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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. 
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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). 
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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. 
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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. 

Acknowledgements s 

Thiss research was financially supported by the Technology Foundation STW, project 

numberr ABI55.3745. We would like to thank L. Tikovsky en H. Lemereis for managing 

thee plant growth facilities and their assistance with all the bioassays. We are grateful to E. 

Roebroeckk for thoughtful comments on the manuscript. 

REFERENCES S 

Annee J. Peberdy. JF (1976) Induced fusion of fungal protoplasts following treatment with 
polyethylenee glycol. J. of Gen. Microbiology 92: 413-417 

Armstrongg GM, Armstrong JK (1981) Formae speciales and races of Fusarium oxysporum causing 
wiltt diseases. In: Fusarium: disease, biology and taxonomy. Nelson PE, Toussoun TA, Cook 
RJJ (Eds), Pennsylvania Stale 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 

Bartonn RC, Scherer S (1994) Induced chromosome rearrangements and morphologic variation in 
CandidaCandida albicans. J. Bacterid. 176: 756-763 

55 5 



ChapterChapter 2 

Belloo VA. Paccola-Meirelles LD (1998) Localization of' auxotrophic and benomyl resistance 
markerss through the parasexual cycle in the Beauveria bassiana (Bals.) vuill 
entomopathogen.. J. Invertebr. Pathology 72: 119-125 

Boehmm EWA, Ploetz RC. Kistler HC (1994) Statistical analysis of electrophoretic karyotype 
variationn among vegetative compatibility groups of F. oxysporum f. sp. cubense. Mol. Plant-
Microbee Interact. 7: 196-207 

Bohnn GW, Tucker CM (1939) Immunity to Fusarium wilt in the tomato. Science 89: 603-604 
Boekhoutt T. Van Belkum A (1997) Variability of karyotypes and RAPD types in genetically 

relatedd strains of Cryptococcus neoformans. Curr. Genetics 32: 203-208 
Buxtonn EW (1956) Heterokaryosis and parasexual recombination in pathogenic strains of 

FusariumFusarium oxysporum. J. of Gen. Microbiology 15: 133-139 
Cooleyy RN, Caten CE (1991) Variation in electrophoretic karyotype between strains of Septoria 

nodorum.nodorum. Mol. Gen. Genet. 228: 17-23 
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 
Daboussii  MJ. Gerlinger C (1992) Parasexual cycle and genetic-analysis following protoplast fusion 

inn Neclria kaemaiococca. Curr. Genetics 22: 385-392 
Daboussii  MJ. Davière JM, Hua Van A, Kaper F, Langin T. Laugé R, Migheli Q, Steinberg C 

(1997)) F. oxysporum transposons as tools for the isolation of fungal genes. In: Abstracts of 
thee nineteenth fungal genetic conference, Asilomar. 

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 

Diohh W, Tharreau D, Notteghem JL, Orbach M, Lebrun MH (2000) Mapping of avirulence genes 
inn the rice blast fungus Magnaporthe grisea with RFLP and RAPD markers. Mol. Plani-
Microbee Interact. 13: 217-227 

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

Farmann ML. Leong SA (1993) Chromosome walking to the AVRJ-C039 avirulence gene of 
MagnaportheMagnaporthe grisea: discrepancy between the physical and the genetic maps. Genetics 150: 
1049-1058 8 

Fetekee C. Nagy R, Debets AJ, Homok L (1993) Electrophoretic karyotypes and gene mapping in 
eightt species of the Fusarium sections Arthrosporiella and Sporotrichiella. Curr. Genetics 
24:: 500-504 

Fierroo F. Martin JF (1999) Molecular mechanisms of chromosomal rearrangement in fungi. Critical 
Rev.. in Microbiology 25: 1-17 

Florr HH (1942) Inheritance of pathogenicity of Melamsora lint. Phytopathology 32: 653-669 
Florr HH (1971) Current status of the gene-for-gene concept. Annu. Rev. Phytopathology 9: 275-

296 6 
Gatignoll  A, Durand H. Tiraby G (1988) Bleomycin resistance conferred by a drug-binding protein. 

FEBSS Lett. 230: 171-175 
Gordonn TR, Martyn RD (1997) The evolutionary biology of Fusarium oxysporum. Annu. Rev. 

Phytopathologyy 35: 111-128 
Hoffmannn GM (1967) Untersuchungen iiber die Heterokaryosebildung und dcr Parasexualcyclus 

beii  Fusarium. III . Paarungsversuche mit auxotrophen Mutanten von Fusarium oxysporum f. 
catlistephi.catlistephi. Archiv fur Microbiology 56: 40-59 

Homokk L (1999) Chromosomes, karyotype analysis, chromosome rearrangements in fungi. Acta 
Microb.. el Immunologica Hungarica 46: 273-278 

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 

56 6 



exchangeexchange of avirulence - karyotype analysis 

Kistlerr HC, Benny UK (1988) Genetic transformation of the fungal plant pathogen. Fusarium 
oxysporum.oxysporum. Curr. Genetics 13: 145-149 

Kistlerr HC, Benny UK (1992) Autonomously replicating plasmids and chromosome rearrangement 
duringg transformation of Nectria haematococca. Gene 117: 81-89 

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

Kistlerr HC, Benny UK, Boehm EWA, Katan T (1995) Genetic duplication in Fusarium oxysporum. 
Curr.. Genetics 28: 173-176 

Kroonn BAM, Elgersma DM (1993) Interactions between race 2 of Fusarium oxysporum f. sp. 
lycopersicilycopersici and near-isogenic resistant and susceptible lines of intact plants or callus of 
tomato.. J. Phytopathology 137: 1-9. 

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

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

Masell  A, Braithwaite K, Irwin J, Manners J (1990) Highly variable molecular karyotypes in the 
plantt pathogen Colletotrichum gloeosporioid.es. Curr. Genetics 18: 81 -86 

Masell  A, Irwin JAG, Manners JM (1993) DNA addition or deletion is associated with a major 
karyotypee polymorphism in the fungal phytopathogen Colletotrichum gloeosporioides. Mol. 
Gen.. Genet. 237: 73-80 

Mess JJ (j 999) Molecular aspects of the interaction between tomato and Fusarium oxysporum f. sp. 
lycopersici.lycopersici. Academic Thesis, University of Amsterdam 

Mess JJ, Weststeijn EA, Herlaar F, Lambalk JJM, Wijbrandi J, Haring MA, Cornelissen BJC 
(1999a)) Biological and molecular characterization of Fusarium oxysporum f. sp. lycopersici 
dividess race 1 into separate virulence groups. Phytopathology 89: 156-160 

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

Mighelii  Q, Berio T. Gullino ML (1993) Electrophoretic karyotypes of Fusarium spp. Exp. Mycol. 
17:329-337 7 

Molnarr A. Pesti M, Hornok L (1985a) Isolation, regeneration and fusion of Fusarium oxysporum 
protoplasts.. Acta Phytopathologies Acad. Scient. Hungaricae 20: 175-182 

Molnarr A, Pesti M, Homok 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 

Nagyy R, Hornok L (1994) Electrophoretic karyotype differences between two subspecies of' 
FusariumFusarium acuminatum. Mycologia 86: 203-208 

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

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

Peberdy,, JFU987) Developments in protoplast fusion in fungi. Microbiol. Sci. 4: 108-114 
Perkinss DD, Kinsey J A, Asch DK, Frederick GD (1993) Chromosome rearrangements recovered 

followingg transformation of Neurospora crassa. Genetics 134: 729-736 
Puntt PJ, Van den Hondel CAMJJ (1992) Transformation of filamentous fungi based on 

hygromycinn B and phleomycin resistance markers. Methods in Enzymology 216: 447-457 
Raederr U, Broda P (1985) Rapid preparation of DNA from filamentous fungi. Letters in Appl. 

Microb.. 1: 17-20 
Repp M, Dekker HL, Vossen JH. De Boer AD. Houterman PM, Speijer D, Back JW. De Koster CG. 

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

57 7 

http://gloeosporioid.es


ChapterChapter 2 

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

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

Sambrookk J, Fritsch EF, Maniatis T (1989) Molecular cloning: A laboratory manual. 2tlJ edn. Cold 
Springg Harbor Laboratory Press, Cold Spring Harbor. New York, USA 

Sanchezz LE. Leary JV, Endo RM (1976) Heterokaryosis in Fusarium oxysporum f. sp. lycopersici. 
J.. of Gen. Microbiology 93: 219-226 

Scottt JW. Jones JP (1989) Monogenic resistance in tomato to Fusarium oxysporum f. sp. 
lycopersicilycopersici race 3. Euphytica 40: 49-53 

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 

Suzukii  T, Yamada M, Sakaguchi S (1994) Occurrence of chromosome rearrangements during the 
fusionn process in the imperfect yeast Candida albicans. Microbiology 140: 3319-3328 

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 

Talbott NJ. Salch YP, Ma M. Hamer JE (1993) Karyotypic variation within clonal lineages of the 
ricerice blast fungus, Magnaporthe grisea. Appl. Envir. Microbiology 59: 585-593 

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 Lee T. Robold A, Testa A. Van 't Klooster JW, Govers F (2001) Mapping of avirulence 
geness in Phytophthora infeslans 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 

Wellmann FL (1939) A technique for studying host resistance and pathogenicity in tomato Fusarium 
wilt .. Phythopathology 29: 945-956 

Whitee FF, Yang B, Johnson LB (2000) Prospects for understanding avirulence gene function. Curr. 
Opinionn in Plant Biology 3: 291-298 

Xueii  X. Skatrud PL (1994) Molecular karyotype alterations induced by transformation in 
AspergillusAspergillus tiidulans are mitotically stable. Curr. Genetics 26: 225-227 

Zolann ME (1995) Chromosome-length polymorphisms in fungi. Microbiol. Reviews: 59: 686-698 

58 8 





££ bs so in 
*>*>  iri  •** rn 

££ t% o m 
inn T c, 

U_ _ 

Ê-S S 

*-s s 

e-s s 

z-s s 

i-s s 

u u 
i - i i 

Z-L L 

e-i i 

E-I I 

w w 
z-t t 

I- t t 

<\ <\ 

t t 
M M 

II I i i 
If f 

I I 
II I 

s-s s 

e-s s 

3-S S 

i-s s 

u u 
l - l l 

2-1 1 

e-i i 

t-i t-i 

ww . 

l-f l-f 

<\ <\ 

* * 

£-£

t-S S 

£-£ £ 

Z-S S 

i-s s 

u u 
l - l l 

z-i i 

£-1 1 

fr-l fr-l 

l-Ê Ê 

<1 1 

u u 

* * 

w w 

u.. _~ 
0'%0'% o 
cc g co 
i -- -=: W 

EE -5 """ 

4-- T l t 

CLL "C U 

3»"" o 
P-- T3 C 

< ^ * * 

re
n 

n 
O

tt 
t 

ro
r 

r 

c;; _Q — 
C L „„ <J 

'—— tu <-

a o | | pp CO "* 

99 o o 
—— "O .N 
bo'cc 75 
nn p rS 

XX r- — 

—— 2 0 
3'' ^ co 

== £ Q 

NN ^ 1(1 

ff  VI» 

evrv v 

£"// f 

i" // V 

i«lV i«lV 

£VIV £VIV 

£HV £HV 

iilV iilV 

illV illV 

Ï»1V Ï»1V 

iici iici 

i l / " " 

£VIV £VIV 

ii'IV ii'IV 

P>IV P>IV 

u--

s-s s 

*-s s 
£-S S 

z-s s 
c-s s 

u u 
l - l l 

z-i i 
£-1 1 

f-l f-l 

'— '— 

Z-ï Z-ï 

l-f l-f 

< < 

I I 

p p 

OJ J 

ra ra 
--
Öfl l 

O. . 

>, , 
.* * 

3 3 
OJ J 
i r r 
£i i 
Q Q 

^ ^ 
S S 

te e 

tl) tl) 

5 5 

< < 
_̂̂  ^ U--

~ ~ 
O--

v v 
i n n 

— — 
— — 
Ü Ü 
*; ; 
o o 

.. _ 
UJ J 

o o 

zz. zz. 

X X 

r--
— i i 

--
O O 

^ ^ "H H 
0> > 

>, , 
_L--

" " 

" i ' ' 

^ ^ 
—

-̂  ^ 

—> > 
— — 

/

O O 
b b 

— — 
ww [2 

N N oo w 

O.. p U £ 

£*§§ o-I 

PO O 



^^ t-. -o in 
22 in - t « 

I I 

II I 

z-c ' ' 

«I I 
01-33 | 

6-3* * 

8-3» » 

z-zz I 

9"3. . 

« | | 

tt| tt| 

3-3 3 

Xl\ Xl\ 

l l 

<< i 
« « 

l l 
i i 

II I 

u u 
^^ r-; o in 
,>> in «* en 

£*>TV £*>TV 

£»IV £»IV 

£Yl« £Yl« 

f»rv v 

f»rv v 

£»ZV V 

f»» IV 

e»rv v 

ff  "IV 

ii'LV ii'LV 

€"IV €"IV 

cilV cilV 
CCll 'lV 'lV 

(22 i-- * in 
[gg ui «f f ' 

of f 

3-£ £ 
W W 

01-33 ) 

6-3 3 

8-3 3 

L-Z L-Z 

9-Z Z 

S-ï ï 

fr-3 fr-3 

e-3 3 

3-3 3 

u| | 

-QQ t-~ ^ in 
22 in' * * f*i 

0 0 

i-ejj j 
3-e e 

i i 
uuu | 

X X 00 f f 
6-z l l 
8-ZZ

« | | 

!!  f MM I «11 . 
11 # 

u u 

nn io 
r ii r̂  

1 1 
\ \ 

' ' 

1 1 

1 1 

w w 
f-44 ^c 

1 1 
| | 

Q Q 
-̂  ^ 

D__ C * 
-—-- '— - i — 

U-- U _N 

"OO ïa -o 
rcrc & X i 

s9« « 
D-- re (xi 

-- 3 x» 

—— _N cd 

Q_"55 'P 

rr r- 01 

«Jaa £
ÖOT33 C 

11 ë s 
1 11 _ _C 
i77 53 3 

?? ai .0 
r-r- P '— 

'SS S t 

"cc .3 S 

r --

111 1 
00 T3 ~ boo  a

CC "öj Q-

l ég g 
ii " 13 
22 < o r -

UJJ y o o 

.22 B ">. 5 

<< £ u -

co o 



m m 


