
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Molecular aspects of the interaction between tomato and Fusarium oxysporum
f.sp. lycopersici

Mes, J.J.

Publication date
1999

Link to publication

Citation for published version (APA):
Mes, J. J. (1999). Molecular aspects of the interaction between tomato and Fusarium
oxysporum f.sp. lycopersici. [, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/molecular-aspects-of-the-interaction-between-tomato-and-fusarium-oxysporum-fsp-lycopersici(7a50bc0b-ebaf-4d2e-bbd9-6a850b64b100).html


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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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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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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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 
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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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