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CHAPTER 6 

Expression of the Cladosporium fulvum avirulence 
genes Avr4 and Avr9 in Fusarium oxysporum 

does not affect virulence on tomato 
with the matching resistance genes 

Jurriaan J. Mes, Matthieu H. A. J. Joosten, Pierre J. G. M. de Wit, Guy Honée 

and Ben J. C. Cornelissen 

To be submitted 

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. 

95 



Chapter 6 

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. 

98 



Avirulence genes avr4 and avr9 

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). 

99 



Chapter 6 

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 -
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browing j Q -

(cm) 

8" 

• CfO 
S Cf9 
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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. 

101 



Chapter 6 

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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