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CHAPTERR 3 

Geneticc diversity within a collection of isolates of 
FusariumFusarium oxysporum from iridaceous crops: RFLP- and 
AFLP-- fingerprint s 

E.J.A ..  ROEBROECK,  J.J .  MES,  J.W.G .  HELDENS &  J .  VA N DOORN 

ABSTRACT T 

AA collection of field isolates of Fusarium from iridaceous crops, previously characterised by 
vegetativee compatibility and pathogenicity (chapter 2), was subjected to genetic analysis 
usingg two different molecular techniques. Analysis of restriction fragment polymorphisms 
(RFLPs)) of Hin&\\\ digested DNA with an anonymous multi-copy probe from F. oxysporum 
f.sp.. dianthi revealed seven groups with distinct RFLP patterns of variable complexity. VCG 
03400 enclosed four of the RFLP groups. VCG 0341, 0342 and 0343 coincided with one 
RFLPP group each. The two single-member VCGs 0344 and 0345, the self-incompatible 
isolatee G25 (VCG 034-) and all non-pathogenic isolates displayed unique RFLP patterns. 
Analysiss of 165 amplified restriction fragments (AFLPs) demonstrated the relatively close 
relationshipp between the four distinct RFLP groups within VCG 0340. The observed 
correlationn between AFLP haplotypes, RFLP haplotypes and VCG is consistent with a clonal 
structuree of the population analysed, with all VCGs representing distant clonal lineages of 
possiblyy polyphyletic origins. On the basis of AFLP analysis four subclonal lineages could be 
recognisedd within VCG 0340. These subclonal lineages coincided with RFLP groups and 
races.. Isolates of the races 2i, 3 and 4 composed three of the subclonal lineages. The race 1 
andd race 2n isolates shared the same subclonal lineage, but the relatively close relationship of 
thee race 1 isolates within this cluster suggested a common ancestor of race 1 isolates within 
thee race 2n population. In the VCGs 0341, 0342 and 0343 no substructures were evident. 
Eachh of these VCGs enclosed closely related isolates belonging to the races 5, 2c and lit 
respectively.. Although a collection of field isolates will never enclose all genetic variation 
presentt in the field, the elucidation of the genetic structure of our collection provides a strong 
basiss for the development of diagnostic tests specific to one of the (sub)cIonal lineages (i.e. 
racess or VCGs). It also provides information necessary to make a rational choice of reference 
isolates,, covering as much of the observed genetic diversity as possible, to be used in 
resistancee tests. 
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INTRODUCTIO N N 

Inn the second chapter genetic relationships between isolates of a collection of field isolates 
fromfrom iridaceous crops were assessed by determining vegetative compatibility using nit 
mutants.. Within our collection six vegetative compatibility groups (VCGs) were found. 
Presumingg that vegetative compatibility in Fusarium oxysporum is the result of the action of 
alleless of several distinct het or vie loci, like in genetically better characterised ascomycetes 
(Glasss and Kuldau, 1992; Leslie, 1993), and only isolates carrying identical alleles at all these 
locii  are vegetative compatible. Vegetative compatibility determination reflects genetic 
similaritiess within VCGs, but not the degree of genetic differences between VCGs. 
Moreover,, a few isolates within our collection were found to be vegetatively self-
incompatiblee and therefore could not be assigned to a VCG. Molecular fingerprinting 
techniquess should give insight in the genetic relationships both within and between VCGs, 
andd will make it possible to determine the genetic association of vegetative self-incompatible 
withh other isolates in the collection. 

Restrictionn fragment length polymorphisms (RFLPs) of mitochondrial and nuclear DNA have 
beenn used in several formae speciales of Fusarium oxysporum to determine genetic variation 
att the DNA level (Kistler et al, 1987 and 1991, Jacobson and Gordon, 1990b; Elias et al, 
1993;; Manicom and Baayen, 1993). In their publication on the potential application of 
randomm DNA probes and RFLPs in the taxonomy of the Fusaria, Manicom et al. (1987) 
showedd that their probe D4, derived from F.oxysporum f.sp. dianthi, gave multiple bands not 
onlyy for isolates of the forma specialis dianthi, but also for isolates from lycopersici and 
gladioli.gladioli. Within F.oxysporum f.sp. dianthi each VCG showed to have a distinct RFLP 
patternss using probe D4 (Manicom et al., 1990; Manicom and Baayen; 1993). Probe D4 was 
thereforee chosen to examine RFLPs within our isolate collection. Results of the RFLP 
analysiss of part of our isolate collection has been published by Mes et al. (1994b), but for 
purposess of review all RFLP data (published and unpublished) that we have obtained with 
probee D4 wil l be presented in this chapter. 

Inn 1995 a new PCR-based technique was introduced to detect restriction fragment length 
polymorphismss in DNAs of any origin or complexity (Vos et al., 1995). This Amplified 
(restriction)) Fragment Length Polymorphism (AFLP) technique was developed by Keygene 
(Wageningen,, The Netherlands). Since the AFLP technique makes it possible to screen many 
(50-100)) randomly selected restriction fragments simultaneously it provides a relatively easy 
wayy to analyse the genetic relationships in our collection with a high resolution. In fact the 
AFLP-techniquee combines the advantages of RFLP analysis (highly discriminant) and PCR-
basedd molecular method (labour efficient) discussed by Edel et al. (1995). 

MATERIAL SS AND METHOD S 

FungalFungal isolates. Isolates were obtained from various sources listed in chapter 2. All isolates 
weree monospored on potato dextrose agar (PDA) and stored as soil cultures in glass tubes at 
4°C.. Our collection of Fusarium oxysporum isolates from iridaceous crops consisted of 73 
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pathogenicc and 18 non-pathogenic (chapter 2: table 1) isolates. All pathogenic isolates were 
subjectedd to RFLP analysis with probe D4. Of the 22 non-pathogenic isolates 14 were 
analysed.. A subset of 35 pathogenic isolates, representing all established VCGs and selected 
previouslyy for pathogenicity tests on different iridaceous crops (chapter 2; table 2), were also 
subjectedd to AFLP analysis. 

DNADNA isolation. From one-month-old stationary cultures of 100 ml liquid Czapek Dox 
mediumm (Oxoid; Unipath Ltd, Basingstone, England) in 300 ml Erlenmeyer flasks, incubated 
att room temperature, mycelium was collected by filtration, lyophilised, ground with mortar 
andd pestle in the presence of liquid nitrogen and either used directly or stored in air tight vials 
att -20°C. DNA was isolated according to Manicom et at. (1987) using 
cetyltrimethylammoniumm bromide (CTAB), but without repeated extraction in buffer 
containingg 10% CTAB. 

SouthernSouthern blotting and hybridisation. 3-5ug of total DNA was digested overnight at 37°C with 
200 units of Hindlll (Boehringer Mannheim GmbH, Mannheim, Germany). Digests were 
subjectedd to electrophoresis on 1% agarose (Pronarose; Hispanagar, Burgos, Spain) in 
0.5xTBEE buffer (Sambrook et at., 1989) for 4 hours at 4 V.cm'1 or for 16 hours at 1 V.cm"1. 
Whenn required, 0.8% agarose and prolonged electrophoresis was applied to separate bands 
otherwisee poorly resolved. DNA was transferred from the gel to positively charged nylon 
membranee (Hybond N+; Amersham International pic, Littl e Chalfont, England) by Southern 
blottingg according to the manufacturer's instructions. Blots were incubated with a 
horseradish-peroxidase-labelledd probe, treated according to the standard instructions with the 
chemiluminescentt substrate luminol (ECL nucleic acid labelling and detection system; 
Amersham)) and exposed to X-ray films (Hyperfilm ECL; Amersham). 
Probee D4, a 3400 bp random Hindlll fragment from F. oxysporum f.sp. dianthi, was kindly 
providedd by B.Q. Manicom (Manicom et ai, 1987 and 1990). The fragment was ligated into 
thee Hindlll site of the plasmid vector pBR322 and used to transform E.coli strain HB101. 
Plasmidd DNA was isolated using standard procedures (Sambrook et at., 1989), digested with 
HindlllHindlll  and the insert was separated by gel electrophoresis and purified from the gel using 
thee Geneclean II kit (BiolOl Inc., La Jolla, CA, USA). 

AFLPAFLP procedure. AFLP analysis was based on a preliminary procedure received from 
Keygenee (Wageningen, the Netherlands). The final protocol was published by Vos et al. 
(1995).. The procedures followed by us resembled the final protocol, but differed in some 
details.. Oligonucleotides were purchased from Pharmacia Biotech Benelux (Roosendaal, the 
Netherlands)) or Isogen Bioscience (Maarssen, the Netherlands). 
J.J. Generation and selection of fragments. The restriction enzymes EcoRl (Boehringer 
Mannheim,, Mannheim, Germany) and Msel (New England Biolabs, Beverly, MA, USA) 
weree used to digest 0.5 )ig of DNA and adapters were ligated to the restriction fragments as 
describedd in the final protocol. The structure of the £coRI-adapter was: 
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5'-biotin-CTCGTAGACTGCGTAC C C 
M I N I M I N N 
CTGACGCATGGTTAA -- 5 ' 

Notee that the top strand was biotinylated and that the bottom strand is three nucleotides 
shorterr than the sequence in the published protocol. The structure of the Msel-adapter was: 

5•-GACGATGAGTCCTGAG G 
II I I I I I I I I I I I 
TACTCAGGACTCAT-5' ' 

Streptavidinee Magnasphere beads (Promega, Madison, WI, USA) were used to select 
biotinylatedd DNA fragments. Before use, 10 ul of beads was washed once in 100 ju.1 of STEX 
(0.11 M Nad; 10 mM Tris-HCl; 1 mM EDTA; 0.1%(v/v) Triton X-100; pH8.0), resuspended 
inn 50 ul of 2 x STEX, added to 50ul of ligation reaction mixture, and incubated for 30 min at 
roomm temperature with gentle agitation. Beads were collected with a magnet. Supernatant was 
discardedd and beads were washed once with 100 ul of STEX, resuspended in 100 ul of STEX 
andd transferred to a new tube. Beads were washed twice with 100 |x1 of STEX, resuspended in 
2000 ul of TO. IE buffer (lOmM Tris-HCl; 0.1 mM EDTA; pH 8.0), transferred to a new tube 
andd stored at 4°C. 

2.. Non-selective amplification of template DNA. Preamplification was carried out with non-
selectivee primers (EcoR\ -primer: 5'-AGACTGCGTACCAATTC. Myd-primer: 5'-
CGATGAGTCCTGAGTAA).. Both non-selective primers were one nucleotide longer at the 
5'-endd than in the final protocol. Each reaction mixture consisted of 5 jxl of bead suspension, 
0.66 ul of both primers (50ng/ul), 0.1 ul of Taq polymerase (AmpliTaq 5 U/ul), 1.6 ul of 
dNTPss (2.5 mM each), 2 ul of 10 x PCR-buffer II (lOOmM Tris-HCl, pH8.3; 500 mM KC1), 
1.66 ul of MgCb (25 mM) (all from Perkin Elmer Corp, Norwalk, CT, USA) and 8.5 ul of 
water.. The PCR reaction was performed in a PE-9600 thermal cycler (Perkin Elmer Corp., 
Norwalk,, CT, USA) in 36 cycles of 30 s denaturation at 94°C, 30 s annealing at 65-56°C and 
11 min extension at 72°C. The annealing temperature in the first cycle was 65°C and was 
subsequentlyy reduced each cycle by 0.7°C for the next 12 cycles and finally continued at 
56°CC for the remaining 23 cycles. To verify the production of secondary template 10 ul of the 
reactionn mixture was subjected to electrophoresis on a 1.6% agarose gel in 0.5 x TBE buffer 
(Sambrookk et al.y 1989). Amplification product appeared as a smear in the range of 50 to 800 
basee pairs. The remaining 10 ul was diluted to 500 ul in TO.IE buffer and stored at -20°C. 

3.3. Selective amplification of restriction fragments. Selective amplification was performed 
withh primers containing two selective nucleotides at the 3'-end. The sequence of the selective 
£coRI-primerr was 5,-GACTGCGTACCAATTC.TA and that of the M*?I-primers 5'-
GATGAGTCCTGAGTAA.AIA..AA/...TGG (selective nucleotides underlined). The EcoRl-
primerr was radioactively labelled with [y-33P]ATP (ICN Pharmaceuticals Inc., Radiochemical 
Division,, Irvine, CA, USA) according to the final protocol. The diluted preamplification 
productt was used as template DNA in a second, selective, amplification reaction. 
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Compositionn of PCR reaction mixture, except for the concentration of the labelled EcoKl-
primerr (0.5 JJ.1 of 10 ng/ul in 20 ul reaction volume), and temperature profile were equal to 
thosee of the preamplification reaction. Initially, unlabel led selective Msel-primers with one 
nucleotidee less at the 5'-end were used, resulting in double bands. A 5' G-residue in the 
unlabelledd primer prevented this problem (Vos et al., 1995). 
Reactionn products were denaturated in formamide dye and loaded on 5% polyacrylamide gel 
ass described in the final protocol. Electrophoresis was performed at constant power (55 W) 
forr ~2 hours and 15 minutes on a SequiGen 21 x 50 cm sequencing gel system (BioRad 
Laboratoriess Inc., Hercules, CA, USA). After electrophoresis gels were transferred to blot 
absorbentt filter paper (BioRad Laboratories Inc., Hercules, CA, USA), dried on a model 583 
gell  dryer (BioRad Laboratories Inc., Hercules, CA, USA) and exposed to Biomax MR-1 
filmsfilms (Eastman Kodak company, Rochester, NY, USA.) for 48 hours. 

AnalysisAnalysis of banding patterns. Autoradiograms of both RFLP- and AFLP-analyses were 
inspectedd visually on a bench viewer. Bands with different electrophoretic mobilities were 
assignedd position numbers. For each isolate the absence (0) or presence (1) of a band at each 
positionn was recorded. For the AFLP-analysis bands from reaction with different sets of 
selectivee primers were recorded serially. With the help of a GENSTAT 5 (Payne et al., 1987) 
computerr programme, Jaccard similarity coefficients were calculated for all possible pairs 
usingg the FSIMILARITY directive, transferred into Sörensen (= 2 x Jaccard/ (1 + Jaccard)) 
similarityy coefficients and from the similarity matrices dendrograms were drawn using the 
HCLUSTERR directive with average linkage. 

Inn Jaccard (and Sörensen) similarity coefficients, absence of bands at a certain position in 
bothh profiles is not taken into account (if xt = xj = 1, then 1, weight=l; if xf = xj = 0, then 0, 
weightt = 0 and if xi -- xj, then 0, weight=l). In similarity coefficients based on 
simplematchingg (if JC, = xj, then 1, weight=l and if x, — xjt then 0, weight=l) or Euclidean 
distancee (\~{(xt - JC/)/range}2 , weight=l) the absence of bands in both profiles (JC, = xj = 0) at 
aa certain position contributes equally to the similarity coefficient as the presence of bands at a 
certainn position in both profiles (x, = xj = 1). This implies that the similarity between two 
profiless increases when new profiles are added with positions of bands not occurring in the 
twoo profiles compared. It also implies that when a low ratio occurs between the number of 
bandss composing a pattern and the total number of scored positions most pairs and especially 
thosee with simple patterns will score high similarity coefficients, since at most of positions 
bothh pattern are the same score (x, = xj=Q) even when all bands of both patterns are different. 
Inn our RFLP data set 55 possible positions of bands were scored, while the number of bands 
composingg a pattern varied from 1 to 16 (figure 1). Jaccard or Sörensen similarity 
calculationss were therefore considered appropriate to analyse this data set. Initially Sörensen 
wass preferred above Jaccard (Mes et al, 1994b) since a single change in the length of one 
restrictionn fragment in a multiple banding profile leads to a new profile differing at two 
positions.. Sörensen accounts for this by weighing similar bands with a factor two. The large 
variationn in the complexity of banding patterns, however, indicated that differences between 
patternss could not simply be interpreted as the sum of restriction fragment length 
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Sizee marker 
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Figur ee 1. (On previous page) Schematic presentation of RFLP patterns observed on Southern blots of total 
DNAA digested with ///ndlll and probed with probe D4. Positions of size markers (lambda //j'ndIII/£coRl) are 
givenn at the top. For each isolate VCG, race and RFLP group is indicated. For those isolates of which 
pathogenicityy was only tested against the two differential gladiolus cultivars 'Peter Pears' and 'Nymph' race 
codess sensu Roebroeck and Mes (1992) (see also chapter 2; table 1) are given between parenthesis are. np = non 
pathogenic.. Of a subset of 35 isolates, of which the pathogenicity to several iridaceous crops was tested, race 
codess as proposed in chapter 2 are given. Presence of bands was scored by visual examination of 
autoradiogramss and is presented as black bars. Isolates are grouped according to the result of cluster analysis of 
pairr wise Jaccard coefficients. A dendrogram of the RFLP patterns of the subset of 35 isolates is presented in 
figuree 4. 

polymorphismss at a fixed number of loci. This challenged the initial choice of Sörensen 
similarityy coefficient to express the similarity between two isolates. Although Jaccard 
similarityy coefficients will slightly underestimate the genetic similarity in cases were 
differencess are caused by a strict restriction fragment polymorphism at a given locus, it was 
chosenn for reasons of simplicity. Moreover, both similarity coefficients yielded generally the 
samee dendrogram (except of course for the scaling on the similarity axis). 
Forr the analysis of AFLP data Jaccard similarity coefficients were considered the most 
appropriate,, since this technique displays presence or absence of restriction fragments rather 
thann length differences (Vos et al., 1995). Only in very few cases, when a small deletion or 
insertionn has occurred within an amplified restriction fragment, co-dominant markers are 
detected.. Similarity based on a large set of AFLP fragments can be considered an accurate 
measuree of genetic distance since "most of the AFLP fragments correspond to unique 
positionss on the genome" (Vos et al, 1995) and are randomly distributed. In this respect 
AFLPP analysis is comparably suited to genetic diversity studies as analysis based on 
anonymous,, single-copy, RFLP loci (Koenig et al., 1997). 

RESULTS S 

RFLPRFLP analysis. Within the collection of 87 isolates subjected to RFLP analysis with probe 
D44 in total 55 positions were scored for presence or absence of hybridising bands. The 
complexityy of the hybridisation patterns varied considerably from one to sixteen bands 
(figuree 1). When standard conditions and duration of gel electrophoresis were applied, each 
positionn corresponded with approximately 1 mm on the autoradiograms. Application of 
standardd gel electrophoresis conditions did not always resolve all hybridising fragments 
withinn each pattern and the assessment of difference in positions of (nearly) co-
electrophoresingg bands from two different patterns could differ between runs. On the other 
handd we experienced that although similar banding patterns were easily recognised at first 
glance,, even when present on different autoradiograms, subsequent measurement of band 
positionss (in relation to size marker bands) could lead many times to differences in size 
judgementt of presumably identical bands. Rerunning of the two samples side by side on the 
samee gel always confirmed the similarity of the patterns. Therefore, comparison of band 
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VCG G 

Race e 

0340 0 

_2D_ _ _2L L 

iss  Ë o o 
kb b 
211 -

5.1. . 
5.0--
4.3" " 
3.5" " 

2.0--
1.9" " 
1.6--
1.4--

^^ ^ __ __ r s 'E — T ~ 

o o 

5 5 

CS S 

o o 

2c c 

0 0 

o o 

li t t 

-r r 
o o 

7 7 

£ £ 

-r r 
o o 

7 7 
n n 
ba a 

6 6 

cs s 
O O 

—  »»« Up» **'"* * *** » 

—— — w "W v , « 

«ww — feM  i » v | | 

ii  j j  )j§ **  *

0.9--
0.8" " 

: : 

Figur ee 2. Restriction fragment length polymorphism observed for the vegetative compatibility groups 
withinn Fusarium oxysporum f.sp. iridacearum exemplified by representatives of each RFLP group recognised. 
Southernn blots of total DNA digested with Mndlll and probed with D4. 
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Figur ee 3. Restriction fragment length polymorphism observed within VCG 0340 of Fusarium oxysporum 
f.sp.. iridacearum. Of RFLP group I reference isolates are presented. Of the RFLP groups lb, Ic and Id all 
isolatess present in our collection are shown. Southern blot of total DNA digested with ffin&\\\, subjected to 
electrophoresiss for prolonged time and probed with D4. 
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Figur ee 4. Dendrogram of RFLPs obtained with probe D4 for a subset of isolates of Fusarium oxysporum 
f.sp.. iridacearum. The dendrogram was drawn on the basis of Jaccard similarity coefficients using the 
HCLUSTERR directive of GENSTAT 5, with average linkage. VCGs (indicated by four-digit codes) and races 
aree indicated for each cluster. 
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Figur ee 5. Dendrogram of AFLPs for a subset of isolates of Fusarium oxysporum f.sp. iridacearum. The 
dendrogramm was drawn on the basis of Jaccard similarity coefficients using the HCLUSTER directive of 
GENSTATT 5, with average linkage. VCGs (indicated by four-digit codes) and races are indicated for each 
cluster.. Isolate G25 was not analysed by AFLP. 
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positionss of patterns from different groups was also based on running samples from different 
groupss in adjacent lanes. Thus, although the final score of presence or absence of bands at 
eachh position (figure 1) was based on repeated analysis of samples in different combinations, 
thee natural variability and limitation in the resolution of the technique implies the existence of 
incidentall  misjudgements of band position. 

Al ll  73 pathogenic isolates yielded patterns of restriction fragments hybridising to probe D4, 
althoughh one (G19; VCG 0340) showed very weak hybridisation even after several attempts. 
Clusteringg analysis revealed seven groups of pathogenic isolates. Three pathogenic isolates 
(G25,, Frll and Fr 12) showed single distinctive RFLP patterns. In figure 1 a schematic 
representationn of the RFLP patterns of all isolates are presented. In figure 1 isolates are 
groupedd according to the result of the cluster analysis based on Jaccard similarity 
calculations.. Autoradiograms showing representative patterns of each group are presented in 
figurefigure 2. From the fourteen non-pathogenic isolates analysed eleven showed hybridisation to 
probee D4, all with distinctive patterns (figure 1). RFLP groups and monotypic RFLP patterns 
weree numbered in Roman numerals in accordance with Mes et al. (1994b) and are also 
presentedd in figure 1. Hybridisation patterns not described by Mes et al. (1994b) were 
assignedd new numbers. 

VCGss coincide with RFLP groups except for VCG 0340, which apparently contained four 
RFLPP groups (figure 1). Isolates from iris belonging to race 2i and isolates from crocus 
belongingg to race 3 and 4 each showed patterns aberrant from that of RFLP group I, which 
accommodatedd both race 1 and race 2n isolates. To express the fact that these three new 
RFLPP groups belong to the same VCG as group I, they were designated lb, 1c and Id. Since 
thesee aberrant patterns contained bands which apparently consisted of two or more poorly 
resolvedd fragments, digested DNA of all isolates of these three groups were subjected to 
electrophoresiss for prolonged time on 0.8% agarose gels together with some reference 
isolatess from RFLP group I (figure 3). 

Twoo of the self-incompatible pathogenic isolates (G55 and G56) were clustered in RFLP 
groupp I, the third one (G25) showed a unique restriction fragment pattern (RFLP IV) as 
alreadyy mentioned. A dendrogram drawn from the RFLP data of the subset of 35 pathogenic 
isolatess (figure 4) illustrates the relationship between RFLP groups, VCGs and races. 

AFLPAFLP analysis. AFLP analysis of the same subset of 35 pathogenic isolates with three 
differentt sets of selective primers yielded 165 AFLP fragments, which were scored for 
presencee or absence. Compared to the assessment of band positions on RFLP autoradiograms, 
thee presence or absence of a band at each position could be scored relatively easily due to the 
muchh higher resolution of the polyacrylamide gel electrophoresis technique. The few 
positionss where faint bands were observed were ignored. The AFLP-fragments scored were 
inn the size range of 50 to 400 base pairs. For unknown reason isolate G25 yielded only very 
feww selectively amplified AFLP-fragments and was therefore excluded from the cluster 
analysis.. Only twenty-three of the 165 AFLP fragments scored were present in all isolates of 
thee subset, indicating a high degree of genetic diversity among the isolates. The dendrogram 
basedd on AFLP data (figure 5) revealed 4 groups coinciding with VCGs, while the two 
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Figur ee 6. AFLP fingerprints of isolates of Fusarium oxysporum fsp. iridacearum after selective 
amplificationn with the primer set £coRI+TA/MyeI+AT. VCG and race designation of isolates are presented at 
thee top. 

isolatess belonging to single member VCGs (Frll and F12) had unique AFLP profiles. 
Jaccardd similarity coefficients within VCG 0340 were 0.73 or higher. Within VCGs 0341, 
03422 and 0343 similarity coefficients exceeded 0.95. Within the cluster of VCG 0340 isolates 
aa substructure of four groups was visible (figure 5). These subclusters corresponded with the 
RFLPP groups I, lb, Ic and Id (figure 4), but mutual similarity of D4-RFLP profiles of these 
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groupss was much lower than that of AFLP profiles. Figure 6 shows the AFLP-fingerprints 
obtainedd with one of the primer sets. 

DISCUSSION N 

ConcordanceConcordance of VCGs, RFLP groups and AFLP groups. In contrast with the situation in F. 
oxysporumoxysporum f.sp. dianthi (Manicom and Baayen, 1993 and Baayen et ah 1997), where all 
isolatess within a VCG showed similar RFLP patterns with probe D4, we observed the 
presencee of four different types of RFLP patterns within one single VCG (0340). Within each 
off  the VCGs 0341,0342 and 0343 isolates showed similar RFLP patterns. Between VCGs no 
similarityy of patterns was observed. The two isolates of the single-member VCGs 0344 
(Frll  1) and 0345 (Frl2) both showed unique patterns, as did the self-incompatible pathogenic 
isolatee G25. The two self-incompatible isolates G55 and G56 were shown to be closely 
associatedd to RFLP group I of VCG 0340 and can be considered members of this VCG which 
havee lost their ability of vegetative self-compatibility during prolonged storage in culture 
(Jacobsonn and Gordon, 1990a). 

Isolatess Frl 1 and Frl 2 showed very simple hybridisation patterns with probe D4 of one and 
twoo bands respectively. Both isolates were found to be highly pathogenic to freesia 'Pink 
Glow'' (chapter 2), confirming the finding of Manicom and Baayen (1993) for f.sp. dianthi 
thatt simple hybridisation patterns with probe D4 can also occur in pathogenic strains 
althoughh complex patterns are more common. 

Withinn the seven D4-RFLP groups in our collection (I, lb, Ic Id, II, III and V) some variation 
inn banding patterns occurred but this variation was relatively small compared to the 
differencess between patterns from different groups (figures 1 and 4). Isolates of each RFLP 
groupp appeared to be genetically closely related and probably represent clonal lineages. The 
relationshipp between the four RFLP groups that was found within VCG 0340 is not clear. The 
RFLPP groups lb, 1c and Id are somewhat closer related to each other than to other groups 
(figuree 4), but their similarity to RFLP group I is low and comparable to the similarity 
betweenn group I and group V (VCG 0343). AFLP data, however, unambiguously 
demonstratedd the relative close relationship of isolates of the four RFLP groups within VCG 
03400 (figure 5). The excellent correlation between VCG and AFLP haplotypes is strongly 
indicativee of a clonal population structure. The finding of four distinct D4-RFLP groups 
withinn VCG 0340 is not inconsistent with the idea of one clonal origin of this VCG, but 
mightt reflect its relatively long evolutionary history. The AFLP data support this notion, 
sincee the genetic diversity in VCG 0340 measured by the AFLP analysis is large compared to 
thatt in other VCGs and the AFLP subclusters in the VCG 0340 coincide with the four D4-
RFLPP groups in this VCG. 

Evenn when vegetative incompatibility would have been observed between some of these four 
subclusterss their clonal relationship would not have been disproved. Changes in one of the 
locii  controlling vegetative compatibility might occur by genetic drift within a clonal lineage 
leadingg to the splitting off of a new VCG. The occurrence of more than one VCG within 
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clonall  lineages of F. oxysporum f.sp. cubense (Koenig et al., 1997) is in line with such a 
model.. Also the occurrence of a subcluster of VCG 0032 isolates within a larger cluster of 
VCGG 0030 isolates in f.sp. lycopersici, established by RFLP-analysis (Elias et al., 1993) as 
welll  as RAPD-analysis (Mes et al., 1999), is in accordance with this model. The finding that 
VCGG 0032 isolates do show very weak complementation reactions with VCG 0030 isolates 
afterr prolonged incubation of complementary nit-mutants (Mes et al., 1999) can be explained 
byy the idea that changes in vie loci do not necessarily lead to complete loss of vegetative 
compatibility.. The demonstration of VCG-subgroups in F.oxysporum f.sp. radicis-lycopersici 
(Katann et al., 1991) based on differences in the intensity of complementation reaction of nit-
mutantss supports this. In our subset of isolates belonging to VCG 0340 we also observed 
largee quantitative differences of the intensity complementation reactions, but VCG subgroups 
couldd not be established (data not shown). 

EvolutionEvolution of races. The correlation between the AFLP subclusters, RFLP clusters and races 
withinn VCG 0340 indicate that the three groups of isolates characterised as race 2i, 3 and 4 
eachh represent distinct subclonal lineages. The isolates within the subset previously 
characterisedd as race 1 and race 2n formed a fourth subclonal lineage. The isolates belonging 
too race 2n displayed the largest variation in AFLP profiles. The three race 1 isolates form a 
smalll  cluster with littl e variation within this AFLP subcluster. Whether this means that not 
onlyy these three isolates, but also all other race 1 isolates from our collection have a single 
commonn clonal ancestor within the race 2n population requires extensive AFLP analysis of 
thesee isolates. Within the subset of isolates studied, however, each set of isolates sharing the 
samee virulence spectrum are (sub)clonaIly related. In F.oxysporum f.sp. dianthi (Baayen et 
al.,al., 1997) also isolates belonging to the same race are clonally related. This in contrast to the 
situationss in ff.spp. melonis (Jacobson and Gordon, 1990b and 1991; Schroeder and Gordon 
1993)) and lycopersici (Elias et al., 1993; Mes et al, 1999) , where isolates belonging to the 
samee race are present in different genetic backgrounds. In these two formae speciales, 
however,, races are characterised by the single dominant plant resistance gene(s) they have 
overcome.. This is principally different from the race designation system applied in the ff.spp. 
dianthidianthi and iridacearum where races are defined solely on the basis of the virulence partem 
displayedd on a set of differential plant genotypes, without knowledge about the plant genes 
involved.. Therefore it cannot be ruled out that convergent evolution of (some of the) fungal 
geness determining the virulence pattern has taken place. Only cloning and molecular 
characterisationn of these genes in the different races will allow us to draw final conclusions in 
thiss respect. But also in formae speciales where convergent evolution of races seems apparent 
(i.e.. melonis and lycopersici), molecular evidence is lacking to support the hypothesis that 
racee formation in different clonal lineages has the same genetic basis. 
Thee observation that race differentiation has occurred within one of the main clonal lineages 
(VCGG 0340), shows the possibility of the pathogen to change its virulence without sexual 
recombination.. Development of new races by genetic drift, challenging newly introduced 
resistantt plant genotypes, might therefore be conceivable. Information about the time scale of 
thee development of races within VCG 0340 is, however, missing. Gordon and Martyn (1997) 
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discussedd two recently described situations of F. oxysporum f.sp. melonis in Israel and F. 
oxysporumoxysporum f.sp. lycopersici in California where recent development of one race from another 
racee within a single VCG might have taken place. 
Thee fact that all 36 of the more recently (after 1979) collected isolates from large flower 
gladioluss belong to the cosmopolitan VCG 0340/race 1 and are not related to the isolates 
depositedd in culture collections in 1927 (G25), 1952 (G26) and 1957 (G27), might indicate 
thatt the observed genetic drift might actually occur within decades. Monitoring of a recently 
establishedd pathogenic population of F. oxysporum consisting of a single clonal lineage with 
stilll  very littl e genetic variation, like VCG 0170 of F.oxysporum f.sp. albedinis (Tantaoui et 
al.,al., 1996 and Renandez et al., 1997), with a powerful technique as AFLP analysis will 
providee information about the possible speed at which genetic diversity within a clonal 
lineagee arises. 

PhytogenyPhytogeny of the forma specialis. RFLP analysis demonstrated littl e homology between 
VCGss indicating a polyphyletic origin of this group of isolates unified by their pathogenicity 
too (some) iridaceous crops. Similarity of D4-RFLP patterns between VCGs of f.sp. 
iridacearumiridacearum is comparably low to similarity with D4 patterns of f.sp. dianthi (Manicom and 
Baayen,, 1993 and Baayen et al., 1997). Also similarity of AFLP profiles is strikingly low. 
Onlyy 23 out of 165 AFLP fragments were present in all isolates. An appropriate outgroup, 
necessaryy to draw conclusions about the polyphyletic origin of the forma specialis, however, 
iss missing. The AFLP-analysis was primarily aiming at elucidating the genetic structure 
withinn VCG 0340, considering the other VCGs as outgroups. The assumption of different 
evolutionaryy origins of VCG is strongly supported by a phylogenetic study based on gene 
genealogiess in which isolates of the different VCGs from our collection were incorporated 
(R.P.Baayenn and K. O'Donnell, pers. comm.). Independent evolutionary origins of VCGs 
belongingg to the same forma specialis have already been demonstrated in other formae 
specialess (Koenig et al., 1997; O'Donnell et al., 1998). But, as for race formation within 
formaee speciales, the molecular genetics underlying pathogenicity to a plant genus or family 
inn different VCGs remain to be elucidated. 

HistoricHistoric isolates. The self-incompatible pathogenic isolate G25 showed a complex RFLP 
patternn not associated with any of the other patterns. Probably this historic isolate, deposited 
inn 1927 in the ATCC collection (accession number ATCC11851; CBS 151.27) by Massey 
(1926)) belongs to a VCG distinct from the other VCGs, which all consisted of isolates 
obtainedd after 1979. The same might apply to the isolates G26 (CBS 253.52) and G27 (CBS 
160.57)) deposited by Scurti (1952) and Bruhn (1957), although these isolates were not 
pathogenicc to our differential gladiolus cultivars (chapter 2). On the other hand, both authors 
publishedd their pathogenicity studies, which makes it unlikely that these isolates were non-
pathogenss at the time of their isolation. Effects of prolonged storage on vegetative self-
compatibilityy and pathogenicity have been reported regularly for F.oxysporum. Unfortunately 
thiss makes it impossible to evaluate the dispute on the nature of the causal agent(s) of 
Fusariumm disease(s) in gladiolus earlier this century (Massey, 1926; Nelson, 1939; 
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McCullochh 1944; Robertson, 1952; Buxton, 1955a and 1955b, Forsberg 1955), but the fact 
thatt RFLP analysis indicates a genetically diverse nature of the three historic isolates in our 
collectionn points out that indeed different authors might have been studying different 
populationss of the fungus. 

ImplicationsImplications for resistance breeding and detection assays. As stated earlier in this thesis, 
knowledgee of the genetic diversity within the pathogenic population is of great importance to 
effectivelyy breed for disease resistance. All known races should be taken in consideration 
whenn developing resistance assays. The finding that all isolates in the subset belonging to the 
samee race have a (sub)clonal origin and display relatively littl e genetic diversity as measured 
byy RFLP and AFLP analysis, makes it conceivable to use one isolate of each race and still 
coverr most of the genetic variation observed in the collection. 

Sincee race 1 is the predominant pathotype within the culture of large-flowered gladiolus 
worldwide,, detection of latent infections in shipments of large-flowered gladiolus corms 
shouldd be aiming at specifically detecting race 1 isolates. The RFLP and AFLP analyses 
presentedd in this chapter identified race 2n isolates as the closest relatives from which race 1 
isolatess need to be distinguished. A molecular detection assay therefore requires highly 
specificc markers, which can discriminate between race 1 and race 2n isolates. When such 
markerss are found isolates of the other races within VCG 0340 as well as isolates of the other 
VCGss and non-pathogenic isolates need also to be checked. At the Bulb Research Centre 
(Lisse,, The Netherlands) RAPD markers present in race 1, but absent is race 2n were 
identifiedd after screening 160 RAPD-primers (Mes et ai, 1994a; De Haan et al., 2000). These 
race-1-specificc RAPD fragments were used to design a multiplex-PCR-assay, which can 
discriminatee race 1 isolates from all other isolates in our collection of F.oxysporum from 
gladioluss and other iridaceous crops. 
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