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CHAPTER 1 

Introduction 

Plants are continuously confronted with micro-organisms. Among them are many potential 

pathogens. These potential pathogens, however, are rarely successful in infecting plants and 

causing disease, because plants have evolved several lines of defence to combat invasions. 

Besides structural barriers, protective mechanisms involve inducable defence responses 

mediated by natural recognition processes between plant and pathogen. Among the resistance 

interactions which are based on elicitor recognition are the non-host resistance response, which 

is found most frequently and is initiated by aspecific elicitors, and the race/cultivar-specific host 

resistance, which is comparatively rare and is induced by race specific elicitors (Yoshikawa et 

al., 1993; Ebel and Cosio, 1994). Apart from this difference, the biochemical processes 

occurring in both types of interactions are very much alike and similar to the processes in 

susceptible plants in response to successful pathogens (Somssich and Hahlbrock, 1998). In the 

last situation the defence responses are late and/or less pronounced. 

Race/cultivar-specific resistance has been studied extensively. In the early 1940s Flor studied 

the interaction between flax and the flax rust fungus. Flor formulated the 'gene-for-gene' 

hypothesis which states that plant resistance depends on the presence of complementary genes 

in the plant (resistance or R gene) and the pathogen (avirulence or avr gene). Only the presence 

of both counterparts in the interaction leads to efficient containment of the pathogen at the site of 

infection (Flor, 1942; 1971). Since then it has been found that this type of interaction holds true 

for many plant-pathogen combinations (Crute, 1985; Keen, 1990). A key issue in plant 

pathology is to reveal the nature of proteins encoded by R and avr genes and their function in 

plant-pathogen recognition, and to unravel the biochemical processes leading to disease 

resistance. 

The soil-borne fungal pathogen Fusarium oxysporum f.sp. lycopersici is the causal agent of 

Fusarium wilt of tomato, a disease which was first described by Massee in 1895. This disease 

is of world-wide importance because it can be destructive when environmental conditions like 

high temperatures are favourable for fungal growth. Dissemination of F. oxysporum f.sp. 

lycopersici occurs via seed, tomato stakes, soil and transplants. Control measures include 

application of soil fumigants, soil steaming and the use of resistant cultivars (Jones and Woltz, 

1981). Monogenic resistance against F. oxysporum f.sp. lycopersici has been found in wild 

relatives of tomato and introgressed into commercial varieties to protect tomato against all 

known races of the fungus. However, as found for other pathogens, new races may arise able 
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Chapter 1 

to break resistance. Therefore it is important to try to understand the mechanisms by which new 

races evolve, how infection takes place and to unravel the biochemical processes that lead to 

disease resistance. Insight in these processes forms the basis for development of methods for 

efficient and durable plant protection. These methods may even be applicable to control a wider 

range of vascular pathogens. Because the monogenic resistance genes present in tomato are 

functional against specific isolates of the pathogen only, the gene-for-gene hypothesis has been 

adopted as working hypothesis to investigate the interaction between Fusarium oxysporwn 

f.sp. lycopersici and tomato. 

FUSARIUM OXYSPORUM f.sp. LYCOPERSICI 

Fusarium oxysporum is an anamorphic fungal species belonging to the Deuteromycetes (Fungi 

Imperfecti). It is distinguished from other fungal species by the shape of its macroconidia and 

the formation and disposition of chlamydospores. As sexual reproduction has not been 

discovered, it is generally accepted to be absent. Phylogenetic evidence, however, indicates that 

F. oxysporum, which is classified in the section Elegans within the genus Fusarium (Snyder 

and Hansen, 1940), is closely related to taxa in the section Liseola with perfect forms in the 

Gibberella fujikuroi complex (Burns et al., 1991; O'Donnell et al., 1998a). 

The fungus is widespread present in soils throughout the world. Within the species both 

saprophytes and plant pathogens occur, and it is generally assumed that pathogenic forms are 

derived from originally nonpathogenic antecedents (Gordon and Martyn, 1997). The host range 

of F. oxysporum is very wide, and possibly the widest of all known fungal plant pathogens. 

Individual strains, however, have the ability to cause disease in one or in a small number of 

plant species only. Based on this host range, these strains are grouped in more than 75 formae 

speciales (Armstrong and Armstrong, 1981). The plant pathogenic members cause root and 

crown rot, or wilting, due to colonization of the xylem vessels (MacHardy and Beekman, 

1981). Fusarium oxysporum f.sp. lycopersici is the causal agent of Fusarium wilt of tomato 

and its host range is restricted to Lycopersicon species. 

The variation in pathogenic abilities is reflected in, and may even result from, the fact that F. 

oxysporum is found as numerous genetically isolated subpopulations or vegetative 

compatibility groups (VCGs) which in many cases delimit isolates with a particular host range 

or geographic location (Gordon and Martyn, 1997). Within many formae speciales several 

VCGs are found. These were supposed to be closely related, as vegetative compatibility is 

based on many vie loci, and new VCGs can arise by mutations at a single vie locus (Kistler and 

Momol, 1990). However, molecular analysis has shown that VCGs found within a forma 

specialis are not necessarily closer related to each other than to VCGs from other formae 

speciales. It is therefore concluded that VCGs are independently evolved populations, each 

probably with a clonal origin, and that the ability to cause disease in a particular host evolved 
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Introduction 

convergently (Correll, 1991; Gordon and Martyn, 1997; Koenig et al., 1997; O'Donnell et al., 

1998b). 

Within many formae speciales different races of the pathogen can be distinguished based on 

the cultivars of the host they are able to infect successfully. For some formae speciales races 

correlates with VCGs, but for most formae speciales they do not. Within different VCGs the 

same races have been identified suggesting a parallel evolution in different genetic groups 

(Kistler and Momol, 1990; Correll, 1991). 

At present three races are known for F. oxysporum f.sp. lycopersici. Race 1 was prevalent 

early this century. It received its name when soon after the discovery of monogenic resistance 

(Bohn and Tucker, 1939) and the introduction of this resistance in many tomato varieties, 

isolates were found breaking this resistance (Alexander and Tucker, 1945). These isolates were 

named race 2 and only became widespread after 1961 (Stall, 1961). Newly discovered (Stall 

and Walter, 1965) and introgressed resistance protected against disease for twenty years. Since 

1980 race 3 isolates were found in Australia, California, Florida, Arkansas and Mexico on 

otherwise resistant tomato cultivars (Grattidge and O'Brien, 1982; Volin and Jones, 1982; 

Davis et al., 1988; Marlatte and Correll, 1993; Valenzuela-Ureta, 1996). A world-wide 

collection of over hundred isolates comprising all three races was analyzed and grouped with 

regard to vegetative compatibility (Elias et al., 1991), isozyme patterns (Elias and Schneider, 

1992) and restriction fragment length polymorphism (RFLP) (Elias et al., 1993). A major 

(VCG0030), two minor (VCG0032, closely related to VCG0030, and VCG0031), and many 

single-member VCGs were found. Grouping based on RFLP patterns correlates with VCG and 

shows that many single-member VCGs are more or less related to VCG0030 or VCG0031. 

Isozyme patterns generally fit in this grouping, but no correlation with physiological races was 

found. VCG0030 and VCG0032 include race 1, 2 and 3 isolates and VCG0031 includes race 1 

and 2. A more detailed analysis of race 3 isolates showed the existence of still another VCG 

(VCG0033), that differed from VCG0030 also in RFLP patterns of mitochondrial DNA 

(Marlatte et al, 1996). AU these results suggest that also the forma specials lycopersici is a 

polyphyletic taxon with different origins, in which the ability to cause disease in tomato has 

evolved independently. 

Genetic variability and genome organisation 
A high degree of special forms and races found within F. oxysporum and the variation of 

morphology in culture suggests extreme genetic variability within the species and provides an 

interesting example of intraspecific variation and evolution. Since this fungus lacks sexuality, it 

has been proposed that part of the genetic variability might be caused by the movement of 

mobile elements. Nine different mobile elements have been found within Fusarium oxysporum 

(Daboussi and Langin, 1994; Daboussi, 1997; Kempken and Kuck, 1998; Okuda et al., 1998; 

Mes et al, chapter 4). The presence of so many transposable elements in F. oxysporum 
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Chapter 1 

certainly contributes to the genetic variability by new insertions or translocation, leaving foot 
prints or other genomic changes. Loss of chromosomes or chromosome segments can be 
caused by transposon activity or by recombination events mediated by repetitive sequences with 
mobile origin (Zolan, 1995). 

Variability in karyotype is indeed observed within Fusarium oxysporum. The genome size of 

F. oxysporum is estimated between 18.1 and 51.5 Mb (x 106 base pairs), arranged in 7-11 

DNA molecules which ranging in size from 0.6 to at least 6.7 Mb (Migheli et al., 1993). For F. 

oxysporum f.sp. lycopersici the genome size was estimated to be 42.2 Mb arranged over at 

least 10 chromosomes (Migheli et al., 1993; Mes et al., chapter 3). Relatively many 

chromosome polymorphisms are found between isolates, even within a genetically related 

vegetative compatibility group (Kim et al, 1993; Boehm et al., 1994; Migheli et al., 1995; Mes 

et al., chapter 3). Besides nuclear DNA, mitochondrial DNA can be distinguished which ranges 

from 45 kb to 52 kb (Kistler and Benny, 1989). Stable linear mitochondrial plasmids of 1.9 kb 

were found in some genetic groups of F. oxysporum and have been hypothesized to be 

responsible for host range determination (Kistler and Leong, 1986; Kistler et al., 1987). 

Grimaldi et al. (1978) suggested that also within F. oxysporum f.sp. lycopersici such a plasmid 

is present and that it correlates with pathogenicity. Based on fusion experiments of strains with 

different host specialization, Momol and Kistler (1992) rejected the correlation between 

mitochondrial plasmids and host range determination. The presence of such plasmids in any of 

the isolates of F. oxysporum f.sp. lycopersici could not be confirmed (Kistler and Momol, 

1990; Kroon, 1992). Analysing F. oxysporum f.sp. cubense, Kistler et al. (1995) found that 

two out of eight single copy probes hybridized with more then one chromosomal band. It was 

suggested that this was due to genetic duplication. These duplication could be responsible for 

intraspecific differences in genome size and chromosome numbers as well. 

Molecular manipulation of F. oxysporum 

Detailed molecular analysis of a pathosystem needs specific techniques like growth in culture, 

DNA isolation, transformation and/or other molecular methods. To improve insight in the 

possibilities to analyse the pathogen some of the relevant techniques will be discussed here. 

Since F. oxysporum is an imperfect fungus, it is impossible to perform a straightforward 

classical genetic study. Parasexual recombination by hyphal anastomosis or protoplast fusion, 

were performed by Molnar et al. (1985; 1990) and Madhosingh (1992; 1994). Fusion between 

lycopersici isolates was reported as well as the formation of interspecific hybrids between F. 

oxysporum f.sp. lycopersici and f.sp. radicis-lycopersici, f.sp. gladioli and F. graminearum, 

respectively. Madhosingh found that hybrids displayed significant differences in pathogenicity 

towards their hosts and showed a change of protein profiles. Because he used cycloheximide 

resistant mutants that already showed altered growth and pathogenicity compared to wildtype 

isolates, his results are disputable. Moreover, all these studies lack molecular proof for 
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recombination, lack data that confirm chromosome exchange and lack control experiments to 

show the results of intra-isolate fusions. A more sophisticated approach of parasexual crosses 

is the use of transformants with only addition of selectable markers which can be checked in 

fusion products. These, combined with CHEF gel blot analysis and segregation analysis of 

molecular markers can result in a more solid analysis of the parasexual cycle. 

Transformation methods for F. oxysporum, using either the hygromycine B resistance gene 

(Punt et al., 1987; Kistler and Benny, 1988) or the nitrate reductase gene (Malardier et al., 

1989; Diolez et al., 1993) have been described and optimized (Langin et al, 1990). The 

Plasmids normally integrate into the genome (one or more per transformant) but rearrangements 

of introduced DNA and mitotic instability can occur (Kistler and Benny, 1988). This instability 

can be explained by the observation that integrative plasmids sometimes can be changed by F. 

oxysporum into linear self-replicating plasmids (Powell and Kistler, 1990). The fungus is 

capable of adding telomere consensus sequences to plasmid termini and modifying it to an extra 

chromosome which can be maintained by the fungus. Powell and Kistler (1990) proposed to 

use the modified chromosomes to construct high efficient transformation vectors. For analysing 

gene functions that only can be screened in planta neither this system nor the vectors containing 

autonome replicating sequences (Garcia-Pedrajas and Roncero, 1996) could be used because of 

the instability of these plasmids when grown without selection pressure. 

The identification of transposons in F. oxysporum made it possible to develop a transposon 

tagging system. Daboussi et al. (1997) showed the autonomous activity of the transposons 

impala and Fot\ in a Fusarium isolate free of transposons. From an impala copy inserted within 

the nitrate reductase gene, somatic excision could be detected by restoration of the nia 

phenotype. In 50-70% of the revenants impala was re-inserted at new genomic positions. The 

frequencies of excision are however relatively low. Improvement of the system by using an 

inducible non-mobile transposase combined with a mobile marked element is presently under 

study (Daboussi, 1998). 

TOMATO 

Tomato (Lycopersicon esculentum) is a member of the Solanaceae, the nightshade family, 

which includes potato, tobacco and petunia. Tomato is an important vegetable crop. Essentially 

all the cultivated forms of the tomato belong to the species L. esculentum which originates, like 

the related wild species, from the Andean region in South America. The wild species have a 

great potential value because of the diversity of their germ plasm. From these wild species 

genes for resistance to many diseases and for improved color and fruit quality have been bred 

into cultivated forms. For a number of reasons the tomato has become a favourite subject for 

genetic studies: it is a simple diploid with twelve chromosomes, it has a high rate of self-

pollination, it is easy to grow, it has a relative short life cycle and yields large amounts of seeds 
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(Rick and Yoder, 1988). High density molecular linkage maps which have been constructed for 

tomato are one of the best obtained for flowering plants (Tanksley et al., 1992). These maps 

can be helpful for cloning genes of interest, just as the many genotypes and mutants which are 

available from stock centres. Furthermore it is possible to culture tomato cells in vitro, and 

plants can be regenerated therefrom. Some tomato lines have also proven to be recipient for 

gene transfer technologies (Rick and Yoder, 1988). This all together makes tomato a very 

suitable plant for fundamental research on plant pathogen interactions. Results obtained with 

investigations of tomato will have its bearing on the elucidation of processes in less easily 

investigated plant pathogen interactions. 

PATHOGENESIS AND DEFENCE RESPONSES 

Pathogenesis 

The life cycle of F. oxysporum f.sp. lycopersici includes a saprophytic and a parasitic stage. 

The saprophytic phase starts when tissues of infected hosts age and die. When food becomes 

scarce, thick-walled chlamydospores are formed, that permit the fungus to persist in most soils 

for many years (Beekman, 1987; Beekman and Roberts, 1995). Transient infection of roots of 

non-hosts contribute to persistence (Jones and Woltz, 1981; Katan, 1971; Beekman and 

Roberts, 1995). Spores are stimulated to germinate by root exudates from roots growing 

nearby. Developing hyphae show a positive tropic response to roots and colonize the root 

surfaces (Beekman, 1987). Walker (1971) concluded from his study that penetration occurs 

through root tips, where tissue lack mature endodermis, lack lignified vascular elements, and 

entry is directly into developing vascular elements. Hutson and Smith (1983) found no 

evidence that F. oxysporum f.sp. lycopersici penetrates seedlings at root tips. They concluded 

that the only point of entry was at the origin of lateral roots. Because there is little evidence for 

direct penetration (Beekman and Roberts, 1995) and because of the need for severe root 

damage to get plants artificially infected, it is assumed that wounded roots are the main port of 

entrance giving the fungus direct excess to the xylem vessels. 

Tomato tries to restrict the pathogen to the site of infection. The fungus can only escape from 

this by a rapid advancing front along the vascular elements by reproduction of spores which can 

be carried for long distances (Beekman, 1987). When these spores are trapped by perforation 

rims, lateral walls between adjacent or successive vessels or gridded vessels endings, they 

germinate quickly, penetrate the obstruction and reproduce spores again. These traps provide 

time for the host plant to respond to and localize the infection (Beekman, 1987). Lateral spread 

from vessel to vessel through pits can result in extensive invasion of secondary as well as 

primary xylem. When fungal propagules are introduced into the vascular column of tomato, 

most of them accumulate rapidly below the end walls of the vessels but some become attached 

to the walls of the xylem vessel, especially near pit fields between adjacent vessels were they 
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grow directly towards pits (Beekman et al., 1989). The fungus especially colonize the 

parenchyma cells surrounding the secondary formed xylem vessels in susceptible plants. 

Beekman et al. (1989) showed that the parenchyma cells associated with protoxylem tissue 

(those derived from the apical meristem) were relatively resistant to fungal invasion in both 

resistant and susceptible cultivars. The secondary xylem tissue (those derived from cambial 

activity) differed greatly between resistant and susceptible cultivars, the rate of successful 

defence was much higher in resistant cultivars. As a consequence, the pathogen is able to 

distribute and build-up in secondary xylem of susceptible plants resulting in a systemic 

invasion. It is clear that contact parenchyma cells that lie immediately adjacent to infected 

vessels are of major importance for the resistance response. In these cells a pronounced 

cytoplasmatic rearrangement (30-60 min) and callose deposition (4h) has been reported 

(Beekman et al., 1991; Mueller et al., 1994). This response was more rapid and more 

pronounced in resistant than in susceptible tomato lines. The response that can restrict the 

pathogen like the deposition of apposition wall layers, the formation of tyloses and the 

synthesis of antifungal metabolites are all believed to be the primarily result of responses of the 

xylem parenchyma cells. 

Pathogenicity factors 

Genes that the pathogen requires to infect any host and which are necessary to complete its 

parasitic cycle are considered general pathogenicity determinants. 

The non-selective toxins fusaric acid (FA) and lycomarasmin (Drysdale, 1984) have been, 

and still are, the subject of a long-standing debate on their role in Fusarium wilt. In contrast to 

lycomarasmin, the production of FA in tomato plants has been identified and it was shown that 

purified FA can partially render the same wilting symptoms as found in tomato after infection. 

Some groups suggest it has a role in pathogenicity (Barna et al., 1983; Toyoda et al., 1988, 

1991). Gapillout et al. (1996) found that a cell suspension derived from a susceptible tomato 

was twice more sensitive to FA than a resistant cell suspension. In contrast, others postulate 

that FA does not have a direct role and may act in association with other factors (Shahin and 

Spivey, 1986). 

Two papers of Sutherland and Pegg (1992; 1995) described the presence and purification of a 

race specific toxin. Race 1 of F. oxysporum f.sp. lycopersici produced a protein that caused a 

significantly higher rate of cell death of protoplasts of a susceptible plant compared to 

protoplasts from a plant containing the / gene. Race 2 produced a toxin that killed protoplast of 

both lines with the highest activity. They suggested that recognition and pathogenicity are the 

result of the same pathogenic metabolite. The toxin of F. oxysporum f.sp. lycopersici race 1 

was purified and further characterized. It had a proteineous nature and was visible under 

denaturating conditions as two bands of 56 and 61 kDa. The toxin induced wilting symptoms in 

susceptible plants only. This study was very promising but no other publications of this group 
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followed and Beekman was unsuccessful in repeating these experiments (Beekman in 

communication with Elgersma). 

F. oxysporum f.sp. lycopersici produces many hydrolytic enzymes which are used to 

degrade cell walls or clear the way through vascular gels (Van der Molen et a l , 1986). By 

growing F. oxysporum f.sp. lycopersici on tomato cell walls as the sole carbon source Jones et 

al. (1972) and Cooper and Wood (1975) identified polygalacturonases, pectate lyases, 

cellulase, galactosidase, arabinofuranosidase, xylosidase and ß-galactosidase. The major in 

vitro extracellular endopolygalacturonase (PG1), which was also identified in infected tomato 

plants, was cloned from F. oxysporum f.sp. lycopersici (Di Pietro and Roncero, 1998). 

Analysis of isolates from seven other formae speciales revealed that the pg\ locus was highly 

conserved (Di Pietro et al., 1998). PGl deficient isolates of F. oxysporum f.sp. melonis are as 

pathogenic as the same isolates complemented with the clonedpg\ gene indicating that pgl has 

only a minor role in pathogenicity. Since F. oxysporum f.sp. lycopersici produces at least two 

PGs other than PGl and one pectate lyase (Di Pietro and Roncero, 1998), it cannot be excluded 

that the loss of one pectolytic isozyme could be compensated by other enzymes. Besides direct 

action towards cell walls are pectolytic enzymes also interesting because they can generate 

elicitor molecules by liberation of oligosaccharide fragments. Oligogalacturonides with a degree 

of polymerisation between 8 and 15 have been shown to exhibit strong biological activity in a 

number of plants (Cote and Hahn, 1994). It has been hypothesized that polygalacturonase-

inhibiting proteins may retard PG function, which would lead to an elevated abundance of 

active oligogalacturonides, which may trigger additional defence responses (De Lorenzo et al., 

1994). 

Defence responses of tomato to F. oxysporum f.sp. lycopersici 

All events that lead to a successful restriction of F. oxysporum f.sp lycopersici in a resistant 

interaction occur around the vascular xylem during the first 3-5 days after infection. Perception 

of F. oxysporum f.sp. lycopersici by tomato is expected to occur mainly in the contact cells. 

The host reacts with a complexity of responses. The speed and extent of these responses are 

believed to determine the outcome of the interaction. Some of the observed responses are 

discussed below. 

Root invasion by F. oxysporum f.sp. lycopersici induces the formation of papillae and cell 

wall appositions at the site of penetration (Beekman, 1987). When the fungus has entered the 

xylem vessels, inhibition of fungal spread in lateral directions is caused by callose-containing 

apposition layers and papillae which are formed within 4-6 hours within the xylem-contact-cells 

(Beekman, 1987). Beekman and Roberts (1995) concluded that the defence largely depends on 

the capacity and the rate to which xylem parenchyma cells could form such layers, especially in 

secondary xylem. Vascular blockage by the formation of pectic gels, gums and tyloses 

contributes to a defence mechanism which inhibits systemic spread (Beekman, 1987). Gels 
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arise by swelling of end-wall and pit membranes and by synthesis of primary-cell-wall-like 

materials (Van der Molen et al., 1986). After lignification or suberization, the gels are highly 

resistant to physical or chemical degradation and serve to cut off the transpiration stream and to 

embed and immobilize the secondary spores. 

Several studies have shown that plant growth regulators, like IAA, induce resistance to F. 

oxysporum f.sp. lycopersici in otherwise susceptible tomato plants (MacHardy and Beekman, 

1981). Increased levels of IAA could help the localization responses by inducing the formation 

of tyloses and the formation of lateral roots to compensate the water transpiration loss due to 

occlusion of vessels. Ethylene has been implicated to have a function in all vascular diseases 

but its involvement in pathogenesis is very complex. Ethylene inhibits a wide range of cellular 

and tissue functions including: mitosis, DNA synthesis, cell expansion and induced leaf, flower 

and bud abscission and chlorosis. It also stimulates root initiation, protein and RNA synthesis, 

and induction of phytoalexins and tyloses (Abeles, 1973). Both the host and the pathogen 

produce ethylene. Recent work with a tomato mutant impaired in ethylene perception (the so-

called Never-ripe mutant) showed a significant reduction in disease symptoms in comparison to 

the wild type after inoculation with F. oxysporum f.sp. lycopersici (Lund et al., 1998). 

Secondary metabolites are formed in response to environmental changes or circumstances that 

have a strong deleterious impact on the plant. Vascular browning found in plants infected with 

F. oxysporum f.sp. lycopersici has a phenolic nature (Davis et al., 1953; Waggoner and 

Dimond, 1956). Several groups reported about the accumulation of unspecified phenolics and 

polyphenoloxidase in tomato following vascular infection (Van den Briel, 1967; Matta et al. 

1969; Abbattista Gentile et al., 1988). In tomato challenged with F. oxysporum f.sp. 

lycopersici, the sesquiterpenoid rishitin was found as the most predominantly present 

phytoalexin (Elgersma and Liem, 1989). During the first days, the accumulation was highest in 

the resistant tomato lines. Isolates of F. oxysporum f.sp. lycopersici displayed different levels 

of tolerance to rishitin which correlated with pathogenicity, although also nonpathogenic 

isolates showed to be tolerant to rishitine (Suleman et al., 1996). 

Tomatin is an antifungal glycoalkaloid saponin produced by tomato. There is conflicting 

information on the involvement of tomatin in determining the relative resistance of tomato 

cultivais (Drysdale and Langcake, 1973; Mace, 1975). Recently, it was shown that F. 

oxysporum f.sp. lycopersici is able to produce tomatinase which hydrolyses the fungitoxic 

compound in two non-toxic forms, tomatidine and beta-lycotetraose (Lairini and Ruiz-Rubio, 

1997). Suleman et al. (1996) reported that a group of four highly pathogenic isolates displayed 

a relative high tolerance to tomatine compared to other isolates. 

In many plant pathogen interactions accumulation of ß-1,3 glucanases and chitinases has been 

observed. These enzymes degrade hyphal walls and are believed to slow down fungal growth 

in the restricted area. Ferraris et al. (1987) found that infection with F. oxysporum f.sp. 

lycopersici caused a ten-fold increase in chitinase, ß-1,3 glucanase, ß-1,4 glucosidase and N-
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acetyl-glucosaminidase activity in susceptible and resistant tomato cultivars. The highest activity 

was consistently found in the susceptible cultivar. However, these measurements were 

performed 5 to 19 days after infection, whereas, the resistance response must be most 

prominent before day 5-7. The higher activity found in susceptible plants can be the result of 

continuous spreading of the pathogen and the resistance reaction that follows too late but 

continuous in more vascular tissue. During cell wall degradation these enzymes can release 

chitin and chitosan (or oligosaccharides released from them). Theses components have been 

shown to induce callose formation and the accumulation of phytoalexins (Hahn et al., 1993; 

Kauss, 1990). 

THE GENE-FOR-GENE CONCEPT 

Flor (1942) developed the gene-for-gene hypothesis based on genetic studies of the interaction 

between the fungus Melampsora Uni and flax. He concluded that there are avirulence genes in 

the fungus that corresponds to resistance genes in flax, both single dominant loci that segregate 

in a Mendelian fashion. Presence of both the resistance gene in the plant and the corresponding 

avirulence gene in the pathogen lead to a resistant interaction. Since then many other plant-

pathogen interactions were found that support the gene-for-gene hypothesis (Crute, 1985; 

Keen, 1990). Elingboe (1982), translated the genetic concept into a biochemical receptor-ligand 

model in which a gene product of the avirulence gene of the pathogen, the so-called race-

specific elicitor, is recognized by specific receptors in the resistant host leading to a resistant 

interaction. The receptor of the host that binds the elicitor might be the direct product of 

resistance gene. Absence or mutation of either the avirulence gene or the resistance gene will 

abolish recognition and lead to a susceptible interaction. In the last decade significant progress 

has been made in cloning and characterization of both counterparts of these gene-for-gene 

interactions (De Wit, 1995). Although sequences of pathogen avr genes and plant R genes are 

unravelled, little is known how their products activate the mechanisms of resistance. Among the 

over 30 reported bacterial avirulence genes (Leach and White, 1997) and 6 fungal avirulence 

genes (Knogge, 1996) no common features in their structure, location or function in the plant-

pathogen interaction can be postulated. Plant resistance genes that control specific disease 

resistance share many common structural themes (Hammond-Kosack and Jones, 1997; Ellis 

and Jones, 1998). Some of these structures are found to be involved in protein-protein 

interactions. This suggests that these genes could determine the specificity of recognition by 

binding avirulence ligands and probably act in signal transduction coordinating initial plant 

defence responses to impair pathogen growth (Hammond-Kosack and Jones, 1997; Ellis and 

Jones, 1998). 

The interaction between the leaf pathogen Cladosporiumfulvum and tomato is the best 

studied fungal gene-for-gene interaction. The fungus colonizes the intercellular spaces in the 
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leaves where hyphae come in close contact with mesophyll cells. The extent of fungal growth is 

dependent on the avirulence gene-resistance gene combination, which probably determines the 

precise timing of plant defence (Hammond-Kosack and Jones, 1994). The defence response is 

characterized by a hypersensitive response (HR). From the intercellular fluid of C.fulvum 

infected tomato leaves several race-specific elicitors have been purified. Purified elicitor 

proteins have led to the cloning and characterization of two avirulence genes avrA and avr9 (Van 

Kan et al., 1991; Joosten et al., 1994). Complementation of virulent races that lack these genes 

and knock-out experiments that abolish the expression in avirulent races that do express these 

genes have demonstrated that these genes are the sole determinants of avirulence (Marmeisse et 

al., 1993; Joosten et al, 1994). These C.fulvum avirulence genes correspond to monogenic 

dominants resistance genes (Cf) in tomato as was implicated. These R genes have been cloned 

and sequence analysis revealed that they probably have a role in initiating signal transduction to 

activate defences (Hammond-Kosack and Jones, 1997). The avr gene might be the switch to 

the initiation but it is not known whether this is by direct binding of the avr gene product or 

intermediate molecules (Kooman-Gersmann et al, 1996). 

We adopted the gene-for-gene interaction as our working hypothesis to study the interaction 

between F. oxysporum f.sp. lycopersici and tomato because monogenic dominant race-specific 

resistance genes against F. oxysporum f.sp. lycopersici have been found in tomato conform the 

gene-for-gene hypothesis (Fig. 1). Nothing is known about race-specific elicitors but the 

identification of 3 races within the same vegetative compatibility group could be due to the 

presence or absence of specific elicitors produced by these isolates. 

Resistance genes of tomato 

Since Massée (1895) reported the destructive disease of tomato caused by F. oxysporum f.sp. 

lycopersici much research has been performed to find resistant tomato varieties (Table 1). 

Resistance to the original, race 1 isolate off. oxysporum f.sp. lycopersici was identified by 

Bohn and Tucker (1939) who discovered monogenic, high level resistance in PI179532, 

Missouri accession 160 of L. pimpinellifolium. They designated this resistance /because of the 

immunity to F. oxysporum f.sp. lycopersici. This resistance gene was assigned to chromosome 

11 (Paddock, 1950). The resistance was broken by a new race of F. oxysporum f.sp. 

lycopersici, designated race 2. Stall and Walker (1965) identified resistance to race 1 and 2 in 

accession PI126915, a L. esculentum x L. pimpinellifolium hybrid. This 1-2 locus in PI126915 

was suggested to contain two single dominant genes, one conferring resistance to race 1 and 

another to race 2 (Cirulli and Alexander, 1966; Laterrot and Philouze, 1984). The resistance to 

race 2, which was mapped on chromosome 11 (Sarfatti et al, 1989), was designated 1-2, the 

linked resistance to race 1 was undesignated because they were not able to determine whether it 

was the same as the / gene. A number of groups were able to breed a line containing the 

resistance to race 2 only (Laterrot and Philouze, 1984; Mes et al., chapter 2; Scott personal 
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Fig 1. Schematic representation of the race specific elicitor-receptor model explaining the 
gene-for-gene interaction between Fusarium oxysporum f.sp. lycopersici and tomato which is 
used as our working hypothesis. R=resistant interaction, S=susceptible interaction. 

communication). Lines with the accession PI126915 derived race 1 resistance without 

resistance to race 2 have never been reported. It might be that one has not looked sufficient for 

this trait. Alternatively, it could be that this resistance gene is only functional together with the 

1-2 gene or other genes from the 1-2 locus. The unlinkage between the race 1 and race 2 

resistance of the 1-2 locus was only found with very low frequencies, implying that both genes 

are linked very closely. At the molecular linkage maps of tomato the 1 gene (of accession 

PI 179532) and the 1-2 gene (of accession PI 126915) are located at a 50-60 centimorgen 

distance (Tansksley et al., 1992) which makes it very unlikely that / and the 1-2 linked 

resistance to race 1 are not one and the same. 

With the appearance of race 3, able to break / and 1-2 resistance, breeders focused on new 

resistance sources. L. penne Mi accession LA716 appeared to contain resistance to race 1, 2 and 

3. All were mapped at chromosome 7 (Scott and Jones, 1989). The resistance to race 1 could 

be unlinked and was designated 1-1,1-1 is not allelic to / (Sarfatti et al., 1991). The 1-3 gene, 

originally linked to 1-1, governs resistance to race 2 as well as race 3. Although unlinkage of 

resistance to race 2 and 3 has been claimed, suggesting that resistance is governed by two 

separate genes, it has not been possible to repeat these results using the same line and same 

isolate (unpublished results). Besides the race 3 resistance in L. pennelii LA716 several other 

sources of resistance to race 3 have been identified. However, for some of these resistance 

20 



Introduction 

sources, the genetic nature, chromosome location of the genes and whether they are allelic was 

not yet determined (Table 1). 

It is very confusing that all of race 3 resistance sources are called 1-3. In future it will be 

necessary to name each resistance gene and add the Lycopersicon species and/or accession 

number from which it was derived. Resistance to race 3 will be introduced in commercial 

cultivars to reduce the probability that race 3 will be a problem and hopefully to reduce the 

change that new races evolve. Besides the resistance sources listed in Table 1 there are probably 

more accessions with resistance to F. oxysporum f.sp. lycopersici identified by commercial 

companies. 

The lack of well defined material that only carries the identified resistance in a susceptible 

background makes it difficult to get a clear picture of the races of F. oxysporum f.sp. 

lycopersici and the specificity of the resistance genes. To study the interaction between 

resistance genes and F. oxysporum f.sp. lycopersici isolates it would be preferable to have a 

wide range of resistance genes of different origins in the same susceptible lines. 

Table 1. Resistance to Fusarium oxysporum f.sp. lycopersici identified in Lycopersicon 
accessions. 

Original specie Ace number Act against Name R Genes Dom/ Chrom Reference 
race gene involved Res location 

1 2 3 

L.pimpinellifolium PI179532 1 - I mono dom 11 Bohn and Tucker, 1939 

L.esculentum x PI 126915 1 2 nd /1-2 nd/ nd / dom 11? / 11 Cirulli and Alexander. 
L.pimpinellifolium mono 1966 

L.pimpinellifolium PI 124039 nd nd 3 1-3 nd nd nd McGrath et al.. 1983 

L.pennelli PI414773 nd 2 3 nd /1-2/ 
1-3 

nd nd nd McGrath et al.. 1987 

L.pennelli LA716 1 2 3 1-1 /1-3 
(+2) 

mono/ 
mono 

dom 7 Scott and Jones. 1989 
Bournivalet al., 1990 
Sarfatti et al., 1991 

L.hirsutum LA 1777 nd nd 3 nd nd nd nd Bournivalet al., 1991 

L.parviflorum LA2133 nd nd 3 nd 2 genes res? nd Bournivalet al., 1991 

L.cheesmanii PI266375 1 part nd nd nd nd nd Huang and Lindhout, 
1997 

L.chilense GI1556 1 2 nd nd nd nd nd Huang and Lindhout, 
1997 

L.ehilense GU558 1 2 nd nd nd nd nd Huang and Lindhout, 
1997 
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The 1-2 resistance gene 

The 1-2 resistance gene, derived from accession PI126915 has been cloned and characterized 

(Simons et al., 1998). The gene is located within a cluster of seven homologs, on chromosome 

11, in the tomato line E22 which is resistant to race 2 but has lost the linked resistance to race 1. 

Ori et al. (1997) isolated two homologs of 1-2 and reported that homolog I2C-1 was able to 

confer partial resistance to race 2. Ori et al (1997) were able to abrogate the race 2 resistance by 

antisense expression of the I2C-1 transgene. The race 1 resistance was not affected in these 

plants suggesting that the I gene is not a member of the 1-2 family. 

Computer analysis of the deduced amino acid sequence of 1-2 showed that the 1-2 protein 

contains six structural domains: a myristoylation site, an acidic part with a potential nuclear 

localization signal, a nuclear binding site (NBS), a leucine zipper (LZ), a leucine rich repeat 

region (LRR) and the C-terminal region without any homology to known protein regions. No 

membrane spanning domain is found and the protein is suggested to be cytoplasmic. The 1-2 

gene structure is very homologous to other NBS-LRR containing R genes (Baker et al., 1997; 

Hammond-Kosack and Jones, 1997; Ellis and Jones, 1998). LRR motifs are found in many 

plant and animal proteins and are usually involved in protein-protein interactions and therefore a 

role in signal transduction can be postulated. Alignments between the various members of the I-

2 gene family revealed a remarkable variable region within the LRR region. In this region 

deletions or duplications of one or more LRRs are observed. It was proposed that these LRRs 

are involved in Fusarium wilt resistance with 1-2 specificity. 

OUTLINE OF THIS THESIS 

The presence of dominant, monogenic resistance genes in tomato - of which one gene has been 

cloned and shows similarity with other resistance genes for which a gene-for-gene system was 

demonstrated - makes it very likely that the interaction between F. oxysporum f.sp. lycopersici 

and tomato is also based on a gene-for-gene relationship. However, lack of genetic proof for 

the presence of avirulence genes in F. oxysporum f.sp. lycopersici still makes the gene-for-

gene hypothesis a working hypothesis that has to be proven. As the sexual stage is not known 

or does not exist (anymore), simple genetic segregation analysis for the presence of single 

avirulence genes in F. oxysporum f.sp. lycopersici is not possible. Cloning and 

characterization of the avirulence gene is needed to prove the existence of race specific elicitors 

produced by F. oxysporum f.sp. lycopersici. The long term aim of the research described here 

was to clone and characterize avirulence gene avrI-2 of race 2. Identification of avrl-2 is 

essential for unravelling the physiological and biochemical processes underlying the race-

specific resistance response of tomato. 

In this thesis, research on the molecular aspects of the interaction between F. oxysporum 

f.sp. lycopersici and tomato is described. Isolates were characterized molecularly and 
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biologically to find additional (circumstantial) evidence for the gene-for-gene nature of the 

interaction with tomato. The results supported the gene-for-gene hypothesis (chapter 2) and 

therefore we continued our search for the avirulence factors of F. oxysporum f.sp. lycopersici. 

Because alternative methods to clone genes with unknown function where not feasible, a 

deletion mutagenesis method was developed in order to find the avrI-2 gene of F. oxysporum 

f.sp. lycopersici. This method was successfully used to find a mutant of F. oxysporum f.sp. 

lycopersici race 2 that changed from avirulent to virulent on plants with 1-2 resistance. Isolation 

and characterisation of the mutant provided new evidence for a gene-for-gene relationship 

(chapter 3). The next step in cloning the avirulence gene was looking for genomic alteration in 

the mutant. Polymorphisms in the mutant could be traced which led us to the discovery of a 

short interspersed nuclear element (chapter 4). 

The complementary resistance gene of the fungal avrI-2 is the 1-2 resistance gene. To study 

the function of 1-2 gene in the defence response detailed expression studies were performed. 

Chapter 5 describes the tissue specific expression of 1-2 and the co-localization with tissue 

infected by F. oxysporum f.sp. lycopersici in susceptible plants, suggesting a direct role of/-2 

in mediation of the defence response. 

The F. oxysporum f.sp. lycopersici-tomaxo interaction is used as an example of a vascular 

disease. The interaction between the fungal leaf pathogen Cladosporium fulvum and tomato is 

used as a model system to study leaf specific interactions. For this last interaction a gene-for-

gene relationship has been proven because both plant R genes and corresponding avirulence 

genes of the pathogen have been cloned. To test whether both kinds of interactions make use of 

the same type of recognition and resistance mechanism, the avirulence genes avrA and avr9 of 

Cladosporium fulvum were expressed in F. oxysporum f.sp. lycopersici. Transformants of F. 

oxysporum f.sp. lycopersici which produced the elicitor in vitro were used to infect tomato 

plants containing the matching resistance genes Cf4 and Cf9, respectively. The results 

emphasise the specificity of both interactions (chapter 6). 

The results described in chapter 2 to 6 are discussed in chapter 7 in a broader context of the 

current state of the knowledge of other avr-R plant pathogen interactions. 
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ABSTRACT 

A collection of race 1 and race 2 isolates of Fusarium oxysporum f.sp. lycopersici was 

screened for vegetative compatibility and characterized by randomly amplified polymorphic 

DNA (RAPD) analysis to establish the identity and genetic diversity of the isolates. Comparison 

of RAPD profiles revealed two main groups that coincide with vegetative compatibily groups 

(VCGs). In addition, several single member VCGs were identified, that could not be grouped 

in one of the two main RAPD clusters. This suggests that F. oxysporum f.sp. lycopersici is a 

polyphyletic taxon. To assign an avirulence genotype to race 1 isolates, they were tested for 

their virulence on a small set of tomato lines (Lycopersicon esculentum), including line OT364. 

This line was selected because it shows resistance to race 2 isolates but, unlike most other race 

2 resistant lines, susceptibility to race 1 isolates. To exclude the influence of other components 

than those related to the race specific resistance response, we tested the virulence of race 1 

isolates on a susceptible tomato that has become race 2 resistant by introduction of an 1-2 

transgene. The results show that both line OT364 and the transgenic line were significantly 

affected by four race 1 isolates, but not by seven other race 1 isolates nor by any race 2 isolates. 

This allowed a subdivision of race 1 isolates based on the presence or absence of an avirulence 

gene corresponding to the 1-2 resistance gene. The data presented here supports a gene-for-gene 

relationship for the interaction between F. oxysporum f.sp. lycopersici and its host tomato. 
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INTRODUCTION 

Fusarium wilt caused by the fungal pathogen Fusarium oxysporum Schlechtend.:Fr. f.sp. 

lycopersici (Sacc.) Snyd. & Hans, is known as one of the most devastating diseases of tomato 

(Lycopersicon esculentum Mill.) worldwide (Walker, 1971). The three known physiological 

races within this forma specialis, named in order of discovery race 1, race 2 and race 3, are 

distinguished by their differential pathogenicity to tomato cultivars containing race-specific, 

dominant resistance genes. For F. oxysporum f.sp. lycopersici Elias and coworkers (Elias and 

Schneider, 1991; 1992; Elias et al., 1993) have shown that physiological races do not correlate 

with vegetative compatibility groups (VCGs), which are generally considered to be 

evolutionary entities (Mes et al., 1994). Because both race 1 and race 2 isolates are found in the 

three major VCGs (VCGs 0030, 0031 and 0032), races must have evolved independently 

within each VCG (Elias et al., 1993). 

Monogenic race-specific resistance genes against F. oxysporum f.sp. lycopersici have been 

identified in wild Lycopersicon species and were introgressed into commercial tomato varieties. 

Resistance to race 1 is governed both by gene I (Bohn and Tucker, 1939) and gene 1-1 

(Bournival et a l , 1990; Sarfatti et al., 1991), originating from accession 160 of L. 

pimpinellifolium and LA716 of L. pennellii, respectively. In accession PI126915 (L. 

esculentum x L. pimpinellifolium hybrid) resistance was found against both races 1 and 2 

(Alexander and Hoover, 1955; Cirulli and Alexander, 1966; Stall and Walter, 1965). Results of 

experiments by Cirulli and Alexander (1966) and by Laterrot and Philouze (1984), have 

suggested that this resistance is controlled by two separate genes. There is no genetic proof 

whether this race 1 resistance is allelic to the resistance of the / gene or the 1-1 gene. Resistance 

to race 3 has been identified in accessions PI414773 and LA716 of L. pennellii (Bournival and 

Vallejos, 1991; McGrath et al., 1987; Scott and Jones 1989). 

Based on the existence of monogenic dominant resistance traits a gene-for-gene relationship 

(Flor, 1971) for the interaction between F. oxysporum f.sp. lycopersici and tomato is generally 

assumed. However, a plant-fungus interaction based on the presence or absence of resistance 

genes in the plant and the presence or absence of corresponding avirulence genes in the fungus 

has never been identified. According to the gene-for-gene hypothesis, the dominant 1-2 gene in 

tomato would respond to a dominant avirulence gene (Avrl-2), present in race 2 of F. 

oxysporum f.sp. lycopersici. The presence or absence of Avrl-2 in isolates of race 1, next to 

the avirulence gene corresponding to the plant gene conferring resistance to race 1 (Avrl), has 

never been tested because of the lack of discriminating tomato lines. In the past, such lines have 

not become available commercially due to the linkage of race 1 and race 2 resistance within 

accession PI 126915, and the importance for breeders to accumulate resistance genes. However, 

to differentiate race 1 isolates in different avirulence pathotypes, tomato lines susceptible to race 

1 but resistant to race 2 are indispensable. To our knowledge only one such line (Ideucenzi) has 
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been described (Laterrot and Philouze, 1984). As an alternative to test for the presence of Avrl-

2 in race 1 isolates, fully susceptible lines were transformed with the 1-2 resistance gene and 

subsequently used in bioassays. This gene has been cloned recently and confers resistance 

against race 2 only (Ori et al., 1997; Simons et al, 1998). 

Here we report the characterization of a collection of isolates, the selection of a tomato line 

that is resistant to race 2 but susceptible to race 1, and the use of this line and a transgenic line 

containing the 1-2 gene to divide race 1 isolates into two groups. Results described here are 

consistent with the assumption that the interaction between F. oxysporum f.sp. lycopersici and 

tomato fits the gene-for-gene model. 

MATERIALS AND METHODS 

Fungal strains. Isolates of F. oxysporum f.sp. lycopersici were obtained from several 
sources. Origin and original numbers of isolates are listed in Table 1. 
All isolates were single-spored and stored in Protect Bacterial Preservers (Technical Service 
Consultants LTD, Heywood Lansc, GB) at -70°C. 

Vegetative compatibility tests. Isolates were examined for vegetative compatibility using 
standard procedures (Correll et al., 1987; Puhalla, 1985). Nitrate non-utilising (nit) mutants 
were generated, their phenotypes determined, and nit\ and NitM mutants were paired. Mutants 
of all isolates were paired mutually and with mutants of tester strains from VCGs 0030, 0031 
and 0032 (Elias and Schneider, 1991). All isolates were assigned to a VCG based on the results 
of repeated pairing reactions that were incubated for at least 3 weeks. 

RAPD analysis. Mycelium grown in potato dextrose broth was collected, lyophilized, 
ground in liquid nitrogen and stored at -20°C. The CT AB method described previously (Mes et 
al., 1994) was used for DNA isolation. Amplification reactions were performed in a total 
volume of 50 u.1 under standard conditions (Williams et al, 1990) using primers obtained from 
Operon Technologies, Inc. (Alameda, CA). The randomly amplified products were resolved by 
electrophoresis on a 1.5% agarose gel. 

Profiles were transformed to binary codes on the basis of presence versus absence of 
amplification products of the same length. Data were analysed using the computer program 
PAUP (Swofford, 1985). 

Plant material. Previously described (Kroon and Elgersma, 1993) near-isogenic lines of 
tomato cultivar Moneymaker, viz. C32, GCR161 and C295 were used as control lines. C32 is 
susceptible to both races 1 and 2; GCR161 contains the race 1 resistance of Missouri Accession 
160 of L. pimpinellifolium (PI79532) and is susceptible to race 2; C295 (also known as 
Mobox) is resistant to both race 1 and 2. In the development of this homozygous line, cultivars 
Walter 742-R1-3-3-BK (containing the 1-2 locus of accession PI126915) and Martarum 
(containing resistance to race 1 from accession PI79532) were used. However, it is not known 
whether both origins of race 1 resistance are still present in C295. Line Ideucenzi, resistant to 
race 2 but susceptible to race 1, was kindly provided by H. Laterrot (Station d'Amélioration 
des Plantes Maraicheres, INRA, Avignon, France). 

Crosses were made between a susceptible breeding line and different tomato lines 
homozygous for the 1-2 locus of accession PI126915 (derived from Florida MH1). F2 plants 
were inoculated with race 2 (Fol002) and resistant plants were selfed. These Fß-lines were 
tested for resistance to race 1 (Fol004) and race 2 (Fol002), separately. Plant lines that 
remained race 2 (Fol002) resistant but susceptible to race 1 isolate Fol004, were self-pollinated 
for at least three generations (F6-line) in a line selection program. Each generation was tested 
for susceptibility to race 1 and resistance to race 2. Finally homozygous lines OT105, OT308, 
OT313 and OT364 were selected. 
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Susceptible tomato line KG52201 was transformed with cosmid B22 (Simons et al., 1998). 
This cosmid contains the full-length 1-2 gene and the C-terminal part of the /-2C2 gene. All Ro 
plants were selfed and R\ seed tested for resistance to race 2. Transgenic lines resulted in a 3:1 
segregation ratio for resistant to susceptible plants in eight of the eleven lines tested (Simons et 
al., 1998). Resistant R\ plants were selfed and R2 seed tested for the presence of a 
homozygous 1-2 transgene (Simons et al., 1998). Lines KG324 and KG325, obtained from 
two independent primary transformants, were identified as homozygous race 2 resistant 
transgenic lines. 

Plant infection. Twelve-day-old seedlings were infected by a standard root-dip inoculation 
method (Wellman, 1939). Inoculum was prepared by growing the fungus in Czapek Dox 
medium at 25°C with continuous shaking at 125 rpm for 5 days. Cultures were then filtered 
through one layer of Miracloth (Calbiochem Corp., La Jolla, Calif., USA), centrifuged, 
washed with sterile water and adjusted to a concentration of 107 conidia/ml. Viability of conidia 
was checked by plating dilutions on PDA. Roots of uprooted seedlings were incubated in the 
conidial suspension for at least one minute and individually planted in a container (12 cm 
diameter) with potting soil. In a randomized block design, the number of blocks was equal to 
the number of replicates (5 or 10). This resulted in equal blocks of plants each inoculated with 
another isolate or water. Pots were placed with interspaces of at least 10 cm. Inoculated plants 
were grown at 22-28°C, 55-65% relative humidity and 14 hours light. 

After 3 weeks, the degree of vascular browning was estimated and the weight of the plant part 
above the cotyledons was determined. Plant weight data allow the use of statistical methods 
appropriate for the analysis of normally distributed data. All analyses were performed per plant 
line. Seedlings that had clearly escaped infection (+ 10%) were excluded from our analysis. 

RESULTS 

Vegetative compatibility 

In vegetative compatibility tests using tester strains Fol014 and Fol015 the majority of isolates 

could be assigned to VCG 0030 (Table 1). Isolates F0IOI8 and Fol019, previously classified as 

a separate VCG 0032 (Elias et al., 1993) on the basis of results obtained after 7 days of 

incubation, showed compatibility when paired with several isolates of VCG 0030 after 

prolonged incubation (up to 21 days). This compatibility was far less pronounced than the 

compatibility between isolates F0IOI8 and Fol019. Nonetheless, these isolates should be 

classified within VCG 0030. 

One isolate from our collection (FolOlO) could be grouped in VCG 0031 because of 

complementation with tester strains F0IOI6 and Fol017. Two self-compatible isolates (Fol005 

and F0IOO8) did not show compatibility with any other isolate, even after prolonged incubation. 

Therefore, they are considered new single-member VCGs. Relatively many isolates were self-

incompatible. Isolate F0IOI3 was not pathogenic on tomato and was included as an outgroup 

isolate. As expected, this isolate was not vegetatively compatible with any other isolate than 

itself. 
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Table 1. Number, source, previously identified race, VCG and RAPD groups of 
isolates of Fusarium oxysporum f.sp. lycopersici. 

Isolate Original Origin and Race VCG RAPD 
number donatora groupd 

FolOOl WCS801 Netherlands, a 1 003-f -g 

F0IOO2 WCS862 Netherlands, b 2 0030 
F0IOO3 WCS861 Netherlands, b 1 0030 
F0IOO4 IPO1530 Netherlands, c 1 0030 
F0IOO5 C24 Netherlands, c 2 003-e -g 

F0IOO6 France,d 1 0030 
F0IOO7 France,d 2 0030 
F0IOO8 Netherlands, c 1 003-e -g 

F0IOO9 FOL-R5-6 USA,Wisconsin, e 1 0030 
FolOlO Netherlands, a 1 0031 II 
FolOll USA, f 1 0030 
F0IOI2 Netherlands, a 1 003-f -g 

F0IOI3 Bulgaria, g _b . .be -g 

F0IOI4 LSU-3 USA, Louisiana, h 1 0030 
F0IOI5 BFOL-53 USA, Louisiana, h 2 0030 
F0IOI6 BFOL-51 USA, Louisiana, h 1 0031 II 
F0IOI7 OSU-451 USA, Ohio, h 2 0031 II 
F0IOI8 LSU-7 USA, Louisiana, h 2 0030c 

F0IOI9 BFOL-70 USA, Louisiana, h 2 0030c 

F0IO2I Foil Israel, i 1 0030 
F0IO22 Fol-650 B Israel, i 1 0030 
F0IO23 Fol-1295T Israel, i 2 0030 
F0IO25 18947 Australia, j 2 0030 
F0IO26 14844 Australia, j 3 0030 
F0IO27 626 USA, Florida, k 1 003-f 
F0IO28 548 USA, Florida, k 2 0030 
F0IO29 5397 USA, Florida, k 3 0030 
F0IO3O 218 Spain, 1 1 0030 
F0IO3I 4887 Spain, 1 1 0030 
F0IO32 48112 Spain, 1 1 003-f 
F0IO33 281 Spain, 1 2 0030 
F0IO34 4287 Spain, 1 2 0030 

a donator is not necessarily the original collector : a, D.M. Elgersma; b, N.A.M, v 
Stekelenburg; c, IPO-DLO, Research Institute for Plant Protection, Wageningen, the 
Netherlands; d, L. Davidse; e, B. Scheffer; f, C.H. Beekman; g, Ilyeva; h, K.S.Elias; 
i, T. Katan; j , D.J. McGrath; k, J.P. lones; 1, M.I.G. Roncero; 
b not pathogenic to tomato;c previous named VCG 0032, for details see text; 
d RAPD groups of isolates FolOOl to Fol019 are based on results of 19 primer OPA, 
remaining isolates were analyzed with OPA14 only;e self-compatible;f self-incompatible; 
g single group. 
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RAPD analysis 

Patterns of randomly amplified products were established for isolates FolOOl to Fol019 with 20 

random primers of Operon kit A. Polymerase chain reactions with primer OPA-06 did not result 

in amplified fragments. For cluster analysis, 339 band positions were screened. This analysis 

revealed two distinct groups that correlated with VCGs (Fig. 1, Table 1). Self-incompatible 

isolates FolOOl and Fol012, and single-member VCG isolates Fol005 and F0IOO8 could not be 

assigned to either main group. 

Primers OPA-02, OPA-14 and OPA-20 gave informative polymorphisms for the VCGs and 

different single member isolates used in this study. These polymorphisms led to a profile which 

enabled us to classify isolates FolOOl to Fol019 in VCG 0030, or identify them as closely 

related to VCG 0031 or classify them as outgroup isolates. The OPA-14 primer was chosen to 

classify isolates Fol021 to Fol034. All isolates displayed the characteristic pattern 

corresponding to VCG 0030. 

- Fol014 
I F0IOO2 

H j — F0IOO3 
U F0IOO4 

• ^ - F0IOO6 
r Fo!007 

LT1- F0IOI5 
1 FolOll 

H I S Z1VCG0032 
F0IOO9 

F0IOI3 
FolOlO 

*t 
FolOOl 

F0IOI6 
Fol017 

F0IOI2 
F0IOO8 

F0IOO5 

VCG 0030 

Z] VCG 0031 

Fig. 1. Phylogenetic relationship of isolates of Fusarium oxysporum f.sp. lycopersici based 
on RAPD analysis. RAPD patterns were analyzed with PAUP, using the branch and bound 
method. The figure is one of four most parsimonious trees (tree length = 449). 

Plant inoculation 

Severity of symptom development, translated into an ordinal scale, is the method used most 

commonly to determine the susceptibility of tomato plants after infection with F. oxysporum f. 

sp. lycopersici. However, we have found that plant fresh weight is a good reflection of disease 

severity and data can be used in analysis of variance (ANOVA). 

In initial experiments different plant lines resistant to race 2 only, were tested for their 

capability to differentiate race 1 isolates into two different avirulence phenotypes. Tomato lines 
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Ideucenzi, OT105, OT308, OT313 and OT364 were inoculated with a limited number of 

isolates of race 1. Line Ideuzenci showed susceptibility to race 1 and resistance to race 2, 

confirming the observations by Laterrot and Philouze (1984). Line OT364 was identified as a 

good candidate for further studies because it clearly differentiated race 1 isolates into two 

groups and displayed resistance to race 2; the other OT lines displayed reduced resistance to 

race 2 or susceptibility to all isolates of race 1. 

Avirulence genotypes of race 1 isolates 
To assign avirulence genotypes, OT364 and control lines were inoculated with a broad range 

race 1 isolates and one representative race 2 isolate (Fol007). As expected control line C32 was 

infected by all isolates tested and showed a significant reduction in plant weight (Table 2). 

However, not all isolates were equally aggressive. Isolates F0IOO8 and Fol012 were less 

aggressive than other isolates. Cultivai- Bonny Best, a line known to be extremely susceptible to 

both race 1 and 2, was affected to the same extent as C32 (data not shown). Line C295 was 

resistant to all isolates. The commercial variety Walter, homozygous for the accession PI 

126915 derived race 1 and race 2 resistance, was tested as well. No differences in reaction were 

Table 2. Mean plant fresh weight (g) of line OT364 and three control lines, three weeks after 
inoculation with isolates of Fusarium oxysporum f.sp. lycopersici (Fol). 

F o l Tomato lines 

Race Isolate C32 GCR161 OT364 C295 

008 2 . 7 + 2 . 3 a b h 1 1 . 5 + 3 . 2 a 1 0 . 0 + 2 . 8 a 1 3 . 0 + 2 . 3 a 
0 1 2 3 . 0 + 2 . 5 b 1 1 . 6 + 1.3 a 1 1 . 7 + 3 . 0 a 1 3 . 2 + 2 . 1 a 

0 1 6 1 .5 + 1.5 c 1 3 . 1 + 2 . 1 a 1 2 . 4 + 2 . 8 a 1 3 . 6 + 3 . 2 a 

0 0 3 0 . 8 + 0 . 8 c d 1 2 . 0 + 2 . 6 a 9 . 6 + 3 . 0 a 1 4 . 4 + 3 . 0 a 

001 0 . 4 + 0 . 6 c d 1 3 . 1 + 2 . 0 a 1 2 . 3 + 2 . 8 a 1 3 . 5 + 1.5 a 

0 0 9 0 . 4 + 0 . 5 c d 1 3 . 1 + 2 . 0 a 9 . 6 + 3 . 9 a 1 3 . 2 + 3 . 0 a 

011 0 . 1 + 0 . 1 d 1 2 . 0 + 2 . 4 a 1 1 . 3 + 3 . 9 a 1 2 . 5 + 1.6 a 
021 0 . 3 + 0 . 4 d 1 2 . 8 + 2 . 9 a 9 . 7 ± 3 . 0 a 1 2 . 3 + 1.8 a 

0 1 0 0 . 1 + 0 . 1 d 1 2 . 8 + 3 . 3 a 6 . 3 + 3 . 8 b 1 4 . 0 + 2 . 1 a 

0 2 2 0 . 2 + 0 . 5 d 1 1 . 6 + 2 . 6 a 6 . 0 + 3 . 1 b c 1 3 . 2 + 3 . 0 a 
0 0 6 0 . 0 3 + 0 . 0 4 d 1 2 . 2 + 2 . 5 a 4 . 3 + 2 . 9 b c 1 3 . 1 + 1.6 a 
0 0 4 0 . 2 +_ 0 . 3 d 8 . 4 + 2 . 1 b 3 . 2 + 2 . 3 c 1 2 . 2 + 3 . 6 a 

2 007 0 . 1 + 0 . 1 d 1.0 + 0 . 9 c 1 1 . 7 +_ 2 . 7 a 1 3 . 1 + 1 .5 a 

H2O cont. 1 1 . 5 + 3 . 1 a 1 2 . 3 + 2 . 5 a 1 2 . 3 + 2 . 0 a 1 2 . 0 + 1.8 a 

a Mean + SD, mean is based on 10 replicates, b Vertical row values followed by the same letter 
do not differ significantly according to F-test (p = 95%). C32, p=0.001; GCR161, p=0.001; 
OT364, p=0.001; C295, p=0.4562. 
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observed between this line and C295 (data not shown). In the particular experiment of which 

the results are shown in Table 2, race 1 resistant line GCR161 was slightly affected in weight 

by isolate Fol004. However, vascular browning or wilting was not observed. Line OT364 was 

resistant to race 2, confirming that it contains the 1-2 gene. However, it was infected by some 

race 1 isolates (Fol004, F0IOO6, FolOlO and Fol022) but not by others (p=0.001), indicating 

the loss of race 1 resistance conferred by the 1-2 locus. 

To exclude possible effects of horizontal resistance factors in line OT364 that might influence 

the outcome of the interaction, we used susceptible line KG52201 and the same line transgenic 

for the 1-2 gene in a second series of experiments. A selection of genetically closely related 

isolates from VCG0030 was tested (Table 3). In contrast to susceptible line KG52201, the 1-2 

transgenic lines KG324 and KG325 were completely resistant to race 2, confirming the 

presence of a functional 1-2 gene. The transgenic 1-2 lines were not affected significantly by 

race 1 isolates that were avirulent on OT364, but plant fresh weight of both lines was 

significantly reduced (p=0.001) by the group of isolates virulent on OT364. 

Table 3. Mean plant fresh weight (g) of 1-2 transgenic lines KG324 and KG325, and three 
control lines three weeks after inoculation with isolates of Fusarium oxysporum f.sp. 
lycopersici (Fol) of VCG0030. 

Fol Tomato lines 

Race Isolate KG52201 GCR161 KG324 KG325 C295 

1 003 0 . 4 ± 0 . 4 a b b 1 0 . 4 ± 1 .3 a 6 . 6 ± 1 . 1 a 6 . 6 + 3 . 1 b 1 0 . 5 + 0 . 8 a 
1 009 0 . 1 ± 0 . 1 b 1 0 . 1 ± 1 .3 a 6 . 2 ± 1 .5 a 7 . 4 ± 2 . 3 b 9 . 7 ± 1 .0 a 
1 011 0 . 1 ± 0 . 2 b 1 0 . 0 ± 0 . 9 a 7 . 7 + 1.3 a 6 . 6 ± 3 . 7 b 1 0 . 7 ± 1.3 a 

1 0 2 2 0 . 0 + 0 . l b 9 . 6 ± 1 .9 a 3 . 2 ± 3 . 5 b 3 . 5 + 2 . 5 c 1 0 . 2 + 1 . 1 a 
1 0 0 6 0 . 0 + 0 . l b 1 0 . 5 ± 1 .9 a 2 . 9 ± 2 . 9 b c 2 . 0 + 2 . 1 c 1 1 . 2 ± 1 . 1 a 
1 0 0 4 0 . 0 + 0 . l b 1 0 . 5 ± 0 . 9 a 1 .0 ± 1 .0 c 1 .9 ± 2 . 3 c 1 0 . 9 ± 1 . 4 a 

2 007 0 . 0 ± 0 . 1 b 1 . 1 ± 1 .8 b 7 . 7 ± 1 .4 a 8 . 8 ± 0 . 8 a b 1 0 . 3 ± 1 .4 a 

H2O cont . 1 0 . 1 ± 1 .3 a 1 0 . 8 + 1 . 4 a 8 . 0 ± 1 . 5 a 9 . 8 ± 1 . 2 a 1 1 . 4 ± 1 .7 a 

a Mean + SD, mean is based on 10 replicates, b Vertical row values followed by the same letter 
do not differ significantly according to F-test (p = 95%). KG52201, p=0.001; GCR161, 
p=0.001; KG324, p=0.001; KG325, p=0.001; C295, p=0.078. 
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DISCUSSION 

For many plant-pathogen interactions race specificity of resistance can be explained by the 

gene-for-gene hypothesis (Flor, 1977; Crute, 1985). This hypothesis implies that 

incompatibility requires both a dominant resistance gene in the host and a corresponding 

dominant avirulence gene in the pathogen. In the absence of either one of the two genes, 

pathogen recognition does not occur, defence responses are not triggered, and disease ensues. 

For only a few plant-pathogen interactions a gene-for-gene relationship has been demonstrated 

by inheritance analysis of the matching genes in the host and pathogen, respectively (Crute, 

1985; Thompson and Burdon, 1992). More often a gene-for-gene interaction has been 

suggested or generally assumed without complete genetic evidence, as is the case for the 

interaction between F. oxysporum f.sp. lycopersici and tomato. The presence of monogenic 

dominant resistance genes in the host has been demonstrated. Recently, gene 1-2 conferring 

specific resistance to race 2 has been cloned and characterized (Simons et al., 1998). Its 

predicted product shares common domains found in other resistance genes of the NBS-LRR 

class (Baker et al, 1997; Staskawicz et al., 1995). Other members of this class of resistance 

genes like N, L6, RPM1, RPS2 are all known to be involved in gene-for-gene interactions. 

Hence, it is reasonable to hypothesize that a gene-for-gene interaction exist between tomato and 

F. oxysporum f.sp. lycopersici as well. Classical genetic studies with the fungus are not 

possible because of the absence of a sexual cycle. However, if the gene-for-gene hypothesis 

holds true for this interaction, it should be possible to divide a natural population of race 1 

isolates into two groups, based on the presence or absence of a functional AvrI-2 

corresponding to the 1-2 resistance gene. The results presented here support the existence of a 

gene-for-gene relationship. 

Isolates of F. oxysporum f.sp. lycopersici were characterized by vegetative compatibility and 

randomly amplified polymorphic DNA analysis. Studies on the genetic diversity of this fungus 

by VCG and RFLP analysis have been published (Elias and Schneider, 1991; Elias et al., 

1993). Our data support the idea that isolates within a VCG are genetically more similar, and 

probably derivatives of a common ancestor, than those in different VCGs regardless their race. 

Based on RFLP analyses, Elias and coworkers (1993) concluded that VCGs 0030 and 0032 

have diverged recently because isolates from both groups often exhibited identical RFLPs. We 

have presently found that both VCGs are vegetatively compatible in a prolonged compatibility 

test. Therefore, we suggest to classify isolates of both VCGs into VCG 0030. For the isolates 

of the single-member VCGs it is possible that they have evolved from one of the larger VCGs, 

but it is more likely that they are newly identified, independent entities within F. oxysporum 

f.sp. lycopersici. These VCGs cannot yet be given a number because we have not been able to 

compare them with testers of VCG 0033, a name given to a specific group of race 3 isolates 

(Marlatte and Correll', 1993) not present in our collection. Relatively many isolates within the 
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forma specialis lycopersici belong to single-member VCGs or are self-incompatible (Elias and 

Schneider, 1991). Therefore, VCG analysis is not an optimal technique to relate new isolates to 

the presently described groups. RAPD analysis is a simple, fast and more straightforward 

method because all isolates can be characterized with the use of universal primers and placed 

into the diverse genetic population. By our study, and the one performed in the group of T. 

Katan (Dept. of Plant Pathology, Volcani Centre, Bet Dagan, Israel, personal communication), 

a basis for such an identification by RAPDs is initiated. 

To subdivide race 1 isolates, we needed tomato lines with a specific resistant genotype. We 

have identified line OT364 as resistant to race 2 but susceptible to some race 1 isolates. 

However, it retained the ability to resist other race 1 isolates (Table 2). To excluded the 

influence of other components then those related to the race specific resistant response we have 

used homozygous transgenic 1-2 lines to confirm our results with OT364. As summarized in 

Table 4, the results allow us to divide race 1 isolates into two groups. Such a division fits the 

gene-for-gene hypothesis which predicts that resistance can only be displayed when both 

resistance gene and corresponding avirulence gene are present. According to this reasoning, 

race 1 isolates all must express a functional Avrl, matching the resistance gene to race 1. Race 2 

isolates, being able to induce disease in plants bearing race .1 resistance, lack a functional Avrl. 

In these race 2 isolates AvrI-2 is postulated to account for resistance observed with line OT364, 

matching resistance gene 1-2. We have found that not only race 2 isolates express AvrI-2, but 

some of the race 1 isolates as well. Consequently, the race 1 isolates avirulent on the transgenic 

lines have to express both Avrl and Avrl-2. Those isolate were identified in both VCG 0030 

and VCG 0031. Four of the eleven tested race 1 isolates are capable to infect OT364, and 

therefore lack a functional Avrl-2. This genotype is found in both VCGs as well (Table 4). 

The results support the gene-for-gene hypothesis since we have identified two groups within 

a group of genetically related race 1 isolates, most probably based on the presence or absence of 

Avrl-2 corresponding to resistance gene 1-2 (Table 4). Whether those avirulence genes Avrl 

and Avrl-2 really exists can only be determined by the isolation of mutants, cloning and 

characterization of the genes, characterization of the gene products and determination of the 

functional role of these products in inducing resistance. 

Our evidence for the existence of a gene-for-gene interaction justifies changing the 

nomenclature of the races of F. oxysporum f.sp. lycopersici in a more usual gene-for-gene 

nomenclature, based on the absence of avirulence genes. Such a nomenclature was already 

proposed by Gabe (1975) and supported by Laterrot and Philouze (1984). However, it never 

became current. Because of the impact it will have for plant breeders and scientists, we do not 

suggest to change the nomenclature but we propose to use the supplement of (a)virulence 

genotype whenever it is important for understanding the results. 
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Table 4. Summary of interactions between tomato cultivars and isolates of Fusarium 
oxysporum f.sp.lycopersici (R = resistance; S = susceptible). The putative avirulence genotype 
of the fungal isolates was inferred from the observed interactions. 

Fusarium oxysporum Tomato lines 

VCG Isolate Current 
race 

Putative 
genotype 

C32 GCR161 OT364 / 
KG324 

C295 

a m (/ il) d' 12) (ƒ 12) 

0030 003 Avrl AvrI-2 s R R R 
0030 009 AvrIAvrl-2 s R R R 
0030 011 Avrl AvrI-2 s R R R 
0030 021 Avrl Avrl-2 s R R R 
0031 016 Avrl Avrl-2 s R R R 
003- 001 Avrl Avrl-2 s R R R 
003- 008 Avrl Avrl-2 s R R R 
003- 012 Avrl Avrl-2 s R R R 

0030 004 Avrl - s R S R 
0030 006 Avrl - s R S R 
0030 022 Avrl - s R S R 
0031 010 Avrl - s R s R 

0030 007 2 - Avrl-2 s S R R 

Identification of lines such as OT364 and Ideucenzi is a rare event because of the low 

frequencies of crossing-over between the tightly linked resistances to race 1 and 2 in accession 

PI 126915. Furthermore, the presence of the 1-2 gene reduces susceptibility to isolates of race 1 

(Laterrot and Philouze, 1984). Such reduced susceptibility was observed with OT364 (Table 2) 

and the transgenic lines (Table 3). Susceptibility of OT364 and the transgenic lines resulted in 

25-50% reduction of plant weight, whereas a susceptible interaction of cultivar Moneymaker 

C32 or KG52201 with the same isolates resulted in almost 100% reduction. By using the 

transgenic lines we now can conclude that reduction of susceptibility was due to the 1-2 gene 

itself excluding other resistance components. It is possible that besides mediating a race-specific 

resistance response there is another function of the 1-2 protein that contributes to a higher level 

of basal resistance. Alternatively there may exist homology between the Avrl and Avrl-2 gene 

products causing an uncompleted 1-2 dependent resistance response to race 1 isolates. 

Antisense expression of a 1-2 homologue affected the race 2 but not the race 1 resistance 

suggesting that it is not likely that the / resistant gene corresponding to Avrl has a high level of 

homology with the 1-2 gene (Ori et al., 1997). 

In our collection of isolates we found all avirulence types in both major VCGs 0030 and 

0031 (race 3, lacking both Avrl and Avrl-2, was found within VCG 0030 as well). Therefore, 

the observed virulence can not be simply explained by independent host specialisation of these 

VCGs. Furthermore, the accession 160-derived / gene (Bohn and Tucker, 1939) also confers 

resistance to FolOOl, F0IOO8 and Fol012 isolates, that probably have a different origin than the 
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common VCGs 0030 or 0031. That F0IOO8 and Fol012 seem to be less adapted to tomato 

(Table 2), supports this hypothesis. Likewise, the race 2 resistance from accession PI126915 

(Stall and Walker, 1965) confers resistance to isolate Fol005 (data not shown), an isolate that 

appears to be of independent origin. This population structure of F. oxysporum f.sp. 

lycopersici, viz. many VCGs with similar races within each VCG, raises questions about its 

evolutionary history. Models to explain the evolutionary relationship between formae speciales, 

VCGs and races in F. oxysporum have been described (Correll, 1991; Kistler and Momol, 

1990) and several patterns are identified in the various formae speciales. For the forma specialis 

lycopersici, it is clear that the VCGs are diverse because of the observed differences in RFLP 

and PvAPD patterns between VCGs. If VCG diversification developed before host 

specialisation, mechanisms for virulence (pathogenicity) to tomato may be different for isolates 

from different VCGs. Regardless whether host specificity or VCG diversification came first, 

isolates within different VCGs are expected to share characteristics because of a common 

ancestry. Mutations that alter virulence could have occurred within each VCG, with or without 

selection pressure, leading to similar races in different VCGs. 
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ABSTRACT 

In tomato resistance to races of the fungal wilt pathogen Fusarium oxysporum f.sp. lycopersici 

is brought about by monogenic dominant resistance genes. The 1-2 gene confers resistance to 

F. oxysporum f.sp. lycopersici race 2 isolates containing a corresponding avirulence gene. To 

characterize the avrI-2 of F. oxysporum f.sp. lycopersici, a gamma irradiation mutagenesis 

program was performed to generate an avirulent mutant of F. oxysporum f.sp. lycopersici race 

2 that is able to break the 1-2 resistance due to loss of an avirulence gene. A race 2 isolate was 

labelled with a phleomycine resistance gene and a GUS marker gene to distinguish mutants 

from natural occuring isolates able to infect 1-2 plants. From a large scale gamma irradiation 

and selection program we selected one mutant that was able to infect a tomato line containing 

the 1-2 resistance gene. Besides loss of avirulence this mutant showed reduced pathogenicity 

towards tomato plants without Fusarium resistance genes as well. To detect genomic alterations 

the mutant was compared to the original isolate by DNA analysis. Southern analysis on CHEF 

blots using chromosome specific probes demonstrated a chromosomal translocation in the 

mutant. RAPD analysis and AFLP analysis have identified several genomic changes in the 

mutant. The polymorphisms detected could lead to the cloning of the avirulence gene 

eventually. 
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INTRODUCTION 

Pathogens are specialised in the colonisation of a limited number of host plants only. In general 

plants try to resist pathogenic invasions and have a whole array of defence mechanisms at their 

disposal the pathogen has to deal with. Each pathogen has its own characteristic way to cope 

with such plant defence responses, to enter its host and to use it for its own support. To this 

end pathogens have developed pathogenicity determinants adjusted to their host and 

mechanisms to evade or suppress defence responses. 

Fusarium oxysporum is a fungal pathogen infecting a wide range of plant species. Isolates of 

the species F. oxysporum are divided into at least 80 different formae speciales correlating with 

the host ranges in which they cause disease (Armstrong and Armstrong, 1981). Within formae 

speciales isolates are subdivided into races, depending on the cultivars they can infect 

successfully. We are using the interaction between tomato and F. oxysporum f.sp. lycopersici 

as a model system to study wilting diseases (Kroon and Elgersma, 1993; Simons et al., 1998, 

Mes et al., 1999, chapter 2). The host range of this forma specialis is limited to tomato. 

Recently, we have gathered evidence for a gene-for-gene relationship (Flor, 1971) between F. 

oxysporum f.sp. lycopersici and tomato (Mes et al., 1999, chapter 2). Races of F. oxysporum 

f.sp. lycopersici lacking a functional avirulence gene fail to activate host defence in time, 

resulting in a successful colonisation of the xylem vessels and disruption of the water-

conduction system of the plant. Races with a functional avirulence gene are restricted at the site 

of infection by a resistance gene dependent defence response. Isolation of avirulence genes 

may give more insight in the early steps of race-specific defence reactions. 

In tomato resistance against F. oxysporum f.sp. lycopersici race 2 is brought about by the 1-2 

resistance gene. This gene shows the typical characteristics of resistance genes of the NBS-

LRR class (Ori et al., 1997; Simons et al., 1998; Ellis and Jones, 1998). While resistance 

genes share similar basic elements, no common features have been identified in the 

corresponding avirulence genes thusfar (Parker and Coleman, 1997). Therefore cloning of 

avirulence genes by PCR, as currently is performed for resistance genes (Leister et al., 1996), 

is not an option. Sofar, avirulence genes of plant pathogenic bacteria have been cloned by 

complementation approaches (Dangl, 1994). Fungal avirulence genes have been isolated by 

product based cloning (Van Kan et al., 1991; Joosten et al., 1994; Rohe et al., 1995) and by 

map based cloning (Valent and Chumley, 1994; Kang et al , 1995; Sweigard et al., 1995). For 

F. oxysporum neither of these two methods is feasible. Often fungal avirulence genes are 

expressed in planta only (Van den Ackerveken et al., 1994; Joosten et al., 1994). Therefore, 

attempts to isolate the avirulence gene product are complicated by the localization of the 

specificity of the interaction, notably the xylem vessels. Map based cloning is not applicable 

because the life-cycle of F. oxysporum does not include a sexual stage (Fungus Imperfecti), 

and hence the fungus can not be use in classical genetic studies. Furthermore, a shotgun 
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complementation strategy is not practical due to the size of the genome and the low efficiency 

of transformation. Transposon tagging is a promising method for F. oxysporwn f.sp. 

lycopersici but the system is still in a developmental phase (Daboussi and Langin, 1994). Like 

in the program to isolate avirulence genes from the flax rust fungus (Timmis et al., 1990), we 

have chosen for a random deletion mutagenesis approach and subsequent selection for mutants 

that have lost avirulence: such mutants have gained virulence on plants that carry the resistance 

gene corrsponding to the lost avirulence gene. Subtraction techniques (Straus and Ausubel, 

1990; Lisitsyn et al., 1993), RNA comparison analysis (Liang and Pardee, 1992) and marker 

based selection methods like RAPD and AFLP analysis (Williams et al., 1990; Vos et al., 

1995) can than be used to trace the deletion and to clone the avirulence gene. 

Here we report on the efficiency of a deletion mutagenesis approach by gamma irradiation to 

induce mutants of F. oxysporum f.sp. lycopersici and on the selection of a mutant able to break 

the resistance brought about by the 1-2 gene. In a next step towards the isolation of the 

avirulence gene, RAPD and AFLP analysis were performed to identify genomic changes. 

MATERIALS AND METHODS 

Fungal strains. Isolates of F. oxysporum f.sp. lycopersici used in this study are listed in 
Table 1. 

Table 1. Number, source, race and vegetative compatibility group of used 
isolates of Fusarium oxysporum f.sp. lycopersici. 

Isolate Original Origin and Race VCG 
number donatora 

F01002 WCS862 Netherlands, a 2 0030 

F01004 IPO 1530 Netherlands, b 1 0030 
F01007 France, c 2 0030 
F01015 BFOL-53 USA, Louisiana, d 2 0030 
F01026 14844 Australia, e 3 0030 
F01029 5397 USA, Florida, f 3 0030 
F01035 Netherlands, b 3 0030 
Fol036 USA, Florida, g 3 0030 

a donator is not necessarily the original collector : a, N.A.M, v Stekelenburg; 
b, IPO-DLO, Research Institute for Plant Protection. Wageningen, the Netherlands; 
c, L. Davidse; d, K.S.Elias; e, D.J. McGrath; f, J.P. Jones; g, J.W. Scott 

Fungal transformation. Plasmid pAN8.1 containing the phleomycine resistance gene fused 
to the glyceraldehyde phosphate (gpd) promoter was obtained from Dr. P. Punt, TNO, Zeist, 
the Netherlands (Punt and Van den Hondel, 1992). Plasmid pCF20 which contained the uidA 
gene (GUS) controlled by the same gpd promoter was obtained from Dr. G Honee, 
Agricultural University Wageningen, the Netherlands (Roberts et al., 1989). Protoplast 
isolation and fungal transformation were essentially according to Kistler and Benny (1988) 
with some modifications. Fusarium was grown in liquid potato dextrose broth (PDB) for 5 
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days at 25°C by continuous shaking. Conidia were collected by centrifugation and then washed 
with sterile water. The conidia were used to inoculate an overnight culture by adding 5.10^ 
conidia to 40 ml PDB. After approximately 15 hours, mycelium was collected by centrifugation 
and washed with 1.2 M MgS04 (pH5.8). Digestion of cell walls was performed with 
Glucanex (25mg/ml) in 1.2 M MgSÛ4 (pH 5.8) at 30°C. Protoplasts were separated from 
undigested mycelium by filtration through three layers of MiraCloth (Calbiochem Corp., La 
Jolla, Calif., USA). Four volumes of 1 M sorbitol solution were added and protoplasts were 
collected by centrifugation. Protoplasts were washed once in sorbitol, counted and diluted to 
2.108 pps/ml. For transformation 200 (il protoplasts and 10 u.g plasmid was used. During 
transformation DNase inhibitor aurintricarboxylic acid was added to a final concentration of 10 
mM (Punt and Van den Hondel, 1992). PEG (60%) was added dropwise to the 
protoplast/DNA mixture. After incubation for 30 minutes on ice, protoplasts were washed in 
0.5 M MgS04 containing 0.1% PDB and protoplast were recovered in the same solution. After 
transformation the protoplasts were plated on Czapek Dox agar (CDA) osmostabilised with 0.5 
M MgS04 (Schuren and Wessels, 1994) containing 100 ug/ml phleomycine (Cayla, Toulouse, 
France). 

Irradiation mutagenesis. Conidia scraped from F. oxysporum f.sp. lycopersici cultures 
grown two weeks on potato dextrose agar (PDA) plates were counted, diluted and then plated 
on agar plates (200 conidia per plate). Plates containing the conidia were irradiated in a l37Cs-
unit H 622 at different dosage levels (0.9 Gy/min) and then incubated at room temperature for 
several days until colonies grow from the surviving conidia. 

Irradiation efficiency was tested by screening for chlorate resistant mutants of which some 
have a mutation at the nitrate reductase gene. Therefore conidia were plated on CDA 
supplemented with 5% chlorate before and during gamma irradiation. Chlorate resistant 
colonies were transferred to CDA in order to confirm the nitrate nonutilizing deficiency, visible 
as thin growing mycelium. Which of the chlorate resistant colonies had a mutation in the nitrate 
reductase gene was tested by media complemetation, only mutants which morphology is 
restored by CDA media supplementation with NOn (0.5 g/1) or hypoxanthine (0.2 g/1 ) have a 
mutation at the nitrate reductase locus (Correll et al., 1987). 

Mycelium of nitrate reductase mutants was grown for two weeks in PDB and collected by 
filtration. Mycelium was lyophilised and ground with the use of liquid nitrogen. DNA isolation 
and DNA gelblot analysis were performed as reported previously (Mes et al., 1994). Plasmid 
pNE24 that carries the nitrate reductase {nia) gene of F. oxysporum f.sp. melonis (Diolez et 
al., 1993) was obtained from M. Daboussi (University Paris-Sud, 91405 Orsay, France). A 4 
kb HinàWl fragment of F. oxysporum, containing the complete nitrate reductase gene was 
used as probe. 

For the large scale selection of an avirulent mutant, conidia were plated on PDA (500 conidia 
per plate), irradiated and grown for two days at room temperature. Small colonies were 
transferred to tubes containing three ml of liquid Czapek Dox. Liquid cultures were grown for 
4 days at 25°C by continious motion. The whole mixture of mycelia and conidia was used to 
inoculate 7-days-old seedlings of tomato line C295. Inoculated plants were grown in the 
greenhouse at 25°C for three weeks and then examined for Fusarium wilt symptoms. Infected 
plants were used for re-isolation of the mutagenised isolate causing the symptoms. Single 
spored cultures of the re-isolate were tested the same way as described above to distinguish real 
avirulent mutants from false positives. 

Plant material. The previously described near-isogenic lines of tomato cultivar 
Moneymaker, viz. C32, GCR161 and C295 (Mes et al., 1999, chapter 2) were used. C32 is 
susceptible to races 1 and 2; GCR161 containing the resistance to race 1; C295 (also known as 
Mobox, Laterrot, INRA, France) is resistant to both races 1 and 2. Scott (University of 
Florida, USA) provided us with tomato line 90E341F containing the race 2 resistance of the 1-2 
locus of PI 126915 (Stall and Walter, 1965) without the linked resistance against race 1, tomato 
line 90E402F which contains the race 1 resistance {Fl) obtained from LA716 (Scott and Jones, 
1989), and tomato line 90E218F containing the 1-3 locus of LA716 giving resistance against 
race 2 and 3. The biotech company KeyGene (Wageningen, the Netherlands) provided a 
transgenic lines (KG324) of susceptible tomato line KG52201 transformed with cosmid B22 
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containing the sequence of the 1-2 gene (Simons et al., 1998). The original transformant was 
selfed and a homozygous T2 line selected. 

Plant infection. Twelve-day-old seedlings were infected by a standard root-dip inoculation 
method (Mes et al., 1999, chapter 2). All plant inoculation experiments were performed in 10 
replicates which were randomly arranged in equal blocks, each block containing all treatments 
once. After 3 weeks, weight of the upper cotyle part of the plant was measured. Data were 
statistically analysed with ANOVA. 

CHEF analysis. Protoplasts, isolated as described above, were suspended in STE (1 M 
Sorbitol, 25 mM Tris-HCl, 50 mM EDTA, pH7.5) at a concentration of 2.108 pps/ml. 
Protoplast solution was mixed with equal volume STE containing 1.2% InCert agarose (FMC 
Bioproducts, Rockland, USA) and mounted in mold chambers. Plugs were incubated in NDS 
(0.1 M Tris, 0.5 M EDTA, 1% lauroylsarcosyl, pH9.5) containing 2 mg/ml pronaseE at 50°C 
overnight and washed three times in 50 mM EDTA (pH8.0). Electrophoresis was performed 
using a CHEF-DRI1, Biorad. Chromosomes were separated in a ten-days run in 1% SeaKem 
gold agarose (FMC Bioproducts, Rockland, USA) at 4°C using switch times between 20 to 80 
minutes at 1.5 V/cm. Running buffer (0.5 x TBE) was refreshed every two days. Gels were 
stained with etidium bromide and destained with water. CHEF gel blot analysis were basically 
as described in Sambrook et al. (1989). 

RAPD and AFLP analysis. RAPD analysis were performed as described previously (Mes 
et al., 1999, chapter 2) using primers obtained from kit A, B, C, F and K from Operon 
Technologies, Inc. (Alameda, CA). 

Amplified fragment length polymorphism analysis was performed according to Vos et al 
( 1995) with some modifications. Standard adapters were ligated to £coRI and Msel digested 
DNA. Preamplifications were performed using primers containing no selective nucleotides. 
Preamplifications were diluted 50 times before selective AFLP amplifications were performed 
using primer combinations with a total of 3 or 4 selective nucleotides. 

RESULTS 

Marking the wild type isolate 

Wild type race 2 isolate Fol007 of F. oxysporum f.sp. lycopersici (Table 1) is avirulent on 

plants containing the 1-2 gene and pathogenic on plants lacking this race-specific resistance trait 

(Fol007wt). Circumstantial evidence suggests that for expression of the 1-2 specific resistance 

the presence of a corresponding avirulence gene (avrI-2) in the fungus is required (Mes et al., 

1999, chapter 2). To be able to distinguish Fol007wt mutants lacking a functional avrf-2 gene 

from naturally occurring race 3 isolates that infect 1-2 gene containing tomato, the wild type 

race 2 isolate was marked with a phleomycine resistance gene and the ß-glucuronidase (GUS) 

marker gene. The latter was introduced by cotransformation with the former. Phleomycine 

resistant colonies were tested for GUS activity (Jefferson et al., 1987). Transformants that 

were both phleomycine resistant and GUS positive were single-spored, and characterized by 

Southern blot analysis. Three stable, phleomycine (p) resistant and GUS (g) positive 

transformants with a single copy insertion of either gene were selected and tested for their 

pathogenicity on different tomato lines. All three showed a pathogenic profile identical to 

Fol007wt (data not shown). One of them was designated Fol007pg and used in our further 

studies. 
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Induction of mutants 

A gamma irradiation approach was followed to create avirulent mutants. Conidia spores of 

Fol007wt were irradiated for different periods of time, and allowed to germinate and grow for 

two days on PDA plates. Emerging colonies were counted and taken as a measure of survival 
137 

of the treatment. Figure 1 shows the dose-dependent sensitivity of conidia spores to ~ Cs 

irradiation. In the dose-range used a linear relationship is observed between survival and 

exposure. In all further experiments an exposure dosage of 130 Gy was used resulting in 

approximately 20% survival of irradiated conidia spores. 

To establish the mutagenic effect of gamma irradiation, the induction of mutations in the 

nitrate reductase gene was examined. This gene is required for nitrate utilization and mutants 

can be detected easily by selection for chlorate resistance and subsequent media 

complementation analysis (Correll et al., 1987). Nitrate reductase mutants were found at a 

frequency of one per 2600 surviving conidia, a factor 140 times higher then found 

spontaneously. Twenty four mutants were further characterised by Southern blot analysis 

using a 4 kb DNA fragment containing the whole nitrate reductase gene as probe (Diolez et al., 

1993). Nine mutants showed an altered hybridization pattern compared to wild type (data not 

shown), suggesting a deletion in or close by the nitrate reductase gene. One mutant did not 

hybridize at all with the probe indicating a deletion of at least 4 kb. The genome of the 

remaining 14 mutants probably contain point mutations or deletions in the nitrate reductase 

gene to small to detect by Southern blot analysis under the conditions used. 

dose (Gy) 

Fig. 1. Dose-response of conidia of F. oxysporum f.sp. lycopersici exposed to *••*' Cs 
irradiation. Dose is expressed in Grays. 
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In a large scale experiment conidia of Fol007pg were irradiated (130 Gy) and allowed to 

grow. To select out mutants affected in their growth (e.g. auxotrophic mutants) or spore 

production, emerging colonies were transferred to liquid minimal medium. Approximately 

2.2% of the irradiated surviving colonies displayed mutations that affected growth and/or spore 

formation. Full grown cultures were individually used to inoculate seedlings of C295 tomato. 

Efforts to tests pools of mutants were unsuccesful probably due to the induction of resistance 

by avirulent isolates in a mixture of spores. In total 21,712 colonies that survived the gamma 

irradiation and the selection procedures were tested for virulence on tomato seedlings. In 37 

cases plants showed Fusarium wilt symptoms. From these diseased plants Fusarium was re-

isolated, purified and used to inoculate C295 in a second screen. Only one of the 37 re-isolates 

showed repeatedly Fusarium disease symptoms on C295 tomato and hence seemed to be 

affected in a function required for full expression of resistance brought about by the 1-2 gene. 

This isolate was designated Fol007avr. 

Biological characterization of the mutant. 

On phleomycine containing agar plates re-isolated Fol007avr showed the same radial growth 

and colony morphology as Fol007pg, whereas none of the four race 3 isolates in our collection 

(Table 1) tested was resistant to phleomycine (Fig. 2). GUS activity was detected in Fol007avr 

as well, confirming that the mutant was derived from Fol007pg. Conidia production in liquid 

CD and PDB was equal for Fol007wt, Fol007pg and Fol007avr, and comparable to Fol029, a 

Fol007wt Fol007pg Fol007avr Fol029 

PDA 

Fig. 2. Growth of F. oxysporum f.sp. lycopersici isolates on potato dextrose agar plates 
(PDA) with or without the addition of phleomycine. Fol 029 is one of the four race 3 isolates 
tested which all showed to be susceptible to phleomycine. 
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race 3 isolate of F. oxysporwn f.sp. lycopersici (Table 1). All these observations are in 

accordance with the notion that the primary metabolism of the mutant was not affected and that 

no genes are mutated responsible for growth and spore production. 

To further characterize Fol007avr a range of tomato lines containing various race-specific 

resistance genes against F. oxysporum f.sp. lycopersici were inoculated. Experiments were 

repeated several times and the results were all comparable. The outcome of one experiment is 

shown in Table 2. Tomato lines susceptible to race 2 (C32, GCR161 and 90E402F) are heavily 

infected by Fol007wt and Fol007pg resulting in significant loss of plant weight. Fol007avr 

infects these lines as well although much less effective then the isolate it originates from. This 

suggests that the mutant is affected in its pathogenicity. Tomato lines containing the 1-2 locus 

(90E341F, C295) or 1-3 locus (90E218F) are infected by neither Fol007wt nor Fol007pg: 

none of the plants showed Fusarium wilt symptoms although in some cases the mean weight of 

plants infected with Fol007pg differed significantly from the mean weight of the water control 

plants. However, this weight reduction was not found consistently (see Table 3). In contrast, 

both 1-2 containing lines 90E341F and C295 were infected by Fol007avr: all ten infected plants 

of 90E341F and seven out of ten infected C295 plants showed Fusarium wilt symptoms (Fig. 

3). In addition, weight reduction was significant compared to Fol007wt and Fol007pg plants. 

This result confirms the suggestion that Fol007avr is impaired in facilitating expression of 

resistance brought about by the 1-2 gene. Resistance of the 1-3 locus (line 90E218F) was not 

broken by any of the isolates nor by the mutant, indicating that functional expression of avrI-3 

is not affected by the mutation(s) in Fol007avr. Isolate Fol029 is clearly virulent on all lines 

that lack the 1-3 resistance gene, supporting its classification as a race 3 isolate. 

Table 2. Mean plant fresh weight (g) of tomato plants 3 weeks after inoculation with 
isolates of Fusarium oxysporum f.sp. lycopersici. 

Tomato lines 

race isolate 

2 007wt 

2 007pg 

7 007avr 

3 029 

H2O cont. 

C32 GCR161 90E402F 
1-1 

90E341F 
1-2 

C295 
1,1-2 

90E218F 
1-2,1-3 

0 . 1 ± 0 . 2 c* 1 .1 ± 1.4 c 0 . 9 ± 0 . 8 c 1 1 . 4 ± 1.3 a 1 0 . 2 ± 1.9 a 1 1 . 9 ± 2 . 0 a 

1.3 + 1 .5 c 0 . 9 ± 1.7 c 2 . 2 ± 2 . 6 c 8 .4 ± 1.2 c 8 .7 + 0 .7 a b 8 .4 ± 3 . 1 b 

3 . 9 + 2 . 6 b 6 .4 + 4 . 5 b 7 . 8 + 4 . 0 b 3 . 8 ± 1.5 d 7 . 0 ± 3 . 7 b 1 2 . 0 ± 2 . 3 a 

0 . 1 ± 0 . 2 c 0 . 0 ± 0 . 0 c 0 . 1 ± 0 . 1 d 0 . 1 ± 0 . 1 e 0 . 1 ± 0 . 1 c 1 1 . 8 ± 1.7 a 

9 . 8 ± 1 .5 a 1 0 . 5 ± 1.7 a 1 0 . 2 ± 2 . 3 a 9 . 9 + 2 . 0 b 9 . 3 ± 3 . 5 a 9 . 4 ± 2 . 1 b 

* Vertical row values followed by the same letter do not differ significantly according to F-test 
(p = 95%). For all genotypes p=0.0001. 
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Fol007pg Fol007avr 

GCR161 

341F 

C295 

j^ f ,Ä : f^ ; &*tf£t& 

*-^£? >$f -s>u>» -.9s> é><-j-*-^^-»'& 

Fig. 3. Plant growth 3 weeks after infection with F. oxysporum f.sp. lycopersici Fol007pg 
and Fol007avr. 

To corroborate that Fol007avr is affected in the promotion of 1-2 mediated resistance, 

experiments were carried out with the F. oxysporum f.sp. lycopersici race 2 susceptible tomato 

line KG52201 and the same line transgenic for the 1-2 gene (Table 3). As expected, stains 

Fol007wt, Fol007pg and Fol007avr could infect line KG52201 and control line GCR161. And 

again Fol007avr showed a reduced pathogenicity. After inoculation with Fol007wt or 

Table 3. Mean plant fresh weight (g) of/-2 transgenic lines KG324 and control lines, 
weeks after inoculation with isolates of Fusarium oxysporum f.sp. lycopersici. 

isolate 

Tomato lines 

race isolate KG52201 G C R 1 6 1 K G 3 2 4 C295 

- I locus cosmid B22 12 locus 

2 007wt 0.0 + 0 .1 b* 1.1 ± 1.8 c 7.7 + 1.4 a 10.3 + 1.5 a 

2 007pg 0.6 ± 2.5 b 1.8 + 3.0 c 7.7 + 1.4 a 10.4 ± 1.4 a 

? 007avr 1.6 + 1.9 b 4.5 + 3.8 b 5.5 + 2 .1 b 7.3 ± 3.8 b 

3 029 0.3 + 0.8 b 0.1 + 0.2 c 0.1 ± 0.2 c 0.1 ± 0.2 c 

H2O cont. 10 .1 + 1.3 a 10.8 ± 1.4 a 8.0 + 1.5 a 11.4 ± 1.7 a 

* Vertical row values followed by the same letter do not differ significantly according to F-test 
(p = 95%). For all genotypes p=0.0001. 
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Fol007pg, no Fusarium wilt disease symptoms were found in control line C295 nor in line 

KG324, a KG52201 derivative transgenic for the 1-2 gene (Simons et al., 1998). However, 

both lines are susceptible to Fol007avr resulting in a significant reduction in mean weight. All 

lines are susceptible for race 3 isolate Fol029, indicating the specificity of the 1-2 gene. The 

results re-confirm that Fol007avr is affected in its pathogenicity and is able to break the 1-2 

dependent resistance. 

Karyotyping F. oxysporum f.sp. lycopersici isolates 

Gamma irradiation may change the chromosome organisation of a cell. To examine the mutant 

for major DNA rearrangements, contour-clamped homogeneous electrophoretic field (CHEF) 

analysis was carried out. Mutant Fol007avr (Fig. 4A, lane 5) was compared with the original 

isolate Fol007wt (lane 4), with Fol007pg (not shown) and with other isolates from different 

races that all belong to the same genetic group VCG0030 (lanes 2-4 and 7-9). All isolates 

showed different karyotypes, reflecting the plasticity of the Fusarium genome. The number of 

chromosomes that could be separated was estimated at 12, ranging in size from 1.3 Mb to at 

least 6 Mb. Fol007wt and Fol007pg showed an identical karyotype (data not shown). As 

compared to Fol007wt, Fol007avr misses a chromosome of 3.75 Mb (Fig. 4A, lanes 4-5). 

This could be due to either a translocation to one of the larger chromosomes that are difficult to 

separate, or to a loss of sequences. To further investigate this, probes were developed specific 

for the chromosome of 3.75 Mb and these were used in Southern analysis. 

A B 
M 1 2 3 4 5 6 7 8 9 M 1 2 3 4 5 6 7 8 9 

5.7 

4.6 

3.5 

2.2 
1.6 
1.1 

m *m 

Fig. 4. CHEF analysis of isolates of F. oxysporum f.sp. lycopersici. A, Gel stained with 
etidium bromide. B, Gel blotted and hybridized with a chromosome specific probe, lane M, 
marker; lane 1, Fol004; lane 2, Fol002; lane 3, Fol015; lane 4, Fol007wt; lane 5, Fol007avr; 
lane 6, Fol026; lane 7, Fol029; lane 8, Fol035; lane 9, Fol036. 
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On genomic DNA none of the probes resulted in a polymorphism between Fol007wt and 

Fol007avr, suggesting that the chromosome was not lost. Subsequently, one cloned DNA 

fragment was used to probe the blot of the CHEF gel (Fig. 4B). In Fol007wt and all other 

isolates the probe hybridised to the chromosome of 3.75 Mb, confirming the chromosome 

specificity of the cloned fragment and conservation of this chromosome among the isolates. 

However, in Fol007avr (Fig. 4B, lane 5) hybridization was found to the largest chromosome 

only, suggesting a translocation of the 3.75 Mb chromosome to the largest chromosome. 

RAPD and AFLP analysis 

In an approach to find polymorphisms between Fol007pg and Fol007avr a RAPD analysis was 

performed. Hundred primers were tested generating more than 1000 fragments reflecting 

approximately 2% of the genome. All amplified fragments except for one were found in both 

Fol007pg and Fol007avr, supporting the hypothesis of a chromosome translocation rather than 

a deletion. Only primer OPA-14 reproducibly gave a polymorphism between Fol007pg and 

Fol007avr: a fragment of approximately 1300 bp (A14[300) present in Fol007pg was not 

found in Fol007avr; reciprocally, a fragment of 2000 bp (A 142000) was present in Fol007avr 

but not in Fol007pg. Both fragments were cloned and used in Southern analysis. Total 

genomic DNA of Fol007pg and Fol007avr, digested with either EcoRl or Hindlll, was probed 

with either the A14i300 fragment or the A142000 fragment. The latter probe hybidized with 

numerous bands in both Fol007pg and Fol007avr, suggesting that it contains a repetative 

sequence (data not shown). In contrast, hybridization with A14i300 revealed a single copy 

polymorphism between Fol007pg and Fol007avr (Fig. 5). 

To test for more polymorphisms in Fol007avr. AFLP analysis was carried out. In a first 

screen all 64 primer combination with 3 selective nucleotides were used in the amplification 

reactions. Upto 125 bands per primer combination were generated and approximately 12.5 % 

of the genome was covered this way. When a (potential) polymorphism was found, the 

reaction was repeated in four amplification mixtures with primers containing an additional 

selective nucleotide. Each polymorphism found in this way was check at least once more. Nine 

AFLP polymorphisms were identified that all were generated by the same Eco primer and 

appeared as extra fragments in the mutant Fol007avr. Southern blot analysis using the cloned 

polymorphic AFLP fragments as probes revealed multiple hybridizing fragments in both 

Fol007pg and Fol007avr for each fragment. Among the smear of hybridizing fragments it was 

difficult to determine whether the fragments detected real polymorphisms in the DNA of the 

mutant. 
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Fig. 5. Polymorphism between Fol007pg and Fol007avr detected by Southern blot analysis 
using A141300 as probe. M, marker; Lane 1, Fol007pg digested with EcoRl; Lane 2, 
Fol007avr digested with EcoRl; Lane 3, Fol007pg digested with Hindlll; Lane 4, Fol007avr 
digested with Hindlll. 

D I S C U S S I O N 

According the gene-for-gene hypothesis, expression of race-specific resistance responses 

depends on the presence of both a pathogen avirulence gene and the corresponding R-gene in 

the plant (Flor, 1971). For many interactions the existence of a pathogen avirulence gene and a 

corresponding R gene in the plant has been proven genetically. Nowadays more than 15 

resistance genes have been isolated and characterized (Ellis and Jones, 1998), and in some 

cases corresponding avirulence genes as well. For the F. oxysporum f.sp. lycopersici-tomato 

interaction a gene-for-gene relationship is generally assumed. Indeed, monogenic, dominant 

resistance traits against the three known races of this tomato pathogen have been described. 

One of these traits, the 1-2 gene, conferring resistance to race 2 isolates has been cloned 

recently (Ori et al., 1997; Simons et al., 1998). The gene product shares many features with 

the proteins encoded by other R genes thought to be involved in gene-for-gene relationships. 

However, due to the imperfect character of the fungus, the existence of F. oxypsorum f.sp. 

lycopersici avr-genes has not been proven yet. Indirect evidence for their existence includes the 
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presence of all avirulent genotypes of avirulence 1 and 2 within the natural population (Mes et 

al., 1999, chapter 2). The F. oxysporum f.sp. lycopersici mutant described here shows the 

change from avirulence to virulence. Whatever the nature of this change it proofs the capacity 

of F. oxysporum f.sp. lycopersici race 2 to gain virulence for a plant containing the 1-2 gene. 

This is striking evidence for avirulence genes to play an important role in the interaction 

between F. oxysporum f.sp. lycopersici and tomato. 

The mutant identified in our gamma irradiation screen was changed in both avirulence and 

pathogenicity. This could imply that (I) deletions were induced affecting both pathogenicity and 

avirulence, (II) a common factor was deleted involved in signalling, regulation or secretion of 

both pathogenicity and avirulence factors, or (III) pathogenicity and avirulence are encoded by 

the same genetic trait. The first explanation can not be excluded completely. Testing the effect 

of gamma-irradiation we found that more than 40% of the nitrate reductase mutants had one or 

more deletions that could be made visible by Southern analysis. One out of these 24 mutants 

had a deletion of more than 4 kb, containing the entire nitrate reductase gene. The second 

option can not be excluded either. Many avirulence and pathogenicity genes are induced in 

planta. This suggests that the fungus senses the plant. Fungal receptors and down stream 

signals will have a major role in activation of these genes. When the expression of fungal 

pathogenicity and avirulence genes is regulated by common factors, mutations in genes 

encoding such factors will knock out proper function of both. If Fol007avr has a mutation in a 

common signalling factor it would be interesting to clone the gene encoding this factor since 

such a gene could lead us to the identification of pathogenicity and avirulence factors. The third 

explanation seems to be most likely to explain a change in both pathogenicity and avirulence: 

pathogenicity and avirulence are determined by the same factor. For many bacterial avirulence 

genes it has been found that they are involved in fitness or pathogenicity (virulence) of the 

pathogen (Dangl, 1995; Leach and White, 1996; Vivian and Gibbon, 1997). The same seems 

to hold true for fungal avirulence genes: NIP1, the host specific toxin of Rynchosporum secalis 

which is necessary for symptom development (Rohe et al., 1995) and ECP2 of Cladosporium 

fulvum which is required for full virulence of the fungus on tomato, induces a hypersensitive 

response-based resistance (Lauge et al., 1998). These results show the thin line between 

pathogenicity and avirulence. The F. oxysporum f.sp. lycopersici race 3 isolate that infects the 

same set of tomato lines as the mutant Fol007avr, is very pathogenic. Compared to race 1 and 

2 isolates from the same genetic group (VCG0030), race 3 is even more pathogenic on 

susceptible plants like C32. This could imply that single mutations in a pathogenicity / 

avirulence gene could result in a more effective pathogenicity factor able to circumvent plant 

recognition. Disruption of such a gene could result in a non or less pathogenic mutant. Fol026 

(Table 1). an isolate originating from Australia, gave comparable plant weight reduction as 

Fol007avr (unpublished results). This isolate was classified as race 3 because it could break 1-2 

resistance. In our inoculation experiments Fol026 was not as pathogenic as three other race 3 
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isolates showing a pathogenicity comparable to Fol029. The low pathogenicity of Fol026 may 

be explained by its low spore production compared to the other race 3 isolates. 

One factor determing both pathogenicity and avirulence could explain the low frequency at 

which we have found avirulent mutants. Using the nitrate reductase gene as target sequence we 

found a deletion mutation frequency of one out of every 2600 surviving conidia. Taken into 

account the low number of mutants tested in this pilot experiment and the relative large size of 

the nitrate reductase gene, we expected to find more mutants than one out of 21,712 mutants 

tested for loss of avirulence. When pathogenicity and avirulence are encoded by the same gene, 

a mutation would affect both traits. Only in case the mutation knocks out avirulence completely 

but affects pathogenicity only slightly or not at all, avirulence mutants can be selected. 

Obviously, such mutants will be found at frequencies lower than can be expected for a single 

trait encoding gene. Likewise, when the avirulence trait is not present as a single gene or when 

it is located within a small locus, an avirulence mutant will never be found or at very low 

frequences only. 

Whatever the genetic basis of pathogenicity and avirulence, it will be interesting to see which 

factor of F. oxyspomm f.sp. lycopersici is responsible for the observed phenotype of the 

mutant. DNA analysis have revealed genomic alterations in the mutant. By CHEF analysis and 

hybridization experiments using chromosome specific probes, a translocation in the mutant 

could be identified. The conclusion that we are dealing with a chromosome translocation rather 

than a loss of a chromosome is supported by the low frequency at which polymorphisms are 

detected by RAPD and AFLP analysis. Loss of a 3.75 Mb chromosome is equal to the loss of 

approximately 7.5% of the genome. Both RAPD analysis and AFLP analysis revealed only 

0.1% of polymorphisms, which were not even fragments absent in the mutant. This 

chromosomal translocation might have been induced by gamma irradiation. However, 

spontaneously chromosomal translocations have been observed in fungi as well (Zolan, 1995). 

In this context it is noteworthy that all isolates tested in the CHEF analysis are from linear 

clonal origin but that they all exhibited other chromosomal profiles. 

The RAPD polymorphism and AFLP polymorphisms identified in this study are important. 

They show that detectable mutations have been induced in the mutant. Detailed study of the 

RAPD polymorphism will be straight forward because it is present as a polymorphic single 

copy fragment. The AFLP polymorphisms, however, are very puzzling. They were generated 

by the same selective Eco-primer and all appeared as extra fragments in the mutant whereas 

absence of fragment are more expected for a deletion mutagenesis. Moreover they all seem to 

be of repetitive origin what will complicate detailed analysis. It might be that these 

polymorphisms have been generated by a retroposon which have been duplicated and inserted 

at new sites. Further characterization of these polymorphisms will unravel the genomic 

alteration in the mutant and hopefully will lead us to the cloning of the avirulence gene of F. 

oxysporum f.sp. lycopersici. 
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CHAPTER 4 

Foxy: an active family of short interspersed nuclear 
elements from Fusarium oxysporum 

Jurriaan J. Mes, Michel A. Haring and Ben J.C. Cornelissen 

To be submitted 

ABSTRACT 

A novel family of short interspersed nuclear elements (SINEs) has been identified in Fusarium 

oxysporum. This family has been called Foxy. Features that make Foxy unique among other 

SINEs include the relative large distance between the 5' terminus and the RNA polymerase III 

binding site, and 5' terminal tetranucleotide repeats. Both the number and the sequence of those 

repeats vary between individual members of the family. The genome of F. oxysporum f.sp. 

lycopersici contains at least 160 copies of Foxy. In a mutant, obtained upon gamma irradiation 

of a wild type isolate, 13 new Foxy insertion have been identified. These observations together 

with the occurrence of many Foxy specific polymorphisms between isolates within one VCG 

and the presence of Foxy specific transcripts in the fungus indicate that Foxy is currently active 

and may contribute to the genetic variability of F. oxysporum. Since we have not been able to 

detect by PCR analyses Foxy sequences in other fungal species, the novel family of SINEs 

seems to be confined to Fusarium species. 
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INTRODUCTION 

Fusarium oxysporum is a wide spread fungal pathogen able to infect over a 100 plant species. 

Among these are many economical important crops. The fungus appears in many specialised 

forms, grouped into formae speciales and races, depending on the ability to infect specific plant 

species and cultivais thereof, respectively (Armstrong and Armstrong, 1981). Within a formae 

speciales one or more vegetative compatibility groups (VCGs) can be found, representing 

clonal lines (Mes et al., 1994). Since races may originate from different VCGs within a given 

forma specialis, the genetic diversity within races may vary considerably. 

F. oxysporum belongs to the Fungi Imperfecti. This group of fungi is characterized by the 

absence of a sexual cycle and therefore of sexual recombination events. Mutations caused by 

the action of transposable elements have been hypothesized to be the major factor responsible 

for the genetic variation within this group of fungi (Daboussi and Langin, 1994). Eight families 

of transposable elements have been characterized in isolates of F. oxysporum. These include 

the transposon families Fotl, Fot2, Impala, Hop (reviewed in Daboussi and Langin, 1994) and 

Tfol (Okuda et al., 1998), the retrotransposons Foretl and Skippy (Julien et al., 1992; Anaya 

and Roncero, 1995) and Palm. The latter has been identified in F. oxysporum forma specialis 

elaeidis as a repeated and interspersed sequence of which the partially elucidated primary 

structure exhibits features of a retrotransposon (Mouyna et al., 1996; Daboussi and Langin, 

1994). 

The vast majority of transposable elements in nature consists of short interspersed nuclear 

elements (SINEs). Typical features of SINEs are their relative short size (70-500bp), the lack 

of open reading frames, the presence of an internal RNA polymerase III binding site, target site 

duplications of 7-21 bp in length and adenine-rich 3' ends. In general many copies of SINEs 

are interspersed throughout the genome (Weiner et al., 1986). Multiplication of SINEs has 

been hypothesized to occur by self-primed reverse transcription of RNA polymerase Ill-

synthesized transcripts of the element and subsequent integration of the cDNA into new sites in 

the genome (Jagadeeswaran et al., 1981). SINEs have a major impact on the genetic variability 

and heritable disorders in many organisms. They have been shown to be actively involved in 

insertional gene inactivation, formation of chimeric sequences, mRNA truncation, modified 

protein structure, recombinational editing and can effect transcription and regulation of genes 

(Wichman et al., 1992; Amariglio and Rechavi, 1993; Schmid, 1996; Britten, 1996). 

F. oxysporum f.sp. lycopersici is a wilt pathogen of tomato. Three races have been identified 

based on the range of tomato cultivars they are able to infect. In a deletion mutagenesis 

program we have identified one mutant that had lost avirulence on tomato containing the 1-2 

resistance gene (Mes et al., chapter 3). Analysis of RAPD and AFLP markers specific for the 

mutant revealed the presence of a common sequence in these markers. Here we report that this 

sequence represents an active mobile element with all characteristics of a SINE. The genome of 
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F. oxysporum f.sp. lycopersici contains at least 160 copies of the element that we have 

designated Foxy. Copies of Foxy are also present in other formae speciales of F. oxysporum 

and in at least nine out of eleven other Fusarium species tested. 

MATERIALS AND METHODS 

Bacterial and Fungal strains. E.coli strain DH5a was used for cloning and plasmid 
propagation purposes. Fungal isolates were obtained from several sources and are listed in 
Table 1. Fungi were grown on potato dextrose agar and stored at -70°C in Protect Bacterial 
Preservers (Technical Service Consultants LTD, Heywood Lansc, GB). 

Table 1. Fusarium isolates used in this study. 

Isolate Race VCG Reference 

Fusarium oxysporum f.sp lycopersici 
F0IOO2 " 2 0030 
F0IOO4 1 0030 
F0IOI5 2 0030 
Fol007wt 2 0030 
FoI007pg Fol()07wt transformed with 

phleomycine and gus 
Fol007avr avirulent mutant derived from Fol007pg 
Fc.1026 3 0030 
F0IO29 3 0030 
F0IO35 3 0030 
Fol036 3 0030 

Fusaria 
F. oxysporum f.sp. dianthi (Fl068) 
F. oxysporum f.sp. gladioli (G2) 
F. redulens 
F. anthophilum 
F. sacchari var. sacchari 
F. subglutinans 
F. verticillioides 
F. fujikuroi 
F. nygamai 
F. prolifiratum 
F. culmorum 
F. graminearum 
F. poae 

Mesetal . , 1999 
Mesetal . , 1999 
Mesetal . , 1999 
Mesetal . , 1999 
Mes et al., sub 

Mes et al., sub 
Mes et al., sub 
Mes et al., sub 
Mes et al., sub 
Mes et al., sub 

Baayen et 
Mes et al 
Waalwijk 
Waalwijk 
Waalwijk 
Waalwijk 
Waalwijk 
Waalwijk 
Waalwijk 
Waalwijk 
Waalwijk 
Waalwijk 
Waalwijk 

al., 1997 
, 1994 
et al.. 1996 
et al.. 1996 
et al., 1996 
et al.. 1996 
et al., 1996 
et al., 1996 
et al.. 1996 
et al., 1996 
et al., 1996 
et al., 1996 
et al., 1996 

RAPD and AFLP analysis. Fungal DNA was isolated by the CT AB method as described 
previously (Mes et a l , 1994). Random amplified polymorphic DNA (RAPD) analysis was 
carried out according to Williams et al. (1990; Mes et al., 1999, chapter 2). Amplified fragment 
length polymorphism (AFLP) analysis was performed according to Vos et al. (1995) with 
some modifications. Standard adapters were ligated to EcoRI and Mse\ digested DNA. 
Preamplifications were performed using standard adapters primers containing no selective 
nucleotides and preamplifications were diluted 50 times before further use. Selective 
amplifications were performed using primer combinations with up to four selective nucleotides. 
Alternatively, standard AFLP Eco or Mse primers were used in combination with either the 
Foxy specific primer AFLP1 (5' GCTTCGTTACAGCCACCCAG 3') or the Fotl-specific 
primer (5' GGTGTGGACGCGTCTGAAGACG 3') (Daboussi et al., 1992) on the same 
EcoRI-Msel amplicons. 

Polymorphic fragments that could be produced for at least three times were purified from gel 
and amplified non-radioactively. Amplified fragments were cloned in vector pGEM-T 
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(Promega) and sequenced by the dideoxynucleotide chain termination method using an ALF 
sequencer (Pharmacia). 

Northern analysis. For RNA isolation, fresh mycelium, grown in liquid potato dextrose 
broth for four days, was grounded in liquid nitrogen. After addition of extraction buffer (100 
mM Tris-HCl pH 8.5, 100 mM NaCl, 20 mM EDTA and 1% sarkosyl) RNA was extracted 
with phenol and twice with phenol/chloroform (1:1) before it was precipitated with 2-propanol. 
DNA/RNA pellet was dissolved in water and RNA was precipitated by addition of an equal 
volume of 4 M LiCl. The RNA pellet was dissolved in H20, precipitated with ethanol and 
redissolved in 20-100 ul H20. Ten ug of total RNA was separated on 1.5% denaturating 
formaldehyde agarose gel electrophoresis and subsequently blotted on Hybond-N membrane 
(Amersham). A Foxy specific fragment amplified by Prl (5' CTGGGTGGCTGTAACG-
AAGC 3') and Pr 2 (5' GGAATTTTGGAGAGTTCGCC 3') (Fig. IB) was used as probe. 
The probe was 32P-labelled by the Random Primers Labelling System (BRL Life technologies 
Inc., USA) and hybridisation was performed in 0.5 M phosphate buffer pH 7.2 containing 7% 
SDS, 1% BS A and 1 mM EDTA. After overnight incubation at 65°C, the blot was washed 
with 2x, lx and 0.5x SSC, respectively, for 15min each. 

CHEF analysis. The method for contour-clamped homogeneous electric field analysis was 
described previously (Mes et al., chapter 3). DNA gel blot hybridisation was as described for 
Northern blot analysis using the same probe. Hybridisation was performed at 65°C overnight 
and subsequently washing in 2x, lx and 0.5x SSC, respectively, for 15min each. 

RESULTS 

Identification of a SINE sequence in F. oxysporum f.sp. lycopersici 

In our extensive gamma-irradiation mutagenesis program we identified one F. oxysporum f.sp. 

lycopersici mutant (Fol007avr) that had lost avirulence on tomato carrying the race 2 specific 

resistance gene 1-2 (Mes et al., chapter 3). To characterize this mutant RAPD analysis was 

carried out with 100 random primers. Only one primer (OPA-14) reproducibly generated a 

polymorphism: a DNA fragment of approximately 1300 bp (A 141300) present in wild type only 

and an approximately 2000 bp fragment (A142ooo) unique for the mutant (Mes et al., chapter 3). 

The two fragments appeared to cross hybridise indicating the presence of common sequences. 

Subsequent sequence analysis revealed that the primary structures of the two fragments only 

differ by an insertion in fragment A142ooo of 665 nucleotides (Fig. 1A). This insert is flanked 

by a duplication of a 12 bp sequence present in A14,300, a feature typical for mobile DNA 

elements (Fig. IB). If the insert represent a mobile element indeed, it is most likely a non-

autonomous replicating element because of its short length (653 bp). A BLAST search revealed 

that the putative mobile element from F. oxysporum f.sp. lycopersici shared homologies with a 

repetitive sequence found in Caenorhabditis elegans. This prompted us to examine the insert 

for the presence of two conserved sequences characteristic for an RNA polymerase III binding 

site which are found in short interspersed nuclear elements (SINEs). Both a box A and a box B 

could be identified at a distance of 33 bp from each other (Fig. IB). As compared to the 

consensus box A differs at two positions, box B at one position only (Fig. 1C). However, the 
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distance from the 5' end of the element to box A is larger than found in most other SINE 

sequences where box A is found closer to the 5'-end. 

SINE sequences are replicated via an RNA intermediate (Weiner et al., 1986). To investigate 

transcription of the putative mobile element, total RNA was isolated from F. oxysporum f.sp. 

lycopersici grown in vitro. Result of Northern blot analysis of RNA from a wild type F. 

oxysporum f.sp. lycopersici race 2 isolate (lane 1), the mutant derived therefrom (lane 2) and a 

race 3 isolate (lane 3), are shown in figure 2. All three isolates gave a signal upon hybridisation 

with an insertion specific probe generated by Pr 1 and Pr 2 (Fig. 1 B), suggesting transcription 

Fol007wt - A1413t 

Fol007avr - A14,„, 

664 bp insert 

Prl 
1 ATGCTGCGTA CTTATGTATG TATGTÄTGTA TGTGTATTTT TCGTÇTGGGT GGCTGTAACG AAGCCAAATC TCCTACTGGA 80 

* AFLP1 Box A 
81 GCAAAAGACG TGCTGAGCTA GCTAGGTACA GGATACCCCG CTTCCTTCAC CATCCAGCAT ACCAAJTGGCA CAAAAGclrGC 160 

Box B EccKL 
161 TGTATTTCTC AAGCCCGTCA CCCGTCAGCG [GGTTCGAGGG C^ATCTATTG TCGAACTTTT TCCACCGACC AbAATTCtCT 240 

241 CGCGCATCAC TACATCTGCT GACGCAGTCC ACAATCTCCA GTAACCAAGT TGTAGCTCGT AGTCGACTGT CGCGGCGGCA 320 

321 GGGAAAAACC TCGGGAAGGG ATCAGAGGCC GACGGTGCGG CTTGCCTTCA AAGGAGAAAA ACCCATCGCA ATCGGCGTCG 400 

401 TTGATCGGAA GGATGTCGCT ACGAATGCCC GGGGCATCGC CCTCCGATAT CTAAGGCGTT CTGGTTCTGA GGTGCCGCCA 480 

481 TTAGATCCGA CAAAGGTGTT GTCAGAGAAG GCGAACTCTC TCAAAATTCC TTCTCTGAAA ACTGCTGTTA GGGAGCCGAT 560 
Pr2 

561 AGCGTCCCCG CGTrTTTGTG TGGTCGCGTG GCCTGCAGAA AATCCCGCTC CTAGCACCGC ACTAACAGTG CGTGCCAAGA 640 

641 AAGAATTTTT ACAGGAGAGA GTTGATGCTG CGTACT 676 

RNA Polymerase III consensus 
Fusarium oxysporum-SJNE 
Erysiphe graminis f.sp. hordei-SINE 
Magnaporthe grisea-SINE 
Nectria haematococca-SJNE 

Box A Box B 
TGGCNNAGTNGG — — 17-60 bp- — GGTTCGANNCC 
TGGCACAAAAGG — — 33 tp GGTTCGAGGGC 
TGGCCCACGAGG — — 46 bp AGTTCGACTCC 
TGGCGCAGT-GG — — 32 bp GGTTCGAATCC 
GGGCrCATTTGG — — 11 bp CGTTCTGTGCA 

Fig. 1. The RAPD polymorphism detected in mutant Fol007avr. A, Schematic representation 
of the insert in RAPD marker A14 1300. B, Nucleotide sequence of the insert. The direct 
repeats flanking the insert are underlined. Boxes A and B as well as the EcoRl restriction site 
are boxed. The (dotted) arrows indicate the positions of the primers Prl, Pr2 and AFLP1 used 
for AFLP and/or PCR analysis. C, Alignment of the RNA polymerase III bindingsite box A 
and box B consensus sequence with those from fungal SINEs. 
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of sequences homologous to the SINE sequence. The length of the hybridising RNA 

(approximately 700 nucleotides) is consistent with this suggestion. 

Taken together the data presented above suggests we have identified a SINE sequence in F. 

oxysporum f.sp. lycopersici. This SINE sequence was designated Foxy (Fusarium 

OXYsporum). 

Fig. 2. Northern blot analysis of F. oxysporum f.sp. lycopersici. A, Ethidium bromide-
stained gel of total fungal RNA. B, Phosphor image obtained after hybridisation of the blot 
from the gel shown in A with a Foxy specific probe. Lane M, RNA marker (kilobases); lane 1, 
Fol007wt; lane 2. Fol007avr; lane 3, Fol029. 

Structural features of Foxy 

AFLP analysis on mutant Fol007avr revealed nine polymorphisms identified as additional 

DNA fragments in the mutant compared to Fol007wt. All were found to hybridise to RAPD 

marker A1420oo (Mes et al., chapter 3). The nine Msel-EcoRl fragments were cloned and 

sequenced. The primary structure of fragment AFLPpó appeared to consist of the Foxy 

sequence upstream of the £coRI restriction site (Fig. IB) and 5' flanking sequence found 

upstream of Foxy in RAPD marker A1420oo- This indicates that the RAPD marker and AFLPpó 

represent the same polymorphism. The primary structures of the other eight fragments all 

showed a sequence nearly identical to the 5' terminus of Foxy attached to non-related flanking 
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sequences. Alignment of the Foxy specific sequences of the nine fragments, running from the 

unique Msel site (only partially shown) until the EcoRl site located within Foxy, are shown in 

figure 3. Although very alike, the sequences all differ from each other suggesting a family of 

related SENEs. This family can be divided into three groups based on the 5' terminal structure 

of the sequences. The first group includes AFLPpó, AFLPpl 1 and AFLPpl5 and their 

sequence starts with TATG repeats. In AFLPpó and AFLPpl 1 this tetranucleotide is repeated 

five times, in AFLPpl5 six times. These repeats are followed by the dinucleotide TG and 

subsequently by a sequence very homologous in all nine members of the Foxy family. The 

homologous sequence of AFLPpl 1 differs from AFLPpó in one nucleotide only, that of 

AFLPpl 5 in two nucleotides. The second group of Foxy sequences starts with TTTG repeats: 

three times in AFLPp4, five times in AFLPp3 and seven repeats in AFLPp5, AFLPpl2 and 

AFLPpM. 

G C C A T G C T T G C G T A C T ( T A T G ) 5 TG T A T T T T T C G T C T G 50 
C G G A C C A A A G C A T T A T ( T A T G ) 5 TG T A T T T T T C G T C T G 50 
G A G C C G G A A A C G ( T A T G ) 6 TG T A T T T T T C G T C T G 50 

C A T G T G A A A T G G T T T T ( T T T G 1 5 TA T A T T T T T C G T C T G 50 
A G T G A A T T ( T T T G I 7 TA T A T T T T T C G T C T G 50 
T G A C G A A A A C G G ( T T T G 1 6 TA T A T T T T T C G T C T G 50 
A T G T T C G T ( T T T G ) 7 TA T A T T T T T C G T C T G 50 
G C C C T G T C C A T T G C T C T G T G C T G T ( T T T G 1 3 TA T A T T TT T C G T C T G 50 

T A A T G C G G G C T C T G C A A T A G ( A A G G ) 4 GG T A T T T T T C G T C T G 50 

G G T G G C T G T A A C G A A G C C A A A T C T C C T A C T G G A G C A Ä A A G A C G T G C T G A G 100 
G G T G G C T G T A A C G A A G C C A A A T C T C C T A C T G G A G C A A A A G A C G T G C T G A G 100 
G G T G G C T G T A A C G A A G C C A A A T C T C C T A C T G G A G C A A Ä A G A C G T G C T G A G 100 

G G T G G C T G T A A C G A A G C C A G A T C T C C T A C T G G A G C A A A A G A C G T G C T G A G 100 
G G T G G C T G T A A C G A A G C C A G A T C T C C T A C T G G G G C A A A A G A C G T G C TG A G '00 
G G T G G C T G T A A C G A A G C C A G A T C T C C T A C T G G A G C G A A A G A C G T G C T G AG 100 
G G T G G C T G T A A C G A A G C C A G A T C T C C T A C T G G A G C A A A A G A C G T G C T G A G 100 
G G T G G C T G T A A C G A A G C C A G A T C T C C T A C T G G A G C A A A A G A C G T G C T G A G 100 

G G T G G C T G T A A C G A A G C A A A A T C T C C T A C T G G A G C A A A A G A C G T G C T G A G 100 

C T A G C T A G G T A C A G G - A T A C C C C G C T T C C T T C A C C A T C C A G C A T A C C A A T 149 
C T A G C T A G G T A C A G G - A T A C C C C G C T T C C T T C A C C A T T C A G C A T A C C A A T 149 
C T A G C T A G G T A C A G G - A T A C C C C G C T T C C T T C A C C A T C C A A G A T A C C A A T 149 

C T A G C T A G G T A C A G G G A A A C C C C G C T T C C T T C A C C A T C C A G C A T A C C A A T 150 
C T A G C T A G G T A C A G G G A A A C C C C G C T T C C T T C A C C A T C C A G C A T A C C A A T 150 
C T A G C T A G G T A C A G G G A A A C C C C G C T T C C T T C A C C A T C C A G C A T A C C A A T 150 
C T A G C T A G G T A C A G G G A A A C C C C G C T T C C T T C A C C A T C C A G C A T A C C A A T 150 
C T A G C T A G G T A C A G G G A A A C C C C G C T T C C T T C A C C A T C C A G C A T A C C A A T 150 

C T A G C T A G G T A C A G G - A T A C C C C G C T T C C T T C A C C A T C C A G A A T A C C A A T 149 

BOX A BOX B 
G G C A C A A A A G G T G C T G T A T T T C T C A A G C C C G T C A C C C G T C A G C G G G T T C G 199 
G G C A C A A A A G G T G C T G T A T T T C T C A A G C C C G T C A C C C G T C A G C G G G T T C G 199 
G G C A C A A A A G G T G C T G T A T T T C T C A A G C C C G T C A C C C G T C A G C G G G T T C G 199 
G G C A C A A A A G G T G C T G T A T T T C T C A A G C C C G T C A C C C G T C A G C G G G T T C G 200 
G G C A C A A A A G G T G C T G T A T T T C T C A A G C C C G T C A C C C G T C A G C G G G T T C G 200 
G G C A C A A A A G G T G C T G T A T T T C T C A A G C C C G T C A C C C G T C A G C G G G T T C G 200 
G G C A C A A A A G G T G C T G T A T T T C T C A A G C C C G T C A C C C G T C A G C G G G T T C G 200 
G G C A C A A A A G G T G C T G T A T T T C T C A A G C C C G T C A C C C G T C A G C G G G T T C G 200 

G G C A C A A A A G G G G C G G T A T T T C T C A A G C C C G T C A C C C G T C A G C G G G T T C G 199 

gCCRI 
A G G G C A A T C T A T T G T C G A A C T T T T T C C A C C G A C C A G A A T T C 240 
A G G G C A A T C T A T T G T C G A A C T T T T T C C A C C G A C C A G A A T T C 240 
A G G G C A A T C T A T T G T C G A A C T T T T T C C A C C G A C C A G A A T T C 240 

G G G G C A A T C T A T T G T C G A A C T T T T T C C A C C G A C C A G A A T T C 241 
G G G G C A A T C T A T T G T C G A A C T T T T T C C A C C G A C C A G A A T T C 241 
G G G G C A A T C T A C T G T C G A G C T T T T T C C A C C G A C C A G A A T T C 241 
G G G G C A A T C T A C T G T C G A G C T T T T T C C A C C G A C C A G A A T T C 241 
G G G G C A A T C T A T T G T C G A A C T T T T T C C A C C G A C C A G A A T T C 241 

AFLPpl3 200 A G G G C A A T C T A T T G T C G A A C T T T T T C C A C C G A C C A G A A T T C 240 

Fig. 3. Alignment of the nucleotide sequences of nine polymorphic AFLP fragments from the 
mutant. The sequences run from the unique flanking sequence near the Msel site until the 
£coRI located within Foxy. 
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AFLPpó 
AFLPpll 
AFLPpl5 

1 
1 
1 

AFLPp3 
AFLPp5 
AFLPpl2 
AFLPpM 
AFLPp4 

1 
1 
1 
1 
1 

AFLPpl3 1 

AFLPp6 
AFLPpll 
AFLPpl5 

51 
51 
51 

AFLPp3 
AFLPp5 
AFLPpl2 
AFLPpM 
AFLPp4 

51 
51 
51 
51 
51 

AFLPpl3 51 

AFLPpô 
AFLPpll 
AFLPpl5 

101 
101 
101 

AFLPp3 
AFLPp5 
AFLPpl 2 
AFLPpM 
AFLPp4 

101 
101 
101 
101 
101 

AFLPpl 3 101 

AFLPpó 
AFLPpll 
AFLPpl 5 

150 
150 
150 

AFLPp3 
AFLPp5 
AFLPpl 2 
AFLPpM 
AFLPp4 

151 
151 
151 
151 
151 

AFLPpl3 150 

AFLPpó 
AFLPpll 
AFLPpl 5 

200 
200 
200 

AFLPp3 
AFLPpS 
AFLPpl 2 
AFLPpM 
AFLPp4 

201 
201 
201 
201 
201 
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Between the repeats and the common sequence the dinucleotide TA is found. The common 

sequences of AFLPp4 and AFLPp3 are identical; AFLPp5 differs in one nucleotide, AFLPpl2 

in three and AFLPpl4 in two nucleotides. The latter two differ from each other in one 

nucleotide only. The homologous sequences of the two groups differ at four positions form 

each other: three substitutions and one deletion/insertion. AFLPpB forms a single member 

group. The sequence starts with the tetranucleotide AAGG repeated four times and continues 

with the dinucleotide GG and the homologous sequence. Overall, the common sequence of 

AFLPpB is related most to the first group, but shows four point mutations not found in other 

family members (Fig. 3). 

Abundance and distribution of Foxy 

Very often SINEs are abundantly present in the genome and scattered over all chromosomes. 

In an attempt to determine the copy number of Foxy in F. oxysporum f.sp. lycopersici a 

Southern blot analysis was carried out. Hybridisation resulted in a smear of bands, suggesting 

the presence of many copies of Foxy in the genome (data not shown). In an attempt to detect 

single copies of Foxy we developed an AFLP-based fingerprint method. AFLP amplifications 

were carried out on EcoRVMsel amplicons of isolates of F. oxysporum f.sp. lycopersici. One 

radioactively labelled, Foxy specific primer (AFLP1, Fig. IB) was used in combination with 

standard Mse\ adapter primers plus one selective nucleotide or with the standard, non-selective 

EcoRI adapter primer in five separate amplifications reactions. Amplification products were 

analysed on acrylamide gels as for standard AFLP analyses. Fol007wt (Fig. 4, lanes 

labelled 1) revealed a total of 160 fragments, indicating the presence of at least 160 copies of 

Foxy in the genome of this isolate (large fragments could be missed because of amplification 

failure). In addition to the fragments found in the wild type isolate Fol007wt at least 13 

fragments (Fig. 4, arrows), including the nine described above, were detected in mutant 

Fol007avr (Fig. 4, lanes labelled 2). 

Distribution of Fixrv'-sequences within the genome of F. oxysporum f.sp. lycopersici was 

studied by contour-clamped homogeneous electric field (CHEF) gel blot analysis of several 

isolates belonging to the same vegetative compatibility group (VCG0030). All isolates showed 

variation in chromosome size as well as in number (Fig. 5A). Using Foxy as probe all 

chromosomes hybridised (Fig. 5B), although the intensity of the hybridisation signal varied 

between chromosomes. This result showed the repeated and interspersed nature of Foxy. 

Fig. 4. Foxy specific AFLP fingerprints of Fol007wt and Fol007avr. AFLP analysis were 
performed on DNA from both isolates with primer AFLP1 and the non-selective Eco primer 
(Eco) or one of fourMye primers, each containing one selective nucleotide (MseA, MseT, 
MseC and MseG). Lane 1, Fol007wt; lane 2, Fol007avr. 
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Eco MseA MseT MseC MseG 

1 2 1 2 1 2 1 2 1 2 

69 



Chapter 4 

Fig. 5. Southern analysis of a CHEF blot of the genome of F. oxyspomm. A, Ethidium 
bromide-stained CHEF gel showing chromosomes. B, Hybridisation pattern obtained with 
Foxy specific probe. Lanel, Fol004; lane 2, Fol002; lane 3, Fol015; lane 4, Fol007. 

Foxy is currently active 

The observation of new insertions without (obvious) loss of existing insertions strongly 

suggest that Foxy is currently active and may contribute to the genetic variation within F. 

oxysporum. Comparison of fingerprints of isolates within the same clonal origin (VCG0030) 

seems to confirm this idea. Figure 6 shows the frequencies of polymorphisms in Fol007wt 

(lane 1), mutant Fol007avr (lane 2) and three race 3 isolates of F. oxysporum f.sp. lycopersici, 

notably Fol026 (lane 3), Fol029 (lane 4) and Fol035 (lane 5), all from VCG0030 (Table 1). 

Fragments were amplified on EcoRUMsel amplicons using either the standard AFLP Msel 

adapter primer with a C as selective nucleotide in combination with the Foxy specific primer 

AFLP1 (Fig. 6A), or the standard MseCC primer in combination with the standard EcoGG 

primer (Fig. 6B), or the standard MseC primer together with a Fotl specific primer (Fig. 6C). 

Unlike retroelement Foxy, Fotl is a DNA transposon from F. oxysporum (Daboussi et al., 

1992) and is used here for activity comparison. With the Foxy-specific primer the isolates 

tested share approximately half the number of amplification products. The other fragments all 

are polymorphic, indicating that many new transposition events have occurred within this 

VCG. In contrast, with both the standard AFLP primers and the Fotl specific amplification 

less then 5% of the fragments were polymorphic, confirming the strong genetic relationship 

between isolates within one VCG. These results corroborate the conclusion that Foxy is an 

active element. 
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A B C 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

Fig. 6. Frequency of polymorphisms in F. oxysporum f.sp. lycopersici isolates. A, Foxy 
specific AFLP fingerprint using specific primer AFLP1 combined with the MseC primer. 
B, Randomly chosen standard AFLP using EcoGG combined with the MseCC primer. 
C, Fot\ specific AFLP fingerprint using a specific Fotl primer combined with the MseC 
primer. Lane 1, Fol007wtriane 2, Fol007avr; lane 3, Fol026,; lane 4, Fol029; lane 5, Fol035. 
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The presence of Foxy in other fungi 

Fungal DNA sequences with SINE-like features have been found in other plant pathogenic 

fungi as well: EGH24 in Erysiphe graminis f.sp. hordei (Rasmussen et al., 1993), Mg-SINE 

in Magnaporthe grisea (Kachroo et al, 1995) and Nsrl in Nectria haematococca (Kim et al , 

1995). No homology between these SINEs nor between these and Foxy was found. The RNA 

polymerase III binding boxes A and B are the only common features of these SINEs. A 

comparison between the fungal A and B boxes did not reveal other conserved sequence 

characteristics for fungi (Fig. 1C). 

The presence of Foxy within other formae speciales of F. oxysporum was tested with the 

AFLP fingerprinting method using primer AFLP1. In both formae speciales tested, dianthi and 

gladioli, multiple copies of Foxy could be detected (data not shown). The presence of Foxy 

among other Fusaria was tested by PCR on genomic DNA. Two primers were selected within 

Foxy (Prl and Pr2, Fig. IB). Using standard PCR conditions, amplification of a fragment of 

the expected size was found in all Fusarium species tested (Fig. 7) with the exception of F. 

subglutinans and F. nygamai. Amplification were not performed quantitative, band intensity 

differences could be caused by copies present in the genome but also by primer miss matches. 

Other fungi like Cladosporium fulvum, Rhizoctonia solani, Botrytis cinerea, Septoria and 

Phytophthora did not show any amplification of Foxy sequences (results not shown) 

suggesting that the presence of Foxy is limited to Fusarium species. 

M 1 2 3 4 5 6 7 8 9 10 11 12 13 

Fig. 7. Amplification of Foxy sequences from other Fusaria. M, DNA marker in kbp; lane 1, 
F. oxysporum; lane 2, F. redolens; lane 3, F. anthophilium; lane 4. F. sacchari; lane 5, F. 
subglutinans; lane 6, F. vertillioides; lane 7, F.fujikuroi; lane 8, F. nygamai; lane 9, F. 
proliferatum; lane 10, F. culmorum; lane 11, F. graminearum; lane 12 F. poae; lane 13, water 
control. 
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DISCUSSION 

We have identified a new family of mobile DNA elements in the genome of F. oxysporum. The 

element has been designated Foxy. A 12 base pairs target sites duplication, the small size of the 

element, the lack of an open reading frame, the presence of sequence boxes homologous to 

RNA polymerase III binding sites as well as the presence in the fungus of element specific 

transcripts, are consistent with the idea that Foxy is a SINE retroposon. At the 5' end Foxy 

starts with tetranucleotide repeats and a dinucleotide spacer. Individual copies of Foxy show 

different numbers of repeats varying between three and seven. Such tetranucleotide repeats are 

a unique feature of Foxy and are not found at 5' termini of other SINEs. Remarkably the 

primary structure of the tetranucleotides vary between individual copies. Three unique 

tetranucleotide sequences have been found: TATG, TTTG and AAGG. Based on these 

sequences we have divided the nine individual copies of Foxy identified thus far into three 

groups with five, three and one member, respectively. The sequences of the dinucleotides 

adjacent to the repeats are unique for each of the three groups. The 5' terminal repeats and the 

dinucleotide proceed a sequence that is highly conserved in all nine Foxy family members, that 

is at least until the internal EcoRl restriction site (Fig. 2). The differences found in this 

conserved sequence support the subdivision into three groups. Sequence boxes A and B 

characteristic for RNA polymerase III binding sites are found in the conserved core sequence. 

However, the distance from box A to the 5' end of Foxy is much larger then found in other 

SINEs (Weiner et al., 1986), except for EGH24 from Erysiphe graminis f.sp. hordei. In the 

genome of this obligate parasitic fungus of barley a 903 bp short interspersed element has been 

identified with a putative RNA polymerase III binding site at a distance of 102 nucleotides from 

the 5' end of the element (Rasmussen et al., 1993). In Foxy the distance between box A and 

the 5' end of the conserved core sequence is 111 (group 1 and 3) or 112 (group 2) nucleotides, 

whereas the distance between this box and the 5' terminus of the element varies with the 

number of repeats. 

The sequence of Foxy downstream the EcoRl site has been determined for one family 

member only. The 3' terminus is fixed by the start of the target site duplication. Unlike many 

other SINEs, Foxy does not contain a 3' terminal poly (A) stretch nor repeats although only 

one family member has been sequenced completely. Using a 5' part specific primer (Pr 1, Fig. 

IB) and a primer specific for the 3' half of the element (Pr 2, Fig. IB), fragments of the 

expected length are obtained upon amplification of Foxy on genomic DNA, not only from all 

formae speciales of F. oxysporum tested, but also from other Fusarium species (Fig. 5). This 

suggests that the sequence corresponding to Pr 2 and possibly the complete sequence 

downstream the of EcoRl site, is very much conserved. 

The copy number of SINEs in the genome of organisms vary greatly. The genome of 

Fol007wt contains at least 160 copies of Foxy, dispersed over all chromosomes. Of Nsrl only 
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a few copies are found in Nectria haematococca (Kim et al., 1995). Mg-SINE, a short 

interspersed nuclear element from Magnaporthe grisea, is present at approximately 100 copies 

per haploid genome (Kachroo et al , 1995). It has been estimated that EGH24 accounts for at 

least 5% of the genome of Erysiphe graminis f.sp. hordei (Rasmussen et al., 1993). Analyses 

of mammalian genomes have revealed SINE families which are present more than 10,000 times 

in a genome. The best studied SINE is the Alu family present in the human genome, the most 

abundant component with nearly one million copies per haploid genome (Schmid, 1996). 

In contrast to autonomously transposing elements, retroelements duplicate via an RNA 

intermediate before insertion into another site in the genome. This process results in an increase 

in copy number of the element. RNA transcripts of Foxy have been identified in in vitro 

grown fungus. In addition, new insertions have been found in mutant Fol007avr. These 

observations together with the occurrence of many Foxy specific polymorphisms between 

isolates within one VCG indicate that Foxy is currently active. 

Mobile elements can affect gene structure by inactivation of target genes through insertions, 

they can affect transcription and regulation of genes and they are believed to be involved in 

recombination events (Wichman et al., 1992; Britten, 1996). In F. oxysporum eight 

transposons and retrotransposons have been identified. Three have been cloned by analysing 

dispersed repetitive sequences (Foretl, Palm and Tfol) and five have been trapped in the 

nitrate reductase (Fotl, Fot2, Impala, Hop and Skippy) which proofs that the last mentioned 

are still active (reviewed in Daboussi and Langin, 1994; Anaya and Roncero, 1995; Okuda et 

al., 1998). Foxy is the first SINE sequence identified in F. oxysporum. The activity of Foxy 

may be one of the explanations for the variability with respect to host plant specialisation, 

pathogenicity and avirulence found within F. oxysporum. Additional to new insertions of 

Foxy, the mutant also displayed a change in chromosome organisation (Mes et al., chapter 3). 

Chromosome polymorphisms are not uncommon in F. oxysporum as shown in the CHEF gel 

analysis were closely related isolates from the same VCG were compared. Repetitive sequences 

like Foxy have been proposed to be involved in such rearrangements as well (Talbot et al., 

1993;Zolan, 1995). 

Genomic stress has been found to activate transposable elements (McClintock, 1984). DNA 

damage (Bradshaw and McEntee, 1989), low temperature (Paquin and Williams, 1988), and 

chlorate (Anaya and Roncero, 1996) have been identified as factors able to activate 

transposition. For SINEs it has been demonstrated that cell stress and translational inhibition 

transiently increased the abundance of SINE transcripts (Liu et al., 1995). However, it is not 

known whether this results in the insertions of new copies. We have identified new Foxy 

insertions upon gamma irradiation of a wild type isolate of F. oxysporum f.sp. lycopersici. 

This treatment generates double stranded breaks or staggered nicks in DNA, perfect target sites 

for new insertions of Foxy. 
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Using two Foxy specific primers fragments were amplified on DNA from most Fusarium 

species tested. The failure to produce a specific fragment on F. subglutinans and F. nygamai, 

does not necessarily imply that these Fusarium species do not contain Foxy. Minor variations 

in the sequence corresponding to the primers may account for the failure to amplify fragments. 

The same conclusion may hold true for the fungi outside the genus Fusarium. 

Several applications for Foxy can be envisioned. Besides for insertional mutagenesis 

purposes, it could be used in phylogenetic studies. Because Foxy is present in almost all 

Fusaria tested it can be used to characterize isolates of Fusarium on many different levels. Even 

for isolates within vegetative compatibility groups, isolates of linear clonal origin, subgrouping 

and phylogenetic research is possible because of the high activity of Foxy resulting in many 

polymorphisms. Another application would be the use in mapping strategies. The dispersed 

and repetitive DNA sequences of Magnaporthe grisea, called MGR, are used in co-segregation 

analysis. All MGRs have been mapped on the genome (Kachroo et al., 1997) and can be used 

in mapping studies of genes as already has been done for the SMO (spore morphology) locus 

(Hamer and Givan, 1990). A parasexuele cycle for F. oxysporum in which protoplasts are 

fused, could help to link these repeated sequences of Foxy in F. oxysporum to pathogenicity 

and avirulence genes. Especially the new copies of Foxy in the avirulent mutant we have 

generated could lead to genes responsible for avirulence and pathogenicity of F. oxysporum 

f.sp. lycopersici. The Foxy AFLP fingerprint method will be a useful tool in segregation 

analysis and the cloning of these genes. 
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CHAPTER 5 

Expression of the Fusarium 1-2 resistance gene 
co-localizes with the site of defence response 

Jurriaan J. Mes, Aveline A. van Doorn, Lonneke Schrijvers, Jelle Wijbrandi, Guus Simons, 

Michel A. Haring and Ben J.C. Cornelissen 

To be submitted 

ABSTRACT 

The expression of the Fusarium resistance gene 1-2 of tomato has been analysed. Although 1-2 

transcripts were undetectable by Northern blot analysis, RT-PCR revealed that 1-2 and at least 

five 1-2 homologs are expressed in roots, stems and leaves of young tomato plants. Plants 

transformed with chimeric constructs containing a functional 1-2 promoter fused to the ß-

glucuronidase (GUS) reporter gene were used in detailed expression studies. GUS-activity 

was found in unchallenged plants; infection with F. oxysporum f.sp. lycopersici race 2 did not 

alter promoter activity. Macroscopical analysis showed that the 1-2 promoter drives expression 

of the reporter gene in a cell layer beneath the lateral root primordia, in mature roots, at the base 

of adventitious roots and in vascular tissue of stems, leaves and fruits. The vascular specific 

expression was confirmed by microscopical analysis, which revealed expression in 

endodermis, cambial zone, phloem, xylem parenchyma cells, premature xylem vessels and 

rays cells. We show that in resistant plants fungal growth into this region of the vascular tissue 

is prevented suggesting a direct role of/-2 in mediation the resistance response of tomato to F. 

oxysporum f.sp. lycopersici. 
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INTRODUCTION 

Tomato may become infected by the soil-borne pathogen Fusarium oxysporum f.sp. 

lycopersici. The fungus enters the plant via the roots either by active penetration at the root tip 

(Bishop and Cooper, 1983) or via natural wounds, for instance via cortex tissue that is 

disrupted by the formation of lateral roots (Hutson and Smith, 1983). Penetration of vascular 

elements depends on the presence of cells that are injured, senescent or necrotic, or 

circumstances providing entry through wounds (Beekman, 1987). In xylem vessels the fungus 

spread by long distance transport using the transpiration stream (xylem flow). Fungal spores 

germinate within the vascular elements, grow towards pits and colonize adjacent xylem 

parenchyma cells. Colonization of secondary xylem parenchyma cells has been shown to be 

typical for susceptible plants (Beekman et al , 1989). These living xylem-contact-cells are held 

responsible for defence responses in lateral and longitudinal directions, including callose 

deposition, production of secondary metabolites, lignification and vascular occlusion by gels, 

gums or tyloses (Beekman, 1987; Beekman and Roberts, 1995). Defence responses of 

susceptible and resistant plants are basically the same, only the timing and strength of the 

response is different (Beekman, 1987). 

The dominant resistance gene 1-2 of tomato confers resistance to F. oxysporum f.sp. 

lycopersici race 2. An AFLP-based positional cloning strategy was used to clone the 1-2 gene 

which is located within a cluster of seven homologs (Simons et al., 1998). The 1-2 gene 

encodes a protein with similarities to a large family of R gene products containing a nucleotide 

binding site and a leucine-rich repeat (NBS-LRR) (Simons et al., 1998; Hammond-Kosack and 

Jones, 1997; Ellis and Jones, 1998). The structural domains predict a role in signalling, 

transducing a signal from the invading pathogen to the activation of defence related genes 

(Hammond-Kosack and Jones, 1997; Ellis and Jones, 1998). 

The characterization of/-2 promoter activity could help to localize the actual site of the 

resistance reaction. How resistance genes function and whether these genes encode other 

functions in plants apart from mediation of resistance, is not known. Gene expression analysis 

could lead to a better understanding of the resistance mechanism as well as to suggestions for 

other functions of R genes. For none of the cloned resistance genes such characterisations have 

been published until now. To analyse 1-2 promoter activity, tomato plants were transformed 

with chimeric constructs containing a functional 1-2 promoter region fused to the ß-

glucuronidase (GUS) reporter gene. Macroscopical and histochemical analysis revealed a 

specific expression in cells neighbouring the xylem vessels, suggesting a very specifically 

localized defence reaction against F. oxysporum f.sp. lycopersici. 
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MATERIAL AND METHODS 

Bacterial and fungal strains. E.coli strain DH5a was used for plasmid propagation. 
Infection test were performed using F. oxysporum f.sp. lycopersici isolate Fol007 (Mes et al., 
1999, chapter 2). 

Plant material. Tomato line KG52201 was used as susceptible line containing no resistance 
to any race of F. oxysporum f.sp. lycopersici. Line OT105 (E22) was used as a control line 
because the 1-2 resistance gene was cloned form this line (Simons et al., 1998). OT105 is 
homozygous, and is resistant to F. oxysporum f.sp. lycopersici race 2 and susceptible to race 
1. Moneymaker line C295 is resistant to F. oxysporum f.sp. lycopersici race 1 and race 2. 

DNA, RNA isolation and gel blot analysis. RNA was isolated from fresh or freeze 
dried plant material as previously described (Mes et al., chapter 4) with addition of a DNase 
incubation treatment when used for RT-PCR. Northern blot analysis has been described 
previously (Mes et al., chapter 4). For cDNA synthesis 50 ng oligo dT primer was added to 5 
ug of RNA in a volume of 6.2 u l After annealing, 3.8 u.1 was added containing 0.4 ul dNTP 
10 mM, 1 |il DTT 100 mM, 2 u.1 5x RT buffer, 0.2 u.1 RNAse inhibitor (30U/U.1) and 0.2 u.1 
Superscript II (200U/U.1) (Gibco-BRL). The mixture was incubated at 45°C for one hour. PCR 
was performed under standard conditions using 2 ul of cDNA. Primers 3449 (5' 
CCTCCTTTTCTCACCTCACTCGC 3') and PF95 (5' GTACCAGACTTGTCGTACTCG-
CTC 3') were used to amplify the 3' end of both the active 1-2 gene and other 1-2 homologs. 

Constructs. To construct an 1-2 promoter uidA chimeric gene, an Ncol restriction site was 
created at the translation start of/-2. This resulted in a changed of two bases upstream of the 
translation initiation codon from AA to CC. The Ncol site was introduced by PCR using 
primer FP4 (5' CTGCTAAGCTTATCTCCATGGCTCAAATC 3') together with primer FP3 
(5' GTTGTTTGATATCTTATCAG 3') spanning an EcoRV restriction site located 806 bp 
upstream of the ATG. The fragment was cloned in pBluescript and sequencing confirmed that 
it was identical to the original sequence of the 5' flanking region of/-2. The introduced Ncol 
site was used in combination with a HinâlU site at the polylinker to fuse an NcoUHindlll 1-2 
promoter fragment to the ß-glucuronidase gene (uidA with modified intron) with the nos 
terminator region in vector pMOG901 (ZENECA-MOGEN, Leiden, the Netherlands). An 
£coRI/£coNI fragment of 3.7 kb of the 5' flanking region of 1-2 was used, in a two step 
cloning, to partial exchange the PCR based 806 bp sequence (105 bp PCR fragment remained) 
and extend the promoter sequence. This resulted in pJM1005 containing 3.8 kb 5' flanking 
region of the 7-2 gene fused to uidA gene and the nos terminator. 

Using the same strategy, an Ncol site was introduced at the ATG of the 1-2 coding region 
using primers FP70 (5' CAGATTTGAGCCATGGAGATTG 3') and FP71 (5' 
GCTGACCTTCCACCTTAAG 3'). The first primer introduces the Ncol site, the second is 
spanning a Sail restriction site for further cloning strategies. The amplified fragment was 
cloned, sequenced and used to exchange the 1-2 sequence in pKG 6016. The 3.8 kb promoter 
sequence of pJM1005 was fused as an EcoRUNcol fragment to this 1-2 sequence. This resulted 
in pMH4002, in which the 3800 bp 5' flanking region was fused to the 3801 bp coding region 
of 1-2 and 1100 bp 1-2 downstream sequence. 

Plant transformation. Gene constructs were transferred into the binary T-DNA vector 
and introduced into Agrobacterium tumefaciens strain EHA105 by electroporation. Constructs 
were checked for recombination events by transformation of E.coli DH5a with plasmid isolated 
from transformed A. tumefaciens followed by restriction analysis. Tomato cotyledons were 
transformed essentially as described by Fillatti et al. (1987). Ploidy level of transformants was 
checked by counting the number of chloroplasts in the stomatal guard cells. 

Infection assay. Infection assays were performed as described previous (Mes et al., 1999, 
chapter 2). 
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Quantitative GUS assay. GUS activity was quantified fluorometrically by using the 
substrate 4-Methylumbelliferone glucuronide (MUG) as described by Jefferson (1987). 
Reactions were performed in 50 ul, containing 1 mM MUG and stopped after 2 hours 
incubation at 37°C by addition of 0.5 M Na2C03. The fluorescence was related to a calibration 
curve of 4-methylumbelliferone (MU). Protein determination was carried out using Bradford 
reagents and BSA as standard. 

Histological observation. GUS assays were performed histochemically with 5-bromo-4-
chloro-3-indoyl glucuronide (X-Gluc) according to Jefferson (1987) and modified by 
Toriyama et al. (1991). Plant tissues were emerged in the GUS staining solution (1-0 .5 mM 
X-Gluc, 0.1 M sodium phosphate buffer, pH 7.0, 0.5% Triton X-100, 2 mM ferrocyanide and 
2 mM ferrycyanide) and vacuum infiltrated for at least one hour in total. Incubations were at 
37°C overnight after which plant material was fixed in FPA (Formalin 2%, Propiono acid 5% 
in ethyl-Alcohol 63%) and subsequently incubated in 70 % ethanol. Root and stem sections 
were embedded in paraffin and sectioned at 120 u\m using a sledge microtoom. 

RESULTS 

Expression of the 1-2 gene family 

Northern blot analysis on total RNA from roots, stems and leaves of 1-2 containing tomato 

(line C295) did not give any hybridization signal using 1-2 DNA as probe. RNA isolated from 

Fusarium-infected plants did not yield a signal either. These results suggest that the 

transcription level of 1-2 and other members of the 1-2 family is very low. Alternatively, 1-2 

transcripts may be very unstable. In a next attempt to detect 1-2 transcripts an RT-PCR 

approach was followed. Homologs of 1-2 differ from the active gene by the number of a 

completely conserved 23 amino acid repeat (Simons et al., 1998). Within 1-2 three tandemly 

arranged copies of this repeat are present, whereas in homologs the number of copies vary 

from two to six. A set of two primers was designed spanning a sequence containing the region 

with this variable number of repeats and the intron in the 3' UTR (Fig. 1A). Using this primer 

set fragments amplified on genomic DNA can be distinguished from fragments amplified on 

cDNA, and the 1-2 transcript can be distinguished from transcripts of/-2 homologs (Fig. 1A). 

On genomic DNA as template the presence of at least three homologs could be demonstrated in 

susceptible line KG52201 and at least five homologs in the resistant line C295 (Fig. IB, lanes 

D). As expected, fragments amplified on cDNA are smaller due to the absence of the intron. 

RNA isolated from roots (r), stems (s) or leaves (1) of young plants yielded at least six 

transcripts in the 1-2 containing line C295 and three 7-2-like transcripts in susceptible line 

KG52201. The expected size of the 1-2 fragment is indicated by an arrow. This result shows 

the presence of 1-2 transcripts in root, stem and leaf in the absence of a Fusarium infection. The 

low abundancy of transcripts and the expression of various homologs with indistinguishable 5' 

and 3' ends (data not shown) prompted us to use 1-2 promoter-GUS fusions to study the 

expression of/-2. 
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Fig. 1. Transcripts of 1-2 and 1-2 homologs detected by RT-PCR. A, Schematical 
representation of the 1-2 region used for cDNA amplification. Primers are indicated by arrows, 
gray boxes are the regio of variable repeats between 1-2 and 1-2 homologs. B, The by RT-
PCR amplified fragments. KG52201 is Fusarium susceptible line; C295 is 1-2 containing 
Fusarium resistant line; M=marker (kb); D=DNA; r=RNA from root; s=RNA from stem; 
1=RNA from leaf; arrow indicates expected lenght 1-2 transcript. 

Functional expression of 1-2 in transgenic plants 

To investigate the functionality of the 1-2 promoter fragment to be used in expression studies, a 

construct was made consisting of a 3.8 kb 5' flanking sequence, the 1-2 coding region and a 

1.1 kb 3' flanking sequence. This construct was used to transform the race 1 and 2 susceptible 

tomato line KG52201. Seventeen individual transformants were selected and selfed. Rl lines 

were tested for resistance to F. oxysporum f.sp. lycopersici race 2 in standard root dip 

inoculation experiments. To this end 20 plants of each line segregating for the transgene were 

tested. Plants were inoculated and potted separately to enable a reliable quantification of 

resistance by measuring the weight of plants three weeks after infection (Mes et al., 1999. 

chapter 2). Table 1 shows the results of a representative experiment. Control lines show 

susceptibility (KG52201 ) or resistance (OT105 and C295) as expected. Two (KG. 14 and 

KG.05) out of seven transgenic lines tested were found to be resistant to F. oxysporum f.sp. 

lycopersici race 2: after infection their mean weights are significantly (p=0.001) different from 

the susceptible control and are almost as high as the water control. KG. 14 and KG.05 showed 
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the expected 3:1 (resistant : susceptible) segregation of the resistance trait. The other five lines 

containing the same construct either did not differ significantly from the susceptible control line 

(KG. 15) or showed such a reduction in plant weight compared to the water control that they all 

must be considered susceptible (Table 1). In total five lines (29%) of the 17 lines tested were 

found to be resistant. From this we conclude that for functional expression of the 1-2 resistance 

gene the 3.8 kb promoter fragment is sufficient. 

Table 1. Resistance of transgenic lines complemented with the 1-2 gene flanked by 3.8 kb 5' 
flanking region and 1.1 kb 3' downstream region. 

Tomato Water treated Fusarium Segregation 
line 

weight (g) 
infected 

weight (g) 
(R:S) 

KG52201 15.8 ±1.5 0.8 ±1 .6 a 0 : 2 0 

KG. 15 12.5 + 2.1 2.4 + 2.9 ab 0 : 18 
KG. 13 12.0+ 1.2 2.6 + 3.0 b 1 : 19 
KG. 16 12.7+ 1.4 3.4 + 2.8 b 0 : 2 0 
KG. 18 13.2+ 1.6 3.5 + 3.3 b 2 : 18 
KG.02 11.7 ±1 .6 3.7 + 3.1 b 1 : 19 

KG. 14 12.7 + 2.6 9.1 +3.7 c 14 :5 
KG.05 12.0 ±0 .5 10.0 ±4.1 cd 1 5 : 3 

OT105 17.1 + 1.5 11.8+ 1.5 d 2 0 : 0 
C295 18.0 ±1 .6 14.3 ±1 .1 e 1 9 : 0 

1-2 promoter driven expression of the GUS reporter gene 
Transgenic lines containing the 3.8 kb 5' flanking sequence of the 1-2 gene fused to the uidA 

(GUS) reporter gene were analysed for expression. Rl seedlings of 15 individual transgenic 

lines of both KG52201 and C295 were grown in potting soil. Five plants per line were pooled 

and tested for expression using the quantitative MUG assay. Between transgenic lines 

expression levels appeared to be highly variable (Fig. 2). Mean expression levels were higher 

in C295 transgenic than in KG52201 lines, although the differences were not found to be 

significant (p=0.065). Of each cultivar four transgenic lines showing different levels of 

expression were selected for further analysis. Roots, stems en leaves of kanamycine resistant 

seedlings were pooled and tested separately. Of each transgenic line material often plants was 

pooled. The variation in GUS activity (Fig. 3) between the different transgenic lines correlated 

with the results obtained before (Fig. 2). In all lines GUS activity was found to be highest in 

stems and lowest in leaves. 

82 



Expression analysis of 1-2 

D 
2 

s . 
o. 

D 
O 

uuu -

800-
D 

— « - g 

600- —»• a 

n 

400 - D 

D 
D 

- 8 
D 

200- - * . A — ü 

D 1 
l-2-uidA 
KG52201 

I-2-uidA 
C295 

Fig. 2. Comparison of GUS activity in seedlings of transgenic tomato plants of line 
KG52201 and C295. Each of the 15 squares per line represents the activity of 5 pooled 
nonselected seedlings of 15 individual transgenic lines. The mean and standard deviation of the 
15 samples are presented besides. Arrows points out lines used for further analysis. 
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Fig. 3. Comparison of GUS activity in roots, stems and leaves of transgenic lines. Bars 
represent the expression of material pooled from 10 selected transgenic plants. 
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To examine induction of expression by Fusarium, the same eight lines were used. Of each 

line 20 Rl seedlings that had not been selected for the presence of the transgene, were infected 

with F. oxysporum f.sp. lycopersici race 2 by a standard root dip method or were mock 

inoculated with water. Seven days after infection, when susceptible plants started to show 

Fusarium wilt symptoms, stems of the seedlings were analysed for GUS activity. No induction 

nor suppression of GUS activity was found in inoculated plants (Fig. 4). From these results 

we conclude that 1-2 promoter driven expression is not changed by Fusarium infection. 

However, we cannot yet exclude changes in expression levels in tissue around the site of 

colonization since such changes can not be detected with this type of experiments. 

Macroscopical analysis of GUS expression 

The transgenic lines used before of both cultivar KG52201 and C295 were used for analysis of 

the tissue specificity of expression. In all cases expression patterns were identical, although 

levels varied. Since C295 lines showed most pronounced GUS staining, these lines were used 

in further studies. The seed embryo displayed GUS activity in hypocotyl and cotyledons (Fig. 

5A). The same was found when seeds had germinated (Fig. 5B and C). At macroscopical level 

500 

Fig. 4. Comparison of GUS activity in stem of Fusarium infected and water treated 
transgenic plants. Bars represent the expression of 20 pooled stems of nonselected transgenic 
plants. 

Fig. 5. Macroscopical localization of uidA gene expression under control of the 5' flanking 
region of the 1-2 gene. A, Seed. B, Germinated seed, right 1-2 promoter, left 35SCaMV 
promoter. C, 7-days-old seedling. D, Lateral root primordia, top view. E, Lateral root 
primordia, side view. F, Base of lateral root, side view. G, Mature tap root. H, Stem.I, 
Adventitious root formation. J, Leaf, upper 1-2 promoter, bottum 35SCaMV promoter. K, 
Tomato fruit. L, Flower, c = cotyledons, h = hypocotyl, lrp = lateral root primordia, r = root, 
arp = adventitious root primordia, vb = vascular bundle, st = stigma, s = style, o = ovary. 
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no expression was visible in the roots. For comparison CaMV 35S promoter driven GUS 

expression in roots is shown (Fig. 5B, right-hand seedling). At sites where tap roots 

developed lateral roots, a very pronounced expression was found in a cell layer beneath the 

lateral root primordia (Fig. 5D, E and F). In an early stage of lateral root formation, GUS 

staining was visible as a circle when viewed from above (Fig. 5D). A side view showed the 

expression in a single layer of cells beneath the lateral root primordia (Fig. 5E). When these 

primordia further developed into lateral roots, expression remained visible, in particular at the 

root base where it had emerged from the older root (Fig. 5F). The signal became more diffuse 

during growth of the root probably because of cell elongation. GUS activity could be detected 

in mature roots that had grown by secondary thickening (Fig. 5G). In the primary meristem of 

root tips no expression was found. Expression in the hypocotyl was visible both in young and 

old plants. GUS activity was localized in the central part of the stem, most likely in the vascular 

tissue (Fig. 5H). In analogy with expression of the GUS gene at the base of lateral root 

primordia, expression was also found at the base of adventitious roots originating from the 

stem (Fig. 51). The 1-2 promoter drives GUS expression in leaf veins as well (Fig. 5J, upper 

leaf), again demonstrating vascular specificity. For comparison 35S promoter driven GUS 

expression in the leaf is shown as well (Fig. 5J, bottom leaf). Vascular specific expression is 

also found in tomato fruit where staining is most abundantly in the vascular bundles (Fig. 5K). 

Finally, the 1-2 promoter is active in the stigma of the style (Fig. 5L). 

Histochemical analysis of expression of the GUS reporter gene 

In young roots low GUS activity was found in the few xylem parenchyma cells and premature 

xylem vessels (Fig. 6A and B). In older roots in which xylem tissue has expanded because of 

cambial activity, primarily vascular tissue was stained (Fig. 6C and D). Detailed analysis 

revealed expression in the cambial zone, xylem parenchyma cells and premature xylem vessels 

where cytoplasm was still present (Fig. 6D). In stems, where the central xylem developed into 

separate vascular bundles, GUS activity was localized not only in the same tissues as described 

for the root: cambium, xylem parenchyma cells and premature xylem vessels (Fig. 6E and F). 

but also in the endodermis, the phloem and inner phloem vessels. Remarkably GUS activity is 

highest in premature xylem vessels in all tissues analyzed (Fig. 6G). Secondary lateral growth 

of the stem results in more cambial tissue, xylem parenchyma cells and xylem vessels (Fig. 

6H). Especially the cambial zone and the rays, the living cells that are located adjacent to the 

secondary xylem, show a pronounced GUS activity. 

Fig. 6. Histochemical localization of uidA gene expression under control of the 5' flanking 
region of the 1-2 gene. A, Young root. B. Vascular tissue of young root. C, Mature tap root. 
D, Vascular tissue of tap root. E, Stem section. F, Detail of stem. G, Detail of vascular bundle 
of stem. H, Stem section of three-weeks-old plant, vt = vascular tissue, ca = cambial zone, co 
= cortex, xp = xylem parenchyma, x = xylem, px = premature xylem, e = endodermis, 
p = phloem, ip = inner phloem, r = rays. 
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Histochemical localisation of Fusarium in infected tomato. 

Detailed studies of F. oxysporum f.sp. lycopersici colonizing tomato have been published 

(Beekman 1987; Beekman and Roberts 1995). However, to be able to correlate the 1-2 

promoter activity in the same experimental design as presented in the previous section, we 

analyzed the colonization of tomato by a GUS marked Fusarium. Non-transgenic KG52201 

(susceptible) and C295 (resistant) plants were inoculated with a transgenic F. oxysporum f.sp. 

ycopersici race 2 isolate expressing the GUS gene driven by the constitutive glyceraldehyde-3-

phosphate dehydrogenase promoter (Roberts et al., 1989). Three, five and seven days after 

inoculation, plants were harvested for detailed histochemical analysis. Roots of both 

susceptible and resistant plants were colonized by F. oxysporum f.sp. lycopersici within three 

days. Five days after inoculation, roots and hypocotyl of all susceptible plants were colonized 

and colonization went on until day seven. Three days after inoculation the colonization was 

also visible in xylem vessels and expanded to xylem parenchyma cells of the roots, and often 

even further into the cambial zone at days five and seven (Fig. 7A and C). In resistant plants 

roots showed a much lower level of GUS activity and in only a few cases (10% of the plants 

observed) localized GUS staining was found higher up in the tap root or in the stem. 

Microscopical analysis 

showed that the fungus was restricted to the xylem vessels and occasionally to a single layer of 

xylem parenchyma cells (Fig. 7B and D). Around the infected xylem bundle a brownish 

discoloration was found, probably of phenolic origin (Fig. 7D and F). In the stem of 

susceptible plants, Fusarium colonization spreaded from out the xylem vessels into xylem 

parenchyma cells and cambial cells (Fig. 7E), whereas in resistant plants Fusarium was 

restricted to the xylem vessels and some xylem parenchyma cells (Fig. 7F). These results 

indicated that there is a co-localization of 1-2 expression (Fig. 6) and the site of defence 

responses in resistant plants, notably the xylem parenchyma cells and the cambial zone. 

DISCUSSION 

Many plant-pathogen interactions fit the gene-for-gene hypothesis (Flor, 1971) which states 

that plants are resistant when they contain an R gene that matches an avirulence (Avr) gene in 

the invading pathogen. Isolation of plant R genes and pathogen Avr genes has revealed little 

about the role their gene products play in the defence response. Structural analysis of R genes, 

that share many common features, suggests that they are active in signalling cascade(s) that 

coordinate initial plant defence responses to impair pathogen growth (Hammond-Kosack and 

Jones, 1997; Ellis and Jones, 1998). While avirulence genes probably have a role in fitness or 

pathogenicity of the pathogen (Leach and White, 1996; Vivian and Gibbon, 1997), R gene 

products may have a function in plant development, and hence are expressed in healthy, 

unchallenged plants ready to detect the attack (Hammond-Kosack and Jones, 1997). 
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Fig. 7. Histochemical localization of F. oxysporum f.sp. lycopersici infection by using 
constitutive expressing uidA transgenic Fusarium isolate, seven days after inoculation. 
A, Infected root of susceptible plant. B, Infected root of resistant plant. C, Detail of infected 
root of susceptible plant. D, Detail of infected root of resistant plant. E, Stem section of 
susceptible plant. F, Stem section of resistant plant, co = cortex, vt = vascular tissue, f = 
Fusarium, ca = cambial zone, x = xylem, xp = xylem parenchyma. 

Detection of/-2 transcripts using Northern blot analysis appeared to be difficult. However, 

RT-PCR analysis revealed that 1-2 and several of its homologs are expressed in roots, stems 

and leaves (Fig. IB). Because amplifications were not performed quantitatively, band intensity 

are not likely to reflect actual expression levels, but are rather the result of differences in 
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efficiency at which fragments are amplified. The fact that the level of 1-2 transcripts is very 

low, that more than one homologs are transcribed, and that based on the known sequences of 

1-2 and its homologs no 1-2 specific probes could be designed for in situ hybridization, 

prompted us to use a promoter-w/dA fusion for 1-2 expression analysis. 

The functionality of the 1-2 promoter fragment used was tested by complementation analysis. 

A construct containing a 3.8 kb 5' flanking sequence of the 1-2 gene upstream of the 1-2 coding 

and 1.1 kb 3' downstream region conferred resistance to a susceptible line. This indicated that 

the 3.8 kb promoter of 1-2 is sufficient for functional expression of the 1-2 resistance gene. 

Only in 29% of the transgenic lines tested complementation was found. Similar functional 

transformation frequencies were obtained using cosmids containing the 1-2 gene (Simons et al., 

1998). In transgenic lines containing the cosmid with the largest promoter sequence (B22), 

where external influences will be very small, resistance was found in 73% of the transgenic 

lines. When cosmids were used with shorter promoter sequences, frequencies at which 

resistant lines were found dropped. For example, with cosmid A55 that contains a promoter 

sequence of approximately 3 kb, only in 23% of the transgenic lines resistance was found. 

This suggests that for functional 1-2 expression flanking sequences of the gene are important. 

Transgenic plants were generated with the 3.8 kb 5' flanking sequence of the 1-2 gene fused 

to the GUS reporter gene. Levels of GUS activity in these transgenic plants showed to be 

highly variable, supporting the observation that the 1-2 promoter activity is sensitive to position 

effects. The GUS activity found were in agreement with the RT-PCR, namely expression in 

roots, stems and leaves. RNA gel blot analyses using RPS2, RPM1, RPP5, Mi, Pto, Prf, 

Xa21 and Cf-9 as probes have revealed the presence of low abundant transcripts in 

unchallenged plants (Grant et al., 1995; Salemon et al., 1996; Hammond-Kosack and Jones, 

1997; Parker et al., 1997; Milligan et al., 1998). This indicates that most R genes, and their 

homologs, are expressed in the absence of the corresponding avr expressing pathogen. 1-2 

shares this common feature of R genes since expression of 1-2 was detected in tomato plants 

free of Fusarium. For most of the R genes induction of expression by the pathogen has not 

been observed or is not known because of the localized response. Only for the nematode 

resistance genes Hs\PT°-] and the bacterial resistance gene Xa\ induction by the pathogen has 

been shown (Cai et al., 1997; Yoshimura et al., 1998). In F. oxysporum f.sp. lycoperski 

infected tomato plants no increased 1-2 promoter driven GUS activity was found (Fig. 4). The 

same 1-2 promoter-Mz'c/A constructs were used to transform cell suspension of tomato cell line 

MSK8. Transgenic cell lines showed constitutively GUS activity; treatment of the cells with 

conidia of F. oxysporum f.sp. lycopersici race 1 or race 2, culture filtrates of F. oxysporum 

f.sp. lycopersici or xylanase (an aspecific elicitor) did not change the GUS activity (data not 

shown). Taken together, these results suggest that the 1-2 expression is not regulated by 

pathogen infection. 
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Histochemical observations has revealed that GUS activity was primarily found in vascular 

tissue. Therefore, the relative GUS activity in roots, stems and leaves (Fig. 3) very well could 

reflect the relative presence of vascular cells in these tissues. The observation that F. 

oxysporum f.sp. lycopersici colonizes the vascular tissue of the plant, suggest to us that 1-2 is 

expressed in cells that are responsible for the resistance responses. The fungus enters the root 

via wounds, including natural wounds caused by lateral root formation. At the site of lateral 

root formation, pronounced 1-2 expression was found in a ring of cells lining at the base of the 

lateral root, probably outside the vascular tissue of the main root. The fungus that enters the 

disrupted cortex has to pass this site of 1-2 expression before it invades the vascular tissue. 

This might create a recognition point for the 1-2 based defences. Growing in the xylem vessels 

of the root F. oxysporum f.sp. lycopersici will try to spread lateral and vertical. Vertical 

invasion is restricted by the production of gels, gums and tyloses. These are produced by 

xylem parenchyma cells, which show 1-2 expression indicating that the 1-2 gene could directly 

mediate these responses in xylem parenchyma cells. In the lateral direction it has been proposed 

that cell wall depositions and the production of antifungal compounds are responsible for the 

resistance response, and that these resistance reactions are orchestrated by secondary xylem 

parenchyma cells (Beekman et al., 1989). In susceptible plants F. oxysporum f.sp. lycopersici 

invades the xylem parenchyma and even continues into the cambium zone (Fig. 7C and E). 

Plants of which the cambium zone is affected will no longer be able to bypass the infection by 

the creation of new xylem vessels. In resistant tomato plants lateral growth of F. oxysporum 

f.sp. lycopersici is prevented. This is associated with many defence responses in cells flanking 

the xylem vessels. Among these responses is a brownish discolourization of phenolic origin 

(Fig. 7D and F) (Beekman, 1987). GUS activity in xylem parenchyma cells and in cambium 

cells, as found, overlaps with the location where the crucial resistance mechanism is expected. 

Expression of 1-2 in the lateral root and adventitious root formation suggests that 1-2 might also 

be involved in the formation of new roots to compensate the affected absorptive and transport 

capacity of the root system impaired by F. oxysporum f.sp. lycopersici infection. 

It is speculated that R gene products will activate multiple signalling pathways simultaneously 

such as was found for numerous mammalian receptor proteins (O'Neill, 1995; Li et al., 1997; 

Ellis and Jones, 1998). Furthermore, sequence homology has been found between NBS 

containing R genes and genes involved in regulation of apoptotic cell death in animals 

(Chinnaiyan et al., 1997; Van der Biezen and Jones, 1998). This has led to the hypothesis that 

R genes are the key components in a branched signalling pathway resulting in the induction of 

a wide range of responses that are directed against a broad range of pathogens. One of these 

branches might include the mediation of rapid host cell death. The resistance of tomato to F. 

oxysporum f.sp. lycopersici is accompanied by many general defence responses like callose 

deposition, lignification, production of phytoalexins and induction of PR proteins (Beekman, 

1987; Beekman and Roberts, 1995). Since the resistance response is mediated by xylem 
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parenchyma cells, defence mechanisms explored by these cells will probably be close to their 

normal activity which involves the formation or support of xylem. Tracheary element formation 

is characterized by secondary wall thickening, which are subsequently lignified, and a novel 

form of programmed cell death resulting in mature tracheary elements (McCann, 1997; Jones 

and Groover, 1997). In certain situations like lateral root formation, or vascular obstruction by 

pathogens, cells that are already differentiated will trans-differentiate to form vascular tissue, 

thereby establishing continuity of water-transporting tissue (Sachs, 1981; Aloni, 1987). 1-2 

expression is found in vascular cambium, xylem parenchyma cells and premature xylem 

vessels, tissue that can develop into tracheary elements. Furthermore, 1-2 expression was 

found in lateral and adventitious root formation. This all together let us to hypothesize that the 

1-2 gene, or the original function of 1-2 like genes, could be involved in the acceleration of de-

differentiation of tissue or in the signal transduction pathway leading to the development of 

vascular tissue. 
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ABSTRACT 

The products of avirulence genes Avr9 and Avr4 of the leaf mold pathogen Cladosporium 

fulvum are the only factors necessary to elicit defence responses and to induce resistance 

against this pathogen in tomato lines containing the matching resistance genes Cf-9 and Cf-4, 

respectively. We investigated, whether the same resistance responses are triggered in tomato 

when a vascular, root pathogen such as Fusarium oxysporum f.sp. lycopersici expresses these 

avirulence genes. Transformants of F. oxysporum f.sp. lycopersici were obtained, expressing 

either the Avr9 or Avr4 gene under control of a constitutive promoter. AVR4 production by F. 

oxysporum f.sp. lycopersici Avr4+ transformants could not be detected, probably due to 

instability of the AVR4 protein. However, AVR9 protein was produced by F. oxysporum 

f.sp. lycopersici Avr9+ transformants and the elicitor induced necrosis in leaves of Cf9 plants. 

Near-isogenic lines of tomato cv Moneymaker, with or without the matching Cf-9 resistance 

gene, were inoculated with conidia of stable transformants expressing high levels of AVR9 

elicitor. Both root inoculation and stem injection with conidia of wild-type (Avr9~) and Avr9+ 

transformants of F. oxysporum f.sp. lycopersici showed equal disease development on both 

tomato lines. These results indicate that either C/-9-mediated AVR9 perception is absent in root 

and xylem tissue, or that Cf-9-mediated defence responses are insufficient to restrict growth of 

the vascular pathogen F. oxysporum f.sp. lycopersici. 
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INTRODUCTION 

The outcome of many plant-pathogen interactions can be explained by the gene-for-gene model 

(Flor, 1971), in which the product of an avirulence (Avr) gene of a pathogen is recognized by a 

host that carries the matching disease resistance (R) gene. If either one of both dominant genes 

Avr or R are absent, the pathogen is not recognized by the host plant and is able to colonize 

the plant. It has been suggested that R gene products would be receptors for ligands encoded 

by the Avr genes (Ellingboe, 1982), and that binding of ligands would activate a signal 

transduction chain leading to induction of an array of plant defence responses near the site of 

penetration, to prevent spread of the pathogen. For some Avr gene products it has been shown 

that they indeed interact directly with the R gene products (reviewed in Jones, 1997). 

However, for most of the gene-for-gene systems nothing is known yet how Avr and R gene 

products interact and how they trigger an intracellular signal cascade which activates various 

defence responses such as oxidative burst, ion fluxes, lipid peroxidation and transcription of 

defence-related genes (Keen, 1992; Lamb et al., 1989). Most R genes cloned so far share high 

homology within certain domains like a nucleotide-binding site, a partial kinase domain, a 

leucine zipper and a leucine-rich repeat region (Staskawicz et al., 1995; Bent, 1996; Jones and 

Jones, 1996; Hammond-Kosack and Jones, 1997). It is therefore speculated that these R gene-

mediated defence responses share common signal transduction routes and can induce resistance 

against various pathogens when expressed in other plants or other plant tissue, as long as these 

pathways are triggered by the appropriate avirulence signal molecule (Rommens et al., 1995; 

Bent, 1996). Vice versa, expression of an avirulence gene in heterologous pathogens sharing 

the same host containing a matching resistance gene would cause avirulence to these 

pathogens. 

The interaction between the fungal pathogen Cladosporium fulvum and tomato is a model 

system that is used to study the molecular basis of a fungal gene-for-gene-based resistance (De 

Wit, 1995). The avirulence genes Avr9 andA\7'4 are among the first fungal avirulence genes 

cloned (Van Kan et al., 1991; Joosten et al., 1994). The race-specific elicitors encoded by 

these avirulence genes are the factors both required and sufficient for induction of defence 

responses in tomato carrying the complementary resistance genes Cf-9 or Cf-4, respectively. 

The AVR9 and AVR4 elicitors are secreted by the fungus in the intercellular space of tomato 

leaves during colonization. Injection of these elicitors into leaves of tomato lines with the 

matching resistance genes results in a local necrotic response (hypersensitive response; HR) at 

the site of injection (De Wit, 1995). 

We were interested to determine whether fungal Avr genes can activate plant defence 

responses and induce resistance when they are expressed in a vascular root pathogen. We have 

chosen to introduce the Avr9 and Avr4 genes into Fusarium oxysporum f.sp. lycopersici, a 

wilt pathogen of tomato. This fungus invades the plant via the roots and subsequently 
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colonizes the xylem vessels of the stem. The interaction between F. oxysporum f.sp. 

lycopersici and tomato is, like the C. fulvum-tomaio interaction, based on a gene-for-gene 

relationship (Mes et al., 1999, chapter 2). Resistance gene 1-2 of tomato, which confers 

resistance against F. oxysporum f.sp. lycopersici race 2, shows the typical characteristics of 

plant resistance genes as described above (Simons et al., 1998; Ori et al., 1997). Resistance 

against F. oxysporum f.sp. lycopersici is probably based on a rapid callose deposition and 

induction of phytoalexins (Beekman et al., 1982; Elgersma and Liem, 1989). It is not known 

whether HR is involved in limiting colonization by the fungus. We tested whether F. 

oxysporum f.sp. lycopersici transformants expressing the C.fulvum avirulence genes Avr9 

and AvrA, activate defence responses and resistance in tomato, carrying the corresponding R-

genes. In this paper we report on virulence of Avr9+ and Avr4+ transformants of F. 

oxysporum f.sp. lycopersici on tomato. 

R E S U L T S 

For the development of F. oxysporum f.sp. lycopersici transformants which constitutively 

express the Avr9 gene, plasmid pCF22 was used which contains a chimeric gene consisting of 

the gpd-promotev (glyceraldehyde-3-phosphate dehydrogenase) of Aspergillus nidulans (Punt 

et al., 1988) fused to the coding and termination region of the Avr9 gene (Van den Ackerveken 

et al., 1993). For consititive production of AVR4 a simular construct was used containing the 

gpd-promoter fused to the coding and termination region of the AvrA gene (pMJOl). Plasmids 

pCF22 and pMJOl were introduced into F. oxysporum f.sp. lycopersici race 2 by 

cotransformation with plasmid pAN7.1, containing the hygromycin B selection marker (Punt et 

al., 1987; Mes et al., chapter 3). Stable hygromycin-resistant colonies were tested for co-

integration by dot blot or PCR analysis. Southern blot hybridisation confirmed integration of 

the Avr9 or AvrA genes in the transformants. To examine the AVR9 and AVR4 elicitor 

production, selected F. oxysporum f.sp. lycopersici transformants were grown for 7 to 10 

days in B5 liquid medium (Van den Ackerveken et al., 1993). From these cultures, fungus-free 

filtrates were prepared and leaflets excised from Cf9 and Cf4 tomato genotypes (MM-Cf9 and 

MM-Cf4, respectively) were allowed to take up these filtrates. After 4 to 8 hours, culture 

filtrates from Avr9-containing transformants induced necrosis of leaves originating from MM-

Cf9 tomato genotypes (Fig. 1). Necrotic responses on MM-Cf9 leaves induced by F. 

oxysporum f.sp. lycopersici Avr9 + transformants were comparable to those elicited by culture 

filtrate of C.fulvum race 5 transformed with the same gpd-Avr9 construct. Dilutions of culture 

filtrates of F. oxysporum f.sp. lycopersici Avr9+ transformants were screened to identify 

transformants with high elicitor activity that were compared with the C.fulvum Avr9 + 

transformant. Culture filtrates of 5 out of 9 F. oxysporum f.sp. lycopersici Avr9+ 

transformants induced necrosis in MM-Cf9 leaves up to a 1:4 dilution, similar to culture filtrate 
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Fig. 1. Symptoms developed on excised MM-Cf9 leaflets after incubation of the leaves in 
culture filtrate from wild-type F. oxysporum f.sp. lycopersici (leaflets 1 and 2), from Avr9+ 

transformants of F. oxysporum f.sp. lycopersici in which the Avr9 gene was stably integrated 
(leaflets 3 and 4) or from a transformant of C.fulvum (leaflets 5). Leaves were photographed 
6 hours after turgorred leaflets were placed on the culture filtrates. 

obtained from a C.fulvum Avr9 + transformant grown under identical conditions. Culture 

filtrate of three transformants induced C/-9-dependent necrosis only when a twofold dilution 

was applied while one transformant did not give any necrosis. Leaves of MM-CfO and MM-

Cf4 plants did not show necrosis when exposed to culture filtrates of F. oxysporum f.sp. 

lycopersici Avr9 + transformants (data not shown). 

In contrast to culture fitrates of Avr9+ transformants, those of the F. oxysporum f.sp. 

lycopersici Avr4+ transformants did not induce necrosis on leaves originating from MM-Cf4. 

Western blot analyses confirmed the absence of AVR4 protein in culture filtrates of these 

transformants. These results suggest that (i) the AVR4 peptide is not produced in sufficient 

high levels to induce necrosis or (ii) due to rapid degradation of the AVR4 protein by proteases 

produced by F. oxysporum f.sp. lycopersici the AVR4 concentration is too low to induce 

necrosis or (iii) AVR4 is not correcly folded which is crucial for stability of the protein 

(Joosten et al., 1997). Also transformants of C.fulvum or A. nidulans containing the same 

pJMOl plasmid did not produce AVR4. However, AVR9 elicitor activity was found in culture 

filtrate of F. oxysporum f.sp. lycopersici Avr9+ transformants comparable to the produced by 

Avr9+ transformant of C. fulvum. 
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Before plant inoculations assays were carried out with these transformants, we confirmed 

that the gpd-promotcr is active in F. oxysporum f.sp. lycopersici when colonizing the host 

plant. To this end, F. oxysporum f.sp. lycopersici was transformed with a plasmid containing 

the g/W-promoter fused to the E.coli uidA gene (GUS) and trpC terminator (Roberts et al., 

1989; Van den Ackerveken et al., 1994). Stable co-transformants were selected and used in 

plant infection assays. Histochemical observations on GUS expression revealed high GUS 

activity in roots and vascular bundles of susceptible plants of both susceptible and resistant 

tomato genotypes (Fig. 2). Blue stained mycelium could only occasionally be observed in 

vascular stem tissue of Fusarium resistant tomato genotypes. This indicates high g/W-promoter 

activity in F. oxysporum f.sp. lycopersici when growing in planta. Thus expression of the 

Avr9 gene in F. oxysporum f.sp. lycopersici transformants when driven by the gpd-pxomotet 

should be sufficient. 

To test the effect of AVR9 production by F. oxysporum f.sp. lycopersici transformants on 

Cf9 plants, we inoculated three near-isogenic tomato lines of cv Moneymaker; notably a line 

lacking the Cf-9 gene and lacking Fusarium resistance (MM-CfO); a line containing the Cf-9 

gene but lacking Fusarium resistance (MM-Cf9); and a line lacking the Cf-9 gene but 

containing the resistance locus 1-2 against F. oxysporum f.sp. lycopersici races 1 and 2 (MM-

C295). Twelve-day-old seedlings were root-dipped in water (control), in a conidial suspension 

of F. oxysporum f.sp. lycopersici, or in a conidial suspension of F. oxysporum f.sp. 

lycopersici Avr9 + transformants and were subsequently planted in potting soil. To evaluate 

Fig. 2. Histochemical detection of GUS activity in susceptible tomato plants inoculated with 
transgenic F. oxysporum f.sp. lycopersici containing Pgpd:GUS. A, Whole seedlings 7 days 
after inoculation. B, Detail of vascular bundles of a plant three days after inoculation with GUS 
transformant. Histochemical localization of ß-glucuronidase activity was performed according 
to Jefferson (Jefferson 1987). 
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levels of resistance, plants were inoculated with different dilutions of conidial suspension, 

ranging from 1CP to 5.10" conidia per ml (c/ml). Experiments were performed in 10 replicates, 

randomly arranged in equal blocks. Except water-treated plants and the Fusarium resistant 

MM-C295 plants, MM-CfO and MM-Cf9 plants developed fusarium wilt symptoms, regardless 

of the presence of the Cf-9 and/or Avr9 genes. Plants showed stunting, while leaves and 

cotyledons wilted followed by chlorosis and necrosis, and in some cases eventually leading to 

plant death. Disease severity correlated with conidial concentration. No typical Cf-9 dependent 

responses induced by AVR9 were observed. Plant fresh weight, a parameter for disease 

severity (Mes et al., 1999, chapter 2), was measured 3 weeks after inoculation. Plant fresh 

weight of MM-CfO and MM-Cf9 plants infected by wild-type F. oxysporum f.sp. lycopersici 

(Fig. 3A) were not significantly different than those invoked by the three different Avr9-

expressing transformants of F. oxysporum f.sp. lycopersici (Fig. 3B, C and D). Fusarium 

resistant plants (MM-C295) did not show reduction in fresh weight, even when inoculated with 

5. 10" conidia/ml (data not shown). To demonstrate that F. oxysporum f.sp. lycopersici 

Avr9+ transformants still express Avr9, random re-isolations of transformants from infected 
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Fig. 3. Mean plant fresh weight (p.f.w.) and standard deviations of MM-CfO and MM-Cf9 
plants three weeks after inoculation with different concentrations of transgenic or wild-type F. 
oxysporum f.sp. lycopersici inoculum. A, Wild-type F. oxysporum f.sp. lycopersici race 2 
and B, C and D three independent Avr9+ transformants stably expressing the Avr9 gene. Data 
of infected MM-CfO plants are symbolized by filled squares. Data from infected MM-Cf9 
plants are symbolized by open circles. No significant differences were detected (ANOVA, F-
test, p=95%). 
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MM-Cf9 plants were made and tested for AVR9 production in vitro. Culture filtrates of all re-

isolates showed clear necrosis inducing activity on MM-Cf9 leaves confirming that the Avr9 

gene was both present and expressed. 

Although AVR4 production could not be detected, we have used Avr4+ transformants in 

similar inoculation experiments, as absence of the AVR4 elicitor in culture filtrate does not 

necessarily imply that it is not produced in planta. However, inoculation of F. oxysporum f.sp. 

lycopersici AvrA+ transformants on MM-CfO and MM-Cf4 tomato genotypes showed 

symptoms similar to the F. oxysporum f.sp. lycopersici wild-type three weeks after 

inoculation. 

From results presented here it is concluded that F. oxysporum f.sp. lycopersici Avr9+ 

transformants are still virulent on tomato plants with the matching resistance gene Cf-9. For F. 

oxysporum f.sp. lycopersici Avr4+ transformants it is difficult to draw any conclusions as 

production of the AVR4 elicitor could not be detected. 

In stems of tomato plants, resistance to F. oxysporum f.sp. lycopersici can be reliably 

determined by the extent of vascular browning and F. oxysporum f.sp. lycopersici colonisation 

(Kroon and Elgersma, 1993). Five-week-old plants were stem-inoculated by spotting 20 u.1 of 

a conidial suspension of a 107 c/ml on a small incision in three of the main vascular bundles. 

No differences in vascular browing were observed between MM-CfO and MM-Cf9 plants 

inoculated with F. oxysporum f.sp. lycopersici or F. oxysporum f.sp. lycopersici Avr9+ 

transformants (Fig. 4). In contrast, Fusarium resistant plants of line MM-C295 showed 

significant less vascular browning. Testing resistance responses invoked in leaves by AVR9 

would be preferred to compare the response of plants to C.fulvum and F. oxysporum f.sp. 

lycopersici both expressing the Avr9 gene. Unfortunately we did not succeeded in obtaining 

reproducible leaf infection assays with F. oxysporum f.sp. lycopersici. 

length of 12 -
vascular 
browing j Q -

(cm) 

8" 

• CfO 
S Cf9 
ID C295 

Fol Avr9+ 

Fig. 4. Mean length of vascular browing in stern measured from site of inoculation with a 
conidial suspension of 107 conidial per ml wildtype F. oxysporum f.sp. lycopersici race 2 and 
three independent transformants of F. oxysporum f.sp. lycopersici producing AVR9. Black 
bar is cv MM-CfO, striped bar is MM-Cf9 and the grey bar is MM-C295. 
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DISCUSSION 

Equal development of wilt symptoms on MM-CfO and MM-Cf9 plants inoculated with F. 

oxysporum f.sp. lycopersici Avr9+ transformants suggests that AVR9 produced by F. 

oxysporum f.sp. lycopersici is not a crucial factor inducing resistance in vascular tissue of 

MM-Cf9 tomato against this pathogen. Several explanations for the outcome of the experiments 

are possible. First, no recognition of the AVR9 elicitor could occur due to lack of a Cf-9-

product in vascular tissue. Second, it might be that the signal cascade in Cf-9 mediated 

resistance, is not functionally expressed in xylem parenchyma cells, the vascular tissue which 

is colonized by F. oxysporum f.sp. lycopersici and probably the only tissue that will be 

exposed to AVR9 (or AVR4) produced by F. oxysporum f.sp. lycopersici transformants. If 

this is the case neither AVR9 perception nor signal transduction will occur, and when AVR9 is 

not transported to leaf tissue, no induced leaf necrosis can be expected. These results are in 

agreement with those reported by Hammond-Kosack et al. (1994) and Honée et al. (1995). 

MM-CfO plants expressing Avr9 under control of a constitutive promoter were crossed with 

wild-type Cf9 plants. Seedlings from these crosses which contained both the transgene 

35S:Avr9 and Cf-9 developed normally until 2-5 days after opening of the cotyledons when 

necrosis became visible which systemically spreaded to primary leaves and eventually killed the 

whole plantlet. Thus, although AVR9 is present in the whole seedling, cell death only occured 

in leaf tissue, but not in roots nor in vascular stem tissue. A third possibility could be that the 

level of AVR9 production of the F. oxysporum f.sp. lycopersici Avr9+ transformant is not 

high enough to elicit Cf-9 dependent responses. This, however, is unlikely as the constitutive 

gpd-promoter is very active as was shown by GUS expression analyses. It is more likely that 

Cy-9-mediated resistance is either not active in xylem tissue or can not arrest F. oxysporum 

f.sp. lycopersici invasion. Factors such as lack of light and high humidity might prevent HR 

responses in root and vascular tissue. In addition, defence responses may be triggered but 

might not effectively restrict F. oxysporum f.sp. lycopersici infection. 

In conclusion, Cf-9- and /-2-based resistance are different, although it can not yet be 

excluded that R gene-mediated signal transduction routes against F. oxysporum f.sp. 

lycopersici and C.fulvum share common components. Maybe, regulation of the Cf-9 gene by 

the 1-2 promoter might render F. oxysporum f.sp. lycopersici (Avr9+) transformants avirulent 

on tomato plants containing the Cf-9 gene. 
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CHAPTER 7 

General discussion 

In general naturally occurring, monogenic resistance traits protect plants against one or a few 

races of a pathogen species only. In many cases this so-called race-specific resistance is 

manifested in a hypersensitive response which is characterized by fast, localized necrosis at the 

site of infection. As a result the pathogen is contained within the region immediately 

surrounding the infection site and spread to non-infected parts of the plant is prevented. 

Genetically race-specific resistance is explained by the gene-for-gene hypothesis. In 1942 this 

theory has been put forward by Flor to account for the results of his genetic studies on the 

interaction between cultivars of flax {Linum usitatissimum) and races of the rust fungus 

Melampsora Uni. According to the hypothesis the presence of a dominant resistance (/?) gene in 

the plant together with a corresponding, dominant avirulence (Avr) gene in the invading 

pathogen results in resistance. To explain the gene-for-gene hypothesis biochemically and 

physiologically it has been proposed that activation of the signalling pathway leading to 

resistance is triggered by a specific recognition of a pathogen-derived ligand by a plant receptor. 

In this model the ligand and the receptor are encoded by a pathogen Avr gene and its 

corresponding R gene, respectively. Since Flor proposed his model many plant-pathogen 

interactions fitting the gene-for-gene model have been characterized genetically. However, to 

date only a few have been investigated at the biochemical or physiological levels. 

Because of the occurrence of monogenic resistance traits in tomato against races of F. 

oxysporum f.sp. lycopersici, a gene-for-gene relationship for this interaction is generally 

assumed as well. However, due to the imperfect character of the fungus genetic studies to show 

the presence of corresponding avirulence genes have never been carried out. The aim of the 

research was to find additional (circumstantial) proof for the existence of avirulence genes in F. 

oxysporum f.sp. lycopersici and clone and characterize the avrI-2 gene. We succeeded in 

finding additional evidence for the existence of avirulence genes in Fusarium. Furthermore, 

biological material has been generated and characterized from which avrI-2 could be cloned 

eventually. Besides attempts to clone avrI-2, research have been performed to characterize 

expression of the complementary resistance gene 1-2 of tomato. In addition, the effects of 

expression of the Avr A andAvr9 genes of Cladosporiumfulvum in the Fusarium - tomato 

interaction have been tested. Below the results described in this thesis are discussed in the 

context of the present knowledge on race-specific resistance. 
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POPULATION STRUCTURE OF F. OXYSPORUM f.sp. LYCOPERSICI 

Biological and molecular analysis of isolates of F. oxysporum f.sp. lycopersici described in 

chapter 2, supported the distinction of at least two main genetic groups ( VCG0030 and 

VCG0031) within the f.sp. lycopersici as published by Elias et al. (1993). Marlatte et al. 

(1996) identified race 3 isolates not compatible with the other VCGs and therefore designated a 

third group (VCG0033). Since we did not have reference isolates from this VCG at our 

disposal, we were not able to see whether our single member outgroup isolates could be linked 

to this VCG. The three genetic groups found, supports the idea of a polyphyletic origin of this 

forma specialis. Because RFLP and RAPD data showed that isolates from different VCGs are 

genetically distinct it can be concluded that they are originating from different clonal lineages. 

This implies that isolates that have been classified as the same race but have different origins 

may have different modes of infection and may carry total different avirulence signals. 

Therefore ongoing searches and tests for resistance of tomato should include a range of isolates 

from different VCGs. 

It is generally accepted that pathogenic isolates have evolved from non-pathogenic F. 

oxysporum isolates ubiquitous present in the soil. Because the f.sp. lycopersici has a 

polyphyletic origin there should have been events in separate entities that resulted in 

pathogenicity to tomato. Although research has been carried out to find direct links between 

non-pathogenic root colonizers and isolates of F. oxysporum pathogenic for a specific host, no 

such links have been documented (Gordon and Martyn, 1997). However, if genetically related 

isolates changed into pathogens of two different hosts it should be possible to find the same 

vegetative compatibility within two different formae speciales. Setting up a collection of all 

VCGs of F. oxysporum, recently initiated by Dr HC Kistler, and subsequently characterization 

of ITS or comparable sequences like those used by O'Donnell et al. (1998a, 1998b), may lead 

to a better understanding of inter-relationships of the VCGs of F. oxysporum. If genetically 

related isolates with different host specificity are found, molecular analysis of these isolates 

may result in elucidation of the nature of host specificity in F. oxysporum. This may lead to the 

identification of species specific avirulence-like genes as have been found for bacteria and the 

fungus Magnaporthe griseae (Dangle, 1994; Kang et al , 1995; Sweigard et al., 1995). 

Recognition by plants of these novel type of avirulence genes will result in non-host resistance. 

This system resembles race-specific resistance since it is based on single gene products 

responsible for recognition of the pathogen as well. If the pathogen avoids recognition by 

losing its avirulence factor, it may become a successful pathogen. 

The wide range of host plants, the host specialisation and the many races found within F. 

oxysporum reflect its genetic variability. A major cause for genetic alterations are transposable 

elements. In this thesis (chapter 4) a new active mobile element is described. Within F. 

oxysporum already eight others are known (Daboussi and Langin 1994; Okuda et al., 1998). 
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Transposable elements are considered to contribute to the genetic variability by new insertions, 

translocations, leaving foot prints etc. Alternatively, new pathogens of F. oxysporum might 

arise as a result of parasexual recombination by anastomosis. Although definitive proof for 

hyphal anastomosis in nature is lacking, it is very likely that this will take place. 

GENE-FOR-GENE MODEL FOR THE TOMATO-F. OXYSPORUM f.sp. 

LYCOPERSICI INTERACTION 

The presence of dominant, monogenic resistance genes in tomato has been an important 

argument for the assumption that the race-specific resistance response in tomato is triggered by 

avirulence signals produced by F. oxysporum f.sp. lycopersicL An additional argument is 

found in the structural similarity of the product of the one Fusarium resistance gene (1-2) that 

has been cloned (Simons et al., 1998), with products of resistance genes for which a gene-for-

gene system has been demonstrated. As stated above, due to the imperfect character of F. 

oxysporum, genetic studies to look for specific R genes corresponding avirulence genes have 

never been carried out. With an analysis of a natural population of F. oxysporum f.sp. 

lycopersici on its virulence on newly available tomato cultivars, we have tried to find additional 

evidence for avirulence signals (chapter 2). This analysis showed that race 1 of F. oxysporum 

f.sp. lycopersici could be subdivided into two groups, one with only avirulence gene Avrl, the 

other with both Avrl and AvrI-2. All these race 1 isolates were virulent for lines containing the 

1-3 resistance gene, indicating that they all miss AvrI-3. The race 2 (lacking Avrl but containing 

AvrI-2) and race 3 (lacking both Avrl and AvrI-2) isolates tested, all were found to be avirulent 

for these lines indicating that our race 2 and 3 isolates must contain Avrl-3. The suggestion that 

1-3 might recognize both AvrI-2 as AvrI-3 (McGrath et a l , 1987) is not conform our results 

because race 1 isolates containing AvrI-2 were found to be virulent. In the rather small 

population of isolates tested there seemed to be a correlation between the presence of avrl and 

the absence of avrI-3 and vice versa (unpublished results). This could imply that these genes 

are allelic. Although not all theoretically possible avirulence genotypes were found, all these 

results together strengthen the assumption of a gene-for-gene relationship for the tomato-F. 

oxysporum f.sp. lycopersici interaction. The fact that three races are found in a single group 

with clonal origin pleads for a system where virulence is gained by the loss of an avirulence 

signal from the pathogen. 

Additional indirect evidence for F. oxysporum f.sp. lycopersici derived avirulence signals 

originates from the observation that plant lines resistant to race 2 but susceptible to race 3, are 

resistant when inoculated with a mixture of race 2 and race 3. Apparently race 2 is able to 

protect the plant against race 3 (chapter 3). Also, in the fact that a mutant of race 2 was found 

which changed from avirulent to virulent on 1-2 containing tomato plants (chapter 3) is in line 
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with the existence of avirulence factors. The loss of avirulence in the mutant might very well 

have been caused by a gamma irradiation triggered insertion of the SINE Foxy (chapter 4). 

Races of F. oxysporum f.sp. lycopersici have been named in order of appearance. Gabe 

(1975) proposed to alter the terminology in the more accepted nomenclature of Black et al. 

(1953) used for other systems, naming races by the avirulence genes the isolate. Because the 

number of races of F. oxysporum f.sp. lycopersici was limited and the 'old' naming system 

was well known, there was no need for changing the nomenclature. The only argument to 

adopt the nomenclature of Black et al. would be to avoid confusion for those who work with 

pathogens for which the classification of Black et al. has been adopted. With the discovery of 

more resistance genes against F. oxysporum f.sp. lycopersici it becomes more and more 

necessary to test for resistance to a wide range of isolates to be able to get a clear picture of 

resistance and avirulence genes. When avirulence genes of F. oxysporum f.sp. lycopersici are 

cloned and introduced or knocked-out, the nomenclature of Black et al. will be more clear. 

AVIRULENCE GENES AND PATHOGENICITY 

Avirulence genes of plant pathogenic bacteria have been cloned by complementation approaches 

(Dangl, 1994; Leach and White, 1997) and fungal avirulence genes have been isolated by 

product based and map based cloning strategies (Knogge, 1996). Among the over 30 bacterial 

avirulence gene products reported thusfar (reviewed in Dangl, 1994; Leach and White, 1997), 

the six fungal (Knogge, 1996) and one viral (Padgett and Beachy, 1993) avirulence gene 

products, no common features in structure, cellular location or function in plant-pathogen 

interactions could be postulated. However, the gene products are all relatively small, generally 

hydrophilic proteins with no transmembrane domains, and often their synthesis is induced in 

environments representative of plant intercellular spaces. For a number of avirulence genes a 

direct function has been found or suggested. Many bacterial avirulence factors seem to be 

involved in fitness or pathogenicity (virulence) of the pathogen (Dangl, 1994; Leach and White, 

1997; Vivian and Gibbon, 1997). This has been observed for some fungal avirulence genes as 

well. Both NIP1, the host specific toxin of Rynchosporum which is necessary for symptom 

development in barley (Rohe et al., 1995) and ECP2 of Cladosporium fulvum which is 

required for full virulence of the fungus on tomato, induce a hypersensitive response-based 

resistance in certain cultivars (Lauge et al., 1998). These results show the thin line between 

pathogenicity and avirulence and suggest that these genes are weapons of the pathogen which 

are coincidentally recognized by the plant defence response system. The avirulent mutant of F. 

oxysporum f.sp. lycopersici (chapter 3) was also reduced in pathogenicity suggesting that the 

avirulence gene {AvrI-2) of F. oxysporum f. sp. lycopersici also might have a role in 

pathogenicity 
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RECOGNITION SITES OF AVIRULENCE FACTORS 

It still remains a question whether avirulence gene products bind to specific plant receptors and 

whether these are encoded by resistance genes. Only for the product of avirulence gene avrPto 

of the plant pathogenic bacterium Pseudomonas syringae pv tomato, binding to the product of 

the corresponding resistance gene Pto was shown by the yeast two-hybrid system (Tang et al., 

1996). This Pto gene product is predicted to be cytoplasmic. To be able to bind the cytoplasmic 

resistance gene products in planta, the bacterium needs to deliver the avr gene product into the 

cytoplasm of the host. A type-Ill secretion system, encoded by hip genes, enables bacteria to 

inject proteins into host cells upon surface contact (reviewed in Alfano and Collmer, 1997; 

Mudgett and Staskawicz, 1998). For some bacterial avirulence gene products (avrPto, avrRpt2, 

avrB, avrRpml, avrBs3) it has been shown directly that this system is used. In other cases it 

appears that expression of the avirulence gene in the cell results in a hypersensitive response 

(HR), while injection of the avirulence factor in the apoplast of a leaf does not. Another 

indication that bacterial avr proteins are active within the plant cell is the presence of a functional 

plant nuclear localization signal (NLS) at the C-terminus of the avr proteins of the avrBs3 

family (Van den Ackerveken et al., 1996) and that this NLS signal is required for avirulence. In 

a two-hybrid screen using avrBs3 as bait an importin-a has been identified as a interacting 

protein which makes it very likely that this avirulence gene is targeted to the nucleus. Because 

of this finding it has been postulated that avrBs3 type avirulence genes act in a novel type of R-

gene based resistance response (Bonas, 1998). However, it could also be that avrBs3 proteins 

interact on another level in a more common signal cascade. These findings indicate that the 

destination of many bacterial elicitors is within the plant cell. This is consistent with the 

predicted location of the corresponding R proteins and makes a direct interaction possible. 

For fungal elicitors little is known about how and where they induce the resistance response. 

Cladosporiumfulvum grows extracellularly between leaf mesofyl cells. Avirulence products 

can be isolated from this apoplastic space. This suggests that they act by binding to an 

extracellular receptor. Indeed studies with AVR9 revealed high-affinity binding sites on plasma 

membranes. However, binding was not specific to Cf-9 plants, indicating that AVR9 does not 

bind directly to the Cf-9 protein (Kooman-Gersmann et al., 1996; 1998). The dual function of 

the NIP1 protein of R. secalis, causing both aspecific necrosis in all barly cultivars but 

resistance in Rrsl plants, could be explained by one or two distinct receptors, which probably 

are membrane bound (Knogge, 1996). 

Although there is some evidence for the presence of avr genes in F. oxysporum f.sp. 

lycopersici that function in the interaction with tomato (chapter 2), as yet not a single one has 

been identified. And because avr proteins reveal no sequence homologies it is not possible to 

isolated avr genes based on common structures. Computer analysis of the deduced amino acid 

sequence of the 1-2 resistance gene product indicates a cytoplasmic localization (Simons et al., 
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1998). F. oxysporum f.sp. lycopersici, however, does not grow within cells unless these are 

dead and no longer responsive. Two alternative hypothesis may be envisaged to explain the 

interaction between 1-2 and the corresponding avr gene product. A plasma membrane bound 

receptor for AvrI-2 is present in all tomato cultivars, and specificity determined by the 1-2 gene 

product originates downstream in the signalling pathway. In this way the F. oxysporum f.sp. 

lycopersici-lomato interaction shows similarity with the Cladosporium fulvum-iomaXo 

interaction. The second hypothesis assumes a direct interaction of the AvrI-2 gene product with 

the 1-2 gene product within the cell. In that case the AvrI-2 can probably be isolated by physical 

interaction in the yeast two-hybrid system. If that appears to be true, a delivery system 

comparable to the bacterial delivery system has to be hypothesized or a process of endocytosis, 

as was found for a chitosan oligomer elicitor from F. oxysporum f.sp. pisi (Hadwiger, 1991). 

The fimbrae or pili found in fungi, could serve as such delivery system (Day and Poon, 1975). 

It would be interesting to investigate the role of these fimbriae in the pathogenesis. 

STRUCTURE AND FUNCTION OF NBS-LRR RESISTANCE GENES 

Plant resistance genes that control race-specific disease resistance share many common 

structural features. Based on these features several groups have been classified (Hammond-

Kosack and Jones, 1997; Ellis and Jones, 1998). By far the largest group of resistance genes is 

the class containing a nucleotide binding site and a leucine rich repeat (NBS-LRR). This class 

can be subdivided in three subgroups based on the presence of either an amino-terminal region 

(TIR) with homology to the cytoplasmic signalling domains of Toll and interleukin-1 (IL-1) 

receptor, of a leucine zipper (LZ) or of neither of those (Table 1 ). The Fusarium resistance gene 

1-2 and the Xanthomonas resistance gene Xal are the only genes that are classified within the 

last subgroup that lacks both the TIR and LZ features at the N-terminus. Because for 1-2 a LZ is 

computer-predicted between the NBS and LRR this gene could be considered as a new 

subgroup, distinct from Xal. 

The NBS-LRR proteins are all thought to be intracellular proteins. Up until now no other 

function apart from a function in disease resistance processes was reported. However, recent 

information suggests that these genes may function in plant developmental processes involving 

programmed cell death (Van der Biezen and Jones, 1998). Homology of the NBS domains was 

found within the nematode CED-4 and the mammalian Apaf-1 proteins. These proteins are 

activators (by heterodimerisation) of apoptotic cascades (Chinnaiyan et al., 1997). This could 

imply that all resistance responses featured by this class of R genes include a hypersensitive cell 

death in order to localise the pathogen and that the original role of these genes may be in the 

regulation of programmed cell death which is used by plants in developmental processes. 

Expression analysis of/-2 has led to the hypothesis that this gene originally had or still has a 

function in signal transduction leading to the development of vascular tissue, a process in which 
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Table 1. Resistance genes of the NBS-LRR class 

Features Genes Plant Pathogen (avr) Remarks Reference 

T1R-NBS-LRR N Tobacco tobacco mosaic virus 
(replicase) 

cytoplasmic Whitman et al., 1994 

L6 Flax Melampsora Uni (AL6) cytoplasmic Lawrence et al.. 1995 

M Flax Melampsora lini (AM) cytoplasmic Anderson et al., 1997 

RPP5 Arabidopsis Peronospora parasitica cytoplasmic Parkeret al., 1997 

(RPS4) Arabidopsis Pseudomonas syringae pv 
tomato 

in Aarts et al., 1998 

LZ-NBS-LRR 

(RPP1) Arabidopsis 

(RPP10) Arabidopsis 

(RPP14) Arabidopsis 

RPS2 Arabidopsis 

RPM1 

Prf 

Mi 

\rabidopsis 

Tomato 

Tomato 

RPS5 Arabidopsis 

(RPP8) Arabidopsis 

NBS-LRR 1-2 Tomato 

Xal Rice 

Peronospora parasitica 

Peronospora parasitica 

Peronospora parasitica 

Pseudomonas syringae pv 
tomato (avrRpt2) 

Pseudomonas syringae pv 
maculicola (avrRpml/B) 

Pseudomonas syringaepv 
tomato (avrPto) 

Meloidogyne spp. 
Aphids 

Pseudomonas syringae pv 
tomato (avrPphB) 

Peronospora parasitica 

Fusarium oxysporum f.sp. 
lycopersici (unknown) 

Xanthomonas oryzae pv 
oryzae (avrXal) 

cytoplasmic 

cytoplasmic 

cytoplasmic 
Pto dependent 

cytoplasmic 

cytoplasmic 

cytoplasmic 
contains LZ 

in Aarts et al., 1998 

in Aarts et al., 1998 

in Aarts et al., 1998 

Bent et al., 1994 
Mindrinos et al., 1994 

Grant et al., 1995 

Salmeron et al., 1996 

Milligan et al., 1998 
Rossi et al., 1998 

Warren et al., 1998 

in Aarts et al., 1998 

Simons et al., 1998 

cytoplasmic Yoshimura et al.,1998 

programmed cell death occurs (chapter 5). This hypothesis may be tested by analyzing 1-2 gene 

function in cell cultures, induced to differentiate into xylem. 

In terms of function LRR domains have been shown to mediate protein-protein interactions 

(Kobe and Deisenhofer, 1994; Jones and Jones, 1997). In resistance genes LRR regions are 

considered to determine the specificity of recognition by binding avirulence ligands (Jones and 

Jones, 1997; Thomas et al., 1997; Ellis et al, 1997). The three-dimensional structure of the 

LRR region of ribonuclease inhibitor, which is similar to the LRR of R genes, has been solved 

(Kobe and Deisenhofer, 1993). The structural units are arranged in such an order that all the ß-

strands and the a-helices are parallel to a common axis, resulting in a nonglobular, horseshoe-

shaped molecule. The curved parallel ß-sheets are lining the inner side of the horseshoe, and the 
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helices are flanking its outer side. The inner exposed amino acids determine the specificity of 

binding (Kobe and Deisenhofer, 1993; Jones and Jones, 1997). In all R genes the LRR region 

appear to be the most variable region when homologs of the same family of R genes are 

compared (Jones and Jones, 1997; Thomas et al., 1997; Ellis et al., 1997). It is suggested that 

these regions are subject to strong adaptive selection and therefore would provide an 

evolutionary advantage for recognition, binding and defence against a broad array of pathogens 

(Ronald, 1998). Comparison of the 1-2 gene and the 1-2 homologs revealed that also for this 

gene family the variability is highest at the ß-sheet amino acids (Haring, unpublished results). 

Non-functional homologs lack complete or have additional LRR repeats compared to the 

functional 1-2 (Simons et al., 1998), and therefore a prominent role in specificity of the LRR of 

1-2 is hypothesized. Whether this specificity is encountering the fungal derived avirulence factor 

is not known. The Prf gene, a member of the NBS-LRR class of R genes, is required for the 

Pto mediated resistance but is not the primary determinant of specificity (Salmeron et al., 

1996). At this moment the role of Prf in the resistance mechanism is not known (in Hammond-

Kosack and Jones, 1997). Because 1-2 has homology to Prf'û could be that a kinase partner, 

analogous to Pto, is involved in the 1-2 mediated resistance signal. Because Pto binds the 

avirulence factor in it could be that also in the 1-2 signal pathway an extracellularly LRR binds 

the avirulence signal and not 1-2. 

THE R GENE MEDIATED SIGNAL TRANSDUCTION PATHWAY 

The mechanisms by which R genes activate defence responses are still poorly understood. 

Although the initial triggering event may be different it is hypothesized that R gene based 

signalling pathways are similar to non-host induced resistance responses (Hammond-Kosack 

and Jones, 1996; Ebel and Scheel, 1997). Whatever the source of the elicitor, immediately 

downstream of pathogen perception probably act proteins like kinases, phosphatases and G-

proteins. Other rapid induced events that have been detected include protein phosphorylation/ 

dephosphorylation, changes in Ca2+concentrations, ion fluxes and increased inositol 

triphosphate and diacylglycerol levels (Hammond-Kosack and Jones, 1996; Ebel and Scheel, 

1997; Blumwald et al., 1998). These signals probably lead to the movement of organelles and 

the nucleus towards the site of pathogen attack, the generation of extracellular reactive oxygen 

species, the formation of cell wall apposition and the formation of phytoalexins. The defence is 

often accompanied by a cellular collapse, the hypersensitive response or programmed cell 

death. The specific genes that encode these signal proteins and induce the defence response are 

not yet identified. Several methods have been explored to find the genes required for 

transduction of the R gene signal. Many groups have looked for mutants that affect disease 

resistance (Innes, 1998). However, the number of mutants identified in total is limited. This 

suggests that these signal transduction components are either encoded by multiple genes 
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(redundant), that they are essential for the plant, or that the pathway branches directly after the 

R gene component. Mutations effecting only one branch will cause an intermediate phenotype 

which can easily be missed in the screen (Innes, 1998). 

The finding that resistance gene based signal pathways have downstream common 

components like the edsl gene and ndrl gene (Aarts et al., 1998), indicating that many race 

specific defence responses have similarities, have led to the hypothesis that avirulence genes 

expressed in other pathogens could lead to resistance when recognized by the plant resistance 

gene. Exchange of bacterial avirulence genes indeed revealed that these are still capable in 

inducing a HR (Dangl, 1994). Even an E.coli strain transformed with the Hrp secretion system 

together with an avirulence gene was able to do the job (Pirhonen et al., 1996). This is 

probably because the most common plant pathogenic bacteria colonize the apoplast, and incite 

disease from this location outside the walls of living cells (Alfano and Collmer, 1996). Fungi, 

however, each have a very distinct type of infection mechanism (Knogge, 1996). The defence 

responses of hosts against different fungi may have some components in common but it is very 

likely that there are many differences especially when leaf and vascular infecting fungi are 

compared. It is therefore not surprising that the avr9 gene of Cladosporium expressed in F. 

oxysporum f.sp. lycopersici is not able to trigger a defence response capable to restrict 

Fusarium in Cf9 plants (chapter 6). 

THE GENE-FOR-GENE CONCEPT 

The biochemical model of the gene-for-gene interaction describes that the elicitor produced by 

the pathogen binds a receptor of the plant which might be the direct product of a resistance 

gene. Absence or mutation of either the avirulence gene of the pathogen or the resistance gene 

of the host will abolish recognition leading to a susceptible interaction. The discovery that one 

resistance gene can correspond to two different avirulence genes (Bisgrove, 1994; Grant et al., 

1995), can be functional against two different pathogens (Milligan et al .,1998; Rossi et al., 

1998), can influence resistance against another pathogen (Warren et al., 1998) and the finding 

that many genes are involved in completing the resistance response (Innes, 1998) emphasize the 

complexity of the plant resistance response. 

LITERATURE CITED 

Aarts N, Metz M, Holub E, Staskawicz BJ, Daniels MJ, Parker JE (1998) Different 
requirements for EDS1 and NDR1 by disease resistance genes define two R gene-mediated 
signalling pathways in Arabidopsis. Proc Natl Acad Sei USA 18:10306-103011. 

Alfano JR, Collmer A (1996) Bacterial pathogens in plants: life up against the wall. Plant Cell 
8:1683-1698. 

Alfano JR, Collmer A (1997) The type III (Hrp) secretion pathway of plant pathogenic 
bacteria: trafficking harpins, Avr proteins, and death. J Bacteriol 179:5655-5662. 

113 



Chapter 7 

Anderson PA, Lawrence GJ, Morrish BC, Ayliffe MA, Finnegan EJ, Ellis JG (1997) 
Inactivation of the flax rust resistance gene M associated with the loss of a repeated unit 
within the leucine-rich repeat coding region. Plant Cell 9:641-651. 

Bisgrove SR, Simonich MT, Smith NM, Sattler A, Innés RW (1994) A disease resistance gene 
in Arabidopsis with specificity for two different pathogen avirulence genes. Plant Cell 6:927-
933. 

Bent AF, Kunkel BN, Dahlbeck D, Brown KL, Schmidt R, Giraudat J, Leung J, Staskawicz 
BJ (1994) RPS2 of Arabidopsis thaliana: a leucine-rich repeat class of plant disease resistance 
genes. Science 265:1856-1860. 

Black GW, Mastenbroek C, Mills WR, Peterson LC (1953) A proposal for an international 
nomenclature of races of Phytophthora infestons and of genes controlling immunity in 
Solanum demissum derivatives. Euphytica 2:173-179. 

Blumwald E, Aharon GS, Lam BCH (1998) Early signal transduction pathways in plant-
pathogen interactions. Trends in Plant Science 3:342-346. 

Bonas U, Ballvora A, Hahn K, Huguet E, Pierre M, Rossier O, Szurek B, Van den 
Ackerveken G (1998) Protein trafficking in Xanthomonas-plant interactions. In: Abstracts of 
the 7 t n International congress of plant pathology, Edinburgh, Scotland. 

Chinnaiyan AM, Chaudhary D, O'Rourke K, Koonin EV, Dixit VM (1997) Role of CED-4 in 
the activation of CED-3. Nature 338:728-729. 

Daboussi MJ, Langin T ( 1994) Transposable elements in the fungal plant pathogen Fusarium 
oxysporum. Genetica 93:49-59. 

Dangl JL (1994) The enigmatic avirulence genes of phytopathogenic bacteria. CUIT Top 
Microbiol Immunol 192:99-118. 

Day AW, Poon NH (1975) Fungal fimbriae. II. Their role in conjugation in Ustilago violacea. 
Can J Microbiol 21:547-557. 

Ebel J, Scheel D (1997) Signals in host-parasite interactions. In: The Mycota; vol V, Plant 
Relationships, Part A. Carroll GC, Tudzynski P (Eds). BerlimSpringer-Verlag, pp 85-105. 

Elias KS, Zamir D, Lichtman-Pleban T, Katan T (1993) Population structure pi Fusarium 
oxysporum f.sp. lycopersici: restriction fragment length polymorphisms provide genetic 
evidence that vegetative compatibility group is an indicator of evolutionary origin. Mol 
Plant-Microbe Interact 6:565-572. 

Ellis J, Jones D (1998) Structure and function of proteins controlling strain-specific pathogen 
resistance in plants. Curr Opin Plant Biol 1:288-293. 

Ellis J, Lawrence G, Ayliffe M, Anderson P, Collins N, Finnegan J, Frost D, Luck J, Pryor T 
(1997) Advances in the molecular genetic analysis of the flax-flax rust interaction. Annu Rev 
Phytopathol 35:271-291. 

Flor HH (1942) Inheritance of pathogenicity of Melampsora lini. Phytopathology 32:653-669. 
Gabe HL (1975) Standardization of nomenclature for pathogenic races of Fusarium oxysporum 

f.sp. lycopersici. Transactions of the Britisch Mycological Society 64:156-159. 
Gordon TR, Martyn RD (1997) The evolutionary biology of Fusarium oxysporum. Annu Rev 

Phytopathol 35:111-128. 
Grant MR, Godiard L, Straube E, Ashfield T, Leward J, Sattler A, Innes RW, Dangl JL 

(1995) Structure of the Arabidopsis RPM1 gene enabling dual specificity disease resistance. 
Science 269:843-846. 

Hadwiger LA (1991) Nonhost resistance in plant fungal interactions. In: Molecular signals in 
plant microbe communication. DPL Verma (Ed). CRC Press, Boca Raton, Ann Arbor, 
London, pp 85-96. 

Hammond-Kosack KE, Jones JDG (1996) Resistance gene-dependent plant defense 
responses. Plant Cell 8:1773-1791. 

Hammond-Kosack KE, Jones JDG (1997) Plant disease resistance genes. Annu Rev Plant 
Physiol Plant Mol Biol 48:575-607. 

Innes W (1998) Genetic dissection of R gene signal transduction pathways. Curr Opin Plant 
Biol 1:229-304. 

Jones DA, Jones JDG (1997) The role of leucine-rich repeat proteins in plant defense. Adv Bot 
Res 24:89-167. 

Kang S, Sweigard JA, Valent B (1995) The PWL host specificity gene family in the blast 
fungus Magnaporthe grisea. Mol Plant-Microbe Interact 8:939-948. 

114 



General discussion 

Knogge W (1996) Fungal infection of plants. Plant Cell 8:1711-1722. 
Kobe E, Deisenhofer J ( 1993 ) Crystal structure of porcine ribonuclease inhibitor, a protein 

with leucine-rich repeats. Nature 366:751-756. 
Kobe E, Deisenhofer J (1994) The leucine-rich repeat: a versatile binding motif. Trends 

BiochemSci 19:415-421. 
Kooman-Gersmann M, Honee G, Bonnema G, De Wit PJMG (1996) A high affinity binding 

site for the AVR9 peptide elicitor of Cladosporium fulvum is present on plasma membranes 
of tomato and other solanaceous plants. Plant Cell 8:929-938. 

Kooman-Gersmann M, Vogelsang R, Vossen P, Van den Hooven HW, Mahe E, Honee G, De 
Wit PJMG (1998) Correlation between binding affinity and necrosis-inducing activity of 
mutant AVR9 peptide elicitors. Plant Physiol 117:609-618. 

Lauge R, Joosten MHAJ, Haanstra JPW, Goodwin PH, Lindhout P, De Wit, P.J.M.G. 
(1998) Successful search for a resistance gene in tomato targeted against a virulence factor of 
a fungal pathogen. Proc Natl Acad Sei 95:9014-1018. 

Lawrence GJ, Finnegan EJ, Ayligge MA, Ellis JG ( 1995) The L6 gene for flax rust resistance 
is related to the Arabidopsis bacterial resistance gene RPS2 and the tobacco viral resistance 
gene N. Plant Cell 7:1195-1206. 

Leach JE, White FF (1996) Bacterial avirulence genes. Annu Rev Phytopathology 34:153-179. 
Marlatte M, Correll JC, Kaufmann P, Cooper PE (1996) Two genetically distinct populations 

of Fusarium oxysporum f.sp. lycopersici race 3 in the United States. Plant Dis 80:1336-
1342. 

McGrath DJ, Gillespie D, Vawdrey L (1987) Inheritance of resistance to Fusarium oxysporum 
f.sp. lycopersici races 2 and 3 in Lycopersicon pennellii. Aust. J. Agric. Res. 38:729-733. 

Milligan SB, Bodeau J, Yaghoobi J, Kaloshian I, Zabel P, Williamson VM (1998) The root 
knot resistance gene Mi form tomato is a member of the leucine zipper, nucleotide binding, 
leucine-rich repeat family of plant genes. Plant Cell 10:1307-1319. 

Mindrinos M, Katagiri F, Yu GL, Ausubel FM (1994) The A. thaliana disease resistance gene 
RPS2 encodes a protein containing a nucleotide-binding site and leucine-rich repeats. Cell 
78:1089-1099. 

Mudgett MB, Staskawicz BJ (1998) Protein signalling via type III secretion pathways in 
phytopathogenic bacteria. Curr Opin Microbiol 1:109-114. 

O'Donnell K, Kistler HC, Cigelnik E, Ploetz RC (1998b) Multiple evolutionary origins of the 
fungus causing Panama disease of banana: Concordant evidance from nuclear and 
mitochondrial gene genealogies. Proc Natl Acad Sei USA 95:2044-2049. 

O'Donnell K, Cigelnik E, Nirenberg HI (1998a) Molecular systematics and phylogeography of 
the Gibberellafujikuroi species complex. Mycologia 90:465-493. 

Okuda M, Ikeda K, Namiki F, Nishi K, Tsuge T (1998) Tfol: an Ac-like transposon from 
the plant pathogenic fungus Fusarium oxysporum. Mol Gen Genet 258:599-607. 

Padgett HS, Beachy RN (1993) Analysis of a tobacco mosaic virus strain capable of 
overcoming /V gene-mediated resistance. Plant Cell 5:577-586. 

Parker JE, Coleman M J, Szabo V, Frost LN, Schmidt R, Van der Biezen E, Moores T, Dean 
C, Daniels MJ, Jones JDG (1997) The Arabidopsis downy mildew resistance gene RPP5 
shares similarity to the Toll and Interleukin-1 receptors with A? and L6. Plant Cell 9:879-894. 

Pirhonen MU, Lideil MC, Rowley DL, Lee SW, Jin S, Liang Y, Silverstone S, Keen NT, 
Hutcheson SW (1996) Phenotypic expression of Pseudomonas syringae avr genes in E.coli 
is linked to the activities of the hrp-encoded secretion system. Mol Plant-Microbe Interact 
9:252-260. 

Rohe M, Gierlich A, Hermann H, Hahn M, Schmidt B, Rosahl S, and Knogge W (1995) The 
race-specific elicitor, NIP1, from the barley pathogen, Rynchosporium secalis, determines 
avirulence on host plants of the Rrsl resistance genotype. EMBO J 14:4168-4177. 

Rossi M, Goggin FL, Milligan SB, Kaloshian I, Ullman DE, Williamson VM (1998) The 
nematode resistance gene Mi of tomato confers resistance against the potato aphid. Proc Natl 
Acad Sei USA 18:9750-9754. 

Ronald PC (1998) Resistance gene evolution. Curr Opin Plant Biol 1:294-298. 

115 



Chapter 7 

Salmeron JM, Oldroyd GED, Rommens CMT, Scofield SR, Kim HS, Lavelle DT, Dahlbeck 
D, Staskawicz BJ (1996) Tomato Prfis a member of the leucine-rich repeat class of plant 
disease resistance genes and lies embedded within the Pto kinase aene cluster. Cell 86:123-
133. 

Simons G, Groenendijk J, Wijbrandi J, Reijans M, Groenen J, Diergaarde P, Van der Lee T, 
Bleeker M, Onstenk J, De Both M, Haring M, Mes J, Cornelissen B, Zabeau M, Vos P 
(1998) Dissection of the Fusarium 12 gene cluster in tomato reveals six homologs and one 
active gene copy. Plant Cell 10:1055-1068. 

Sweigard JA, Carroll AM, Rang S, Farrall L, Chumley FG, Valent B (1995) Identification, 
cloning, and characterization of PWL2, a gene for host specie specificity in the rice blast 
fungus. Plant Cell 7:1221-1233. 

Tang X, Frederick RD, Zhou J, Halterman DA, Jia Y, Martin GB (1996) Initiation of plant 
disease resistance by physical interaction of avrP'to and Pto kinase. Science 20:2060-2063. 

Thomas CM, Jones DA, Parniski M, Harrison K, Balint-Kurti P, Hatzixanthis K, Jones JDG 
(1997) Characterization of the tomato Cf-4 gene for resistance to Cladosporiumfalvum 
identifies sequences that determine recognition specificity in Cf-4 and Cf-9. Plant Cell 
9:2209-2224. 

Van den Ackerveken G, Marois E, Bonas U (1996) Recognition of the bacterial avirulence 
protein AvrBs3 occurs inside the host plant cell. Cell 87:1307-1316. 

Van der Biezen EA, Jones JDG (1998) The NB-ARC domain: a novel signalling motif shared 
by plant resistance gene products and regulators of cell death in animals. Curr Biol 8:226-
227. 

Vivian A, Gibbon MJ (1997) Avirulence genes in plant-pathogenic bacteria: signals or 
weapons ? Microbiology 143:693-704. 

Warren RF, Henk A, Mowery P, Holub E, Innes RW (1998) A mutation within the leucine-
rich repeat domain of the arabidopsis disease resistance gene RPS5 partially suppress 
multiple bacterial and downy mildew resistance genes. Plant Cell 10:1439-1452. 

Whitham S, McCormick S, Baker B (1996) The N gene of tobacco confers resistance to 
tobacco mosaic virus in transgenic tomato. Proc Natl Acad Sei USA 93:8876-8881. 

Yoshimura S, Yamanouchi U, Katayose Y, Toki S, Wang ZX, Kono I, Kurata N, Yano M, 
Iwata N, Sasaki T (1998) Expression oiXal, a bacterial blight-resistance gene in rice, is 
induced by bacterial inoculation. Proc Natl Acad Sei USA 95:1663-1668. 

116 



SUMMARY 

In this thesis research on molecular aspects of the interaction between F. oxysporum f.sp. 

lycopersici and tomato is described. First we set out to find additional (circumstantial) 

evidence for the gene-for-gene nature of this interaction. Therefore, we set up a collection of 

fungal isolates and tomato lines enabling us to discriminate between the different races of F. 

oxysporum f.sp. lycopersici. Subsequently, race 1 and race 2 isolates from the collection were 

screened for vegetative compatibility and characterized by randomly amplified polymorphic 

DNA (RAPD) analysis to establish the identity and genetic diversity of the isolates (chapter 

2). Comparison of RAPD profiles revealed two main groups that coincide with vegetative 

compatibility groups (VCGs). In addition, several single member VCGs were identified, that 

could not be grouped in one of the two main RAPD clusters. This suggests that F. oxysporum 

f.sp. lycopersici is a polyphyletic taxon. 

To assign an avirulence genotype to race 1 isolates, they were tested for their virulence on 

line OT364. This line was selected because it shows resistance to race 2 isolates but, unlike 

most other race 2 resistant lines, susceptibility to race 1 isolates. In addition, to exclude the 

influence of other components than those related to the race specific resistance trait, we tested 

the race 1 isolates on a tomato line into which the 1-2 race specific resistance gene had been 

introduced. Both OT364 and the transgenic line were significantly affected by four race 1 

isolates, but not by seven others nor by any race 2 isolates. This result allowed a subdivision 

into two groups of race 1 isolates based on the presence or absence of an avirulence gene 

(avrI-2) corresponding to the 1-2 resistance gene(chapter 2). 

Next, a deletion mutagenesis approach was initiated to clone this avrI-2 gene from F. 

oxysporum f.sp. lycopersici. From a large scale gamma irradiation and selection program we 

identified one mutant able to break the 1-2 resistance due to loss of avirulence (chapter 3). 

Besides loss of avirulence this mutant showed reduced pathogenicity towards tomato plants 

without Fusarium resistance genes as well. To detect genomic alterations the mutant was 

compared with the original isolate by DNA analysis. Southern analysis on contour clamped 

electric field (CHEF) blots using chromosome specific probes demonstrated a chromosomal 

translocation in the mutant. RAPD and amplified fragment lenght polymorphism (AFLP) 

analysis identified several other genomic changes in the mutant (chapter 3). These appeared 

to have been generated by new insertions of a novel family of short interspersed nuclear 

elements (SINEs). This family of retroposons has been called Foxy (chapter 4). Features that 

make Foxy unique among other SINEs include the relative large distance between the 5' 

terminus and the RNA polymerase III binding site, and 5' terminal tetranucleotide repeats. 
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Both the number and the sequence of those repeats vary between individual members of the 

family. The genome of F. oxysporum f.sp. lycopersici contains at least 160 copies of Foxy. In 

the mutant 13 new Foxy insertions were identified. These observations together with the 

occurrence of many Foxy specific polymorphisms between isolates within a VCG and the 

presence of Foxy specific transcripts in the fungus indicate that Foxy is currently active and 

still may contribute to the genetic variability of F. oxysporum (chapter 4). 

Besides the molecular analysis of F. oxysporum f.sp. lycopersici and exploration of the first 

steps towards cloning of the avrI-2 gene, we also focused on the counteipart of the avrI-2 

gene in tomato, the Fusarium resistance gene 1-2. Recently, this gene was isolated and 

characterized (Simons et al., 1998). Characterization of 7-2 promoter activity could help to 

localize the actual site of action of the gene product and could lead to a better understanding 

of the resistance mechanism as well as to suggestions for other possible functions of 

resistance genes. Although 1-2 transcripts were undetectable by Northern blot analysis, RT-

PCR revealed that 1-2 and at least five 1-2 homologs are expressed in roots, stems and leaves 

of young tomato plants (chapter 5). Plants transformed with chimeric constructs containing a 

functional /-2 promoter fused to the ß-glucuronidase (GUS) reporter gene were used in 

detailed expression studies. GUS-activity was found in both inoculated and unchallenged 

plants; infection with F. oxysporum f.sp. lycopersici race 2 did not alter promoter activity. 

Histochemical analysis showed that the 1-2 promoter drives expression of the reporter gene in 

a cell layer at the base of the lateral root primordia, in mature roots, at the base of adventitious 

roots and in vascular tissue of stems, leaves and fruits. The vascular specific expression was 

confirmed by microscopical analysis, that revealed expression in endodermis, cambial zone, 

phloem, xylem parenchyma cells, premature xylem vessels and rays cells. In resistant plants 

fungal growth into this region of the vascular tissue is prevented suggesting a direct role of/-

2 in mediation the race 2 specific resistance response of tomato to F. oxysporum f.sp. 

lycopersici (chapter 5). 

Avirulence genes of the fungal leaf mold pathogen of tomato, Cladosporium fulvum, have 

been cloned. The products of the avirulence genes Avr9 and AvrA are the only factors 

necessary to elicit defence responses and to induce resistance in tomato lines containing the 

matching resistance genes Cf-9 and Cf-4, respectively. It was investigated, whether a 

resistance response to F. oxysporum f.sp. lycopersici could be triggered in tomato when this 

pathogen expresses Cladosporium fulvum avirulence genes (chapter 6). Transformants of F. 

oxysporum f.sp. lycopersici were obtained able to produce an active AVR9 elicitor. Near-

isogenic lines of tomato cv Moneymaker with or without the matching Cf-9 resistance gene, 

were inoculated with conidia of stable transformants expressing high levels of AVR9 elicitor. 

Both root inoculation and stem injection experiments with conidia of wild-type (Avr9~) and 

Avr9+ transformants of F. oxysporum f.sp. lycopersici showed equal disease development on 

both tomato lines (chapter 6). These results indicate that either C/-9-mediated AVR9 
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perception is absent in root and xylem tissue, or that C/-9-mediated defence responses are 

insufficient to restrict growth of the vascular pathogen F. oxysporum f.sp. lycopersici. 

Research will be continued to elucidate the molecular basis of the Fusarium oxysporum 

f.sp. lycopersici - tomato interaction and unravel the race specific interaction. 
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SAMENVATTING 

Moleculaire aspecten van de interactie tussen Fusarium oxysporum f.sp. lycopersici en 

tomaat werden onderzocht en staan beschreven in dit proefschrift. Het onderzoek begon met 

het zoeken naar additioneel (indirect) bewijs voor het bestaan van een gen-om-gen relatie 

voor deze interactie. Daartoe werden zowel isolaten van F. oxysporum f. sp. lycopersici 

verzameld, als ook tomatenlijnen die de verschillende fysio's kunnen onderscheiden. De 

collectie van fysio 1 en 2 isolaten van F. oxysporum f.sp. lycopersici werd vervolgens 

bekeken op het vóórkomen van vegetative compatibiliteit en werd gekarakteriseerd met de 

Random Amplified Polymorphic DNA (RAPD) methode om de genetische variatie en 

verwantschap van deze isolaten vast te kunnen stellen (hoofdstuk 2). Op basis van de RAPD 

patronen konden twee groepen onderscheiden worden die correleerden met de vegetative 

compatibiliteitsgroepen. Naast isolaten die in deze twee groepen vielen, werd nog een aantal 

uitzonderingen gevonden die een andere genetische herkomst hebben. Hieruit blijkt dat de F. 

oxysporum, isolaten die gegroepeerd worden op basis van het veroorzaken van 

verwelkingsziekte bij tomaat, een verschillende onafhankelijke oorsprong kunnen hebben. 

Om fysio 1 isolaten verder op te kunnen delen op basis van de aanwezigheid van het 

avirulentie gen avrI-2 werd gezocht naar tomatenlijnen die alleen resistent zijn tegen fysio 2 

en niet meer tegen fysio 1. OT364 bleek zo'n tomatenlijn te zijn. Naast deze lijn werd gebruik 

gemaakt van een 1-2 transgene lijn, zodat de invloed van andere factoren dan de fysio-

specifieke resistentie respons vermeden konden worden. Resultaten van infectieproeven 

gaven aan dat beide lijnen (OT364 en de 1-2 transgene lijn) werden aangetast door vier fysio 1 

isolaten, terwijl zeven andere fysio 1 en fysio 2 isolaten daar niet toe in staat waren. Fysio 1 

isolaten kunnen dus verder opgedeeld worden op basis van de aan- of afwezigheid van het 

avrI-2 gen dat complementair is aan het resistentie gen 1-2 (hoofdstuk 2). Daar deze resultaten 

een gen-om-gen relatie ondersteunen werd aangenomen dat er een avrI-2 eiwit bestaat en dat 

dit het signaal is dat de 1-2 afhankelijke afweerrespons van tomaat initieert. 

Een deletie mutagenese werd vervolgens gestart om het avrI-2 gen van F. oxysporum f.sp. 

lycopersici uiteindelijk te kunnen doneren. Uit een grootschalig gamma mutagenese 

experiment werd een mutant van F. oxysporum f.sp. lycopersici fysio 2 geselecteerd, die in 

staat bleek om de 1-2 resistentie te doorbreken, waarschijnlijk door het verlies van avirulentie 

(hoofdstuk 3). Naast het verlies van avirulentie was deze mutant ook verminderd in 

pathogeniteit voor tomatenlijnen die geen resistentie tegen Fusarium bevatten. Chromosoom

vergelijkingen tussen de mutant en het oorspronkelijke isolaat, gaf aan dat er een 

chromosoomtranslocatie in de mutant was opgetreden. Met behulp van de RAPD en 
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Amplified Fragment Length Polymorphism methoden werd vervolgens gezocht naar 

verschillen in het genoom tussen de mutant en het oorspronkelijke isolaat (hoofdstuk 3). De 

verschillen die werden gevonden bleken te zijn gegenereerd door nieuwe inserties van een 

kort repetitief DNA fragment (SINE geheten). We hebben deze SINEs Foxy genoemd naar 

Fusarium oxysporum (hoofdstuk 4). Deze SINEs, die nooit eerder gevonden waren bij 

Fusarium, wijken af van SINEs uit andere organismen omdat de RNA polymerase 

bindingsplaats verder van het 5' uiteinde ligt dan normaal en omdat er zich herhalingen van 

vier nucleotiden aan het 5' uiteinde bevinden. Het aantal en de sequentie van deze herhalingen 

variëren voor de verschillende gevonden Foxy elementen. In het genoom van F. oxysporum 

f.sp. lycopersici zijn minimaal 160 copieën van Foxy aanwezig. De mutant heeft 13 nieuwe 

inserties ten op ziehte van het oorspronkelijke isolaat. Dit, samen met de gevonden variatie 

tussen isolaten binnen dezelfde vegetative compatibiliteitsgroep én de aanwezigheid van een 

RNA transcript van Foxy, geeft aan dat Foxy nog steeds actief is in Fusarium en 

waarschijnlijk bijdraagt aan de genetische variatie (hoofdstuk 4). 

Naast deze analyse van F. oxysporum f.sp. lycopersici en het zoeken van het avrI-2 gen 

hebben we ook onderzoek gedaan aan het Fusarium 1-2 resistentie gen van tomaat. Het 

karakteriseren van de activiteit van de 1-2 promoter kan resulteren in inzicht omtrent de plaats 

van herkenning en het resistentie-mechanisme, en kan tevens mogelijke andere functies van 

resistentie genen aantonen. Met behulp van Northern blot analyse was het niet mogelijk een 

transcript aan te tonen. Echter, RT-PCR experimenten toonden aan dat er naast 1-2 nog 

minstens 5 homologen van 1-2 tot expressie komen in wortels, stengels en bladeren 

(hoofdstuk 5). Tomatenplanten die getransformeerd waren met DNA contructen bestaande uit 

een functionele 1-2 promoter gefuseerd aan het GUS marker gen werden vervolgens gebruikt 

voor een gedetailleerde analyse. GUS activiteit werd al waargenomen in gezonde, Fusarium-

vrije planten. Infectie van de GUS planten met F. oxysporum f.sp. lycopersici veranderde de 

expressie niet. Histochemische analyse toonde aan dat de 1-2 promoter 'aan staat' in een 

cellaag aan de basis van een zijwortelknop, in volwassen wortels, aan de basis van adventieve 

wortels en in het vaatweefsel van stengels, bladeren en tomatenvruchten. De vaatspecifieke 

expressie werd bevestigd door microscopische analyse. Expressie van de 1-2 promoter werd 

hiermee aangetoond in de endodermis, de cambiale zone, in het phloem, in xyleem 

parenchymcellen, in niet volgroeide xyleem vezels en in mergstraalcellen. In resistente 

planten kan de schimmel niet in al deze vaatweefselcellen komen, wat zou kunnen betekenen 

dat 1-2 een directe rol speelt in de afweer van tomaat tegen F. oxysporum f.sp. lycopersici 

(hoofdstuk 5). 

Het doel van het hier beschreven onderzoek was het isoleren en karakteriseren van het 

avirulentie gen avrI-2 van F. oxysporum f.sp. lycopersici. Van een bladschimmel van tomaat, 

Cladosporium fulvum, zijn al avirulentie genen gedoneerd. De eiwitproducten van de twee 

avirulentie genen, Avr9 en AvrA, zijn de enige factoren die nodig zijn om een afweerrespons 
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te initialiseren in tomatenlijnen die de complementaire resistentie genen Cf-9 en Cf-4 hebben. 

Er werd onderzocht of een afweerrespons tegen F. oxysporum f.sp. lycopersici geïnitialiseerd 

kan worden in deze tomatenlijnen als de Cladosporium fulvum avirulentie genen in F. 

oxysporum f.sp. lycopersici tot expressie gebracht worden (hoofdstuk 6). Het bleek mogelijk 

om transformanten van F. oxysporum f.sp. lycopersici te maken die een actief AVR9 konden 

produceren. Isogene lijnen van tomaat, met en zonder Cf-9 resistentie gen zijn vervolgens 

geïnoculeerd met deze transformanten. Zowel wortel- als vaat-inoculatie met een wildtype 

isolaat, en met isolaten die AVR9 produceerden, bleken dezelfde mate van aantasting te 

geven op deze tomatenlijnen (hoofdstuk 6). Dit geeft aan dat de Cf-9 gebaseerde AVR9 

herkening niet kan optreden in wortels en xyleem weefsel, ofwel, dat de Cf-9 gebaseerde 

afweerrespons wel optreedt maar niet voldoende is om F. oxysporum f.sp. lycopersici tegen te 

houden. 

Onderzoek naar de moleculaire basis van de interactie tussen tomaat en F. oxysporum f.sp. 

lycopersici zal worden voortgezet om de fysio-specifieke interactie geheel te ontrafelen. 
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Ruim vier jaar onderzoek is hier gebundeld in dit proefschrift. Ruim vier jaar met vele pieken 

en dalen. Het was een mooie, leerzame en verrijkende periode en ben dan ook blij dat ik deze 

AIO stap gezet heb. Ik had er misschien anders over gedacht als ik niet zoveel hulp had gehad 

en, zowel mentaal als fysiek, was bijgestaan door vele mensen. Die mensen wil ik hier in dit 

nawoord noemen en bedanken. 

De basis van het onderzoek ligt natuurlijk bij Ben, die de eerste stappen zette met het 

kiezen van de lomaat-Fusarium interactie als onderwerp en met het schrijven van het project 

om avrI-2 te isoleren. Met aangename vrijheid begeleidde je me tijdens mijn 

promotieonderzoek. Jouw geloof en vertrouwen in mij, en het feit datje me betrok bij nieuwe 

onderzoekslijnen, heeft mijn zelfvertrouwen enorm gesterkt. Moeilijke momenten noemde jij 

'karakter vormend'. Op twijfel momenten bracht je snel oplossingen in korte doeltreffende 

gesprekken. De discussies die we aan het eind tijdens het schrijven van het proefschrift 

hebben gehad waren zeer waardevol. Ik hoop ze nog geruime tijd met je te kunnen voeren, 

ook als er niet geschreven hoeft te worden. 

Hoewel Michel pas later op de afdeling kwam, toen het project al grotendeels op de rails 

stond, heeft hij toch een zeer grote bijdrage geleverd aan het hele proefschrift. Je bent van 

onschatbare waarde voor de afdeling en helemaal onmisbaar in het 1-2 onderzoek. Jouw 

kennis, zowel praktisch als theoretisch, lijkt onbegrensd. Ik hoop nog veel van je te leren. 

Toen ik als AIO begon stond het onderzoek van de interactie tussen tomaat en Fusarium 

oxysporum f.sp. lycopersici op de afdeling nog in de kinderschoenen (en ik weet nu hoe klein 

die zijn). De ervaring met Fusarium die ik had opgedaan bij het LBO was daarom van 

cruciaal belang bij het opstarten van het project. Eugène was daar mijn grote leermeester. 

Hoewel ik nu eerder promoveer zal je altijd een groot voorbeeld voor me blijven. Ik hoop dat 

jij je proefschrift snel kan afronden. Veel succes bij ZENECA-MOGEN; ze hebben een 

kanjer binnnengehaald. 

Naast de ervaringen opgedaan op het LBO heb ik natuurlijk ook veel profijt gehad van de 

ervaringen van de 'oude' garde. Allereerst Emma, die veel heeft bijgedragen aan het 

karakteriseren van de Fusarium collectie. Jouw kennis van plant-pathogeen interacties heeft 

me ook geholpen met het schrijven van de Inleiding en de Algemene Discussie. En verder 

mevrouw Liem, die een geweldige klus heeft gehad aan de verhuizing uit Baarn naar de UvA. 

Nog steeds blijken oude dingen uit Baarn zeer bruikbaar. En Jaap; hij kon me altijd vertellen 

hoe het in Baarn ging en heeft onnoemelijk veel werk in de kassen voor me gedaan. 
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Voorlopig blijf ik nog even met die planten en schimmels rotzooien, Jaap. Geniet lekker van 

je welverdiende rust. 

Dan de AIO's op het lab. Mirjam en Ed die voor mij op het lab zijn gekomen en al veel van 

de infrastructuur hadden verzorgd (waaronder een radio!). Beiden wens ik veel sterkte toe met 

de laatste loodjes van het proefschrift en de zwangerschap (van Mirjam natuurlijk, niet Ed). 

Ed wil ik tevens bedanken voor alle computer-ondersteuning. Met Annette deelde ik de 

promoter studie 'blues' en we hebben elkaar er doorheen geloodst. Conny is helaas tijdelijk 

afwezig en haar wens ik veel sterkte met het vinden van het goede spoor. Hopelijk zien we je 

snel weer op het lab. Hedwich zie ik als mijn enthousiaste opvolgster met wie ik nog een 

tijdje hoop samen te werken. 

Dat de afdeling zo lekker draait komt grotendeels door Petra. Petra volgde mevrouw Liem 

op en heeft sindsdien op rustige, diplomatieke wijze het hele lab onder handen gehad, zodat 

het leefbaar is geworden en zal blijven. Naast Petra doet ook Aveline onbaatzuchtig de nodige 

taken voor het algemeen belang. Bij het tomaten oogsten, celsuspensies transformeren en 

aanhouden, en diverse inoculatie proeven heb je me bijgestaan of de werzaamheden uit 

handen genomen. 

Dan kom ik nu dus aan bij de mensen die me geholpen hebben met de proeven. Fabienne 

Terasse uit Frankrijk was mijn eerste student. Hoewel geheel zonder praktische ervaring en 

slechts voor drie maanden op het lab heeft hij mij toch werk uit handen kunnen nemen. Ben 

huurde Francis in om nog meer mutanten (hoofdstuk 3) te kunnen screenen. Hoewel die 

inspanningen niets opgeleverd hebben werd haar goede humeur hierdoor nooit aangetast. Net 

op het moment dat de mutant gevonden was en het onderzoek eindelijk weer vooruit kon, 

kwam Christa. Zij zette de eerste stappen om met AFLP de polymorfismes op te sporen. Ik 

hoop datje eigen promotie-onderzoek net zo goed gaat als je stage. Veel succes! Robbert 

volgde Christa op en heeft ook uitstekend werk geleverd. Alles cool en relaxed, maar met 

vette resultaten. Lonneke, die zich stuk heeft kunnen bijten op de promoter analyse, sluit het 

rijtje studenten. 

Jack kwam als post-doc als laatste in de groep en spijkert mijn kennis bij omtrent 

signaleringsroutes en gist molecaire technieken. Jouw moleculaire expertise zal in de 

toekomst nog veel van pas komen. Van Jack is de stap naar de Gisten (Pombes) en Chlamy's 

niet ver. Die wil ik, net als de overige fyto's en studenten van de afdeling, natuurlijk ook 

hartelijk danken voor de goede sfeer, al het geleende en voor de diverse uitjes en tractaties. 

Tot zo ver de directe collega's. Veel van de hoofdstukken zijn echter tot stand gekomen 

door samenwerking met mensen van buitenaf. Als eerste was daar de samenwerking met Joep 

Lambalk en Frits Herlaar van ENZA Zaden, die mij bijstonden met zaad van interessante 

tomatenlijnen. Daarop volgde de contacten met KeyGene waar geweldig werk was geleverd 

doordat daar het Fusarium resistentie gen 1-2 was gedoneerd. Hieruit volgde een vruchtbare 

samenwerking met Guus Simons en Jelle Wijbrandi, welke invloed heeft gehad op de 
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resultaten van bijna elk hoofdstuk in dit proefschrift. De volgende stap in het onderzoek was 

het maken van transgene tomatenlijnen waarvoor we aanklopten bij de Vrije Universiteit. 

Marianne de Vroomen en Tarcies Kneppers hebben mij de kneepjes van het transformeren 

bijgebracht. Ook voor het fotograferen van de plantjes kon ik altijd terecht op de VU. 

Transgene planten maken is één, maar analyseren is weer een vak apart. Daarbij ben ik 

geholpen door Ferry Bouman en Nora Devente van de Universiteit van Amsterdam. 

Aan de schimmelkant waren weer andere mensen heel hulpvaardig. Peter Punt en Cees van 

den Hondel van TNO hebben me voorzien van plasmiden en hebben mij enige handigheidjes 

geleerd met betrekking tot schimmel-transformatie. Het laatste praktische hoofdstuk is geheel 

tot stand gekomen in samenwerking met de vakgroep Fytopathologie van de LUW. De hele 

Cladosporium groep heeft daarbij wel iets bijgedragen, maar voornamelijk waren daar 

Matthieu Joosten, Guy Honée en Pierre de Wit actief in begeleiding van het onderzoek en 

herziening van de teksten. In dit kader wil ik ook de HC&M werkgroep bijeenkomsten 

noemen die bijdroegen aan de goede contacten binnen Nederland maar ook internationaal. 

Dan het thuisfront. Hoewel in eerste instantie misschien een beetje sceptisch tegenover het 

aannemen van deze AIO baan, hebben mijn ouders altijd veel interesse getoond in mijn werk 

en herinnerden zij mij er terecht aan dat ik af en toe ook aan mezelf mocht denken. Nu zijn ze 

vast heel trots. Ik ben blij dat ik jullie beiden nog heb. Een van de weinige afleidingen die ik 

mezelf deze periode gegund heb was met de badminton-tennis-squash-fiets-eetclub. Die wil 

ik dan ook hartelijke danken voor alle ontspanning en gezellige momenten. En natuurlijk is 

daar Ingrid. Mijn klankbord, mijn eerste referent, mijn co-co-promoter, mijn motivator, mijn 

psycholoog, mijn alles, maar bovenal mijn liefen mijn leven. 

128 






