the 

infection cycle as fresh conidia go on to start a new cycle.  

3: Number of germinated conidia (from inoculum) per leaf. Where a network of stroma and conidiophores had 

formed it was not possible to count the number of conidia from the original inoculum (n.a. not assessed). 
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Figure 2: Fungal development 28 days after inoculation 
    Gala inoculum (Vf avirulent)               Race 7 (Vf virulent)  
 

 
 
Fungal development observed using a light microscope. Top left-hand side: Gala leaf inoculated with 

inoculum originating from Gala, Top right-hand side: Gala leaf inoculated with inoculum originating from 

Malus Floribunda. Bottom left and right-hand side Ga2-21A leaves inoculated with Gala and Malus 

Floribunda inoculum respectively. 
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Discussion 
On Gala plants modified to contain HcrVf2, V. inaequalis isolated from Gala orchard 

leaves was unable to cause infection. In fact the fungal conidia were not able to 

progress further than forming appressoria. Penetration pegs may have formed but the 

fungus was not able to produce visible subcuticular primary stroma.  In contrast the Vf 

virulent race 7, isolated from Malus floribunda (821) from which the scab resistance 

gene Vf originates, is able to expand unrestricted and form sporulating conidiophores 

on the youngest inoculated leaves of HcrVf2 Gala plants. The reduction in symptom 

severity observed between leaf 1 and leaves 2 and 3 of all plants is a clear sign of 

ontogenic resistance, which is due to increasing leaf age and is not connected with 

race specific interactions (9). On both halves of the Gala leaf and areas of Ga2-21 

leaves inoculated with race 7 only slight sporulation of the fungus was visible by eye, 
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which can be classified as a resistance response (28). However, a closer look at these 

lesions under the microscope revealed clearly sporulating conidiophores, an obvious 

sign of susceptibility. The symptoms observed on the left and right-hand side of the 

Ga2-21 leaves represent the two extremes in fungal development for V. inaequalis. 

Following appressoria formation the host cuticle is penetrated and disc shaped areas of 

primary stroma form. This is followed by expansion of running hyphae, conidiophore 

formation and finally sporulation. The susceptibility of these plants to race 7 illustrates 

that neither the transformation process nor the HcrVf2 gene have an effect on the 

intrinsic susceptibility of the plant, showing conclusive proof that the resistance towards 

the Gala inoculum is due HcrVf2 alone. The interactions observed between Vf avirulent 

and virulent strains of V. inaequalis and the Ga2-21 plants show these plants are able 

to recognise individual strains of V. inaequalis demonstrating that HcrVf2 forms race-

specific interactions with the pathogen.  

Genetic studies of V. inaequalis using a cross between a Vf avirulent and Vf 

virulent strains showed a 1:1 segregation in pathogenicity of the progeny on Malus 

floribunda 821 and therefore indicates that only one AvrVf gene is present in avirulent 

strains (11). This also suggests that race 7 has only had to overcome a single R gene 

in order to become virulent. However, given the genetic structure of V. inaequalis and 

the evolutionary potential of the fungus, the risk that the pathogen will become virulent 

to a single R gene is quite high (29). Within a year of discovery of the major scab 

resistance gene, Vm, a race of V. inaequalis able to overcome this resistance gene 

was also identified (30). Although, as this R gene originates from a wild species, it 

cannot be estimated how long it took for the virulent race to appear. On the other hand 

the Vf gene, also originating from a wild species, retained resistance to all V. inaequalis 

races for over 50 years, despite being planted in many breeding orchards. This 

suggests that Vf resistance involves more than a single major resistance gene as a 

combination of several major genes or major and minor genes is more difficult for the 

pathogen to overcome. Here we have shown the involvement of HcrVf2 in race-specific 

interactions this does not however rule out the involvement of the other HcrVf genes in 

scab resistance. The two genes HcrVf1 and HcrVf2 are very similar, 94% sequence 

similarity, the main difference being that HcrVf1 contains one Leucine Rich Repeat 

(LRR) more than HcrVf2. The third R gene candidate from the Vf cluster, HcrVf4, 

differs most notably from HcrVf2 by the loss of 4 LRRs. The LRR domains of R genes 

are involved in providing specificity for recognition of pathogen elicitors. Domain swaps 

between Cf-4 and Cf-9 have been shown to alter recognition for the corresponding 

AVR4 and AVR9 proteins (31, 32). Thus the differences between the HcrVf LRR 

domains might reflect the recognition of different AVR proteins. The presence of further 
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avrVf genes in V. inaequalis would still correlate with the results of Bénaouf and Parisi 

if the genes were to be linked. Some avr genes of the Oomycete Phytophthora 

infestans are found in a tightly linked cluster (33). The involvement of further HcrVf 

genes could account for the relative durability of Vf resistance compared to other major 

scab resistance genes as any strain of the fungus growing on an Vf carrying plant must 

alter more than one avr gene in order to pass undetected and cause disease. Another 

possibility is that the durability of Vf is due to a fitness cost of virulence for the 

pathogen (8). However given that race 7 is appearing in an ever increasing number of 

European orchards, a reduction in pathogen fitness seems unlikely.  

Identification of avr genes or proteins from V. inaequalis and further investigation 

of the other resistance gene homologues of the Vf region is required. This will help to 

further clarify whether genes other than HcrVf2 are involved in the race-specific 

interactions between Vf and V. inaequalis.   
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Characterisation and functional analysis of the upstream 
regulatory region from three HcrVf genes cloned from the apple 

scab resistance region Vf. 
 

 

 

 

The HcrVf gene family from apple are putative resistance genes thought to encode 

receptor proteins that recognise and confer resistance to the apple pathogen Venturia 

inaequalis (apple scab). One gene HcrVf2 has recently been shown to confer 

resistance to apple scab when transferred into a scab susceptible apple variety. 

Although these genes and many other plant resistance genes are said to be 

constitutively expressed in depth analysis of gene expression and the regulatory 

sequences of resistance genes is limited. Sequence comparisons and functional 

analysis of the upstream region, relative to the translation start, from the three 

members of the HcrVf gene family which are fully expressed are demonstrated. A basal 

promoter functioning only at low levels and efficient promoter regions equivalent to half 

the strength of the 35S promoter from Cauliflower mosaic virus were identified. Longer 

deletion constructs significantly reduced the activity of previously efficient constructs 

indicating the presence of repressive sequences. Many cis-acting elements from light 

regulated genes were found as were those from defence related genes and binding 

sites for transcriptional repressors.  
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Introduction 
 
Plants are able to defend themselves from pathogen attack via defence pathways that 

are often triggered by the recognition of pathogen elicitors. Under the gene-for-gene 

theory (1) for an incompatible (resistant) reaction the interaction between a receptor 

encoded by a plant resistance gene and a pathogen elicitor encoded by a pathogen 

avirulence gene is required.  After pathogen recognition a defence response requiring 

the induction of many plant genes leads to the restriction of the pathogen, often due to 

localised cell death; the so called hypersensitive response. It follows that a plant 

resistance gene must therefore be expressed prior to fungal infection. However 

although many plant resistance (R) genes are found to be constitutively expressed this 

is not the case for all plant R genes (2, 3)  

The HcrVf genes of apple are putative apple scab resistance genes, isolated from 

the Vf region of the apple genome (4). Vf (Venturia floribunda) resistance originates 

from the wild apple species Malus floribunda 821 and confers resistance to apple scab, 

caused by the fungal pathogen Venturia inaequalis (5). The resistance gene forms a 

gene-for-gene relationship with strains of V. inaequalis (6). However this rarely leads to 

a hypersensitive response rather varying degrees of resistance restricting the 

advancement of the fungus are observed (7, 8). Within the Vf region, three HcrVf 

genes (HcrVf1, 2 and 4) were found and their amino acid sequence contains leucine 

rich repeat (LRR) and transmembrane (TM) domains, similar to the Cf resistance 

genes of tomato (4). HcrVf2 has recently been found to confer resistance to apple scab 

when transferred to the scab susceptible cultivar Gala (9, 10). Transcripts from all three 

HcrVf genes are detected in leaves prior to fungal infection (4). However HcrVf1 and 2 

are highly expressed in young leaves whilst HcrVf4 appears to be more efficiently 

expressed in older leaves (11). This shows that some variation in expression levels of 

the individual open reading frames within the HcrVf gene family may occur. 

Transfer of the HcrVf genes to scab susceptible apple varieties would help to 

understand the role these genes play in the resistance mechanisms and may lead to 

alternative strategies for disease control of apple scab.  Expression of HCRVF2 under 

the control of the Cauliflower mosaic virus 35S promoter (CaMV 35S) has already been 

achieved in the scab susceptible apple cultivar Gala and enabled the identification of 

the first scab resistance genes from apple (9).  For the application of such resistance 

genes for disease control, the use of constitutive promoters such as the CaMV 35S is 

not desirable. Firstly due to the fact that the use of a strong promoter such as the 

CaMV 35S can lead to silencing due to overexpression (12). Secondly that durable 

disease resistance could only be achieved through the transfer of several resistance 
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genes (pyramiding) and the use of the same promoter for several gene constructs can 

lead to homology-dependant transgene silencing (13). In both these examples 

silencing was found to be aggravated when several copies of the transgene were 

integrated.  Furthermore the use of genetic material of non-plant origin is one of the 

main criticisms of genetically modified plants on the market. Use of tissue specific 

promoters from other plants could be considered. Heterologous promoters, from 

tomato and from Soya bean, have been shown to be successful in apple however the 

specificity of the promoter may be reduced (14). Therefore for the further study and 

application of these genes they would ideally be regulated by their own promoter 

regions. 

Apple transformation, although possible, is a lengthy and tedious process with a 

low success rate. Therefore prior to stable apple transformation, a rapid screening of 

promoter regions would be advantageous to identify the minimal sequence required for 

expression as well as significant up or down regulating sequences. In addition the use 

of more rapid transient assays as opposed to stable transformation avoids false results 

due to copy number and site of integration that affect the expression of constructs in 

stable transformation (15). 

In order to identify functional regulatory sequences, 5’ deletion constructs of the 

upstream region from all three expressed HcrVf genes were fused to a gusA reported 

gene. GUS activity was assessed fluorometrically after agroinfiltration into tobacco 

leaves (15, 16). An efficient regulatory sequence was identified for all of the HcrVf 

genes studied. A minimal promoter functional only at a basal level was also identified. 

Cis-acting elements found within the HcrVf promoter regions included those similar to 

cis-acting elements found in promoter regions of light regulated and defence related 

genes. The relative GUS activity of individual constructs showed that the regions most 

distal to the translation start appear to be involved in down-regulation of HcrVf genes. 
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Materials and Methods 
 
Promoter deletion constructs 
To determine the minimal region required for GUS expression four 5' deletion 

constructs from the upstream region of HcrVf1 were constructed. These ranged from 

1200bp to 100bp in length (Fig. 1). To investigate the significance of sequence 

variation between the upstream regions of all three genes further 5' deletion constructs 

from the upstream region of HcrVf2 and 4 were made. Design of these constructs was 

based on sections of sequence similarity found between the three upstream sequences 

(Fig. 1). The HcrVf1, 2 and 4 genes were previously identified from BAC clones M18-1, 

M18-5 and M18-6 respectively of a BAC library from the apple cultivar Florina (4) and 

sequences from these BAC clones were used for sequence comparison and to assist 

primer design for the promoter constructs. PCR primers used for amplification of the 5' 

upstream regions produce DNA fragments of the appropriate size, mentioned above, 

directly upstream of the ATG of the open reading frame (Table 1). Promoter regions 

were amplified by PCR using Pfu Taq polymerase (Promega, Madison, Wi, USA).The 

BAC clones, listed above, were used as template for the PCR amplification of the 

upstream region from the relevant gene, except for the HcrVf2 deletion constructs 

which were amplified from a subclone of M18-5. Binary vector pCambia1381Z was 

used for all constructs (Genebank Acc. No: AF234306), this vector contains a gusA 

gene with a catalase intron to prevent GUS expression in agrobacteria and convenient 

cloning sites. Restriction enzyme sites flanking the upstream regions were introduced 

via the PCR primer (Table 1). PCR products and pCambia1381Z were restriction 

digested with the appropriate enzyme and ligated together, overnight, using T4 DNA 

ligase (Roche Diagnostics, Switzerland). Plasmids were transferred to MAX Efficiency 

DH5α Competent E.coli cells (Invitrogen, Paisley, UK) according to the manufacture’s 

instructions. Positive colonies were identified by colony PCR and verified by 

sequencing. 
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Figure 1: Sequence identity of 90% or higher between 5' sequences are shown: shaded areas, between all three 

promoters considered; black, between HcrVf1 and HcrVf2; grid, between HcrVf1 and HcrVf4; strips, between 

HcrVf2 and HcrVf4. Regions of high sequence identity appear in the same order for all of the considered 

promoters. The labelled arrows represent the 5’ end of the promoter deletion constructs. All constructs are 

terminated by a thymine base located in position –1. Distances, shown in basepairs, are relative to the translation 

start. (Fragments are drawn to scale). Figure provided by Sébastien Besse. 
 
 
Agroinfiltration of tobacco plants 
Binary plasmids containing promoter deletions were transferred to Agrobacterium 

tumefaciens EHA105 containing helper plasmid pCH32 (17) according to (18). 

Agrobacteria were grown for 48h in 10ml YEB media (19) containing, 50mg/l 

Kanamycin, 25mg/l Nalidixic Acid and 5mg/l Tetracycline. A further 80ml YEB 

containing Kanamycin and Tetracycline, at the same concentrations, was inoculated 

with 5ml culture and Agrobacteria were re-grown overnight. Cells were harvested by 

centrifugation (3500rpm, 10min) and resuspended to an OD6001.5 in the following 

resuspension solution: per litre, 4.4g MS with Vitamins (Duchefa, NL), 30g Sucrose, 

1.0mM L-Proline (sigma), 0.1mM Aceteosyringone (Fluka), pH5.2. Agrobacteria were 

left to stand at room temperature for 2 hours prior to infiltration. Nicotiana glutinosa 

plants were infiltrated with agrobacteria using either a 1ml insulin syringe (Becton 

dickinson, U-40) or a 1ml syringe with no needle (Becton dickinson B-D). Four sections 

of a single leaf were injected for each deletion construct, one section with 

CaMV35S::gusA, one section with the promoterless pCambia1381Z and two sections 

with the promoter deletion construct. Five leaves per construct were injected for each 

experiment, all experiments being carried out three times. 
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GUS assay 

Fluorometric GUS assay were carried out according to Futterer et al. (20) with the 

following modifications; leaf material was destroyed in a 2ml eppendorf tube using 2-3 

glass beads (1mm) and a bead mill for 2 minutes, crude protein extracts were 

harvested after 10min centrifugation (13,000rpm) at 40C. Fluorescence was measured 

at 360nm excitation and 450nm emission using a Spectra Fluro Plus fluorometer 

(Tecan GmBH, Austria). Total protein concentrations were determined using protein 

assay dye reagent concentrate for the assay and bovine serum albumin as the 

standard (Bio-Rad, Munich, Germany) (21). GUS activity was calculated as nM 4-

MU/min/mg protein. For each leaf studied the GUS activity from the deletion construct 

and pCambia1381Z were normalised to that of the CaMV 35S. Each deletion construct 

was injected twice into each leaf therefore an average of these two values was 

considered.  All statistical values were calculated using SYSTAT10 software.  

 

Sequence analysis 

All sequence alignments were made using Clustal W from the DNA data Bank of Japan 

at www.ddbj.nig.ac.jp. Putative cis-acting elements were identified using the PLACE 

database (22) at www.dna.affrc.go.jp/htdocs/PLACE.  
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  Table 1: Primers used for the amplification of the HcrVf1, HcrVf2 and HcrVf4 upstream regions 

and length of the generated constructs 

  Deletion  
Construct1 Primer2 Sequences3 (5’ → 3’) 

Length4 
(bp) 

  HcrVf1    

  P12-1 HcrVf1-12 F GACCACGAAATTGGATTTATTG 

   HcrVf1-12 R GCGTAGCGTGCCAAGCTTAAAGTTCAAGTGTATGAAGC 
1200 

  P6-1 HcrVf1-6 F GCTAACCGATGTCGACCATTCAATGACAGTCTGATC 

   HcrVf1-6 R CGCACGGCATCTGCAGAAAGTTCAAGTGTATGAAGC 
632 

  P3-1 HcrVf1-3 F GATCGATTTAGCGGATCCGGGGTCTTAAATTCCACACG 

   HcrVf1-3 R GCGTAGCGTGCCAAGCTTAAAGTTCAAGTGTATGAAGC 
312 

  P1-1 HcrVf1-1 F GCTAACCGATGGATCCTCTCATGCCGTAAAGGATGG 

   HcrVf1-1 R GCGTAGCGTGCCAAGCTTAAAGTTCAAGTGTATGAAGC 
115 

  HcrVf2    

  P8-2 HcrVf2-8 F GCTAACCGATGTCGACCATTCAATGACAGTCTGATC 

   HcrVf2-8 R CGCACGGCATCTGCAGAAAGTTCAAGTGTATGAAGC 
779 

  P3-2 HcrVf2-3 F TCATACCGATGTCGACATTCCAAGTGGGGTCTTAGA 

   HcrVf2-3 R CGCACGGCATCTGCAGAAAGTTCAAGTGTATGAAGC 
288 

  HcrVf4    

  P16-4 HcrVf4-16 F TGATCGTGTAGGATCCCTTTAGTCTTAGCTACGACT 

   HcrVf4-16 R GCGTAGCGTGCCAAGCTTAAAGTTCAAGTGTATGAAGC 
1573 

  P9-4 HcrVf4-9 F TGGTGCCATCGGATCCCTCTGAAGGTAAATAGAAAA 

   HcrVf4-9 R GCGTAGCGTGCCAAGCTTAAAGTTCAAGTGTATGAAGC 
858 

  P3-4 HcrVf4-3 F TATTCTCAGGGGATCCCCAGCTTAGGTGGGCATATT 

   HcrVf4-3 R GCGTAGCGTGCCAAGCTTAAAGTTCAAGTGTATGAAGC 
332 

   

1 Promoter constructs listed according to the gene from which they originate. Construct names 

indicate firstly the length of the construct to the nearest 100bp and then separated by the 

hyphae the HcrVf gene number.  
2  F, the forward primers; R, the reverse primers.  
3 Restrictions sites used for cloning the PCR products into the binary vector pCAMBIA1381Z are 

indicated as following: SalІ, PstІ, BamHІ, HindІІІ. The HcrVf1-1 fragment was blunt end 

cloned into Sma Ι. 
4 The primer restriction sites are not included.  
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Results  
 
Promoter activity determined via transient expression system 
Deletion constructs of the 5' regulatory sequence of genes HcrVf1, 2 and 4 and control 

plasmids were successfully agroinfiltrated into tobacco leaves. This transient assay 

proved to be a good system for the study of promoter sequences. The 35S::gusA 

positive control drove high levels of GUS synthesis (on average approximately 2500nM 

4-MU/min/mg total protein) easily distinguishable from the promoterless 

pCambia1381Z (on average approximately 50nM 4-MU/min/mg protein).  The 

promoterless pCambia1381Z alone consistently produced very low GUS activity rarely 

exceeding 100nM 4-MU/min/mg total protein. Despite using plants and leaves of a 

similar age considerable variation in overall GUS activity of was observed between 

repeats. However agroinfiltration of deletion constructs and controls into a single 

tobacco leaf allowed the comparison of promoter efficiency (15). The GUS activity from 

deletion constructs and the promoterless pCambia1381Z was normalised to that of the 

CaMV 35S. Comparison of the GUS activity from deletion constructs with that of the 

two controls, for all leaf samples, showed that patterns of expression were consistent. 

All deletion constructs were able to induce some GUS activity and they were all easily 

distinguishable from the two controls. Some leaves proved to be unsuitable for 

Agroinfiltration, probably due to leaf age. In such leaves GUS activity from the CaMV 

35S construct was very low (<100nM 4-MU/mg protein/min) and indistinguishable from 

the promoterless control. All data from such leaves were discarded from the final 

analysis.  

Construct P1-1 from HcrVf1 which is only 115bp in length showed markedly 

reduced expression (Fig. 2) compared to other deletion constructs. Sequences 300-

800bp upstream of the translation start (ATG) of each open reading frame (ORF) can 

be considered as an efficient regulatory sequence; constructs P3-1 (300bp), P6-1 

(632bp) from HcrVf1, P3-2 (288bp) from HcrVf2 and P3-4 (332bp) from HcrVf4 all 

showed GUS activity equivalent to approximately 50% of that of the CaMV 35S. 

Constructs containing longer upstream sequences, P12-1, P8-2 and P16-4, showed 

reduced activity in comparison to shorter deletion constructs from the upstream region 

of the same ORF. 

Statistical analysis of the normalised data showed that all deletion constructs were 

different from the promoterless pCambia1381Z (p<0.005 using the Wilicoxon signed 

rank test).  
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All except P3-1 were also statistically different from the 35S::gusA (p>0.05). Construct 

P1-1 was statistically different to all other deletion constructs (p=0 using the Mann-

Whitney test).  Also using the Mann-Whitney test statistically significant differences 

were found between P8-2 and P3-2 (p=0.026) and between P16-4 and P3-4 (P=0.004). 

No other statistically significant differences were observed between other deletion 

constructs. 

 
Sequence analysis 
Sequence comparison of the three 5' regulatory sequences shows that considering the 

total upstream regions analysed, that of HcrVf1 and 2 have 80% sequence identity 

whereas that of HcrVf4 has 40% identity to HcrVf1 and 26% identity to HcrVf2.  

However regions of high similarity are found between these sequences (Fig. 1), for 

example the -1 to -115 regions of all sequences. The first 115bp upstream of all three 

ORFs have at least 95% identity, apart from single base pair mutations (4 in total) the 

only difference is the addition of a CTTCC sequence in the upstream sequences of 

HcrVf4 at -75.  

Other regions of high sequence identity were found further upstream in the 5’ 

regions, especially within the most distal regions (Fig1; Fig. 3). The sequence between 

-855 and -633 of HcrVf1 has high sequence identity with -1038 to- 815 of HcrVf2 and -

1573 to -1326 of HcrVf4  (Region A). This region lies within the sequence that is 

present only in the longer constructs P16-4 and P12-1 which showed reduced GUS 

activity. It is therefore hypothesised that these sequences may contain cis-acting 

elements involved in the reduction of transcription rates. The sequence from HcrVf2 

between -1376 and -779 is almost identical to HcrVf1 -1200 to -632 therefore it was not 

tested separately as it is expected to show the same results as P12-1. This region of 

upstream of HcrVf2 therefore also contains the sequence similarity region A. The 

sequence between -621 and -527 of HcrVf1 has high sequence identity with -773 to- 

679 of HcrVf2 and -1189 to-1095 of HcrVf4 (Region B). For HcrVf4 region B lies within 

the sequence present only in the P16-4 construct and for HcrVf2 within the P8-2 

construct both of which showed lower GUS activity. However region B is present within 

the P6-1 construct for HcrVf1 and this construct showed no significant down-regulation.  

For the identification of putative cis-acting elements within the HcrVf promoter 

sequences, the publicly available database PLACE was used (22). Database analysis 

identified many cis-acting elements within the sequences studied. Among these were 

several cis-acting elements which are frequently found within the HcrVf promoter 

regions studied and which are also found in the promoter regions of light regulated 

genes (Table 2).   
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Table 2. Frequency and type of selected putative cis-acting elements found in HcrVf promoter sequences. 

cis element Putative function or gene 

or origin. 

HcrVf11 HcrVf21 HcrVf41

  I II III I II I II III 

CAAT Tissue specific, 

enhancement. 

2 4 5 1 10 2 7 6 

CCAATBOX1 Bind enhancers 1 3 1 - 2 2 1 3 

DOF Bind Dof transcription 

factors. 

1 3 7 2 7 2 8 8 

GATA Light and tissue 2 5 7 1 6 3 1 12 

GT1Consensus Light 1 - 8 3 2 1 8 5 

GTGA Late pollen g10 gene and 

tomato lat59  

- - 9 1 5 1 5 7 

I box Light 3 4 2 2 2 2 - 5 

SF1 box Binds SF1(negative 

element) 

- 1 - - 1 - 1 1 

W BOX Defence related genes - 1 - - 3 - 1 2 

 

A selection of putative cis-acting elements found in regulatory regions of HcrVf genes using the PLACE 

database (22) . CCAAT box (23,24) ;Dof (25); GATA (26,27); GT-1 consensus (28); GTGA (29); I box (28); 

S1F binding site, negative regulator (30); W box, defence related (31). The sequences searched are as 

follows: HcrVf1: I: from -115 to -332; II: from -333 to -632; III from -633 to -1200.HcrVf2: I: from -115 to -288; 

II from – 289 to –779. HcrVf4: I: from -115 to -332; II from -333 to -858; III from – 859 to – 1573. 

 

Cis-acting elements from tissue specific and stress response genes were also found, 

as were W-boxes, found in promoter regions of many plant defence genes (Table 2). In 

the two regions, A and B, thought to be involved in suppression of transcription, several 

cis-elements were found in all three sequences. These included the binding sites for 

known transcription repressor proteins such as Dof2 and S1F, which have been shown 

to down-regulate the cat reporter and rps1 spinach genes respectively (30, 32). 
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Discussion 
 
Most plant R genes are reported to be constitutively expressed yet this is not always 

the case, recent studies have shown changes in R gene expression can be triggered 

by a variety of stimuli (3, 33, 34). The Xa1 bacterial blight resistance gene from rice is 

induced by both wounding and pathogen inoculation (33).  The Rp1-D gene from Maize 

is developmentally regulated (34). The rice blast resistance gene Pib is expressed at 

low levels prior to inoculation and is up-regulated by environmental signals such as 

darkness and moderate temperatures and may also be affected by water availability; 

indicating that Pib is induced not by pathogen inoculation but rather by environmental 

conditions that are favourable to the pathogen attack (3). Pib expression was also 

shown to be affected by chemical signals such as jasmonic acid, salicylic acid, 

ethylene and Systemic Acquired Resistance (SAR) inducing probenazole (3). However 

to date such regulation of resistance genes has only been found in monocots and only 

from resistance genes which encode proteins containing nucleotide binding site (NBS) 

and Leucine Rich Repeat (LRR) domains (3). 

Currently under investigation are the HcrVf genes from apple which are putative 

resistance genes encoding TM-LRR protein that are thought to be involved in 

recognition of the fungal pathogen Venturia inaequalis (apple scab) (4, 9). They are 

found as a gene cluster, three of which produce full transcripts. One gene has recently 

been shown to induce apple scab resistance in a scab susceptible apple cultivar (9, 

10). Here we report the detailed study of the 5' promoter region from all three 

expressed genes. Important promoter regions from the genes HcrVf1, 2 and 4 were 

identified, via agroinfiltration of promoter constructs, fused with a gusA gene, into 

tobacco leaves. Identification of cis-acting elements within deletion constructs showing 

a change in transcription rate can imply promoter function or specificity.  

In this study a minimal promoter region of -115bp (relative to the ATG) was identified 

from HcrVf1. Similarly low expression rate would be expected from deletion constructs 

of this length from HcrVf2 and 4 due to the high sequence similarity of these regions. 

This section contains a TATA box (4) between -70 and -64 and the transcription start is 

estimated to be at -36. It can therefore be considered as the region required for basal 

transcription. 
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Figure 3: Regions of sequence similarity and putative cis-acting elements found in low GUS activity constructs.  

Region A  

          GTGA             Dof       GT-1 

HcrVf1         GTTGTGAATATGACTGGTCTTAAAGTCCT--TATTATCTTTGAGCAAGAAAAATCAAAGC 

HcrVf2         GTTGTGAATATGACTGGTCTTAAAGTCCT--TATTATCTTTGAGCAAGAAAAATCAAAGC 

HcrVf4         GTTGTGAATATGACTGGTCTTAAAGTTCTGTCCCTACAGATGGACTAGCTACTTAAATGG 

               ************************** **     **    **  * **  *  * ** *  

      Rye 

HcrVf1         ------------TTTAATTATTCT------GCATGACTTTTCATGCATTCACCATCGTAT 

HcrVf2         ------------TTTAATTATTCT------GCATGACTTTTCATGCATTCACCATCGGAT 

HcrVf4         CCGTATGTATAGTTCAACCATTCTTATCATGCATGACTTTTCATGCATTCACCATCGTAT 

                           ** **  *****      *************************** ** 

     SEF 

HcrVf1         GGAATATATCACAGTTTTTGGCCAAATTTTCCACATAAAATTTAATCCTCTCTACTTCCT 

HcrVf2         GGAATATATCACAGTTTTTGGCCAAATTTTCCACATAAAATTTAATCCTCTCAACTTCCT 

HcrVf4         GGAATATATCAGAGTTTCTGGCCAAATTTTCCACATAAAATTTAATCCTCTCAACTTCCT 

               *********** ***** ********************************** ******* 

  

HcrVf1         AACATTATCAAA------------ 

HcrVf2         AACATTATCAAACATTCAATGACA 

HcrVf4         AACATTATCAA------------- 

               *********** 

Sequences are: HcrVf1 -803 to -633; HcrVf2 -982 to -815; HcrVf4 -1517 to -1326 

Region B 

     Dof 
     GATA   W box 

HcrVf1        TCTGGAGATAAAGTTGACAAGTATTATTATACGGCAACTTGATGATGTTGCTGGTGCTGTATC 

HcrVf2        TCTGGAGATAAAGTTGACAAGTATTATTATACGGCAACTTGATAATGTTGCTGGTGATGTATC 

HcrVf4        TCTGGAGATACAGTTGACAAGTATTATTAGACGGCAACTTGATGATGTTGCTGGTGATGTATC 

               

       GTGA  SF1 

HcrVf1        TGGATTGGCCGTGAAATGGTATGGAATTTGT 

HcrVf2        TGGATTGGCCGTGAAATGGTATGGAATTTGT 

HcrVf4        TGGATTGGCCGTGAAATGGTATGGAATTTGT 

               

Sequences are: HcrVf1: -621 to -527; HcrVf2: -773 to -679; HcrVf4: -1189 to -1095   

 

Efficient promoter regions which would be suitable candidates for stable apple 

transformation with the corresponding HcrVf genes for investigations or applications 

requiring homologous promoters were identified for all three genes being for P3-1, P3-2 
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and P3-4 for HcrVf1, 2 and 4 respectively. These regions provide homologous 

promoters for apple. They are strong promoters, however not excessively so and 

therefore problems due to over expression should be limited. They vary in sequences 

consequently their use in parallel should not lead to problems due to homology-

dependant silencing especially considering their parallel expression within the Vf locus. 

The high activity of these deletion constructs and the sharp increase in activity 

between the -115bp and the -312bp regions of HcrVf1 suggests that binding sites for 

activators (up-regulating transcription factors) may be present in this region. Within 

these regions many cis-acting elements common to all three promoter regions were 

found that are found in light regulated promoter sequences. However the same cis-

acting elements are also found in the regions further upstream and such regions did 

not always show such high GUS activity. No consensus sequence or combination of 

cis-acting elements is known for light induced expression in plants and many 

transcription factors and cis-acting elements are known to be involved in transcriptional 

regulation in response to several different stimuli (28). However the high number of cis-

acting elements found originating from light regulated genes indicates that expression 

of HcrVf genes could also be light regulated. This is consistent with the fact that HcrVf 

genes are putative apple scab resistance genes and that apple scab is primarily a leaf 

pathogen. 

Reduced expression is observed from the longer sequences, HcrVf1 (longer than -

632), HcrVf2 (longer than -228) and HcrVf4 (longer than -858). This indicates that 

binding sites from transcriptional repressors may be present in these regions. 

Compared to the identification of cis-acting elements for transcriptional activators 

research into the binding sites for transcriptional repressors is limited. This is 

presumably due to the difficulties in proving the difference between the disruption of 

repression and the lack of activation. Sequence comparison shows two regions of high 

sequence identity (A and B) in the 5' regions present in low activity constructs. 

However only for HcrVf4 were both of these regions found within the low activity area 

indicating, either that other sequences within the upstream sequence are responsible 

for the lower activity or that transcription of each open reading frame is regulated in a 

different way. Regions A and B could well contain binding sites for transcriptional 

repressors and several interesting putative cis elements were found. Binding sites for 

Dof transcription factors were found (25). The Dof2 protein has been shown to act as a 

transcriptional repressor when bound to such as site (32). However the Dof1 protein, 

which is a transcriptional activator, binds to the same sequence (32). The binding site 

for S1F which is a known negative element involved in the down-regulation of the 

promoter activity of rps1 gene in spinach was found (30). A W box was also found; W 
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boxes are the binding sites for WRKY proteins and are found in the promoter regions of 

several defence-related genes (31). Parsley PR-1 and tobacco chitinase gene CHN50 

both have W boxes within their promoter regions which are recognised by pathogen 

induced WRKY proteins (31, 35). W boxes also play an important role in the regulation 

of the Arabidopsis NPR1 gene whose expression is induced upon pathogen infection or 

SA treatment (36). In the case of NPR1 therefore WRKY proteins interacting with the W 

boxes are transcription activators. This however is not always the case with WRKY 

proteins as they have also been found to be involved in negative regulation (37).  

This shows that at least some of the putative cis-acting element found in these 

regions could be involved in transcriptional repression, furthermore these cis-acting 

elements were found in the same order in the upstream sequences of all three HcrVf 

genes suggesting that a conserved group of transcription factors would bind to these 

cis-acting elements. There is increasing evidence that transcriptional control is 

regulated more often than not by a combination of transcription factors working 

together (38).  The discovery of W boxes is especially interesting as until now W boxes 

have only been found in the promoter regions genes involved in defence reaction 

pathway but not, to the best of our knowledge in the promoter regions of resistance 

genes. If the W boxes within the HcrVf regulatory regions prove to be binding site for 

pathogen induced WRKY proteins this would shed new light on our understanding of 

the regulation of these genes. At present they are thought to be constitutively 

expressed and expression levels are not known to be influenced by the pathogen. 

However down-regulation of R gene expression by a virulent pathogen would be one 

way for the pathogen to avoid detection and thus avoid the triggering of the resistance 

response from the plant. 

The results presented here have lead to the identification of efficient promoter 

regions, functioning in tobacco, from the 5' regulatory sequences of apple scab 

resistance genes. While no firm conclusion about the significance of the putative cis-

acting elements found within these sequences can be drawn from this study, their 

identification can help to isolate regions of the 5' upstream sequences that require 

further study. Regions of interest have been narrowed down to 151bp that are essential 

for expression and two regions of 220bp and 94bp respectively that may be involved in 

regulation of expression levels. Further study of these regions will help to establish if 

they play an important role in the regulation of the HcrVf genes.  
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General Conclusions 
 

Results of inheritance studies show that Vf resistance should be governed by a single 

major resistance gene or a group of tightly linked genes (1). A closer look at the Vf 

region revealed three R gene candidates (2). The results of this thesis show that at 

least one of these genes is involved in apple scab resistance. The HcrVf2 gene alone 

was able to confer resistance to the scab-susceptible cultivar Gala. Furthermore this 

gene formed race-specific interactions with physiological races of V. inaequalis in the 

same manner as Vf. This shows that HcrVf2 must be, in some way, involved in 

recognising individual races of V. inaequalis. 

In Vf cultivars the observed resistance reactions range from chlorotic lesions to 

chlorotic, necrotic lesions with slight sporulation. This effect is thought to be due to 

modifier genes, inherited from both resistant and susceptible parents, which reinforce 

the resistance reaction (3). Rouselle et al. therefore hypothesised that the Vf gene 

alone would provide weak resistance (chlorotic/necrotic lesions) (3). The results 

present here show that a single HcrVf gene is able to confer a high level of resistance 

(no macroscopically visible symptoms) thus indicating that Vf resistance gene(s) confer 

a higher level of resistance than previously thought. Confirmation is required by 

transfer of HcrVf2 to other susceptible cultivars in order to ensure that modifier genes 

in Gala are not responsible for this effect. This would ideally be made with HcrVf2 

controlled by its native promoter to ensure that this high level of resistance is not due to 

over expression by the CaMV 35S promoter. The identification of HcrVf promoter 

regions described in this thesis makes it possible for binary vectors with HcrVf genes 

under the control of their native promoters to be constructed. 

The other HcrVf genes identified in the Vf region, HcrVf1 and HcrVf4, must now be 

studied in order to further our understanding of Vf resistance mechanisms. This is best 

done via the transfer of these genes to scab-susceptible cultivars, as results presented 

in this thesis show that HcrVf gene inactivation will most likely lead to plant death. It is 

probable that at least one of these genes also contributes to resistance given that they 

have been retained in the Vf region and they are actively transcribed. The combined 

action of several HcrVf would probably provide a defence mechanism that is relatively 

difficult for the pathogen to circumvent. Given the amount of time it took for Vf virulent 

races to become established in Europe Vf resistance appears to provide a challenging 

barrier for the pathogen.  
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It has been hypothesised that the expression of some apple scab R genes is 

developmentally regulated (4). The HcrVf promoter:GUS gene constructs described in 

chapter 5 could be transferred to apple in order to test differential expression.  

Identification of avrVf genes from V. inaequalis  is now important as this can also 

help to identify the number of complementary R genes involved in pathogen 

recognition. Another explanation for the relative durability of Vf could be that the loss or 

mutation of avrVf gene(s) could lead to a fitness penalty for the pathogen. Further 

studies of Vf virulent and avirulent races of V. inaequalis are required to test this 

hypothesis. 
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