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CHAPTERR 6 

Identificationn of a cosmid contig spanning one of the 
borderss of a putative race specific dispensable region from 
aa race 1 isolate of Fusarium oxysporum f.sp. iridacearum 

E.J.A.. ROEBROECK & J.W.G. HELDENS 

ABSTRACT T 

AA cosmid library of race 1 isolate G2 (pathogenic to gladiolus 'Peter Pears') of F. oxysporum 
f.sp.. iridacearum was screened with cloned RAPD- and AFLP-marker fragments. These 
fragmentss were present in race 1 isolate G2, but absent in race 2n isolate G6 (not pathogenic 
too 'Peter Pears') and fusion product B7 (strongly reduced in pathogenicity to 'Peter Pears') 
andd were located on a putative dispensable region of a 2.1-Mb chromosome of G2. Several 
cosmidss clones were selected and restriction fragments carrying transcribed sequences were 
identifiedd by hybridisation with labelled cDNA-ends isolated both from in vitro grown 
myceliumm as well as from infected gladiolus corm tissue. Two restriction fragments from a 
singlee cosmid clone were arbitrarily chosen for cloning and sequence analysis. In contrast 
withh the two marker fragments present on the same cosmid, both cloned fragments appeared 
too be also present in G6 (race 2n) and fusion product B7 and were hence not carrying G2 
specificc genes. The concerning cosmid is possibly located at one of the borders of the 
putativee dispensable region. Further analysis of this cosmid and three overlapping cosmids 
wil ll  elucidate whether this is indeed the case and might reveal coding sequences present at 
thee dispensable part of this contig. 
Bothh cloned fragments contained repetitive sequences, which were probably transposable 
elementss as judged on sequence homologies, and were found to be distributed throughout the 
genome.. Relative intensities of hybridisation signals on PFGE-blots suggested that the 2.0 
Mbb chromosome IX-b of G6 is possibly the homologue of the 2.1-Mb chromosome IX-b of 
G22 on which the investigated G2 specific markers are located. The same blots supported the 
ideaa that the non-parental 1.7-Mb chromosome of fusion product B7 is likely to be the 
productt of a recombination event between chromosome IX-b of the G2 parent and one of the 
largerr chromosomes. 
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INTRODUCTIO N N 

Racee 1 and race 2n of Fusarium oxysporum (Schlecht.: Fr) f.sp. iridacearum (n.f.) can be 
discriminatedd by their difference in pathogenicity to the large flowered gladiolus cultivar 
'Peterr Pears'. Race 1 is pathogenic to 'Peter Pears' and race 2n is not, while both races are 
pathogenicc to the small-flowered gladiolus 'Nymph' (chapter 2). Isolates of both races belong 
too a group of relatively closely related isolates within VCG 0340 (chapter 3). To further 
analyseanalyse the genetics underlying the difference between race 1 and race 2n in their 
pathogenicityy to 'Peter Pears', parasexual crosses between two isolates of either race were 
carriedd out, using protoplast fusions of stable transformants carrying different selectable 
markerr genes (chapter 4). Analysis of parasexual recombinants from transformants of isolates 
G22 (race 1) and G6 (race 2n) revealed the existence of a linkage group consisting of two 
RAPD-- and fiftefen AFLP-markers present in G2, but absent in G6 and fusion products with a 
racee 2n phenotype. Hybridisation of two of the marker fragments showed they were located 
onn a 2.1 -Mb chromosome of G2. The marker sequences did not hybridise to G6 DNA. Seven 
off  the seventeen markers were also absent in fusion product B7, which was strongly reduced 
inn its pathogenicity to 'Peter Pears'. The absence of these markers was the only observed 
differencee in marker profile between fusion product B7 and the parental G2 transformant, 
afterr more than 500 markers had been screened. On the basis of Southern analysis using rare 
cutterr digests, it was hypothesised that these markers span a region of at least 120 kb of the 
2.1-Mbb chromosome. During the parasexual recombination process leading to fusion product 
B77 this region was apparently lost. Southern analysis after pulsed field gel electrophoresis 
(PFGE)) of intact chromosomes, indicated that this deletion probably resulted from a 
translocationn event (chapter 5), a phenomenon also observed in other fungi (Zolan, 1995). 
Consideringg the strongly reduced pathogenicity to 'Peter Pears' of fusion product B7 and the 
factt that the concerning markers are part of the linkage group of 17 markers whose absence 
wass correlated with the race 2n phenotype, it was hypothesised that the region lost in B7 
probablyy contains (a) gene(s) necessary for full pathogenicity to 'Peter Pears' (chapter 5). 
Thiss chapter describes how some of the seven markers, which were absent in B7, were 
successfullyy used to select cosmid clones from a G2 library. Representatively amplified 
cDNAA ends (Brady et al, 1990; Brady and Iscove, 1993), obtained from mRNA isolated 
fromfrom in vitro grown mycelium of isolate G2 and from diseased corm tissue of 'Peter Pears' 
infectedd with isolate G2, were subsequently used to identify fragments within selected 
cosmidd clones containing transcribed sequences. Two of such fragments were subcloned and 
sequenced.. Their specificity for race 1 was evaluated by Southern analysis. 

MATERIAL SS AND METHOD S 

CosmidCosmid library construction and screening. A cosmid library of total DNA of isolate G2 was 
constructedd by Clonetech Laboratories Inc. (Palo Alto, CA, USA). Fractionated genomic 
DNAA (30-48 kb) was ligated into the BamWX cloning site of cosmid vector pWE15, 
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transducedd to Escherichia coli strain NM554 and stored at -70°C. Before use the titre of the 
libraryy was checked, and about 104 cells were plated in duplo on 0 14 cm plates with LB-
agarr (Sambrook et at., 1989) containing 50 \Lg ml" ampicillin. Plates were cooled for 30 
minutess at 4°C and colonies were lifted using nylon membranes (Boehringer Mannheim, 
Mannheim,, Germany). Membranes were processed according to the manufacturer's 
instructions.. Cloned RAPD- and AFLP-fragments were digoxigenin-labelled as described in 
chapterr 5 and used to hybridise to the colony lifts. Original plates were orientated on the 
autoradiogramss and colonies showing signal were transferred with toothpicks to vials 
containingg 5 ml of fresh LB broth with 50 \ig ml*1 ampicillin. After overnight incubation at 
37°CC on a rotary shaker at 225 rpm cultures were diluted and plated on 0 9 cm plates to 
obtainn about 100 colonies per plate. Colony lifting and hybridisation procedures were 
repeatedd and one of the single colonies showing hybridisation was isolated, subcultured and 
storedd on beads (Protect bacterial preservers, Technical Service Consultants Ltd., Heywood, 
England). . 

AnalysisAnalysis of cosmid clones. Cosmid DNA was isolated from the selected clones using a 
Qiagenn plasmid isolation kit (Qiagen Inc., Chatsworth, CA, USA) and tested for the presence 
off  the concerning RAPD- or AFLP- fragment. Cosmid DNA was digested with M/idHI, 
subjectedd to electrophoresis on 0.8% agarose, blotted to positively charged membranes and 
hybridisedd with digoxigenin labelled probes as described in chapter 5. In this way presence of 
thee marker fragment used to pick up the clone from the cosmid library was confirmed. For 
thosee marker fragments hybridising to more than one HindlU fragments in digests of total 
fungall  DNA (chapter 5) it was assessed which copy of the marker sequence was present. 

FungalFungal material for RNA isolation. Isolate G2 was cultured in vitro in a minimum medium 
containingg 1 gram KH2P04, 1 gram KN03, 0.5 gram MgS04.7H20, 0.5 gram KC1, 0.2 gram 
glucosee and 0.2 gram saccharose per litre (Nirenberg, 1976). The medium was inoculated 
withh approximately 10 spores from a two-week-old culture on potato dextrose agar (PDA; 
Oxoidd Unipath Ltd., Basingstone, England) and incubated at 27°C on a rotary shaker at 150 
rpmm for 3 days. Mycelium was harvested by filtration with Ederol filter no.261 (J.C. Binzer, 
Hatzfeld/Eder,, Germany). 
Cormss of gladiolus cultivar 'Peter Pears' were obtained from commercial stocks and stored at 
5°CC until use. Husks of corms were removed, damaged or diseased corms were discarded, 
cormss were surface-disinfected in 0.8% formaldehyde and rinsed in sterile water. Slices of 
cormm tissue approximately 1 cm in height were obtained by transversally sectioning of corms 
withh a sterile knife. Slices were placed in Petri dishes on wetted filter paper discs and 
inoculatedd by spreading 50 |xl of a spore suspension of isolate G2 (106 spores ml-1) on the 
upperr surface and incubated at 27°C. After 2, 3, 4 and 7 days corm slices were sampled. 
Clearlyy diseased (brown/rotten) tissue was removed and approximately 1-mm thick samples 
off  tissue directly adjacent to the clearly diseased zone, containing the fungal colonisation 
front,front, were harvested. At day 2 the upper 1 mm was harvested, at day 3 the layer between 2 
andd 3 mm, at day 4 the layer between 4 and 5 mm was harvested. At day 7, however, slices 

83 3 



COSMI DD CONTI G 

# -- v i 
: : 

B B 

Figur ee 1. Amplification of total cDNA from diseased corm tissue of gladiolus 'Peter Pears' 2, 3, 4 and 7 
dayss (lanes 1 -4) after inoculation with Fusarium oxysporum isolate G2 (race 1) and from mycelium of isolate G2 
culturedd in vitro (lane 5). Lane 6 = control (cDNA synthesis, tailing and PCR-amplification but without RNA). 
AA 100-bp molecular size ladder was run in lane 7. Panel A: Photograph of ethidium bromide stained gel. At the 
bottomm of the gel the 60-mer primer is visible in all samples. Samples in lane 1-5 all yielded PCR-products 200-
4000 bp in size. Panel B: After Southern blotting hybridisation with Fem\, a constitutively expressed gene from 
F.F. oxysporum encoding a cell wall protein (Schoffelmeer, University of Amsterdam), resulted in a signal on all 
cDNAA amplification products. 

weree completely diseased and diseased tissue harvested half way the slices were used for 
RNAA isolation. 

RNARNA isolation. Approximately 100 mg fresh weight of in vitro cultured mycelium, or 
colonisedd corm tissue was ground in liquid nitrogen using mortar and pestle. This material 
wass used directly for isolation of total RNA using the Rneasy Plant mini kit (Qiagen), 
followingg the protocol for plants and fungi as given by the manufacturer, but using 700 \i\ of 
RLCC buffer instead of 450 u.1. Quality of RNA preparations were checked by gel 
electrophoresis. . 

cDNAcDNA preparation and representative in vitro cDNA amplification. Reactions were carried 
outt following the protocols described by Brady and Iscove (1993). RNAguard (Pharmacia 
LKBB Biotechnology AB, Uppsala, Sweden) was used as Rnase inhibitor. AMV Reverse 
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Transcriptasee and Terminal Deoxynucleotidyl Transferase were from Gibco BRL Life 
Technologiess (Rockville, Maryland, USA) and PCR reagents were from Perkin Elmer Corp. 
(Norwalk,, CT, USA). 
Approximatelyy 1 H-g of total RNA was used to produce first-strand cDNA. After 15 minutes 
thee reverse transcriptase was stopped by heating to 65°C for 10 minutes. Subsequently 3' 
poly(dA)) tails were added to the cDNA strands using terminal transferase. After this step the 
resultingg DNA is defined at both ends, enabling PCR amplification using a single oligo(dT)-
containingg primer. PCR products were checked by agarose gel electrophoresis and contained 
typicallyy DNA in the size range of 200-500 base pairs (figure 1A). Gels were blotted to 
positivelyy charged nylon membranes as described in chapter 3 and hybridised with a cloned 
cDNAA of the FemX gene from F. oxysporum f.sp. lycopersici, which was kindly provided by 
E.. Schoffelmeer (University of Amsterdam, the Netherlands). This gene had been shown to 
bee constitutively expressed not only in F. oxysporum f.sp. lycopersici, but also in isolate G2 
(racee 1) of F.oxysporum f.sp. iridacearum (E. Schoffelmeer, pers. comm.). Hybridisation of 
thee Fem\ cDNA clone to amplified cDNA ends from both in vitro cultured mycelium and 
infectedd gladiolus corm tissue (figure IB), showed that indeed cDNA ends from fungal origin 
weree present at a detectable level. 

Tabl ee 1. Approximate sizes (kb) of hybridising Mndll l fragments present in the two wild type parental 
isolatess G2 (race 1) and G6 (race 2n) of Fusarium oxysporum f.sp. iridacearum, fusion product B7 and selected 
cosmidd clones. # = number of independent cosmids obtained. = cosmids also contained the 7.5-kb HindlU 
fragmentt hybridising to RAPD1. 

marker r 

RAPD1 1 

RAPD2 2 

AFLP33 3 

AFLP47 7 

G2 2 

7.5 5 
6.0 0 

2.8 8 
2.0 0 

12 2 

5.0 0 

G6 6 

--

--

--

--

B7 7 

--

2.0 0 

--

--

cosmid(s) ) 

7.5 5 

2.0 0 
1.2 2 

12 2 

# # 

2 2 
0 0 

0 0 
8 8 
1 1 

1 1 

0 0 

lanee no 
inn Fig.2 

11 and 2 

AFLP533 3.5 3.5 3.5 0 
1.55 0 
1.33 - 1.3 0 

9.00 1 
5.55 2 

AFLP633 3.4 - - 3.4 1*  3 
4.55 f 4 
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CloningCloning and analysis of transcriptionally active sequences from cosmids clones. Cosmid 
DNAA preparations were digested with different pairs of restriction enzymes. Digests obtained 
withh Xho\ and EcoRl showed a more or less even distribution of restriction fragments in the 
sizee range from 0.5 to 5 kb well separated from the 8.1 kb cosmid vector DNA (figure 2A) 
andd this set of restriction enzymes was selected for further work. 
Xhol/EcoKlXhol/EcoKl digests of selected cosmid clones were subjected to electrophoresis and blotted. 
Blotss were hybridised with labelled pools of cDNA ends from both in vitro cultured 
myceliumm and infected gladiolus corm tissue. Hybridising restriction fragments were 
consideredd to contain transcribed sequences. From one of the cosmid clones, containing 
copiess of the markers AFLP63 and RAPD1, two restriction fragments hybridising to cDNA 
weree cloned in pBluescript II SK.+ (Stratagene, La Jolla, CA, USA) and transformed into 
E.coliE.coli INVaF' cells, following standard procedures (Sambrook et al, 1989). Cloned 
fragmentsfragments were digoxigenin labelled by PCR (Boehringer Mannheim, Mannheim, Germany), 
usingg the universal UP (CACACAGGAAACAGCTATGACC) and DOWN 
(CGTTGTAAAACGACGGCCAGTG)) primers, according to the manufacturer's instructions. 
Probingg to Southern blots of digests of total DNA and of chromosomes separated by PFGE 
wass performed as described in chapter 4. 

SequenceSequence analysis. Cloned fragments were double stranded sequenced by BaseClear (Leiden, 
Thee Netherlands). Sequence data were analysed using the computer programme DNA 
Strider™™ (version 1.3f4). 

RESULTS S 

CosmidCosmid library screening. Sizes of HindUl fragments hybridising to the cloned marker 
fragmentsfragments which were used as probes to screen the cosmid library are listed in table 1, 
showingg the observed polymorphisms between isolate G2, G6 and fusion product B7. Two 
clonedd AFLP fragments, which did not give a clear hybridisation signal due to their small 
sizes,, are not listed in table 1. Of RAPD2, belonging to the linkage group of 17 markers and 
locatedd on the 2.1-Mb chromosome IX-b of isolate G2, but not to the seven markers absent in 
B7,, one of the two copies was missing in B7 (figure 2 in chapter 5 and table 1 this chapter). 
Thee missing copy could therefore be considered an RFLP marker present in the region that 
wass lost in B7. For this reason RAPD2 was added to the markers used to screen the cosmid 
library.. Sizes of the ///«dill fragment from the selected cosmids hybridising to the respective 
clonedd markers are also presented in table 1. In some cases, sizes of hybridising HindUl 
fragmentfragment within selected cosmids did not correspond with size(s) observed in total DNA of 
isolatee G2, indicating that the concerning marker sequence was located at one of the ends of 
thee insert in the cosmid. 

Despitee extensive screening the 2.8-kb Hindlll fragment containing the copy of RAPD2 
whichh is absent in B7, could not be selected. Nine cosmids were picked up with RAPD2, of 
whichh eight contained the 2.0-kb HindUl fragment that is still present in B7. One cosmid 
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clonee contained a 1.2-kb HindlU fragment hybridising to RAPD2 (table 1). Comparison of 
restrictionn profiles (not shown) of this last cosmid with profiles of the other eight RAPD2 
containingg cosmids showed high levels of similarity. Therefore no indication existed that this 
cosmidd possibly contains the other copy of this marker. Also of RAPD1 only one of the two 
copiess was picked up from the cosmid library. Both cosmids selected with RAPD1 contained 
thee 7.5-kb HindlU fragment. Two more cosmids, selected with AFLP63 also contained this 
7.5-kbb HindlU fragment hybridising to RAPD1. The other copy (6.0 kb HindlU fragment) of 
RAPD11 was not found. 

Onlyy one of the three HindlU fragments hybridising to AFLP53 in G2 was missing in fusion 
productt B7 (table 1). A cosmid clone containing this fragment could however not be 
identified.. The three cosmid clones selected with this marker fragment all contained aberrant 
sizess of HindlU fragment hybridising to the probe. With AFLP33 a single cosmid clone, 
containingg a HindlU fragment of the correct size (12 kb), was selected. With AFLP47 no 
positivee clones could be identified, possibly due to the small size of this fragment (120 base 
pairs,, including adapter sequences). 

1**  I v 1  2  3  4  1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

211 • 

5. 1 1 
5. 00  = 
4.3 " " 
3.5 --

2-0 . . 
1.9 " " 

1.6 --

1.4 --

1 1 

44 «-»^ 4 .j l  «»-« 4 

*4*4  5  «• — •  .  '  *  " *  5 

JjJj::..: ..: 

DD È 

Figur ee 2. Southern analysis of a contig of four cosmids clones from Fusahum oxysporum f.sp. iridacearum 
isolatee G2 (race 1). Panel A: £coRI/A7ioI-digests after agarose-gel electrophoresis. pWE15 vector DNA is 
visiblee at the top of the gel (arrowhead 1). Arrowhead 2 indicates restriction fragment, present in all four 
cosmidss on which marker RAPD1 was located, as identified by Southern analysis (blot not shown). Arrowhead 
33 indicates restriction fragment, present in the cosmids shown in lane 3 and 4, on which marker AFLP63 was 
located,, as identified by Southern analysis (blot not shown). Panel B: Blot showing hybridisation with labelled 
cDNA-endss from in vitro cultured mycelium of G2. Panel C: Same as panel B, but after hybridisation with 
cDNA-endss from G2-infected corm tissue. Fragments, which were arbitrarily chosen to be cloned, are indicated 
byy arrowheads 4 and 5. Hybridisation of the cloned fragments is shown for the 2.8-kb fragment in panel D and 
forr the3.6-kb fragment in panel E. The 2.8-kb fragment cross-hybridised with another restriction fragment from 
thee same cosmid, which was also present in the other three cosmids of the contig. 
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AmplificationAmplification ofcDNAfrom in vitro cultured mycelium and from infected corm tissue. From 
1000 mg fresh weight of either mycelium or corm tissue harvested at the colonisation front 
fromfrom infected gladiolus corm tissue, typically 5-10 (ig of total RNA was isolated. Quality of 
RNAA preparations was checked by agarose gel electrophoresis (not shown). 1 p.g of RNA 
wass subsequently used to synthesise incomplete first strand cDNA, followed by poly(A) 
tailingg and PCR amplification. Amplification products were analysed on agarose gels as 
illustratedd in figure 1A. Gels were blotted and probed with cloned Feml cDNA (E. 
Schoffelmeer,, University of Amsterdam), resulting in a hybridisation signal, both with 
materiall  obtained from mycelium as with material from infected corm tissue (figure IB), 
demonstratingg that cDNA of fungal origin was present at detectable levels in preparations 
fromfrom infected plant material. Amplification product from uninfected corm material did not 
showw hybridisation (not shown). 

DetectionDetection of restriction fragment of cosmid clones containing transcribed sequences. The two 
cosmidss clones selected with RAPD1 and the two selected with AFLP63 were digested with a 
mixturee of the restriction enzymes EcoKl and Xho\ and subjected to electrophoresis (figure 
2A).. The fragments that hybridised to the marker fragment are indicated in figure 2A (blots 
nott shown). Hybridisation patterns obtained with labelled populations of cDNA-ends derived 
fromfrom mycelium and infected tissue are shown in figure 2B and 2C respectively. Fragments 
hybridisingg with cDNA-ends from both sources were observed, indicating that the restriction 
fragmentsfragments concerned contain genes that were expressed both in vitro and in planta. No bands 
weree found hybridising with cDNA-ends from infected corm tissue only. Such finding would 
havee been indicative for the presence of fungal genes induced during infection. Two 
restrictionn fragments from the cosmid clone containing AFLP63 and RAPD1 (lane 3), 
containingg genes expressed both in vitro and in planta were arbitrarily chosen for further 
analysis.. Restriction analysis with both restriction enzymes separately revealed that the 3.6-
kbb fragment, which showed a strong signal (figure 2C) was an EcoRl-EcoRi fragment, while 
thee 2.8-kb fragment turned out to be a Xhol-Xhol fragment. Both fragments were cloned, 
labelledd and probed to the original Southern blots of double digested cosmids (figure 2D and 
E).. The 3.6-kb fragment only hybridised to itself (figure 2E), while the 2.8-kb fragment also 
cross-hybridisedd to a 2-kb fragment, present in all four cosmids (figure 2D). 
Thee cosmid clone selected with AFLP 33 was analysed in the same way. Within this cosmid 
aa single restriction fragment was found hybridising with cDNA ends from in vitro grown 
fungus,, while no hybridising bands were found when cDNA ends from infected tissue was 
usedd (not shown). 

RaceRace specificity of cloned fragments. Hybridisation of the cloned fragments to EcoRVXhol 
digestedd total DNA of G2, G6, transformants and fusion products showed that the 2.8-kb 
fragmentt contained (a) highly repetitive sequence(s) (figure 3A). Hybridising bands of 2.8 kb 
appearedd to be present in all strains, including G6 and fusion product B7. The cloned 3.6-kb 
fragmentfragment was also found to hybridise to more than one band although the number of 
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hybridisingg fragments was much less than the number of bands hybridising to the 2.8-kb 
clone.. Each of the tested strain including G6 and B7 contained a hybridising band of 3.6 kb 
(figuree 3B). It was therefore concluded that both cloned fragments were not specific to the G2 
parentss and could therefore not contain candidates for race 1 specific genes. 

fusionn products 
r-ii r-i 
Ci.. -g 

SS pi* 

5.1 1 
5.0 0 
4.3 3 
3.5 5 

2.0 0 

«« ^ — 2.8 kb 

0t*0t*  *****  «#«*• 

1.99 ';: / 

1.66 g ^  f 

1.44 — » 

kb b 

21 1 

5.1 1 
5.0 0 
4.3 3 
3.5 5 

II  «ft ; , 

****  •* ; H «• 3 zi * 
mm' mm' ÉÊÉÊ 2 

3.66 kb 

«mm mm »- —« » an»
2.00 * 
1.99 — S I " 

: : z : : 
' r;*tt ll  B 

Figur ee 3. Southern analysis of parental isolates and a selection of fusion products. £coRl/A7ioI-digests of 
totall DNA was probed with the cloned 2.8-kb fragment (panel A) or the cloned 3.6-kb fragment (panel B). Both 
fragmentss were obtained from a cosmid clone containing RAPD1 and AFLP63 (figure 2). Bands with the same 
sizee as the cloned fragment are indicated by arrows. M = molecular size marker (//mdlll/EcoRI). 

SequenceSequence analysis of cloned fragments. Both fragments were sequenced and analysed for 
presencee of open reading frames (ORFs) as presented in figure 4. ORFs of which the putative 
translationn products showed homologies with protein sequences present in public data bases 
aree indicated with arrows and numbered. Results of the homology searches are listed in table 
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2.. 0RF1 of the 2.8-kb clone showed a high level of homology with a putative transposase 
fromm the rice blast fungus Magnaporthe grisea and with transposases of other plant 
pathogenicc fungi, including the translation product from the ORF present in the transposable 
elementt Fotl from/7, oxysporum f.sp. melonis. Alignment of the amino acid sequences of the 
translationn product of ORF 1 and the putative transposase of M.grisea are presented in figure 
5.. The nucleotide sequence of the inverted repeat of the transposable element Pot3 of 
M.griseaM.grisea (Farman et al., 1996; EMBL accession number U60989) also showed homology 
withh the nucleotide sequence of the putative inverted repeat present at the 3' end of the 
elementt in the 2.8-kb clone (figure 5). The translation product of ORF2 and ORF3 (putatively 
separatedd by an intron) showed homology with the C-terminus of NADPH-cytochrome P450 
reductasee domain of cytochrome P450 102 from the bacterial species Bacillus subtilis 
(Yamamotoo et al., 1997) and cytochrome P450 BM-3 from B. megaterium (Ruettinger et al., 
1989). . 
Thee translation product of ORF4 (from the 3.6-kb clone) showed homology with the C-
terminuss of transposases of transposable elements from several sources, all belonging to the 
hAhA T {hobo, Ac and Tam3; Calvi et al., 1991; Warren et al. 1994) transposon family, including 
onee recently found in F. oxysporum (Okuda et al., 1998). 
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F igu r ee 4. Presence of open reading frames (ORFs) in two cloned restriction fragments from a cosmid clone 
off  isolate G2 of Fusarium oxysporum f.sp. iridacearum. Panel A: 2.8-kb Xho\-Xho\ fragment from the cosmid 
clonee shown in figure 2 lane 3. Panel B: 3.6-kb EcoRl-EcoRl fragment from the same cosmid clone. ORFs, of 
whichh homologies with data base sequences were found, are indicated by arrows. Numbers of ORFs correspond 
too those in table 2. 
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Tablee 2. Homologies with data base protein sequences of putative translation products of open reading 
framess (ORFs) present in two subcloned fragments from cosmid clone 63 .cl from isolate G2 (race 1) of 
F.oxysporumF.oxysporum f.sp. iridacearum. ORFs numbers correspond with those given in figure 4. 

ORFF length identities positives species description EMBL literature 
dbb seq reference reference 

II  554 
554 4 
534 4 
555 5 
542 2 

535 5 
550 0 
532 2 
142 2 

2+33 1054 

1061 1 

1049 9 

44 773 

769 9 

768 8 

S28 8 

55 637 
658 8 

777 7 

802 2 

66 502 

101/192 2 
81/188 8 
66/132 2 
72/183 3 
30/53 3 

34/76 6 
29/59 9 
27/53 3 
19/51 1 

20/50 0 
12/38 8 
17/54 4 
10/41 1 
14/25 5 
12/27 7 
25/70 0 
27/98 8 
22/72 2 
11/27 7 
16/38 8 
8/23 3 
16/49 9 
12/44 4 
18/71 1 
11/53 3 
9/25 5 
13/27 7 
7/35 5 

8/28 8 
21/53 3 
16/54 4 
7/19 9 
12/22 2 
10/28 8 
22/65 5 
14/50 0 
7/34 4 
14/48 8 
11/28 8 
26/65 5 
9/20 0 
6/19 9 
10/17 7 
8/12 2 
8/13 3 
19/45 5 
6/19 9 

34/67 7 
28/85 5 

25/67 7 

27/66 6 

11/30 0 
22/43 3 

(52%) ) 
(43%) ) 
(50%) ) 
(39%) ) 
(56%) ) 

(44%) ) 
(49%) ) 
(50%) ) 
(37%) ) 

(40%) ) 
(31%) ) 
(31%) ) 
(24%) ) 
(56%) ) 
(44%) ) 
(35%) ) 
(27%) ) 
(30%) ) 
(40%) ) 
(42%) ) 
(34%) ) 
(32%) ) 
(27%) ) 
(25%) ) 
(20%) ) 
(36%) ) 
(48%) ) 
(20%) ) 

(28%) ) 
(39%) ) 
(29%) ) 
(36%) ) 
(54%) ) 
(35%) ) 
(33%) ) 
(28%) ) 
(20%) ) 
(29%) ) 
(39%) ) 
(40%) ) 
(45%) ) 
(31%) ) 
(58%) ) 
(66%) ) 
(61%) ) 
(42%) ) 
(31%) ) 

(50%) ) 
(32%) ) 

(37%) ) 

(40%) ) 

(36%) ) 
(51%) ) 

143/192 2 
117/188 8 
92/132 2 
107/183 3 
37/53 3 

46/76 6 
37/59 9 
34/53 3 
25/51 1 

31/50 0 
25/38 8 
29/54 4 
13/41 1 
19/25 5 
19/27 7 
37/70 0 
46/98 8 
32/72 2 
18/27 7 
28/38 8 
13/23 3 
23/49 9 
29/44 4 
33/71 1 
16/53 3 
16/25 5 
19/27 7 
22/35 5 

12/28 8 
32/53 3 
29/54 4 
13/19 9 
15/22 2 
15/28 8 
36/65 5 
24/50 0 
16/34 4 
19/48 8 
15/28 8 
36/65 5 
14/20 0 
13/19 9 
13/17 7 
9/12 2 
10/13 3 
25/45 5 
11/19 9 

46/67 7 
51/85 5 

42/67 7 

39/66 6 

18/30 0 
27/43 3 

(69%) ) 
(62%) ) 
(69%) ) 
(58%) ) 
(69%) ) 

(60%) ) 
(62%) ) 
(64%) ) 
(49%) ) 

(62%) ) 
(65%) ) 
(53%) ) 
(31%) ) 
(76%) ) 
(70%) ) 
(52%) ) 
(46%) ) 
(44%) ) 
(66%) ) 
(73%) ) 
(56%) ) 
(46%) ) 
(65%) ) 
(46%) ) 
(30%) ) 
(64%) ) 
(70%) ) 
(62%) ) 

(42%) ) 
(60%) ) 
(53%) ) 
(68%) ) 
(68%) ) 
(53%) ) 
(55%) ) 
(48%) ) 
(47%) ) 
(39%) ) 
(53%) ) 
(55%) ) 
(70%) ) 
(68%) ) 
(76%) ) 
(75%) ) 
(76%) ) 
(55%) ) 
(57%) ) 

(68%) ) 
(60%) ) 

(62%) ) 

(59%) ) 

(60%) ) 
(62%) ) 

MagnaportheMagnaporthe grisea 
EmericellaEmericella nidulans 
CochtiobolusCochtiobolus carbonum 
AspergillusAspergillus awamori 
FusartumFusartum oxysporum 

MagnaportheMagnaporthe grisea 
NectriaNectria haematococca 
Botryotintafuckeliana Botryotintafuckeliana 
FusariumFusarium oxysporum 

BacillusBacillus subtilis 

BacillusBacillus subtilis 

BacillusBacillus megaterium 

Phanerochaete Phanerochaete 
chrysosporium chrysosporium 

Pycnoporus Pycnoporus 
cinnabarinus cinnabarinus 

TrametesTrametes versicolor 

ThielaviaThielavia heterothallica 

AscobolusAscobolus immersus 
Drosophila Drosophila 
melattogaster melattogaster 
FusariumFusarium oxysporum 

TolypocladiumTolypocladium inflaium 

ArabidopsisArabidopsis thallana 

putativee transposast 
ORF F 
transposase e 
transposase e 
hypoth.. protein 
Fott 1 transposon 
transposase e 
putativee transposase 
transposase e 
hypotheticall  protein 

cytochrome e 
P450102 2 
(cytochromee P450/ 

U60989 9 
AC000133 3 
U40479 9 
U58964 4 
X64799 9 

Z33638 8 
U78574 4 
TJ74294 4 
Y07991 1 

U93874 4 

NADPH-- cytochrome 
P4500 reductase) 

YfnJ J 
(cytochromee P450/ 

D87979 9 

NADPH-- cytochrome 
P4500 reductase) 

cytochromee P450 
(BM-3)// NADPH-
cytochromee P450 
reductase e 

cellobiose e 
dehydrogenase e 

cellobiose e 
dehydrogenase e 

cellobiose e 
dehydrogenase e 

cellobiose--
dehydrogenase e 

putativee transposase 
Hoboo element 
transposasee HFL1 
transposase-like e 
protein n 

J04832 2 

U46081 1 

AF08I574 4 

AF029668 8 

AF074951 1 

Y07695 5 
M69216 6 

AB008746 6 

putativee transposase Z69893 

cytochromee P450 
monooxygenase e 

U69134 4 

Farmann et al., 1996 

--
Panaccionee et al., 1996 

--
Daboussii  et al., 1992 

Kachrooo et al., 1994 
Enkertii  et at., 1997 
Leviss etal., 1997 

--
Sorokinn et al., 1997 

Yamamotoo et al., 1997 

Ruettingerr et al., 1989 

Lii  etal., 1996 

--

Archibald,, 1998 

--

--
Calvii  etal., 1991 

Okudaetal,, 1998 

Kempkenn and Kiick, 
1996 6 

. . 
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PUTATIV EE TRANSPOSASE 

HGTT 1  MESSNCEARIIIJUJJELRSSKKKSIRKVALIYNVPKSTLHDRINGIASLANRRPGNQKLTEREEEVIVQYILDLDSRGFP 8 0 

MGTT 8 1 AQIADVAAHADHLIAARDARPVGKQWAYRFVQRRTELim^SPAYDFQRALCEDPDALNAWFQLVANMRAKYGIQDCDMY 16 0 

MGTT 16 1 SFDETGFMMGQICAGMWTGSERRGRRKKVQPGNRBWATAICCISGDGYDIPPYIIVKGFYHLSNWYTEGGLPDTWRLKP 2 4 0 

MGTT 24 1 TVNGWTDNETGLDWVQHFDNHTKSRTKGVYRMLVLDGHGSHRSPEFEGYCKDYNIIPLYLPAHSSHLTQPLDVGVFNVLK 32 0 
L+W++HFDD TK++ + G  YR+L+LDGH S H S  +F E YCK+ I I  L  +PAH+SHL QPLDVG F  VL K 

ORF11 1  ===== = =  =  -.=LEWLKHFDRSTKNQSTGPYRLLILDGHESHHSADFERYCKENKIISLCMPAHASHLIjQPLDVGCFAVLK 6 9 

MGTT 32 1 RAYGQKINDFIRAHITNISKVTFFLAFAAAYKKSMTKEKMAGGFRGAGIIPHSPEMVISKLDVRLRTPSPKELDFSSTET 40 0 
+AYG++II  I R IT+IS K +F F A F AA+ K +  T + N+ G  FRGAG+ P  P E VISKLDV+L+TP+ P E  + 

ORF11 7 0 KAYGREIEHLIRCSITHISKTEFFPAFYAAFKATFTESNIRGVFRGAGLAPFDPENVISKLDVQLQTPTPPEEAAQPSSP 14 9 

MGTT 40 1 WVSQTPHNPTEAVNQSTLVKSRINCHQGSSPTPrFNAVKQLAKGLESIAHRTTLLEAENHSLRKANEALSKRRRAQKTRI  48 0 
WW S+T P TE A +QS + + R I  H + S S I  A+ K K  + 1 H  + L E  +L R ANE LS+RRRA++TR+ 

ORF11 15 0 WTSKTPKTATEAQSQSEYLERRIRRHKSSSRESIIEALKSNTKATRAIMHEWILRNEVRNLRDANEVLSRRRRAKRTRL 22 9 

MGTT 4  8 1 REGGSFTIQEGQNLÎ SNGADGLYTKRKMKMGRGVVRSRRIiNDVAATAVNLDIMHAPVRRMQKCLMYIYPIALR 55 4 
++ +GG+ T+QE + + D  + G G R S R + V H R Q + 

ORF11 23 0 QKGGTMTVQEASQVIDOMDVDAQWAESSRSG=GRGRSVRPGGQRCS=VCGKAGHNA=RTCQVIIEISGEEYSE 30 0 

INVERTEDD REPEAT 

--  TGTCCGGGGTCCTGATATGTCCGGGGTCCTGATGAACCACGT-  3  * 
TGTCCC T  C T A T TGTCC T  C T A T AACCACGT 

-TGTCCCACTTGCTTATCTGTCCCACTTGCTTATCAACCACGT--  3  ' 

Figur ee 5. Alignment of the deduced amino acid sequence of ORF1 and that of the putative transposase of 
thee transposable element Pot3 of Magnaporthe grisea (MGT) and alignment of the nucleotide sequence of 
invertedd repeat as present at the 3'-end of Pot3 and the corresponding sequence from the cloned 2.8-kb fragment 
fromm a cosmid clone of isolate G2 of F.oxysporum f.sp. iridacearum downstream of ORF1. 

Thee translation product from ORF5 showed homology to cellobiose dehydrogenases from the 
Basidiomycetess Phanerochaete chrysosporium, Pycnoporus cinnabarinu and Trametes 
versicolorversicolor and the Ascomycete Thielavia heterothallica. ORF5 encodes the N-terminal part 
off  a putative cellobiose dehydrogenase of which the encoding gene interrupted by an 
insertionn of the hAT type transposon (figure 4). 
ORF66 showed some homology to a cytochrome P450 monooxygenase from the plant species 
ArabidopsisArabidopsis thaliana. 

ChromosomalChromosomal localisation of subcloned fragment in G2, G6 and B7. In chapter 5 it was 
shownn that of each of the markers RAPD1, RAPD2 and AFLP63 two copies exist, which are 
alll  located on a 2.1-Mb chromosome (designated IX-b) of G2. Based on their linkage in the 
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fusionn population the other 14 AFLP makers were presumed to be also located on this 
chromosome.. Considering the ratio of the number of AFLP markers in this linkage group and 
thee total number of AFLP markers screened (15/528) and an estimated genome size of 
approximatelyy 50 Mb it could be possible that a homologue of chromosome IX-b of G2 is 
completelyy missing in the G6. The observed presence in G6 (figure 3) of the two cloned 
restrictionn fragments from a cosmid containing RAPD1 and AFLP63 is in conflict with this 
idea.. Probing (parts of) the two cloned fragments to PFGE-blots of intact chromosomes was 
carriedd out to get information about the chromosomal location of these fragments both in G2 
andd G6. Fusion product B7 was also incorporated in this analysis in an attempt to gain more 
informationn about the fate of the remaining part of chromosome IX-b of G2 in this particular 
fusionn product. 

AA PFGE-gel containing G2, G6 and their transformants used in the fusion experiment to 
producee B7 are shown in figure 6. Chromosomal bands are numbered as in chapter 5. The 
2.1-Mbb chromosomal band IX of G2 consists of two unresolved chromosomes designated IX-
aa and IX-b (chapter 5). In G6 a double band of two partly resolved chromosomes is visible at 
thee same position in the gel. The largest of the two bands contains a single 2.1-Mb 
chromosomee (IX-a) which is likely the homologue of chromosome IX-a of G2 as judged by 
hybridisationn with a chromosome IX-a specific probe (chapter 5). In fusion product B7 this 
chromosomee IX-a is also present. The smaller 2.0-Mb chromosome of the double band in G6 
wass designated IX-b (figure 6A), but we had found no evidence so far that this chromosome 
iss homologous to chromosome IX-b of G2. 

Thee 1.6-Mb chromosome X is present in G2 and B7, but absent in G6. Fusion product B7 
containss an extra, non-parental, chromosomal band of 1.7 Mb that was designated IX-c. The 
factt that this chromosome did not hybridise to the RAPD2 fragment (chapter 5), of which one 
copyy is still present in B7, indicated that this chromosome is not simply the remnant of 
chromosomee IX-b of G2 which resulted from an event of chromosome breakage and repair 
(Zolan,, 1995) during which the region containing the seven markers missing in B7 (including 
RAPD11 and AFLP63) was lost. RAPD2 hybridised to the larger unresolved chromosomes of 
B7,, suggesting the occurrence of crossing-over between chromosome IX-b of G2 and one of 
thee larger chromosomes. 

Hybridisationn of a PFGE blot with the complete 2.8-kb fragment revealed that the highly 
repetitivee sequence present in this clone (figure 3A), which is likely the Pot3-like 
transposablee element, is distributed throughout the genome (figure 6B). Chromosomal band 
IXX of G2 showed a relatively strong hybridisation signal, indicating a high copy number of 
thiss element in chromosomes IX-a/b of G2. Also chromosome IX-b of G6 and IX-c of B7 
showedd a strong hybridisation signal. This could mean that indeed chromosome IX-b of G6 is 
thee homologue of chromosome IX-b of G2 and that the non-parental chromosome IX-c of B7 
containss sequences derived from chromosome IX-b. To obtain stronger evidence for this 
hypothesiss a single copy probe from chromosome IX-b of G2 which is also present in G6 and 
B77 is required. A single copy sequence present on one of the two cloned fragments might 
deliverr such a probe. ORF 5 present in the 3.6-kb clone (figure 4), that was identified as part 
off  a putative cellobiose dehydrogenase gene, was considered to be a good candidate. 
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Thereforee this sequence was subcloned and used to probe the same PFGE-blot (figure 6C). 

Surprisinglyy a hybridisation pattern was found which was similar to that obtained with the 

2.8-kbb clone (figure 6B) containing the Pot3-like transposable element. A striking difference 

betweenn both hybridisation patterns, however, was that in isolate G2 a relatively weak signal 

wass obtained on the 2.1-Mb chromosomal band of G2. The 1.7-Mb chromosome of fusion 

productt B7 did show a relatively strong signal with the ORF5 subclone, indicating that the 

responsiblee sequences should have come from other parts of the genome. As already 

mentioned,, we previously (chapter 5) observed that the RAPD2 fragment (from chromosome 

IX- bb of the G2 parent) hybridised to one of the larger chromosomes of B7. For reasons of 

comparisonn the RAPD2 fragment was also hybridised to the PFGE-blot used in the 

hybridisationn experiments described here. Again no hybridisation signal was observed with 

thee 1.7-Mb chromosome or any of the other smaller chromosomes of fusion product B7, 

whilee some signal was obtained from the unresolved larger chromosomes (figure 6D). 

Figur ee 6. Pulsed field gel electrophoresis of fusion product B7 and parental strains. Panel A shows PFGE 
gelss run at 4 C, 2 V cm"1, switching intervals from 900-1800 sec for 164 hours. Panels B, C and D show 
autoradiogramss of the PFGE-gel hybridised with the cloned 2.8-kb fragment the ORF5 subclone of the 3.6-kb 
fragmentt and the RAPD2 fragment respectively. Chromosomes are numbered using Roman numerals according 
too chapter 4 figure 2 and chapter 5 figure 4. 
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DISCUSSION N 

Severall  clones from a cosmid library of isolate G2 (race 1) were isolated, using RAPD- and 
AFLP-fragmentss marking a putative dispensable region of G2 as probes. Despite extensive 
screeningg we were unable to extract cosmids covering all polymorphic copies of all marker 
fragmentss from the cosmid library (table 1). This was partly due to the practical limitations 
off  the used technique: some AFLP marker fragments were too small to obtain a reliable 
signal.. Some selected cosmid clones contained Hindlll fragments aberrant from those 
identifiedd by Southern analysis with total DNA, which made it unclear which copy was 
presentt (table 1). Of both cloned RAPD fragments only one of the two copies was found in 
thee cosmid library (table 1). This can not be the result of differences in DNA methylation in 
F.oxysporumF.oxysporum and E.coli, since digestion with Hindlll is not affected by methylation. So, for 
unknownn reasons, copies of these RAPD markers were not proportionally represented in the 
library.. Of RAPD2 only the copy which is still present in fusion product B7, and therefore 
nott of primary interest, was found within a large number of cosmid clones selected with this 
markerr (table 1). 

Twoo cosmids were selected containing both one copy of RAPD 1 and one copy of AFLP63. 
Thiss finding proved the close physical linkage of these markers, which had already been 
demonstratedd by the finding that both marker fragments hybridised to Ascl and Sfil rare cutter 
fragmentsfragments of the same size (chapter 5). Two other cosmids were found which contained the 
samee copy of RAPD 1, but not AFLP63. Restriction fragments hybridising to labelled cDNA-
endss from in vitro grown mycelium of G2 were found present on all four cosmids (figures 
2B).. Some of these fragments also hybridised to cDNA-ends from G2-infected corm tissue, 
indicatingg that they carry genes also transcribed inplanta. Two of these fragments, both from 
thee same cosmid, were arbitrarily chosen for cloning and sequence analysis. Southern 
analysis,, however revealed that both cloned fragments were present not only in G2, but also 
inn G6 and fusion product B7 (figures 3A and 3B). The two cloned fragments hence contained 
sequencess of chromosome IX-b of G2 of which homologues are present in G6 and B7. This 
meanss that the possibility that the entire chromosome IX-b of G2 is a dispensable 
chromosomee which is completely absent in G6 and partly absent in fusion product B7 can be 
ruledd out. 

Hybridisationn of the complete cloned 2.8-kb fragment to a PFGE-blot (figure 6B) showed 
presencee in many chromosomes, illustrating that the repetitive sequence present in this cloned 
fragmentfragment is scattered all over the genome. The relative intensity of the hybridisation signals 
onn the different chromosomal bands, however, suggested that the slightly smaller 
chromosomee IX-b of G6 might be the homologue of chromosome IX-b of G2. It also 
suggestedd that in fusion product B7 the non-parental 1.7-Mb chromosome is partly 
homologouss to chromosome IX-b of G2. Hybridisation signals on PFGE-blots obtained with 
aa subclone from the clone 3.6-kb fragment (figure 6C), however indicated that this 1.7-Mb 
chromosomee also inherited sequences from another part of the genome. Together with the 
observationn that the RAPD2 fragment, of which one copy is still present in B7, is not located 
onn this 1.7-Mb chromosome (figure 6D), this suggested that recombination between 
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chromosomee IX-b of G2 and one of the larger chromosomes had occurred, leading to a large 
deletionn (loss of marker group 1) and two recombinant chromosomes of which the 1.7-Mb 
chromosomee is one. To obtain further evidence that indeed the 2.0 Mb chromosome IX-b of 
G66 is the homologue of the 2.1-Mb chromosome IX-b of G2, and to further characterise the 
recombinationn between chromosome IX-b of G2 and one of the larger chromosomes resulting 
inn the 1.7-Mb chromosome of B7, single copy clones from these chromosomes are required. 
Sequencee analysis of the cloned 2.8-kb fragment revealed the presence of a large part of a 
Pot3-likee transposon (Farman et al, 1996) belonging to the Fotl family (Daboussi et al, 
1992;; Kachroo et al, 1994; Levis et al, 1997). The complex hybridisation patterns (figure 
3AA and figure 6B) obtained with the 2.8-kb clone are probably due to the presence of this 
transposablee element. The relatively high level of homology to the M. grisea transposon Pot3 
(MGR586)) (Farman et al, 1996) suggests that this element belongs to the MGR586 
subfamilyy within the Fotl-like family (Levis et al., 1997). The other subfamily contains 
elementss as Fotl (from F.oxysporum., EMBL X64799), Flipper (from B. cinerea; EMBL 
U74294>> and Pot2 (from M.grisea; EMBL Z33638). This means that not only in M.grisea 
thesee two subfamilies can coexist in the same fungus, but that they also coexist in 
F.oxysporum,F.oxysporum, supporting the hypothesis of Levis et al. (1997) that an ancient duplication 
gavee rise to these two subfamilies. The cloned 3.6-kb fragment contained part of another 
invertedd repeat transposon (table 2). This element showed homologies to the family of hAT 
transposons,, which have been discovered in many plant and animal species (Calvi et al, 
1991)) and which have more recently also been detected in fungi (Kempen and Kück, 1996) 
includingg F.oxysporum (Okuda et al, 1998). Transposons might very well serve as sites for 
recombinationn between heterologous chromosomes (Zolan, 1995). The recombination event, 
whichh had led to the formation of the non-parental 1.7Mb chromosome in fusion product B7, 
mightt well be an example of this. 

Sincee the two cloned restrictions fragments from one of the cosmid clones were both present 
inn G6 and B7, while the two marker fragments RADP1 and AFLP63 present on the same 
cosmidd were absent in G6 or B7, this cosmid possibly spans the border of the putative 
dispensablee region. Both cloned fragments were absent in any of the three other cosmids also 
containingg RAPD1 (figure 2D and 2E). This indicates that both cloned fragments are located 
distall  from RAPD1 and AFLP63 on this contig of four cosmids. This end of the contig 
harbouringg both cloned fragments might therefore fall just outside the border of the putative 
dispensablee region from chromosome IX-b of G2, while the remaining part including RAPD1 
andd AFLP63 does represent one of ends of this dispensable region. Alignment of the four 
cosmidd clones should enable the construction of a map covering probably over 60 kb. 
Hybridisationn studies with subclones from different map positions will reveal whether indeed 
thee contig can be divided into two parts, one present and one absent in G6 and B7. 
Transcribedd sequences present in the latter part would then be good candidates for G2 (race 
1)) specific genes. 
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