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Fungi are important participants in global carbon and nitrogen cycles. They reduce plant 
material and make nutrients available for plants and micro-organisms. Nowadays, fungi are 
also important cell factories in biotechnology, for instance for the production of medicines, 
detergents, paper-pulp and bio-ethanol. In nature, fungi are mainly known to occur on plants, 
fruits and dead plant material, but they are also common as colonizers of fungi, insects and 
other animals. When they reside on plants, they can be beneficial to the plant by living in 
symbiosis or neutral in commensalism. Parasitism by fungi, however, can be devastating to 
plants, which have therefore developed multiple resistance barriers to reduce this possibility. 
The advantage of a parasitical lifestyle for a fungus is probably to gain access to plant 
material before other plant-consuming organisms can. To achieve this, pathogenic fungi 
have evolved complex and sophisticated strategies to efficiently invade and rapidly colonize 
a plant. The resulting arms race between plants and microbes is one of the most interesting 
fields to study in biology.  
 
The genus Fusarium  
 
Many fungal genera contain plant pathogens. A highly interesting genus is Fusarium, 
belonging to the order of Sordariomycetes of the Ascomycetes. The four plant pathogenic 
Fusarium species from which the genome sequences are now completed by the Broad 
institute and DOE Joint Genome Institute, are: F. graminearum (Gibberella zeae), F. 
verticillioides, F. oxysporum (in particular forma specialis lycopersici – see below) and F. 
solani (Nectria haematococca). The availability of their genome sequences makes it possible 
to compare the four species and study their pathogenic specificity. These comparisons also 
gain insight in eukaryotic biology in general. A comparative genomics study comprising 
mostly the genomes of F. graminearum, F. verticillioides and F. oxysporum (Ma et al., 
submitted) revealed that a major part of their genomes is conserved. However, a striking 
discovery was the lineage specific region in F. oxysporum, which consists of four 
chromosomes and small parts of larger chromosomes. Despite their conserved genome, 
pathogenicity strategies differ greatly between Fusarium species. F. graminearum and F. 
verticillioides are the causal agent of head blight to cereals and to ear and kernel rot in 
maize, respectively. Both species are known to cause disease mainly by the production of 
mycotoxins, which are dangerous to cattle and humans. F. solani and F. oxysporum, on the 
other hand, consist as species complexes and can live as soil-inhabiting saprophytes, 
rhizosphere colonizers without causing disease, but also as pathogens, causing disease on 
many plant species as well as in humans. 
 
The Fusarium oxysporum species complex 
 
Although pathogenic forms of Fusarium oxysporum species complex are able to infect more 
than 120 different plant hosts ranging from tomato, melon and cotton to banana and tulip, 
each individual form - called forma specialis (f.sp.) – infects one or a few hosts only. Usually 
a forma specialis is called after the host it is capable to infect. For example, f.sp. lycopersici 
infects tomato, melonis melon and phaseoli bean. It is possible that each forma specialis 
contains host specific effector proteins for recognition and virulence towards this specific host 
(van der Does et al., 2008). The genes required for this are expected to be situated on the 
extra chromosomes mentioned above, and this has been demonstrated for f.sp. lycopersici 
(Ma et al. submitted). It has been shown recently that these small chromosomes can be 
transferred horizontally to non-pathogenic F. oxysporum strains lacking these chromosomes 
(van der Does et al. submitted) turning this non-pathogenic strain into a pathogenic one. The 
occurrence of such transferable chromosomes in other formae speciales and studies on 
these host-specific chromosomes are now being initiated.  
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In this thesis, the interaction between tomato and Fusarium oxysporum f. sp. lycopersici (Fol) 
is used as model to study the relationship between a plant and a root invading, pathogenic 
fungus. Fol rests in the soil as (chlamydo)spores and germinates when plant roots are in the 
vicinity. It then starts to colonize the roots superficially and finds places to enter, first the 
outer layer of cells and eventually, when the plant is a suitable host, it is able to reach the 
xylem vessels, which the plant uses to transport water and nutrients from the soil to the 
upper parts of the plant. Colonization of the xylem vessels can be observed macroscopically 
as vessel browning, a response of the plant comprising deposition of phenolic compounds. 
Through the action of the fungus and the plant, the xylem vessels can eventually get 
blocked, which leads to wilting. When the plant finally dies, the fungus spreads further trough 
the plant and produces macroconidia on the surface and chlamyospores in and on roots to 
complete the infection cycle and be “ready” for new, living plants to colonize. 
 
Search for pathogenicity genes in Fusarium 
 
Table 1:Overview of mutant screens to identify pathogenicity genes in Fusarium species. 
 
Method F. oxysporum 

f.sp. 
Transformants Mutants % Verified pathogenicity 

genes 

Ref. 

Transposon 
tagging 

melonis 746 26 3,5 - (Migheli et 
al., 2000) 

Transposon 
tagging 

lycopersici 2072 14 0,7 FOXG_00016 (Sánchez 
López-
Berges et 
al., 2009) 

REMI  melonis 
melonis 

2929 
1129 

43 
13 

1,5 
1,2 

FOW1, FOW2 
ARG1 

(Inoue et al., 
2001) 
(Namiki et 
al., 2001) 

REMI lycopersici 1163 32 2,8 FPD1 (Kawabe et 
al., 2004) 

T-DNA 
insertion 

lycopersici 10290 106 1,0 CHSV, FOW2, SNF1, 
PEX26, PEX12, 
DCW1, CTI6 and 
FOXG_09487. 

(Michielse et 
al., 2009) 

Plasmid 
insertion  

lycopersici 
lycopersici 
lycopersici 

182 
155 
398 

2 
1 
18 

1,1 
0,6 
4,5 

- 
CHSV 
FRP1 

(Morita et 
al., 2005) 
(Madrid et 
al., 2003) 
(Duyvesteijn
, 2006) 

 Other Fusarium 
species 

 

Transposon 
tagging 

F. graminearum 331 19 5,7 FGSG_10057, 
FGSG_01974 

(Dufresne et 
al., 2008) 

REMI 
  

F. graminearum 6500 11 0,2 CBL1, MSY1 
ZIF1, TBL1 

(Seong et 
al., 2005) 

To study the basal mechanisms underlying the ability of Fusarium species to cause disease 
on plants, the identification of genes required for pathogenicity, the so-called “pathogenicity 
genes”, is a helpful approach. This, in turn, can lead to the identification of processes 
involved in pathogenicity and to a broader and deeper insight in how Fusarium and fungi in 
general are able to cause disease and cause crop loss. To find pathogenicity genes, different 
methods have been used, which are summarized below for Fusarium. 
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Mutant screens 
Large scale screening of mutants is a method that has proven to be an efficient tool to find 
pathogenicity genes in various fungal species (Duyvesteijn, 2006). Also for Fusarium species 
such screens have been performed, including insertional mutagenesis, transposon tagging 
and restriction enzyme-mediated integration (REMI). In Table 1 the results of these different 
mutational screenings are shown for F. oxysporum and for F. graminearum.  
 
After the generation and identification of such mutants, the actual work starts. From the F. 
oxysporum genes that were identified in mutant screens as pathogenicity genes several have 
been subjected to detailed study to unravel their function in pathogenicity. For example, the 
requirement for pathogenicity has been clearly established for CHSV (Madrid et al., 2003), 
encoding a chitin synthase involved in cell wall biogenesis, FOW1 (Inoue et al., 2002), 
encoding a mitochondrial carrier protein, FOW2 (Imazaki et al., 2007), encoding a 
transcription regulator, ARG1 (Namiki et al., 2001), encoding argininosuccinate lyase and 
FPD1 (Kawabe et al., 2004), encoding a protein similar to a chloride conductance regulator. 
The VELVET-like gene FOXG_00016, encoding a putative light-dependent regulator, is also 
now being analyzed (Sánchez López-Berges et al., 2009). Of the 111 candidate 
pathogenicity genes of Fol obtained from a large insertional mutagenesis screen (Michielse 
et al., 2009) performed by Michielse and co-workers, three were already found in earlier 
studies, including CHSV, FOW2, mentioned above, and SNF1, encoding a kinase involved in 
non-glucose carbon assimilation. Three other genes, PEX26, PEX12 and DCW1, encoding 
two peroxisome biogenesis proteins and a cell wall protein, respectively, were confirmed to 
be required for pathogenicity by complementation of the original insertional mutants with the 
full-length gene. Two other genes, CTI6, encoding a transcriptional regulator and 
FOXG_09487 encoding a conserved protein with similarity to Ncs2 (Goehring et al., 2003), a 
yeast protein that has a role in urmylation and in invasive and pseudohyphal growth, were 
verified to be required for pathogenicity by construction of deletion mutants. Other potential 
pathogenicity genes that were found in this screen are now being studied in further detail. 
These comprise a gene encoding a putative transcription factor required for the expression of 
host-specific effector genes, a gene encoding a cyclase required for the assimilation of 
phenolic compounds and a gene encoding a protein that is potentially involved in the 
biosynthesis of a toxin. 
 
Transcriptional profiling 
Transcriptional profiling can also reveal genes involved in pathogenicity. For Fusarium 
oxysporum f. sp. vasinfectum, the forma specialis infecting cotton, gene expression profiles 
were made during infection and eleven genes were shown to be preferentially expressed in 
planta (McFadden et al., 2006, Dowd et al., 2004). One gene out of these eleven encodes a 
putative oxidoreductase that is strongly expressed in the host, but its requirement for 
pathogenicity has not yet been verified by gene inactivation. 
 
Proteomics 
In Fol, eleven small proteins secreted in xylem sap of infected tomato (“Six proteins”) were 
identified using xylem sap proteomics (Houterman et al., 2007) and most of their genes are 
located on the extra chromosomes. At least three of them are required for full virulence: Six1 
(Avr3) (Rep et al., 2005), Six3 (Avr2) (Houterman et al., 2009) and Six6 (Houterman and 
Rep, personnel communication), and one was found to suppress R-gene based resistance; 
Six4 (Avr1) (Houterman et al., 2008). 
 
Genome comparison 
A highly interesting gene that is involved in pathogenicity was found by comparison of 
pathogenic strains with different degrees of virulence at the genome level. By comparing 
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highly virulent strains of Fusarium oxysporum f. sp. phaseoli, -infecting bean- with weakly 
virulent strains, a sequence characterized amplified region (SCAR) (Alves-Santos et al., 
2002) identified part of a gene encoding a potential transcription factor, later called FTF1 
(Ramos et al., 2007). Multiple copies of this gene are present only in highly virulent strains, 
and therefore likely located on extra chromosomes. It was recently demonstrated that this 
gene is required for full virulence using gene silencing (Diaz Minguez, personal 
communication). 
 
Targeted deletion of conserved genes involved in pathogenicity  
In another approach, potential pathogenicity genes in F. oxysporum were selected by 
similarity to genes involved in pathogenicity in other fungi. Genes involved in different 
signaling cascades in fungi have been selected and studied. These include genes encoding 
components of the cAMP cascade (FGA1,2 and FGB1) (Jain et al., 2002, Jain et al., 2005, 
Jain et al., 2003), a MAPK cascade (FMK1) (Di Pietro et al., 2001) and a gene encoding a 
Rho-type GTPase (RHO1), which is part of a pathway controlling morphology and growth 
(Martinez-Rocha et al., 2008). Deletion of these four genes, individually or in combination, 
resulted in all cases in reduced virulence towards tomato, suggesting that these conserved 
pathways also play a role in F. oxysporum during infection. A gene encoding a conserved 
kinase involved in carbon catabolite repression and expression of cell wall degrading 
enzymes, SNF1, (also mentioned above) is in F. oxysporum also required for virulence 
towards Arabidopsis and cabbage (Ospina-Giraldo et al., 2003). PACC, a gene involved in 
the conserved signaling cascade regulating responses to high pH values was also studied in 
F. oxysporum and turned out to be a negative regulator of pathogenicity (Caracuel et al., 
2003), meaning that a deletion mutant showed increased and an overexpressing mutant 
showed decreased virulence towards tomato.  
Other pathogenicity genes that have been found based on homology to genes with known 
functions are genes that encode a chloride channel (CLC1) (Canero & Roncero, 2008b), a 
cell wall-localized beta-1,3-glucanosyltransferase (GAS1) (Caracuel et al., 2005), and a chitin 
synthase (CHSVb) (Martin-Udiroz et al., 2004). Genes encoding cell wall degrading enzymes 
(CWDE) (Roncero et al., 2000) and laccases (Canero & Roncero, 2008a) are likely active 
during invasion but single deletion mutants are still fully pathogenic, probably due to 
functional redundancy.  
 
Bioactivity screens 
Finally, an interesting gene that was identified based on enzymatic activity of F. oxysporum 
towards tomatine (Lairini et al., 1996), is TOM1. This gene encodes tomatinase, an enzyme 
that breaks down the tomato defensive compound tomatine. Using deletion and 
overexpressing mutants of TOM1, it could be confirmed that tomatinase activity contributes 
to virulence (Pareja-Jaime et al., 2008). 
 
The identification of pathogenicity genes has provided a basis for further examination of the 
molecular basis of fungal pathogenesis. In this thesis, a further exploration is reported for 
FRP1, encoding an F-box protein required for pathogenicity of Fol. The role of Frp1 was 
studied in root colonization and penetration, two early steps in the infection process. 
As such it is an extension of the research carried out by Roselinde Duyvesteijn, who 
identified FRP1 through insertional mutagenesis and performed an initial characterization of 
the gene (Duyvesteijn, 2006, Duyvesteijn et al., 2005). At the outset the information available 
was that Frp1 contains an F-box domain, binds Skp1, and is required for pathogenicity and 
growth on some alternative carbon sources. Now, five years later, even though the molecular 
function of Frp1 is still elusive, new clues for this have been obtained as well a better 
understanding of its requirements at different stages of root colonization and penetration.   
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Outline of this thesis 
 
In chapter II, “Lessons from fungal F-box proteins”, literature covering F-box proteins 
described in fungi is reviewed. Fungal F-box proteins are involved in a wide range of cellular 
processes and although many F-box proteins function in SCF complexes, to which they 
recruit target proteins for ubiquitination, not all F-box proteins require assembly into this 
complex and thus have a different molecular function. To date, only very few F-box proteins 
from filamentous fungi have been described and this leaves a large amount of research to be 
done regarding these proteins. 
Chapter III, “The F-box protein arsenal of four Fusarium species” surveys data on genes 
encoding predicted F-box proteins from the genome database of the four sequenced 
Fusarium species: F. graminearum, F. verticillioides, F. oxysporum and F. solani. The 
proteins are classified according to their C-terminal domain and sequence similarities, and to 
their occurrence in other fungi and transcript data. The research described in this chapter is 
part of the Fusarium genome comparative study coordinated by Li-Jun Ma at the Broad 
Institute. 
Binding of Frp1 to Skp1 and other proteins is investigated in chapter IV, “Frp1 is an F-box 
protein that functions independently from binding to Skp1”. The interaction of Frp1 with 
Skp1 is abolished by point mutations in the F-box domain of Frp1, but these mutations do not 
affect the ability to cause disease. Despite several yeast two-hybrid screens, the only other 
interaction found was with a 14-3-3 protein from tomato, of which the biological relevance is  
doubtful. 
A detailed description of the phenotypes of the �frp1 mutant on nutrient agar plates and 
during root colonization is presented in chapter V, “Impaired colonization and infection of 
tomato roots by the �frp1 mutant of Fusarium oxysporum correlates with reduced 
CWDE gene expression”. In this chapter results are presented that suggest that the 
reduced root penetration levels seen for the �frp1 mutant are caused by insufficient 
expression of CWDE (cell wall degrading enzyme) genes. 
In chapter VI, “Mutation of CREA in Fusarium oxysporum reverts the pathogenicity 
defects of the FRP1 deletion mutant”, the lack of expression of CWDE genes in the �frp1 
mutant is linked to the transcriptional repressor CreA. This protein is involved in the 
repression of genes required for carbon assimilation in the absence of glucose. Although no 
direct interaction between the two proteins was detected, a functional interaction was found, 
in that mutations in CREA lead to restoration of growth and pathogenicity in the �frp1 mutant.  
In chapter VII “General discussion”, the main conclusions of the research presented in this 
thesis are summarized and remaining questions are discussed. These questions comprise 
the molecular function of Frp1 and conservation within the fungal kingdom.  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 


