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CHAPTERR 5 

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. 
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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 

107 7 



ChapterChapter 5 

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 GENETIC MARKERS IN PARASEXUAL 
RECOMBINANTS 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. 

11 3 

11 3 

11 1 

58 8 

4 4 

2 2 

84 4 

57 7 

ND D 

14 4 

ND D 

32 2 

57 7 

0 0 

32 2 

32 2 

56 6 

0 0 

I I 

24 4 

7 ( S ) ) 

0 0 

32 2 
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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. . 

KARYOTYPICC VARIATION IN THE 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. 

MITOTICC 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. 

AVIRULENCEE RECOMBINANTS CONFIRM THE GENE-FOR-GENE CONCEPT 

FORR THE FUSARIUM-TOMATO INTERACTION 

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 VIRULENCE FUNCTION FOR AVIRULENCE 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. 

CONCLUDINGG REMARKS AND POSSIBILITIES 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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