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CHAPTERR 4 

AA near-isogenic Fusarium oxysporum f. sp. lycopersici 

strainn with a novel combination of avirulence 

characteristics s 

Hedwichh A. S. Teunissen. Yvonne Boer. Jurgo Verkooijen, Ben J. C. Cornelissen and 

Michell  A. Haring 

ABSTRACT T 

FusariumFusarium oxysporum f. sp. lycopersici strain FI-27 was obtained from a parasexual cross 
betweenn race 1 Fol004 (putative avirulence genotype Ala2a3) and race 2 Fol007 
(tiIA2A3).(tiIA2A3). Bioassays using different tomato cultivars assigned a new avirulence genotype 
forr Ft-27: alA2a3. Molecular analysis revealed that the electrophoretic karyotype of F1-27 
wass identical to that observed for Fol()07. Foxy-AFLP confirmed the very close relation 
betweenn F1-27 and its Fol007 parent: all Fol007-specific polymorphisms were present in 
F1-277 while no contribution of the Fol004 parent could be detected. In addition, eleven 
neww Foxy insertions were identified in the fusion product. Segregation of both avirulence 
andd Fmv-AFLP markers was observed in a backcross population from parasexual crosses 
betweenn F1-27 and its parent Fol007. One marker was found to co-segregate with the 
presencee of the «i-allele. The nature of the genetic change in this strain is discussed. 

ThisThis Chapter has heen submitted for publication in Phytopathology 



ClutpierClutpier 4 

INTRODUCTION N 

FusariumFusarium o.xysporum Schlechtend.: Fr. is a soil borne fungal pathogen able lo infect over 

1000 plant species. Individual isolates, however, have the ability to cause disease in a 

limitedd number of plant species only. Based on their host range, isolates of F. axysporum 

aree grouped into more than 80 formae specifies (Armstrong and Armstrong. 1981). F. 

axysporumaxysporum f. sp. lycopersici (Sacc.) W.C. Snyder & H.N. Hansen is the causal agent of 

Fusariumm wilt of tomato and its host range is restricted to Lycopersicon species. Three 

differentt races (1, 2 and 3) are distinguished by their differential virulence on tomato 

cultivarss containing different, dominant resistance genes (Mes et al., 1999a). Based on the 

existencee of monogenic dominant resistance traits, a gene-for-gene relationship between F. 

o.xysporumo.xysporum f. sp. lycopersici and tomato is generally assumed. Different fungal races 

containn dominant avirulence genes thai correspond to the dominant resistance genes in the 

cultivarss they are unable to infect (Flor. 1942 and 1971). Identification of the avirulence 

geness involved in race-specific resistance is essential to understand the interaction between 

F.F. axysporum f. sp. lycopersici and tomato on a molecular level. 

Inn order to identify avirulence genes different approaches can be envisaged. 

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

1994).. For F. axysporum, however, a complementation strategy is not feasible due to the 

largee size of the genome (-50 Mb) and the low transformation efficiency (Mes, 1999). A 

product-basedd cloning strategy has been successful in cloning avirulence genes of the 

fungall  pathogens Cladosporium fulvum (Van Kan et al.. 1991; Joosten et al.. 1994; Laugé 

andd De Wit, 1998) and Rhynchosparium secalis (Rohe et al., 1995). Attempts to isolate 

avirulencee gene products of F. axysporum f. sp. lycopersici from xylem sap were not 

successfull  yet, although new (induced) PR proteins have been identified in this way (Rep 

ett al., 2002). Recently, the Avr2 gene of C. fulvum was cloned employing a functional 

screenn based on the hypersensitive response (HR)-inducing activity of the encoded protein 

(Takkenn et al., 2000; Luderer et al., 2002). Such an approach does not seem feasible for F. 

axysporumaxysporum since a HR has never been observed macroscopic-ally. Transposon tagging 

mightt be a successful method since many transposable elements have been identified in F. 

axysporumaxysporum (Daboussi, 1997). Unfortunately, this strategy was not effective so far. A 

randomm deletion mutagenesis approach using gamma-irradiation to generale a F. 

axysporumaxysporum f. sp. lycopersici AvrI-2 mutant appeared to be very inefficient and no markers 

weree found that allowed mapping of the gene (Mes et al.. 1999b). Genetic mapping of 

avirulencee genes (Van der Lee et al., 2001) and subsequent map-based cloning has been 

successfull  in Magnaporthe grisea (Valent. 1997; Orbach et al,, 2000). Because a sexual 

stagee has never been observed in F. axysporum. parasexual crosses between race 1 and 

racee 3 isolates were performed in order lo obtain avirulence recombinants (Chapter 2). In 
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additionn to new combinations of avirulence genes, molecular analysis confirmed exchange 

off  parental DNA and mitotic recombination. A modified AFLP technique based on the F. 

oxysporumoxysporum retroposon Foxy revealed high polymorphism rales between genetically closely 

relatedd strains (Mes et al., 2000; Chapter 3). Foxy-AFLP analysis of the parental strains 

andd the progeny revealed an approximately equal contribution of both parents and random 

segregationn of Foxy-specific markers in the progeny. Based on Foxy markers a first genetic 

mapp of F. oxysporum was constructed (Chapter 3). From these findings we can conclude 

thatt genetic analysis is feasible in the asexual F. oxysporum and. therefore, a map-based 

cloningg approach could be successful to map avirulence genes. 

Inn this study, we describe the identification and characterization of a F. oxysporum 

strain,, Fl-27, with a novel combination of avirulence genes. Fl-27 originates from a 

parasexuall  cross between race 1 isolate Fol004 and race 2 isolate Fol007. Karyotype 

analysiss reveals a chromosome pattern for Fl-27, which is identical to its Fol007 parent. 

Furthermore,, Foxy-AFLP analysis shows nearly identical band patterns for Fl-27 and 

Fol007.. Therefore, they can be considered as near-isogenic. Eleven new Favv-markers are 

identifiedd in Fl-27. The identification of these isogenic strains in combination with the 

phenotypicc and Favv-AFLP markers provide a unique situation for mapping avirulence 

genee 3. 

MATERIALL & METHODS 

Fungall isolates 
Thee two wild type isolates of Fusarium oxysporum f. sp. lyvopersici used in this study, FoK)04 
(putativee avirulence genotype Ala2a3) and FolO()7 (putative avirulence genotype a!A2A3), belong 
too the same vegetative compatibility group (VCG0030), and have been described previously by 
Mess et al. (1999a). Strain Fl-27 originated from a parasexual cross between Fol004 and Folf)07. 
Fl-277 was used in parasexual backcross experiments with three different FolO()7 transformants T-l. 
TT 2 and T-3 resulting in fourteen backcross products (BC1-1, BC2 1 to BC2-4, and BC3-I to BC3-
9).. All strains were cultured from single spores and stored in Protect Bacterial Preservers 
(Technicall  Service Consultants LTD, Heywood Lansc. GB) at -70°C. 

Fungall transformation 
Too allow selection, the fungal strains Fol()07 and Fol004 were transformed with plasmid pAN7.l 
containingg the hygromycin B resistance gene (hph) from Escherichia coli or plasmid pANS.1 
containingg the phleomycin resistance gene (ble) from Streptoalloteichus hindustanus. Expression 
off  both resistance marker genes was regulated by the gpdA promoter from Aspergillus nidulans and 
thee A. nidulans trpC terminator (Punt and Van den Hondel, 1992). Protoplast preparation and 
transformationn was performed as described in Chapter 2. Protoplasts transformed with pAN7.1 or 
pAN8.11 were plated on Czapek Dox agar (CDA; Oxoid) plates osmostabilized with IM sorbitol 
andd containing 100 ug/ml hygromycin (Sigma-Aldrich chemie, Steinheim. Germany) or 100 pg/ml 
phleomycinn (Cayla. Toulouse. France), respectively. 
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Parasexuall (back)crosses 
Parasexuall  (back)crosses by means of protoplast fusion were performed as described in Chapter 2. 
Fastt growing colonies appearing between 5-14 days on CDA plates osmostabilized with 1M 
sorbitoll  containing 100 fig/ml hygromycin and 100 |ig/ml phleomycin. were transferred to fresh 
selectivee CDA plates. To obtain stable fusion products or backcross products, colonies were grown 
onn non-selective potato dextrose agar (PDA; Difco Laboratories. Detroit, MI . USA) for at least 14 
days.. Spores were collected from these agar plates and plated on CDAHP plates. A single colony 
wass cultured for further experiments. 

Plantt material 
Fourr different plant lines were used in this study for the presence of differential resistance genes 
againstt F. oxyspomm f. sp. lycopersici. Two near-isogenic lines of tomato cultivar Moneymaker, 
viz.. C32 and GCR16I, have previously been described by Kroon and Elgersma (1993). C32 is 
chosenn as the general susceptible control line since no resistance genes against F. oxysporum f. sp. 
lycopersicilycopersici are present. GCRt61 contains the resistance gene (/) of Missouri Accession 160 of L. 
pimpiuellifoliuntpimpiuellifoliunt (P179532) (Bonn and Tucker, 1939) against A] but is susceptible to isolates 
containingg A2 or A3. Plant line OT364. homozygous for the 1-2 locus of accession P1269I5. has 
beenn described by Mes et al. (1999a) and is resistant against isolates with A2. The fourth plant line, 
E779,, kindly provided by Dr. JW Scott (University of Florida, Gainesville. USA), is resistant 
againstt isolates containing A3 but is susceptible to isolates without A3. E779 contains the 1-3 
resistancee gene without the /-/ locus introgressed from the L. penncllii accession LA716 (Scott and 
Jones,, 1989). 

Bioassays s 
Eleven-days-oldd seedlings, 10-20 per fungal strain, were infected according to a standard root-dip 
inoculationn method {Wellman, 1939; Mes et al., 1999a). Spore suspensions were prepared one day 
beforee inoculation and stored overnight at 4UC. The final concentration of die inoculum was > 1.10' 
spores/ml.. Seedlings were potted in individual containers and randomly distributed. Greenhouse 
conditionss were as described in Chapter 2. After 3 weeks, the weight of the plant part above the 
cotyledonss was determined. Plant weight data were statistically analyzed using ANOVA 
(SiaiViewSE++ Graphics'" version 1.03). 

Genomicc DNA isolation and PCR analysis 
F.F. oxyspomm f. sp. lycopersici was grown on PDB without shaking, at room temperature, in the 
dark,, for approximately 4 w:eeks. The mycelial layer was collected by filtration and freeze-dried 
overnight.. Genomic DNA was extracted as described by Raeder and Broda (1985). 

Amplificationn of both the hph gene and the Me gene were performed using primers specific 
forr the gpdA promoter (5'-TTTCCCACTTCATCGCAG-3') and the trpC terminator (5'-
CACCATTTGTCTCAACTCCG-3').. The /i/7/i-specific PCR product was 1 190 bp whereas for the 
bleble gene a 583 bp fragment was amplified. 

CHEFF analysts 
Contour-clampedd homogeneous electric field analysis was performed according to the description 
inn Chapter 2. Blotting of CHEF gels onto Hybond N' membrane (Amersham Pharmacia Biotech, 
GB)) was performed as described in Sambrook et al. (1989). using 0.4M NaOH as transfer buffer. 
Hybridizationn was performed using subsequently a hph- or Me-specific DNA fragment a2P dATP-
labelledd by the Deca Label DNA Labeling System (MBI Fermentas. Vilnius. Lithuania). 
Hybridizationn was performed in 0.5M phosphate buffer pH 7.2 containing 7% SDS, Vk BSA and 
hriMM EDTA. The blot was incubated overnight at 65"C and subsequently washed with 2x. lx and 
0.5xx SSC with O.l^SDS. for 15 minutes each at 65°C. 
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Foxy-Foxy-AFLPAFLP analysis 
Amplifiedd fragment length polymorphism analysis was based on the procedure described by Vos et 
al.. (1995). Total genomic DNA (500 ng) was digested to completion by the restriction enzymes 
EcoRlEcoRl and Mse\ (Gibco-BRL) for 3 hours at 37r'C. Standard EvoR] and Msei adapters were ligated 
too the restriction fragments. Preamplifications were performed using EroRl and Msel non-selective 
primerr pairs (5'-GACTGCGTACCAATTC-3' and 5-GATGAGTCCTGAGTAA-3', respectively). 
Preamplificationss were diluted 50 times before selective amplification steps were carried out. Four 
differentt selective amplification reactions were performed using the P-end-labeled Ft».tv-specific 
primerr AFLP1 (5-GCTTCGTTACAGCCACCCAG-3') (Mes et al.. 2000) in combination with the 
MselMsel + A, Msel+T. Msel+C and Mxel+G primer, respectively. Amplified fragments were separated 
onn a 69e acrylamide gel (Sequa-Gel 6, National Diagnostics. GB) using I x TBE as the anode-
bufferr and I x TBE: 0.25M NaAc as the cathode-buffer at constant power (55 W) for 
approximatelyy 3 hours. After electrophoresis gels were transferred to Whatmann filter paper, 
vacuumm dried at SO °C and exposed overnight to X-ray films (Kodak. Rochester. NY. USA). 

RESULTS S 

Identificationn of a fusion product with new (a)virulence characteristics 

Parasexuall  crosses between race 1 isolate Fol004 (putative avirulence genotype Ahi2n3) 

andd race 2 isolate Fot007 (putative avirulence genotype aJA2A3) were performed by 

protoplastt fusion as described in Chapter 2. To be able to select for fusion products, Fol004 

wass equipped with the phleomycin resistance gene (ble). resulting in Fo\004-ble, whereas 

Fol0077 was marked with the hygromycin resistance gene (hph). resulting in Fol007-/i/?/7. in 

total,, 84 primary colonies were obtained of which 57 were found to be stable, doubly 

resistantt fusion products after single-spore cultivation and repeated subculturing. Colony 

morphologyy and growth on media containing antibiotics was normal as compared to wild 

typee situations. 

Too determine the presence of avirulence genes AL A2 and/U, the 57 fusion products 

andd their parental strains were tested for virulence on four plant lines harboring different 

resistancee genes. A general susceptible cultivar. C32. was used to check for loss of 

virulence.. Cultivar GCR161. containing resistance gene I, was used to determine the 

presencee of Al. Fungal isolates harboring A! are avirulent on this plant line, whereas 

isolatess without AI are virulent. Line OT364 (containing 1-2) and line E779 (1-3) were 

usedd to check for the presence of A2 and A3, respectively. Bioassays were carried out for 

Fol0044 and Fo\004-ble. Fol007 and Fo\001-hph and the 57 fusion products. The virulence 

behaviourr of both Fol004-fr/f and Fol()07-/i/>/i was comparable to the virulence observed 

forr the wild type isolates (data not shown). From the 57 fusion products, 56 behaved like 

thee Fol007 parent (data not shown) whereas only one fusion product (Fl-27) showed 

alteredd virulence behaviour compared to either parent. In Figure 1 results of a 

representativee bioassay are shown for Fol004. Fol()07 and strain Fl-27. Inoculation of the 
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generall  susceptible line C32 revealed that all three strains were virulent, although FI-27 

causedd less severe disease symptoms than Fol004 and Fol007. Infection of GCR16I (/) 

showedd that Fol004 was avirulent whereas Fol007 was virulent on this plant line, as 

expected.. Strain FI-27 was found to be virulent as well. Isolate Fol004 was able to infect 

OT3644 (1-2) plants whereas Fol007 and Fl-27 were not. Again. FI-27 behaved as Fol007. 

Ass expected. Fol004 was virulent and Fol007 was avirulent on H779 (1-3) plants. In 

contrastt to its performance on C32. GCRI6I and OT364. Fl-27 behaved very differently 

fromm Fol007 on E779: not only behaved it virulently on this plant line, but the extent of 

virulencee was surprisingly high (Fig. I). Whereas on C32 Fol()04 (and Fol()()7) was 

significantlyy more virulent than FI-27. on E779 the latter strain was more virulent. 

Therefore,, with Fl-27 we identified a F. oxysporum 1. sp. lycopersici strain with new 

virulencee properties. The putative avirulence genotype of Fl-27 is aJA2a3. 

b b 

C322 (-) 

-** 3 '~ 
CC J. 

OT3644 (1-2 

l> > 

I I 

E779U-3) E779U-3) 

b b 

I I 
Figuree I: Bioassays assign a novel avirulence phenotype to FI-27. Average plain weight three weeks after 
inoculationn with Fol004. Fl-27 and Fol007. Plant lines ('32 (susceptible). GCR161 (/-/>. OT364 (1-2) and 
H7799 (1-3), Fifteen seedlings were inoculated per strain. White: average weight of mock-inoculated control 
plant'-.. Black: average weight ot race 1 Fol004 inoculated plants. Patlern: average weight of Fl-27 inoculated 
plants.. Grey: average weight of race 2 Fol007 inoculated plains. 
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Inn addition to the altered virulence, an additional phenotypic characteristic was observed. 

discriminatingg Fl-27 from either parent when grown on potato dextrose medium. 

Differencess in mycelium color were observed for in vitro cultures ol the Fol(M)4. Fl-27 and 

Fol0077 strains (Fig. 2). Whereas Fol004 mycelium is pink and Fol()07 mycelium shows 

pink/purplee pigmentation, the Fl-27 in vitro culture is white. The changes in avirulence 

andd mycelium color in strain Fl-27 can be explained by rearrangements caused by the 

parasexuall  cycle. To get an impression of the occurrence of rearrangements and to 

determinee the extent of parental contribution in Fl-27 we started molecular analysis. 

Fol0044 Fl-27 Fol007 

Figuree 2: Mycelium color of parents and Fl-27 grown on potato dextrose agar medium. 

Molecularr analysis of Fl-27 

Althoughh Fl-27 was initially isolated as resistant to both hygromycin and phleomycin. it 

appearedd to have lost phleomycin resistance upon repeated subculturing under non-

selectivee conditions. PCR amplification on genomic DNA isolated 6 months after the 

actuall  fusion experiment revealed the presence of both marker genes in Fl-27. However, 

onlyy the ///^//-specific band was amplified using genomic DNA that was isolated in a later 

stagee (12 months after fusion), indicating that the hie gene had been lost (Fig. 3A). To 

investigatee the presence of chromosomes of different parental origin in F l -27. 

electrophoreticc karyotyping was performed. Chromosomes of Fol0()4-/>/<\ Fl-27 and 

Fol007-/?/>/zz were separated by contour-clamped homogeneous electric field (CHEF) 

analysiss (Fig. 3B). The karyotypes of both Fol()()4-W<' and Fol()07-/?/>// were identical to the 

wildd types (data not shown). The Fl-27 karyotype appeared to be identical to the Fol()07 

karyotype.. Hybridizing the CHEF blot using ble- and ///^//-specific probes revealed the 

presencee of phleomycin resistance gene in Fol004-6/e on chromosome band 9 and the 
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hyy grom vein marker in FolOQl-hph on chromosome band 1. The presence of only the 

hygromycinn marker confirmed that the phleomycin marker was lost in FI-27 (Fig. 3C). As 

noo visible changes in karyotype were detectable, a more sensitive molecular technique was 

applied:: Foxy-AFLP (Mes et al.. 2000: Chapter 3). Figure 4 shows the separated Foxy-

specificspecific fragments resulting from four selective amplifications. In total. 285 Foxy bands 

weree observed (162 for Fol007 and 123 for Fol004) of which 107 Foxy fragments were 

polymorphicc between Fol004 and Fol()07. Since standard AFLP analysis between these 

twoo closely related isolates only revealed ~2% polymorphisms (Mes et al.. 2000). the 

polymorphismm rate (38%) increased enormously when Foxy-AFLP was applied. Although 

thee Fan-AFLP pattern for F1-27 was very similar to the pattern observed for Fol007. 

thirteenn reproducible polymorphisms were detected between Fol007 and Fl-27 (indicated 

byy the arrows in Fig. 4). Eleven of these markers represented new insertions of the Foxy 

elementt present in Fl-27 but absent in both Fol007 and Fol004. Two Foxy markers 

(indicatedd by * in Fig. 4) were present in Fol007 but absent in Fol004 and FI-27. 

suggestingg that the fusion product shares this region with Fol004. 

A A 
kb b 
2.0 0 

i n n 

1.0 0 

0.55 I 

Figuree 3: A: PCR amplification using primers specific for the plasmid backbone of pAN7.1 (containing hph) 
andd pAN8.l (containing ble). PCR was performed on pAN'8.1 DNA. pAN7.l DNA. 'FI-27-6m' genomic 
DNAA (isolated 6 months after the actual fusion experiment) and 'Fl-27-12m' genomic DNA (isolated 12 
monthss after the fusion experiment». B: Electrophoretic karyotyping of parental strains Fol004-We, Fol007-
li/ilili/ili  and fusion product FI-27. CHEF-gel stained with ethidium bromide. C: Blot of this gel hybridized with 
aa probe specific for the plasmid backbone of pAN7.1 and pAN8.1. 

£ C C 
hph hph 
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Mse-AMse-A Mse-T Mse-C Mse-G 

11 M 2 1 M 2 1 M 2 1 M 2 bp 

Figuree 4: Foxy-AFLP analysis 
off  the three strains race I 
Fol0044 (I ). FI-27 (Nil and the 
racee 2 Fol007 (2). AFLP 
amplificationn was performed 
usingg the radiolabeled Foxy-
specificspecific primer in combination 
withh Msel adapter primer 
extendedd with one selective 
nucleotidee (Mse-A, Mse-T. Mse-
CC and Mse-G). Arrows indicate 
neww insertions of the Foxy 
elementt in I-1-27. Arrows with 
**  indicate a Foxy fragment 
presentt in Fol0<>7 but absent in 
Fol0044 and Fl-27. Foxy 
markerss are named after the 
particularr Mse primer from 
whichh they were obtained and 
numberedd according to their gel 
positionn (from high to low 
molecularr weight |.Fo.cy-AFLP 
fragmentt sizes are indicated in 
basepairss (bp). 
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Inn summary, molecular analysis revealed identical karyotypes for Fl-27 and Fol007-/i/?/?. 

Inn addition, Favv-AFLP showed identical band patterns for these two isolates. Eleven new 

Fan'' insertions were identified in Fl-27. As Fl-27 can be considered to be nearly-isogenic 

too Fol007, varying only in mycelium color, avirulence. the presence of eleven new Foxy 

markerss and the absence of two Favv-specific bands, we started a backcross analysis to 

mapp the changed loci. 

Segregationn analysis in a backcross population 

Becausee of the presence of only the hph marker. Fl-27 could be crossed with Fol007 

transformantss marked with ble. Three different transformants (T-l, T-2 and T-3) were used 

forr backcrosses, all containing the ble marker at a different chromosome. These 

backcrossess resulted in fourteen backcross products (BCI-1, BC2-1 to BC2-4 and BC3-1 

too BC3-9). For these fourteen backcross products (BCs) the presence of the ble and hph 

genes,, mycelium color, avirulence and segregation of the thirteen Foxy markers was 

determinedd (Table 1). PCR amplification using hph- and Wf-specific primers revealed that 

hphhph was present in all BCs but ble was only present in BCI-I, BC2-4. BC3-1 and BC3-9 

confirmingg that these four strains contain DNA from both parents. Furthermore, these four 

BCss were the only strains with pink/purple (Pp) colored mycelium and an A3 phenotype 

(Tablee 1). Mycelium was white (W) and A3 was absent Ui3) in the other BCs. like in Fl-

27.. Investigation of the Foxy markers showed different segregation patterns for the BCs. 

Forr most BCs (BC2-1. BC2-2 and BC2-3; BC3-3 and BC3-6; BC3-1 and BC3-9: BC3-2, 

BC3-4,, BC3-5 and BC3-8), identical marker patterns were observed suggesting a clonal 

origin.. However, unique Foxy insertions were observed for all these BCs (Table 1). 

Countingg parent-specific Foxy fragments, an enormous variation in parental contribution to 

thee BCs was revealed. Products in which the ble marker had been lost had a Fol007-6/f 

parentall  contribution varying from zero markers in BC3-4, BC3-5 and BC3-8 to seven 

markerss (54%) in BC2-1. BC2-2 and BC2-3. The parental Fol007-We contribution in the 

doublyy resistant BCs varied from six markers (46%) in BC3-1 and BC3-9 to thirteen 

markerss (100%) in BCI-I. The extent of parental DNA exchange differed per backcross 

experiment.. In the single BC1 product the Fo\0Ql-ble (T-l) parent was dominant whereas 

inn the nine BC3 products the Fo\007-hph (Fl-27) contribution seemed to be dominating 

(Tablee 1). The segregation patterns of Fan- markers observed for the four progeny strains 

off  BC2 suggested an equal contribution of the parental strains T-2 and Fl-27 (Table I), 
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Tablee 1: Segregation patterns of different markers in a backcross population resulting from 
threee different crosses between FI-27 and backcross parents T-l. T- 2 and T-3. 

Fol007 7 
P P 

1—— CM 

HH H 
M M 

H H 
r - ) ) 

u u 
ca a 

^ ^ 
CM M 

u u 
QQ Q 
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QQ Q 

eo o 
CM M 

u u 
M M 

^ ^ 
(VJ J 

U U 
CO O 

fusionn products 

MM CO ^ * OS 

COO CO CO c ^ 

CJJ o u u 
»» m pa oa 

r--
co o 
U U 
BQ Q 

CM M 

C5 5 

O O 
03 3 

^ ^ 

en en 
U U 
09 9 

I D D 

CO O 

U U 
CQ Q 

oo o 
CO O 

(J J 
CQ Q 

Fol007 7 
H H 

CM M 

H H 

t t . . 

hygromycinn - - - H H H H H H H H H H H H 

phleomycinn P P P p - . - p . - p p . . . 

pigment(1)) Pp Pp Pp Pp W W W Pp W W Pp Pp W W W 

genotypemm A3 A3 A3 A3 a3 a3 a3 A3 a3 a3 A3 A3 a3 a3 a3 

HH H 

WW W 

a3a3 a3 

H H 

W W 

a3 a3 

Foxy-Foxy- markers 

MseT3 3 

MseA3 3 

MseTl l 

MseGl l 

MseG4 4 

MseAl l 

MseA2 2 

MseT2 2 

MseCI I 

MseC2 2 

MseG2 2 

MseG3 3 

MseC3 3 

++ + 

++ + + 

numberr of 
uniquee Foxy 

insertions s 
00 I 11 0 0 00 1 

(1)) Mycelium color during in vitro growth. Pp = purple/pink; W = white. 
(2)(2) Presence (A3) or absence Ui3) of avirulence gene 3 as assigned according to (a)virulence behaviour on 
E7799 plants containing the 1-3 resistance gene. 
(3)) Presence (+J or absence {-J of a polymorphic Foxy -AFLP fragment. 

95 5 



ChapterChapter 4 

Segregationn patterns of the markers throughout the backcross products suggested different 

groupss of linked markers. First group: P. Pp, A3, absence of MseT3; second group: absence 

off  MseA3. MseTI, MseGI; third group: MseAl. MseA2; fourth group: MseT2, MseCl, 

MseC2.. MseG2. MseG3. Three markers (H. MseG4 and MseC3) were unlinked. Most 

interestingly,, marker MseT3 was found to co-segregate with the absence of avirulence 

genee 3 (a3) but also with absence of the ble gene and mycelium color (Table 1, shown in 

grey). . 

DISCUSSION N 

Iff  a parasexual cycle mimics sexual reproduction, random exchange of parental DNA is 

expectedd to occur in the progeny. The parasexual cross between race 1 isolate ¥o\004-bie 

(putativee avirulence genotype Ala2a3) and race 2 isolate FO1007-/Ï/?/I (putative avirulence 

genotypee alA2A3) did not result in random segregation of avirulence genes. Bioassays 

revealedd that 56 of the 57 fusion products showed virulence behaviour that was identical to 

thee FO1007-/7/J/J parent. Only one of the 57 fusion products (FI-27) showed altered 

virulencee behaviour, differing from either parent. The putative avirulence genotype of Fl-

277 was designated o!A2u3. In previous parasexual crosses between race 1 isolate Fol004-

bleble (putative avirulence genotype AUi2a3) and race 3 isolate FO1029-/Ï/?/J (putative 

avirulencee genotype ala2A3). segregation of avirulence genes was not random either 

(Chapterr 2). From the 31 fusion products 28 showed virulence behaviour that was identical 

too the Fol004-6/f parent whereas one fusion product behaved like the Fol029-/i/7/i parent. 

Twoo fusion products with a recombinant avirulence genotype (AUÜA3) were identified. 

Althoughh segregation of avirulence was skewed, the segregation of most Foxy markers was 

random,, indicative for an approximately equal contribution of both parents (Chapter 3). 

However,, Farv-AFLP analysis of seven of the 57 fusion products described above 

revealedd no segregation of Foxy markers at all. These fusion products showed band 

patternss identical to that of the Fol007 parent (data not shown), indicating that the Fol007 

parentt was dominant in this cross. Genetic dominance of one parental strain is not 

uncommonn and is previously observed in heterokaryons of Fustirium oxysporum f. sp. 

lycopersicilycopersici (Sanchez et al., 1976) and in intra-specific hybrids of Fustirium oxysporum f. 

sp.. lycopersici and Fustirium oxysporum f. sp. ratlicis-lycopersici (Madhosingh, 1994). We 

proposee that the occurrence of genetic dominance is dependent on the parental isolates 

usedd in a parasexual cross. The extent of parental contribution to the progeny wil l thus be 

influencedd by the strength of genetic dominance. 
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Avirulencee recombinants have been identified by their altered virulence behaviour, 

differingg from either parent. Prerequisite for their discovery is their ability to infect the 

generall  susceptible C32 plants. The two avirulence recombinants {AJa2A3) described in 

Chapterr 2 were virulent on tomato line C32. Strikingly, the virulence of Fl-27 on C32 

plantss is significantly reduced when compared to both parental strains (Fig. 1). Reduction 

off  virulence on C32 plants was also observed upon infection with a gamma-irradiated 

mutantt of F. oxysporam f. sp. lycoperski that had lost avirulence gene 2 (ala2A3) (Mes et 

al.,, 1999b). The reduced disease severity might be the result of the loss of avirulence since 

avirulencee factors have been suggested to have functions in avirulence as well as in 

virulencee (Laugé and De Wit, 1998; White et al., 2000). Surprisingly, virulence of Fl-27 

wass not generally reduced as it appeared to be more virulent on plant line E779 than 

Fol0044 (Fig. 1). This observation underscores the influence of the tomato line and its 

geneticc background on the outcome of bioassays. Although resistance genes are apparently 

presentt in these lines, more plant and fungal factors determine the strength of the 

biologicall  response. 

Thee new combination of avirulence genes in Fl-27 could result from exchange of 

parentall  DNA during the parasexual fusion. Contribution of the ai-allele by the race 1 

Fol0044 parent would then explain the ai-phenotype for Fl-27. However, several 

observationss indicated that rearrangements in the A3 locus of the race 2 Fol007 parent are 

thee cause of the a^-phenotype in Fl-27. Firstly, the phleomycin resistance gene from the 

Fol004-&/<?? parent was lost in Fl-27 (Fig 3A). Furthermore, the electrophoretic karyotype 

off  Fl-27 was identical to its Fol007-/ip/i parent indicating that no large-scale exchange of 

parentall  DNA had occurred (Fig 3B). Thirdly, the Foxy-AFLP pattern of Fl-27 was nearly 

identicall  to the Forv-specific band pattern found for the Fol007 parent (Fig. 4). Only two 

off  the 162 bands present in Fol007 were absent in Fl-27. These two bands were also 

absentt in Fol004 and might therefore be an indication for presence of Fol004 parental 

DNA.. Nevertheless, deletion event(s) can also explain the absence of these Foxy 

fragments.. Stronger evidence for exchange of parental DNA would be the presence of 

Fol004-specificc Foxy bands in Fl -27 and absence of these bands in Fol007. However, such 

bandss have not been observed. Therefore, no direct evidence was found for Fol004 

parentall  contribution to the Fl-27 genome. Finally, the white mycelium color observed for 

Fl-277 completely co-segregated with the «i-phenotype, but was different from the color of 

thee Fol004 parent (Fig. 2). The mycelium color locus might have been affected by 

chromosomee breakage due to exchange of the a3-allele. However, the a:ï-phenotype of 

Fl-277 is strikingly different from that observed for Fol004, suggesting that contribution of 
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thee flJ-allele by the Fol004 parent is improbable. Therefore, the altered phenotypic 

characteristicss observed for Fl-27 might just as well be explained by the occurrence of 

rearrangementss without visible consequences for the karyotype but affecting the A3 locus 

andd mycelium color. 

Elevenn polymorphic Frm-AFLP bands were new insertions of the retroposon in Fl-

27.. New insertions of Foxy were previously shown to occur in low frequencies (-1%) in 

transformantss and in fusion products resulting from parasexual crosses between isolates 

Fol0044 and Fol029 (Chapter 3). New Foxy insertions in backcross products were also 

shownn to occur in low frequencies; the highest number new Foxy insertions (-2%) was 

observedd in BC2-3 (Table 1). The number of new bands caused by Foxy activity is 

intriguinglyy high in Fl-27 and comparable to the situation described for the gamma-

irradiatedd AvrI-2 mutant of F. oxysporum f. sp. lycopersici in which nine new Foxv-AFLP 

polymorphismss were identified (Mes et al., 1999b). Genomic stress is known to activate 

transposablee elements (McCHntock, 1984). DNA damage (Bradshaw and McEntee, 1989), 

irradiationn with gamma rays (Mes et al., 2000) and exposure to chlorate (Anaya and 

Roncero,, 1996) have been identified as factors that are able to activate transposition. 

Transposablee elements were also found to be activated during protoplast isolation (Pearce 

ett al., 1996). Since protoplast generation is necessary for both PEG-mediated 

transformationn and fusion experiments. Foxy might hence be activated. To explain the loss 

off  a functional A3 gene in Fl-27, one could envision that insertion of a Foxy element into 

A3A3 might have caused the altered virulence behaviour. 

Too investigate which of the eleven extra Foxy insertions might be responsible for loss 

off  avirulence, backcross experiments were performed. Three different Fol007-6/e parents 

weree backcrossed with the hph containing Fl-27. Only four (BC1-1, BC2-4, BC3-1 and 

BC3-9)) of the fourteen backcross products contained both the hph and ble marker genes 

andd should therefore contain genetic material from both parents. The absence of the hie 

gene,, the white mycelium color (W) and the absence of A3 (a3) in the other BCs, 

suggestedd that no exchange of parental DNA had occurred. However. FVm-AFLP markers 

indeedd segregated in the fourteen backcross products indicating that exchange of parental 

DNAA did occur in these BCs. The extent of parental DNA exchange in the backcross 

productss differs per backcross experiment. The genetic background of the parental strains 

usedd in the three backcrosses is identical (Fol007) and should therefore not be of influence 

onn the extent parental contribution. A possible factor influencing the extent of parental 

exchangee could be the chromosomal position of the ble marker gene in the three different 

Fol()07-M'' parents (T-l, T-2 and T-3). Although different parents were used, the presence 
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off  the ble marker gene in the BCs seemed to automatically account for the presence of 

pink/purplee mycelium color. A3 and the absence of MseT3. A possible influence of the ble 

markerr on segregation of avirulence has been previously suggested for parasexual crosses 

betweenn FoI004-We and ¥o\029-hph (Chapter 2). From 31 fusion products containing both 

thee hph and ble markers, 30 fusion products harbored Al. In addition, Roebroeck (2000) 

observedd a correlation between the virulence phenotype of fusion products and the 

virulencee phenotype of their ble parent. This tendency was also observed for fusion 

productss obtained from the reciprocal cross, although less extreme (Roebroeck, 2000). 

Therefore,, the phleomycin resistance gene and/or gene product might play a role in 

segregationn of parental DNA. 

Becausee the novel Foxy fragments in Fl-27 segregated as four independent clusters 

(althoughh a limited number of BCs was analyzed), this suggested that the genome of Fl -27 

hass been altered at several positions. Most interestingly, marker MseT3 was found to co-

segregatee with the absence of A3 (a3) and white mycelium color (W). Loss of a functional 

A3A3 gene could then be explained by Foxy insertion of MseT3 in this locus. Also markers 

MseA3,, MseTl and MseGl seem to be closely linked to A3 and mycelium color. More 

backcrosss products need to be analyzed in order to confirm the correlation between one of 

thesee markers and the altered loci. Cloning of the MseA3, MseTl, MseGl and MseT3 

FOXYFOXY fragments and sequencing of their flanking regions wil l allow us to screen a Fol007-

specificc BAC library. Positive BAC clones can subsequently be used in complementation 

studiess and might lead us to the A3 locus. 
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