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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. 
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