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CHAPTERR 1 

Introductio n n 

Fungii  are eukaryotic, carbon-heterotrophic microorganisms that have successfully 

occupiedd most natural habits. Most fungi live saprophytically by degrading dead organic 

material.. Only a small minority (<I0%) of the known fungal species (-100.000) is able to 

colonizee living plants, and even a smaller fraction is capable of causing disease (Knogge, 

1996).. Although infection of plants and subsequent disease development are relatively 

rare,, severe crop yield losses have made phytopathogenic fungi a serious economic factor, 

attractingg the attention of farmers, plant breeders and scientists. By research on plant-

pathogenn interactions the knowledge about plant diseases is increased and, at the same 

time,, novel methods, equipment and materials are being developed through which plant 

diseasess can be avoided or controlled. As a model for the interplay between plants and 

pathogens,, various research groups are studying the interaction between the fungal 

pathogenn Fusarium oxysporum and its hosts. Within this fungal species the genetic 

variabilityy is high, which is striking considering the fact that F. oxysporum is an imperfect 

funguss lacking sexual reproduction. Very likely 'parasexuality' plays an important role in 

diversification.. In this chapter the genetic variation of F. oxysporum and the parasexual 

cyclee will be discussed. Furthermore, genetic aspects of plant-pathogen interactions in 

generall  and more specifically the tomato-/\ oxysporum interaction will be discussed. 

GENETI CC VARIATIO N WITHI N THE SPECIES FUSARIUM OXYSPORUM 

Vegetativee incompatibilit y 

FusariumFusarium oxysporum Schlechtend.: Fr. belongs to the Deutcromycetes (Fungi Imperfect!) 

andd is classified in the section Elegans within the genus Fusarium (Snyder and Hansen, 

1940),, In spite of the asexual nature of F. oxysporum. phylogenetic evidence indicates a 

closee relationship to taxa in the section Liseola with perfect forms in the Gibherella 
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fujikuroifujikuroi complex (Bums et al„  1991; O'Donnell et al., 1998; Mes, 1999). F. oxysporum is 

ann anamorphic species including both pathogenic and non-pathogenic isolates, which are 

foundd in soils throughout the world. Given this widespread occurrence, it is generally 

assumedd that pathogenic forms are derived from originally non-pathogenic antecedents 

(Gordonn and Martyn, 1997). The pathogenic members cause root and crown rot through 

macerationn of tissue or wilting due to colonization of the xylem vessels (MacHardy and 

Beekman,, 1981; Mes, 1999). The host range of F. oxysporum is very wide since 

pathogenicc variants are able to infect over 100 plant species. Individual isolates, however, 

havee the ability to cause disease in a limited number of plant species only. Based on their 

hostt range, isolates of F. oxysporum are grouped into more than 80 formae speciales 

(Armstrongg and Armstrong, 1981). Forma specialis lycopersici (Sacc.) W.C. Snyder & 

H.N.. Hansen infects only tomato {Lycoperskon esculentum) and is the causal agent of 

Fusariumm wilt disease in this crop. Its host range is restricted to Lycoperskon species. 

Withinn many formae speciales several genetically isolated subpopulations or 

vegetativee compatibility groups (VCGs) are found (Fig. 1A). Isolates are assigned to VCGs 

basedd on their ability to form heterokaryons. Since vegetative compatibility is based on vie 

loci,, new VCGs can arise by mutations in a single vie locus. This means that VCGs can be 

geneticallyy closely related. Molecular analysis has shown that VCGs within a forma 

specialiss are not necessarily more closely related to each other than to VCGs from other 

formaee speciales (Mes, 1999; Correll, 1991; Gordon and Martyn, 1997). As illustrated in 

Figuree 1A, two related VCGs from different formae speciales might have originated from 

onee genetic source. Within a monophyletic taxon, evolution has allowed the development 

off  different host specificities (Fig. 1A). Alternatively, two VCGs within one forma 

specialiss might have evolved from different genetic sources. Within such a polyphyletic 

taxon,, which would describe the situation for the forma specialis lycopersici, the ability to 

causee disease in one particular host (tomato) has evolved independently (Fig. IB). 

Withinn VCGs subdivision into physiological races is possible (Fig. 1C). Different 

racess of the pathogen are distinguished based on the (in)ability to infect particular cultivars 

knownn to carry one or more genes for resistance (Gordon and Martyn. 1997). For some 

formaee speciales VCGs correlate with races, but for most formae speciales they do not 

(Fig.. 1C). Since the same races have been identified within different VCGs, a parallel 

evolutionn for these races has been suggested (Kistler and Momol, 1990; Correll, 1991; 

Mes,, 1999). For F. oxysporum f. sp. lycopersici three different races, named in order of 

discovery:: race 1, 2 and 3, are known. A worldwide collection of over 100 F. oxysporum f. 

sp.. lycopersici isolates representing all three races was analyzed and grouped with regard 

too vegetative compatibility (Elias and Schneider. 1991). One major (VCG0030), three 

minorr (VCG0031. VCG0032 and VCG0033) and many single-member VCGs were 
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identifiedd (Elias and Schneider. 1991: Marlatte et al.. 1996: Mes. 1999). VCG0030 and 

VCG00322 include race 1. 2 and 3 isolates whereas VCG0031 contains race 1 and race 2 

isolates.. VCG0033 only includes race 3 isolates. 

genetic c geneticc genetic 
sourcee 1 source 2 

P P 
£f~. . 

Figuree 1: The relation between formae speciales, VCGs and races of the species Fusarium oxysporum. A: 
Examplee of a monophyletic taxon. Related VCGs from different formae speciales have originated from one 
geneticc source, but have developed different host specificities. B: Example of a polyphyletic taxon. VCGs 
withinn one forma specialis have evolved from different genetic sources and their common host specificity has 
evolvedd independently. C: For some formae speciales VCGs correlate with races, but most formae speciales 
havee different races in one VCG. 

Thee identification of many formae speciales and races of F. oxysporum and the existence 

off  several independently evolved VCGs is indicative for the extended genetic variability 

observedd within this species. The F. oxysporum genome is observed to be very flexible. 

Extensivee karyotypic variation is observed even for genetically related isolates within a 

VCGG (Kim et al.. 1993: Boehm et al.. 1994; Migheli et al.. 1995; Mes, 1999: Chapter 2). 

Estimationss based on karyotype analysis revealed F. oxysporum genome size variation 

betweenn 18.1 and 51.5 Mb (megabases) whereas the number of observed chromosomes 

variess between 7 to approximately 15, ranging in size from 0.6 Mb to at least 6.7 Mb 

(Mighelii  et al., 1993: Mes, 1999). For F. oxysporum f. sp. lycopersici the genome size is 

estimatedd to be between 41-51.5 Mb. Electrophoretic karyotyping allowed the 

identificationn of nine, ten and twelve chromosome bands for the three VCG0030 derived 

wil dd type isolates. FoI004, Fol007 and Fol029, respectively (Chapter 2 and 4). This is 

probablyy an underestimation of the real number of chromosomes, since intense bands 

mightt contain two or more chromosomes of approximately equal size. 

Forr species that lack sexuality (e.g. F. oxysporum). an inverse correlation between 

thee frequency of meiosis. and the extent of intra-specific karyotypic variation and genome 

flexibilityflexibility  has been proposed (Kistler and Miao. 1992). In the absence of meiosis, three 
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mechanismss contribute to the occurrence of karyotypic variation and genome flexibility : 

mutagenesis,, chromosome rearrangements and mitotic recombination processes. 

Movementt of mobile DNA elements has been proposed to be the main cause for mutations 

andd chromosome rearrangements and thus karyotypic variation. Excision of transposable 

elementss followed by variable religation can introduce inversions, deletions and 

chromosomee breakage. So far nine families of transposable elements have been 

characterizedd in isolates of F. oxysporum. These include the transposon families Foil, 

Fo(2,Fo(2, Impala, Hop (reviewed in Daboussi and Langin, 1994), Tfol (Okuda et al., 1998) and 

thee retrotransposons Foretl and Skippy (Julien et al., 1992; Anaya and Roncero, 1995). 

Furthermore,, retrotransposon-like repeated and interspersed sequences Palm and Foxy 

havee been identified (Mouyna et al., 1996; Daboussi and Langin, 1994; Mes et al., 2000a). 

Inn addition to the excision and reintegration of transposable elements, the occurrence of 

geneticc duplications in F, oxysporum has been indicated as a potential cause for intra-

specificc differences in genome size and chromosome number between isolates (Davière et 

al.,, 2001). Genetic duplications (e.g, copies of transposons and repeated sequences and/or 

duplicatedd unique sequences) can serve as substrates for ectopic recombination events 

causingg chromosome rearrangements. 

Thee parasexual cycle 

Besidess the occurrence of mutations and chromosome rearrangements, mitotic 

recombinationn might also explain the widespread morphological and physiological 

variationn observed among and within imperfect fungal species (Weber and Arnold, 1992). 

Mitoticc recombination may function as an alternative for sexual recombination. Pontecorvo 

(1956)) introduced the term parasexuality, which has been generally accepted to describe 

mitoticc recombination in asexual organisms. The parasexual cycle includes three phases: 

heterokaryonn formation, karyogamy and haploidization (Fig. 2). The first phase is 

heterokaryonn formation by which two genetically different haploid ceils or hyphae fuse. 

Heterokaryonss are generally stable but can spontaneously revert to monokaryons that 

continuee their vegetative life cycle. The second phase is the occurrence of karyogamy: 

fusionn of nuclei resulting in a heterozygous diploid. The chance for karyogamy to occur is 

rare,, approximately 1 x 10ft as described for Aspergillus niger (Swarl et al., 2001) and 

1x10ss to 2x1 ()"'' for Penicillium chrysogenum (Weber and Arnold, 1992). In these species 

thee diploid stage is relatively stable. Diploids show fairly normal growth and many 

individuall  diploid spores can be harvested from one fusion event (Klaas Swart, Laboratory 

off  Genetics, Wageningen University, personal communication). During the diploid phase 

andd the subsequent haploidization process, mitotic cross-overs can occur between 

homologouss chromosomes. The non-disjunctional haploidization process reduces the 

diploidd nucleus via aneuploid stages to a stable haploid stage. This process can be induced 
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byy e.g. benomyl for all individual diploid spores separately. The haploidization process 

mayy take several mitotic generations and results in haploid recombinant colonies releasing 

aa single type of spores. 

Figuree 2: The parasexual cycle including the three different stages: heterokaryon formation, karyogamy and 
haploidization.. Both hyphal anastomosis (A) and protoplast fusion (B) can induce the parasexual cycle. 

Inn natural situations, parasexual recombinants originate from hyphal anastomosis. 

Anastomosiss is the process in which hyphae fuse, yielding in a network of interconnected 

hvphaee or mycelium (Glass et al.. 2000). Different fungal strains are capable of undergoing 

hyphall  fusion with each other to form a heterokaryon. However, heterokaryon formation 

betweenn two genetically different strains is impossible if they differ in one or more vie loci 

(vegetativee incompatibility; also called het for /te/erokaryon incompatibility). Vegetative 

incompatibilityy occurs in many fungi. When vegetative incompatibility is significant and 

manyy vie loci are present, heterokaryon formation is likely to be rare and parasexuality 

unimportantt for the generation of genetic diversity. When the converse is true, for example 
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duringg the initial colonization of a new area by presumably one single haploid strain, 

vegetativee incompatibility will be insignificant and mutations are expected to be the most 

importantt source of genetic variation. Hence, as mutants arise, parasexuality might bring 

aboutt genetic exchange. Genetic diversity as a result of parasexual recombination would 

increasee to a point where new combinations or mutations in vie loci lead to vegetative 

incompatibilityy again (Carlile et al., 2001). 

Becausee anastomosis is limited to vegetatively compatible strains, incompatible 

strainss representing different races, different formae speciales or even different species 

cannott be crossed, Protoplast fusion provides an efficient alternative for both genetic 

analysiss and strain development through mitotic recombination in all kinds of species, 

regardlesss the occurrence of parasexuality by natural means (Anne, 1983). The first 

descriptionn of successful fusion of fungal protoplasts was reported by Ferenczy et al. 

(1974).. Application of the fusogenic chemical polyethylene glycol (PEG) resulted in an 

improvementt of the fusion efficiency of fungal protoplasts (Anne and Peberdy, 1975; 

Ferenczyy et al., 1975). Despite its toxicity. PEG has become the most commonly used 

fusogenn (Peberdy, 1987). The ability to produce heterokaryons and recombinants at high 

frequencyy provided geneticists the opportunity to carry out genetic analysis in asexual 

species.. Interspecies hybridization also allows examination of chromosome homology 

betweenn species and investigation of taxonomical relationships (Anne, 1983). Furthermore, 

interspeciess protoplast fusion shows great potential in combining properties in order to 

improvee industrial strains. Hence, many reports on intra- and interspecial parasexual 

crossess by means of protoplast fusion have been published for filamentous fungi (Table 1). 

Protoplastt generation involves the treatment of hyphae with cell wall degrading 

enzymess in an osmostabilising medium. Protoplasts are separated from non-digested 

hyphaee by filtration, although not all hyphal fragments can be removed. Subsequently, 

protoplastss of different strains are combined and treated with PEG to induce fusion. The 

optimumm conditions for PEG-mediated fusion have been shown to be fairly consistent for 

alll  fungal species: PEG of molecular weight 4.000 to 6.000 at a concentration of 25-40%, 

thee presence of Ca2+ ions (10-100 mM CaCU) and pH in the range 7-9 are the essential 

requirementss (Peberdy, 1987). During and after exposure to the fusogen, the protoplasts 

aree subject to dehydration, shrinkage and distortion. Aggregates of an indeterminate 

numberr of protoplasts are formed. These may consist of protoplasts of the individual parent 

strainn or a mixture of both strains. The latter are parasexual recombinants and should be 

recoveredd by the application of selection strategies. In most of the previous studies fusion 

productss were selected through nutritional complementation of auxotrophic mutants. This 

selectionn method has been shown to be very accurate and useful for classical genetics 

(Anne.. 1983). 
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Tablee 1: Fungal species for which a complete parasexual cycle has been described, 

Fungall  species References s 

FusariumFusarium oxysporum 

TrichodermaTrichoderma spp. 

NectriaNectria haematococca 

AspergillusAspergillus spp. 

PenicilliumPenicillium spp. 

BeauveriaBeauveria spp. 

PseudocercosporeilaPseudocercosporeila herpotrichoides 

DictyosteliumDictyostelium discoideum 

CladosporiumCladosporium fulvum 

CephalosporiumCephalosporium acremonium 

PyriculahaPyriculaha oryzae 

VerticilliumVerticillium spp. 

Molnarr et al., 1985a, 1985b and 1990 
Sidhuu and Webster, 1978 
Madhosingh.. 1992 and 1994 

Toyomaa et al.. 1984 
Manczingerr and Ferenczy. 1985 
Furlanetoo and Pizzirani-Kleiner, 1992 

Daboussii  and Gerlinger, 1992 

Keveii  and Peberdy. 1977. 1979 and 1984 
Bradshaww et al., 1983 
Swartt et al.. 2001 

Annee and Eyssen, 1978 
Durandetal... 1993 

Couteuadierr et al., 1996 
Viaudd et al.. 1998 

Hocartetal... 1993 

Gingoldd arid Ashworth, 1974 

Talbotetal.,1988 8 
Arnauu and Oliver, 1993 

Hamlynetal.,, 1985 

Genovesii  and Magill. 1976 

Typas.. 1983 
O'Garroo and Clarkson. 1992 

However,, the use of auxotrophs in parasexual fusion has several disadvantages. I) It 

requiress a time-consuming selection procedure; 2) Mutants reverse with a frequency of 

10'MO"77 which is comparable to the chance for karyogamy; 3) Virulence behaviour of 

auxotrophicc mutants (parental strains) is difficul t or impossible to determine since these 

strainss grow poorly in plania. In addition, loss of virulence has been described for 

prototrophicc fusion products probably resulting from induction of additional mutations in 

thee auxotrophic parents (Roebroeck, 2000); 4) For industrial strain improvement the use of 

auxotrophss is not suitable because the introduction of auxotrophic markers often impairs 

metabolitee production. As an alternative for the use of auxotrophic mutants, antibiotic 

resistancee genes can be introduced by transformation, and used as dominant selection 

markerss in protoplast fusion experiments (Talbot et al., 1988; Arnau and Oliver, 1993; 

Durandd et al., 1993; Roebroeck, 2000). 
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Followingg protoplast fusion with auxotrophic parental strains, the selection of 

prototrophicc heterokaryons is performed on minimal regeneration medium. When 

dominantt drug resistance markers are used, doubly resistant fusion products are selected on 

mediumm containing both antibiotics. Differences in growth and stability of heterokaryons 

andd differences in the ability to produce diploid progeny have been observed for various 

species.. Heterokaryons of some well studied species such as Penicillium spp. and 

AspergillusAspergillus spp. are easily obtained (Kevei and Peberdy. 1979 and 1984). On further 

incubationn heterozygous diploid mycelium and spores could be obtained. Recombinant 

sectorss can develop within a diploid indicative for haploidization. When diploid colonies 

aree cultivated on complete medium with benomyl, the haploidization process is enhanced 

andd haploid recombinants arise with high frequency (Anne, 1983; Durand et al., 1993; 

Swartt et al., 2001). For other species like Cephalosporium acremonium and Fusarium 

oxysparumoxysparum the different phases of the parasexual cycle are more difficult to detect. 

Heterokaryonss appear as slowly growing colonies indicative for nuclear imbalance during 

heterokaryosis.. Diploid hybrids have never been observed in these species. Failure to 

isolatee diploids might be due to a transientness of the diploid stage in the parasexual cycle, 

followedd by rapid intrachromosomal recombination and non-disjunctional haploidization 

processess (Hamlyn and Ball, 1979; Molnar et al., 1990). Cells in which these processes 

havee been completed might grow normally and form a fast growing sector, which can 

easilyy be distinguished from the heterokaryon phase. Spores from these fast growing 

sectorss might represent stable haploid recombinants. Molecular analysis of these stable, 

haploidd recombinants will teach us more about the genetic exchange which has taken place 

duringg the parasexual cycle. 

GENETI CC ASPECTS OF PLANT-PATHOGE N INTERACTION S 

Gene-for-genee concept 

Thee outcome of the interaction between a specific race of a given pathogen and a host plant 

speciess depends on the genetic background of both partners. When the pathogen contains 

ann avirulence (Avr) gene that corresponds to a resistance (/?) gene in the plant, resistance is 

observed.. This resistance is complete and depends fully on the presence of both the Avr- Avr-

genee and the corresponding /?-gene in the interaction. Flor (1942) was the first to recognize 

thatt monogenic, dominant avirulence genes in a pathogen, i.e. the fungus Melampsora lini, 

correspondd to monogenic, dominant resistance genes in its host (flax). Presence of both 

geness is required for resistance. When one of them or both are absent, the pathogen is 

virulentt and the plant develops disease symptoms. This concept, known as the gene-for-

genee hypothesis, infers that Avr-genes are defined by corresponding Zï-genes and the other 
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wayy around: no R-gene without a corresponding Avr-gene. Since the hypothesis was put 

forwardd by Flor (1942). many other plant-pathogen interactions were found that supported 

thee gene-for-gene relationship (Crute. 1985: Keen. 1990). From a biochemical/ 

physiologicall  point of view, the concept can be interpreted as a ligand-receptor model in 

whichh the Avr-gene encodes the ligand (or race-specific elicitor) that is recognized by a 

receptorr encoded by the corresponding R-gene. Direct recognition triggers the resistance 

response.. Alternatively, the race-specific elicitor may bind to a virulence target that is 

'guarded'' by the resistance gene product (Van der Biezen and Jones. 1998: Van der Hoorn 

ett al., 2002: De Wit, 2002). According to this 'guard' interpretation of the gene-for-gene 

model,, binding of the elicitor to the virulence target (implying a virulence function for the 

elicitor),, is proposed to cause conformational changes, (de)phosphorylation and/or 

recruitmentt or release of additional factors by which the guarding resistance gene product 

triggerss the defense responses in a timely fashion. 

A .. Lnteracti 

RR + Avr 

plantt R-gene 

ABSOLUTE E 
RESISTANCE E 

funguss Axrr-gene 

disease e 

133 Interactions 

genera a 

RR - am 
rr  Avr 
rr  + avr 

plantt dot onsc c 

HH tolerance 11 1 
run n ll  virulence 

Figuree 3A: Plant resistance according to the gene-for-gene concept (R+Avr) B: The outcome of other 
interactionss (R+avr, r+Avr, r+avr) is determined by the plant's general defence and fungal virulence factors. 

Thee above situation can best be described as absolute resistance: when a R-gene is present 

inn the plant and the fungus carries the matching Avr-gene, the plant is resistant (Fig. 3A). 

However,, when a pathogen's Avr-gene or its corresponding R-gene in the plant are missing 

fromm the interaction, disease symptoms can range from moderate to severe. This 

observationn suggests that both the plant's general defense and fungal virulence factors play 

aa role in the outcome of the interaction (Fig. 3B). Development of disease symptoms can 

bee influenced by e.g. additional elicitors. plant-specific defense molecules, fungal-specific 

repressorss of defense or fungal toxic compounds. 
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AA virulence genes and gene products 

Too date, a variety of viral, bacterial and fungal avirulence genes have been cloned and 

characterized.. Analysis of these genes has not yet identified the physiological role of the 

genee products. Based on DNA sequences, littl e similarity has been found among the 

variouss avirulence genes or to other sequences in the databases. In addition, no conserved 

peptidee motifs have been found in the avirulence gene products (Leach and White, 1996). 

Inn Table 2 the fungal avirulence genes that have been cloned and characterized are listed. 

Inn general, fungal avirulence genes encode relatively small, mostly cysteine-rich precursor 

proteinss which are either N- and/or C-terminally processed by fungal and/or plant 

proteasess (Luderer and Joosten, 2001). 

Tablee 2: Overview of the fungal avirulence genes and their matching resistance genes. 

avirulence e 
gene/factor r 

AvrPITA AvrPITA 

Avr2 Avr2 

Avr4 Avr4 

Avr4E Avr4E 

Avr9 Avr9 

ECP1 ECP1 

ECP2 ECP2 

ECP3 ECP3 

ECP4 ECP4 

ECP5 ECP5 

NIPNIP I 

pathogen n 

MagnaportheMagnaporthe grisea 

CladosporiumCladosporium fulvum 

CladosporiumCladosporium fulvum 

CladosporiumCladosporium fulvum 

CladosporiumCladosporium fulvum 

CladosporiumCladosporium fulvum 

CladosporiumCladosporium fulvum 

CladosporiumCladosporium fulvum 

CladosporiumCladosporium fulvum 

CladosporiumCladosporium fulvum 

RhynchospohumRhynchospohum secalis 

matching g 
Rgene e 

Pita Pita 

Cf-2 Cf-2 

Cf-4 Cf-4 

Hcr9-4E Hcr9-4E 

Cf-9 Cf-9 

Cf-ECPl Cf-ECPl 

Cf-ECP2 Cf-ECP2 

Cf-ECP4 Cf-ECP4 

Rrsl Rrsl 

host t 

Rice e 

Tomato o 

Tomato o 

Tomato o 

Tomato o 

Tomato o 

Tomato o 

Tomato o 

Tomato o 

Tomato o 

Barley y 

references s 

Jiaa et al„  2000 

Ludererr etal., 2002 

Joostenn et al.. 1994 

Dee Wit etal.T 2002 

Vann Kan etal.. 1991 

Laugéetal... 1997 and 2000 

Laugéé etal., 1997 and 2000 

Laugéetal.. 2000 

Laugéé et a!.. 2000 

Laugéé et al.. 2000 

Roheelai... 1995 

Whyy do pathogens carry avirulence genes that prevent successful infection of a host that 

carriess the matching resistance genes? One of the working hypotheses suggests that 

avirulencee genes play a role in virulence. The role as virulence factor became apparent for 

somee avirulence genes when they were inactivated or transferred to different microbes or 

afterr ectopic expression in host plants (Van 't Slot and Knogge, 2002). In the extensively 
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studiedd plant-pathogen interaction between tomato and Cladosporium fulvum, the Avr9 

genee was present and identical in all analyzed avirulent fungal strains but was absent in 

virulentt strains (Van Kan et al., 1991). However, Avr9 disruption mutants were not 

affectedd in their growth pattern in vitro or on CfO plants (Marmeisse et al., 1993), 

suggestingg that the pathogen does not require the intact AVR9 for full virulence. The 

absencee of AVR4 had no effect on fungal virulence either. In contrast to AVR4 and AVR9, 

ann effect on fungal virulence has been shown for two other extracellular proteins, ECPJ 

andd ECP2 (Laugé et al., 1997; Van 't Slot and Knogge, 2002). Both Ecp genes are present 

inn all tested fungal strains. The £ty?/-deficient strain was not affected in its invading and 

colonizingg ability but conidiophore formation was drastically reduced whereas the Ecp2-

deficientt strain was inhibited in its development and hardly produced any conidia. In 

additionn to this apparent role in fungal development, it has been postulated that ECPs are 

suppressorss of host defense reactions (Laugé et al., 1997). Similar to the ECPs from C. 

fulvum,fulvum, the avirulence factor NIP I from Rhynehosporium secalis has been suggested to 

participatee in virulence because of its toxic activity. Disruption of the Nipl gene resulted in 

aa weak reduction in symptom expression on susceptible plants (Van 't Slot and Knogge, 

2002).. The exact mode of action of the race-specific elicitors in avirulence and in virulence 

remainss to be determined. The identification of more avirulence genes in various plant-

pathogenn interactions will help to understand more of their function. 

Thee interaction between F. oxysporum f. sp. lycopersici and tomato 

Thee life cycle of F. oxysporum f. sp. lycopersici includes a saprophytic and a parasitic 

phase.. The fungus survives on plant debris as mycelium, microspores, macrospores and, 

especiallyy in the cooler temperature regions, as chlamydospores (Agrios, 1997). The 

formationn and disposition of the thick-walled chlamydospores which are very specific for 

thee species, permits the fungus to persist in most soils for many years (Beekman. 1987; 

Mes,, 1999). Spores are stimulated to germinate by plant exudates (Catska et al., 1975) and 

thee developing hyphae colonize the root surface. Penetration of the tomato roots occurs 

throughh wounds or at points of lateral root formation since mature epidermis is absent at 

thesee points. This offers the fungus the possibility of a direct entrance into the vascular 

system.. In the xylem vessels the fungus sporulates and spores are transported through the 

transpirationn stream until their upward movement is stopped by sieve elements. In order to 

overcomee the obstruction, spores germinate and the newly formed hyphae penetrate the 

sievee element. More spores will be produced in the next vessel. The mycelium also 

advancess laterally into the adjacent vessels, penetrating them through the pits. As a 

response,, tomato actively tries to restrict the pathogen to the site of infection to prevent 

spreadingg throughout the plant. After perception of the fungus, the plant reacts with a 

complexx mixture of defense responses. Callose-containing apposition layers and papillae 
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aree formed within the xylem parenchyma cells to prevent lateral spreading of the fungus 

(Beekman,, 1987; Mes, 1999). Vascular blockage is accomplished by deposition of tyloses 

andd by the formation of pectic gels and gums to avoid systemic spread. Accumulation of 

hyphall  cell wall degrading enzymes like |3-1,3 glucanases and chitinases. pathogenesis-

relatedd (PR) proteins, phytoalexins like rishitin and plant growth regulators like IAA and 

ethylenee has been observed. All these responses have been observed in both resistant and 

susceptiblee tomato plants. The difference between a resistant and a susceptible interaction 

iss proposed to be determined by the speed and extent of the defense responses. A resistant 

plantt will succeed in localizing the fungus to the site of infection and will therefore 

survive.. A susceptible plant, however, is not capable to stop fungal spreading. The 

evermoree increasing vascular blockage will result in wilting of the leafs and eventually in 

thee suicidal death of the plant, allowing the fungus to complete its life cycle. 

Sincee monogenic dominant race-specific resistance genes in tomato have been found 

againstt F. oxysporum f. sp. lycopersici. the gene-for-gene concept was adapted as working 

hypothesiss for this interaction. Resistance to the three races of F. oxysporum f. sp. 

lycopersicilycopersici (/and 1-1 to race 1,1-2 to race 2 and 1-3 to race 3) has been identified in several 

LycopersiconLycopersicon accessions (reviewed in Mes, 1999). The 1-2 resistance gene, which confers 

resistancee to race 2 isolates, has been cloned and characterized (Simons et al., 1998). The 

genee is located on chromosome 11 within a cluster of seven homologues. The 1-2 protein 

containss three structural domains: a N-terminal coiled coil domain, a central NB-ARC 

domainn and a C-terminal leucine rich repeat region (LRR). The 1-2 protein is proposed to 

bee cytoplasmatic as no membrane spanning domains were predicted. Expression studies of 

thee 1-2 protein revealed vascular-specific expression in xylem parenchyma cells, premature 

xylemm vessels and rays cells of young roots. In stems of older plants 1-2 was also expressed 

inn endodermis, cambial zone and phloem (Mes et al., 2000b). The expression of 1-2 in the 

cellss directly involved in the resistance response suggested an important role for this 

proteinn in the recognition of the pathogen. Because nothing is known about the race-

specificc elicitors, we can only speculate about the mechanisms by which recognition will 

occur.. For instance, it is unknown whether F. oxysporum f. sp. lycopersici is capable of 

injectingg race-specific elicitors into the plant applying a hrp-like mechanism as described 

forr bacteria] systems (Leach and White, 1996). in order to allow direct recognition by the 

cytoplasmicc 1-2 receptor. Alternatively, a membrane bound 1-2 interactor or a receptor 

complexx might directly be involved in elicitor recognition. In order to answer any of these 

questionss the avirulence genes need to be cloned and characterized. 
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OUTLIN EE OF THE THESIS 

Too study the interaction between tomato and Fusarium oxysporum f. sp. lycopersici on a 

molecularr level, the cloning of the plant resistance genes encoding species-specific 

receptors,, as well as the corresponding avirulence genes of the pathogen encoding the race-

specificc elicitors are a prerequisite. This thesis describes the work done in a collaborative 

STWW project (ABI55.3754) aimed to identify, isolate and characterize the tomato 

resistancee genes /, 1-1 and/or 1-3 and the corresponding avirulence genes Al and/or A3 of 

F.F. oxysporum f. sp. lycopersici. The study described in this thesis concentrated on the 

fungall  site of the interaction. To identify fungal avirulence genes different approaches can 

bee envisaged: 

CloningCloning by complementation. 

Avirulencee genes of pathogenic bacteria have been cloned by complementation (Dangle, 

1994).. Due to the large genome size and the low transformation efficiency, a 

complementationn strategy is not feasible for F. oxysporum (Mes, 1999). For example: 

assumingg the genome size to be 50 Mb and an average insert size to be 25 kb per cosmide 

clone,, 2.000 clones are needed to cover the entire genome just once. When a cosmid 

libraryy is constructed with a genome coverage of five times, 10.000 individual 

transformantss should be tested for complementation. Since the transformation efficiency is 

approximatelyy one transformant per 2xl06 protoplasts, depending on the plasmid and the 

sizee of the insert, the production of 10.000 transformants alone would take at least five 

years.. The Avr2 gene of Cladosporium fulvum has been recently cloned employing a 

functionall  screen based on the hypersensitive (HR)-inducing activity of the encoded 

proteinn (Takken et al., 2000; Luderer et al., 2002). Unfortunately, a HR has never been 

observedd macroscopically for F. oxysporum and, therefore, this approach is not applicable 

forr this pathogen. 

TransposonTransposon tagging, insertionul mutagenesis. 

Manyy transposable elements have been described in F. oxysporum (Daboussi, 1997) but a 

transposon-taggingg strategy was not effective so far (Brown and Holden, 1998). 

Product-basedProduct-based cloning. 

Avirulencee genes of the fungal pathogens Cladosporium fulvum (Van Kan et al., 1991; 

Joostenn et al., 1994; Laugé and De Wit, 1998) and Rhynchosporium secalis (Rohe et al., 

1995)) have been successfully cloned by a product-based cloning strategy. Since avirulence 

genee products of F. oxysporum f. sp. lycopersici are not known and are most likely present 

inn infected plant tissues in amounts too low to be isolated, a product-based cloning strategy 

forr the isolation of avirulence genes was not feasible at the time of the start of this project. 

Recently,, Rep et al. (2002) have shown that infection-specific up-regulated proteins 

derivedd from both plant and fungus can be identified in the xylem sap of infected plants. 
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Therefore,, attempts to isolate avirulence gene products from xylem sap of infected 

susceptiblee plants seems to be very promising. 

Map-basedMap-based cloning. 

AA random deletion mutagenesis approach using gamma-irradiation to generate a F. 

oxysporumoxysporum f. sp. lycopersici Avrf-2 mutant appeared to be very inefficient. Furthermore, no 

markerss could be found that allowed mapping of the mutated gene (Mes et al.. 1999). 

Geneticc mapping of avirulence genes (Van der Lee et a!., 2001; MacGregor et al., 2002) 

andd subsequent map-based cloning has been successful in Magnaporthe grisea (Valent, 

1997;; Orbach et al., 2000). Although for F. oxysporum no sexual stage has ever been 

observed,, a map-based cloning strategy could be feasible when crosses between different 

racess can be forced. 

Inn this thesis the forced crosses between different races of F. oxysporum f. sp. 

lycopersicilycopersici in order to generate recombinants for a map-based cloning strategy are 

described.. Parasexual crosses by means of protoplast fusion were performed between race 

11 isolate Fol004 (putative genotype AIa2a3) and race 3 isolate Fol029 (putative genotype 

ala2A3)ala2A3) to generate avirulence recombinants. The identification and characterization of 32 

recombinantss (fusion products) are described in Chapter 2. Among the 32 fusion products 

twoo avirulence recombinants were identified containing both avirulence gene Al and A3. 

Karyotypee analysis revealed the enormous flexibilit y of the F. oxysporum genome. 

Evidencee for the occurrence of chromosome rearrangements including mitotic 

recombinationn was postulated. However, no direct correlation between karyotype and 

avirulencee phenotype could be identified. 

Inn order to search for a correlation between a molecular marker and the avirulence 

phenotype,, extensive molecular analysis was performed. The use of a newly developed 

molecularr marker technique, an applied AFLP technique based on the retroposon Foxy 

(F«.w-AFLP),, enormously increased our possibilities to study the 32 recombinants on a 

molecularr level. Polymorphism rates between the genetically closely related isolates 

Fol0044 and Fol029 were increased from approximately 2% found with standard AFLP to 

approximatelyy 50% using Fary-AFLP (Mes et al.. 2000a; Chapter 3). Based on 83 

randomlyy segregating Foxy markers the first genetic map of F. oxysporum was generated. 

Thiss genetic map provides anchor points for mapping any gene of interest. We were able to 

findd one Foxy marker that completely co-segregates with the presence of Al (Chapter 3). 

Althoughh the presence of both AI and the linked Foxy marker shows a biased segregation 

pattern,, this molecular linkage seems to be very promising and might lead to identification 

off  avirulence gene 1. 

Inn addition to parasexual crosses involving race 1 and race 3 isolates, fusions 

betweenn race 1 isolate Fol004 and race 2 isolate Fol007 (putative genotype alA2A3) have 

12 12 



introduction introduction 

beenn performed. Most fascinating was the discovery of a near-isogenic F. oxysporum f. sp. 

lycopersicilycopersici strain with a novel combination of avirulence characteristics that originated 

fromm this cross (Chapter 4). The presumed genotype of this new strain (Fl-27), near-

isogenicc to its Fol007 parent, is alA2a3. Fojty-AFLP analysis revealed eleven new Foxy 

insertionss in Fl-27. Segregation of both avirulence and Foxrv-AFLP markers was observed 

inn a backcross population from parasexual crosses between Fl-27 and its parent Fol007. 

Onee marker was found to co-segregate with the presence of the a3-allele. The combination 

off  an near-isogenic strain together with co-segregating markers provide excellent tools in 

searchh for avirulence gene 3. 

REFERENCES S 

Agrioss GN (1997) Plant Pathology. Academic Press, London 
Anayaa N. Roncero MIG (1995) Skippy, a retrotransposon from the fungal plant pathogen Fusarium 

oxysporum.oxysporum. Mol. Gen. Genet. 249: 637-647 
Annee J, Peberdy JF (1975) Conditions for induced fusion of fungal protoplasts in polyethylene 

glycoll  solutions. Arch. Microbiol. 105: 201-205 
Annee J, Eyssen H, (1978) Isolation of interspecies hybrids of PenicilUum citrimmi and Penicillium 

cyaneo-fulvaumcyaneo-fulvaum following protoplast fusion. FEMS Microbiology Letters 4: 87-90 
Annee J (1983) Protoplasts of filamentous fungi in genetics and metabolite production. Experiemia 

Suppl.. 46: 167-178 
Armstrongg GM, Armstrong JK {1981) Formae speciales and races of Fusarium oxysporum causing 

wil tt diseases. In: Fusarium: disease, biology and taxonomy. Nelson PE7 Toussoun TA, Cook 
RJJ (Eds), Pennsylvania State University Press, University Park, London, pp 391-399 

Arnauu J, Oliver RP (1993) Inheritance and alteration of transforming DNA during an induced 
parasexuall  cycle in the imperfect fungus Cladosporium fulvum. Curr. Genetics 23: 508-511 

Beekmann CM (1987) The nature of wilt disease of plants. APS Press, St. Paul, Minnesota 
Boehmm EWA, Ploetz RC, Kistler HC (1994) Statistical analysis of electrophoretic karyotype 

variationn among vegetative compatibility groups of Fusarium oxysporum f. sp. cubense. 
Mol.. Plant-Microbe Interact. 7: 196-207 

Bradshaww RE, Lee KU, Peberdy JF (1983) Aspects of genetic interaction in hybrids of Aspergillus 
nidulansnidulans and Aspergillus rugulosus obtained by protoplast fusion. J. Gen. Microbiology 129: 
3525-3533 3 

Brownn JS, Holden DW (1998) Insertional mutagenesis of pathogenic fungi. Curr. Opin. Microbiol. 
1:: 390-394 

Burnss TD. White TF, Taylor FW (1991) Fungal molecular systematics. Annu. Rev. Ecol. Sys. 22: 
525-564 4 

Carlilee MJ, Watkinson SC, Gooday GW (2001) Genetic variation and evolution. In: The Fungi. 
Carlilee MJ, Watkinson SC. Gooday GW (Eds), 2nJ edn.. Academic Press, pp 256-261 

Catskaa V, Afif i AF, Vancura V (1975) The effect of volatile and gaseous metabolites of swelling 
seedss on germination of fungal spores. Folia Microbiol. (Praha) 20: 152-156 

Correlll  JC (1991) The relationship between formae speciales. races and vegetative compatibility in 
FusariumFusarium oxysporum. Phytopathology 81: 1061 -1064 

Couteaudierr Y, Viaud G, Riba G (1996) Genetic nature, stability and improved virulence of 
hybridss from protoplast fusion of Beauveria. Microb. Ecology 32: 1-10 

Crutee IR (1985) The genetic bases of relationships between microbial parasites and their hosts. In: 
Mechanismss of resistance to plant diseases. Fraser RSS (Ed.), Martinus Nijhoff/Dr. W Junk 
Publishers,, Dordrecht, pp 80-142 

23 3 



ChapterChapter 1 

Daboussii  MJ, Gerlinger C {1992) Parasexual cycle and genetic-analysis following protoplast fusion 
inn Nectria Iwematococca. Curr. Genetics 22: 385-392 

Daboussii  MJ. Langin T {1994}  Transposable elements in the fungal plant pathogen Fusarium 
oxyspomm.oxyspomm. Genetica 93: 49-59 

Daboussii  MJ (1997) Transposable elements and genome evolution. Genetica 100: 253-260 
Dangll  JL (1994) The enigmatic avirulence genes of phytopathogenic bacteria. Curr. Top. 

Microbiol.. Immunol. 192: 99-118 
Davièree JM. Langin T, Daboussi MJ (2001) Potential role of transposable elements in the rapid 

reorganizationn of the Fusarium oxysporum genome. Fungal Genet. Biol. 34: 177-192 
Dee Wit PJGM (2002) On guard. Nature 416: 801-803 
Dee Wit PJGM, Brandwagt HA, Van den Burg HA. Cai X, Van der Hoorn RAL, De Jong CF, Van 't 

Kloosterr J. De Koek MJD, Kruijt M. Lindhout WH, Luderer L, Takken FLW, Westerink N. 
Vervoortt JJM, Joosten MHAJ (2002) Molecular basis of co-evolution between 
CladosporiumCladosporium fulvum and tomato. In: Biology of plant-Microbe Interactions volume 3. 
Leongg SA, Allen C, Triplett EW (Eds.) Procedeens of the 10th MPMI Madison USA 2001. 
Publisherr Int. Society of Mol. Plant-Microbe Interactions USA, pp 175-180 

Durandd N, Reymond P, Fèvre M (1993) Randomly amplified polymorphic DNAs assess 
recombinationn following an induced parasexual cycle in PenkUlium roqueforti. Curr. 
Geneticss 24: 417-420 

Eliass KS, Schneider RW (1991) Vegetative compatibility groups in Fusarium oxysporum f. sp. 
lycopersici.lycopersici. Phytopathology 81: 159-162 

Ferenczyy L, Kevei F, Zsolt J (1974) Fusion of fungal protoplasts. Nature 248: 793-794 
Ferenczyy L, Kevei F, Szegedi M (1975) Increased fusion frequency of Aspergillus nidulans 

protoplasts.. Experientia 31: 50-5 
FlorHHH (1942) Inheritance of pathogenicity of Melamsora lini. Phytopathology 32: 653-669 
Furlanetoo MC, Pizzirani-Kleiner AA (1992) Intraspecific hybridization of Trichderma 

speudokoningiispeudokoningii by anastomosis and by protoplast fusion. FEMS Microbiol. Letters 90: 191-
196 6 

Genovesii  AD, Magill CW (1976) Heterokaryosis and parasexuality in Pyricularia oryzae Cavara. 
Can.. J. Microbiology 22: 531-536 

Gingoldd EB, Ashworth JM (1974) Evidence for mitotic crossing-over during the parasexual cycle 
off  the cellular slime mould Dictyostelium d'tscoideum. J. Gen. Microbiol. 84: 70-78 

Glasss NL, Jacobson DJ, Shiu PKT (2000) The genetics of hyphal fusion and vegetative 
incompatibilityy in filamentous ascomycete fungi. Annu. Rev. Genet. 34: 165-186 

Gordonn TR, Martyn RD (1997) The evolutionary biology of Fusarium oxysporum. Annu. Rev. 
Phytopathologyy 35: 111-128 

Hamlynn PF. Ball C (1979) Recombination studies with Cephalosporium acremonium. In: Genetics 
off  Industrial Microorganisms. Sebek OK, Ladskin. AI (Eds) Washington. American Society 
forr Microbiology, pp 185-191 

Hamlynn PF, Birkett JA, Perez G, Peberdy JF (1985) Protoplast fusion as a tool for genetic analysis 
inn Cephalosporium acremonium. J. of Gen. Microbiology 131: 2813-2823 

Hocartt MJ, Lucas JA. Peberdy JF (1993) Parasexual recombination between W and R pathotypes 
off  Pseudocercosporella herpotrichoides through protoplast fusion. Mycol. Res. 97: 977-983 

Jiaa Y, McAdams SA, Bryan GT, Hershey HP. Valent B (2000) Direct interaction of resistance gene 
andd avirulence gene products confers rice blast resistance. EMBO J. 19: 4004-4014 

Julienn J, Poirier-Hamon S. Brygoo Y (1992) Forel 1, a reverse transcriptase-like sequence in the 
filamentouss fungus Fusarium oxysporum. Nucleic Acids Res, 20: 3933-3937 

Joostenn MHAJ. Cozijnsen TJ, De Wit PJGM (1994) Host resistance to a fungal tomato pathogen 
lostt by a single base-pair change in an avirulence gene. Nature 367: 384-386 

Keenn NT (1990) Gene-for-gene complementarity in plant pathogen interactions. Annu. Rev. 
Geneticss 24: 447-463 

Keveii  F. Peberdy JF (1977) Interspecific hybridization between Aspergillus nidulans and 
AspergillusAspergillus rugulosus by fusion of somatic protoplasts. J. Gen. Microbiology 102: 255-262 

24 4 



introduction introduction 

Keveii  F, Peberdy JF (1979) Induced segregation in interspecific hybrids of Aspergillus nidulans 
andd Aspergillus rugulosus obtained by protoplast fusion. Mol. Gen. Genet. 170: 213-218 

Keveii  F, Peberdy JF (1984) Further studies on protoplast fusion and interspecific hybridization 
withinn the Aspergillus nidulans group. J. Gen. Microbiology 130: 2229-2236 

Kimm DH, Martyn RD, Magill CW (1993) Chromosomal polymorphism in Fusarium oxysporum f. 
sp.. niveum. Phytopathology 83: 1209-1216 

Kistlerr HC, Momol EA (1990) Molecular genetics of plant pathogenic Fusarium oxysporum. In: 
Fusariumm Wil t of Banana. Ploetz RC (Ed), American Phytopafhological Society, St. Paul. 
MN.. pp 49-54 

Kistlerr HC, Miao VPW (1992) New modes of genetic change in filamentous fungi. Annu. Rev. 
Phytopathologyy 30: 131-152 

Knoggee W (1996) Fungal infection of plants. Plant Cell 8: 1711-1722 
Laugéé R, Joosten MHAJ. Van den Ackerveken GFJM, Van den Broek HWJ, De Wit PJGM (1997) 

Thee in /?/rt/Hfl-produced extracellular proteins ECP1 and ECP2 of Cladosporium fulvum are 
virulencee factors. Mol. Plant-Microbe Interact. 10: 735-744 

Laugéé R, De Wit PJGM (1998) Fungal avirulence genes: structure and possible functions. Fungal 
Genet.. Biol. 24: 285-297 

Laugéé R, Goodwin PH, De Wit PJGM, Joosten MHAJ (2000) Specific HR-associated recognition 
off  secreted proteins from Cladosporium fulvum occurs in both host and non-host plants. 
Plantt J. 23: 735-745 

Leachh JE, White FFU996) Bacterial avirulence genes. Annu. Rev. Phytopathology 34: 153-179 
Ludererr R, Joosten MHAJ (2001) Avirulence proteins of plant pathogens: determinants of victory 

andd defeat. Mol. Plant Pathology 2: 355-364 
Ludererr R, Takken FL, De Wit PJGM, Joosten MHAJ (2002) Cladosporium fulvum overcomes Cf-

2-mediatedd resistance by producing truncated AVR2 elicitor proteins. Mol. Microbiol. 45: 
875-884 4 

MacGregorr T, Bhattacharyya M, Tyler B, Bhat R, Schmittheriner AF, Gijzen M (2002) Genetic and 
physicall  mapping of Avrla in Phytophthora sojae. Genetics 169: 949-959 

MacHardyy WE, Beekman CH (1981) Vascular wil t Fusaria: infection and pathogenisis. In: 
Fusarium:Fusarium: disease, biology and taxonomy. Nelson PE, Tousson TA, Cook RJ (Eds), The 
Pennsylvaniaa State University Press, University Park, London, pp 365-390 

Madhosinghh C (1992) Interspecific hybrids between Fusarium oxysporum f. sp. lycopersici and 
FusariumFusarium graminearum by mycelial anastomosis. J. Phytopathology 136: 113-123 

Madhosinghh C (1994) Production of intra-specific hybrids of Fusarium oxysporum f. sp. radicix-
lycopersicilycopersici and Fusarium oxysporum f. sp. lycopersici by protoplast fusions. J. 
Phytopathologyy 142: 301-309 

Manczingerr L, Ferenczy L (1985) Somatic cell fusion of Trichderma reesei resulting in new 
geneticc combinations. Appl. Microbiol. Biotechnology 22: 72-76 

Marlattee M, Correll JC, Kaufmann P. Cooper PE (1996) Two genetically distinct populations of 
FusariumFusarium oxysporum f. sp. lycopersici race 3 in the United States. Plant Disease 80: 1336-
1342 2 

Marmeissee R, Van den Ackerveken GFJM, Goosen T. De Wit PJGM, Van den Broek HWJ (1993) 
Disruptionn of the avirulence gene avr9 in two races of the tomato pathogen Cladosporium 
fulvumfulvum causes virulence on tomato genotypes with the complementary resistance gene Cf-9. 
Mol.. Plant-Microbe Interact. 6: 412-417 

Mess JJ (1999) Molecular aspects of the interaction between tomato and Fusarium oxysporum f. sp. 
lycopersici.lycopersici. Academic Thesis, University of Amsterdam 

Mess JJ. Wit R, Testerink C, de Groot F, Haring MA. Cornelissen BJC (1999) Loss of avirulence 
andd reduced pathogenicity of a gamma irradiated mutant of Fusarium oxysporum f. sp. 
lycopersici.lycopersici. Phytopathology 89: 1131-1137 

Mess JJ, Haring MA. Cornelissen BJC (2000a) Foxy: an active family of short interspersed nuclear 
elementss from Fusarium oxysporum. Mol. Gen. Genet. 26: 271-280 

25 5 



ChapterChapter I 

Mess JJ. Van Doom AA. Wijbrandi J. Simons G. Cornelissen BJC, Haring MA (2000b) Expression 
off  the Fusarium resistance gene 1-2 co-localizes with the site of fungal containment. Plant J. 

'' 23: 183-193 
Mighelii  Q, Berio T, Gullino ML (1993) Electrophoretic karyotypes of Fusarimn spp. Exp. Mycol. 

17:: 329-337 
Mighelii  Q. Berio T, Gullino ML. Garibaldi A (1995) Electrophoretic karyotype variation among 

pathotypess of Fusarium oxysporum f. sp. dicmthi. Plant Pathology 44: 308-315 
Molnarr A. Pesti M, Hornok L (1985a) Isolation, regeneration and fusion of Fusarium oxysporum 

protoplasts.. Acta Phytopathologica Acad. Sciem. Hungaricae 20: 175-182 
Molnarr A. Pesti M. Hornok L (1985b) The high level of benomyl tolerance in Fusarium oxysporum 

iss determined by the synergistic interaction of two genes. Exp. Mycology 9: 326-333 
Molnarr A, Sulyok L, Hornok L (1990) Parasexual recombination between vegetatively 

incompatiblee strains in Fusarium oxysporum. Mycol. Res. 94: 393-398 
Mouynaa 1. Renard JL, Brygoo Y (1996) DNA polymorphism among Fusarium oxysporum f. sp. 

ehieidisehieidis populations from oil palm, using a repeated and dispersed sequence "Palm". Curr. 
Geneticss 30: 174-180 

O'Donnelll  K. Cigelnik E, Nirenberg HI (1998) Molecular systematics and phylogeography of the 
GthberellaGthberella fujikuroi species complex. Mycologia 90: 465^493 

O'Garroo LW. Clarkson JM (1992) Variation for pathogenicity on tomato among parasexual 
recombinantss of Verticillium dahliae. Plant Pathology 41: 141-147 

Okudaa M, Ikeda K. Namiki F, Nishi K, Tsuge T (1998) Tfol: an /4r-like transposon from the plant 
pathogenicc fungus Fusarium oxysporum. Mol. Gen. Genet. 258: 599-607 

Orbachh MJ. Farrall L, Sweigard JA, Chumley FG, Valent B (2000) A telomeric avirulence gene 
determiness efficacy for the rice blast resistance gene Pi-la. Plant Cell 12: 2019-2032 

Peberdyy JF(1987) Developments in protoplast fusion in fungi. Microbiol. Sci 4: 108-114 
Pontecorvoo G (1956) The parasexual cycle in fungi. Annu. Rev. of Microbiol. 10: 393-400 
Repp M, Dekker HL. Vossen JH, De Boer AD, Houterman PM, Speijer D, Back JW, De Koster CG, 

Cornelissenn BJC (2002) Mass spectrometric identification of isoforms of PR proteins in 
xylemm sap of fungus-infected tomato. Plant Physio!. 130: 904-917 

Roebroeckk EJA (2000) Fusarium oxysporum from iridaceous crops: analysis of genetic diversity 
andd host specialization. Academic Thesis, University of Amsterdam 

Rohee M. Gierlich A, Hermann H, Hahn M, Schmidt B. Rosahl S, Knogge W (1995) The race-
specificc elicitor, NIP1, from the barley pathogen, Rhynchosporium secalis determines 
avirulencee on host plants of the Rrsl resistance genotype. EMBO J. 14: 4168-4177 

Sidhuu GS, Webster JM (1979) A study of heterokaryosis and its influence on virulence in Fusarium 
oxysporumoxysporum f. sp. lycopersici. Can. J. Botany 57: 548-555 

Simonss G, Groenendijk J, Wijbrandi J, Reijans M, Groenen J. Diergaarde P. Van der Lee T, 
Bleekerr M, Onstenk J, De Both M, Haring M, Mes J, Cornelissen B. Zabeau M, Vos P 
(1998)) Dissection of the Fusarium 12 gene cluster in tomato reveals six homologs and one 
activee gene copy. Plant Cell 10: 1055-1068 

Snyderr WC, Hansen HN (1940) The species concept in Fusarium. American J. Botany 27: 64-67 
Swartt K, Debets AJM. Bos CJ, Slakhorst M, Holub EF. Hoekstra RF (2001) Genetic analysis in the 

asexuall  fungus Aspergillus niger. Acta Biologica Hungarica 52: 335-343 
Takkenn FLW. Luderer R, Gabriels SHEJ, Westerink N, De Wit PJGM, Joostcn MHAJ (2000) A 

functionall  cloning strategy, based on a binary PVX-expression vector, to isolate HR-
inducingg cDNAs of plant pathogens. Plant Journal 24: 275-283 

Talbott NJ, Coddington A, Roberts IN, Oliver RP (1988) Diploid construction by protoplast fusion 
inn Fulvia fulva (syn. Cladosporium fulvum): genetic analysis of an imperfect fungal plant 
pathogen.. Curr. Genetics 14: 567-572 

Toyamaa H. Yamaguchi K, Shinmyo A. Okada H (1984) Protoplast fusion of Trochoderma reesei 
usingg immature conidia. Appl. Environmental Microbiology 47: 363-368 

26 6 



introduction introduction 

Typass MA (1983) Heterokaryon incompaibility and interspecific hybridization between 
VerticilliumVerticillium albo-atrum and Vertkillium dahliae following protoplast fusion. J. Gen. 
Microbiologyy 129: 3034-56 

Valentt B (1997) The rice blast fungus Magnaporthe grisea. In The mycota V: plant relationships 
partpart B. Caroll CC, Tudzynski P (Eds), Springer-Verlag,, Berlin, pp 37-54 

Vann der Biezen E, Jones JDG (1998) Plant disease-resistance proteins and the gene-for-gene 
concept.. Trends Biochem. Sci. 23: 454-456 

Vann der Hoorn RAL, De Wit PJGM, Joosten MHAJ (2002) Balancing selection favors guarding 
resistancee proteins. Trends Plant Sci. 7: 67-71 

Vann der Lee T, Robold A, Testa A, Van 't Klooster JW, Govers F (2001) Mapping of avirulence 
geness in Phytophthora infestans with amplified fragment length polymorphism markers 
selectedd by bulked segregant analysis. Genetics 157: 949-956 

Vann Kan JAL. Van den Ackerveken GFJM, De Wit PJGM (1991) Cloning and characterization of 
cDNAA of avirulence gene avr9 of the fungal pathogen Cladosporium fulvum, causing agent 
off  tomato leaf mold. Mol. Plant-Microbe Interact. 4: 52-59 

Vann 't Slot KAE, Knogge W (2002) A dual role for microbial pathogen-derived effector proteins in 
plantt disease and resistance. Crit. Rev. Plant Sci. 21: 229-271 

Viaudd M, Couteaudier Y, Riba G (1998) Molecular analysis of hypervirulent somatic hybrids of the 
entomopafhogenicc fungi Beauveha bassiana and Beauveria sulfurescens. Appl. Environ. 
Microbiologyy 64: 88-93 

Weberr H, Arnold G (1992) Allgemeine Mykologie. Fischer JG (Eds), pp 122-123 

27 7 



'i i 

6 6 

f f 

i i 

J J 

1 1 

I I 

j j 

1] ] 

r r 

|l l 

( ( 
l, , 

l l 
ii i 

i i 

l l 
ii  m i i t t 

^ ^ 

i i 

' i i 

.I I 

i i 

i i 
i i 

< < 

f f 
i i 

i i 

i i 

i i 



CHAPTERR 2 

Geneticc exchange of avirulence and extensive karyotype 

rearrangementss in parasexual recombinants of 

FusariumFusarium oxysporum 

Hedwichh A. S. Teunissen, Jurgo Verkooijen. Ben J. C, Cornelissen and Michel A. Haring 

ABSTRACT T 

Too get insight into the race-specific resistance of tomato against Fusarium oxysporum f. sp. 
Ixcopersici.Ixcopersici. characterization of avirulence genes is important. In order to genetically map 
andd eventually isolate avirulence genes, parasexual crosses between different races of F. 
oxysporumoxysporum f. sp. Ixcopersici were performed by means of protoplast fusion. Two wild type 
strains,, race 1 Fol004 (Ahi2a3) and race 3 Fol029 (ala2A3), were transformed with the 
phleomycinn and the hygromycin resistance genes respectively. In total 32 fusion products 
weree selected for the presence of both marker genes. Presence of either avirulence gene A1 
orr A3 in the fusion products was determined by plant bioassays. Segregation of avirulence 
wass not random as assumed, but biased for the presence of Al. In two fusion products both 
A!A! and A3 were present. With the identification of these avirulence recombinants, strains 
withh newly derived properties were obtained which were never observed to exist in nature. 
Electrophoreticc karyotype analysis revealed that chromosome patterns were different for 
alll  fusion products. Hybridization patterns using various probes indicated that chromosome 
rearrangementss and recombination had occurred. Karyotype analysis of the two avirulence 
recombinantss revealed hybrid karyotypes as a result of massive exchange of parental DNA. 
Thiss indicates that the present population of recombinants can be used for gene mapping in 
thee asexual fungus F. oxysporum f. sp. ixcopersici. 

PartsParts of this chapter have been accepted for publication in Molecular Genetics and Genomics 
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INTRODUCTIO N N 

FitsariumFitsarium oxysporum Schlechtend.: Fr. is a fungal pathogen occurring worldwide. Isolates 

off  F. oxysporum are classified into at least 80 formae speciales correlating with the range 

off  plant species they are able to infect successfully (Armstrong and Armstrong, 1981). 

Formaa specialis lycopersici (Sacc.) W.C. Snyder & H.N. Hansen infects tomato 

(Lycopersican(Lycopersican esculentum) and is the causal agent of Fusarium wilt disease. Within this 

formaa specialis several vegetative compatibility groups (VCG0030-VCG0033) have been 

identifiedd (Mes, 1999). Isolates within a VCG are genetically very similar as was shown by 

AFLPP analysis (Mes et al., 1999b) and probably clonally related (Correll, 1991; Gordon 

andd Martyn, 1997). VCG0030 contains isolates representing the three physiological races 

knownn for F. oxysporum f. sp. lycopersici. These are named race 1, 2 and 3, in order of 

discovery,, and are distinguished by their differential virulence on tomato cultivars 

containingg race-specific, dominant resistance genes (Mes et al., 1999a). Different races are 

proposedd to contain an avirulence gene that corresponds to the resistance gene in the 

cultivarss they are unable to infect (Flor. 1942 and 1971; Mes et al., 1999a). Isolation and 

characterizationn of avirulence genes is important for understanding the race-specific 

resistancee of tomato against F. oxysporum f. sp. lycopersici at the molecular level. 

Too identify avirulence genes different approaches can be envisaged. Using a product-

basedd cloning strategy, several Cladosporium fulvum avirulence genes (Avr4 dnd Avr9) and 

geness encoding extracellular proteins (ECPs) have been cloned (Van Kan et al., 1991; 

Joostenn et al., 1994; Laugé and De Wit. 1998), as well as the Rhynchosporium secalis 

avirulencee gene Nip! (Rohe et al., 1995). Although F. oxysporum f. sp. lycopersici is a soil 

bornee pathogen infecting roots and colonizing xylem vessels of tomato, we have not been 

ablee to identify race-specific fungal proteins in xylem sap yet. However, tomato 

pathogenesis-relatedd (PR) proteins have been identified in this way (Rep et al.. 2002). 

Otherr cloning strategies have been proposed, e.g. transposon tagging (Daboussi et al., 

1997)) and gamma irradiation mutagenesis (Mes et al., 1999b), but have not been successful 

soo far. Genetic mapping of avirulence genes with AFLP markers selected by bulked 

segregantt analysis as developed in Phytophthora infestans (Van der Lee et al., 2001) is an 

alternativee approach. Using this strategy the Magnaporihe grisea avirulence gene AVR-

PitaPita was cloned (Valent, 1997: Orbach et al., 2000). 

FusariumFusarium oxysporum belongs to the Deuteromycetes (Fungi Imperfecti) since no 

sexuall  stage has been described so far. The only tool available for genetic analysis in this 

speciess is the parasexual cycle. This process has revealed the exchange of parental DNA 

andd recombination in a wide range of asexual fungi (Suzuki et ah. 1994; Couteaudier et al.. 

1996:: Durand et al., 1993; Talbot et al.. 1988; Arnau and Oliver, 1993; O'Garro and 

Clarkson.. 1992). For F. oxysporum f. sp. lycopersici Molnar et al. (1985b) were the first to 
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demonstratee the occurrence of exchange of genetic traits since super tolerant prototrophic 

recombinantss originating from two auxotrophic parents with moderate benomyl tolerance 

weree obtained by protoplast fusion. However, the use of UV-induced auxotrophs in 

parasexuall  fusion has several disadvantages: it requires a time-consuming selection 

proceduree due to the recessive nature of auxotrophic mutants and possible occurrence of 

reversion.. Virulence behaviour of auxotrophic parents is difficul t or impossible to 

determinee since these strains grow poorly in planta. In addition, loss of virulence has been 

describedd for prototrophic fusion products probably resulting from induction of additional 

mutationss in the auxotrophic parents by the UV treatment (Roebroeck, 2000). 

Alternatively,, antibiotic resistance genes can be introduced by transformation, and can be 

usedd as dominant selection markers in protoplast fusion experiments (Talbot et al.. 1988; 

Arnauu and Oliver, 1993; Durand et al., 1993; Roebroeck, 2000). 

Inn this study we describe the characterization of 32 recombinants obtained by 

protoplastt fusion of the two genetically closely related strains Fol004 (race 1 isolate; 

putativee genotype Ala2a3) and Fol029 (race 3 isolate; putative genotype aIa2A3). 

Bioassayss revealed a strongly biased segregation for avirulence gene Al. Two avirulence 

recombinantss were identified that contained the novel combination of both Al and A3. 

Karyotypee analyses were performed in order to visualize genome-wide changes and to find 

chromosomee rearrangements correlating with the avirulence phenotype. Biased segregation 

wass less obvious when karyotypes were analyzed using random probes. The F. oxysporum 

f.. sp. lycopersici genome appeared to be extremely flexible. The occurrence of 

chromosomee rearrangements and recombination was indicated. Demonstration of the 

parasexuall  cycle in this species can be exploited for gene mapping. 

MATERIA LL  &  METHOD S 

Fungall  isolates 
Thee two wild type isolates of Fusarium oxysporum f, sp. lycopersici used in this study, Fol004 
(racee 1) and Fol029 (race 3), belong to the same vegetative compatibility group (VCG0030), and 
havee been described previously by Meset al. (1999a). 

Alll  strains (wild type, selected transformants and fusion products) were cultured from single 
sporess and stored in Protect Bacterial Preservers (Technical Service Consultants LTD, Heywood 
Lansc,, GB)at-70°C. 

Preparationn of protoplasts 
Protoplastss for fungal transformation were prepared according to Kistler and Benny (1988) and 
Mess et al. (1999b), with some modifications. Either the cell wall degrading enzymes NovoZyme 
2344 (Novo Nordisk, Bagsraerd. Denmark) or Glucanex (Novo Nordisk Ferment AG, Neumalt. 
Switzerland)) were used. In the case of NovoZyme. digestion was performed with 5 mg/ml in 
approximatelyy 3 hours whereas Glucanex (100 mg/rnl) was used in overnight incubation. 
Protoplastss were separated from the undigested mycelium by filtration over 3 layers of MiraCloth 
(Calbiochemm Corp., La Jolla, California, USA). When still undigested mycelium was abundantly 
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presentt an additional filtration step was necessary using a Pasteur pipette containing a cotton plug. 
Protoplastss were resuspended in 4 volumes of sorbitol-solution (1M sorbitol. 50mM CaCl:, lOmM 
Tris-HCl;; pH 7.4) and centrifuged. Subsequently, protoplasts were counted and diluted to the 
appropriatee concentration depending on the application. 

Fungall  transformation 
Plasmidss pAN7.I and pAN8.1 containing the hygromycin B resistance gene ihph) from 
EscherichiaEscherichia colt and the phleomycin resistance gene (hie) from Streploalloteichus hindustanus 
respectively,, were obtained from Dr. P. Punt, TNO. Zeist, the Netherlands (Punt and Van den 
Hondel,, 1992). Expression of both resistance marker genes was regulated by the gpdA promoter 
fromm Aspergillus niduUtns and the A. nidulans trpC terminator. 

Transformationn was performed according to Mes et al. (1999b) with minor modifications. 
Protoplastss transformed with pAN7.1 or pANS.l were plated on Czapek Dox agar (CDA; Oxoid) 
platess osmostabilized with 1M sorbitol and containing 100 jag/ml hygromycin (Sigma-Aldrich 
chemie.. Steinheim, Germany) or 100 p.g/ml phleomycin (Cayla, Toulouse, France), respectively. 

Fungall  protoplast fusion of transformants 
Ann equal amount of protoplasts, ranging from 1 to 5.10' pps from each strain per experiment, was 
mixed.. The protoplasts were concentrated by centrifugation in 200 |al sorbitol-solution. and were 
incubatedd on ice for 30 minutes. 30% PEG-Ca'*  (30% polyethylene glycol Mw 4000, 50mM CaCl:. 
lOmMM Tris-HCl; pH7.4) was added dropwise to the protoplasts mixture, and was incubated on ice 
forr another 30 minutes to allow the protoplasts to fuse. Protoplasts were washed with pre-chilled 
1MM sorbitol by centrifugation for 15 minutes to eliminate the PEG. Then, the protoplast mixture 
wass diluted (5x; lOx; 50x; lOOx; lOOOx) and plated on CDA plates osmostabilized with 1M sorbitol 
containingg 100 (ig/ml hygromycin and 100 Jig/ml phleomycin (OCDAttp). 

Selectionn of stable fusion products 
Regenerationn efficiency of the protoplasts was determined by counting the colonies on OCDA 
platess without any selection pressure minus the number of colonies grown on non-osmotic 
stabilizedd CDA (spores and hyphal contamination), divided by the total number of protoplasts 
plated: : 

„UCI.AA . „C I » 

Regenerationn efficiency -
numberr of pps plated 

Fusionn frequency was calculated on the basis of the regeneration efficiency. The number of 
coloniess grown on OCDAHP was divided by half the amount of protoplasts plated (two parental 
protoplastss are needed to generate one fusion product). The resulting number was divided by the 
numberr of regenerated protoplasts: 

riri KDAmKDAm x 2 
Fusionn frequency = 

„<>COAA „ ( D A 

nn - n 
Fastt growing colonies were transferred to CDA plates containing 100 Hg/ml hygromycin 

(Duchefa,, Haarlem, the Netherlands) and 100 (ig/ml phleomycin. To obtain stable fusion products, 
coloniess were grown on non-selective potato dextrose agar (PDA; Difco Laboratories, Detroit, MI. 
USA)) for at Ieasll4 days. Spores were collected from these agar plates and plated on CDAH|1 plates. 
AA single colony was cultured for further experiments. 

Genomicc DNA isolation 
F.F. oxysporum f, sp. lycopersici was grown on PDB without shaking, at room temperature, in the 
dark,, for approximately 4 weeks. The mycelial layer was collected by filtration and freeze-dried 
overnight.. Genomic DNA was extracted as described by Raeder and Broda (1985). 
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Southernn analysis 
Genomicc DNA of F. oxysporum f. sp. Iycopersici (10 JJg) was digested with the restriction enzyme 
HindXftHindXft (MBI Fermentas. Vilnius. Lithuania). Digested DNA was resolved in a 0.8% agarose gel 
andd transferred to a Hybond N* membrane (Amersham Pharmacia Biotech, GB) as described in 
Sambrookk et a). (1989), Hybridization was performed using a hygromycin or phleomycin specific 
DNAA fragment ai : P dATP-labelted by the Deca Label DNA Labeling System (MBI Fermentas. 
Vilnius.. Lithuania). Hybridization was performed in 0.5M phosphate buffer pH 7.2 containing lvk 
SDS.. 1% BSA and ImM EDTA. The blot was incubated overnight at 65°C and subsequently 
washedd with 2x. Ixand0.5x SSC with 0.1 %SDS. for 15 minutes each at 65°C. 

CHEFF analysis 
Preparationn of the protoplast plugs was done according to Mes et al. (1999b). with some 
modifications.. The concentration of the protoplasts in the plugs was 1.5.10s pps/ml. S. pombe and 
S.S. cereviseae chromosomes were used as molecular size marker (Bio-Rad Laboratories). Contour-
clampedd homogeneous electric field analysis was performed using a CHEF-DRII system (Bio-Rad 
Laboratories,, Veenendaal, the Netherlands). Chromosomes were separated in a 10-days run in \% 
Seakemm Gold agarose (PFGE agarose. BMA, Rockland. ME USA) at 4°C. using switch times 
betweenn 1200-4800 seconds at 1.6 V/cm. Running buffer (0.5x TBE) was recirculated at 70% ( = 
0.755 1/minute) and was refreshed every two days. Gels were stained with ethidium bromide and 
destainedd with water. Blotting of CHEF gels onto Hybond N* membrane (Amersham Pharmacia 
Biotech,, GB) was performed as described in Sambrook et al. (1989), using 0.4M NaOH as transfer 
buffer.. CHEF blots were rinsed in 5x SSC, wrapped in Saran wrap (Dow) and stored at 4°C. 
Hybridizationn of the membranes was performed as described before. 

Preparationn of random 'chromosome-specific'  probes 
Chromosomess of the wild type strains Fol004 and Fol029 and of the fusion product FP2-3 were 
separatedd as described above. Clearly separated chromosome bands were cut from gel. 
Chromosomall  DNA was digested in agarose with restriction enzymes HindUl and Xhol (MBI 
Fermentas.. Vilnius, Lithuania). The DNA fragments were extracted from the agarose using the 
QIAEXIII  kit (Qiagen) and ligated in pBluescript KS+ digested with HindlU and Xho\. DH5oc cells 
weree transformed constructing a chromosome-specific library. Colony PCR was performed using 
thee M13 primers in order to identify various chromosome-specific PCR products. These fragments 
weree extracted from agarose gel using the QIAEXII kit and used as a probe on the CHEF blots as 
describedd above. 

Plantt material 
TwoTwo near-isogenic lines of tomato cultivar Moneymaker, viz. C32 and GCRI6I, previously 
describedd by Kroon and Elgersma (1993) were used in this study. C32 is used as the general 
susceptiblee control line. GCR16I contains the race 1 resistance gene (A) of Missouri Accession 160 
off  L. pimpinellifoltum (PI79532) (Bohn and Tucker, 1939) but is susceptible to race 3 isolates. A 
thirdd plant line. E779. kindly provided by Dr. JW Scott {University of Florida. Gainesville, USA), 
iss resistant against F, oxxsporum f. sp. Iycopersici race 3 isolates although it is susceptible to race I 
isolatess of F. oxxsporttm f. sp. Iycopersici. It contains the 1-3 without the /-/ locus introgressed 
fromm the L pennellii accession LA716 (Scott and Jones. 1989). 

Bioassays s 
Eleven-days-oldd seedlings. 10-20 per fungal strain, were infected according to a standard root-dip 
inoculationn method (Wellman. 1939; Mes et al„  1999a). Spore suspensions were prepared one day 
beforee inoculation and stored overnight at 4°C. The final concentration of the inoculum was > 1.10 
spores/ml. . 

Seedlingss were potted in individual containers and randomly distributed throughout the 
greenhouse.. Containers were placed on mobile tables and the position of the tables was randomized 
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everyy 3 days. Inoculated plants were grown at 22-28°C. 55-65% humidity and 14 hours light (Mes 
ett al.. 1999a). 

Afterr 3 weeks, the weight of the plant part above the cotyledons was determined and the 
degreee of vascular browning was estimated. Plant weight data were statistically analyzed using 
ANOVAA (SlatViewSE + Graphics™ version 1.03). 

RESULTS S 

Selectionn of parental strains 

Too genetically map avirulence genes in the asexual fungus Fusarium oxysporum f. sp. 

lycopersici,lycopersici, parasexual crosses were performed. For this purpose two wild type strains 

weree selected. Both Fol004 and Fol029 originate from vegetative compatibility group 0030 

{Mess et al.. 1999a) and are therefore genetically closely related. Despite their phylogenetic 

relationshipp Fol004 and Fo3029 have strikingly different karyotypes {Fig. 1A). In the 

electrophoreticc karyotype of Fo 1004 twelve bands could be distinguished (Fig. 1A; 1 to 

12).. while only nine bands were visible for Fol029 {Fig. 1A; 21 to 29). Both strains are 

representativess of two distinct races and hence differ in their virulence/avirulence 

behaviour.. FoI004 is a race 1 isolate and, therefore, contains the avirulence gene A I 

(putativee genotype Ala2a3) (Mes et al., 1999a). Fol029 is a race 3 isolate containing the 

avirulencee gene A3 (putative genotype aIa2A3) (Fig. 2). Since avirulence gene A2 is 

absentt in both strains only Al and A3 were used as phenotypic markers in this study. 

Too select fusion products, parental strains were marked with antibiotic resistance 

genes.. Race 1 strain Fol004 was transformed with pAN8.1 containing the phleomycin 

resistancee cassette (hie), whereas race 3 strain Fol029 was marked with the hygromycin 

resistancee cassette {hph) from pAN7.1 (Punt and Van den Hondel, 1992). In total 31 

transformantss were obtained, 28 race 1 phleomycin' transformants and three race 3 

hygromycin'' transformants. All transformants were mitotically stable and showed wild 

typee growth (in vitro) on both selective and non-selective media. 

Electrophoreticc karyotype analyses were performed in order to check for 

chromosomall  rearrangements and to determine the place of integration of the particular 

markerr gene in the transformants. Visible chromosomal aberrations, as compared to the 

wildd type strains, were observed for 17 out of 31 transformants (Table I). From the 31 

transformants,, four race I phleomycin' (A-D) and two race 3 hygromycin' transformants (E 

andd F) were selected for parasexual crosses. In Figure IB the pulse-field (CHEF) gel 

stainedd with ethidium bromide as well as the CHEF blot hybridized with hie- or hph-

specificc probes are shown. When compared to the karyotype of race 1 Fol004 as illustrated 

byy the schematic representation (Fig. 1A), parent A. C and D karyotypes were identical to 

theirr strain of origin. In addition, parent F. when compared to race 3 Fol029. had a 

karyotypee without visible rearrangements. However, parent B and E displayed alterations 
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Tablee 1: Overview of stable transformants produced as potential parental strains for 
parasexuall  crosses. 

transformant t 
namee (1) 

1-4-lpp <A) 
11 4 2p 
l-4-3p p 

l-4-6pp (B) 
l-4-13pp (C) 

l-4-15p p 

1-4-lCp p 

l-4-21p p 
II  4 22p 
1-44 25p 

l-4-27p p 
2-4-3p p 

3-4-lpp (D) 
3-4-2p p 
3-4-3p p 
3-4-6p p 
4-4-lp p 
4-4-2p p 

4-4-3p p 
4-4-4p p 
4-4-5p p 
4-4-6p p 

4-4-7p p 
4-4-8p p 
4-4-9p p 
4-4-10p p 
4-44 l i p 
4-4-lZp p 

5-29-lh h 
5-299 4h (E) 
6-29-lhh (F) 

changess in 
karyotype e 

no o 
yes s 
yes s 
yes s 

no o 
no o 
no o 
no o 
yes s 
yes s 

no o 
yes s 
no o 
no o 
no o 
yes s 
no o 

no o 
yes s 
yes s 
yes s 
yes s 

no o 
yes s 
no o 
yes s 
yes s 
yes s 

yes s 
yes s 
no o 

chromosome e 
bandd with 

markerr  gene 

bandd 9 
bandd 6 
bandd 6 
bandd 1 
bandd 5 
bandd 12 
bandd 6 
bandd 1 
bandd 2 
bandd 1 
bandd 2 
bandd 1 
bandd 8 
bandd 7 
bandd 1 
bandd 2 
bandd 4 
bandd 8 
bandd 2 
bandd 6 
bandd 4 
bandd 1 
bandd 7 
bandd 1 
bandd 3 
bandd 5 

bandd 2 
bandd 4 

extraa band 
bandd 3 
bandd 4 

chr.. band wit h 
markerr  gene 

alteredd in size 

no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
no o 
yes s 

no o 
no o 
no o 
yes s 
yes s 
no o 
no o 
no o 
no o 
no o 
no o 
yes s 

yes s 
no o 
no o 

numberr  of 
inserts s 

(2) ) 

22 tm 

Ztm m 

22 tm 

4 4 
33 (2 tin) 

I I 

virulence e 
onn C32 

plantss (3) 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 
+ + 

+ + 

+ + 

+ + 
+ + 

+ + 
+ + 

+ + 

+ + 

+ + 

+ + 

+ + 
+ + 

+ + 

+ + 

+ + 

HH the name of' the transformants represents respectively a: experiment number (1-6), b: origin of the 
transformantt (4 = Fol004. 29 = Fnl()29). c: transformant number and d: presence of the particular marker 
genee (p = phleomycin, h = hygromycin) e: selected parental strains for fusion exp. A-F 
2)) tm = tandem integration 
3)) + = virulent. - = loss of virulence 

inn their karyotypes; parent B contained an extra chromosomal band just below band 11. 

Thee intensity of band 11 in Fol004 suggests that this band consists of two chromosomes of 
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approximatelyy equal size. Rearrangements in parent B may have resulted in a length 

polymorphismm between these two chromosomes, which are now visible as two independent 

bands.. In the karyotype of parent E chromosome band 24 and 25 probably migrate closer 

togetherr than in parent F and are therefore visible as one intense band. The alterations in 

karyotypee for parent B and E were mitotically stable. 

B B 

II 22 
II 2^ 

ble ble 

c c 
2bb kb 

12.0 0 

bit' bit' hph hph 
AA B C D E F 

A A C C D D 
hph hph 

n n 

KK = 
Figuree LA-C: Molecular characterization of selected parental strains. A: Schematic representation and 
electrophoreticc karyotypes of wild type strains Fol004 and Fol029. Chromosomes are numbered 1 to 12 for 
racee I Fol004 and 21 to 29 for race 3 Fol029 and represent the different chromosomal bands visible after 
ethidium-bromidee staining. B: Schematic representation of wild type strains and the electrophoretic 
karyotypess of the selected parental strains (A-F). The integration sites of the phleomycin resistance gene [ble) 
(A-D)) and the hygromyein resistance gene [lipln  (E and F) were determined by hybridization using either 
hi,-hi,- or /i/j/i-specific probes. C: Southern hint analysis of the parents (A-F) to determine the number of 
integrationss of the particular marker gene (hie or hph). 

Hybridizationn of CHEF blots with hph- or fr/<?-specific probes revealed one hybridizing 

chromosomall  band in every transformant suggesting one independent single copy 
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integration,, multiple copy (tandem) integration or multiple integrations on a single 

chromosome.. Integration of pANS.1 and pAN7.1 seemed random: when the chromosome 

molecularr weight is concerned, no preference for particular chromosomes was observed 

(Tablee I). Focusing on the selected parental strains A-F, the hybridization patterns revealed 

markerr integration on different chromosomes (Table 1; Fig. IB). The hybridization signal 

forr parent E was much stronger than for the other parents suggesting multiple (copy) 

integration. . 

Genomicc Southern blot analyses were performed in order to establish the insertion 

patternn of the particular marker gene in the 31 stable transformants. From the 28 race 1 

phleomycin'' transformants, 25 have a single copy insert including the four selected 

parentall  strains A-D (Table I; Fig. 1C). Three transformants (l-4-3p; l-4-25p and 4-4-9p) 

containedd 2 copies integrated in tandem. In the three race 3 hygromycin' transformants 

moree variable integration patterns were observed: the selected parent F contains a single 

copyy insert; the selected parent E contains at least two independent integrations of which 

onee is a multiple copy insert integrated in tandem: transformant 5-29-lh has four 

independentt integrations of pAN7.1 (Table 1; Fig. IC). All transformants were tested for 

losss of virulence as a result of the transformation process. As general susceptible line, 

tomatoo cultivar Moneymaker viz. C32 was chosen: no resistance genes against F. 

oxysponunoxysponun f. sp. tycopersici are present in this cultivar. Only the race 3 transformant 5-29-

lhh containing four independent integrations of pAN7.1 had lost virulence on this tomato 

line.. A bioassay on two other tomato lines to determine race specificity revealed that the 

avirulencee behaviour of the 28 race 1 transformants and the two remaining race 3 

transformantss is unchanged. 

Generationn of fusion products 

Protoplastss were prepared and equal amounts of protoplasts from two parents (ranging 

fromm 1-5.107 pps) were used for fusion experiments. Polyethylene glycol was used as 

fusogenicc agent (Anne and Peberdy, 1976). Agglutinates of protoplasts were observed as 

describedd by Molnar et al. (1985a) and Peberdy (1987). After removal of the polyethylene 

glycoll  the fusion mixture was plated on Czapek Dox agar osmostabilized with 1M sorbitol 

(OCDA).. Primary fusion products were selected on OCDA plates containing hygromycin 

andd phleomycin (OCDAHP). Regeneration efficiency of the protoplasts varied from one 

experimentt to the other, ranging from 0.5%-17%, which is comparable to the results 

describedd for F. oxysporum by Molnar et al. (1985a). 

Thee first colonies appeared on OCDAHP plates after 7 to 14 days. The fusion 

frequencyy varied from 0.02%-5.8%. These results are comparable to the frequencies found 

withh inter-strain and inter-race fusion in F. oxysporum (Molnar et al.. 1985a and 1990). 
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Tablee 2: F. oxysporum f. sp. tycoperski strains used in fusion experiments 

fusion n 
exp. . 

Fl l 
F2 2 
F3 3 
F4 4 
F5 5 
F6 6 
F7 7 

racee 1 
phleo''  P 

B B 
C C 
D D 
A A 
B B 
C C 
A A 

racee 3 

hygr P P 

E E 
E E 
F F 

E E 
F F 
F F 
F F 

fusion n 
products s 

4 4 
1Ü Ü 

2 2 

2 2 
5 5 

8 8 
1 1 

Parentall  strains (P) used for fusion in seven different combinations lFl-F7i and the number of stable fusion 
productss resulting from each combination. 

Primaryy colonies were individually transferred to fresh plates containing hygroinycin and 

phleomycin.. The number of selected primary colonies per experiment ranged from 4-100 

colonies.. In order to select for stable fusion products, colonies were transferred to potato 

dextrosee agar (PDA) without antibiotics, and were grown for at least 14 days. Then, spores 

weree collected and plated on CDAHP and on CDA in high dilutions. Only when comparable 

numberss of colonies were visible after 3-5 days on both selective and non-selective plates, 

thee fusion product was considered to be stable. Stable fusion products were assumed to be 

haploidd since diploidy and haploidization are believed to be transient situations in F. 

oxysporumoxysporum (Molnar et al.. 1990). Colonies appearing on CDAltp were further cultivated. In 

total.. 32 stable fusion products were obtained from several hundreds of primary colonies in 

588 independent fusion experiments. In Table 2 the parental combinations (F1-F7) are 

listed.. Some combinations seemed to be more successful than others; 18 out of 32 fusion 

productss originated from a parental combination involving parent C. All fusion products 

weree tested for virulence on three differential tomato lines. 

Biologicall  characterization of fusion products 

Racee 1 and race 3 derived chromosomes are hypothesized to reshuffle during parasexual 

fusion,, resulting in new combinations of parental chromosomes in fusion products. When 

linkagee or allelism of avirulence genes is excluded, random segregation of avirulence 

geness should be observed. Consequently. 25% of the fusion products would be predicted to 

obtainn the race 1 phenotype, 25% the race 3 phenotype and 50% of the fusion products 

wouldd be avirulence recombinants (A I A3 and alaJ). In order to determine the presence of 

A/A/ and A3, all fusion products were tested for virulence on three differential plant lines. As 
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aa general suseeptible line, tomato eultivar Moneymaker viz. C32 was ehosen. This line was 

usedd to cheek for loss of virulence of the fusion products since no resistance genes against 

F,F, oxysporum f. sp. lycopersici race I, 2 and 3 are present in this eultivar. Two other plant 

lines.. Moneymaker viz. GCR161 and E779. were used to determine the race-specificity. 

GCR1611 contains the race 1 resistance gene (/) from L. pimpernellifolium (Bohn and 

Tucker.. 1939) but is susceptible to race 3 isolates. E779 is resistant against race 3 isolates 

butbut susceptible to race 1 isolates of F. oxysporum f. sp. lycopersici (Scott and Jones. 1989,). 

Whenn loss of virulence occurs during the fusion process, fusion products wil l not be able to 

infectt either three plant lines (compare mock-inoculation Fig. 2A). Fusion products that 

onlyy contain AI (AIa3) wil l be virulent on C32 plants, avirulent on GCR161 plants and 

virulentt on E779 plants (Fig. 2B) and behave therefore like the race 1 Fol004 wild type 

strain.. When only A3 is present in the fusion product (alA3) the virulence behaviour wil l 

bee comparable to the race 3 Fol029 wild type strain (Fig. 2C). In Figure 2D tomato plants 

inoculatedd with a recombinant phenotype (A1A3) are shown. Fusion products harboring 

bothh avirulence genes wil l be virulent on C32 plants and avirulent on both GCR161 and 

E7799 plants. 

C322 GCR161 E779 
Susceptiblee 1-1 1-3 

Figur ee 2A-D: Wilting phenotype of different tomato lines three weeks alter infection, A: mock-inoculated 
plants.. B: race 1 infection; virulent on C32, avirulent on GCR16I and virulent on E779. C: race 3 infection; 
virulentt on C32. virulent on GCR161 and avirulent on E779. D: recombinant infection; virulent on C32, 
avirulentt on both GCR161 and £779. 

Severall  bioassays were performed to investigate the presence of Al and A3 in the fusion 

products.. Figure 3 shows the results of a representative bioassay including all 32 fusion 

productss and their parental strains. The disease severity was quantified by determining 
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plantt fresh weight three weeks after inoculation (Mes et al.. 1999a). All fusion products 

weree tested for their virulence on susceptible C32 plants. Only strain FP1-4 was unable to 

causee disease symptoms on C32 plants. The average weight of tomato plants inoculated 

withh strain FPI-4 was not significantly different (P < 0.05) from the average weight of the 

mock-inoculatedd plants, indicated by the horizontal line (Fig. 3A). Average weight of 

plantss infected with other fusion products or the parental strains were strongly reduced and 

significantlyy different from the mock-inoculated plant weights. 

Presencee of avirulence gene Al was determined by inoculation of GCRI61 plants. 

TwoTwo statistically distinct groups (P < 0.05) were defined (Fig. 3B). The first group 

containedd the race 1 wild type Fol004. parents A-D and fusion products behaving 

avirulentlyy on this plant line. Surprisingly. 30 of the 31 fusion products were avirulent on 

GCR161,, indicating that Al is present in these fusion products. This clearly does not 

reflectt the expected 1:1 segregation for AL The second group contained the race 3 wild 

typee Fol029, parents E, F and fusion product FP6-2. These four strains were virulent on 

GCRI61.. indicating that the Al gene is absent (Fig. 3B). 

Presencee of avirulence gene A3 was determined by inoculation of E779 plants. 

Again,, two groups could be identified after statistical analyses using ANOVA (Fig. 3C). 

However,, the differences between the two groups were not as distinct as for plant line 

GCR161.. Symptom development in E779 plants upon infection with the virulent race I 

strainss was modest (Fig. 2B and Fig. 3C). In addition, infection with the avirulent race 3 

isolatess slightly reduced the average plant weight when compared to the mock-inoculated 

plants.. These opposite effects made quantification of disease severity and, therefore, 

presencee of A3 difficult to determine. In a representative experiment of which the results 

aree shown in Figure 3C, the average plant weight of the avirulent parent E is significantly 

distinctt (P < 0.05) from the average plant weight of the virulent parent B. Assignment to 

thee virulent (race 1) group is statistically questionable for some fusion products (FP6-5, 

FP1-3,, FP1-1 and FP6-4, marked with asterisk). Several independent bioassays were 

necessaryy to delermine the presence or absence of A3 (Table 3). For every independent 

bioassay,, the average plant weight of each individual fusion product and its parents was 

compared.. When the average plant weight of the particular fusion product was 

significantlyy distinct from the avirulent parent, it was assigned to the virulent group (a3). 

Whenn the average plant weight after infection with the particular fusion product was 

significantlyy distinct from the virulent parent, this strain was assigned to the avirulent 

groupp (A3). When the average plant weight after infection with the particular fusion 

productt was significantly distinct from either parent, its race 3 phenotype could not be 

assignedd (*) (Table 3). All fusion products were classified into four groups. Group 1 

consistss of 24 fusion products that were unambiguously similar to the race 1 parent (A!a3). 
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Figuree 3A-C : Average plant weight three weeks after inoculation of fusion products and their parents on 
differentt plant lines. Fifteen seedlings were inoculated per strain. A: Average plant weight of inoculated C32 
(susceptible)) plants. B: Average plant weight of inoculated GCR161 (1-1) plants. C: Average plant weight of 
inoculatedd L779 (1-3) plants. Race I wild type and parents are shown in grey, race 3 wild type and parents in 
black.. Horizontal line: average weight of mock-inoculated control plants. 
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Tablee 3: Phenotypic classification of fusion products based on several independent 

bioassays. . 

groupgroup 1: race 1 phenotype 

FP P 

1-3 3 
2-2 2 
2-3 3 
2-4 4 
2-5 5 
2-6 6 
2-7 7 
2-8 8 
2-9 9 
2-10 0 
3-1 1 
3-2 2 
4-1 1 
5-1 1 
5-2 2 
5-3 3 
5-4 4 
6-1 1 
6-3 3 
6-5 5 
6-6 6 
6-7 7 
6-8 8 
7-1 1 

A ll  al 

3x x 
5x x 
5x x 
4x x 
4x x 
4x x 
4x x 
4x x 
4x x 
4x x 
4x x 
4x x 
4x x 
2x x 
4x x 
4x x 
4x x 
4x x 
4x x 
3x x 
3x x 
3x x 
2x x 
4x x 

A33 * 

2x x 
--

--

2x x 
lx x 
3x x 
lx x 
lx x 

--
lx lx 
lx x 

--

lx x 

lx x 
lx x 

--
2x x 
lx x 
lx x 

a3 3 

lx x 
5x x 
5x x 
4x x 
4x x 
2x x 
3x x 
lx x 
3x x 
3x x 
4x x 
3x x 
3x x 
2x x 
4x x 
4x x 
3x x 
4x x 
3x x 
2x x 
3x x 
lx x 
lx x 
3x x 

genotype e 

Ala3 3 
AIa3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 
Ala3 3 

groupgroup 2: race 3 phenotype 

FP P 

6-2 2 

groupgroup 3: 

FP P 

A ll  al 

4x x 

recombinantrecombinant phenotype 

All  al 

A3 3 

4x x 

A3 3 

* * 

* * 

a3 3 

a3 3 

genotype e 

alA3 3 

genotype e 

5-55 3x - 3x - - A1A3 
4-22 4x - 3x lx A1A3 

groupgroup 4: variable phenotype 

FPP Al al A3 * a3 genotype 

1-11 8x - 4x 3x lx Al + 
1-22 7x - 2x 2x 3x AI + 
2-11 8x  2x 4x 2x AI + 
6-44 3x - lx 2x A1 + 

Groupss are ordered with regard lo the presumptive genotypes. The number of bioassays performed on the 
plantt lines GCR161 (Al/ul phenotype) and E779 lA3/u3 phenotype) are indicated for individual fusion 
products.. * indicates that the race 3 phenotype could not be assigned unambiguously. 

42 2 



exchangeexchange ofmïrttlence - karyotype analysis 

Althoughh there is a bias towards strains that have the race 1 phenotype of the phleomycin' 

parent,, there is no correlation with the use of a specific parent, suggesting that there is no 

linkagee between the marker gene and the A1 gene in any of the crosses. Group 2 consists of 

onee fusion product, FP6-2. that behaved like the race 3 parent (alAS). Group 3 consists of 

twoo fusion products with a recombinant phenotype; FP4-2 and FP5-5 (A1A3). The 

virulencee phenotype of the recombinant FP4-2 is illustrated in Figure 2D. The fusion 

productss FP4-2, and similarly FP5-5, were able to infect the susceptible line C32 but were 

nott virulent on both GCR161 and E779 plants. In the representative experiment shown 

{Fig.. 3C), fusion product FP1-2 also falls into this avirulent recombinant group. However, 

afterr seven independent bioassays. FP1-2 was assigned to this group only twice (Table 3). 

Therefore,, a fourth group had to be proposed. Group 4 consists of four fusion products that 

gavee no consistent phenotype with regard to the infection of tomato line E779, although 

thesee strains were avirulent on GCR161. We hesitated to assign an A J A3 or A lai genotype 

too these fusion products. Fusion products that were virulent on all plant lines {alai) were 

nott observed. The discovery of two avirulence recombinants (Table 3; group 3) suggested 

thatt exchange of genetic material has occurred. 

Karyotyp ee analysis of fusion products 
Electrophoreticc karyotyping of fusion products was performed to visualize the exchange of 

parentall  chromosomes as direct evidence for genetic exchange. In Figure 4A the 

karyotypess of the fusion products resulting from fusion experiments F6 and F7 and their 

parentall  strains are shown as an example, Extensive variation in the chromosome patterns 

wass observed; nearly all karyotypes were different. All strains shown had a race 1 

phenotypee iAlai) except for parent F and fusion product FP6-2. which had a race 3 

phenotypee ialAi). Some fusion products had karyotypes that were similar to their race 1 

parentt (compare FP6-8 and parent C or FP7-1 and parent A). Karyotypes of fusion 

productss FP6-2. FP6-3. FP66 and FP6-7 showed more similarity with the race 3 parent F 

althoughh the latter three fusion products had a race 1 phenotype. Other fusion products had 

new.. hybrid karyotypes (FP6-1. FP6-4 and FP6-5). In addition, new chromosome bands 

weree observed for the FP6-1 karyotype. These observations suggested the occurrence of 

chromosomee translocation, addition, deletion and/or recombination events during the 

fusionn process. The overall number of visible chromosome bands in the fusion products 

variedd between 9 and 12 (similar to the wild type situation), but the varying band 

intensitiess made it difficult to determine whether these strains were indeed haploid or 

partiallyy diploid. 

Evenn though the electrophoretic karyotypes of the race 1 parent and the race 3 parent 

aree very distinct it is not possible to assign the origin of a particular chromosome band in 
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thee fusion product to one or the other parent. Therefore, hybridization experiments were 

performedd (Fig. 4B-F). For the numbering of chromosome bands we refer to the schematic 

representationn of the race 1 and race 3 karyotypes in Figure 1A. Hybridization with the hph 

specificc probe revealed the presence of pAN7.1 in the race 3 parent F and in all fusion 

productss on chromosome band nr. 24 (Fig. 4B). The plasmid containing hph was absent in 

thee race 1 parents A and C, as expected. Hybridization using the /jte-specific probe showed 

twoo different hybridization patterns depending on the race 1 parent used (Fig. 4C). For 

parentt A plasmid pANS.1 was known to be integrated on chromosome band nr. 9 (Table 

\).\). Fusion product FP7-I showed a hybridization pattern for the /;/f-specific probe, which 

wass identical to its race 1 parent. For parent C pAN8.1 was integrated on chromosome 

bandd nr. 5. However, for nearly all fusion products resulting from fusion F6 the ble-

specificc probe hybridized to the same chromosome band as the /i/j/j-specific probe 

(chromosomee band nr. 24). Presence of both hph and bie sequences on a single 

chromosomee band in the fusion products strongly suggests that recombination between 

chromosomee 5 (race 1) and chromosome 24 (race 3) had occurred. The only exception was 

FP6-44 in which the hybridization signal of the /We-specific probe was moved to 

chromosomee band nr. 1 (Fig. AC) due to either translocation or recombination. 

Hybridizationn experiments using random 'chromosome-specific' probes were used to 

visualizee homologous chromosomes both in the race 1 and race 3 parents as well as in the 

fusionn products. This allowed visualization of exchange of parental DNA without influence 

off  selection pressure for these specific DNA fragments. Probe 1-9 originated from race 1 

Fol0044 chromosome band nr. 10. Hybridization revealed two hybridizing chromosome 

bandss in the race 1 wild type (data not shown) and in the race 1 parent C (chromosome 

bandd nr. 9 and nr. 10) (Fig. 4D). This suggested that Fol004 contained genetic duplications 

ass described previously for F. oxysporum f. sp. cubense (Kistler et al., 1995) and recently 

forr F. oxysporum f. sp. melonix (Davière et al.. 2001). Surprisingly, race 1 parent A 

showedd a different hybridization pattern compared to race 1 wild type (data not shown) and 

parentt C. Probe 1-9 hybridization was observed on chromosome bands nr. 7 and nr. 9. 

whichh suggested a chromosomal rearrangement in this strain although no karyotype 

changess were visible on CHEF gel. Race 3 parent F. used in both fusions F6 and F7. 

showedd hybridization of probe 1-9 only on chromosome band nr. 28. For FP7-1 an 

identicall  hybridization pattern was observed compared to its race 1 parent A. Hybridization 

patternss of the F6 fusion products were strikingly diverse. From all fusion products 

containingg the race 1 phenotype only FP6-8 gave an identical hybridization pattern 

comparedd to its race 1 parent C. The hybridization pattern of FP6-4 suggested a 

contributionn of both parents. Both the hybridization to chromosome bands nr. 9 and nr. 10 

off  the race 1 parent C and the hybridization to chromosome band nr. 28 of the race 3 parent 
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FF were present in FP6-4, suggesting partial diploidy. Fusion product FP6-3 contained the 

racee 3 chromosome band nr. 28 and a band of higher molecular weight, similar in size to 

thee band originating from the race I parent C. Fusion products FP6-1, FP6-5 and FP6-7 all 

showedd probe 1-9 hybridization to chromosome bands differing from either parent. The 

hybridizationn pattern for FP6-6 {race 1 phenotype) was identical to its race 3 parent F, 

whereass the only fusion product with a race 3 phenotype, FP6-2, contained bands that 

seemedd to originate from both parents (Fig. 4D). In conclusion, no correlation between 

absencee or presence of a particular chromosome band or hybridization pattern, and the 

avirulencee phenotype was found using probe 1-9. 

Twoo other random 'chromosome-specific' probes, probe 10-2 and 10-9, were tested. 

Inn both race 1 parents A and C probe 10-2 hybridized with chromosome band nr. 4 (Fig. 

4E).. For race 3 parent F hybridization with probe 10-2 was observed with chromosome 

bandd nr. 26. Fusion products contained either the race 1 band nr. 4 (FP6-1, FP6-5. FP6-8 

andd FP7-1). or the race 3 band nr. 26 (FP6-2, FP6-3. FP6-4 and FP6-7). A remarkable 

observationn was the presence of an additional chromosome band hybridizing to probe 10-2 

inn FP6-1, which may be a remnant of the race 3 chromosome band nr. 26. Furthermore, it 

iss striking that no hybridization is observed in the karyotype of FP6-6. This could be 

explainedd by the occurrence of deletion during the fusion process (Fig. 4E). Probe 10-9 

appearedd to be race 1-specific (Fig. 4F). Hybridization was observed in both race 1 parents 

(chromosomee band nr. 11) and in all fusion products, but was absent in the race 3 parent F 

(Fig.. 4F). For these two random probes no correlation with the avirulence phenotype was 

found. . 

Karyotypee analysis of fusion products resulting from fusion experiments F6 and F7 

hass been shown and discussed so far. The karyotypes of the fusion products resulting from 

thee other fusion experiments (Fl -F5) and the hybridization patterns using the hph- and ble-

specificc probes as well as the randomly chosen probes 1-9, 10-2 and 10-9 are shown in the 

appendicess I and II. Again, nearly all chromosome patterns of the fusion products were 

differentt from their parental karyotypes. The presence of both hygromycin and phleomycin 

resistancee markers in the fusion products was confirmed by hybridization using the /inl-

andd Me-specific probes. For FP1-3, FP1-4 and FP4-1 an additional /?p/i-specific 

hybridizationn signal was observed on an other band than chromosome band nr. 23, the 

originall  chromosome of plasmid pAN7.1 integration in parent E. Due to rearrangements, 

onee of the two independent integrations of pAN7.1 in parent E was translocated to a 

chromosomee of smaller molecular weight in these fusion products. Hybridization patterns 

usingg probe 1-9 revealed extensive variation, comparable to the hybridization patterns 

observedd for the fusions F6 and F7 described above. Genetic duplication as seen for the 

racee 1 wild type and the race 1 parental strains with probe 1-9 was observed for the race 3 
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Tablee 4: Hybridization pattern using either probe 1-9, probe 10-2 or probe 10-9 in 
correlationn with avirulence phenotype. 

fusionn genotype probe probe probe 
productss 1-9 10-2 10-9 

1-3 3 

2-2 2 

2-3 3 
2-4 4 

2-5 5 

2-6 6 

2-7 7 

2-8 8 
2-9 9 

2-10 0 

3-1 1 
3-2 2 

4-1 1 

5-1 1 
5-2 2 

5-3 3 
5-4 4 

6-1 1 

6-3 3 

6-5 5 
6-6 6 

6-7 7 

6-8 8 
7-1 1 

6-2 2 

5-5 5 
4-2 2 

1-1 1 

1-2 2 

2-1 1 

6-4 4 

1-4 4 

Ala3 3 

Ala3 3 

Ala3 3 
Ala3 3 

Ala3 3 

Ala3 3 

Ala3 3 

Ala3 3 
AIa3 3 

Ala3 3 

Ala3 3 

Ala3 3 

Ala3 3 

Ala3 3 
Ala3 3 

Ala3 3 

Ala3 3 

Ala3 3 
Ala3 3 

Ala3 3 
Ala3 3 

Ala3 3 

Ala3 3 

Ala3 3 

alA3 3 

A1A3 3 

A1A3 3 

AIT? ? 
Al?? ? 

Al?? ? 

Al?? ? 

rrr> rrr> 

N N 

N N 

1 1 
N N 

N N 

N N 

1 1 

3 3 
N N 

N N 

3 3 

N N 

1 1 

N N 

N N 

N N 

N N 

N N 

N N 

N N 
3 3 

N N 

1 1 
1 1 

N N 

N N 

N N 

1 1 
1 1 
N N 

N N 

N N 

N N 

N N 

N N 

N N 

N N 

1 1 

N N 

N N 
N N 

1 1 

N N 

N N 

1 1 

N N 
I I 
I I 
1 1 
N N 
3 3 

I I 
N N 

3 3 

1 1 
1 1 

3 3 

1 1 
1 1 

1 1 

1 1 

3 3 

3 3 

1 1 

1::  Hybridization pattern identical to the race 1 parent. 3: Hybridization pattern identical to the race 3 parent. 
N:: Hybridization pattern different from both parents (New). 
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parentt E upon hybridization with probe 10-2. For parent E both chromosome bands nr. 25 

andd nr. 26 hybridized with probe 10-2, whereas for parent F only one hybridizing signal 

wass observed on chromosome band nr. 26. Hybridization using probe 10-9 revealed the 

presencee of this race 1-specific sequence in all fusion products. In an attempt to determine 

thee contribution of the two parents to the genomes of the different fusion products, 

hybridizationn patterns of the three randomly chosen probes were determined to be identical 

too either the race 1 or the race 3 parent, or to be different to both parents (Table 4). 

Dependingg on the probe, hybridization patterns were predominantly different to both 

parentss (1-9) or mainly identical to the race 1 parent (70-9). For probe 10-2. hybridization 

patternss identical to the race 1 parent as well as newly derived hybridization patterns were 

equallyy frequent. The hybridization patterns identical to the race 3 parent were not 

observedd for probe 10-9 and rarely for probes 1-9 <3x) and 10-2 (5x). Evidently, no 

correlationn between parental contribution and the avirulenee phenotype could be identified. 

Inn summary, karyotype analysis complemented by hybridization using random 

probess revealed an extensive variability in chromosome patterns in the fusion products. 

Nearlyy all karyotypes of the fusion products deviated from that of their parents. The 

presencee of both pAN7.1 and pANS.1 in all fusion products was direct evidence for the 

exchangee or even recombination of parental DNA. Randomly chosen probes showed that 

geneticc duplication occurs in wild type strains of F, oxysporum f. sp. lycopersici. In 

contrastcontrast to the observed bias for the A 1 phenotype, segregation of bands identified by 

probee 1-9 and 10-2 was random, whereas segregation of bands identified by probe 10-9 

wass 100% biased for race 1. We further analyzed the two avirulenee recombinants using 

thiss approach. 

Karyotyp ee analysis of avirulenee recombinants 

Thee two avirulenee recombinants originated from different fusion experiments and. 

consequently,, from different parents. FP5-5 originated from a fusion between the race 1 

parentt B and the race 3 parent F. Electrophoretic karyotyping revealed a hybrid karyotype 

forr FP5-5 (Fig. 5A). In the high molecular weight region the chromosome band pattern was 

similarr to the race 1 parent B. In addition, the presence of two smaller chromosomes 

suggestedd the presence of the race 1 band nr. 11 and the extra chromosome band specific 

forr race 1 parent B. Race 3 band nr. 27 as well as the smallest band nr. 29 seemed to be 

contributedd by the race 3 parent to the FP5-5 karyotype. Hybridization with the hie- and 

/i/?/ï-specificc sequences in FP5-5 was observed on chromosome band nr. 1 and 

chromosomee band nr. 24 respectively, corresponding with both parents. Hybridization with 

probee 1-9 revealed a novel pattern in the recombinant FP5-5 compared to its parents. 

Basedd on molecular weight, the hybridizing band was believed to be identical to the extra 
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parentt B-specific band. but. based on differential hybridization, it appeared to be different. 

Hybridizationn with either probe 10-9 or probe 10-2 showed race 1 contribution to the FP5-

55 karyotype (Fig. 5A). 

blelhph blelhph 
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rr  4 < -
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Figuree 5A-B: Karyotype analysis of the avirulence recombinants FP4-2 and FP5-5 and their parents. A: 
Karyotypee of parent B. FP5-5 and parent F hybridized with a probe specific for both ble and hph . 
chromosome-specificc probe 1-9. chromosome-specific probe 10-9 and chromosome-specific probe 10-2. B: 
Karyotypee of parent A. FP4-2 and parent E hybridized with a probe specific for both ble and hph. 
chromosome-specificc probe 1-9. chromosome-specific probe 10-9 and chromosome-specific probe 10-2. 

Thee avirulence recombinant FP4-2 originated from a fusion involving race 1 parent A and 

racee 3 parent E. Like the other avirulence recombinant. FP4-2 had a hybrid karyotype (Fig. 

5B).. The chromosome bands that migrated slowly in the gel were similar to the race 1 

parentt A. The intense band (race 3 band nr. 24 and 25) specific for race 3 parent E was not 

presentt in the FP4-2 karyotype. Upon hybridization with the ble- and /?/?/j-specific probes, 

racee 1 band nr. 9 and race 3 band nr. 23 were visible in the FP4-2 karyotype. Again, 

hybridizationn using probe 1-9 revealed a hybridization pattern in the recombinant different 

fromm either parent. Only the hybridization signal of the race 1 band nr. 9 was present in 

FP4-2.. while the other parent A-specific hybridizing band (nr. 7) was absent. Hybridization 
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withh the random probes 10-9 and 10-2 revealed race I contribution to the FP4-2 karyotype 

(Fig.. 5B). In conclusion, karyotype analysis of the avirulence recombinants using 

randomlyy chosen probes confirmed exchange of genetic material. 

DISCUSSION N 

Vegetativelyy compatible strains of F. oxysporum f. sp. lycopersici are genetically very 

similarr and probably clonally related (Correll, 1991; Gordon and Martyn, 1997). For this 

reasonn race 1 isolate Fol004 and race 3 isolate Fol029, both originating from VCG0030, 

weree chosen as parental strains for induced parasexual crosses. Despite their clonal 

relationship,, karyotype analysis of these strains revealed large differences in chromosome 

patternn and chromosome number (Fig. 1A). Considering the fact that several bands may 

consistt of two or more chromosomes of approximately equal size, the genome size for 

Fol0044 and Fol029 is comparable and we estimated it to be between 41 -51.5 Mb (compare 

Mighelii  et al., 1993). Hybridization using randomly chosen probes revealed extensive 

variationn in localization of homologous sequences in wild type strains, as well as genetic 

duplications.. The occurrence of genetic duplications in F. oxysporum (Kistleret al., 1995; 

Davièree et al., 2001), has been indicated as potential cause for intra-specific differences in 

genomee size and chromosome number. Although race 1 Fol004 and race 3 Fol029 

karyotypess are distinct, inter-race karyotype variability is comparable to intra-race 

variabilityy as shown by Mes et al. (1999b). So, the observed differences in karyotype 

betweenn these two strains cannot be explained by their different race-specificity. Variation 

inn electrophoretic karyotype between natural isolates has been reported for many fungal 

speciess e.g. Septoria nodorum (Cooley and Caten, 1991), Cryptococcus neoformans 

(Boekhoutt and Van Belkum, 1997), Magnaporthe grisea (Talbot et al., 1993), 

ColletotrichumColletotrichum gloeosporioides (Masel et al., 1990) and Fusarium oxysporum (Fekete et 

al... 1993; Migheli et al., 1993; Boehm et al., 1994; Nagy and Hornok, 1994; Kistler et al., 

1995).. Recently, the occurrence of electrophoretic karyotype variation was reported 

betweenn Fusarium oxysporum strains of the same genetic context and between subcultures 

off  the same strain (Davière et al., 2001). Frequent occurrence of chromosome 

rearrangementss has been proposed as a source of genetic variation in asexual fungi (Fierro 

andd Martin, 1999). According to a persuasive hypothesis proposed by Kistler and Miao 

(1992),, the extent of intra-specific karyotype polymorphism is inversely correlated with the 

frequencyy of meiosis. This intra-specific karyotypic variation and genome flexibilit y 

contrastss with mitotic stability of karyotypes that is generally observed for filamentous 

fungi.. Repealed re-isolation from artificially infested soil showed no karyotypic changes 

forr Fusarium oxysporum (Migheli et al., 1993). In addition, extensive subculturing for 
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manyy numbers of generations did not change the karyotype, as tested for many species 

(Zolan,, 1995). Our results indicate that parasexual fusion between two vegetatively 

compatiblee isolates can create extensive variation in genome organization. Variation in 

karyotypee may result from the formation, fusion and regeneration of the combined 

protoplastss that result in a fusion product or from the subsequent exchange of genetic 

materiall  by mitotic recombination and non-disjunction. Exchange of genetic material can 

alsoo take place after hyphal anastomosis, indicating that horizontal gene transfer or even 

parasexuall  recombination might occur in nature, at least between vegetatively compatible 

strainss (Roebroeck, 2000). The occurrence of parasexual recombination after hyphal 

anastomosiss in nature might explain the intra-specific karyotypic variation. Race 1 Fol004 

isolatee and race 3 Fol029 isolate, like other natural isolates of many fungal species, vary in 

electrophoreticc karyotype, in number of chromosomes, in localization of homologous 

sequencess and in presence of duplicated regions. Nevertheless, the karyotypes of these 

strainss were mitotically stable. 

Fromm the 31 transformants that were obtained by random integration of either 

pAN8.11 or pAN7.1,17 transformants (55%) showed changes in karyotype compared to the 

wildd type strain. Hornok (1999) proposed that genomic stress may account for karyotype 

variability.. When we assume that cell wall degradation can cause cellular and genomic 

stress,, protoplast generation might be responsible for karyotype changes. Mock-

transformationn experiments showed mat chromosome rearrangements occur as a result of 

protoplastt formation: for three out of twenty colonies (15%) re-isolated from protoplasts, 

karyotypee changes were observed (unpublished results). However, the high frequency of 

karyotypee changes observed in the transformants cannot be explained by stress factors 

alone.. It has been reported that transformation can lead to dramatic changes in the 

karyotypee of a fungus (Barton and Scheren 1994; Kistler and Benny, 1992; Perkins et al., 

1993;; Xuei and Skatrud, 1994). Perkins et al. (1993) showed that most chromosome 

rearrangementss were mediated by the transforming DNA since segments of transforming 

DNAA were found to be closely linked to breakpoints in many of the rearrangements. For 

fivee of the seventeen transformants, the chromosome band containing the marker gene is 

involvedd in karyotype changes (Table 1). This correlation between chromosome changes 

andd the plasmid integration site suggests that integration of transforming DNA can cause 

karyotypee changes. We cannot exclude that inserted plasmid DNA caused changes in more 

transformantss that are not detectable on CHEF gel under the conditions used. Two of the 

sixx parental strains selected for parasexual fusion, race 1 parent B and race 3 parent E, 

containedd rearrangements after transformation (Fig. IB). In addition to the karyotypic 

variationn found between natural occurring isolates, genomic stress and integration of 

transformingg DNA may account for karyotype changes between isogenic transformants. 

51 1 



ChapterChapter 2 

Inducedd parasexual fusion proved to be inefficient in F. oxysporum f. sp. lycopersici, 

sincee 58 independent fusion experiments involving at least 5.10" protoplasts were 

necessaryy to obtain 32 stable fusion products. It is not likely that the large differences in 

genomee organization between (the race 1 and the race 3) parental strains account for the 

loww efficiency in obtaining fusion products since intra-strain parasexual crosses happened 

too be equally inefficient (Molnar et al., 1990; unpublished results). The low fusion 

efficiencyy might be explained by defects in reversion to haploidy through non- or pseudo-

meioticc mechanisms. The non-disjunctional haploidization process might be uncontrolled 

andd might easily result in loss of essential genes. The most important difference between 

thee Fusarium parasexual system and the parasexual cycle in other species is the fact that 

thee diploid stage in Fusarium is a transient situation, probably limited to a few cells and 

has,, therefore, never been observed (Hoffmann, 1967; Molnar et al., 1990). The only proof 

forr the existence of a parasexual recombinant is the presence of both the hygromycin and 

phleomycinn marker genes. In our experiments we have only selected one fusion product 

perr one initial colony to avoid the possibility of isolating clonal strains. In Penicillium 

roquefortiroqueforti however, diploid hybrids have been identified. Following haploidization, all 

segregantss from one single diploid were assigned as independent fusion products 

irrespectivee of the presence of either the hygromycin or phleomycin marker gene (Durand 

etal.,, 1993). 

Characterizationn of virulence and race-specificity of the 32 fusion products revealed 

ann unexpected biased segregation for AJ. If mitotic recombination or non-disjunctional 

haploidizationn occur, random segregation of avirulence genes is predicted. However, the 

numberr of avirulence recombinants (2) was lower than expected (16). A possible 

explanationn for these observations could be the localization of the avirulence gene near 

telomeree or centromere sequences. Localization near telomere sequences has been 

describedd for avirulence genes from Magnaporthe grisea and Phytophthora infestans 

(Diohh et al., 2000; Orbach et al., 2000; Van der Lee et al.. 2001). Suppression of 

recombinationn in centromeric regions is known to occur (Farman and Leong. 1998), and 

mightt explain the low number of observed avirulence recombinants if Al and A3 are 

positionedd near such sequences. A segregational bias in parasexual recombinants is 

generallyy observed (Daboussi and Gerlinger, 1992; Bello and Paccola, 1998). This can be 

duee to differences in the ability to sporulate or to lowered fitness of some genotypes. 

Madhosinghh (1994) observed such fitness differences in crosses between formae speciales 

favouringg F. oxysporum f. sp. lycopersici derived protein patterns, enzyme and isoenzyme 

patternss over those derived from F. oxysporum f. sp. radicis-lycopersici. This phenomenon 

wass referred to as genetic dominance (Madhosingh. 1994). Another explanation is the 

possiblee influence of the phleomycin resistance gene product on the biased segregation. 
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Thee metaüoglycopeptide antibiotic phleomycin induces DNA strand scission. The 

phleomycinn resistance gene encodes a protein that inactivates the antibiotic by binding to it 

and,, therefore, prevents DNA strand scission (Gatignol et al., 1988). During parasexual 

fusion,, the race 1 phleomycinr parental genome might be less sensitive to DNA strand 

scissionn while the genome contributed by the race 3 hygromycin' parent will be 

unprotectedd and therefore sensitive to the phleomycin antibiotic before karyogamy. 

Consequently,, an intact race 1 genome might fuse to a disrupted race 3 genome. For some 

racee 1 sequences no homologous sequences might be present in the diploid cell and might 

thereforee be preferentially inherited. A physical linkage between the phleomycinr gene and 

AlAl is excluded since the four race 1 parents used for parasexual fusion (A-D), varied in the 

placee of integration of plasmid pAN8.1 (Table 1. Fig IB). Alternatively, the presence of 

thee phleomycin' gene in the fusion products is proposed to automatically account for the 

presencee of other specific sequences (e.g. Al) which are not necessarily physically linked 

butt nevertheless are assumed to co-segregate. The phleomycin' gene has been used as a 

selectablee marker in parasexual crosses in previous studies (Talbot et al., 1988; Durand et 

al.,, 1993), but a significant influence on biased segregation as we propose here has never 

beenn described. However, Roebroeck (2000) observed correlation between the virulence 

phenotypee of fusion products and the virulence phenotype of their phleomycin' parent. This 

tendencyy was also observed for fusion products obtained from the reciprocal cross, 

althoughh less extreme (Roebroeck, 2000). To verify the influence of the phleomycin' gene 

onn biased segregation of Al, one could perform reciprocal crosses using race 1 

hygromycin'' and race 3 phleomycin' parental strains. 

Thee presence or absence of A3 was difficult to determine. Wilting symptoms using 

plantt line E779 were moderately severe and variable upon infection with race 1 wild type 

andd the race 1 phleomycin' parents (Fig. 2B, Fig. 3C). The genetic background of the E779 

tomatoo line might account for the tolerance to infection in general. The E779 plant line is 

nott isogenic with the Moneymaker viz. C32 and Moneymaker viz. GCR161. Alternative 

cultivarss containing a resistance gene against race 3 isolates but not against race 1 isolates 

aree not available. Despite the many independent bioassays we performed it was not 

possiblee to establish the presence or absence of A3 for 4 fusion products (group 4; Al*), 

presumablyy due to unknown ploidy levels and epistatic effects influencing the expression 

ofof A3. Assuming these fusion products to contain A3 as well, 6 out of 32 fusion products 

wouldd be avirulence recombinants, approximately the predicted 25% for A1A3. Avirulence 

recombinantss representing the ala3 genotype were never observed. Avirulence genes have 

beenn suggested to have functions in virulence as well as in avirulence (Laugé and De Wit. 

1998:: White et al.. 2000). Fusion products without avirulence genes might have lost the 

abilityy to infect and/or invade tomato plants. In that case the race specificity cannot be 
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determined.. Since we identified one fusion product (FP1-4) that had lost virulence on C32 

plantss (Fig. 3A), we might have obtained one avirulence recombinant containing the ala3 

genotype. . 

Mostt intriguing is the identification of two avirulence recombinants FP4-2 and FP5-

5.. The occurrence of avirulence recombinants would exclude allelism, but one cannot 

excludee that these strains are partially diploid. Race 1 and race 3 contribution based on 

Farv-AFLPP analysis however, indicated that partial diploidy is unlikely for the two 

avirulencee recombinants (Chapter 3). Identification of avirulence recombinants revealed 

strainss with newly derived properties that were never observed to exist in nature. In order 

too combine genetic characteristics, parasexual recombinants have been obtained for several 

asexuall  fungi e.g. Candida albicans (Suzuki et al., 1994). Beauveria (Couteaudier et al., 

1996),, Cladosporium fulvum (Talbot et al.. 1988; Arnau and Oliver, 1993), Penicillium 

roquefortiroqueforti (Durand et al.. 1993), Vertidllium dahliae (O'Garro and Clarkson, 1992) and 

FusariumFusarium oxysporum (Molnar et al., 1990; Madhosingh. 1994). Changes in chromosome 

structuree and organization during the fusion process may result in phenotypic alterations. 

includingg changes in virulence and host specificity (Suzuki et al., 1994; Cooley and Caten. 

1991;; Talbot et al., 1993; Masel et al., 1993). In order to find a correlation between 

chromosomee rearrangements and the avirulence phenotype, the chromosome patterns of all 

322 fusion products were determined. All karyotypes of the fusion products were found to 

bee different suggesting the F. oxysporum f. sp. lycopersici genome to be highly flexible 

(Fig.. 4A, Appendices I and II). Mainly hybrid karyotypes were found. The hybridization 

patternn using either chromosome-specific probe 1-9 or 10-2 indicated that race 1 

chromosomee nr. 9 and nr. 10 are highly variable whereas race 1 chromosome nr. 4 and race 

33 chromosome nr. 26 show less variation. Probe 10-9 appeared to be race 1-specific; no 

segregationn for this specific sequence was observed possibly due to the presence of an 

essentiall  gene on the particular chromosome. These results indicate that certain 

chromosomess may be more susceptible to rearrangements than others. This phenomenon 

wass also observed for Neciria haematococca by Kistler and Benny (1992) and for 

FusariumFusarium oxysporum by Davière et al. (2001). 

Thee occurrence of chromosome rearrangements during the fusion process including 

additionn and deletion is suggested by our experiments. Both addition and deletion might 

disturbb random segregation during the parasexual process and hamper genetic analysis of 

thee fusion products. The presence of both marker genes in all fusion products, as shown by 

hybridizationn with hph- and ble-specific probes, indicated the exchange of parental DNA. 

Exchangee of complete parental chromosomes was difficult to observe. Even though the 

karyotypess of the race 1 parent and the race 3 parent are very distinct it was not possible to 

assignn the origin of a particular chromosome band in the fusion product to onee or the other 
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parent.. Furthermore, mitotic recombination can also be inferred from our results. Both 

hph-hph- and ète-specific sequences hybridized to chromosomal band nr. 24 for nearly all F6 

derivedd fusion products. This would indicate that recombination between the race 1 

chromosomee 5 and the race 3 chromosome 24 had occurred. In addition to the genetic 

evidencee for recombination described in previous parasexual studies (Suzuki et al., 1994; 

Couteaudierr et al., 1996; Talbot et al., 1988; Arnau and Oliver, 1993; O'Garro and 

Clarkson,, 1992; Molnar et al., 1990; Madhosingh, 1994), the karyotype analysis described 

heree revealed physical evidence for recombination. 

Despitee the highly flexible genome of F. oxysporum f. sp. lycopersici and the 

frequentt occurrence of chromosome rearrangements upon parasexual fusion, no 

chromosomee rearrangements could be detected that correlated with the recombinant 

avirulencee phenotype. However, the obtained population of 32 fusion products could be 

dividedd into different groups representing different genotypes. Segregation of avirulence 

geness was biased. In contrast, hybridization experiments using chromosome-specific 

probess showed less bias in this population which is therefore useful for genetic analysis 

andd available to anyone who wants to perform such analysis. Karyotype analysis appeared 

nott sensitive enough for mapping purposes. Therefore, future experiments wil l focus on 

genome-widee molecular analysis using RAPD, RFLP and/or AFLP in order to find 

molecularr markers co-segregating with either Al or A3, which can then be used to clone an 

avirulencee gene of F. oxysporum f. sp. lycopersici. 
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CHAPTERR 3 

Thee first genetic map of Fusarium oxysporum based on 

Fojcy-AFLPs s 

Hedwichh A. S. Teunissen, Martijn Rep, Petra M. Houterman, Ben J. C. Cornelissen and 

Michell  A. Haring 

ABSTRACT T 

Thee first genetic map of the asexual fungus Fusarium oxysporum was constructed based on 
aa population of 32 parasexual fusion products. Molecular markers were developed using a 
modifiedd AFLP technique combining a Foxy-specific primer with standard adapter 
primers.. The retroposon Foxy is abundantly present in the F. oxysporum genome and Foxy-
AFLPP fragments appeared to be polymorphic between strains FoI004 and Fol029 with a 
frequencyy of 43%. From the 102 Foxy markers obtained, 83 segregated in a 1:1 ratio. The 
remainingg fragments showed a skewed segregation pattern in which the Fol004 derived 
FoxyFoxy fragments were overrepresented. Foxy markers were observed to be clustered 
suggestingg that active Foxy elements may not travel far. or that preferred insertions sites 
mayy exist. Linkage analysis revealed 23 linkage groups. Physical linkage between 
segregatingg markers with a predicted genetic distance of 20 cM was confirmed, indicating 
thatt the genetic map is reliable. 

PartsParts of this chapter have been accepted for publication in Molecular Genetics and Genomics. 
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INTRODUCTIO N N 

FusariumFusarium oxysporum Schlechtend.: Fr. f. sp. lycopersici (Sacc.) W.C. Snyder & H.N. 

Hansenn is the causal agent of Fusarium wilt of tomato {Lycopersicon esculentum). The 

pathogenn belongs to the Fungi Imperfecti since no sexual cycle has been observed. The 

variouss isolates of F. oxysporum f. sp. lycopersici are classified into physiological races 

andd into vegetative compatibility groups (VCGs). Three physiological races ft, 2 and 3) 

aree distinguished by their differential virulence on tomato cultivars containing different 

dominantt resistance genes (Mes et al., 1999). Different races are proposed to contain 

avirulencee genes that correspond to the resistance genes in the cultivars they are unable to 

infectt (Flor, 1942 and 1971). In addition, four major VCGs (VCG0030-VCG0033) have 

beenn identified. Elias et al. (1993) indicated that isolates within each VCG are clonal 

derivativess of a common ancestor and that races arose independently within each VCG. 

Isolationn and characterization of avirulence genes is important for understanding the race-

specificc resistance of tomato against F. oxysporum f. sp. lycopersici at the molecular level. 

Inn order to genetically map avirulence genes in F. oxysporum f. sp. lycopersici, a 

mappingg population was obtained. Two wild type strains originating from VCG0030 (and 

thuss clonally related) were selected for parasexual crosses. Both strains are representatives 

off  different physiological races: the race 1 isolate Fol004 contains avirulence gene A I 

fputativee avirulence genotype AIa2a3) (Mes et al., 1999), whereas the race 3 isolate 

Fol0299 contains A3 (putative avirulence genotype aIa2A3). Fol004 and Fol029 were 

equippedd with the phteomycin resistance gene ible) and the hygromycin resistance gene 

(hph).(hph). respectively. Fusion products were generated by protoplast fusion and selected for 

thee presence of both antibiotic resistance genes. In total 32 fusion products were obtained. 

Exchangee of parental DNA. recombination and segregation of avirulence genes was 

observedd in the fusion products (Chapter 2). From these observations we concluded that 

thiss population is suitable for mapping purposes. 

Forr several plant pathogenic fungi and oomycetes, attempts to identify avirulence 

geness by a map based cloning strategy have been carried out. Crosses followed by 

molecularr marker (RFLP, RAPD and AFLP) (bulked segregant) analysis and the 

generationn of linkage maps were performed for e.g. Uromyces appendilatus (Martinez et 

al.,, 1996), Leptosphaeria maculans (Pongam et al., 1998), Magnaporthe grisea (Farman 

andd Leong. 1998; Dioh et al.. 2000). Phytophthora sojae (Whisson et al.. 1994), and 

PhytophihoraPhytophihora infestans (Van der Lee et al.. 2001). Until now. only the Avr-Pita gene from 

MagnaportheMagnaporthe grisea has been cloned and characterized using a map based cloning 

approachh (Orbach et al., 2000). 

Inn addition to conventional molecular markers, the use of AFLP markers based on 

mobilee elements or repeated sequences has been shown to be particularly efficient in 
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mappingg studies. Hamer and Givan (1990) were the first to map the Magnaporihe grisea 

SMOSMO locus (spore morphology) using the dispersed repeated sequences called MGR. More 

recently,, resistance against the fungal pathogen Pyrenophoru teres was mapped in barley 

withh the aid of retroposon-based molecular markers (Manninen et al., 2000). Since sexual 

recombinationn is lacking in F. oxysporum, die activity of transposable elements, sometimes 

leavingg footprints or causing chromosome rearrangements and other genomic changes, has 

beenn suggested to be the major factor responsible for the genetic variation observed 

betweenn different isolates (Daboussi, 1996). Mobile elements may also be involved in 

recombinationn events (Wickman et al., 1992; Britten, 1996). Several families of mobile 

elementss have been characterized in isolates of F. oxysporum including transposons and 

retro(trans)posonss (reviewed in: Daboussi and Langin, 1994; Daboussi, 1997; Hua-Van et 

al... 2000; Mes et al., 2000). Copies are present in numbers ranging from just a few 

elementss to tens or hundreds per genome (Hua-Van et al., 2000). One of these mobile 

elementss abundantly present in the F. oxysporum genome is Foxy, an active family of short 

interspersedd nuclear elements (SINEs) (Mes et al., 2000). This 664 bp transposable 

elementt is flanked by a 12 bp target site duplication and contains sequence boxes 

homologouss to binding sites for RNA polymerase III . Unique for Foxy are the tetra-

nucleotidee repeats found at the 5' end. Individual copies of Foxy show different primary 

structuress of the tetra-nucleotide repeats (TATG), (TTTG) and (AAGG) as well as 

differentt numbers of repeats varying between three and seven (Mes et al., 2000). In 

contrastt to transposing DNA elements, Foxy is mobilized via an RNA intermediate, which 

iss converted into DNA by reverse transcription prior to reinsertion. This process results in 

ann increase in the copy number of this element. Foxy is present on all chromosomes and is 

currentlyy active. Hence it contributes to the genetic variation within F. oxysporum (Mes et 

al.,, 2000). 

Inn this study, we describe the molecular analysis of 32 parasexual fusion products 

usingg a modified AFLP technique combining a Foxy-specific primer with standard adapter 

primers.. This technique, designated Foxy-AFLP, resulted in an exceptionally high number 

off  polymorphisms when compared to conventional molecular marker techniques. Most 

FoxyFoxy markers segregated in a 1:1 ratio in the population of fusion products. Based on 83 

FoxyFoxy markers the first genetic map of F, oxysporum was constructed. The accuracy of the 

mapp was confirmed by physical linkage studies. Foxy-AFLP analysis in combination with 

thee available Fol004 BAC library are strong tools in gene mapping and subsequent gene 

cloningg in F. oxysporum. 
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M A T E R I A LL  &  M E T H O D S 

Bacteriall  and Fungal isolates 
E.E. coli strain DH5a was used for cloning and plasmid propagation purposes. Two F. oxysporum f. 
sp.. lycopersici wild type isolates. Fol004 (race 1) and Fol029 (race 3), were used in this study and 
havee been described by Mes et al. (1999). Four Fol004 phleomycin resistant transfonnants (A-D) 
andd two Fol029 hygromycin resistant transformants (E and F) were obtained by transformation. 
Thirty-twoo doubly resistant fusion products were obtained by fusion experiments as described in 
Chapterr 2. All strains were cultured from single spores and grown on potato dextrose agar (PDA; 
Difcoo Laboratories, Detroit, MI , USA) or Czapek Dox agar (CDA; Oxoid). Strains were stored in 
Protectt Bacterial Preservers (Technical Service Consultants LTD, Heywood Lansc, GB) at -70°C. 

Genomicc DNA isolation 
F.F. oxysporum f. sp. lycopersici was grown in potato dextrose broth (PDB; Difco Laboratories, 
Detroit,, MI , USA) without shaking, at room temperature, in the dark, for approximately 4 weeks. 
Thee mycelial layer was collected by filtration and freeze-dried overnight. Genomic DNA was 
extractedd as described by Raeder and Broda (1985). 

Foxy~AFLPFoxy~AFLP analysis 
Amplifiedd fragment length polymorphism analysis was based on the procedure described by Vos et 
al.. (1995). Total genomic DNA (500 ng) was digested to completion by the restriction enzymes 
f foRll  and Mse\ (Gibco-BRL) for 3 hours at 37°C. Standard EcoRl and Mse\ adapters were ligated 
too the restriction fragments. Preamplifications were performed using EcoRl and Mse\ non-selective 
primerr pairs (S'-GACTGCGTACCAATTC-S' and 5-GATGAGTCCTGAGTAA-3', respectively). 
Preamplificationss were diluted 50 times before selective amplification steps were carried out. Five 
differentt selective amplification reactions were performed using the 3"P-end-labeled Foxy-specific 
primerr AFLP1 <5*-GCTTCGTTACAGCCACCCAG-3") (Mes et al., 2000) in combination with the 
£toRI-aspecific,, Msel+ A, Msel+T, Msel+C and Msel+G primer, respectively. Amplified 
fragmentss were separated on a 6% acrylamide gel (Sequa-Gel 6, National Diagnostics, GB) using 
11 x TBE as the anode-buffer and 1 x TBE; 0.25M NaAc as the cathode-buffer at constant power 
(555 W) for approximately 3 hours. After electrophoresis gels were transferred to Whatmann filter 
paper,, vacuum dried at 80 °C and exposed overnight to X-ray films (Kodak, Rochester. NY. USA). 

Linkag ee analysis 
Linkagee analysis of 102 segregating markers in 32 fusion products was performed using MapDisto 
versionn 1.1b (http://www.mpl.ird.fr/~lorieux/mapdisto/mapdisto.html). To include a locus in a 
linkagee group, a minimum logarithm of odds (LOD) threshold of 3.6 and a recombination fraction 
(r)) of 0.20 were used. LOD score is defined as the log,,, of the odds ratio that supports evidence for 
linkagee between two markers versus non-linkage (Martinez et al.T 1996). LOD 3.6 corresponds to a 
—4000:11 odds ratio. Segregation values were calculated for each Foxy marker and a j( : test for 
goodnesss of fit  was applied to test for significance of 1:1 segregation. 

Cloningg of AFL P markers 
Al ll  race 1-specific Foxy fragments belonging either to linkage group 7 and 1 I or to group V were 
elutedd from radioactive gels in water. The DNA solution (5-10 |il) was then PCR amplified using 
thee same primer pairs that generated the AFLP fragment. The PCR products were cloned into 
pGEM-TT (Promega). Sequencing was done by the di-deoxy chain termination method (Sanger et 
al.,, 1977) using a LI-COR IR2 system (LI-COR Inc). Marker-specific primers were designed on 
thee unique flanking region upstream of the Forv-specific 5' terminal tetranucleotide repeats (Table 
1).. To verify that the correct marker was cloned. PCR amplification on genomic DNA of parents 
andd fusion products using the unique, marker-specific primer in combination with the fo.vv-specific 
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primerr was performed. If 100% correlation between PCR and Foxy-AFLP was observed we 
concludedd that the fragment corresponded to the desired marker. 

Tablee 1: Marker-specific PCR primers. 

linkagee group primer marker specific 
7+11 1 

C200 5-GTCAGTAATACTTCTTTTG-3' YES 
AIOO 5-CAGGCTTGATGAGCTTCGG-3' NO 
E22 cloning unsuccessful 
G266 cloning unsuccessful 
G211 5'-GGTAGGATTATGATATTTGATCG-3' YES 
T199 no Foxy sequence 
E5bb cloning unsuccessful 
C144 5-GCGAAGCCATGTGGCCAG-3' YES 

groupp V primer marker specific 

C199 S'-GCCAAGAAAGTGCGATGAC-S1 NO 
C99 5-GCTGAAGCATGGTCTGTTAC-3' YES 
G177 S-GGAGAGAGTTGACGCTGC-S1 NO 

5-CTTCATCCCACAGTTGCTTTTG-3'' NO 
All  5-GGGTTGCTGAATCTTAGCTG-3' NO 
A55 5'-GCTGACTGCAAGGCTTTTTG-3' YES 

Screeningg of a BAC librar y 
AA BAC library of Fol004 was constructed using the plasmid pBeloBACl 1 (Shizuya et al., 1992) 
containingg the gpdA driven hygromycin B resistance gene (hph) from pAN7.l (Punt and Van den 
Hondel.. 1992). Partial digestion of fungal genomic DNA was performed using 0.5 U Hindlll (MBI 
Fermentas,, Vilnius, Lithuania) for 3Ü minutes at 37°C. Three different partially digested DNA 
poolss (50-100 kb. 100-150 kb and 150-200 kb) were isolated from gel, ligated into pBeloBACll-
hphhph and transformed to E. colt. Insert containing colonies were selected by blue/white screening. 
61444 Individual colonies were collected in 16 microliter plates each containing 384 wells and 
storedd as glycerol stock at -70°C. The BAC library was organized in a three-dimensional manner: 
everyy plate was pooled separately (16 pools), all 24 columns were pooled per four plates (4 x 24 = 
966 pools) and all 16 rows were pooled per four plates (4 x 16 = 64 pools) resulting in 176 pools. 
Fromm all 176 pools DNA was isolated. Screening of the BAC library was performed by PCR on the 
DNAA pools using the unique, marker-specific primer in combination with the forv-specific primer 
(Tablee 1). PCR-posilive pools identified possible coordinates of positive BAC clones. Due to the 
three-dimensionall  organization, a maximum of X' coordinates can be found for X positive BACs. 
Sincee columns and rows were pooled per four plates, the obtained number of possible coordinates 
wass much lower than the maximum number of possible coordinates. BACs from all coordinates 
weree screened individually by PCR to identify the clones that contain the marker of interest. 

Hybridizatio nn of CHEF blots with BAC specific probes 
Contour-clampedd homogeneous electric field analysis was performed as described in Chapter 2 
withh some modifications. Chromosomes were separated in a 14-days run in 1% Seakem Gold 
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agarosee (PFGE agarose, BMA, Rockland, ME USA). Bloiting of CHEF gels onto Hybond N+ 

membranee (Amersham Pharmacia Biotech, GB) was performed as described in Sambrook et al. 
(1989),, using Ü.4M NaOH as transfer buffer. CHEF blots were rinsed in 5x SSC, wrapped in Saran 
wrapp {Dow) and stored at 4°C. 

DNAA of all positive BAC clones was extracted from 500 ml E. colt culture according to the 
Qiagenn protocol for midi preparations of plasmid DNA. BAC DNA was digested with either 
Hindlll,Hindlll,  Xlwl or with both enzymes together (MBI Fermentas. Vilnius, Lithuania). BAC fragments 
weree separated on a 1% agarose gel overnight at 30 V. DNA fragments between 500-1200 bp for at 
leastt one BAC per marker were isolated and extracted from the agarose using the QIAEXII kit 
(Qiagen).. These BAC restriction fragments were a : P dATP-labeled by the Deca Label DNA 
Labelingg System (MBI Fermentas. Vilnius. Lithuania) and hybridized on CHEF blots containing 
Fol0044 and Fol029 chromosomes. Probes were also hybridized on blots containing the Hindlll 
digestionn profiles of all BACs to confirm that they contained unique sequences. 

RESULTS S 

Fary-AFL PP analysis of closely related isolates 

Inn a previous study we obtained a population of 32 fusion products from parusexual crosses 

betweenn the clonally related isolates Fol004 and Fol()29 (Chapter 2). The close genetic 

relationshipp between these two isolates does not allow molecular analysis of the fusion 

productss using RFLP, RAPD or AFLP markers. To identify a sufficient number of 

molecularr markers, we developed a modified AFLP technique based on Foxy, as suggested 

byy Mes et al. (2000). AFLP amplifications were carried out on EcoRl/Msel ampiicons of 

bothh wild type strains. One radioactively labeled Foxy-specific primer was used in 

combinationn with standard Mse\ adapter primers plus one selective nucleotide {Msel+A, 

Msel+T,Msel+T, Mse\ + C and Msel+G) or with the standard, non-selective EcoRl adapter primer 

(EcoRl-Asp)(EcoRl-Asp) in five separate amplification reactions. Amplified fragments were analyzed 

onn polyacrylamide gels as for standard AFLP analyses (Fig. 1). Using standard 

electrophoreticc conditions, separating fragments between approximately 90-850 bp, 126 

Foxy-specificc bands were identified for Fol004, whereas 114 Foxy- sped fie bands were 

identifiedd for FoI029. This indicates that at least as many copies of the SINE retroposon are 

presentt in both isolates. Of these fragments, 69 were shared by both isolates. It should be 

notedd that some strongly labeled bands might consist of several fragments that segregate 

individually.. Therefore, the number of Foxy-specific polymorphic bands is an 

underestimation.. In total, 102 Foxy insertions (43%) appeared to be polymorphic between 

Fol0044 and Fol029 (Fig. I). This high percentage of polymorphic bands is an exceptional 

increasee when compared to standard AFLP (-2% polymorphic bands), making the Foxy-

AFLPP method an excellent tool for segregation analysis. 
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Figuree 1: Foxy-AFLP 
analysiss of the two wild 
typee strains Fol004 and 
Fol029.. AFLP ampli-
ficationn was performed 
usingg the radiolabeled 
Taw-specificc primer in 
combinationn with Msel 
adapterr primer, extended 
withh one selective 
nucleotidee (Mse-A, Mse-
T.T. Mse-C and Mse-G) or 
withh the standard, non-
selectivee EcoRl adapter 
primerr {Eco-Asp). Frag-
mentt sizes are indicated 
inn basepairs (bp). 
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Segregationn analysis of fusion products using Foxy-AFLP 

Previouss tests for race-specificity of the 32 fusion products by infection of different plant 

liness revealed an unexpected skewed segregation for avirulence gene I {Al) (Chapter 2). 

Too investigate whether this skewed segregation is unique for the avirulence locus or occurs 

genome-wide,, Forv-AFLP analysis was performed on the 32 fusion products and their 

parentall  strains (A-F). Figure 2 shows the Foxy-AFLP patterns resulting from the Foxy-

Msel+GMsel+G selective amplification reaction on the amplicons of the parental strains A-F and 

thee fusion products. A skewed segregation was observed for some markers. For example, 

thee Foxy fragment denoted with arrow 1 in Figure 2, is present in the race 1 parental strains 

A-DD and in all fusion products, but is absent in the race 3 parents E and F. However, 

segregationn of most race I- and race 3-specific Foxy markers conformed to a 1:1 ratio as 

exemplifiedd by the fragments denoted with arrows 2 and 3 in Figure 2. These markers are 

presentt in approximately half of the fusion products, suggesting that parental Foxy 

fragmentss have been randomly distributed during parasexual fusion. From the 102 

markers,, 83 segregated in a 1:1 ratio (probability (P) > 0.05) whereas 19 markers showed a 

significantt segregation distortion (P < 0.05). For the Fan-AFLP patterns of these 19 

biasedd markers. Fol004-specific Foxy fragments were overrepresented and Fol029-specific 

Fan'' markers were always underrepresented. Since the vast majority of the Foxy markers 

iss randomly distributed we conclude that skewed segregation as observed for the 

avirulencee locus is the exception rather than the rule. 

Forv-AFLPP bands present in both parental strains but missing in a fusion product 

weree observed at low frequencies. Two fusion products (FP1-3 and FP1-4) were identified 

missingg one Foxy insertion, and one fusion product (FP6-6) missed four Foxy insertions. 

Onee of the missing Foxy bands in FP6-6 is shown in Figure 2 (arrow 4). The loss of Fan-

fragmentss might be explained by the occurrence of deletions. Indeed, karyotype analysis 

alreadyy indicated that a deletion has occurred in FP6-6 (Chapter 2). Newly appearing Foxy 

bands,, probably resulting from transposition of the SINE retroposon, were observed in the 

transformantss used as parents for parasexual crosses as well as in some fusion products. 

Parentt B contained one extra Fan' band, parent D contained two extra bands and both 

parentss E and F contained three extra Foxy insertions. The extra Foxy band present in 

parentt D (Fig. 2; arrow 5) is also present in the two fusion products FP3-1 and FP3-2 

derivedd from a cross using this race 1 parental strain. New Foxy insertions were also 

identifiedd in eight fusion products. Fusion products FP4-2, FP5-4, FP 6-2, FP6-4 (Fig. 2: 

arroww 6) and FP7-1 all contained one extra Fovv-specific fragment, whereas FP1-1. FP2-1 

andd FP5-2 contained two extra Foxy insertions. These new Farv bands are easily identified 

andd do not interfere with linkage analysis. 
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Figuree 2: Foxy-AFLP analysis of the race I parental strains (A-D). the race 3 parental strains (E and F) and 
322 fusion products (numbered 1-1 to 7-11 using the Foxy-specific primer in combination with the Msel-G 
primer.. For all strains the avirulence genotype is presented as previously determined (Chapter 2). Al - Avrl; 
A3A3 =Aw3; ft = undefined. 

Thee genetic contribution of the parents to each fusion product was estimated by counting 

thee race 1 or race 3 derived Foxy bands of 102 polymorphic bands in total. Figure 3 shows 

thatt most fusion products contain an approximately equal contribution of each parent, 

thoughh with some notable exceptions (FP1-1, FP1-2 and FP6-8). The average race 1 

contributionn is ~60% instead of the expected 50%, which can be attributed to skewed 

segregationn of a subset of markers (see below). The number of polymorphic Fan-

insertionss found in the race 1 Fol004 and race 3 Fol029 isolates was 57 and 45, 

respectively.. A diploid fusion product should thus contain 102 Foxy insertions. Figure 3 

showss that none of the fusion products is fully diploid. In fact, in most fusion products the 

numberr of Foxy markers varied between 45 and 57. One fusion product (FP6-2) contained 

fewerr polymorphic Foxy bands than the race 3 parent. This may be the result of a deletion 

butbut can also be explained by recombination events. Seven fusion products (FP2-2, FP2-5, 

FP2-6,, FP4-1. FP5-4. FP6-5 and FP6-7) contained more Foxy bands than the race 1 parent. 
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suggestingg that these fusion products might be partially diploid. However, recombination 

eventss can also result in more Foxy-specific fragments than originally observed in the 

parentall  strains. Thus, although partial diploidy cannot be rigorously excluded, our results 

suggestt that the extent of partial diploidy is limited if occurring at all. 

ÏÏ  - Ifl IS f -f ff IT. N - J K { ' rjl .-I I . r̂ , - ; - - - cj o — *  rj) NC of rjl r l 

 race 1-specific Fo.xit marker e 3-specific Foxy marker 

Figuree 3: The number oi" Foxy markers derived from the race 1 Fol()()4 parent (black) and from the race 3 
Fol()2yy parent (grey) in parase.xual fusion products. Upper horizontal line represents the number of 
polymorphicc bands in Fol004; lower horizontal line represents the number of polymorphic bands in FoI029. 

Whenn the Foxy-AFLP pattern of the various markers was investigated throughout the 

fusionn products, linkage was observed. In Figure 4 some examples of linked Foxy markers 

aree shown. The segregation pattern of the two race 3 derived markers A15 and GI4 are 

nearlyy identical except for bands in two fusion products indicated by the arrows (Fig. 4A). 

Thesee differences in segregation of Foxy markers suggests that recombination has occurred 

betweenn A15 and GI4. Linkage between the race 1 derived markers Gl I and G12 is 100%. 

sincee their Foxy-AFLP pattern is identical (Fig. 4B). Compared to Gl I and G12. the Foxy-

AFLPP pattern of the race 3 derived marker C4 is complementary. When a Gl 1/GI2-

specificc Foxy band is present in parents and fusion products, this band is absent in C4 (ami 

vicee versa). However, one exception was observed. No Foxy fragment is present in fusion 

productt FP6-6 for either the G11/G12 or C4 marker, indicating that recombination or 

deletionn has taken place. 
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Figuree 4A-B: Foxy-AFLP pattern of linked markers throughout the fusion products. Arrows indicate 
recombinationn events. A: Two linked race 1 Foxy markers A15 and G14. B: Two race 1 Foxy markers Gl I 
andd G12 which are completely linked, and the race 3 marker C4. which is in repulsion to G11 and G12. 

Inn conclusion, from the 102 bands found to be polymorphic between the two wild type 

strainss Fol004 and Fol029, the vast majority (83) in the population of 32 fusion products 

segregatedd in a Mendelian manner (1:1) and can therefore be used for linkage analysis. 

Linkag ee analysis - the first genetic map of Fusarium oxysporum 

Linkagee analysis was performed based on the polymorphic Foxy-specific AFLP markers 

usingg MapDisto version 1.1b (Lorieux). To determine the optimal parameters for 

generationn of a linkage map, several combinations of minimum logarithm of odds (LOD) 

thresholdss (2.9-3.7) and maximum recombination fraction (r) values (0.20-0.50) were 

appliedd to the data set. Any LOD value set between 3.0 and 3.6 did not influence the 

results.. A genetic map of Fusarium oxysporum was generated using LOD 3.6 and r = 0.20. 

Inn total. 23 linkage groups were identified (Fig. 5A). Some linkage groups contain only 

racee 1 derived markers (linkage groups 2. 10 and 14) and others only consist of race 3 

derivedd markers (linkage groups 3. 9. 16 and 17). Most linkage groups, however, contain 

markerss derived from both parents. A remarkable observation is that Foxy markers cluster 

together.. Clusters were defined as groups of two or more markers that completely co-

segregated.. Of the 83 markers, 62 were found to be clustered on 16 positions. In addition, 

sixx linkage groups were observed to contain just one marker (18-23). Five groups (I-V) 

includingg 19 markers showed a significant segregation distortion (Fig. 5B). They did not 

segregatee in a 1:1 ratio and were therefore excluded from linkage analysis. The distribution 

patternss of these markers revealed an overrepresentation of Fol004 derived Foxy fragments 

whereass Fol029 derived Foxy markers were always underrepresented. The 19 skewed 
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markerss were divided into five groups based on similarity of their distribution in the 

populationn of fusion products. 

Figuree 5: Genetic map of F. oxysporum f. sp. lycopersici. Linkage analysis was performed with LOD 3.6 and 
i""  = 0.2 using the MapDisto program. A: 23 Linkage groups were identified, based on the segregation of S3 
Foxy-AFLPFoxy-AFLP markers. B: 19 Foxy markers showing skewed segregation were organized in 5 groups (l-V) 
accordingg to their segregation pattern. 
Thee markers were named after the particular standard adapter primer from which they were obtained 
(A-Mse+A:(A-Mse+A: C=Mse+C: G=M$e+G; T=Mse+T; E=Eco-Asp) and numbered according to their gel position 
(fromm high to low molecular weight!. 
Geneticc linkage was confirmed using JoinMap (Stam. 1993). The only difference between the two programs 
wass the order of markers in linkage group 4. T20 was mapped at 7 cM from A3b using JoinMap. 

Fromm genetic linkage to physical linkage 

Thee map shown in Figure 5A is based on LOD 3.6. Lowering the LOD score to 2.9 

resultedd in fusion of linkage groups. Groups 2 and 4, groups 9 and 23 and groups 7 and 11 

weree joined together using LOD 2.9 (Fig. 6). To investigate whether the genetic linkage at 

LODD 2.9 represents the actual situation, physical linkage was studied by means of 

hybridizationn experiments. In addition, physical linkage between skewed markers was 

investigated.. For these purposes we focused on two groups: firstly, linkage groups 7 and 11 
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weree chosen as representatives of non-skewed groups. Markers in these groups were 

derivedd from both the race 1 and the race 3 parent and all segregated in a 1:1 ratio. 

Secondly,, group V was chosen for physical linkage analysis as this group contains both 

avirulencee genes. We were able to clone race 1-specific Foxy bands from linkage group 11 

(C200 and A10) and linkage group 7 (G21 and Cl.4) as well as from group V (C19, C9, 

G17.. A1 and A5) into the pGEM vector (Table 1). Subsequently, the Foxy fragments were 

LODD 3.6 LOD 2.9 

Figuree 6: Alteration of the linkage group composition when the LOD score is lowered. Linkage group 7 and 
111 fuse when the LOD score is lowered from to 3.6 to 2.9. 

sequenced.. Since Foxy represents a family of SINEs that can be divided into families based 

onn the 5' terminal tetranucleotide repeats, these specific repetitive sequences were 

investigatedd for all sequenced Foxy fragments (Fig. 7). Compared to the three families 

describedd for Fol007 by Mes et al. (2000). only members of the TTTG and TATG families 

weree characterized for FolO()4 and Fol()29. However, two new variants were observed: 

markerss Al and C19 contain a (TTTG)4 tetranucleotide that is repealed four times whereas 

inn marker C20 this motif is repeated two and four times divided by sequence TTTTTG 

(Fig.. 7). The sequence upstream of the tetranucleotide repeats is unique for each marker 

andd did not suggest any sequence specificity for Foxy integration. Primers were designed 

onn these unique flanking sequences upstream of the Foxy specific 5' terminal 

tetranucleotidee repeats (Table 1). PCR amplification steps using the unique primer in 

combinationn with the fVuy-specific primer were performed on genomic DNA of the 

parentss and the fusion products. Only when the amplification pattern was identical to the 

patternn known from the AFLP analysis for the particular marker, we were convinced to 

havee cloned the correct Foxy-specific polymorphic fragment. Primers designed on the 

uniquee nanking region of markers A10. CI9. G17 and Al were not specific since 

fragmentss were amplified in both race 1 and race 3 parental strains (data not shown). PCR 
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withh primers specific for C20, G21 (group 11), C14 (group 7), C9 and A5 (group V), 

showedd the expected segregation pattern. For all five markers, the unique flanking 

fragmentt upstream of the Foxy-specific 5' terminal tetranucleotide repeats was too small to 
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Figuree 7: Alignment of the FmT-specific 5' terminal tetranucleotide repeats of 10 Foxy markers derived 
fromm either Fol004 or Fol029 (this study) and 9 polymorphic AFLP fragments derived from Fol007 (Mes et 
a!... 2000). The Fo,rv-specific primer sequence is shown in grey. Sequences upstream of the tetranucleotide 
repeatss are unique for each marker (only four nucleotides shown). 

bee used directly as a probe on CHEF blots. To obtain larger DNA fragments, a FoKXM 

BACC library was screened by PCR, For the C20 marker one positive BAC clone was found 

whilee for G21 and C14 five positive BAC clones were identified. Screening of the BAC 

libraryy with the skewed markers resulted in two positive BAC clones for A5 and one 

positivee BAC clone for C9. Digestion of all positive BAC clones with Hindlli revealed 

similarr patterns for BACs derived from the same marker, whereas no overlap was observed 

withh BACs containing other markers (Fig. 8A). Randomly chosen BAC fragments (1.2 -

0.55 kb) from digestions using either HindlU or Xhol, were gel-purified and used as a probe 

onn a CHEF blot containing chromosomes of the wild type strains Fol004 and Fol029. 

Betweenn 2 and 8 different BAC fragments per marker were used for subsequent 

hybridizationn experiments. All fragments tested were single copy sequences and fragments 

derivedd from different positive BAC clones for one particular marker showed identical 

hybridizationn patterns (results not shown). Figure 6B shows hybridization patterns for one 
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representativee probe per marker. Based on genetic linkage with LOD 2.9. these markers 

weree expected to be physically linked. This is clearly not the case for linkage groups 7 and 

A A C20 C20 G21 G21 C14 C14 ,455 C9 

. .. S s l < 5 ï C x K. x 
ivll  —  — a co — c ci * in 

Figuree 8A-B: Physical linkage analysis of genetically linked markers. A: ffmcflll-digestion patterns of BAC 
clonesclones containing a marker from linkage groups 7 and 11 (C20, G2l and CI4) or group V (A5 and C9). B: 
Hybridizationn patterns using a BAC fragment as probe for each marker. Hybridization was performed on 
CHEFF blots containing chromosomes of strains Fol004 and Fol029. 

II  l since C20 is located on a different chromosome as G21 and Cl4. However, markers 

G2ll  and C l4 with a genetic distance of 20 cM are located on chromosome 3 and 23 in 

Fol0044 and Fol029, respectively. Marker C20. and therefore linkage group IL, was mapped 

too chromosome 11 in Fol004 and chromosome 27 in Fol029. We therefore assume that 
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geneticc linkage with LOD 3.6 is in accordance with physical linkage. For the skewed group 

V,, the A5 marker was mapped to a different chromosome compared to C9. The C9 marker 

wass observed to be race 1-specific on chromosome 10, whereas A5 was present in both 

Fol0044 and Fol029 on different chromosomes (chr. 8 and chr. 27, respectively). From these 

resultss we conclude that the markers C9 and A5 that show a highly similar (skewed) 

distributionn pattern over the progeny are not physically linked, indicating the importance of 

takingg 1:1 segregation into account. However, physical linkage of other markers in this 

biasedd group (G17 and Al , C9 andC19, A3 and Avr-1) cannot be excluded. 

Wee have shown that genetic analysis is a functional approach in the asexual F. 

oxysporumoxysporum f. sp. lycoperstci, resulting in the first linkage map. Further, we have shown 

thatt the Foxy-AFLP technique is an efficient and strong tool for segregation analysis. 

Favv-AFLPP markers linked to any gene of interest can be exploited to screen a BAC 

library.. Positive BAC clones can be used in complementation studies, subsequently leading 

too gene cloning. 

DISCUSSION N 

Thee high abundance and widespread distribution of die Foxy element in the F. oxysporum 

genomee was used to develop a modified AFLP technique, using the Foxy sequence in 

combinationn with standard AFLP adapter sequences: Foxy-AFLP. The F. oxysporum f. sp. 

hcopersicihcopersici Fol007 genome was estimated to contain at least 160 Foxy elements (Mes et al., 

2000).. In the different strains used in this study, the number of visible Foxy-AFLP bands is 

lowerr (126 for FoI004 and 114 for FoI029) (Fig. 1). Most probably these numbers 

underestimatee the actual number of Foxy insertions for several reasons. Large DNA 

fragmentss could be missed because of amplification failure. In addition, polymorphic and 

non-polymorphicc fragments may be of equal length and will therefore not be separated 

underr the electrophoretic conditions used. Hybridization experiments on CHEF blols 

revealedd the presence of Foxy sequences on every single chromosome from several 

differentt isolates belonging to VCG0030 (Mes et al., 2000). The same result was obtained 

forr Fol004 and Fol029 (data not shown), indicating that Foxy is distributed throughout the 

genome. . 

Modifiedd AFLP techniques have previously only been described based on 

(retro)transposablee elements derived from plants e.g. PDRl, TpsJ2 and Tps/9 (the Tyl-

copiacopia group) of Pisum (Ellis et al., 1998; Pearce et al., 2000), the BARE-} of Barley 

(Waughh et al., 1997; Kalendar et al., 1999), the dTphl family of petunia (Van den Broeck 

ett al., 1998) and the MITE family Heartbreuker of Maize (Casa et al.. 2000). The purpose 

off  using a transposable element was to increase the number of polymorphisms above that 
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revealedd by conventional molecular markers (RFLP, RAPD and AFLP). The proportion of 

polymorphicc bands detected by BARE-1-AFLP (26%) was higher than the polymorphism 

ratess observed with standard AFLP (9.2-19.3%) (Waugh et al., 1997). Comparable results 

weree obtained for maize as the level of polymorphism detected by Heartbreaker- AFLP 

(60%)) was higher than standard AFLP (26-40%) but comparable to RFLP (50-80%) (Casa 

ett ah, 2000). The high level of polymorphism of Foxy between Fol004 and Fol029 (43%), 

iss exceptional when compared to the -2% of polymorphic bands determined by standard 

AFLPP analysis between these closely related isolates (Mes et al., 2000), indicating that 

FoxyFoxy has been active in the recent past. Foxy is not the only repetitive element in F. 

oxysporumoxysporum (Daboussi and Langin, 1994; Hua-Van et al., 2000) and the retroposon-based 

AFLPP approach would be applicable to any class of homogeneous sequence. However, 

AFLPP analysis based on the DNA transposon Fotl (Daboussi et al., 1992) showed less 

thann 5% polymorphic Fotl fragments between closely related strains (Mes et al., 2000). 

Thee high rate of Foxy activity may provide an explanation for the variability with respect 

too electrophoretic karyotype, virulence and avirulence found between strains of F. 

oxysporum.oxysporum. We showed that Foxy was activated during transformation and fusion 

processes.. Genomic stress is known to activate transposable elements (McClintock, 1984). 

DNAA damage (Bradshaw and McEntee, 1989), irradiation with gamma rays (Mes et al., 

2000)) and exposure to chlorate (Anaya and Roncero, 1996) have been identified as factors 

thatt are able to activate transposition. Transposable elements were also found to be 

activatedd during protoplast isolation (Pearce et al., 1996). Since protoplast generation is 

necessaryy for both transformation and fusion experiments, Foxy might hence be activated. 

FoxyFoxy insertions were observed to be clustered, with some clusters only containing 

markerss derived from either the race 1 parent or the race 3 parent. The existence of these 

clusterss could be explained by nearby transposition of just one active Foxy marker. Most 

clusters,, however, contain complementary markers derived from both parents and might be 

explainedd by nearby transposition of two allelic active Foxy markers. Alternatively, these 

clusterss might represent hot spots of integration, which different active Foxy elements 

preferr as integration site. Since the estimated genome size for F. oxysporum f. sp. 

iycopersiciiycopersici is approximately 50 Mb (Migheli et al, 1993; Zolan, 1995) and 102 Foxy 

markerss are taken into account, one Foxy marker is predicted to occur every 500 kb in case 

theyy are randomly distributed. However, considering the clustering of 62 Foxy fragments at 

166 positions, one Foxy*  marker is expected to occur every 900 kb. Local clustering of 

retrotransposablee elements was suggested for BARE-} elements in barley (Kalendar et al„ 

1999)) and for class II transposons from F. oxysporum (Hua-Van et a., 2000). Clusters of 

transposablee elements have been found around centromeric and telomeric regions in 

MagnaportheMagnaporthe grisea (Valent and Chumley, 1994) and in Neurospora crassa (Cambareri et 
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al.,, 1998). Avirulence genes from M. grisea and Phytophthora infesians have been 

observedd to cluster near telomeric sequences as well (Dion et al.. 2000; Orbach et al., 

2000;; Van der Lee et al., 2001). The clustering of Foxy's may appear to limit its usefulness 

inn mapping avirulence genes. However, when avirulence genes and clusters of Foxy or 

otherr transposable elements of F. oxysporum are also localized near centromeric or 

telomericc regions, Fmy-AFLP and modified AFLP techniques in general may provide 

usefull  markers for mapping avirulence genes. 

Dispersedd and repeated DNA sequences have been useful in segregation analysis and 

mappingg as demonstrated for MGR sequences in M. grisea {Hamer and Givan. 1990) and 

BARE-1BARE-1 in barley (Manninen et al.. 2000). Similarly, Foxy sequences can be applied for 

geneticc analysis and mapping purposes. Although F. oxysporum is an asexual fungus, we 

showedd that exchange of parental DNA and recombination of phenotypic markers like 

avirulencee occurred in parasexual crosses (Chapter 2). In addition. Foxy-AFLP revealed 

randomm exchange of most polymorphic Foxy fragments in asexual fusion products (Fig. 2). 

Thee extent of partial diploidy, if occurring at all, is limited (Fig. 3). The total number of 

Fox\Fox\ markers in race 1 parents (57) was higher than the number of Foxy markers in the 

racee 3 parental strains (45). Despite correction for this higher number of race 1 markers, 

thee race 1 contribution in the fusion products was 60%, which is 10% higher than 

expected.. This was caused by preferred inheritance of several race 1 derived markers and 

againstt several race 3 derived markers. Such significant segregation distortion was found 

forr 19 markers which is only a minority of the total number of 102 Foxy markers. Skewed 

segregation,, as also seen for the inheritance of avirulence gene 1 (A I), is therefore 

exceptionn rather than rule. 

Segregationn distortion is commonly detected when mapping molecular markers in 

plantss (Zamir and Tadmore, 1986; Guo et al., 1991; Jenczewski et al.. 1997; Casa et al., 

2000).. Further, in the oomycete Phytophthora infestans. non-Mendelian segregation of 

matingg type loci was observed (Judelson et al., 1995). Aberrant segregation of genetic 

markerss has also been reported in fungal species. For example, in Gibhereiki fiijikuroi  and 

NeurosporaNeurospora tetrasperma, spore killer loci (Xu and Leslie. 1996; Raju and Perkins, 1991) 

andd in Leptosphaeria maculans, AFLP markers (33%) (Pongam et al., 1998) have been 

shownn to segregate abnormally. Skewed segregation of RFLPs and RAPDs with 

preferentiall  maternal transmission was observed in wide crosses of the bean rust fungus, 

UromvcesUromvces appendiculatus (Martinez et al., 1996). Since the crosses between race 1 Fol004 

andd race 3 Fol029 are not naturally occurring but were forced, like the wide crosses 

describedd by Martinez et al. (1996). the race 1 parent might have a higher fitness than the 

racee 3 parent and could therefore be genetically dominant (Madhosingh, 1994). 

Hybridizationn experiments using random probes revealed the presence of race 1-specific 
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sequencess in all fusion products (Chapter 2). These particular sequences may be 

preferentiallyy inherited due to the presence of an essential gene or because homologous 

sequencess are absent in the race 3 parent. Five groups of markers (I-V j did not segregate in 

aa 1:1 ratio and showed preferential race 1 inheritance. Markers from the skewed group V 

appearedd not to be physically linked. Physical linkage of markers from the other four 

skewedd groups is therefore doubtful. Disregarding the 19 markers that showed skewed 

segregation,, 83 markers showing a 1:1 segregation pattern were used to generate the first 

geneticc map of Fusarium oxysporum. In total, 23 linkage groups were identified. The exact 

numberr of chromosomes in the parents used in this study is not known but varies among 

differentt isolates of F. oxysporum f. sp. lycopersici between 10-15 chromosomes. We 

assumee therefore that the 23 linkage groups do not correspond to the number of 

chromosomes.. For the genetic map of Gibberella fujikuroi mating population A, which is 

thee sexual stage of Fusarium moniliforme, 12 linkage groups were identified (Xu and 

Leslie,, 1996). In addition, expanded genetic mapping analysis in Gibberella moniliformis 

{Fusarium{Fusarium verticillioides) resulted in 636 markers distributed across 12 chromosomes 

(Jurgensonn et al., 2002). To improve the accuracy of the linkage map of Fusarium 

oxysporumoxysporum f. sp. lycopersici, the population size should be increased. To improve the 

coveragee of this genetic map, other transposable elements as well as new Foxy family 

memberss should be exploited for retroposon-based AFLP analysis in order to increase the 

numberr of markers. 

Inn conclusion, Foxy-AFLP was demonstrated to be a powerful technique in the 

geneticc analysis of clonally related isolates of F. oxysporum since the level of 

polymorphismss appeared to be much higher than that revealed with other molecular marker 

approaches.. Since Foxy is presumably present in almost all Fusarium species (Mes et al., 

2000),, Foxy-AFLP is useful for mapping and phylogenetic studies within or between any 

speciess of this genus. The retroposon-based AFLP approach is not restricted to Foxy or 

FusariumFusarium species; it is applicable to any class of homogeneous sequence in any species. 

Thee availability of a genetic map in combination with a BAC library provides us unique 

toolss for gene mapping in Fusarium oxysporum f. sp. lycopersici. 
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AA near-isogenic Fusarium oxysporum f. sp. lycopersici 

strainn with a novel combination of avirulence 

characteristics s 

Hedwichh A. S. Teunissen. Yvonne Boer. Jurgo Verkooijen, Ben J. C. Cornelissen and 

Michell  A. Haring 

ABSTRACT T 

FusariumFusarium oxysporum f. sp. lycopersici strain FI-27 was obtained from a parasexual cross 
betweenn race 1 Fol004 (putative avirulence genotype Ala2a3) and race 2 Fol007 
(tiIA2A3).(tiIA2A3). Bioassays using different tomato cultivars assigned a new avirulence genotype 
forr Ft-27: alA2a3. Molecular analysis revealed that the electrophoretic karyotype of F1-27 
wass identical to that observed for Fol()07. Foxy-AFLP confirmed the very close relation 
betweenn F1-27 and its Fol007 parent: all Fol007-specific polymorphisms were present in 
F1-277 while no contribution of the Fol004 parent could be detected. In addition, eleven 
neww Foxy insertions were identified in the fusion product. Segregation of both avirulence 
andd Fmv-AFLP markers was observed in a backcross population from parasexual crosses 
betweenn F1-27 and its parent Fol007. One marker was found to co-segregate with the 
presencee of the «i-allele. The nature of the genetic change in this strain is discussed. 

ThisThis Chapter has heen submitted for publication in Phytopathology 
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INTRODUCTIO N N 

FusariumFusarium o.xysporum Schlechtend.: Fr. is a soil borne fungal pathogen able lo infect over 

1000 plant species. Individual isolates, however, have the ability to cause disease in a 

limitedd number of plant species only. Based on their host range, isolates of F. axysporum 

aree grouped into more than 80 formae specifies (Armstrong and Armstrong. 1981). F. 

axysporumaxysporum f. sp. lycopersici (Sacc.) W.C. Snyder & H.N. Hansen is the causal agent of 

Fusariumm wilt of tomato and its host range is restricted to Lycopersicon species. Three 

differentt races (1, 2 and 3) are distinguished by their differential virulence on tomato 

cultivarss containing different, dominant resistance genes (Mes et al., 1999a). Based on the 

existencee of monogenic dominant resistance traits, a gene-for-gene relationship between F. 

o.xysporumo.xysporum f. sp. lycopersici and tomato is generally assumed. Different fungal races 

containn dominant avirulence genes thai correspond to the dominant resistance genes in the 

cultivarss they are unable to infect (Flor. 1942 and 1971). Identification of the avirulence 

geness involved in race-specific resistance is essential to understand the interaction between 

F.F. axysporum f. sp. lycopersici and tomato on a molecular level. 

Inn order to identify avirulence genes different approaches can be envisaged. 

Avirulencee genes of pathogenic bacteria have been cloned by complementation (Dangl, 

1994).. For F. axysporum, however, a complementation strategy is not feasible due to the 

largee size of the genome (-50 Mb) and the low transformation efficiency (Mes, 1999). A 

product-basedd cloning strategy has been successful in cloning avirulence genes of the 

fungall  pathogens Cladosporium fulvum (Van Kan et al.. 1991; Joosten et al.. 1994; Laugé 

andd De Wit, 1998) and Rhynchosparium secalis (Rohe et al., 1995). Attempts to isolate 

avirulencee gene products of F. axysporum f. sp. lycopersici from xylem sap were not 

successfull  yet, although new (induced) PR proteins have been identified in this way (Rep 

ett al., 2002). Recently, the Avr2 gene of C. fulvum was cloned employing a functional 

screenn based on the hypersensitive response (HR)-inducing activity of the encoded protein 

(Takkenn et al., 2000; Luderer et al., 2002). Such an approach does not seem feasible for F. 

axysporumaxysporum since a HR has never been observed macroscopic-ally. Transposon tagging 

mightt be a successful method since many transposable elements have been identified in F. 

axysporumaxysporum (Daboussi, 1997). Unfortunately, this strategy was not effective so far. A 

randomm deletion mutagenesis approach using gamma-irradiation to generale a F. 

axysporumaxysporum f. sp. lycopersici AvrI-2 mutant appeared to be very inefficient and no markers 

weree found that allowed mapping of the gene (Mes et al.. 1999b). Genetic mapping of 

avirulencee genes (Van der Lee et al., 2001) and subsequent map-based cloning has been 

successfull  in Magnaporthe grisea (Valent. 1997; Orbach et al,, 2000). Because a sexual 

stagee has never been observed in F. axysporum. parasexual crosses between race 1 and 

racee 3 isolates were performed in order lo obtain avirulence recombinants (Chapter 2). In 
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additionn to new combinations of avirulence genes, molecular analysis confirmed exchange 

off  parental DNA and mitotic recombination. A modified AFLP technique based on the F. 

oxysporumoxysporum retroposon Foxy revealed high polymorphism rales between genetically closely 

relatedd strains (Mes et al., 2000; Chapter 3). Foxy-AFLP analysis of the parental strains 

andd the progeny revealed an approximately equal contribution of both parents and random 

segregationn of Foxy-specific markers in the progeny. Based on Foxy markers a first genetic 

mapp of F. oxysporum was constructed (Chapter 3). From these findings we can conclude 

thatt genetic analysis is feasible in the asexual F. oxysporum and. therefore, a map-based 

cloningg approach could be successful to map avirulence genes. 

Inn this study, we describe the identification and characterization of a F. oxysporum 

strain,, Fl-27, with a novel combination of avirulence genes. Fl-27 originates from a 

parasexuall  cross between race 1 isolate Fol004 and race 2 isolate Fol007. Karyotype 

analysiss reveals a chromosome pattern for Fl-27, which is identical to its Fol007 parent. 

Furthermore,, Foxy-AFLP analysis shows nearly identical band patterns for Fl-27 and 

Fol007.. Therefore, they can be considered as near-isogenic. Eleven new Favv-markers are 

identifiedd in Fl-27. The identification of these isogenic strains in combination with the 

phenotypicc and Favv-AFLP markers provide a unique situation for mapping avirulence 

genee 3. 

MATERIA LL  &  METHOD S 

Fungall  isolates 
Thee two wild type isolates of Fusarium oxysporum f. sp. lyvopersici used in this study, FoK)04 
(putativee avirulence genotype Ala2a3) and FolO()7 (putative avirulence genotype a!A2A3), belong 
too the same vegetative compatibility group (VCG0030), and have been described previously by 
Mess et al. (1999a). Strain Fl-27 originated from a parasexual cross between Fol004 and Folf)07. 
Fl-277 was used in parasexual backcross experiments with three different FolO()7 transformants T-l. 
TT 2 and T-3 resulting in fourteen backcross products (BC1-1, BC2 1 to BC2-4, and BC3-I to BC3-
9).. All strains were cultured from single spores and stored in Protect Bacterial Preservers 
(Technicall  Service Consultants LTD, Heywood Lansc. GB) at -70°C. 

Fungall  transformation 
Too allow selection, the fungal strains Fol()07 and Fol004 were transformed with plasmid pAN7.l 
containingg the hygromycin B resistance gene (hph) from Escherichia coli or plasmid pANS.1 
containingg the phleomycin resistance gene (ble) from Streptoalloteichus hindustanus. Expression 
off  both resistance marker genes was regulated by the gpdA promoter from Aspergillus nidulans and 
thee A. nidulans trpC terminator (Punt and Van den Hondel, 1992). Protoplast preparation and 
transformationn was performed as described in Chapter 2. Protoplasts transformed with pAN7.1 or 
pAN8.11 were plated on Czapek Dox agar (CDA; Oxoid) plates osmostabilized with IM sorbitol 
andd containing 100 ug/ml hygromycin (Sigma-Aldrich chemie, Steinheim. Germany) or 100 pg/ml 
phleomycinn (Cayla. Toulouse. France), respectively. 
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Parasexuall  (back)crosses 
Parasexuall  (back)crosses by means of protoplast fusion were performed as described in Chapter 2. 
Fastt growing colonies appearing between 5-14 days on CDA plates osmostabilized with 1M 
sorbitoll  containing 100 fig/ml hygromycin and 100 |ig/ml phleomycin. were transferred to fresh 
selectivee CDA plates. To obtain stable fusion products or backcross products, colonies were grown 
onn non-selective potato dextrose agar (PDA; Difco Laboratories. Detroit, MI . USA) for at least 14 
days.. Spores were collected from these agar plates and plated on CDAHP plates. A single colony 
wass cultured for further experiments. 

Plantt  material 
Fourr different plant lines were used in this study for the presence of differential resistance genes 
againstt F. oxyspomm f. sp. lycopersici. Two near-isogenic lines of tomato cultivar Moneymaker, 
viz.. C32 and GCR16I, have previously been described by Kroon and Elgersma (1993). C32 is 
chosenn as the general susceptible control line since no resistance genes against F. oxysporum f. sp. 
lycopersicilycopersici are present. GCRt61 contains the resistance gene (/) of Missouri Accession 160 of L. 
pimpiuellifoliuntpimpiuellifoliunt (P179532) (Bonn and Tucker, 1939) against A] but is susceptible to isolates 
containingg A2 or A3. Plant line OT364. homozygous for the 1-2 locus of accession P1269I5. has 
beenn described by Mes et al. (1999a) and is resistant against isolates with A2. The fourth plant line, 
E779,, kindly provided by Dr. JW Scott (University of Florida, Gainesville. USA), is resistant 
againstt isolates containing A3 but is susceptible to isolates without A3. E779 contains the 1-3 
resistancee gene without the /-/ locus introgressed from the L. penncllii accession LA716 (Scott and 
Jones,, 1989). 

Bioassays s 
Eleven-days-oldd seedlings, 10-20 per fungal strain, were infected according to a standard root-dip 
inoculationn method {Wellman, 1939; Mes et al., 1999a). Spore suspensions were prepared one day 
beforee inoculation and stored overnight at 4UC. The final concentration of die inoculum was > 1.10' 
spores/ml.. Seedlings were potted in individual containers and randomly distributed. Greenhouse 
conditionss were as described in Chapter 2. After 3 weeks, the weight of the plant part above the 
cotyledonss was determined. Plant weight data were statistically analyzed using ANOVA 
(SiaiViewSE++ Graphics'" version 1.03). 

Genomicc DNA isolation and PCR analysis 
F.F. oxyspomm f. sp. lycopersici was grown on PDB without shaking, at room temperature, in the 
dark,, for approximately 4 w:eeks. The mycelial layer was collected by filtration and freeze-dried 
overnight.. Genomic DNA was extracted as described by Raeder and Broda (1985). 

Amplificationn of both the hph gene and the Me gene were performed using primers specific 
forr the gpdA promoter (5'-TTTCCCACTTCATCGCAG-3') and the trpC terminator (5'-
CACCATTTGTCTCAACTCCG-3').. The /i/7/i-specific PCR product was 1 190 bp whereas for the 
bleble gene a 583 bp fragment was amplified. 

CHEFF analysts 
Contour-clampedd homogeneous electric field analysis was performed according to the description 
inn Chapter 2. Blotting of CHEF gels onto Hybond N' membrane (Amersham Pharmacia Biotech, 
GB)) was performed as described in Sambrook et al. (1989). using 0.4M NaOH as transfer buffer. 
Hybridizationn was performed using subsequently a hph- or Me-specific DNA fragment a2P dATP-
labelledd by the Deca Label DNA Labeling System (MBI  Fermentas. Vilnius. Lithuania). 
Hybridizationn was performed in 0.5M phosphate buffer pH 7.2 containing 7% SDS, Vk BSA and 
hriMM EDTA. The blot was incubated overnight at 65"C and subsequently washed with 2x. lx and 
0.5xx SSC with O.l^SDS. for 15 minutes each at 65°C. 
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Foxy-Foxy-AFLPAFLP analysis 
Amplifiedd fragment length polymorphism analysis was based on the procedure described by Vos et 
al.. (1995). Total genomic DNA (500 ng) was digested to completion by the restriction enzymes 
EcoRlEcoRl and Mse\ (Gibco-BRL) for 3 hours at 37r'C. Standard EvoR] and Msei adapters were ligated 
too the restriction fragments. Preamplifications were performed using EroRl and Msel non-selective 
primerr pairs (5'-GACTGCGTACCAATTC-3' and 5-GATGAGTCCTGAGTAA-3', respectively). 
Preamplificationss were diluted 50 times before selective amplification steps were carried out. Four 
differentt selective amplification reactions were performed using the P-end-labeled Ft».tv-specific 
primerr AFLP1 (5-GCTTCGTTACAGCCACCCAG-3') (Mes et al.. 2000) in combination with the 
MselMsel + A, Msel+T. Msel+C and Mxel+G primer, respectively. Amplified fragments were separated 
onn a 69e acrylamide gel (Sequa-Gel 6, National Diagnostics. GB) using I x TBE as the anode-
bufferr and I x TBE: 0.25M NaAc as the cathode-buffer at constant power (55 W) for 
approximatelyy 3 hours. After electrophoresis gels were transferred to Whatmann filter paper, 
vacuumm dried at SO °C and exposed overnight to X-ray films (Kodak. Rochester. NY. USA). 

RESULTS S 

Identificatio nn of a fusion product with new (a)virulence characteristics 

Parasexuall  crosses between race 1 isolate Fol004 (putative avirulence genotype Ahi2n3) 

andd race 2 isolate Fot007 (putative avirulence genotype aJA2A3) were performed by 

protoplastt fusion as described in Chapter 2. To be able to select for fusion products, Fol004 

wass equipped with the phleomycin resistance gene (ble). resulting in Fo\004-ble, whereas 

Fol0077 was marked with the hygromycin resistance gene (hph). resulting in Fol007-/i/?/7. in 

total,, 84 primary colonies were obtained of which 57 were found to be stable, doubly 

resistantt fusion products after single-spore cultivation and repeated subculturing. Colony 

morphologyy and growth on media containing antibiotics was normal as compared to wild 

typee situations. 

Too determine the presence of avirulence genes AL A2 and/U, the 57 fusion products 

andd their parental strains were tested for virulence on four plant lines harboring different 

resistancee genes. A general susceptible cultivar. C32. was used to check for loss of 

virulence.. Cultivar GCR161. containing resistance gene I, was used to determine the 

presencee of Al. Fungal isolates harboring A! are avirulent on this plant line, whereas 

isolatess without AI are virulent. Line OT364 (containing 1-2) and line E779 (1-3) were 

usedd to check for the presence of A2 and A3, respectively. Bioassays were carried out for 

Fol0044 and Fo\004-ble. Fol007 and Fo\001-hph and the 57 fusion products. The virulence 

behaviourr of both Fol004-fr/f and Fol()07-/i/>/i was comparable to the virulence observed 

forr the wild type isolates (data not shown). From the 57 fusion products, 56 behaved like 

thee Fol007 parent (data not shown) whereas only one fusion product (Fl-27) showed 

alteredd virulence behaviour compared to either parent. In Figure 1 results of a 

representativee bioassay are shown for Fol004. Fol()07 and strain Fl-27. Inoculation of the 
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generall  susceptible line C32 revealed that all three strains were virulent, although FI-27 

causedd less severe disease symptoms than Fol004 and Fol007. Infection of GCR16I (/) 

showedd that Fol004 was avirulent whereas Fol007 was virulent on this plant line, as 

expected.. Strain FI-27 was found to be virulent as well. Isolate Fol004 was able to infect 

OT3644 (1-2) plants whereas Fol007 and Fl-27 were not. Again. FI-27 behaved as Fol007. 

Ass expected. Fol004 was virulent and Fol007 was avirulent on H779 (1-3) plants. In 

contrastt to its performance on C32. GCRI6I and OT364. Fl-27 behaved very differently 

fromm Fol007 on E779: not only behaved it virulently on this plant line, but the extent of 

virulencee was surprisingly high (Fig. I). Whereas on C32 Fol()04 (and Fol()()7) was 

significantlyy more virulent than FI-27. on E779 the latter strain was more virulent. 

Therefore,, with Fl-27 we identified a F. oxysporum 1. sp. lycopersici strain with new 

virulencee properties. The putative avirulence genotype of Fl-27 is aJA2a3. 

b b 

C322 (-) 

-** 3 '~ 
CC J. 

OT3644 (1-2 

l> > 

I I 

E779U-3) E779U-3) 

b b 

I I 
Figuree I: Bioassays assign a novel avirulence phenotype to FI-27. Average plain weight three weeks after 
inoculationn with Fol004. Fl-27 and Fol007. Plant lines ('32 (susceptible). GCR161 (/-/>. OT364 (1-2) and 
H7799 (1-3), Fifteen seedlings were inoculated per strain. White: average weight of mock-inoculated control 
plant'-.. Black: average weight ot race 1 Fol004 inoculated plants. Patlern: average weight of Fl-27 inoculated 
plants.. Grey: average weight of race 2 Fol007 inoculated plains. 
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Inn addition to the altered virulence, an additional phenotypic characteristic was observed. 

discriminatingg Fl-27 from either parent when grown on potato dextrose medium. 

Differencess in mycelium color were observed for in vitro cultures ol the Fol(M)4. Fl-27 and 

Fol0077 strains (Fig. 2). Whereas Fol004 mycelium is pink and Fol()07 mycelium shows 

pink/purplee pigmentation, the Fl-27 in vitro culture is white. The changes in avirulence 

andd mycelium color in strain Fl-27 can be explained by rearrangements caused by the 

parasexuall  cycle. To get an impression of the occurrence of rearrangements and to 

determinee the extent of parental contribution in Fl-27 we started molecular analysis. 

Fol0044 Fl-27 Fol007 

Figuree 2: Mycelium color of parents and Fl-27 grown on potato dextrose agar medium. 

Molecularr  analysis of Fl-27 

Althoughh Fl-27 was initially isolated as resistant to both hygromycin and phleomycin. it 

appearedd to have lost phleomycin resistance upon repeated subculturing under non-

selectivee conditions. PCR amplification on genomic DNA isolated 6 months after the 

actuall  fusion experiment revealed the presence of both marker genes in Fl-27. However, 

onlyy the ///^//-specific band was amplified using genomic DNA that was isolated in a later 

stagee (12 months after fusion), indicating that the hie gene had been lost (Fig. 3A). To 

investigatee the presence of chromosomes of different parental origin in F l -27. 

electrophoreticc karyotyping was performed. Chromosomes of Fol0()4-/>/<\ Fl-27 and 

Fol007-/?/>/zz were separated by contour-clamped homogeneous electric field (CHEF) 

analysiss (Fig. 3B). The karyotypes of both Fol()()4-W<' and Fol()07-/?/>// were identical to the 

wildd types (data not shown). The Fl-27 karyotype appeared to be identical to the Fol()07 

karyotype.. Hybridizing the CHEF blot using ble- and ///^//-specific probes revealed the 

presencee of phleomycin resistance gene in Fol004-6/e on chromosome band 9 and the 
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hyy grom vein marker in FolOQl-hph on chromosome band 1. The presence of only the 

hygromycinn marker confirmed that the phleomycin marker was lost in FI-27 (Fig. 3C). As 

noo visible changes in karyotype were detectable, a more sensitive molecular technique was 

applied:: Foxy-AFLP (Mes et al.. 2000: Chapter 3). Figure 4 shows the separated Foxy-

specificspecific fragments resulting from four selective amplifications. In total. 285 Foxy bands 

weree observed (162 for Fol007 and 123 for Fol004) of which 107 Foxy fragments were 

polymorphicc between Fol004 and Fol()07. Since standard AFLP analysis between these 

twoo closely related isolates only revealed ~2% polymorphisms (Mes et al.. 2000). the 

polymorphismm rate (38%) increased enormously when Foxy-AFLP was applied. Although 

thee Fan-AFLP pattern for F1-27 was very similar to the pattern observed for Fol007. 

thirteenn reproducible polymorphisms were detected between Fol007 and Fl-27 (indicated 

byy the arrows in Fig. 4). Eleven of these markers represented new insertions of the Foxy 

elementt present in Fl-27 but absent in both Fol007 and Fol004. Two Foxy markers 

(indicatedd by * in Fig. 4) were present in Fol007 but absent in Fol004 and FI-27. 

suggestingg that the fusion product shares this region with Fol004. 

A A 
kb b 
2.0 0 

i n n 

1.0 0 

0.55 I 

Figuree 3: A: PCR amplification using primers specific for the plasmid backbone of pAN7.1 (containing hph) 
andd pAN8.l (containing ble). PCR was performed on pAN'8.1 DNA. pAN7.l DNA. 'FI-27-6m' genomic 
DNAA (isolated 6 months after the actual fusion experiment) and 'Fl-27-12m' genomic DNA (isolated 12 
monthss after the fusion experiment». B: Electrophoretic karyotyping of parental strains Fol004-We, Fol007-
li/ilili/ili  and fusion product FI-27. CHEF-gel stained with ethidium bromide. C: Blot of this gel hybridized with 
aa probe specific for the plasmid backbone of pAN7.1 and pAN8.1. 

£C C 
hph hph 
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Mse-AMse-A Mse-T Mse-C Mse-G 

11 M 2 1 M 2 1 M 2 1 M 2 bp 

Figuree 4: Foxy-AFLP analysis 
off  the three strains race I 
Fol0044 (I ). FI-27 (Nil and the 
racee 2 Fol007 (2). AFLP 
amplificationn was performed 
usingg the radiolabeled Foxy-
specificspecific primer in combination 
withh Msel adapter primer 
extendedd with one selective 
nucleotidee (Mse-A, Mse-T. Mse-
CC and Mse-G). Arrows indicate 
neww insertions of the Foxy 
elementt in I-1-27. Arrows with 
**  indicate a Foxy fragment 
presentt in Fol0<>7 but absent in 
Fol0044 and Fl-27. Foxy 
markerss are named after the 
particularr Mse primer from 
whichh they were obtained and 
numberedd according to their gel 
positionn (from high to low 
molecularr weight |.Fo.cy-AFLP 
fragmentt sizes are indicated in 
basepairss (bp). 
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Inn summary, molecular analysis revealed identical karyotypes for Fl-27 and Fol007-/i/?/?. 

Inn addition, Favv-AFLP showed identical band patterns for these two isolates. Eleven new 

Fan'' insertions were identified in Fl-27. As Fl-27 can be considered to be nearly-isogenic 

too Fol007, varying only in mycelium color, avirulence. the presence of eleven new Foxy 

markerss and the absence of two Favv-specific bands, we started a backcross analysis to 

mapp the changed loci. 

Segregationn analysis in a backcross population 

Becausee of the presence of only the hph marker. Fl-27 could be crossed with Fol007 

transformantss marked with ble. Three different transformants (T-l, T-2 and T-3) were used 

forr backcrosses, all containing the ble marker at a different chromosome. These 

backcrossess resulted in fourteen backcross products (BCI-1, BC2-1 to BC2-4 and BC3-1 

too BC3-9). For these fourteen backcross products (BCs) the presence of the ble and hph 

genes,, mycelium color, avirulence and segregation of the thirteen Foxy markers was 

determinedd (Table 1). PCR amplification using hph- and Wf-specific primers revealed that 

hphhph was present in all BCs but ble was only present in BCI-I , BC2-4. BC3-1 and BC3-9 

confirmingg that these four strains contain DNA from both parents. Furthermore, these four 

BCss were the only strains with pink/purple (Pp) colored mycelium and an A3 phenotype 

(Tablee 1). Mycelium was white (W) and A3 was absent Ui3) in the other BCs. like in Fl-

27.. Investigation of the Foxy markers showed different segregation patterns for the BCs. 

Forr most BCs (BC2-1. BC2-2 and BC2-3; BC3-3 and BC3-6; BC3-1 and BC3-9: BC3-2, 

BC3-4,, BC3-5 and BC3-8), identical marker patterns were observed suggesting a clonal 

origin.. However, unique Foxy insertions were observed for all these BCs (Table 1). 

Countingg parent-specific Foxy fragments, an enormous variation in parental contribution to 

thee BCs was revealed. Products in which the ble marker had been lost had a Fol007-6/f 

parentall  contribution varying from zero markers in BC3-4, BC3-5 and BC3-8 to seven 

markerss (54%) in BC2-1. BC2-2 and BC2-3. The parental Fol007-We contribution in the 

doublyy resistant BCs varied from six markers (46%) in BC3-1 and BC3-9 to thirteen 

markerss (100%) in BCI-I. The extent of parental DNA exchange differed per backcross 

experiment.. In the single BC1 product the Fo\0Ql-ble (T-l) parent was dominant whereas 

inn the nine BC3 products the Fo\007-hph (Fl-27) contribution seemed to be dominating 

(Tablee 1). The segregation patterns of Fan- markers observed for the four progeny strains 

off  BC2 suggested an equal contribution of the parental strains T-2 and Fl-27 (Table I), 
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Tablee 1: Segregation patterns of different markers in a backcross population resulting from 
threee different crosses between FI-27 and backcross parents T-l. T- 2 and T-3. 
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pigment(1)) Pp Pp Pp Pp W W W Pp W W Pp Pp W W W 
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(1)) Mycelium color during in vitro growth. Pp = purple/pink; W = white. 
(2)(2) Presence (A3) or absence Ui3) of avirulence gene 3 as assigned according to (a)virulence behaviour on 
E7799 plants containing the 1-3 resistance gene. 
(3)) Presence (+J or absence {-J of a polymorphic Foxy -AFLP fragment. 
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Segregationn patterns of the markers throughout the backcross products suggested different 

groupss of linked markers. First group: P. Pp, A3, absence of MseT3; second group: absence 

off  MseA3. MseTI, MseGI; third group: MseAl. MseA2; fourth group: MseT2, MseCl, 

MseC2.. MseG2. MseG3. Three markers (H. MseG4 and MseC3) were unlinked. Most 

interestingly,, marker MseT3 was found to co-segregate with the absence of avirulence 

genee 3 (a3) but also with absence of the ble gene and mycelium color (Table 1, shown in 

grey). . 

DISCUSSION N 

Iff  a parasexual cycle mimics sexual reproduction, random exchange of parental DNA is 

expectedd to occur in the progeny. The parasexual cross between race 1 isolate ¥o\004-bie 

(putativee avirulence genotype Ala2a3) and race 2 isolate FO1007-/Ï/?/I (putative avirulence 

genotypee alA2A3) did not result in random segregation of avirulence genes. Bioassays 

revealedd that 56 of the 57 fusion products showed virulence behaviour that was identical to 

thee FO1007-/7/J/J parent. Only one of the 57 fusion products (FI-27) showed altered 

virulencee behaviour, differing from either parent. The putative avirulence genotype of Fl-

277 was designated o!A2u3. In previous parasexual crosses between race 1 isolate Fol004-

bleble (putative avirulence genotype AUi2a3) and race 3 isolate FO1029-/Ï/?/J (putative 

avirulencee genotype ala2A3). segregation of avirulence genes was not random either 

(Chapterr 2). From the 31 fusion products 28 showed virulence behaviour that was identical 

too the Fol004-6/f parent whereas one fusion product behaved like the Fol029-/i/7/i parent. 

Twoo fusion products with a recombinant avirulence genotype (AUÜA3) were identified. 

Althoughh segregation of avirulence was skewed, the segregation of most Foxy markers was 

random,, indicative for an approximately equal contribution of both parents (Chapter 3). 

However,, Farv-AFLP analysis of seven of the 57 fusion products described above 

revealedd no segregation of Foxy markers at all. These fusion products showed band 

patternss identical to that of the Fol007 parent (data not shown), indicating that the Fol007 

parentt was dominant in this cross. Genetic dominance of one parental strain is not 

uncommonn and is previously observed in heterokaryons of Fustirium oxysporum f. sp. 

lycopersicilycopersici (Sanchez et al., 1976) and in intra-specific hybrids of Fustirium oxysporum f. 

sp.. lycopersici and Fustirium oxysporum f. sp. ratlicis-lycopersici (Madhosingh, 1994). We 

proposee that the occurrence of genetic dominance is dependent on the parental isolates 

usedd in a parasexual cross. The extent of parental contribution to the progeny wil l thus be 

influencedd by the strength of genetic dominance. 
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Avirulencee recombinants have been identified by their altered virulence behaviour, 

differingg from either parent. Prerequisite for their discovery is their ability to infect the 

generall  susceptible C32 plants. The two avirulence recombinants {AJa2A3) described in 

Chapterr 2 were virulent on tomato line C32. Strikingly, the virulence of Fl-27 on C32 

plantss is significantly reduced when compared to both parental strains (Fig. 1). Reduction 

off  virulence on C32 plants was also observed upon infection with a gamma-irradiated 

mutantt of F. oxysporam f. sp. lycoperski that had lost avirulence gene 2 (ala2A3) (Mes et 

al.,, 1999b). The reduced disease severity might be the result of the loss of avirulence since 

avirulencee factors have been suggested to have functions in avirulence as well as in 

virulencee (Laugé and De Wit, 1998; White et al., 2000). Surprisingly, virulence of Fl-27 

wass not generally reduced as it appeared to be more virulent on plant line E779 than 

Fol0044 (Fig. 1). This observation underscores the influence of the tomato line and its 

geneticc background on the outcome of bioassays. Although resistance genes are apparently 

presentt in these lines, more plant and fungal factors determine the strength of the 

biologicall  response. 

Thee new combination of avirulence genes in Fl-27 could result from exchange of 

parentall  DNA during the parasexual fusion. Contribution of the ai-allele by the race 1 

Fol0044 parent would then explain the ai-phenotype for Fl-27. However, several 

observationss indicated that rearrangements in the A3 locus of the race 2 Fol007 parent are 

thee cause of the a^-phenotype in Fl-27. Firstly, the phleomycin resistance gene from the 

Fol004-&/<?? parent was lost in Fl-27 (Fig 3A). Furthermore, the electrophoretic karyotype 

off  Fl-27 was identical to its Fol007-/ip/i parent indicating that no large-scale exchange of 

parentall  DNA had occurred (Fig 3B). Thirdly, the Foxy-AFLP pattern of Fl-27 was nearly 

identicall  to the Forv-specific band pattern found for the Fol007 parent (Fig. 4). Only two 

off  the 162 bands present in Fol007 were absent in Fl-27. These two bands were also 

absentt in Fol004 and might therefore be an indication for presence of Fol004 parental 

DNA.. Nevertheless, deletion event(s) can also explain the absence of these Foxy 

fragments.. Stronger evidence for exchange of parental DNA would be the presence of 

Fol004-specificc Foxy bands in Fl -27 and absence of these bands in Fol007. However, such 

bandss have not been observed. Therefore, no direct evidence was found for Fol004 

parentall  contribution to the Fl-27 genome. Finally, the white mycelium color observed for 

Fl-277 completely co-segregated with the «i-phenotype, but was different from the color of 

thee Fol004 parent (Fig. 2). The mycelium color locus might have been affected by 

chromosomee breakage due to exchange of the a3-allele. However, the a:ï-phenotype of 

Fl-277 is strikingly different from that observed for Fol004, suggesting that contribution of 
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thee flJ-allele by the Fol004 parent is improbable. Therefore, the altered phenotypic 

characteristicss observed for Fl-27 might just as well be explained by the occurrence of 

rearrangementss without visible consequences for the karyotype but affecting the A3 locus 

andd mycelium color. 

Elevenn polymorphic Frm-AFLP bands were new insertions of the retroposon in Fl-

27.. New insertions of Foxy were previously shown to occur in low frequencies (-1%) in 

transformantss and in fusion products resulting from parasexual crosses between isolates 

Fol0044 and Fol029 (Chapter 3). New Foxy insertions in backcross products were also 

shownn to occur in low frequencies; the highest number new Foxy insertions (-2%) was 

observedd in BC2-3 (Table 1). The number of new bands caused by Foxy activity is 

intriguinglyy high in Fl-27 and comparable to the situation described for the gamma-

irradiatedd AvrI-2 mutant of F. oxysporum f. sp. lycopersici in which nine new Foxv-AFLP 

polymorphismss were identified (Mes et al., 1999b). Genomic stress is known to activate 

transposablee elements (McCHntock, 1984). DNA damage (Bradshaw and McEntee, 1989), 

irradiationn with gamma rays (Mes et al., 2000) and exposure to chlorate (Anaya and 

Roncero,, 1996) have been identified as factors that are able to activate transposition. 

Transposablee elements were also found to be activated during protoplast isolation (Pearce 

ett al., 1996). Since protoplast generation is necessary for both PEG-mediated 

transformationn and fusion experiments. Foxy might hence be activated. To explain the loss 

off  a functional A3 gene in Fl-27, one could envision that insertion of a Foxy element into 

A3A3 might have caused the altered virulence behaviour. 

Too investigate which of the eleven extra Foxy insertions might be responsible for loss 

off  avirulence, backcross experiments were performed. Three different Fol007-6/e parents 

weree backcrossed with the hph containing Fl-27. Only four (BC1-1, BC2-4, BC3-1 and 

BC3-9)) of the fourteen backcross products contained both the hph and ble marker genes 

andd should therefore contain genetic material from both parents. The absence of the hie 

gene,, the white mycelium color (W) and the absence of A3 (a3) in the other BCs, 

suggestedd that no exchange of parental DNA had occurred. However. FVm-AFLP markers 

indeedd segregated in the fourteen backcross products indicating that exchange of parental 

DNAA did occur in these BCs. The extent of parental DNA exchange in the backcross 

productss differs per backcross experiment. The genetic background of the parental strains 

usedd in the three backcrosses is identical (Fol007) and should therefore not be of influence 

onn the extent parental contribution. A possible factor influencing the extent of parental 

exchangee could be the chromosomal position of the ble marker gene in the three different 

Fol()07-M'' parents (T-l, T-2 and T-3). Although different parents were used, the presence 
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off  the ble marker gene in the BCs seemed to automatically account for the presence of 

pink/purplee mycelium color. A3 and the absence of MseT3. A possible influence of the ble 

markerr on segregation of avirulence has been previously suggested for parasexual crosses 

betweenn FoI004-We and ¥o\029-hph (Chapter 2). From 31 fusion products containing both 

thee hph and ble markers, 30 fusion products harbored Al. In addition, Roebroeck (2000) 

observedd a correlation between the virulence phenotype of fusion products and the 

virulencee phenotype of their ble parent. This tendency was also observed for fusion 

productss obtained from the reciprocal cross, although less extreme (Roebroeck, 2000). 

Therefore,, the phleomycin resistance gene and/or gene product might play a role in 

segregationn of parental DNA. 

Becausee the novel Foxy fragments in Fl-27 segregated as four independent clusters 

(althoughh a limited number of BCs was analyzed), this suggested that the genome of Fl -27 

hass been altered at several positions. Most interestingly, marker MseT3 was found to co-

segregatee with the absence of A3 (a3) and white mycelium color (W). Loss of a functional 

A3A3 gene could then be explained by Foxy insertion of MseT3 in this locus. Also markers 

MseA3,, MseTl and MseGl seem to be closely linked to A3 and mycelium color. More 

backcrosss products need to be analyzed in order to confirm the correlation between one of 

thesee markers and the altered loci. Cloning of the MseA3, MseTl, MseGl and MseT3 

FOXYFOXY fragments and sequencing of their flanking regions wil l allow us to screen a Fol007-

specificc BAC library. Positive BAC clones can subsequently be used in complementation 

studiess and might lead us to the A3 locus. 
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Generall  discussion 

Inn order to prevent diseases caused by pathogens, plants have developed mechanisms to 

recognizee and respond to their attackers. Recognition of pathogens is often highly specific, 

andd depends on the presence of a resistance gene in the plant as well as a corresponding 

avirulencee gene in the pathogen. Upon recognition, defense reactions are triggered by 

whichh spreading of the pathogen is prevented. The genetic concept of the requirement of 

bothh a host and a pathogen gene for the expression of this so-called (pathogen) race-

specificc resistance is known as the gene-for-gene hypothesis and has been postulated by 

Florr as early as 1942. In order to dissect on the molecular level race-specific resistance 

reactionss of plants towards pathogenic infections, the availability of both resistance genes 

andd their corresponding pathogen avirulence genes is of vital importance. The studies 

describedd in this thesis were aimed at the isolation of avirulence genes A1 and/or A3 of 

FusariurnFusariurn oxvsporum f sp. focopersici, corresponding to resistance genes /, /-/ and/or 1-3 

off  the host plant tomato. A genetic approach was chosen that comprised the production of 

recombinantss by a parasexual cycle involving fusion of protoplasts. The production of 

asexuall  recombinants proved to be a laborious and inefficient process. Still, the population 

off  recombinants obtained allowed the construction of a genetic map and provided 

recombinantss with new avirulence characteristics. In this chapter steps in the parasexual 

cyclee that critically influenced the outcome of the experiments will be discussed. In 

addition,, an attempt is made to explain the observed distorted segregation of genetic 

markerss in the recombinants, as well as the karyotypic variation found between genetically 

relatedd fungal isolates. Moreover, mitotic recombination will be discussed and, finally, all 

resultss will be reviewed in the context of the gene-for-gene concept for the Fusarium-

tomatoo interaction. 

103 3 



ChapterChapter 5 

THEE PARASEXUAL CYCLE OF F. OXYSPORUM f. sp. LYCOPERSICI 

Thee term parasexuality, which was introduced by Pontecorvo (1956), became generally 

acceptedd to describe mitotic recombination processes in asexual organisms. Since the 

introductionn of this term, a complete parasexual cycle (natural or forced) has been 

describedd for many filamentous fungi (Chapter 1, Table I). The parasexual cycle includes 

thee following phases: heterokaryon formation, karyogamy and haploidization. 

Heterokaryonss with genetically different nuclei can readily be produced in nature by 

anastomosiss involving hyphae from different individuals. The chance for subsequent 

karyogamyy is very rare, occurring perhaps once in a population of a million nuclei as 

estimatedd for the well studied species Aspergillus niger (Swart et al., 2001) and 

PenicilliumPenicillium chrysogenum (Weber and Arnold, 1992). The chance for mitotic cross-over 

duringg the diploid stage was estimated to be one in five hundred mitoses, whereas 

haploidizationn may occur with a frequency of about one diploid nucleus in a thousand 

(Weberr and Arnold, 1992; Carlile et al.. 2001). All together, heterokaryosis will only very 

rarelyy (-5.10 n) result in recombinants. These calculations represent the situation for the 

parasexuall  cycle occurring in nature. When fungal strains are forced to recombine using 

protoplastt fusion the situation is very different. Forced parasexual crosses by means of 

protoplastt fusion between different races of F. oxysporum f. sp. lycoperxici, involving at 

leastt 5.10s protoplasts, yielded 32 stable fusion products (Chapter 2). Thus, parasexual 

crosses,, with selection for the presence of two antibiotic resistance markers increased the 

likelihoodd for viable recombinants at least a thousand fold compared to natural situations 

forr A. niger and P. chrysogenum. Despite this enormous increase, the induced parasexual 

fusionn did not prove to be very efficient in obtaining a population sufficient for genetic 

analysiss and mapping purposes (Chapter 2, Chapter 3). In an attempt to explain this 

inefficiencyy and to suggest improvements in this procedure for future application, the 

findingss of the parasexual cycle of F. oxysporum f. sp. lycopersici will be analyzed and 

discussedd step by step below. 

Protoplastss of two different races of F. oxysporum f. sp. lycopersici were fused using 

polyethylenee glycol (PEG). PEG-treatment causes dehydration, shrinkage and distortion of 

protoplasts.. The majority of the protoplasts form large aggregates (Fig. 1A and Molnar et 

al.,, 1985). One way to enhance the fusion frequency is by an increase in the protoplast 

regenerationn efficiency. For unknown reasons, the efficiency varied per experiment from 

0.5%-17%.. We observed that the survival of protoplasts can be increased by the use of 

topagarr (unpublished results). 

Fusionn events are random and. therefore, protoplasts carrying genetically different 

andd genetically identical nuclei, will fuse. Protoplast fusion thus results in multi-nucleated 

cellss (Fig. IB). We suggest that heterokaryon formation in F. oxysporum f. sp. lycopersici 
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iss rather effective and that the heterokaryon stage is relatively stable for the following 

reasons:: 1) Upon fusion of parental protoplasts carrying the hph and the ble gene, many 

sloww growing primary colonies appeared on osmo-stabilized medium containing both 

hygromycinn and phleomycin (Fig. 1C). In all experiments performed, parents were also 

platedd on doubly selective medium (approximately 10 pps per experiment), but no 

coloniess ever appeared. Therefore we conclude that all primary fusion products appearing 

onn doubly selective medium are heterokaryons. 2) The obtained colonies grew slowly, 

whichh is indicative for the heterokaryotic phase (Hamlyn et al., 1985: Molnar et al.. 1990). 

Figuree 1: Different phases in the parasexual cycle of F. oxysporum f. sp. [ycopersici. A: Protoplasts that 
formm large aggregates as a result of PEG-treaiment. B: Since fusion events are random, multi-nucleated cells 
arcc observed. C: Primary colonies on osmo-stabilized medium containing both hygromycin and phleomycin. 
D:: Fast growing sectors (arrows) arising from single points in the primary colonies. E: A F. oxysporum 
f.sp.vasinfectumf.sp.vasinfectum colony containing several sectors indicative for genetically diverse regions. This photo was 
kindlyy provided by Li Ying. College of Biological Sciences. China Agricultural University. Beijing. 

Fromm these slow-growing colonies fast-growing sectors developed that turned out to be 

stable,, haploid fusion products (Fig. ID). The diploid stage in F. oxysporum is therefore 

proposedd to be a transient situation, probably limited to a few cells or hyphae (Hoffmann. 

1967:: Molnar et al.. 1990). We hypothesize that haploidization can take several 
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generationss of subculturing, for the following reasons: 1) Sectors that were transferred to 

freshh medium did not always develop into completely uniform colonies (Fig. IE), 

suggestingg that genetically diverse regions were present. 2) We observed that fusion 

productss initially contained both hph and ble genes, but eventually lost the phleomycin 

markerr (Chapter 4, Fig. 3A). The loss of the ble marker might be the result of non-

disjunctionall  haploidization. 

Sincee haploidization is assumed to be a random process, the chance to lose either the 

hphhph gene or the ble gene during non-selective growth should be equal. The fact that we 

onlyy observed fusion products that had lost the ble gene might be explained by the fact that 

thee phleomycin selection is leaky where the hygromycin selection is not. Stable fusion 

productss lacking the ble marker were apparently tolerant to the phleomycin antibiotic in 

thee medium, and thus were unjustifiable selected as being doubly resistant fusion products. 

Fungall  hyphae may even have stored the ble gene product and would therefore be able to 

groww on doubly selective medium. Finally, instability of phleomycin in the medium could 

explainn the arising tolerance for this antibiotic of fusion products without the ble gene. The 

momentt on which the ble gene was lost varied for every experiment and could very well 

dependd on the strength of the selection pressure, the duration of selective growth and the 

durationn of non-selective growth prior to the single spore isolation step. It is probably 

duringg this non-selective growth phase, when haploidization is not yet completed, that the 

bleble gene is lost. Therefore this step should be omitted in future experiments. When colony 

formationn was uniform and the ble gene was still present after single spore isolation and 

repeatedd subcultivation on both selective and non-selective media, fusion products were 

mitoticallyy stable. Stable fusion products are assumed to have reached the haploid stage, as 

wass confirmed by the results shown in Chapter 3. Figure 3. The extent of partially diploidy 

inn the fusion products, if occurring at all, is limited. 

Duringg the reversion to haploidy through non- or pseudo-meiotic mechanisms, 

essentiall  genes might easily be lost. Loss of genes essential for survival may explain the 

loww fusion efficiency. In order to prevent the loss of the ble gene, primary fusion products 

andd selected sectors should be grown on doubly selective medium for at least eight 

generationss until the haploidization process is completed (as proposed for Fusahum 

oxysporumoxysporum f. sp. vasinfectum by Li Ying, College of Biological Sciences, China 

Agriculturall  University. Beijing, personal communication). The chemical benomyl (Hastie, 

1970:: Edwards et al.. 1975) or chloral hydrate (Singh and Sinhar, 1976}  could be applied 

sincee these compounds are known to enhance the haploidization process. In addition, the 

phleomycinn selection could be replaced by a selection that is not leaky. As an alternative 

selectionn marker nourseothricin resistance could be used (Kojic and Holloman. 2000; 

McDadee and Cox, 2001). 
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Whenn we compare the general model of the parasexual cycle with that of F. 

oxysporumoxysporum f. sp. lycopersici, there is one striking difference (Fig. 2). The heterokaryon 

phasee in this fungus is relatively stable whereas the diploid phase is proposed to be a 

transientt situation, probably limited to a few cells. This is the most important difference 

withh regard to the parasexual cycle in other species (e. g. Aspergillus spp. and Penicillium 

spp.).. In our experiments we have only selected one fusion product per one initial colony 

too avoid the possibility of isolating clonal strains (Chapter 2). In Penicillium roqueforti and 

AspergillusAspergillus niger however, stable diploid hybrids have been identified. Following 

haploidizationn which can be initiated by benomyl treatment, all segregants from one single 

diploidd were assigned as independent fusion products irrespective of the presence of either 

situationn in 
f.. oxysporum 

Figuree 2: The general parasexual cycle adapted tor the situation in F. oxysporum f. sp. lycopersici. The three 
differentt stages of the parasexual cycle are indicated; heterokaryon formation, karyogamy and haploidization. 
Bothh hyphal anastomosis (A) and protoplast fusion (B) can induce the parasexual cycle. 

thee hygromycin or phleomycin marker gene (Durand et al.. 1993: Swart et al.. 2001). More 

effortt should be invested to determine the diploid phase in F. oxysporum. If we are able to 
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obtainn stable diploid colonies and diploid spores, many individual segregants (fusion 

products)) can subsequently be harvested and an enormous increase in the production of 

fusionn products could be achieved. 

DISTORTEDD SEGREGATION OF GENETI C MARKER S IN PARASEXUAL 
RECOMBINANT S S 

Iff  a parasexual cycle mimics sexual reproduction, random exchange of parental DNA is 

expectedd to occur in the progeny. However, the extent of parental DNA exchange varied 

enormouslyy per experiment (Table 1). The possible influence of parental isolates, the 

phleomycinn resistance gene and the chromosomal position of the antibiotic resistance 

markerss on the extent of parental contribution will be discussed here. 

Geneticc dominance of parental strains 

AA parasexual cross involving Fo\004-ble (putative avirulence genotype A!a2a3) and 

Fo\007-hphFo\007-hph (putative avirulence genotype alA2A3) resulted in 84 primary colonies of 

whichh 57 appeared to be stable (Table 1 and Chapter 4). All 57 fusion products contained 

thee hph gene but had lost the ble gene. Bioassays revealed that 56 of 57 fusion products 

showedd a virulence behaviour identical to the Fol007-hph parent. In addition. Foxy-AFLP 

analysiss performed on seven of the 57 fusion products revealed identical Foxy-AFLP 

patternss to the Fo\001~hph parental strain (data not shown). A segregation bias as we 

describee here has been generally observed for parasexual recombinants of other fungal 

speciess (Daboussi and Gerlinger, 1992; Bello and Paccola. 1998). This could be due to 

differencess in the ability to sporulate or lowered fitness of some novel genotypes. 

Madhosinghh observed such fitness differences in crosses between F. oxysporum f. sp. 

lycopersicilycopersici and F. oxysporum f. sp. radicis-lycopemici favouring the former. This 

phenomenonn was referred to as genetic dominance (Madhosingh, 1994). If one of the 

parentall  strains used in parasexual crosses exhibits genetic dominance over the other, this 

couldd result in a distorted segregation. In crosses between FoI004-6/e and FoXQQl-hph the 

Fol0077 parent might have been dominant. The reciprocal parasexual cross, FO1004-/Ï/J/I and 

Fol007-Wff  should be performed and analysis of fusion products would then reveal whether 

Fol0077 is genetically dominant. 

Thee influence of phleomycin selection on the outcome of a parasexual fusion 

experiment t 

Anotherr possible explanation for the segregation bias in this cross may be the influence of 

thee antibiotic resistance genes. Since F. oxysporum spores are uninucleate (Booth, 1971: 
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Sanchezz et al., 1976) single spore isolation of a colony, which is still in the heterokaryon 

phasee will only yield spores containing the Fo\004-ble nucleus and spores containing the 

Fo\007-hphFo\007-hph nucleus. Regeneration uf these spores on medium containing both hygromycin 

andd phleomycin is theoretically not possible. However, the leaky phleomycin selection 

mightt allow growth of the Fo\007-hph spores. These spores will thus unjustifiably be 

selectedd as being doubly resistant fusion products. 

Parasexuall  backcrosses involving the three different Fol007-ble strains T-l, T-2 and 

T-33 (putative avirulence genotype alA2A3) and the Fol007-hph strain Fl-27 (putative 

avirulencee genotype alA2a3) resulted in fourteen backcross products (Table 1 and Chapter 

4).. Four of these doubly resistant backcross products (BCs) contained both ble and hph 

geness and should therefore contain genetic material from both parents. Although selected 

ass being resistant, ten BCs had lost the ble gene, suggesting that no exchange of parental 

DNAA had occurred. However, Fary-AFLP markers segregated in nine of the fourteen 

backcrosss products, indicating that exchange of parental DNA did occur. This was a very 

importantt observation, indicative for the occurrence of karyogamy and haploidization prior 

too loss of the ble gene. The extent of parental DNA exchange in the backcross products 

differedd per backcross experiment. Since the genetic background of the parental strains 

usedd in the three backcrosses was identical (Fol007), genetic dominance could not explain 

thee variable extent of parental contribution. The chromosomal position of the ble marker 

genee could be mentioned as a possible factor influencing the extent of parental exchange 

sincee the three different Fo\QQl-ble parents T-I, T-2 and T-3 all contain the ble marker on 

differentt chromosomes. However, for the fusion products obtained from parasexual crosses 

betweenn Fol004-bte and FO1029-/I/?/I, no such correlation was found (compare Chapter 2, 

Tablee 1 and Chapter 3, Fig. 3). The extent of parental contribution in the BCs (based on 

thirteenn Foxy markers), seemed to be dependent on the absence or presence of the ble gene: 

productss in which the ble marker had been lost had a low Fol007-b/e parental contribution, 

varyingg from zero to seven markers (0 - 54%); the parental Foï007-ble contribution in the 

doublyy resistant BCs varied from six to thirteen markers (46 - 100%). 

Wee observed that the presence of the ble marker gene correlated with the presence of 

thee avirulence gene of the phleomycin resistant parent. The presence of A3 completely co-

segregatedd with the presence of the ble gene in the backcross products. A possible 

influencee of the ble marker on segregation of avirulence has also been observed in the 

parasexuall  cross between Fo\0Q4~ble and Fo\0Q7~hph (Chapter 4) and parasexual crosses 

betweenn Fo\004-ble and Fo\029-hph {Chapter 2, Chapter 3). The latter combination of 

parentss resulted in 32 fusion products containing both the hph and ble markers of which 30 

fusionn products harbored Al originating from the ble parent. Although segregation of 

Fary-AFLPP markers was random and therefore no genetic dominance was indicated, segre-
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Tablee 1: Several characteristics of three different parasexual crosses 

Fol004-Mee Fol007~Me Fol004-We 
X X X X 

Fol007-fip/ii  Fol007 hph ¥olOZ9-hph 

numberr of exp. 

numberr of bie parents 

numberr of hph parents 

numberr of primary 
colonies s 

numberr of stable 
fusionn products 

presencee of hph gene in 
fusionn products 

presencee of ble gene in 
fusionn products 

virulencee behaviour 
identicall  to hph parent 

virulencee behaviour 
identicall  to We parent 

recombinantt virulence 
behaviour r 

Foxy-AFLPFoxy-AFLP pattern 
identicall  to hph parent 

Foxy-AFLPP pattern 
identicall  to ble parent 

recombinant t 
Foxy-AFLPP pattern 

(1)) ND is not exactly determined but > 1000. 
(2)) These fusion products were named backcross products since they resulted from intra-isolate crosses. 
(3)) This fusion product, FI -27, is described in Chapter 4. Since no Fol004-£i/f contribution was confirmed 
thee recombinant virulence behaviour could be due to a mutation instead of parental DNA exchange. 
(4)) For four fusion products the presence or absence of avirulence gene 3 was not possible to determine. For 
onee fusion product no virulence behaviour could be determined since it had lost virulence on the susceptible 
plantt line C32 (Chapter 2). 
(5)) Only seven of the 57 stable fusion products have been analyzed using FOJCV-AFLP. 
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gationn of avirulence was biased (Table J). Similarly, Roebroeck (2000) observed a 

correlationn between the virulence phenotype of fusion products of F. oxysporum f. sp. 

gladioligladioli and the virulence phenotype of their bit parent. This tendency was also observed 

forr fusion products obtained from the reciprocal cross, although less extreme (Roebroeck, 

2000).. A possible explanation for the biased segregation might be found in the mode of 

actionn of the phleomycin antibiotic. The metalloglycopeptide antibiotic phleomycin 

inducess DNA strand scission. The phleomycin resistance gene encodes a protein that 

inactivatess the antibiotic by binding to it and, therefore, prevents DNA strand scission 

(Gatignoll  et al., 1988). During parasexual fusion, the Fol004-b/e genome might be less 

sensitivee to DNA strand scission, while the genome contributed by the FO1029-/IJJ/I parent 

wil ll  be unprotected and therefore sensitive to the phleomycin antibiotic before karyogamy. 

Consequently,, an intact Fol004 genome might fuse to a disrupted Fol029 genome. If some 

genomicc regions are mutually exclusive, the regions of the ble parent might be 

preferentiallyy inherited. A physical linkage between the ble gene and Al or A3 can be 

excludedd since all the ble parents used for parasexual fusion, varied in the place of 

integrationn of plasmid pAN8.1 (Chapter 2; Table 1, Fig 1B). Alternatively, the presence of 

thee ble gene in the fusion products is proposed to automatically account for the presence of 

otherr specific sequences (e.g. Al or A3), which are not necessarily physically linked. What 

mechanismss could be responsible for this ectopic simultaneous inheritance and for what 

reasonn is unknown. To verify the influence of the ble gene on biased segregation of AI or 

A3,A3, one should perform reciprocal crosses using ¥o\004-hph and Fo\029-ble parental 

strains. . 

KARYOTYPI CC VARIATIO N IN TH E F. OXYSPORUM GENOME 

Genomee organization appeared to be very flexible in F. oxysporum. Karyotype analysis 

revealedd large differences in chromosome patterns for the wild type isolates FoI004, 

Fol0077 and Fol029 (compare Chapter 2, Fig. 1A and Chapter 4, Fig. 3B). The three isolates 

belongg to the same vegetative compatibility group (VCG0030), are genetically very similar 

andd probably clonally related (Correll, 1991; Gordon and Martyn, 1997). Standard AFLP 

analysiss revealed approximately 2% polymorphisms, confirming the strong genetic 

relationshipp between these isolates (Mes et al., 2000). Despite of their similarity at the 

DNAA level, an extensive variation in chromosome sizes and numbers, and in location of 

homologouss sequences was observed. Furthermore, the extent of genetic duplications 

varied,, as demonstrated by hybridization experiments using random probes (Chapter 2). 

Forr this striking karyotype variability, several explanations can be proposed: 
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1)) Transposable elements. Mobile elements have long been known for their ability to 

inducee chromosomal rearrangements such as deletions, duplications, inversions and 

reciprocall  translocations (Berg and Howe, 1989). They are not only actively involved in 

thee generation of genomic rearrangements but also serve as substrates for ectopic 

homologouss recombination events, both intrachromosomally and interchromosomally 

(Davièree et al., 2001). Transposable elements have been observed to be abundantly present 

inn the Fusarium genome (Hua-Van et al., 2000). From the work presented in this thesis it is 

clearr that much of the genetic variation is associated with the current activity of the 

retroposonn Foxy. For example, standard AFLP analysis revealed a polymorphism rate of 

-2%,, but Foxy-AFLP analysis indicated a polymorphism rate of -40% when comparing 

Fol004.. Fol007 and Fol029. Moreover, in a gamma-irradiated mutant (FoI007-Av;7-2. Mes 

ett al., 2000) and in the fusion product Fl-27 described in this thesis (Chapter 4). new 

insertionss of this retroposon were observed. In addition to ectopic recombination and 

transpositionn of transposable elements, genetic duplications have been indicated as a 

potentiall  cause for inlra-specific differences in genome size and chromosome number 

(Davièree et al., 2001). Genetic duplications were present in wild type strains of F. 

oxysporumoxysporum f. sp. lycopersici and were newly generated in transformants and fusion 

products. . 

2)) In addition to the potential role of transposons in karyotype variability, it has been 

reportedd that transformation can lead to dramatic changes in the karyotype of a fungus 

(Bartonn and Scherer, 1994; Kistler and Benny, 1992; Perkins et al., 1993; Xuei and 

Skatrud,, 1994). Perkins et al. (1993) showed that the transforming DNA mediated most 

chromosomee rearrangements since segments of transforming DNA were found to be 

closelyy linked to breakpoints in many rearrangements. For five of the seventeen 

transformantss that showed rearrangements, the chromosome band containing the marker 

genee is involved in the observed karyotype changes {Chapter 2; Table 1). This correlation 

betweenn chromosome changes and the plasmid integration site suggests that integration of 

transformingg DNA can cause karyotype changes. 

3)) Protoplast generation alone may also be responsible for karyotype changes since 

15%% (3/20) of the colonies reisolated from protoplasts appeared to have chromosome 

rearrangements.. From all transformants 55% (17/31) showed karyotype changes when 

comparedd to the wild type whereas 98% (43/44) of the fusion products resulting from 

parasexuall  crosses showed rearrangements. 

Inn several filamentous fungi, the segregation behaviour of hybrids produced after 

protoplastt fusion seems to be influenced by the taxonomie relationship of the parental 

strainss (Viaud et al., 1998). Stable haploid recombinants were derived from taxonomically 

closelyy related species, suggesting that these species were similar in overall genome 
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organizationn {Kevei and Peberdy, 1979) whereas diploid or aneuploid hybrid forms were 

observedd in crosses between distantly related species (Kevei and Peberdy, 1984). 

Parasexuall  fusion between two taxonomically closely related isolates created extensive 

variationn in genome organization, as shown by the CHEF results (Chapter 2), but stable 

fusionn products (recombinants) were obtained that were haploid (Chapter 3, Fig. 3). 

Comparably,, extensive exchange of genetic material can also take place after hyphal 

anastomosis,, indicating that horizontal gene transfer and parasexual recombination might 

occurr in nature, at least between vegetatively compatible isolates (Roebroeck, 2000). The 

occurrencee of parasexual recombination after hyphal anastomosis in nature might explain 

thee observed karyotypic variation in wild type isolates. 

MITOTI CC RECOMBINATION : THE FIRST GENETIC MAP OF F. OXYSPORVM 

f.. sp. LYCOPERSICI 

Recombinationn is a process in which genetic information from different sources, typically 

fromm two genomes of a given species, is combined. During the parasexual cycle of many 

filamentouss fungi mitotic recombination takes place, as parasexual recombinants have 

beenn obtained for e.g. Aspergillus spp. (Kevei and Peberdy, 1979; Bradshaw et al., 1983; 

Swartt et al.. 2001), Beauveria (Couteaudier et al., 1996), Cladosporium fulvum (Talbot et 

al.,, 1988: Amau and Oliver, 1993), Penicillium spp (Anne and Eyssen, 1978; Durand et al., 

1993)) Verficillium dahliae (O'Garro and Clarkson, 1992) Nevtria haemaiococca (Daboussi 

andd Gerlinger, 1992) and Fusarium oxysporum (Molnar et al.. 1985 and 1990; 

Madhosingh,, 1994). Mitotic recombination is proposed to occur during the diploid phase 

andd the haploidization process. After karyogamy the nucleus contains the genetic 

contributionn from both parents. This heterozygous diploid stage is stable in some species 

(Aspergillus(Aspergillus and Penicillium) but has never been observed in others (Fusarium oxysporum 

andd Cepludosporium avremonium). The presence of homologous sequences derived from 

bothh parents allows mitotic cross-overs to take place. Since wild type strains of F. 

oxysporumoxysporum contain genetic duplications (Kistler et al., 1995; Davière et al., 2001; Chapter 

2,, Fig. 4) also intra-chromosoma! recombination can occur. Induced or spontaneous 

haploidizationn processes will convert the diploid nucleus to the natural haploid stage 

(Chapterr 1: Fig. 1). Segregation of chromosomes will be random during the non-

disjunctionall  haploidization process. 

Forr F. oxvsporum f. sp. lycopersici Molnar et al. (1985) were the first to demonstrate 

thee exchange of genetic traits since super tolerant prototrophic recombinants originating 

fromm two auxotrophic parents with moderate benomyl tolerance were obtained by 

protoplastt fusion. In Chapter 2 and 3, parasexual crosses between the race 1 parent Fol004-
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bleble and race 3 isolate ¥o\Q29-hph have been described that yielded 32 stable haploid fusion 

productss harboring both hph and ble genes. The presence of both antibiotic resistance 

geness guarantees that these fusion products contain genetic material from both parents. 

Twoo of the 32 fusion products {FP4-2 and FP5-5, Chapter 2) had a new combination of 

avirulencee characteristics previously never observed in our collection of isolates, indicating 

thatt recombination must have taken place. So far, all evidence presented for the occurrence 

off  recombination in F. oxyspontm (Molnar et al,, 1990; Madhosingh. 1992 and 1994) was 

off  genetic nature. In our study we were able to present physical evidence for the 

occurrencee of mitotic recombination events. Karyotype analysis showed that hph- and ble-

specificc sequences hybridized to the same chromosomal band for nearly all F6 derived 

fusionn products (Chapter 2, Fig. 4C). This was surprising since the ble gene was present on 

Fol0044 chromosome band 5 and the hph gene on chromosome band 24 in the FoI029 

parent,, in the fusion products the Fol004 chromosome band 5 is not present. The ble-

specificc hybridization signal was located on chromosome band 24 derived from the race 3 

parent.. Although both chromosomes have approximately the same size, it is not likely that 

theyy behave as a doublet since the band on the gel is not intense. Therefore, recombination 

betweenn FoI004 chromosome band 5 and Fol029 chromosome band 24 must have 

occurred. . 

Ass already mentioned, the segregation of avirulence genes was not random in the 

parasexuall  progeny. Similarly, 19 of the 102 Foxy markers were not segregating in a 1:1 

fashion.. Still, random exchange of 83 parental Foxy markers was observed (Chapter 3, Fig. 

2).. The preliminary genetic map of F. oxysporum contains 23 linkage groups (Chapter 3. 

Fig.. 5). Since the number of chromosomes in the isolates used varies between 10 and 15, 

thee 23 linkage groups do not correspond to the number of chromosomes. More genetic 

markerss need to be generated and more parasexual recombinants have to be analyzed in 

orderr to create linkage groups that span entire chromosomes. Repetitive elements and 

retroposonss will be important tools for the generation of genetic markers. Already, the 

highlyy active retrotransposable element Foxy was utilized to develop a retroposon-based 

AFLPP approach: Foxy-AFLP, A primer designed on the F«.vv-specific sequence upstream 

fromm the internal EcoRI restriction site has been applied in combination with standard 

AFLPP primers (Mes et al., 2000). In contrast to the polymorphism rate obtained by 

standardd AFLP on the three wild type isolates Fol004. FoI007 and Fol029. which is only 

approximatelyy 2%, the polymorphism rate is enormously increased (approximately 40%) 

whenn Foxy-AFLP is used. Since Foxy is presumably present in almost all Fusarium species 

(Mess et al.. 2000), Farv-AFLP is useful for mapping and phylogenetic studies within or 

betweenn any species of this genus. Therefore, Favr-AFLP can be regarded as a model for 

thee generation of markers in the genetic analysis of clonally related isolates. A search for 
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relatedd active retroposons and repetitive elements should be conducted to allow saturation 

off  the genetic map. The availability of a genetic map in combination with a BAC library 

providess a unique tool for functional genomics in Fusurium oxysporum f. sp. lycoperstci. 

AVIRULENC EE RECOMBINANT S CONFIRM THE GENE-FOR-GENE CONCEPT 

FORR THE FUSARIUM-TOMATO INTERACTIO N 

AA gene-for-gene relationship for the interaction between tomato and F. oxysporum f. sp. 

lycopersicilycopersici has generally been assumed. An important argument for this assumption is the 

presencee of dominant, monogenic resistance genes in tomato of which the 1-2 resistance 

genee has been cloned (Simons et al.. 1998). By studying the virulence behaviour of a 

selectionn of isolates on several different tomato cultivars, Mes et al. (1999a) were able to 

findd genetic evidence that pointed towards the existence of avirulence genes. In addition, 

evidencee was gathered by the discovery of avirulence mutants and avirulence 

recombinants.. The gamma-irradiated AvrI-2 mutant (putative avirulence genotype ala2A3) 

describedd by Mes et al. (1999b) has changed from avirulenl to virulent on 7-2 containing 

tomatoo plants. This thesis provides new evidence for the existence of a gene-for-gene 

relationshipp by the identification of three strains with new avirulence properties. Firstly, 

strainn Fl-27 (putative avirulence genotype alA2a3) was obtained from a parasexual cross 

betweenn Fol004-fo/f (Ala2a3) and FolOOl-hph (aJA2A3). Its virulence behaviour has 

changedd from avirulent to virulent on 1-3 containing tomato plants (Chapter 4), but only a 

geneticc contribution of the Fol007 parent could be demonstrated, as was shown by detailed 

molecularr analysis. Fl-27 is therefore near-isogenic to its Fol007 parent. The loss of 

avirulencee Ui3) in strain Fl-27 might either have been caused by DNA exchange with the 

Fo\004-bleFo\004-ble parent during the parasexual cycle, or alternatively by genomic rearrangements, 

includingg insertion of the Foxy retroposon into the A3 locus (for instance by marker 

MseT3).. In addition to Fl-27, two avirulence recombinants FP2-4 and FP5-5 were 

identifiedd with new combinations of avirulence genes. Their putative avirulence genotype 

iss A fa2A3. Mes (1999) reported that in a population of approximately 40 different isolates, 

theree seemed to be a correlation between the presence of AI and the absence of A3 and 

vicee versa, implying that these genes are allelic. However, the discovery of two avirulence 

recombinantss among 32 fusion products containing both A1 and A 3 provides evidence 

againstt this hypothesis. Still, partially diploidy of the avirulence recombinants could 

explainn the presence of the allelic A1 and A3 genes. However, the number of Foxy- markers 

presentt in both FP4-2 and FP5-5 is less when compared to the Fol004 parent and more than 

observedd for the Fol029 parent (Chapter 3, Fig. 3). Therefore, we have no indications that 

thesee two avirulence recombinants are (partially) diploid. 
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Whenn linkage or allelism of avirulence genes is excluded, random segregation of 

avirulencee genes should have been observed in the 32 fusion products. However, this is 

clearlyy not the case since 24 fusion products had the putative avirulence genotype A Ia2a3, 

fourr fusion products had genotype Ala2??, two had genotype Ala2A3 and only one had 

putativee avirulence genotype ala2A3 (Chapter 2, Table 3). Segregation for avirulence was 

biasedd towards the Fo\004-ble parents in this population. Previously, we discussed the 

presumedd influence of the phleomycin marker gene on the segregation of avirulence genes. 

Anotherr possible explanation to justify this biased segregation is the existence of more 

geness conferring avirulence together to the particular tomato line. Avirulence might not be 

aa monogenic but a oligogenic trait. In addition, monogenic resistance against F. oxysporum 

f.. sp. lycopersici race 1 or race 3 isolates in L. vhilense was not unambiguously established 

(Guusjee Bonnema, Wageningen University, personal communication). Sela-Buurlage et al. 

(2001)) observed that six independent Fusarium resistance loci conferred varying degrees 

off  resistance to different races of the pathogen. Resistance to F. oxysporum f. sp. 

lycopersicilycopersici race 2 isolates was found to be explored at two genomic levels in tomato. 

Differentt members of the complex resistance locus 1-2 confer either full resistance U-2) 

(Simonss et al., 1998) or partial resistance {I2C-I and I2C-5) (Ori et al., 1997; Sela-

Buurlagee et al., 2001) to race 2. A similar complex resistance locus or even more resistance 

locii  might confer resistance to race 1 and race 3 isolates. Additional effects of different 

homologuess conferring partial resistance may cause intermediate phenotypes upon 

infectionn with different Fusarium races. 

AA VIRULENC E FUNCTION FOR AVIRULENC E PRODUCTS? 

Bioassayss revealed that F1-27 is less virulent on the general susceptible tomato line C32 

thann both parental isolates (Chapter 4, Fig. 1). The loss of avirulence gene A3 may account 

forr the reduction in virulence on C32 plants. Many bacterial avirulence factors seem to be 

involvedd in fitness or virulence of the pathogen (Dangl. 1994: Leach and White. 1996; 

Viviann and Gibbon, 1997). A dual function in virulence and avirulence (White et al., 2000) 

hass also been observed for the fungal avirulence genes products Nipl of Rynchosporium 

secalissecalis (Rone et al.. 1995) and for Ecp2 of Chuiosporium fulvum (Laugé et al.. 1998). In 

contrastt to the observed reduction in virulence of Fl-27 on C32 plants, virulence on the 

E7799 (f-3) plant line was enhanced (Chapter 4. Fig. I). These extraordinary observations 

suggestt that the genetic background of the plant lines is of considerable importance for the 

strengthh of virulence response. The resistance reaction of tomato against F. oxysporum t. 

sp.. lycopersici seems to be based on a complex network of genetic factors. More plant 

factorss and probably aiso additional fungal factors might determine the strength of the 
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response.. Accordingly, the generation of near-isogenic F. oxysporum strains with different 

(a)virulencee behaviour is of great importance. Similarly, near-isogenic tomato cultivars 

differingg for genes that confer resistance against the three races would be of great value. 

Unfortunately,, such cultivars are not commercially available and the creation of such lines 

willl  take many generations of backcrossing and selection. 

CONCLUDIN GG REMARK S AND POSSIBILITIE S FOR THE FUTURE 

Thee interaction between F. oxysporum f. sp. lycopersici and tomato is far more complex 

thann the gene-for-gene hypothesis predicted. The identification and characterization of 

resistancee genes as well as avirulence genes is therefore an absolute requirement for 

studyingg this interaction on a molecular level. In this thesis we followed a genetic approach 

inn order to identify F. oxysporum avirulence genes. Parasexual progeny was generated 

fromm crosses between different races of F. oxysporum f, sp. lycopersici. Biological 

characterizationn of the progeny showed segregation of avirulence and revealed the 

existencee of avirulence recombinants. Foxy-AFLP was demonstrated to be a powerful 

techniquee in the genetic analysis of the fusion products since one Foxy marker (A5, 

Chapterr 3) was found to completely co-segregate with Al and one Foxy marker (MseT3, 

Chapterr 4) to completely co-segregate with the absence of A3 (a.3). Cloning of these linked 

FoxyFoxy fragments and sequencing of their flanking regions will allow us to screen Fol004, 

FoI0077 or Fo 1029-specific BAC libraries. Positive BAC clones can subsequently be used in 

complementationn studies and might lead us to the Al and/or the A3 locus. Recent 

proteomicss approaches in search of avirulence proteins may prove to be complementary to 

thee genetic approach. Rep et al. (Martijn Rep, Plant Pathology, University of Amsterdam, 

personall  communication) were able to identify a Fusarium-specific protein in the xylem 

sapp of susceptible plants. This protein appeared to be small and cystein-rich. It was 

expressedd in planta during infection of race 1 (Fol004) and race 2 (Fol007) isolates 

althoughh a single aminoacid difference was observed between the protein produced by 

Fol0044 compared to the Fol007-specific protein. The gene for this protein was cloned and 

sequenced.. Surprisingly, no PCR product could be obtained in fusion product Fl-27. 

Furthermore,, PCR analysis of the backcross products derived from backcrosses between 

Fo\001-bieFo\001-bie (alA2A3) and F\-21-hph (olA2a3) revealed presence of the PCR product for 

alll  BCs with the Ai-allele and absence of the specific PCR product for all BCs with the a.3-

allele.. Therefore, this newly identified Fusarium -specific protein in the xylem sap of 

susceptiblee plants is a candidate for avirulence gene 3. Complementation studies are on 

theirr way to confirm these results. 
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SUMMARY Y 

Thee plant pathogen Fusarium oxysporum f. sp, lycopersici is an asexual fungus causing 

wiltingg disease in its host, tomato. The interaction between tomato and F. oxysporum 

followss the gene-for-gene concept in which resistance is determined by the presence of 

bothh the resistance gene in the plant and the corresponding avirulence gene in the fungus. 

Absencee of either (or both) genes will result in disease development. In order to study this 

interactionn on a molecular level, cloning of tomato resistance genes as well as F, 

oxysporumoxysporum avirulence genes is inevitable. In this thesis, we concentrated on the fungal 

avirulencee genes. 

Althoughh F, oxysporum f sp. lycopersici is an asexual fungus, we decided to use a 

map-basedd cloning strategy. Parasexual crosses between different races of F. oxysporum 

weree performed by means of protoplast fusion. Crosses between four different race 1 

Fol004-/>/e'' parental strains (putative genotype Aia2a3) and two different race 3 Fol029-

hphhph parental strains (putative genotype a!a2A3) revealed 32 fusion products containing the 

antibioticc resistance markers phleomycin (ble) and hygromycin (hph) (Chapter 2). 

Presencee of the avirulence genes in the fusion products was determined by plant bioassays. 

Segregationn of avirulence was not random as assumed, but biased for the presence of Al. 

Twoo avirulence recombinants were identified in which both Al and A3 were present. With 

thee identification of these avirulence recombinants, strains with newly derived properties 

weree obtained that had never been observed before. Electrophoretic karyotype analysis 

confirmedd exchange of parental DNA in the fusion products. All karyotypes were different. 

Hybridizationn patterns using various probes indicated that chromosome rearrangements 

andd recombination had occurred. No correlation between karyotype and avirulence 

phenotypee was found. Karyotype analysis appeared not sensitive enough for mapping 

purposes.. Therefore, we started molecular analysis applying a modified AFLP technique 

basedd on the retroposon Foxy (Chapter 3). The level of polymorphic bands between the 

geneticallyy closely related strains Fol004 and Fol029 was enormously increased using 

Fttx>-AFLPP (43%) instead of standard AFLP (-2%). fon-AFLP analysis of the 32 fusion 

productss and their parental strains revealed 102 polymorphic Foxy fragments of which 83 

segregatedd in a 1:1 ratio. Nineteen Foxy markers did not segregate in a 1:1 fashion and 

121 1 



summary summary 

showedd preferential race 1 inheritance as was observed for avirulence (Chapter 2). Based 

onn 83 randomly segregating Farv-specific fragments, the first genetic map of Fusarium 

oxysponimoxysponim was constructed. Linkage analysis revealed 23 linkage groups. Physical linkage 

betweenn segregating markers with a predicted distance of 20 cM was confirmed, indicating 

thatt the genetic map is reliable. 

Fromm a parasexual cross between the race 1 isolate Fol004-fcte (AIa2a3) and the race 

22 isolate Fol007-/i/;/i ialA2A3), another strain with novel avirulence characteristics was 

obtainedd (Chapter 4). The putative genotype of this strain, Fl-27, was designated alA2a3. 

Molecularr analysis revealed that the electrophoretic karyotype of Fl-27 was identical to 

thatt observed for Fol007. Furthermore, the FOAT-AFLP patterns of Fl-27 and its Fol007 

parentt were nearly identical while no contribution of the FoI004 parent could be detected. 

Inn Fl-27, eleven new Foxy insertions were observed that were not present in either wild 

typee strains. Segregation of these Farv-AFLP as well as avirulence was determined in a 

backcrosss population from parasexual crosses between Fl-27 and its parent FoI007. 

Interestingly,, one marker (MseT3) was found to co-segregate with the presence of the a3-

allele. . 

Wee have shown that a map-based cloning approach is applicable to the asexual 

funguss F. oxysporum f. sp. lycopersici. The presence of a genetic map of F. oxysporum, the 

identificationn of co-segregating markers and the availability of Fol004-, Fol007- and 

Fol029-specificc BAC libraries provide a unique situation for future mapping of avirulence 

genes. . 
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Dee asexuele schimmel Fusarium oxysporum f. sp. lycopersici is de veroorzaker van de 

verwelkingsziektee van tomaat. De interactie tussen tomaat en F. oxysporum volgt de gen-

om-genn hypothese: de plant is alleen dan resistent wanneer zowel het resistentie-gen in de 

plantt alsook het corresponderende avirulentie-gen in de schimmel aanwezig zijn. Wanneer 

éénn van deze genen (of beide) afwezig is (zijn), is de plant vatbaar. Om deze zeer 

specifiekee interactie op moleculair niveau te bestuderen, is het belangrijk de betrokken 

genenn te doneren. In dit proefschrift concentreren we ons op de identificatie van 

avirulentie-genen. . 

Ondankss het feit dat F. oxysporum f. sp. lycopersici een asexuele schimmel is en 

genetischee studies in theorie daarom niet mogelijk zijn, hebben we besloten een 'map-

basedd cloning'-strategie toe te passen. Kruisingen werden geforceerd. Parasexuele 

kruisingenn tussen verschillende fysio's zijn uitgevoerd door middel van protoplastfusie. 

Kruisingenn tussen vier verschillende fysio 1. Fo\004-ble ouder-isolaten (vermeend 

genotypee Ala2a3) en twee fysio 3, FolÖ29~hph ouder-isolaten (vermeend genotype 

aJu2A3)aJu2A3) resulteerden in 32 fusieproducten die allemaal zowel de phleomycine (ble) als de 

hygromycinee (hph) resistentiemarker bevatten (Hoofdstuk 2). De aanwezigheid van de 

avirulentie-genenn in de fusieproducten werd onderzocht door het uitvoeren van biotoetsen. 

Wee verwachtten was een willekeurige uitsplitsing van avirulentie te zien, maar niets was 

minderr waar. Een tendens voor aanwezigheid van avirulentie-gen 1 (AI) werd 

waargenomen.. In twee avirulentie-recombinanten bleken de beide avirulentie-genen A1 en 

A3A3 aanwezig te zijn. Met de identificatie van deze twee 'avirulentie-recombinanten' hebben 

wee nieuwe isolaten ontdekt met een nog nooit eerder waargenomen combinatie van 

avirulentie-genen.. Analyse van chromosoompatronen bevestigde dat in de fusieproducten 

uitwisselingg van ouder-DNA had plaatsgevonden. De chromosoompatronen van alle 

fusieproductenn waren verschillend. Aan de hand van hybridisatiepatronen met 

verschillendee probes kunnen we concluderen dat chromosoomherschikking en 

recombinatiee hebben plaatsgevonden. Helaas konden we geen correlatie vinden tussen het 

veranderdee chromosoompatroon en het a virulent ie-fenotype. Analyse van 

chromosoompatronenn is niet gevoelig genoeg gebleken om genen te karteren. Daarom 
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hebbenn we moleculaire analyses uitgevoerd. We hebben een nieuwe techniek ontwikkeld 

gebaseerdd op AFLP, waarbij we gebruik gemaakt hebben van een retroposon genaamd 

FoxyFoxy (Hoofdstuk 3). Wanneer een primer specifiek voor de Foxy sequentie wordt gebruikt 

inn combinatie met standaard AFLP primers, zien we het aantal polymorfe banden tussen 

Fol0044 en Fol029 enorm stijgen (van 2% voor standaard AFLP naar 43% voor Foxy-

AFLP).. Op deze manier is het mogelijk twee isolaten die genetisch verwant zijn en hun 

nakomelingenn te vergelijken. Foxy-AFLP analyse van de 32 fusieproducten en hun ouders 

resulteerdee in 102 polymorfe Foxy fragmenten waarvan er 83 in een 1:1 verhouding 

uitsplitsten.. De uitsplitsing van negentien andere markers voldeed niet aan de 1:1 

verhouding.. Bij deze markers was een duidelijke voorkeur zichtbaar voor fragmenten 

afkomstigg van de fysio 1-ouder, zoals ook al was gezien voor avirulentie (Hoofdstuk 2). De 

eerstee genetische kaart van Fusarium oxysporum is gecontrueerd, gebaseerd op 83 

willekeurigg segregerende markers. Koppelingsanalyse resulteerde in 23 

koppelingsgroepen.. Hybridisatie-experimenten bewezen dat markers waarvoor een 

genetischee afstand van 20 cM is bepaald, daadwerkelijk fysiek gekoppeld zijn. Dit is een 

bewijss dat de genetische kaart betrouwbaar is. 

Uitt een parasexuele kruising tussen fysio 1-isolaat Fol004-è/e {AIa2a3) en fysio 2-

isolaatt Fo\001-hph (aJA2A3), werd nóg een fusieproduct verkregen met nieuwe 

avirulentie-eigenschappenn (Hoofdstuk 4). Het vermeende genotype van dit isolaat, 

genaamdd Fl-27, is alA2a3. Het chromosoompatroon van Fl-27 bleek identiek aan dat van 

zijnn Fol007 ouder. Ook het foAv-AFLP patroon was nagenoeg hetzelfde als dat van 

Fol007.. Er is geen enkele aanwijzing dat ook ouder Fol004 heeft bijgedragen aan de 

genetischee samenstelling van Fl-27. Elf nieuwe Foxy inserties zijn gevonden in Fl-27. die 

niett in de beide ouders voorkomen. Uitsplitsing van deze elf Foxy markers alsmede de aan-

off  afwezigheid van avirulentie-genen werd bepaald voor een terugkruisingspopulatie. Eén 

markerr (MseT3) co-segregeerde volledig met de afwezigheid van avirulentie-gen 3 (a3-

allel).. De 100% koppeling met a3 maakt deze marker zeer interessant. 

Mett de resultaten beschreven in dit proefschrift hebben we laten zien dat een 'map-

basedd cloning'-strategie kan worden gebruikt vooreen asexuele schimmel als F. oxysporum 

f.. sp. iycopersici. De aanwezigheid van een genetische kaart, de identificatie van co-

segregerendee markers en het voorhanden zijn van BAC banken van de wildtype-isolaten 

Fol004,, Fol007 en Fol029 vormen een geweldige basis voor het doneren van avirulentie-

genenn in de toekomst. 
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Hoee vaak heb ik niet gewenst dat dit boekje af zou zijn!! En ik moet eerlijk zeggen dat, hoe 

blijj  ik ben dat het allemaal gelukt is, en hoe trots ook, ik het ook een beetje jammer vind 

datt hiermee een geweldig periode van mijn leven eindigt. Reden genoeg om even terug te 

kijken: : 

Alss je graag wilt weten en je vindt het leuk om proefjes te doen in een lab, dan word 

jee OIO (onderzoeker in opleiding), zo vanzelfsprekend was het. Dat het OIO-schap niet 

alleenn een opleiding tot onderzoeker is maar ook een persoonlijkheids training ontdek je 

pass later. De weg naar het 'wetenschapper worden' gaat niet altijd over rozen en kun je niet 

alleenn bewandelen. Er zijn veel mensen die hebben bijgedragen aan deze leuke, leerzame 

periode,, en die wil ik graag bedanken. 

Ikk vind het heel bijzonder dat ik twee promotores heb. Mies, je begon aan mijn 

projectt als co-promoter maar zit straks wel in vol ornaat met mutsje en al in de commissie 

banken.. Ondanks dat je nu je eigen groep leidt, heb je steeds de tijd gevonden mij te 

blijvenn begeleiden. Je practische en theoretische kennis is, om tegenop te kijken, zo groot. 

Jee lijk t ook echt alles te kunnen onthouden. Ik heb erg veel van je geleerd en hoop in de 

toekomstt ook nog veel van je te leren (want ik kom gewoon terug). Je hebt de 

vreugdedans-momentenn en de 'huilen-nader-dan-het-lachen'-momenten van heel dichtbij 

meegemaaktt en mij altijd het gevoel gegeven dat ik niet in m'n eentje was. Juist ook je 

belangstellingg voor de dingen buiten het lab zoals muziek en thuis, waren voor mij erg 

belangrijk.. Als voorbeeld je bezorgde telefoontje na onze klapband op de deutsche 

Autobahn...ontzettendd lief!! . Ik hoop dat je op weg naar één of andere Duitse biologische 

boerr een keertje aankomt in Marburg. 

Ben,, ji j houdt de zaken altijd van een afstand maar toch nauwlettend in de gaten. Jij 

staatt duidelijk voor het overzicht en de grote lijn. Ik ben erg blij met het extra halfjaar dat 

jee hebt mogelijk weten te maken. Zonder die extra tijd was dit proefschrift wel wat dunner 

geworden.. Jouw inbreng werd voornamelijk belangrijk in het schrijfstadium. Ik heb veel 

geleerdd van zowel de inhoudelijke discussies als van de taalkwesties die we bespraken. 

Watt ik heel erg waardeer is het feit dat niet het onderzoek en de resultaten voorop staan, 

maarr de persoon die het onderzoek uitvoert. De sfeer is daardoor heel erg open en 
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menselijkk en gaf mij na mijn eerste week al het gevoel dat ik al jaren deel uit maakte van 

dee groep. 

Inn de ongeveer vijfenhalfjaar die ik op Anna's Hoeve heb rondgelopen heb ik veel 

mensenn zien komen en gaan. In den beginne waren daar Mirjam, Ed, Jurriaan, Annette en 

Connyy die vóór mij waren begonnen met hun promotie, en ook Doekle (nog even), Emma, 

Avelinee en natuurlijk Petra. Ik voelde me direct thuis in de groep. Vooral jou Jur zie ik als 

mijnn grote voorbeeld (zie de vele Mes et al referenties in dit proefschrift!!). Jij hebt me 

ingewerkt,, de weg gewezen en heel erg gestimuleerd door je kennis en je harde werken, 

waarvoorr ik je wil bedanken. Ik vind het dan ook een bijzonder grote eer dat je deel 

uitmaaktt van de commissie. Ook nog even speciale aandacht voor onze pittige Peet. Zoals 

ikk jou en jouw rol in de groep wel eens door Michel heb horen omschrijven is die van 

moedereendd met haar kleintjes. Je houdt alles en iedereen en vooral de onderlinge 

verhoudingenn nauwlettend in de gaten. Jij voelt je verantwoordelijk voor je kuikentjes en 

dee grote boze buitenwereld heeft het dan soms zwaar te verduren. Heel goed! 

Enn toen kwamen de jonkies Wladimir. Sergio en Roselinde of te wel de boys en 

Roos.. Ik heb zelden zo hard gelachen als tijdens ons grote ECFG 5 avontuur in Arcachon, 

Roos.. Ons doel om 10 nieuwe mensen per dag te Ieren kennen tijdens het congres was niet 

gepiest,, maar hebben we ruimschoots gehaald en we worden nog steeds herkend!! Ik 

hoopp dat we nog vele ECFGs en Asilomars samen zullen beleven. Kom ook maar leuk naar 

Marburg,, (ik heb ze al voorbereid op je komst), de gangen daar kunnen ook wel wat 

lachsalvo'ss verdragen! Ik ben blij dat je naast me staat de 18de. 

Anderenn die ik heb zien komen zijn Ringo, Marianne, Marjan, Michiel, Jack, Sandra, 

Annemarie,, Martijn en Frank. San, veel geluk met je nieuwe roeping. Met Jack en Frank 

gaatt het helemaal goed komen met de plantengroep. Martijn. altijd geduldig en hulpvaardig 

enn dat was ook wel nodig om mij de ins and outs van de koppelingsanalyse uit te leggen. 

Bedanktt voor je hulp. Ik hoop dat onze projecten, die nu samen lijken te komen, nog 

heeeell  veeel mooie dingen gaan opleveren voor de toekomst. Ze hebben met jou een kanjer 

binnengehaald. . 

Enn dan hebben we natuurlijk nog de collega's met de groene vingers: Ludek, Harold 

enn Thea. Heel erg bedankt voor al het werk dat julli e hebben verzet in de kassen en voor 

hett vertroetelen van mijn plantjes. 

Eenn viertal personen hebben heel hard meegeholpen direct aan de inhoud van dit 

boekje.. Om te beginnen zijn dat Joan en Joëlle. Als ik ergens veel van heb geleerd dan was 

hett wel van de begeleiding van julli e beide. Jurgo en Yvonne, julli e wil ik bedanken voor 

julli ee inzet bij het maken van fusieproducten, echt een ontzettende klus. 

Tott nu toe komen hebben we het alleen nog maar over de Fyto's gehad maar ook de 

Gisten,, de Clamies. en nu de Lipids en de Voletiles hebben een enorm aandeel gehad in de 

126 6 



dankwoord dankwoord 

sfeerr op de gangen, in het RA-lab, bij het gelletjes fotograferen, tijdens de koffiepauzes, de 

lunches,, de sinterklaasborrels, kerstlunches, lab-uitjes, BBQs en niet te vergeten de 

muziekavondjes.. Kit, (bedankt voor het printen, inbinden opsturen en stressmanagement!) 

Herman,, Wies, Truus, Eddy, Jet, Piet v E, Teun, Alan, Hilda, Hans H, Ap, Ana, Martine 

(success met het schrijven). Steven (Steef), John, Rafa, Rob, Harold, Christa, Wessel, Bas, 

Kai,, Julian, Gert-Jan, Frans, Piet d G, Els, Stephan (het portret v H hangt heel mooi!!), 

Kappie,, Corrien, Tjeerd, Hans d N, Frans H, Annemiek, Sylvia, Edwin (zet hem op met het 

afmakenn van je boekje). En...natuurlijk Gertien. Het is wel heeel bijzonder om van 

collega'ss dikke vriendinnen te worden. Zit je ergens mee, dan ga je naar Gertien want dan 

weetjee zeker dat je een eerlijk en oprecht advies krijgt, altijd recht door zee, dat waardeer 

ikk heel erg. En dan lekker samen badderen, stomen en kneden, muziek maken of er naar 

luisteren,, en niet te vergeten genieten van spijzen en dranken. We hebben helemaal 

hetzelfdee idee van het leven, rk vind het fijn datje mijn nimfje bent en ik hoop dat er nog 

veell  eet- en drinkavondjes zullen volgen. 

Ookk buiten Amsterdam waren er mensen met wie we regelmatig te maken hadden: 

onzee partners Pim Lindhout, Guusje Bonnema en Petra van den Berg in Wageningen die 

aann de 'andere kant' van de interactie werkten. Jullie wil ik bedanken voor de 

samenwerkingg en de bijeenkomsten die we samen met STW en de gebruikerscommissie 

eenss in het halfjaar, dan in Wageningen, dan in Amsterdam, hebben gehad. 

Hett leven buiten het lab is wel zeker net zo belangrijk als het leven in het lab. Ik weet 

nogg goed dat Ben opmerkte tijdens het eerste evaluatie gesprek: 'zo we hebben gemerkt 

datt je een fanatiek fluitiste bent!!' (oooh jee)...Tegenover het overwegend met je verstand 

bezigg zijn van de wetenschap, staat de emotie van de muziek, en dat houdt elkaar goed in 

evenwicht,, dat hadden julli e goed gezien. De muziek is niet alleen belangrijk vanwege de 

muziekk maar ook vanwege het feit dat al mijn vrienden muziek maken en het dus bij 

uitstekk een sociale aangelegenheid is. Daarom wil ik al die lieve muziekmaatjes van het 

NSO.. Sweelinck, het VU-orkest, Nederlands Sinfonietta, Philharmonic Bellïtoni. HWSO, 

NoorderlichtNoorderlicht en NeON heel erg bedanken voor alle mooie muziekmomenten en 

gezelligheid.. Natuurlijk moet de fluitmaffia even extra aandacht. Lieve Joost en Birgil, het 

iss heerlijk om samen met julli e te spelen. We voelen elkaar feilloos aan en nooit gezeik 

overr partijen of ander elleboog gedoe. Maar onze vriendschap gaat verder dan fluit alleen. 

Ikk mis julli e wel een beetje hoor! 

Enn dan is daar mijn lieve zusje en Folkert. Brenda, met jou heb ik de eerste tijd van 

dee promotie periode en ook al daarvoor, op één kamer gewoond, (of anders gezegd, ik ben 

bruutt bij je ingetrokken). Dat zullen niet veel zusjes ons nadoen! Ik heb hele goede 

herinneringenn aan die tijd. Met twee straalkacheltjes de koudste winter van de eeuw door! 

Later,, elke maandagavond op de Javastraat. eerst samen koken, eten, kletsen, soap kijken 
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enn zwemmen. Helaas zien we elkaar nu wat minder vaak. Ik heb altijd hel gevoel dat ik 

mijnn kleine zusje moet beschermen, maar vooral de laatste tijd heb je laten zien datje een 

helee sterke vrouw bent die het leven heel goed zelf aankan. Ik ben heel erg trots op 

je/jullie. . 

Toenn ik aan de promotie periode begon had ik twee ouders en nu heb ik er vier! Dank 

julli ee wel voor julli e belangstelling en support. Ik ben heel blij dat jullie, pap en mam. me 

altijdd de kans en de vrijheid hebben gegeven om te studeren en te kiezen wat ik wilde, 

voorall  omdat ik weet dat julli e die mogelijkheden zelf niet altijd hebben gehad. Daarom is 

ditt boekje voor jullie. Ik hoop dat ik julli e trouwdag, de 18de. een extra feestelijke tint kan 

geven. . 

Ikk heb veel mooie dingen ervaren de afgelopen periode. Wonen in hartje Amsterdam. 

Veell  wetenschap en veel lol. Veel muziek en veel vrienden. Maar hel allerbeste wal me is 

overkomenn is dat ik ineens besefte dat ik de man van mijn leven al jaren kende. Alsof alles 

ineenss op zijn plaats viel. Niets anders was meer belangrijk. Lieve Joa. je hebt geen idee 

hoee belangrijk je voor mij bent geweest en bent. Je hebt me heel erg geholpen met het 

schrijvenn maar vooral door me te begrijpen. Je weet precies wanneer ik even je schouder 

(lees:: grote, brede torso) nodig heb. Samen kunnen we de hele wereld aan!!! Je bent 

zoooooooooooooo lief. 

Fi«uurr  1: Drie ingepakte vrouwen zetten een biotoets in. vlnr: ik/elf. Roos. Yvonne. Met dank aan l.uilek. 
(iee fotograaf. 
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