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CHAPTERR 7 

Generall discussion 

Knowledgee on the genetic diversity of pathogens and on the molecular biology of host 
specificityy is required for effective resistance breeding, development of detection assays for 
sanitationn purposes, rational improvement of existing disease control methods and for the 
developmentt of novel control strategies. 
Thee first goal of the research presented in this thesis was to elucidate the genetic structure of 
aa population of field isolates of the pathogenic fungus Fusarium oxysporum from gladiolus 
andd other iridaceous crops. Phenotypic and genotypic analysis delivered the desired 
knowledgee of genetic diversity of the pathogen in terms of the existence of pathogenic races 
andd their mutual genetic relationships. This knowledge was required for resistance breeding 
(Straathoff  et al, 1997a, 1997b and 1998) and for developing a detection assay that can be 
appliedd in diagnostics and in certification programs (De Haan et al, 2000). 
Furthermore,, the results of the work described in the first part of this thesis formed the basis 
forr research on the molecular biology of host specificity within Fusarium oxysporum of 
iridaceouss crops. The second part of this thesis described the work undertaken to identify 
(onee of the) genes determining the difference in host specificity between two of the 
pathogenicc races identified in the first part. 

VCGss of F.oxysporum pathogenic to iridaceous crops are not monophyletic 

Thee isolates of F. oxysporum from different iridaceous crops analysed in this study displayed 
muchh variation. On the basis of differences in host preference ten physiologic (pathogenic) 
racess were recognised and complementation studies with nit mutants revealed six different 
vegetativee compatibility groups (VCGs) (chapter 2). Since the perfect (sexual) stage of F. 
oxysporumoxysporum has never been found, sexual reproduction is probably sparse if not absent in this 
fungus,, preventing meiotic recombination of the loci determining vegetative 
(in)compatibility.. As a result VCGs in F.oxysporum should represent clonal lineages. That 
thiss indeed is the case is strongly supported by molecular analysis of isolate collections of 
manyy other formae speciales. The data we obtained by RFLP- and AFLP fingerprinting also 
showedd that isolates belonging to the same VCG are clonally related. Furthermore, the low 
similarityy between AFLP fingerprints of the different VCGs from iridaceous crops suggested 
thatt they might have evolutionary independent origins. A recent study of gene genealogies in 
aa large set of isolates from eight different formae speciales, including isolates from all VCGs 
fromfrom iridaceous crops, strongly supported this idea (Baayen et al, 2000). The six VCGs from 
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iridaceouss crops represent five distinct evolutionary lineages and are not closer related to 
eachh other than to VCGs from other formae speciales. 
Accommodatingg evolutionary distinct lineages in one formae specialis can be misleading. 
O'Donnelll  et al. (1998), who demonstrated the polyphyly of the formae speciales cubense 
andd melonis, put forward that this challenges the forma specialis naming system since "it 
potentiallyy obscures the communication of critical information concerning the genetic 
diversity".. The practical importance of the recognition of genetic diversity in pathogenic 
formss of F. oxysporum at least requires that besides the forma specialis name always a VCG 
codee is presented. Since the coding system of VCGs in F. oxysporum is internationally co-
ordinatedd (Kister et al, 1998; Katan, 1999; Katan and Di Primo, 1999), VCG codes 
unambiguouslyy refers to a defined and recognised genetic group. Therefore the VCG code 
shouldd be used to indicate the taxonomie entity, while the forma specialis name should be 
addedd to indicate to which plant genus or plant family the given VCG has found to be 
pathogenic. . 

Geneticc basis of formae speciales 

Sincee it is very likely now that pathogenicity to iridaceous crops has evolved independently 
inn different lineages, the question arises whether those lineages share a similar genetic basis 
forr pathogenicity to iridaceous crops or that in each lineage different genes are responsible 
forr pathogenicity to Iridaceae. In this respect it should be mentioned that, although the 
differentt lineages have their pathogenicity to iridaceous crops in common, they differ 
substantiallyy in their host preference. This means that at least pathogenicity to iridaceous 
cropss is not a simple trait encoded by a single dominant gene, but that more genes are 
involvedd that may differ between VCGs. Without identifying the responsible genes it is 
impossiblee to assess whether parallel evolution, sexual recombination or horizontal gene 
transferr has led to the development of pathogenicity to iridaceous crops in distinct lineages. 
Cloning,, characterisation and comparison of the responsible genes in the different lineages 
requiress extensive research, but is the only way to elucidate how pathogenicity has evolved in 
thesee different lineages and what the similarities and the differences are. 
Soo far no genes involved in determining the host range (forma specialis) of F. oxysporum 
havee been cloned. Assuming that pathogenicity to a certain host species is a dominant trait 
acquiredd by a saprophytic strain, the most obvious cloning strategy is by disrupting the 
responsiblee genes either by transposon tagging (Migheli, 1999) or by restriction enzyme-
mediatedd integration of plasmid DNA (Shi et al., 1995; Bölker et ai, 1995). As soon as 
researchh of such kind results in the identification of genes determining host specificity in one 
off  the lineages, the presence of homologous genes in the other lineages can be tested. An 
alternativee approach might be to carry out extensive AFLP analysis of field isolates from the 
differentt VCGs from Iridaceae and a large set of isolates from VCGs from other host plant 
familiess in order to find forma specialis specific markers. These markers can subsequently be 
usedd to find genes specific to VCGs pathogenic to iridaceous crops. 
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Geneticc basis of physiologic races 

Withinn our collection of isolates from iridaceous crops we have identified one VCG (0340) 
harbouringg five distinct physiologic (pathogenic) races (chapter 2). Although Kistler (1997) 
suggestss to limit usage of the term race to cultivar-level specialisation (e.g. as in f.sp. 
lycopersici)lycopersici) an alternative term to describe the situation as we have encountered in VCG 
03400 (i.e. differences in host specialisation at the crop/genus level within a clonal population) 
doess not exist. To use different forma specialis names, based on crop reference, could be an 
alternative,, but can be misleading because the designation of different formae speciales 
withinn a single VCG is unprecedented. On the other hand, the finding that isolates with strong 
differencess in host preferences or host specialisation (at the plant genus level) do exist within 
onee VCG is very interesting scientifically. The clonal relationship between the different races 
suggestt that the underlying genetics might be simple, but in analogy with the discussion on 
thee genetics determining pathogenicity at the forma specialis level, understanding the 
geneticss underlying host specialisation within a VCG also requires cloning and 
characterisationn of the responsible genes. 

AA detailed phylogenetic analysis of the races within VCG 0340 would enable the construction 
off  an evolutionary tree within this VCG. Baayen et al. (2000) show close concordance of 
sequence-basedd and AFLP-based phylogenetic trees. The presence of a subcluster of race 1 
isolatess as it appears within a larger group of race 2n isolates in the cluster analysis of AFLP 
fingerprintfingerprint might therefore be interpreted as an indication that race 1 has evolved from race 
2nn by a single evolutionary event. An extensive parsimony analysis of AFLP fingerprints 
involvingg more primer sets and more race 1 isolates could further substantiate this hypothesis. 
Itt would also give a picture of the evolutionary relationships between the other races within 
VCG0340.. If the resolution of conventional AFLP fingerprints (Vos et al, 1995) is not strong 
enoughh for this analysis, an AFLP analysis based on the highly active transposable SINE 
elementt Foxy, which was found to be present in many strain of F. oxysporum including a race 
11 isolate from VCG0340 can be a powerful alternative (Mes et al, 2000) 
Althoughh a phylogenetic study of VCG0340 can provide clues as to how races have evolved 
withinn this VCG, cloning the responsible genes from all races will be necessary to fully 
elucidatee the underlying genetics. So far no genes determining host-specificity of physiologic 
racess of F.oxysporum have been cloned. In F.oxysporum f.sp. lycopersici, where races are 
determinedd by the single dominant plant resistance gene (R-gene) they have overcome, 
strongg circumstantial evidence has accumulated to hypothesise that cultivar-specificity of 
racess within this forma specialis (Mes et al.t 1999a) is based on avirulence genes in a gene-
for-genee manner. Whether the occurrence of the same races in different VCGs (Elias et al, 
1993)) is based on changes in the same avirulence genes, however, awaits cloning and 
characterisationn of these genes from the concerning isolates from different VCGs. 
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Thee choice of race 1 and race 2n from VCG034O to analyse the genetics of differences in 
host-specificityy of physiologic races 

Ass mentioned above cloning and characterisation of genes responsible for host-specificity of 
physiologicc races is required to understand the molecular basis of race development. Within 
ourr collection of field isolates from iridaceous crops only in VCG0340 distinct races could be 
recognised.. Since these races were recognised not on the basis of cultivar-specificity, but on 
thee basis of differences in crop-specificity or -preference plant genetics could not provide 
cluess as to the nature or the complexity of the genetics determining their specificity. Cluster 
analysiss of AFLP fingerprints in VCG 0340, however, suggested that each race possibly 
originatedd from a single evolutionary event. The underlying genetics might therefore be 
relativelyy simple. 
Wee chose to perform parasexual crosses between two isolates from two different races in 
VCG03400 in order to study the genetics of the difference in host-specificity. The two selected 
isolates,, G2 and G6, represented race 1 and race 2n respectively. They were chosen for a 
numberr of reasons. They showed a black-and-white difference in pathogenicity to the large-
floweredd gladiolus 'Peter Pears', while their pathogenicity to the other differential genotypes 
wass comparable (chapter 2). Since the main interest in resistance breeding in iridaceous 
cropss is in large-flowered gladiolus, studying the difference between these two isolates was 
thoughtt to have the largest chance to eventually contribute to new breeding strategies in this 
crop.. Isolates of both races showed almost identical RFLP patterns using the multi-copy 
probee D4 from F.oxysporum f.sp. dianthi (chapter 3). At the time the two isolates G2 and G6 
weree selected to set up parasexual crossings RFLP data from other races within VCG 0340 
hadd not been generated. These data and the later generated AFLP data (chapter 3) showed 
thatt within VCG0340 race 1 and race 2n are relatively closely related, supporting the initial 
choicee of parental isolates. The AFLP data even suggested that a single evolutionary event 
mightt have resulted in the development of race 1 from a race 2n ancestor, while for all other 
combinationss of two races in VCG 0340 no clues for a possible linear evolutionary 
relationshipp existed. 

Relevancee of parasexual recombination in F.oxysporum in the natural situation 

Inn chapter 4 we could show the occurrence of a parasexual recombination between the two 
selectedd parental isolates under forced conditions in the laboratory. This provided us with the 
desiredd tool to study the genetics of the difference in host-specificity. Also others (Molnar et 
al,al, 1985b and 1990) have shown parasexual recombination in F. oxysporum under laboratory 
conditions,, but evidence that it also occurs under natural condition has so far not been 
reported.. The finding that parasexual recombination does not require protoplast fusion, but 
alsoo takes place after hyphal anastomosis (Molnar et al, 1990 and chapter 4) nevertheless 
makess it likely that is occurs in nature. When the occurrence of parasexual recombination is 
restrictedd to individuals that can easily form viable heterokaryotic mycelium (i.e. individuals 
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belongingg to the same VCG) its contribution to genetic diversity will be limited, since in a 
strictlyy vegetatively propagating population these individuals are closely related. However, 
whenn under natural conditions parasexual recombination leads to duplications, deletions 
and/orr translocations, as we observed after enforced protoplast fusion of two isolates (chapter 
5),, its impact on evolution within a VCG can still be significant. Although the occurrence of 
viablee heterokaryotic mycelium after fusion of two cells from individuals of different VCGs 
iss prevented by vegetative incompatibility mechanism, it might occur at very low frequencies 
(Molnarr et al, 1990), allowing exchange of genomic DNA between individuals of 
F.oxysporumF.oxysporum of different VCGs. 

Inn ascomycetes vegetative incompatibility has evolved as a mechanism to prevent the 
formationn of viable heterokaryons between individuals originating from a sexual crossing 
(Leslie,, 1993; Leslie and Keller, 1996). In a native situation the primary function of 
vegetativee compatibility is probably simply to establish a network of hyphae in a colony 
arisingg from a single ascospore. The advantage of a network above a branched structure of a 
colonyy of a filamentous organism is that the integrity of the individual will be maintained 
whenn somewhere in the colony a hyphae is broken. In a branched structure each break will 
leadd to the separation of the colony in two individual parts. The advantage of maintenance of 
integrityy of the individual colony would be the maintenance of either distribution of 
metabolitess and/or maintenance of communication between the cells of a colony. These 
advantagess are much more likely to be the evolutionary driving force for hyphal anastomosis, 
ratherr than the allowance of parasexual recombination between two different individuals 
fromm the same VCG. 

Parasexuall  recombination as a tool to study molecular genetics of host-specificity 

Althoughh the importance of parasexual recombination in nature might be limited, the finding 
thatt it occurs under laboratory conditions (chapter 4) provided us with a tool to analyse the 
geneticss of the difference in host specificity between the two selected isolates G2 (race 1, 
pathogenicc to both the large-flowered gladiolus 'Peter Pears*  and the small-flowered 
gladioluss 'Nymph') and G6 (race 2n, pathogenic only to 'Nymph'). When starting these 
experimentss we anticipated that the difference in the host specificity of the two parental 
strains,, i.e. pathogenicity for 'Peter Pears', was determined by the presence of a single 
dominantt pathogenicity gene in the race 1 parent or, alternatively by a single dominant 
avirulencee gene in the race 2n parent. Parasexual recombination would result in reshuffling 
off  chromosomes leading to fusion products showing one of both parental phenotypes. Marker 
analysiss in combination with pulsed field electrophoresis of intact chromosomes would make 
itt possible to identify the chromosome on which the pathogenicity (or avirulence) gene was 
located.. Although recombination of the chromosome of interest might occur via spontaneous 
mitoticc crossing-over during the enforced parasexual process, this would be probably at low 
frequenciess (Bos, 1996). To get closer to the genes of interest via a map based approach high 
frequenciess of crossing over in the chromosome are required. This might be achieved by 
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insertionn of the two selectable markers in this chromosome as has been done for Aspergillus 
nigerniger (Debets et al, 1993). An alternative strategy, depending on the size of the chromosome 
off  interest would be to construct a chromosome specific cosmid library and to transform this 
too the other parental isolate. 
Analysiss of the host-specificity of a population of parasexual recombinants of isolates G2 
(racee 1) and G6 (race 2n) revealed that only few fusion products showed a pathogenic 
phenotypee similar to one of both parents. Many showed an intermediate phenotype, being 
fullyy pathogenic to 'Nymph' like both parental isolates, but displaying reduced pathogenicity 
too 'Peter Pears' compared to the race 1 parental isolate (chapter 5). This finding showed that 
fulll  pathogenicity to 'Peter Pears' can not be the result of the presence of a single dominant 
pathogenicityy gene (or the absence of a single dominant avirulence gene), but is genetically 
moree complex. A representative set of 25 fusion products was subjected to extensive AFLP 
analysiss and PFGE in order to identify markers that could be linked to pathogenicity. The 
findingg that not all chromosomes could be resolved by PFGE, the occurrence of loss of (parts 
of)) chromosomes and duplication of chromosomes, as well as crossing-over between 
heterologouss chromosomes strongly complicated the analysis. Genetic analysis of parasexual 
recombinantss between isolates of two races could therefore not lead to the identification of a 
singlee chromosome carrying the gene(s) responsible for the difference in pathogenicity to 
'Peterr Pears'. 

AA dispensable genomic region associated with pathogenicity 

Despitee the complications encountered a large set of AFLP- and RAPD-markers could be 
identifiedd of which the presence was associated with pathogenicity to large-flowered 
gladioluss 'Peter Pears'. Southern analysis with cloned marker fragments revealed that they 
possiblyy represent a dispensable part of the genome of the race 1 parent. Since only markers 
off  which the presence was positively correlated with pathogenicity to 'Peter Pears' it is most 
likelyy that pathogenicity to 'Peter Pears' is encoded by dominant pathogenicity genes rather 
thann by the absence of an avirulence gene. This would be analogous to the situation in 
CochliobolusCochliobolus carbonum (Ahn and Walton, 1996) where all genes encoding the enzymes 
necessaryy for the synthesis of the host-specific HC-toxin are located on a large (>0.5 Mb) 
dispensablee region of the genome of this pathogenic fungus. It also resembles the situation in 
NectriaNectria haematococca (anamorph: Fusarium solani) where genes responsible for the 
pathogenicityy to pea (Pisum sativum) are located on a 1.6-Mb dispensable chromosome. It 
wass remarkable that the Fotl-like transposable element that was found to be present in the 
closee vicinity of two markers from the putative dispensable region of the race 1 isolate, 
showedd homology to transposable elements present in the dispensable regions of both 
CochliobolusCochliobolus carbonum (Panaccione et al, 1996) and Nectria heamatococca (Enkerli et ai, 
1997)) (chapter 6: table 2). It needs however to be emphasised that this element is probably 
presentt in many copies scattered all over the genome (chapter 6: figures 3 and 6) of both the 
racee 1 and the race 2n parent. Since this type of transposable elements are widespread in 
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pathogenicc fungi its association with dispensable regions carrying pathogenicity genes might 
welll  be accidental. 
Iff  indeed the genes involved in pathogenicity of race 1 to 'Peter Pears' are located on a 
dispensablee genomic region, the putative single evolutionary event which had led to the 
formationn of race 1 from a race 2n isolate (chapter 3) might have been the horizontal transfer 
off  this region. Analysis of all race 1 and race 2n isolates from our collection for the presence 
off  the markers associated with this dispensable region could provide support for this. In fact 
thee two RAPD-markers associated with the putative dispensable region of isolate G2 (race 1) 
weree selected, because both were found to be present in a large set of race 1 field isolates, but 
absentt in race 2n isolates (De Haan et al, 2000 and unpublished results). 
Inn an attempt to clone pathogenicity genes from the putative dispensable region of race 1 
(chapterr 6) two fragments from a cosmid clone containing two of the markers from this 
regionn were arbitrarily chosen from a set of cosmid fragment hybridising with amplified c-
DNAA ends from in vitro grown mycelium and infected corm tissue of 'Peter Pears'. Both 
fragmentss were sequenced, but unfortunately these sequences were also present in the race 2n 
parentt and hence could not contain race-1-specific pathogenicity genes. The fact that a single 
cosmidd clone contained sequences present in both parents, but also sequence present in the 
racee 1 and absent in the race 2n parent, challenged the hypothesis of the race 1 specific 
dispensablee region carrying pathogenicity genes. It could however be that the concerning 
cosmidd clone spans the border of the dispensable region. Further analysis of this cosmid and 
thee other three overlapping cosmid clones (chapter 6) might therefore still lead to the 
identificationn of genes present in the race 1 isolate G2, but absent in the race 2n isolate G6. 
Somee of the other fragments that gave a (weak) hybridisation signal with amplified cDNA 
endss (chapter 6: figure 2) might contain such genes. 
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