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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.  
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Introduction: The F-box hypothesis 
 
The F-box domain - so called after a conserved domain found in human Cyclin F (Bai et al., 
1994) - was described in 1996 (Bai et al., 1996) after first being denoted as a conserved N-
terminal domain found in a subset of proteins (Kumar & Paietta, 1995b). The F-box 
hypothesis was introduced shortly after (Skowyra et al., 1997, Patton et al., 1998), and holds 
that F-box-containing proteins (henceforth F-box proteins) act as scavengers in the cell, 
collecting ‘junk’ proteins to deliver to a ‘waste processor’, called the SCF complex, to which 
they dock through their F-box domain. In the SCF complex, the junk proteins are marked with 
ubiquitin for ‘incineration’ in the proteasome. F-box proteins do not act indiscriminately but 
recruit specific, often modified proteins to the SCF-complex and in this way regulate the level 
of certain proteins in a cell. F-box proteins are found in all eukaryotes and display a large 
variety of functions. In fungi they are, for example, involved in controlling the cell division 
cycle, glucose sensing, mitochondrial connectivity and control of the circadian clock.  

 
Figure 1: The F-box consensus sequence.  
The motif is about 45 amino acids long and based on the HMM-logo for the F-box motif (Schuster-Bockler et al., 
2004). Highly conserved amino acids are underlined and the two most conserved amino residues, the leucine 
and proline at position six and seven, are indicated in red. At each position, amino acids are ordered from top to 
bottom in decreasing occurrence in F-box domains. 
 
F-box proteins are commonly identified by the presence of a stretch of primary sequence that 
matches the consensus for an F-box (Figure 1). However, it can be questioned whether just 
the occurrence of an F-box domain in a protein sequence is sufficient to assume compliance 
with the F-box hypothesis. The F-box hypothesis is based on the assumption that an F-box 
mediates assembly into an SCF-complex through binding to the Skp1 subunit (Figure 2). The 
SCF complex consists of Skp1 (suppressor of kinetochore protein mutant (Connelly & Hieter, 
1996)), Cul1 (Cullin (Mathias et al., 1996)), Rbx1 (ring-box protein (Kamura et al., 1999)) and 
an F-box protein and catalyses, like other E3-ligases, in co-operation with the E1 and E2 
enzymes, the transfer of the small protein ubiquitin to the target protein (Patton et al., 1998, 
Krek, 1998).  

  
Figure 2: The SCF complex and ubiquitination of target proteins. 
 
The SCF-complex functions within the ubiquination reaction through combined action with 
the E1 and E2 enzymes. F-box proteins bind to Skp1 via their F-box domain and to targets 
via their C-terminal domain, thereby presenting the target for ubiquitination. 
Among fungi, the regulation of the SCF complexes and hence the regulation of the F-box 
proteins in these complexes appear to differ. SCF complexes are likely activated and 
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regulated through a recycling mechanism (Cope & Deshaies, 2003), which involves three 
main contributors: the neddylator protein DCN1, responsible for the transfer of Nedd8 to Cul1 
(Lyapina et al., 2001, Pan et al., 2004, Saha & Deshaies, 2008, Kurz et al., 2005, Osaka et 
al., 2000, Yang et al., 2007), the de-neddylator CSN (COP9 signalosome) (Schwechheimer, 
2004, Maytal-Kivity et al., 2003, Maytal-Kivity et al., 2002, Mundt et al., 1999, Wee et al., 
2002) (reviewed in (Wu et al., 2006, Wei & Deng, 2003, Pan et al., 2004)) and the CAND1 
protein (Zheng et al., 2002, Liu et al., 2002), which binds to de-neddylated Cul1 and 
competes out the Skp1-F-box complex from the core of the SCF. A new round of neddylation 
removes CAND1 and thereby creates binding space for a new Skp1-F-box complex. In 
budding yeast (Saccharomyces cerevisiae), deletion mutants for Nedd8 as well as CSN5, the 
CSN subunit responsible for the de-neddylation reaction, are both viable (Cope et al., 2002, 
Lammer et al., 1998, Liakopoulos et al., 1998). This means that although the components of 
the SCF recycling mechanism are present, this process is not required for survival. A second 
difference in budding yeast in comparison to other fungi is that is does not have the CAND1 
protein, adding to the notion that in budding yeast recycling acts differently. In fission yeast 
(Schizosaccharomyces pombe), CAND1 is present, and Nedd8 is required for survival 
(Osaka et al., 2000), but not the CSN5 subunit (Mundt et al., 2002, Zhou et al., 2001). 
Apparently in fission yeast, the neddylation reaction is required for proper SCF function, but 
de-neddylation is not, suggesting that in fission yeast an alternative de-neddylation may be 
present. In Neurospora crassa, a deletion mutant for subunit 2 of the CSN, ∆csn-2, is viable 
but lacks a normal circadian rhythm and conidiation (He et al., 2005) while in Aspergillus 
nidulans four CSN mutants, including one for subunit 5, (∆csne) all lack fruit body 
development (Busch et al., 2003, Busch et al., 2007). Together, these data suggest that, in 
filamentous fungi, proper recycling of the SCF is only strictly required for certain 
developmental processes, in accordance with the requirements of the CSN in development 
in more complex multicellular organisms (reviewed in (Schwechheimer, 2004)).  
Some F-box proteins appear to function without binding to Skp1, suggesting that not all F-
box proteins take part in an SCF-complex. This also means that not all proteins interacting 
with an F-box protein will be ubiquinated and proteasomally degraded. In another deviation 
from the F-box hypothesis, some F-box protein/Skp1 complexes do not seem to be involved 
in ubuiqitination. Furthermore, even when an F-box domain mediates assembly into an SCF 
complex, the result may be self-ubiquitination rather than fulfilling a scavenger function.  
Since 1996 several review articles have been published covering the emerging theme of 
ubiquitin-mediated protein degradation and the widespread occurrence of F-box proteins 
(Kipreos & Pagano, 2000, Ho et al., 2006, Ho et al., 2008, Hermand, 2006, Vierstra, 2003, 
Willems et al., 2004, Craig & Tyers, 1999, Lechner et al., 2006, Willems et al., 1999). Here, 
we discuss fungal F-box proteins including their targets (if identified) and, when possible, 
classify these F-box proteins according to degree of compliance with the F-box hypothesis. 
Most literature on fungal F-box proteins covers those found in budding yeast and, to a lesser 
extent, fission yeast, but important findings have also been reported for filamentous 
ascomycetes. In Table 1 fungal F-box proteins described in literature are listed according to 
their main cellular function. The distantly related budding and fission yeasts share ten (likely) 
orthologous F-box proteins. Budding yeast contains additional eleven F-box proteins and 
fission yeast seven (Katayama et al., 2002). Cdc4, Grr1 and Met30 from budding yeast and 
their counterparts in other fungi are the most studied fungal F-box proteins and are 
conserved throughout the fungal kingdom. In total, 31 F-box proteins will be discussed, 
exclusively from ascomycetes: the ‘model’ fungi Saccharomyces cerevisiae, 
Schizosaccharomyces pombe, Kluyveromyces lactis, Aspergillus nidulans, Hypocrea 
jecorina and Neurospora crassa, and the pathogenic fungi Candida albicans, Fusarium 
graminearum, Fusarium oxysporum and Magnaporthe grisea.  
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F-box proteins complying with the F-box hypothesis 
  
To date, the best-described fungal F-box proteins comply with the F-box hypothesis; the 
targets of these F-box proteins are commonly first phosphorylated before being recognized 
and ubiquitinated by the SCF-complex and finally degraded by the proteasome. In a study 
(Kus et al., 2004) in which interactors of Skp1 and the SCF-complex were identified in 
budding yeast, thirteen F-box proteins were found to bind Skp1 and these thirteen could all 
be co-purified with an SCF complex. These are Cdc4, Ctf13, Dia2, Grr1, Hrt3, Mdm30, Rcy1, 
Ufo1, and five uncharacterized F-box proteins. In another study investigating the binding 
partners of Skp1 and Cul1 (Seol et al., 2001), Met30 and Saf1 were also found to bind Skp1 
and two more uncharacterized F-box proteins were found to bind Skp1 and/or Cul1. In the 
study mentioned above (Kus et al., 2004), auto-ubiquitination of F-box proteins was also 
investigated using two different E2-enzymes, Cdc34 and Ubc4. 
Twelve out of the thirteen F-box proteins showed self-ubiquitination – only Grr1 was found 
not to be ubiquitinated and Dia2 and Mdm30 showed very little ubiquitination. Also, it was 
demonstrated that these F-box proteins were differentially ubiquitinated by the two different 
E2-enzymes and that different numbers of ubiquitin molecules were attached to the F-box 
proteins. In other reports, ubiquitination and degradation of Cdc4, Met30 and also Grr1 was 
demonstrated (Galan & Peter, 1999, Zhou & Howley, 1998). It is still unknown whether F-box 
proteins are ubiquitinated and degraded together with their targets in each degradation 
round. Another possibility is that they are recycled after recruiting their targets and only 
ubiquitinated and degraded when unbound to a target protein.  
In a study with fission yeast, eleven F-box proteins investigated (Pop1/2, Pof1, Pof3, Pof5, 
Pof7, Pof8, Pof9, Pof10, Pof12, Pof13 and Fbh1/Pof15 (Lehmann A., 2004)) could all bind to 
Skp1. The interactions were further studied with a temperature sensitive mutant of Skp1 with 
point mutations in the Skp1-F-box interaction core. Only the binding to Pof1, Pof3 and Pof10 
was weaker with this mutant. The effect of this weakened binding on the function of the 
individual F-box protein is not known and targets of most of these fission F-box proteins 
remain to be identified.  
 
C-terminal protein-protein interaction domains 
Most of the fungal F-box proteins that comply with the F-box hypothesis have a recognizable 
C-terminal protein-protein interaction domain (Table 1). Four F-box proteins carry a WD40 
domain: Cdc4 (and its orthologs), Fwd1, Ufo1 and Met30 (and its orthologs). Grr1 and its 
orthologs carry an LRR (leucine-rich repeat) domain (Kajava, 1998), a repeat of about 25 
amino acids forming a non-globular, crescent-shaped structure. Saf1 carries a RCC1 repeat 
(Renault et al., 1998), another domain forming a beta-propeller structure involved in protein-
protein interactions. Of the F-box proteins that comply with the F-box hypothesis, only 
Mdm30 does not contain any known protein-protein interaction motif and it is unknown how it 
interacts with its targets Fzo1, Mdm34 and Gal4c. The presence of a recognizable protein-
protein interaction domain might be an indication that an F-box protein complies with the F-
box hypothesis. One of the uncharacterized budding yeast F-box proteins (Ylr352w) that 
binds Skp1 and Cul1 also contains an LRR domain, suggesting that this F-box protein might 
also comply with the F-box hypothesis. For Cdc4, Dia2, Grr1, Met30, Mdm30, Saf1 and Ufo1 
of budding yeast and Fwd1 from N. crassa one or more targets are known, and most of these 
targets are degraded via the SCF-complex. This suggests that at least these seven F-box 
proteins completely fulfill the F-box hypothesis For Cdc4, Dia2, Grr1 and Met30, homologs in 
other fungal species have been found and characterized, in some cases together with their 
targets. The degree of conservation of the functions of these F-box proteins between the 
different species can now be assessed by comparing the different phenotypes of deletion 
mutants and the conservation of targets. 
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Table 1: Fungal F-box protein described in literature and discussed in this review (see text 
for references).  
Cellular function F-box 

protein 
Fungal 
Species 

Additional 
motif1 

Target(s) Skp1 
binding 

SCF 
assembly 

Cdc4 S. cerevisiae WD40 Sic1, Swi5, Far1, 
Cdc6, Cbl6?, 
Tec1, Gcn4,Hac1 
Rcn1, Ctf13 

yes yes 

Pop1 
Pop2 

S. pombe WD40 Rum1, Cdc18, 
Cig2 

yes yes 

Cell division cycle, 
morphological switch, nutrient 
and calcium sensing 

Cdc4 C. albicans WD40 Sol1, Far1 ? 2 ? 
Dia2 S. cerevisiae TPR +LRR Tec1 yes yes DNA replication Pof3 S. pombe TPR +LRR ? yes  
Grr1 S. cerevisiae 

 
LRR Cln1/2, Gic2, 

Ime2, Hof1, Std1, 
Mth1, Gis4, 
Pfk27, Tye7, 
Gala/b, Msk1 

yes yes 

Grr1 K. Lactis LRR Sms1 ? ? 
Grr1 C. albicans LRR Ccn1, Cln1, Hof1 ? ? 
GrrA A. nidulans LRR ? ? ? 
Fbp1 F. 

graminearum 
LRR ? yes ? 

Cell division cycle, glucose 
uptake, growth on non-glucose 
carbon sources and retrograde 
signalling 

Pth1 M. grisea LRR ? ? ? 

Methylmercury resistance Hrt3 S. cerevisiae - ? yes yes 

Mitochondrial function Mdm30 S. cerevisiae - Fzo1, Gal4c, 
Mdm34 

yes yes 

Quiescence Saf1 S. cerevisiae RCC1 Aah1, Ura7? yes yes 

Genome stability Ufo1 S. cerevisiae WD40 + 
UIM 

Ho, Rad30 yes yes 

Circadian clock Fwd1 N. crassa WD40 Frq yes yes 
Met30 S. cerevisiae WD40 Met4 yes yes 
Pof1 S. pombe WD40 Zip1 yes ? 
Scon2 N. crassa WD40 Cys3 yes ? 
SconB A. nidulans WD40 MetR yes ? 

Sulphur metabolism 

Lim1 H. jecorina WD40 ? ? ? 
DNA repair Fbh1 S. pombe helicase ? yes ? 
Root infection Frp1 F. oxysporum - ? yes ? 
Peroxide 
resistance 

Pof14 S. pombe - Erg9 (inhibited, 
not degraded) 

yes ? 

Kinetochore  
assembly 

Ctf13 S. cerevisiae - ? yes no 

Rcy1 S. cerevisiae SEC10 + 
CAAX 

Snc1, Kex2 (both 
recycled, not 
degraded) 

yes yes 

Membrane trafficking Pof6 S. pombe SEC10 + 
CAAX 

Sip1 (not 
recycled or 
degraded) 

yes no 

DNA repair Ela1 S. cerevisiae ElonginA + 
coiled coil 

Rpb1 no no 

Mitochondrial function Mfb1 S. cerevisiae - ? ? ? 

Exit from mitosis 
Amn1 S. cerevisiae LRR - Not in 

insect 
cells 

? 

1Abbreviations of additional motifs: WD40 = tryptophan-aspartic acid terminating domain,  TPR = 
tetratricopeptide repeat,  LRR = leucine rich repeat, RCC1 = Regulator of chromosome condensation 1,  UIM = 
ubiquitin interaction motif, SEC10 = a domain of approximately 650 residues long found protein of the 
eukaryotic exocyst complex, which specifically affects the synthesis and delivery of secretory and basolateral 
plasma membrane proteins (Lipschutz et al., 2003), CAAX motif = a C-terminal motif involved in post-
translational modifications (where C is cysteine, A is usually aliphatic, and X may be many different residues) 
(Ashby, 1998). 2? = unknown. 
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Cdc4: an F-box protein controlling the cell division cycle, morphogenesis, nutrient sensing 
and calcium signalling 
In Saccharomyces cerevisiae, Cdc4 (cell division cycle 4) regulates multiple processes in the 
cell by recruiting various proteins for degradation (Figure 3) and especially in the cell cycle 
process, Cdc4 plays an important role by recruiting different cell cycle inhibitors, a 
transcription factor, a cyclin and a replication factor for degradation. The CDC4 gene was 
first identified from a yeast mutant unable to initiate DNA replication during transition from the 
G1 to the S phase (Yochem & Byers, 1987).  
 
Cdc4 and cell division cycle 
Regulation of transition from one cell cycle phase to the next involves proteins that inhibit or 
promote progression. Proteins from both categories have to be degraded at some point, 
either to ensure progression or to prevent premature initiation of a new phase. Cdc4 is 
required for the degradation of Sic1 and Far1, proteins that inhibit cell cycle progression, and 
for the degradation of Cdc6, a protein that promotes progression (Koepp et al., 1999). Sic1 
(Substrate/Subunit inhibitor of cyclin-dependent protein kinase 1) is phosphorylated by its 
inhibition target, Cdc28, and another kinase, Pho85 (Wysocki et al., 2006, Nishizawa et al., 
1998). Phosphorylated Sic1 is recognized by Cdc4 and marked for degradation by poly-
ubiquitination (Verma et al., 1997, Feldman et al., 1997). Recently, the transcription factor 
Swi5, which activates transcription of SIC1 (Kishi et al., 2008) was also found to be degraded 
through interaction with Cdc4. Degradation of the transcription factor Swi5 via Cdc4 during 
the early G1 phase allows efficient removal of Sic1 in the late G1 phase (Kishi et al., 2008). 
This means that Cdc4 is responsible for Sic1 removal by degrading both the protein itself and 
the activator of its transcription. Through Sic1 degradation, Cdc4 also regulates expression 
of OCH1, a gene encoding alpha-1,6-mannosyltransferase, suggesting that Cdc4 is involved 
in regulation of cell wall composition during the cell cycle (Cui et al., 2002). Far1 (Factor 
arrest 1) is also phosphorylated by the Cdc28 kinase complex and then recognized by Cdc4 
(Henchoz et al., 1997). Degradation of Far1 is nucleus-specific, suggesting that Cdc4 may 
act specifically in the nucleus (Blondel et al., 2000). Cdc6 (cell division cycle 6), is a DNA 
replication initiation factor that is degraded via Cdc4 in the late G1/early S phase as well as 
in the G2/M phase. Phosphorylation of Cdc6 to ensure recognition by Cdc4 at both time 
points requires the Cdc28 kinase. Cdc6 degradation at these two time points differs in the 
degradation rate and in the cyclins that take part in the Cdc28 kinase complex (Drury et al., 
2000). The first difference is probably due to the fact that degradation depends on two 
different interaction domains in Cdc4 (Perkins et al., 2001). It has also been suggested that 
Cdc4 has a role in the degradation of Clb6 (Jackson et al., 2006), a cyclin that triggers, 
together with Clb5, progression from G1 into S-phase. Clb6 is rapidly degraded at the end of 
the S-phase and stabilized in cdc4 mutants. Moreover, its sequence harbors Cdc4 degron 
motifs. Direct interaction however, is not yet been demonstrated. Cdc4 also targets another 
F-box protein involved in kinetochore assembly and function, Ctf13 (see section on Ctf13 
below). Schizosaccharomyces pombe contains two homologs of CDC4, called POP1 and 
POP2 (polyploidy 1 and 2 (Kominami & Toda, 1997)). POP2 was also discovered in another 
study, where it was called SUD1 (stops unwanted diploidization 1) (Jallepalli et al., 1998). 
Pop1 and Pop2 are structurally related, but function independently from each other. The 
phenotypes of both deletion mutants are comparable in that both display polyploidization, but 
the two proteins cannot fully take over each other’s function since overexpression of POP1 or 
POP2 could not suppress the defects caused by loss of the other gene (Kominami et al., 
1998). The polyploidization phenotype is caused by the accumulation of the CDK-inhibitor 
Rum1 (Kominami & Toda, 1997, Jallepalli et al., 1998) (homolog of budding yeast Sic1) and 
S-phase regulator Cdc18 (Wolf et al., 1999, Jallepalli et al., 1998) (homolog of budding yeast 
Cdc6). These two proteins are normally degraded during defined stages of the cell cycle, but 
in the pop1, pop2 and pop1/pop2 double mutant, the levels of these proteins are high when 
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compared to wild type. The accumulation and poly-ubiquitination of Rum1 and Cdc18 in a 
proteasomal deficient mutant support the notion that Pop1 and Pop2 recruit these two 
proteins for degradation. Also, direct interaction between Pop1 and Cdc18 was found using 
co-immunoprecipitation. Pop1 and Pop2 can form homodimers and heterodimers, resulting in 
three alternative SCF complexes, SCFPop1/Pop1, SCFPop1/Pop2 and SCFPop2/Pop2, but the 
different molecular functions of these three complexes remain unclear (Kominami et al., 
1998). The S-phase cyclin Cig2 (homolog of budding yeast cyclin Cln2), is also stabilized in 
pop1 and pop2 deletion mutants, suggesting a role of both proteins in Cig2 degradation 
(Yamano et al., 2004). Co-immunoprecipitation revealed that Pop1 and Cig2 interact in the 
cell independently from Pop2 and that this interaction requires phosphorylation of Cig2 and 
at least the central 93 amino acid residues (181-273). In fungi, Pop1 and Pop2 are currently 
the only examples of two homologous F-box proteins functioning in the same degradation 
pathway. The  advantage of having two F-box proteins for the same function might be that 
degradation of certain proteins can be fine-tuned and regulated at an extra level. The 
degradation of Cig2 is remarkably different between budding and fission yeast since Cln2 is 
degraded through Grr1 in budding yeast (see section on Grr1) but its fission yeast homolog 
Cig2 by Pop1 (the role of Pop2 in degradation of Cig2 is still unclear).  
 
Cdc4 and pseudohyphal growth  
Cdc4 is also involved in degradation of transcription factors that regulate pseudohyphal 
growth. The transcription factor Tec1 (Transposon enhancement control 1) is phosphorylated 
by MAP kinase Fus3 and then recognized by Cdc4 promoting its degradation (Chou et al., 
2004). Tec1 is responsible for the onset of filamentous growth in S. cerevisiae. This 
morphological switch is made when nutrient availability is low, but the switch needs to revert 
after pheromone sensing to allow mating. Whether Cdc4 is solely responsible for degradation 
of Tec1 is disputable, because it has been shown that another F-box protein, Dia2, is also 
able to induce degradation of Tec1 after pheromone sensing (Bao et al., 2004). In the human 
pathogen Candida albicans, Cdc4 plays a role in the switch from hyphal to yeast-like growth 
as demonstrated by deletion of CDC4, which results in constitutive hyphal growth (Atir-Lande 
et al., 2005). This dimorphic switch is important for pathogenicity as the hyphal form 
contributes to the ability to penetrate the body and cause candidemia. In contrast to budding 
yeast, the CDC4 deletion mutant of C. albicans is viable and does not display an arrest in the 
G1 phase. Possibly, in C. albicans Cdc4 may have fewer targets than its budding yeast 
counterpart, or accumulation of the same targets in a C. albicans ∆cdc4 mutant does not 
(fully) inhibit growth. Similarity between the Cdc4 proteins of the two yeasts is 18% in the first 
300 amino acids and 48% from residue 360-743, which includes the F-box domain and the 
WD40 motif. The two proteins indeed appear to have different functions since CDC4 from C. 
albicans cannot complement the cdc4 strain of budding yeast (Shieh et al., 2005). The 
constitutive hyphal growth phenotype of the C. albicans cdc4 strain is not due to the 
accumulation of CaFar1, the homolog of the Cdc4 target Far1 in budding yeast. Sol1, the 
closest homolog of Sic1 in C. albicans is degraded via Cdc4, but high levels of Sol1 are not 
responsible for the constitutive hyphal growth of the cdc4 mutant. Another possible target of 
Cdc4 involved in filamentous growth is Tec1, but no elevated levels were observed in C. 
albicans cdc4 mutants (Atir-Lande et al., 2005). This means that the target of Cdc4 in C. 
albicans whose removal is required for the dimorphic switch has not yet been identified, and 
could be different from a Cdc4 target in budding yeast. 
 
Cdc4 and growth responses after nutrient sensing 
The transcription factors Hac1 (Homologous to Atf/Creb1) and Gcn4 (General control 
nonderepressible 4) are both involved in the activation of unfolded protein responsive (UPR) 
genes whose products assist in the folding of proteins in the ER lumen upon ER stress. 
Hac1, a basic leucine zipper transcription factor, is degraded in the nucleus via Cdc4 when 
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ER stress is removed (Pal et al., 2007). Gcn4 is also required for the activation of 
transcription of amino acid and purin biosynthesis genes during starvation. After the switch 
from poor to rich medium, Gcn4 is degraded via Cdc4, likely after being phosphorylated by 
Pho85 (Meimoun et al., 2000). The degree of conservation of this Cdc4 function is unclear 
because the respective targets have not been studied in this respect in other fungi. 
 
Cdc4 and calcium sensing 
Cdc4 acts in calcium homeostasis by targeting Rcn1 for destruction upon calcium availability 
(Kishi et al., 2007). Rcn1 (Regulator of calcineurin 1) inhibits calcineurin, a phosphatase that 
mediates cellular responses after stress and Ca2+ uptake (Cyert, 2003). Calcineurin mediates 
its own inhibition by a negative feedback loop: it stimulates the expression of RCN1 and 
stabilizes Rcn1 by dephosphorylation. Phosphorylation of Rcn1 makes it recognizable for 
Cdc4 and marks it for degradation, allowing Calcineurin to break out of its negative feedback 
loop and increase its activity.  
 

 
Figure 3: Overview of Cdc4 targets in S. cerevisiae.  
Negatively regulating targets are depicted in red, positively regulating targets in green, Ctf13 in white and 
transcription factors in blue. See text for description of the different targets. 
 
From the above it is clear that between yeasts, Cdc4 is conserved in some functions like the 
degradation of the CDK inhibitors Sic1 and Far1. Whether the function of Cdc4 in regulation 
of pseudohyphal growth is conserved between budding yeast and C. albicans is uncertain, 
since the target protein in this pathway in C. albicans has not yet been found. The 
involvement of Cdc4 in nutrient sensing and calcium signalling in other fungi is unlikely, since 
deletion of CDC4 in these fungi has not been reported to lead to defects in these processes. 
A main difference between budding yeast and the other fungi is that in budding yeast the 
search for targets has been more intensive, for example by using yeast two-hybrid screens 
(Kishi et al., 2008). Application of such screens to other fungi would be helpful to more fully 
evaluate the conservation of targets between the different fungi. 
 
Although no genetic studies have been reported on the Cdc4 homologue in Neurospora 
crassa, it was found to be targeted by a plant defensive peptide. Using a yeast two-hybrid 
screen, defensin 1 from Pisum sativum was shown to interact specifically with Cdc4 (Lobo et 
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al., 2007). Defensins are plant peptides exhibiting an antifungal activity as part of the plant 
innate immune system. Interaction with Cdc4 can explain why defensin 1 inhibits fungal 
growth, namely by interference with the fungal cell cycle. Using microscopy, it was observed 
that defensin 1, tagged with a fluorophore, was localized in the nucleus of N. crassa and 
Fusarium solani suggesting that defensin 1 can enter the fungal cell and interfere in the 
nucleus with the cell division cycle.  
 
Dia2: an F-box protein involved in DNA replication  
The F-box protein Dia2 (Digs into agar 2) plays a role in DNA replication in Saccharomyces 
cerevisiae and is thereby also involved in cell growth and division. As mentioned earlier, 
Tec1, a transcription factor regulating filamentation genes, is degraded via Dia2 (Bao et al., 
2004), probably in joint action with Cdc4 (Chou et al., 2004). These two F-box proteins are 
also both capable of degrading ectopically expressed human Cyclin E (Koepp et al., 2001), 
eventhough they bear different protein-protein interaction domains (an LRR and WD40, 
respectively). Deletion of DIA2 in budding yeast causes a defect in invasive and 
pseudohyphal growth, slower growth at low temperatures, early entry into the S-phase and 
accumulation of DNA damage (Koepp et al., 2006). These defects were also observed in 
DIA2∆F-box mutants, suggesting that binding of Dia2 to Skp1 is necessary for these 
functions. Dia2 binds both early and late firing origins and is thereby involved in resetting the 
origin. It recruits the SCF complex to the replication origins, suggesting that a possible target 
becomes ubiquitinated there. Yra1, previously described as a protein involved in mRNA 
export (Strasser & Hurt, 2000), is an interaction partner of Dia2 and is required for Dia2 
function at replication origins (Swaminathan et al., 2007). Possibly, the SCFDia2 complex 
binds origins with the assistance of Yra1. In another study (Blake et al., 2006), deletion of 
DIA2 resulted in accumulation of DNA damage after the collapse of replication forks. This 
suggests that a possible target of Dia2 may be found among proteins that interfere with 
replication fork stability in certain genomic regions. Also, genetic interactions of Dia2 were 
found with DNA replication, repair and checkpoint pathways (Blake et al., 2006). A role of 
Dia2 in DNA repair was suggested as well by the requirement of Dia2 for resistance to 
certain DNA damaging compounds. These observations indicate that there are likely more 
targets or functions of Dia2 than only targeting Tec1 for degradation.  
Pof3 from Schizosaccharomyces pombe is the ortholog of Dia2 from budding yeast. Deletion 
of POF3 results in multiple phenotypes: G2-phase delay (probably due to activation of the 
DNA damage checkpoints), hypersensitivity to UV radiation, telomere dysfunction and also 
chromosome instability and segregation defects (Katayama et al., 2002). Targets of Pof3 are 
not yet known, but may be found among proteins playing a role in chromatin structure and/or 
function. Fission yeast does not have a Tec1 ortholog, so targets different from Tec1 must be 
responsible for the phenotype of the deletion mutant. A protein that was found to interact with 
Pof3 is Mcl1, ortholog of the budding yeast S-phase regulator Ctf4 (Mamnun et al., 2006). 
Mcl1 is a protein essential for chromosome maintenance and contains WD40 repeats and 
SepB boxes (Williams & McIntosh, 2002, Kohler et al., 1997). A ∆mcl1 strain shows similar 
phenotypes as the ∆pof3 mutant. Normally, Mcl1 is not rapidly degraded in wild type cells 
and no ubiquitination of Mcl3 could be demonstrated, suggesting that Mcl1 is not a target of 
Pof3. This is also in accordance with the fact that the two deletion mutants share the same 
phenotype, something that is not expected when Mcl1 would be a target of Pof3.  
Dia2 is not only conserved in fission yeast, but also in filamentous fungi, suggesting a well 
conserved function (BLAST searches, our observations). It would be worthwhile to 
investigate whether and how Dia2 regulates DNA replication in filamentous fungi. 

 
Grr1: an F-box protein involved in glucose and amino acid sensing, cell division cycle, 
meiosis and retrograde signalling. 
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Grr1 (Glucose repression resistant 1) in Saccharomyces cerevisiae plays a role in a large 
number of cellular processes: retrograde signaling, pheromone sensitivity and cell cycle 
regulation, nutritionally controlled transcription, glucose sensing, and cytokinesis (Li & 
Johnston, 1997) (Figure 4). Grr1 was initially found in budding yeast through a mutation 
causing resistance to glucose repression, with a deletion mutant showing additionally growth 
defects (Bailey & Woodword, 1984, Flick & Johnston, 1991). 
 
Grr1 and the cell cycle 
That Grr1 is involved in cell cycle control was shown by the accumulation of the cyclins Cln1 
and Cln2 in a GRR1 deletion mutant (Barral et al., 1995, Skowyra et al., 1999, Kishi & 
Yamao, 1998, Schweitzer et al., 2005, Schneider et al., 1998, Lanker et al., 1996). 
Degradation of the cyclins Cln1 and Cln2 via Grr1 is required after completion the G1 phase 
or when cells have to arrest in G1, for instance after pheromone sensing. The binding of Grr1 
to Cln2 has been established in multiple ways, but binding to Cln1 has never been detected, 
suggesting that Grr1 might target Cln1 indirectly. Another target of Grr1 is Gic2, a protein that 
accumulates throughout the G1 phase and reaches its peak just before bud emergence. At 
that time, Cdc42, a Rho-related GTP-binding protein required for polarized growth of the 
cytoskeleton during bud emergence, is activated and binds Gic2. When the bud has 
emerged, polarized growth ceases and Gic2 is degraded to avoid morphological defects. 
Only Gic2 bound to Cdc42 can be phosphorylated and eventually recognized by Grr1 
(Jaquenoud et al., 1998). During cytokinesis, the process of cell separation, Grr1 is 
responsible for the degradation of Hof1. Hof1 first forms a ring around the bud neck of the 
mother cell and then another ring in the daughter cell. Just after septum formation and 
separation, Hof1 normally disappears (Vallen et al., 2000). Grr1 is recruited to the mother 
bud neck and binds to Hof1 after the activation of the mitotic exit network (Blondel et al., 
2005). This suggests that Grr1 is not only active in the nucleus and cytoplasm, but can be 
recruited to specific cellular structures. The Grr1 protein of Candida albicans is 46% identical 
to Grr1 from budding yeast and CaGRR1 can fully complement a yeast ∆grr1 strain. A ∆grr1 
strain of C. albicans exhibits pseudohyphal growth under yeast-like growth-inducing 
conditions and does not grow on glucose (Li et al., 2006). The constitutive pseudohyphal 
phenotype (Butler et al., 2006) of the ∆grr1 deletion strain could be explained by the 
stabilization of the two G1 cyclins, Ccn1 and Cln3. That Grr1 mediates degradation of Ccn1 
and Cln3 was demonstrated by the fact that both cyclins are stabilized and additionally, Cln3 
was found as a hyperphosphorylated protein in the ∆grr1 strain. Elevated levels of Hof1 were 
also detected in the ∆grr1 strain. These data suggest that Grr1 function in degradation of 
cyclins and Hof1, as well as glucose uptake, is conserved between the two yeast species. 
The fact that the genes from C. albicans can functionally replace budding yeast GRR1 
suggests that interactions of Grr1 with its targets are conserved between the two yeasts. 
 
Grr1 and meiosis 
Generally, the cell cycle is closely connected to the availability of nutrients. In low glucose 
medium, diploid cells tend to undergo meiosis and sporulation rather than grow and divide. A 
role of Grr1 in preventing untimely meiosis and sporulation was demonstrated in a study of 
the degradation of Ime2, a protein kinase required for multiple steps throughout the 
sporulation process (Purnapatre et al., 2005). In a ∆grr1 mutant accumulation of (non-
ubiquitinated) Ime2 was found and meiosis still occurred, even under high glucose 
conditions. In Aspergillus nidulans, GRRA, the ortholog of budding yeast GRR1, was found in 
a subtraction hybridization screen aimed at identification of genes that are specifically 
expressed during fruiting body development (Krappmann et al., 2006). GRRA is able to 
partially complement the ∆grr1 phenotype in yeast, or almost fully when the gene is 
overexpressed. Complemented phenotypes of the yeast deletion mutant include the 
morphological abnormalities and changes in gene expression upon a carbon source shift 
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(Krappmann et al., 2006). This demonstrated that GrrA from A. nidulans is probably able to 
bind endogenous targets in budding yeast, suggesting that these interactions are still 
conserved within GrrA. However, the phenotype resulting from deletion of GRRA in A. 
nidulans is quite different from that of the yeast mutants. A. nidulans ∆grrA mutants showed 
impaired ascosporogenesis, asexual conidiation and sexual development, while displaying a 
normal vegetative growth. A similar phenotype was observed in CSN subunit mutants in A. 
nidulans (Busch et al., 2003, Busch et al., 2007). This suggests that the CSN may be 
involved in the functioning of GrrA in A. nidulans. From further cytological examination it was 
concluded that meiosis, giving rise to crozier-like structures that contain diploid nuclei, does 
not take place in the grrA mutant. In striking contrast, meiosis does occur in the budding 
yeast grr1 mutant, even under meiosis suppressing conditions. In light of this, it would be 
interesting to investigate whether and how the Ime2 orthologue in A. nidulans is involved in 
GrrA-controlled sexual development. In the plant pathogenic fungus Fusarium graminearum 
(Gibberella zeae), the ortholog of budding yeast Grr1, denoted as Fbp1, was found in a 
REMI screen for non-pathogenic mutants (Han et al., 2007). The virulence of fbp1 mutants 
on barley heads was severely reduced compared to wild type and growth on potato dextrose 
agar and carrot agar produced less mycelium. Furthermore, Fbp1 plays a role in sexual 
reproduction. FBP1 deletion caused loss of perithecia formation as females in self-crosses, 
and a reduced number of smaller perithecia as a male in the outcross. The asci contained 
incomplete octads of abnormal spores and did not segregate in a one-to-one manner. 
Deletion constructs lacking the F-box, the LRR or both domains were non-functional, both in 
the interaction with endogenous Skp1 and yeast Skp1, and in the ability to complement the 
sexual reproduction deficiency. Clearly, also in F. graminearum protein turnover is required 
for sexual reproduction, but whether the ortholog of budding yeast Ime2 is involved is not 
known. Grr1 from budding yeast was unable to complement the knock out phenotype. 
Conversely, FBP1 from F. graminearum was able to partially complement the yeast grr1 
mutant. This suggests that during evolution, Grr1 has retained the ability to bind at least 
some heterologous targets, despite their diversification. Grr1 is likely conserved as a 
pathogenicity factor in plant pathogenic fungi. In a screen searching for pathogenicity genes 
of Magnaporthe grisea using insertional mutagenesis, one mutant, called PTH1 
(pathogenicity 1), had a disruption in GRR1 and a subsequent deletion of this gene resulted 
in reduced disease symptoms towards barley (Sweigard et al., 1998). How Grr1 functions in 
causing disease in this fungus is not known. It is likely that in the ∆pth1 mutants, the sexual 
reproduction system is impaired as is demonstrated for A. nidulans and F. graminearum. 
 
Grr1 in growth on glucose and non-glucose carbon sources 
In addition to regulating meiosis, Grr1 from S. cerevisiae conducts other glucose availability-
related functions. When high levels of glucose are sensed, Grr1 not only initiates the 
degradation of Ime2, but also activates hexose permeases (HXT) that allow the rapid import 
of glucose. Activation of HXT expression is achieved by the degradation of Std1 and Mth1, 
which promote the repression of HXT genes by binding to the repressor Rtg1. Upon glucose 
sensing, Std1 and Mth1 are phosphorylated, recognized by Grr1 and degraded. Free, 
unbound Rtg1 can then be phosphorylated, promoting an intramolecular interaction in Rtg1 
that prevents DNA binding (Polish et al., 2005), thereby releasing repression of the HXT 
genes (Kim et al., 2006). Although, not yet fully understood, the process of Snf1 protein 
kinase inactivation is also required for degradation of Std1 and Mth1 (Pasula et al., 2007). In 
Kluyveromyces lactis, Grr1 was characterized as an F-box protein required for glucose 
signaling just as described in budding yeast (Hnatova et al., 2008). Complementation of 
∆Scgrr1 with KlGRR1 showed full restoration of the growth and morphological defects of the 
deletion strain, demonstrating that GRR1 from K. lactis is a functional homolog of budding 
yeast GRR1. It was also shown that in K. lactis Grr1 controls the levels of Sms1, the single 
ortholog of the budding yeast Grr1 targets Mth1 and Std1. Sms1 level decreased 
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dramatically after glucose addition, suggesting rapid degradation of Sms1 to allow 
expression of the hexose transporter genes. Other targets of Grr1 in K. lactis are not found 
yet, but as the complementation of ∆Scgrr1 with KlGRR1 shows, Grr1 from K. lactis is 
probably able to bind targets in budding yeast. These targets also include Mth1 and Std1, 
suggesting that these interactions are still conserved, eventhough in K. lactis only Sms1 is 
present. 
Additionally to activating genes required for glucose uptake, Grr1 from S. cerevisiae is also 
required for the assimilation of alternative carbon sources (Flick & Johnston, 1991). Grr1 
mediates this process by recruiting Gis4, a target that is ubiquitinated but not degraded (La 
Rue et al., 2005). The ubiquitinated form of Gis4 binds and activates phosphorylated forms of 
Snf1, which results in derepression of several genes required for the assimilation of 
alternative carbon sources. Gis4 is a rare example of a target that is not degraded after 
ubiquitination, but instead activated. This shows that although Grr1 function generally 
complies with the F-box hypothesis, ubiquitination of Gis4 is an exception to this rule. 
Whether and how Gis4 is phosphorylated before recognition by Grr1 and how it is rescued 
from degradation after addition of ubiquitin is not known.  
Grr1 also regulates other metabolic processes in the cell, through its involvement in the 
degradation of Tye7 (Corinna Löhning, 1994) and Pfk27 (Benanti et al., 2007). Tye7 is a 
transcription factor that activates several glycolytic genes (Nishi et al., 1995) and Pfk27 
synthesizes the second messenger fructose-2,6-biphosphate (Okar & Lange, 1999). After 
glucose depletion the removal of these proteins via Grr1 probably facilitates the switch from 
glycolysis to gluconeogenesis. This shows that Grr1 is not only active during glucose 
availability, but also during glucose depletion.  
Furthermore, together with Mdm30, another F-box protein, Grr1 regulates the activation of 
the Gal4 transcription activation complex. This complex regulates the transcription of genes 
involved in galactose assimilation. Degradation of the Gal4 isoforms Gal4a and Gal4b via 
Grr1 is required when glucose becomes available and galactose assimilation is shut down 
(Muratani et al., 2005). This was demonstrated by deletion of GRR1, which results in 
stabilization of Gal4a/b and increased activation of Gal4 targets.  
 

 
Figure 4: Overview of the Grr1 targets in S. cerevisiae.  
Negatively regulating targets are depicted in red, positively regulating targets in green and transcription factors 
in blue. See text for description of the different targets. 
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Grr1 and amino acid sensing 
Grr1 also plays a role in amino acid sensing by promoting the expression of several amino 
acid permease genes upon amino acid availability (Bernard & Andre, 2001, Iraqui et al., 
1999). Activation of amino acid permease genes is mediated by the transcription factors Stp1 
and Stp2. These two proteins are cleaved after activation of the Ptr3/Ssy5 amino acid 
sensing pathway and transported to the nucleus (Liu et al., 2008). Stp1 cleavage depends on 
Grr1, suggesting that Grr1 targets a protein that normally inhibits cleavage. A candidate 
might be Ssy5, which is involved in the amino acid permease expression pathway and that is 
normally degraded upon amino acid availability. On the other hand, higher protein levels of 
Stp2 were also found in ∆grr1 cells (Benanti et al., 2007).  
 
Grr1 and retrograde signalling 
Mitochondrial retrograde signaling (RTG) is a pathway connecting mitochondria to the 
nucleus allowing cells to react to changes in the functional state of mitochondria. The RTG 
pathway targets two transcription factors, Rtg1 and Rtg3. These two proteins form 
heterodimers and activate RTG responsive genes (Liu & Butow, 2006). Grr1 functions in this 
pathway by degradation of Msk1, a negative regulator that inhibits localization of Rtg1 and 
Rtg3 to the nucleus (Liu et al., 2005). Grr1 targets Mks1 only when it is unbound to either 
Rtg2 or Bmh1, a 14-3-3 protein. When the RTG pathway is off, Bmh1 protects Mks1 and 
allows it to inhibit Rtg1 and Rtg3. When the pathway is on, Mks1 instead binds to Rtg2 and is 
thereby inactivated. Degradation of free Mks1 via Grr1 ensures that the switch is quick and 
under tight control.  
Grr1 seems to be conserved among yeasts considering the cell cycle and glucose uptake. 
Regarding meisosis however, the role of Grr1 between budding yeast and filamentous fungi 
seems opposite of each other. Another difference between Grr1 in yeasts and filamentous 
fungi is its involvement in glucose uptake since for example Mig1 and Snf1 repression is in 
filamentous fungi different from budding yeast (Carlson, 1999, Ruijter & Visser, 1997). From 
other functions like amino acid sensing and retrograde signalling, hardly anything is known 
about Grr1 involvement in other fungi. Partly because of lack of knowledge, but probably also 
partly because these processes are differently regulated. Once again, in other fungi, less 
studies are carried to find Grr1 targets as performed in budding yeast (Benanti et al., 2007).  
 
Hrt3: an F-box protein enhancing methylmercury resistance  
Hrt3 (High level expression reduces Ty3 transposition) and Ylr224w in Saccharomyces 
cerevisiae both promote resistance to methylmercury, a highly toxic compound (Hwang et al., 
2006). Overproduction of these two F-box proteins elevated resistance to the toxic 
compound in contrast to fifteen other F-box proteins studied. This resistance required the F-
box domain of these two proteins and also the proteasome, suggesting that degradation of a 
target protein is involved. Targets of Hrt3 or Ylr224w that could explain the roles of these F-
box protein in methylmercury resistance have not yet been identified. Interactions of Hrt3 
other than with ubiquitin conjugation proteins were with alcohol dehydrogenase (Adh2) and 
Idh1, a subunit of mitochondrial NAD(+)-dependent isocitrate dehydrogenase, which 
catalyzes the oxidation of isocitrate to alpha-ketoglutarate in the TCA cycle (Ho et al., 2002, 
Krogan et al., 2006). The biological relevance of the interaction with these two catabolism-
related proteins is not clear, but they might be involved in sensitivity to methylmercury. Other 
interactions were found with ribosomal proteins Rpl12A and Guf1, and a phosphatase 
functioning in the G1/S phase transition.  
Hrt3 is conserved in the entire fungal kingdom (BLAST searches, our observations), 
suggesting that it serves a fundamental function in fungi. Still, its characterization is limited; 
only the overexpressing phenotype was investigated in S. cerevisiae. Investigation of a 
(conditional) deletion mutant in S. cerevisiae or other fungi will be crucial to further explore 
the functions of Hrt3. 
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Mdm30: a mitochondria-associated F-box protein 
Mdm30 (Mitochondrial distribution and morphology) and Mfb1 (Mitochondria-associated F-
Box protein) in Saccharomyces cerevisiae both control membrane fusion dynamics of 
mitochondria. The membranes of mitochondria continuously undergo fusion and fission to 
maintain a dynamic morphology. A target of Mdm30 is Fzo1 (mitofusin), a membrane-bound 
GTPase involved in membrane fusion. Fzo1 is ubiquitinated and targeted to the proteasome 
in an Mdm30-controlled manner (Cohen et al., 2008). Another target of Mdm30 is Mdm34, a 
mitochondrial outer membrane protein (Ota et al., 2008). Interaction between Mdm30 and 
Mdm34 is essential for growth on non-fermentable carbon sources and for normal 
mitochondrial morphology. If and how ubiquitination of Mdm34 contributes to these functions 
is not yet understood.  
Additionally, Mdm30 (alternatively called Dsg1 - Does something to Gal4), is required for 
destruction of Gal4c, the inhibitory isoform of Gal4, and thereby plays a role in carbon 
assimilation (Muratani et al., 2005) together with Grr1, which is required for the degradation 
of Gal4a/b, the Gal4 active isoforms. A ∆dsg1 strain shows elevated levels of Gal4c, which 
results in the inability to use galactose as a carbon source. 
Mdm30 binds to Skp1 via its F-box domain, and these two protein together with other 
components of the SCF complex participate in Fzo1 degradation (Cohen et al., 2008). This 
means that Mdm30, in contrast to earlier views (Ho et al., 2008, Hermand, 2006), can be part 
of an SCF-complex and conforms to the F-box hypothesis. Mdm30 is not conserved in other 
fungi, but insight into how mitochondrial morphology is regulated by F-box proteins in S. 
cerevisiae is valuable, as in other fungi alternative F-box proteins or at least ubiquitination 
and protein turnover could also be involved in this intriguing process. 
 
Saf1: an F-box protein involved in entry into quiescence  
Saf1 (SCF associated factor 1) is an F-box protein required for the degradation of adenine 
deaminase 1 (Aah1) in Saccharomyces cerevisiae. A microarray study showed clear AAH1 
downregulation during the shift from proliferation to quiescence (Escusa et al., 2007, Escusa 
et al., 2006). Quiescence, also known as the stationary phase, is a state that yeast cells 
enter when nutrients are limiting. A SAF1 deletion mutant showed no down-regulation of 
AAH1 expression and stabilized protein levels of Aah1 were detected upon entry into 
quiescence. Degradation of Aah1 relies on Saf1, Skp1 and the proteasome, and is 
dependant on interaction between Saf1 and Skp1 via the F-box domain of Saf1. Saf1 
interacts in a yeast two-hybrid experiment with both Aah1 and Skp1. Loss or mutation of the 
F-box domain of Saf1 abolished the interaction with Skp1, but not with Aah1, although the 
latter interaction was slightly weakened. Mutation of the lysine at position 329 of Aah1 did not 
affect the interaction with Saf1, but increased the stability of Aah1, suggesting that this lysine 
might be the ubiquitination site. Other targets of Saf1 are not known yet, but a candidate 
might be Ura7, a protein that is present at reduced levels in SAF1 overexpressing strains and 
is stabilized in saf1 strains (36). Curiously, although the known target(s) of Saf1 are 
conserved among fungi, Saf1 itself is not. In fungi other then budding yeast, degradation of 
these Saf1-targeted proteins might not be required upon quiescence or they are turned over 
in a different manner. 
 
Ufo1: an F-box protein involved DNA damage response  
In Saccharomyces cerevisiae Ufo1 (UV-F-box-HO 1) targets the endonuclease Ho for 
proteasomal degradation and functions in genome stability and in response to DNA damage 
(Kaplun et al., 2006). After DNA damage, the MEC1/RAD9/CHK1 pathway phosphorylates 
Ho stimulating its recognition and degradation. Ufo1 itself is also degraded via self-
ubiquitination. This ubiquitination reaction is mediated by the UIMs (ubiquitin interaction 
motifs) in the C-terminus of Ufo1 that bind during assembly in the SCF complex to Ddi1, a 
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protein containing ubiquitin-like (UBL) and ubiquitin associated (UBA) domains (Ivantsiv et 
al., 2006). Removal of the UIM domain in Ufo1 stabilizes the protein and inhibits the 
degradation of other proteins normally degraded by SCF complexes. It therefore seems that 
Ufo1∆uim may prevent assembly of other F-box proteins into an SCF complex. 
Ufo1 also appears to regulate the degradation of Rad30, since that protein is stabilized in 
proteasomal mutants and in cells lacking Skp1 or Ufo1. Direct interaction between Ufo1 and 
Rad30 has, however, not yet been demonstrated. Rad30 is a polymerase eta necessary for 
DNA replication near damaged DNA (Skoneczna et al., 2007) and is removed again after 
replication because of its higher error frequency.  
Recently, a study of the interactome of GFP-labeled Ufo1 identified new proteins taking part 
in Ufo1 function (Keren Baranes-Bacher, 2008). The proteins interacting specifically with 
GFP-Ufo1 and bearing PEST degrons - potential phosphorylation sites and often found in 
proteins targeted for degradation (Rechsteiner & Rogers, 1996) - are Rbp2, Spt5, Fas2 and 
Gip2. Rpb2 is a RNA polymerase II subunit (Cramer et al., 2000) and Spt5 a protein that 
mediates both activation and inhibition of transcription elongation (Lindstrom et al., 2003). 
Fas2 is a fatty acid synthetase component (Mohamed et al., 1988) and Gip2 a putative 
regulatory subunit of the protein phosphatase Glc7p, involved in glycogen metabolism (Tu et 
al., 1996). Whether these proteins are targets of Ufo1 is not known. Ufo1 is not conserved in 
other fungi, suggesting that this type of regulation of the DNA damage response is restricted 
to (close relatives of) budding yeast. 
 
Fwd1:  an F-box protein controlling the circadian clock. 
In Neurospora crassa, Fwd1 (F-box protein containing a WD40 repeat) was found to be 
involved in controlling the circadian clock via degradation of Frequency (Frq) (He et al., 2003, 
He & Liu, 2005). Circadian clocks regulate a wide variety of physiological and molecular 
processes during oscillation between day to night. Besides being regulated by Frq, the 
circadian clock in Neurospora is further regulated by light and controlled by the transcription 
factors Wc-1 and Wc-2. (Dunlap & Loros, 2006). Frq inhibits its own transcription by inhibiting 
Wc-1 and Wc-2 (Aronson et al., 1994b, Aronson et al., 1994a). When Frq is 
hyperphosphorylated by CK1 and CKII (He et al., 2006) it is recognized by Fwd1 and 
degraded. This releases Wc-1 and Wc-2 activity, leading to the production of new Frq. 
The function of Fwd1 in the SCF complex is regulated by the COP9 signalosome (CSN). 
Disruption of a subunit of the CSN impaired the degradation of Frq, probably because 
reduced amounts of Fwd1 were present in the csn mutant: the half life of Fwd1 is reduced 
from 6-9 hr to 45 minutes, and also other components of the SCF-complex proved to be 
unstable. In a ∆csn-2 mutant SCF is constitutively neddylated, which enhances the 
degradation rate of Fwd1. This degradation is probably independent of binding of Frq to 
Fwd1, resulting in reduced amounts of Fwd1 and impaired degradation of Frq1 (He et al., 
2005). The CSN-2 deletion mutant also exhibits slower growth and reduced production of 
aerial hyphae, suggesting that other F-box proteins might also be affected. N. crassa is the 
main model organism for the investigation of circadian rhythms in fungi and only in this 
fungus Fwd1 has been intensively studied. Nevertheless, this protein as well as circadian 
rhythms are present in other filamentous fungi (Bell-Pedersen et al., 1996, Lakin-Thomas & 
Brody, 2004) as are homologs of N. crassa clock components like Frq, WC-1 and WC-2 
(Lombardi & Brody, 2005). However, in A. nidulans no homolog of FRQ is present (Greene et 
al., 2003) even though an FWD1 homolog is (our observations). This suggests that at least in 
some fungi, Fwd1 has other targets.  
Interestingly in plants, involvement in rhythmic processes has also been demonstrated for 
several F-box proteins like ZEITLUPE, FKF1 and AFR (Harmon & Kay, 2003, Nelson et al., 
2000, Somers et al., 2000), which play a role in photocontrol of the circadian period, the 
circadian clock and phytochrome A-mediated light signaling respectively. 
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Met30: an F-box protein involved in sulphur metabolism  
As described above, the F-box hypothesis states that the targets of F-box protein are 
degraded after ubiquitination, but ubiquitination of the Grr1 target Gis4 does not lead to 
degradation. Met30 is another example of an F-box protein whose target is not necessarily 
degraded. Met30 is an F-box protein from Saccharomyces cerevisiae that can recruit its 
target to the SCF for degradation, but it can also activate its target by ubiquitination when the 
target is assembled into a transcription activation complex. 
A major Met30 target is Met4, a transcriptional activator of the sulfate assimilation pathway 
controlling MET and SAM genes for uptake and biosynthesis of sulphur containing 
compounds (Thomas et al., 1995). Met4 is also required for cadmium tolerance by activating 
the expression of genes involved in the glutathione biosynthesis (Barbey et al., 2005, Yen et 
al., 2005, Brennan & Schiestl, 1996). 
The transcription of Met30 is regulated through a feedback loop as Met4 controls the 
activation of Met30 (Rouillon et al., 2000). The way Met4 is regulated by Met30 has been 
under discussion for several years (Menant et al., 2006a, Brunson et al., 2004, Kaiser et al., 
2000, Brunson et al., 2005, Menant et al., 2006b). A picture has emerged in which Met30 
regulates Met4 in multiple ways (Chandrasekaran & Skowyra, 2008). Firstly, Met30 activates 
Met4 when low levels of methionine are available resulting in the expression of MET and 
SAM genes. When through MET and SAM activation higher intracellular levels of methionine 
are obtained the intracellular concentration of cysteine also increases through the S-
adenosyl-methionine and cysteine biosynthesis pathways. High levels of cysteine again lead 
to the inactivation of Met4 by Met30. The alternative activation and inactivation of Met4 by 
Met30 is explained in a two-step model: in its inactive state, dimerization of Met4 causes low 
interaction with cofactors leading to intermediate expression of MET and SAM genes. Met30 
relieves this dimerization through degradation of one of the dimerized Met4 proteins leaving 
the other Met4 subunit free to assemble into an activation complex, thus triggering 
expression of the MET and SAM genes (step one). When higher levels of sulphur containing 
amino acids are present, Met30 binds to Met4 in the assembled promoter complex leading to 
Met4 ubiquitination (step two), this ubiquitinated promoter complex represses transcription of 
the MET and SAM genes. Eventually, Met4 is degraded and the complex disassembles, 
making space for new complexes to form on the promoter when levels of sulphur containing 
amino acids are low again.  
In Schizosaccharomyces pombe, the Met30 homolog Pof1 is an essential protein that targets 
the Met4 homolog Zip1 (a basic leucine zipper) (Harrison et al., 2005). Like in S. cerevisiae, 
Zip1 mediates cadmium tolerance by activation of cadmium response genes. Regulation of 
Met4 and Zip1 by Met30 and Pof1, respectively, shows a similar pattern. However, one 
difference between the two systems is that Zip1 is only required for the biosynthesis of 
sulphur containing amino acids under low levels of sulphur and is not required during normal 
growth conditions, as Met4 is (Baudouin-Cornu & Labarre, 2006). In Neurospora crassa, the 
Met30 homolog Scon2 (Sulphur controller) is also required for sulfur uptake and assimilation 
(Kumar & Paietta, 1995a, Kumar & Paietta, 1998). Cys3, the Met4 ortholog of N. crassa, is 
degraded via Scon2 and regulates the entire set of sulfur uptake and assimilation genes. 
Interaction between Scon2 and Scon3 (N. crassa Skp1) was observed using yeast two-
hybrid and co-immunoprecipitation and was dependant on the F-box motif in Scon2 
(Sizemore & Paietta, 2002). Cys3 activates not only sulfur utilization genes, but also the 
transcription of CYS3 itself and of the SCON2 gene. Therefore, when Scon2 targets Cys3 for 
proteolysis, its own activation is also reduced ensuring the possibility to rapidly activate Cys3 
again. Mutational analysis of Scon2 showed that the F-box domain plays an important role in 
regulation of Cys3. Eleven out of fourteen mutations in the F-box domain gave rise to a 
constitutively repressed phenotype, corresponding to the ∆cys3 phenotype. This is at first 
sight surprising since mutation of the F-box is expected to impair Skp1 binding (although loss 
of binding to Skp1 was not verified), and thereby decrease the ability to degrade Cys3. This 
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would in turn be expected to lead to a constitutive activation phenotype of CYS3. It is 
possible that Scon2 is not only required for degradation of Cys3, but also for its activation, as 
demonstrated for Met30 and Met4 in budding yeast. The role of the Met30 homolog SconB 
(Natorff et al., 1998) in Aspergillus nidulans has proven to be similar to Scon2 in N. crassa, 
including binding to Skp1, called SconC in A. nidulans (Piotrowska et al., 2000). Still, 
differences have also been found: SCONB is not transcriptionally activated by the Cys3 
counterpart of A. nidulans, MetR (Natorff R., 2003) and although MetR and Cys3 both 
recognize the same DNA sequences, full-length CYS3 cannot fully complement the ∆metR 
phenotype.  
Additionally to its role in sulphur metabolism, Met30 is also essential for cell cycle 
progression. It regulates multiple aspects of the cell cycle including the expression of cyclins 
required for G1-phase progression and the accumulation of proteins involved in replication 
and progression through the M phase (Su et al., 2005, Patton et al., 2000). A target of Met30 
was believed to be Swe1 (34), a Wee1-family kinase that inhibits Cdc28 by phosphorylation 
since higher activity of Swe1 and non-ubiquitinated forms of Swe1 were found in ∆met30 
cells. An in vivo interaction between Met30 and Swe1 was also demonstrated (34). A later 
study concluded, however, that Met30 is not responsible for degradation of Swe1, but that 
degradation is a result of the interaction between Swe1 and Hsl7 (McMillan et al., 2002, 
Kaiser et al., 1998). This interaction with Hsl7 mediates the translocation of Swe1 out of the 
nucleus to the mother-bud neck where its degradation takes place in an unknown manner. 
The involvement of Met30 in Swe1 degradation is therefore disputable but cannot entirely be 
ruled out. Regardless of the exact mechanisms, it is now clear that the activation and 
degradation of proteins involved in the cell cycle is under the control of multiple F-box 
proteins (Cdc4, Grr1 and Met30). These F-box proteins either directly target cell cycle 
proteins or regulate their levels indirectly.  
Finally, recently a Met30 homolog, Lim1, was found in Hypocrea jecorina through a yeast 
one-hybrid screen and it was demonstrated that Lim1 can bind promoter sequences of the 
cellobiohydrolase gene CBH2 (Gremel et al., 2008). Clarification of the role in transcription of 
Lim1 and involvement of possible targets awaits further investigation. 
 
F-box proteins without identified targets  
 
In the previous section, F-box proteins are described from which targets are known to be 
ubiquitinated through binding to Skp1 and assembly into an SCF complex. For several other 
fungal F-box proteins, binding to Skp1 does not appear to be required for function or target 
inactivation. The functions of these proteins, then, seem to fall outside the F-box hypothesis 
as probably no targets are recruited to an SCF complex. The F-box domain in some of these 
proteins could interact with proteins other than Skp1. Alternatively, interaction with Skp1 is 
only required for self-ubiquitination of the F-box protein to control protein levels.  
 
Fbh1: a DNA repair F-box protein 
Fbh1 (F-box DNA helicase) is an F-box protein from Schizosaccharomyces pombe involved 
in the regulation of recombination levels and DNA repair (Sakaguchi et al., 2008, Osman et 
al., 2005, Morishita et al., 2005). Like its human homolog, Fbh1 contains a helicase domain 
to unwind DNA. Human Fbh1 functions downstream of the recombinase enzyme Rhp51 (the 
ortholog of S. cerevisiae Rad51). Although Fbh1 binds Skp1, it appears that the F-box is not 
necessary for Fbh1 to promote DNA repair, since two mutations in the F-box domain did not 
alter growth nor genotoxin resistance (Lehmann A., 2004). A mutation in the helicase domain 
however, did affect the DNA repair function. The human homolog assembles into an SCF 
complex, but its targets, if any, are also still unknown. Possibly, Skp1 binding only mediates 
self-ubiquitination of Fbh1. Remarkably, Fbh1 is the only fungal protein that contains an F-
box combined with a helicase domain, and it is only found in fission yeast. 
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Frp1: an F-box protein required for root invasion  
In Fusarium oxysporum f.sp. lycopersici, a vascular wilt pathogen of tomato, Frp1, (F-box 
protein required for pathogenicity 1), was found using an insertional mutagenesis screen for 
pathogenicity genes (Duyvesteijn et al., 2005). Frp1 is required for assimilation of various 
(non-sugar) carbon sources as well as induction of genes for cell wall degrading enzymes, 
which would explain the deficient plant root colonization and penetration by the ∆frp1 mutant 
(Chapter V). Frp1 binds to Skp1 in yeast two-hybrid and pull-down assays, but mutations in 
the F-box domain of Frp1 that impair binding to Skp1 do not affect phenotype, suggesting 
that the main function of Frp1 does not depend on ubiquitination of targets (Chapter IV). 
Because FRP1 othologs are present in other plant pathogenic fungi, it will be interesting to 
study its role in pathogenicity in these fungi. The deletion of the FRP1 ortholog in F. 
graminearum, has been reported but an initial chaacterization revealed no obvious 
differences with wild type (Han et al., 2007). 
 
Pof14: an F-box protein that inhibits ergosterol synthesis  
Pof14 is an F-box protein in Schizosaccharomyces pombe required for survival upon 
hydrogen peroxide stress (Tafforeau et al., 2006). In response to such stress Pof14 binds 
and inhibits Erg9, a squalene synthase involved in ergosterol synthesis. Ergosterol enhances 
the permeability of the membrane and thereby the uptake of hydrogen peroxide. Pof14 and 
Erg9 bind to each other in a membrane bound complex, as was demonstrated by tagging 
both proteins with fluorescent tags. Binding of Pof14 to Erg9 inhibits the activity of Erg9 and 
overexpression of POF14 leads to decreased levels of squalene synthase activity and 
ergosterol. Transcription of POF14 is induced after treatment with hydrogen peroxide, and 
deletion of POF14 decreases viability after hydrogen peroxide treatment (Tafforeau et al., 
2006). Decreased viability was not observed upon deletion of the F-box domain, suggesting 
that binding of Pof14 to Skp1 is not required for peroxide resistance. However, binding of 
Pof14 to Skp1 may promote degradation of Pof14 itself. In wild type cells, Pof14 has a half-
life time of 20-40 min, but in temperature sensitive mutants of Skp1, Pof14 is stable for at 
least 60 minutes (Tafforeau et al., 2006). Whether this stabilization is due to defective 
assembly of Skp1 and Pof14 into an SCF-complex for self-ubiquitination is not known.  
 
Non-SCF F-box proteins  
 
Ctf13 and Rcy1 are two F-box proteins that were found to bind Skp1 but nevertheless 
function independently of an SCF-complex and probably also don’t have targets to be 
ubiquinated and are therefore unlikely to be involved in protein inactivation. The binding of 
these proteins to Skp1 may be evolutionary conserved but may have acquired an alternative 
function.  
  
Ctf13: a kinetochore assembly F-box protein 
In Saccharomyces cerevisiae Ctf13 (Chromosome transmission fidelity 13) is part of the 
CBF3 complex, which in turn is part of the centromere-bound scaffold where the microtubule 
binding components of kinetochores assemble. The CBF3 complex consists of four 
components: Skp1, Ctf13, p64 (encoded by CEP3 and containing a zinc finger centromere 
binding domain) and p110, (a protein complex encoded by three genes 
CBF2/NDC10/CTF14) (Kopski & Huffaker, 1997, Yoon & Carbon, 1995). The binding of 
Ctf13 to Skp1 requires phosphorylation of Ctf13 (Kaplan et al., 1997, Russell et al., 1999) 
and the interaction to Sgt1 and Hsp90 (Bansal et al., 2004, Stemmann et al., 2002) for the 
assembly and function of the kinetochore complex. When mutations were introduced that 
prevent binding of Ctf13 to Skp1, severely impaired cell growth was observed. Interestingly, 
Ctf13 is targeted by another F-box protein, Cdc4, for degradation, which is in accordance 
with Ctf13 not being part of an SCF-complex itself. Binding of Ctf13 to p64 rescues Ctf13 
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from degradation. Probably only free Ctf13 is degraded via Cdc4, which might be required to 
tightly regulate kinetochore assembly. 
 
Rcy1: an F-box protein involved in vesicle trafficking  
Rcy1 (Recycling 1) was found in a genetic screen for Saccharomyces cerevisiae mutants 
defective in membrane trafficking through the endocytic pathway. Deletion of RCY1 results in 
an arrest of the endocytic pathway and leads to accumulation of enlarged compartments 
close to areas of cell expansion (Wiederkehr et al., 2000). For Rcy1 to function it needs to 
bind Skp1, but other components of the SCF are not required for recycling nor for 
degradation of Rcy1 itself. Rcy1 contains two SEC10 domains and a CAAX box, implicated 
in mediating interaction with membranes and also needed for recycling. Rcy1 is required for 
the recycling of the v-SNARE Snc1p, a membrane protein that fuses exocytic vesicles with 
the plasma membrane (Galan et al., 2001). During vegetative growth Snc1p is localized at 
the plasma membrane and continually recycles through the Golgi (Masayo Morishita, 2007, 
Lewis et al., 2000). Rcy1 binds via its C-terminal domain to two GTPases, proteins that 
regulate vesicle transport during exo- and endocytosis and are required for Golgi function in 
yeast (Benli et al., 1996). Rcy1 interacts specifically with the active forms of the two 
GTPases and together they co-localize to the Golgi and endosomes.  
A second recycled protein by Rcy1 is Kex2, a calcium dependent serine protease involved in 
preprotein processing. Kex2p is a membrane-bound protein cycling between trans-Golgi 
vesicles and late endosomal compartments (Fuller et al., 1989, Wilcox & Fuller, 1991). These 
studies suggest that the involvement of Rcy1 in vesicle transport is not related to protein 
degradation. Indeed, ubiquitination of the interacting proteins seems unlikely since assembly 
into an SCF-complex is not required for Rcy1 function. The F-box of Rcy1 is required for 
binding to Skp1, but the biochemical function of this small complex during vesicle trafficking 
remains unclear. Perhaps surprisingly, Rcy1 has been found in an SCF-complex (Kus et al., 
2004), but it remains unknown whether this is a functional complex. The 
Schizosaccharomyces pombe homolog of Rcy1, Pof6, also forms a complex with Skp1 and 
does not function in an SCF-complex (Hermand et al., 2003). Pof6 is required for septum 
processing and sporulation - deletion of POF6 results in the formation of a thick septum and 
absence of viable spores, which differens from he deletion phenotype of Rcy1, which is not 
lethal. Recently, a specific Pof6 interactor identified as Sip1, was found using TAP 
purification an MudPIT analysis, (Jourdain et al., 2009). It was shown that Pof6 and Sip1 
form a non-SCF complex with Skp1, and both proteins need the interaction to Skp1 for 
stability. Sip1 is a widely conserved protein in eukaryotes and consists of HEATS-repeats 
required for interaction to other proteins. Like Pof6, Sip1 is essential and plays a role in 
endocytisis and cytokinesis.  The budding yeast ortholog of Sip1, Laa1, is not identified yet 
as an interactor of Rcy1, but might also be part of the Rcy1-Skp1 mini complex as it also 
mediates protein transport between the trans-Golgi network and endo-somes (Fernandez & 
Payne, 2006). 
This suggests that the role of Rcy1 is conserved between budding yeast and fission yeast. In 
fact, Rcy1 seems to play a fundamental role in trafficking, since it is conserved throughout 
the fungal kingdom (BLAST searches, our observations).  
 
Non-Skp1 binding F-box proteins 
 
Some proteins with an F-box domain don not bind Skp1 but another E3-ligase subunit 
instead. For other F-box proteins binding to Skp1 could not be demonstrated or has not been 
investigated. The F-box domain in some of the latter proteins may also mediate assembly 
into different complexes.  
 
 



 

 32 

Ela1: an Elongin complex F-box protein 
Ela1 (Elongin A 1) and Elc1 (a Skp1 homolog) were identified in Saccharomyces cerevisiae 
as the homologs of mammalian Elongin complex components (Koth et al., 2000). Also in 
yeast, Ela1 and Elc1 are present in the same complex. Probably, Ela1 does not act in a SCF 
complex, since it binds Elc1 instead of Skp1 and Elc1 does not bind Cul1. Ela1 and Elc1 
likely bind to Cul3 instead. Cul3 is a Cul1 that is normally part of an E3-ligase complex called 
BC3B, consisting of Cul3, a BTB-domain containing protein and Rbx1. Apparently, Ela1 
exists in a complex (Ela1/Elc1/Cul3/Rbx) that is a combination of the human E3 ligase Von 
Hippel-Lindau (VHL) and the BC3B complexes. This new combinatory complex was not 
reported earlier and it shows the possibilty that subunits from different complexes can 
interchange to form new complexes, potentially broadening the the arsenal of ubiquitin ligase 
superfamilies. 
Ela1 and Cul3 were found to be required for cell survival after treatment with UV or the 
mutagen 4-nitroquinoline 1-oxide. Both proteins are also required for degradation and poly-
ubiquitination of subunit Rpb1 of RNA polymerase II (Pol II). Pol II is normally removed from 
damaged DNA to make room for the nuclear excision repair (NER) machinery to assemble at 
that site and repair damaged DNA strands (Ribar et al., 2007).   
 
Mfb1: A mitochondria associated F-box protein 
Mfb1 (Mitochondria-associated F-box protein) in Saccharomyces cerevisiae controls 
membrane fusion dynamics of mitochondria, like Mdm30 described above. Deletion of MFB1 
results in abnormal mitochondrial morphologies, including short tubules, aggregates and 
fragments in different combinations (Kondo-Okamoto et al., 2006). Binding to Tom71 
localizes Mfb1 to mitochondria and binding to Tom70 ensures stable association with these 
organelles (Kondo-Okamoto et al., 2008). The paralogous TPR repeat proteins Tom70 and 
Tom71 are both associated with mitochondrial protein import (Brix et al., 2000, Schlossmann 
et al., 1996). Loss of MDM30 also results in short tubules, aggregates and fragments, but in 
a different distribution than in ∆mfb1 mutants (Fritz et al., 2003). A double knock-out of MFB1 
and MDM30 results in a decreased number of short tubules, but more aggregates and 
fragments. On rich dextrose and glycerol plates, an mfb1 mutant grows like wild type, an 
mdm30 mutant grows slower, and a double mutant displayes a severe growth problem, 
probably due to mtDNA instability (Durr et al., 2006). Possible targets of Mfb1 are proteins 
involved in mitochondrial morphogenesis, but for none of the candidate proteins higher 
amounts were seen in the ∆mfb1 mutant. This observation and the lack of demonstration that 
Mfb1 binds Skp1 suggest that Mfb1 may not function as part of an SCF-complex.  
 
Amn1: a mitosis exit state F-box protein. 
Amn1 (Antagonist of mitotic exit network 1) from Saccharomyces cerevisiae is listed as one 
of the 21 budding yeast F-box proteins in an earlier review (Willems et al., 2004). The protein 
shares homology with another F-box/LRR protein, Pof2 of fission yeast, with little 
conservation of the F-box domain, in part because of an interspersed region of 56 amino 
acids in the motif. Although a genetic interaction has been found, physical interaction 
between Amn1 and Skp1 could not be demonstrated (in insect cells), perhaps because of the 
interspersed region in the F-box domain. Amn1 itself might be targeted for SCF-mediated 
proteolysis, since stabilized forms of Amn1 were found in cul1 and skp1 mutant strains. 
AMN1 expression peaks at the M/G1 phase and Amn1 is normally degraded when cells 
enter the S phase, showing a similar accumulation pattern as the Cdc4 target Sic1. Amn1 is 
required to turn off the mitotic exit pathway after is has completed and it inhibits the function 
of Tem1, a small GTPase that activates the mitotic exit network (MEN), which causes spindle 
breakdown, degradation of mitotic cyclins, cytokinesis and cell separation (Bardin et al., 
2000). It was shown that Amn1 binds to Tem1 and inhibits its function by obstructing the 
binding of Tem1 to Cdc15. This ensures that the cell can exit from mitosis and enter the G1 
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phase (Wang et al., 2003). Tem1 levels are elevated in a ∆amn1 mutant (153) suggesting 
that Amn1 may regulate Tem1 levels. Since Amn1 apparently does not bind Skp1, this 
regulation may not involve ubiquitination.  
 
Other fungal F-box proteins 
 
Broad, genomics based interaction and localization studies have provided some information 
on F-box proteins that have not been investigated individually (Table 2). Most of these 
proteins bind Skp1 and can assemble into an SCF-complex (Seol et al., 2001, Kus et al., 
2004), and some also interact with ribosomes (Ynl311c (Fleischer et al., 2006)) or other 
proteins like Sgt1 (Ynl311c and Ydr306c (Dubacq et al., 2002). Sgt1 binds to Skp1 and other 
SCF components (Kitagawa et al., 1999) and acts as a "client adaptor" linking the chaperone 
Hsp90 to SCF- and CBF3 complexes containing Skp1 (Catlett & Kaplan, 2006). For one F-
box protein (Ymr258c) it was determined that it localizes to the cytoplasm and nucleus using 
a green fluorescent protein (GFP)-fusion (Huh et al., 2003) and for another (Ylr224w) it was 
demonstrated that it is readily mono-ubiquitinated in vitro by SCF-Ubc4 complexes (Kus et 
al., 2004).  
Finally, two other F-box proteins, Cos111 and Pof10 cannot be classified into one of the 
above mentioned caregories but have been studied and can be related to specific cellular 
process. In Saccharomyces cerevisiae, the F-box protein Cos111 was identified from a 
mutant that showed increased sensitivity to ciclopirox olamine (CPO), an antifungal agent 
that chelates iron and other ions and thereby inhibits metal dependant enzymes (Leem et al., 
2003). The cos111 mutant is sensitive to CPO at 36ºC and also sensitive to hydroxyurea. In 
addition, the cos111 deletion mutant showed sensitivity to caffeine, which might indicate a 
defect in the cAMP signal transduction pathway. Deletion of COS111 does not lead to any 
growth defects under normal or stress conditions like temperatures shifts, salt, osmotic or 
oxidative stress and also no alterations in morphology, sporulation or mating were observed 
(S. RodrÌguez-Navarro, 1999). It is unknown whether Cos111 binds Skp1 and regulates 
protein degradation via an SCF-complex.  
 
Table 2: Additional F-box protein in S. cerevisiae and S. pombe without targets and ascribed 
cellular function or Skp1/SCF binding data. 
 
F-box protein  Yeast Additional motif1 Skp1 binding SCF binding 
Cos111 S. cerevisiae - ? 2 ? 
Das1* S. cerevisiae - yes yes 
Ydr306c S. cerevisiae RNI-like yes yes 
Pof5 S. pombe RNI-like yes ? 
Ynl311c S. cerevisiae - yes yes 
Ylr224c S. cerevisiae - yes yes 
Ymr258c S. cerevisiae - yes ? 
Ydr131c S. cerevisiae - yes yes 
Ylr352w S. cerevisiae LRR yes yes 
Pof10 S. pombe WD40 yes ? 
Pof11 S. pombe - ? ? 
Pof12 S. pombe - yes ? 
Pof13 S. pombe - yes ? 
Pof16 S. pombe - ? ? 
* Das1 (Dst1delta 6-azauracil sensitivity) from S. cerevisiae is a putative SCF ubiquitin ligase F-box protein of 
which a null mutant suppresses ∆dst1 sensitivity to 6-azauracil (Chavez, 2007). 1RNI-like = Ribonuclease 
inhibitor-like, LRR = leucine rich repeat, WD40 = tryptophan-aspartic acid terminating domain. 2? = unknown. 
 
Pof10 from Schizosaccharomyces pombe is an F-box/WD40 protein that binds Skp1 via its 
F-box domain (Ikebe et al., 2002). Deletion of POF10 does not result in an obvious 
phenotype, which is remarkable since POF10 is conserved between fission yeast and 
filamentous fungi (BLAST search, our observations). On the other hand, overexpression of 
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POF10 results in lethality, probably due to sequestration of Skp1, thereby preventing the 
formation of other SCF-complexes. Viability was restored by concomitant overexpression of 
SKP1, presumably by making more Skp1 available for formation of other SCF complexes. 
Binding to Skp1 may not lead to self-ubiquitination because Pof10 is highly stable in contrast 
to other F-box proteins. Although Pof10 bears a protein-protein interaction domain (a WD40 
motif), targets of Pof10 have not been identified. 
 
Concluding remarks  
 
Fungal F-box proteins take part in highly diverse cellular processes, but most share the same 
molecular function: removal or inactivation of specific proteins. Loss of a fungal F-box protein 
often results in a pleiotropic phenotype, especially when the F-box has multiple targets. For 
Cdc4, which has ten known targets, a null mutation is lethal. Conversely, when a gene 
deletion shows no or little effect, the F-box protein may target only one or a few proteins. For 
example, the original deletion mutant of COS111 did not show any phenotype, but it was 
later demonstrated that COS111 may have a function in tolerance to an antifungal agent. 
Targets of F-box proteins can vary from transcription factors, enzymes, DNA-repair proteins, 
structural proteins and cyclins to inhibitors and/or activators of various other processes. 
These targets can operate at an intermediate level of a signaling pathway, for example Rcn1 
and Sic1 that are degraded via Cdc4, and Msk1 and Ime2 that are degraded via Grr1. Other 
targets function at the end of a pathway, examples of which are the transcription factors Tec1 
and Gcn1, degraded via Cdc4 and Frq, degraded via Fwd1.  
Targets of F-box proteins are mostly recognized when phosphorylated. Such phosphorylation 
can be performed by many different protein kinases like CDK’s, MAPK’s, Pho kinases and 
CK’s, depending on the pathway or process in which the target protein functions. Different 
forms of phosphorylation can be required for recognition. For instance, a requirement for 
hyper-phosphorylation of a target causes a threshold before a target is being degraded and 
ensures that multiple phosphorylation steps control degradation, like for Cdc4-mediated 
degradation of Sic1 and Fwd1-mediated degradation of Frq. An exceptional case of an 
unphosphorylated target is Msk1, which is degraded by Grr1 when it is unbound to either 
Rtg2 or Bmh1. Apparently, the site on Msk1 recognized by Grr1 is masked by these 
interacting proteins. 
In addition to these well-studied F-box proteins, several other F-box proteins interact with 
proteins without targeting them for disposal, examples being Ctf13, Rcy1 and Pof14. For still 
other F-box proteins no targets or interacting proteins have been found, and these are ofter 
referred to as “orphan F-box proteins”. It might be that the targets are yet to be found, or no 
targets exist for these orphan F-box proteins. Especially for those of which mutation of the F-
box domain does not (greatly) affect function (like Frp1 and Fbh1) the F-box domains may 
serve as degradation motifs solely required for self-ubiquitination. Instead of targeting other 
proteins, they may, for instance, function as DNA binding proteins or perform an enzymatic 
reaction. Another variation on the F-box hypothesis is seen for Ela1, an F-box protein that 
does recruit targets for degradation, but assembles in a complex different from the SCF. 
The levels of free and SCF-bound F-box proteins in the fungal cell are regulated by recycling 
of Skp1-F-box complexes within the SCF core via Nedd8 and CAND1 and by self-
ubiquitination. It seems that in unicellular fungi like budding and fission yeast, recycling is 
less important and F-box proteins are mostly regulated by auto-ubiquitination as shown for 
several budding yeast F-box proteins. The difference in regulation could be related to the 
relatively small number of F-box protein in these two yeasts (21 and 16, respectively), in 
contrast to filamentous fungi which harbor up to hundred or more (BLAST searches, our 
observations).  
F-box proteins are probably also regulated by recycling and auto-ubiquitination to remove 
"free" F-box proteins (i.e. unbound to a target) from SCF-complexes, so that these 
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complexes become available for other F-box proteins. Such a scenario was supported by 
overexpression of POF10, probably leading to constitutive occupation of Skp1, which results 
in lethality (Ikebe et al., 2002) and for the UFO1∆uim mutant lacking the UIMs. Normally, the 
UIMs are required for self-ubiquitination of this F-box protein – a mutant lacking the UIMs 
cannot be ubiquinated anymore and therefore remains in the SCF-complex (Ivantsiv et al., 
2006). In a variation on self-ubiquitination, Ctf13 is targeted by another F-box protein, Cdc4, 
when unassembled into a CBF  
Besides being regulated on the protein level by ubiquitination and recycling, F-box proteins 
can also be regulated at the transcriptional level. An example is Met30, which creates a 
negative feedback loop by degrading the transcription factor Met4, inactivating its own 
transcription. Another potential mechanism of regulation is localization. Some F-box proteins 
function specifically at certain sites in the cell or at certain regions on chromosomal DNA. To 
be transported to these sites, interacting partners can play an important role, as 
demonstrated for Mfb1 and Dia2/Pof3. 
In Fungi, regulation of the activity of F-box proteins themselves is usually not an integral part 
of a signal transduction pathway, in contrast to some cases in plants where it was 
demonstrated that F-box proteins could be activated by direct binding to a small molecule. 
These F-box proteins act as receptors, with direct hormone binding triggering their activation 
(reviewed in (Haichuan Yu et al., 2007)). Such a mechanism remains a possibility also in 
fungi, for instance for Met30 which is activated when high levels of methionine, S-adenosyl-
methionine or cysteine are present. Binding studies of these sulphur containing amino acids 
or derivatives to Met30 could confirm this possibility.  
Perhaps less sophisticated, many fungal F-box proteins appear to function simply as 
garbage collectors, removing waste proteins that have been marked for degradation. 
However, several variations on this theme have emerged. For instance, Met30 regulates the 
transcription factor Met4 in complex ways and does not simply follow the standard F-box 
hypothesis. Further in-depth investigations of F-box proteins and their potential targets or 
other functions may reveal more such variations.  
Most F-box proteins discussed in this review are from S. cerevisiae, providing a fairly 
comprehensive overview of the variety of functions that F-box proteins perform in an 
eukaryotic cell. The additional results obtained with orthologs and other F-box proteins from 
fission yeast and filamentous fungi gives an impression of the degree of functional 
conservation of F-box proteins between fungal species. For example, functional conservation 
of Grr1 is, not unexpectedly, less when species are more distantly related – in contrast to the 
GRR1 ortholog of C. albicans, the orthologs from two filamentous fungi could not fully 
complement the ∆grr1 mutant in yeast. Since Skp1 is highly conserved between species, this 
is probably due to differences in target recognition. Evolution of an F-box protein is 
constricted by the requirement to recognize diverse targets. When an F-box protein 
encounters orthologs of its natural target in another fungus, or a ‘novel’ target (i.e. not 
present in its ‘natural environment’), recognition might be less efficient, despite overall 
sequence conservation in the target recognition domain of the F-box protein. Conservation of 
F-box protein function between different fungal species can also be assessed by the 
conservation of targets and the pathways leading to the phosphorylation of these targets. 
Fission yeast and C. albicans harbour orthologs of targets of budding yeast Cdc4 and Grr1, 
but these have not yet been found in other fungal species (Table 1). Of Met4, a target of 
Met30, homologs are present in fission yeast and in the filamentous fungi A. nidulans and N. 
crassa. Apparently, the Met30-Met4 interaction system has remained relatively stable during 
fungal evolution. 
Searches in fungal genome sequences allow an estimation of the number of genes encoding 
F-box proteins in different fungal species. Aspergillus nidulans, for example, contains about 
50 genes encoding F-box proteins and in different Fusarium species 60 to 95 genes 
encoding F-box proteins are present (Chapter III). When compared to the smaller numbers in 
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yeast (21 in budding yeast and 16 in fission yeast) it becomes clear that the potential 
variation of processes regulated by F-box proteins in filamentous fungi is much more 
extensive than in yeasts. Examples of this are regulation of the circadian clock in N. crassa 
and plant infection in F. oxysporum. 
In fungi it is relatively easy to investigate F-box proteins due to availability of knock out 
strains and accessibility to molecular manipulations. Sophisticated screens for target 
identification and deletion studies of all genes encoding F-box proteins present in a fungal 
genome, combined with detailed investigation of protein-protein interactions and post-
translational modifications will promote a deeper and broader insight in the diverse functions 
of F-box proteins in eukaryotic cells. 
Among the general lessons already learned from investigation of the fungal F-box arsenal 
are that these proteins function in a very broad array of cellular functions and can target 
many different proteins for degradation. Furthermore, clearly not all F-box proteins comply to 
the F-box hypothesis and the regulation of at least some of these proteins is more complex 
than expected. Concerning the conserved F-box proteins found in budding yeast and 
filamentous fungi, we learned that they can have both conserved and diversified targets, and 
accumulation of conserved targets in deletion mutants of F-box proteins can sometimes 
result in different phenotypes. Fungi remain a rich source for the discovery and 
understanding of a great variety of intricate cellular processes that F-box proteins are 
involved in.  
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Abstract 
 
The availability of genome sequences of related organisms allows a comprehensive 
comparison of genes present in the genomes of such organisms. Such a comparison may 
help to develop models of gene and genome evolution, to identify candidate genes 
underlying common traits as well as traits unique to particular species and to find leads to 
control disease caused by these fungi. Through data mining in the available genome 
sequences of four Fusarium species, the arsenals of F-box proteins were obtained. To date, 
very little is known about F-box proteins from filamentous fungi. It appears that filamentous 
fungi such as the four Fusarium species contain much larger numbers of F-box proteins than 
yeast: 60-94 in Fusarium species compared to 21 in yeast. This suggests that F-box proteins 
contribute to the regulation of the more complex and developmental and metabolic 
processes occurring in filamentous fungi. 
A set of six F-box proteins is conserved throughout the fungal kingdom, including 
ascomycetes and basidiomycetes, and forms the core family of fungal F-box proteins. On the 
other end of the spectrum, we found F-box proteins that are exclusively present in the four 
Fusarium or even in one species only, suggesting that genus- and species-specific roles for 
F-box proteins have emerged during evolution. Many, but to date still a minority of the F-box 
proteins contain additional recognizable amino acid sequence motifs N- and C-terminal of the 
F-box domain. Newly recognized fungal protein domain combinations include an F-box with 
an ankyrin repeat, a JmjC domain or a cyclic nucleotide binding domain.  
The F-box protein arsenal of F. graminearum was also studied regarding the expression 
patterns of the encoding genes during growth on various media and during infection of 
barley, as retrieved from literature. This revealed that some genes encoding F-box proteins 
are exclusively expressed in planta on or media lacking either a carbon or nitrogen source, 
which may suggest a link with pathogenicity. 
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Introduction 
 
With genome sequences of many fungi becoming available, it is now possible to compare the 
genomic blueprints of different fungal species. The Fusarium genus contains phylogenetically 
related, yet phenotypically distinct pathogenic species, four of which have been sequenced: 
F. graminearum, F. verticillioides, F. oxysporum and F. solani. Genome comparison revealed 
greatly expanded lineage-specific (LS) regions in F. oxysporum, including four entire 
chromosomes. Genes encoded in these regions are enriched for functions related to host-
pathogen interactions, including known effectors, enzymes targeting plant substrates or 
processes, and genes involved in lipid signal transduction. In this chapter, genome 
comparison is focused on genes encoding F-box proteins from the four sequenced Fusarium 
species.  
The F-box protein is a protein containing an F-box domain of about 40 amino acids that 
mediates interaction with Skp1, a subunit of SCF complexes. Proteins containing an F-box or 
F-box-like domain can be found in species ranging from viruses to humans. To date, only a 
small fraction of all genes predicted to encode F-box proteins has been studied. From these 
studies it has become clear that F-box proteins fulfill multiple roles, usually resulting from 
their involvement in ubiquitination of specific target proteins. The structure of an F-box 
protein is besides determined by it F-box domain, also defined by the occurrence of another 
recognizable domain C-terminal of the F-box domain, which is involved in recognition of 
target proteins. To date, two genes encoding F-box proteins in plant pathogenic Fusarium 
species have been found to play a role in virulence: FBP1 (GRR1) in F. graminearum (Han et 
al., 2007) and FRP1 in F. oxysporum (Duyvesteijn et al., 2005). Here, the characteristics of 
predicted F-box proteins of the four Fusarium species are summarized, the conservation of 
these proteins within the Fusarium genus and other fungi is assessed and the occurrence of 
genes encoding F-box proteins on LS regions is investigated. 
  
Results 
 
In the Fusarium databases, a total of 300 genes were found that encode proteins containing 
an F-box domain: 78 in F. graminearum, 68 in F. oxysporum, 60 in F. verticillioides and 94 in 
F. solani. In Table 1, a total number of 77 different orthologs are listed. They are categorized 
according to the type of C-terminal motifs, their conservation across different fungal species 
and occurrence in the four Fusarium species.  
Many fungal F-box proteins may harbor recognizable motifs in the C-terminal part of the 
protein, which are mostly involved in protein-protein interactions and recruitment of 
substrates for ubiquitination. In Table 1, the predicted F-box proteins are characterized 
according to the presence of such domains. Besides the well-described WD40 (Neer et al., 
1994) (#1- 9) and LRR (Kajava, 1998) motifs (# 10-15) and the SEC10 domain (Lipschutz et 
al., 2003) (# 23) also fungal F-box proteins with novel domain combinations are found. These 
include F–box/ankyrin (# 16-22), a F-box/JmjC (# 24) and a F-box/transmembrane 
combination (# 25). The ankyrin repeat is in several proteins involved in protein-protein 
interactions and is a domain consisting of repeats of about 33 amino acids forming a helix-
loop-helix structure with a beta-hairpin/loop region projecting out from the helices at a 90o 
angle (Mosavi et al., 2002, Gorina & Pavletich, 1996). The JmjC domain has been identified 
in the jumonji family of transcription factors, which are predicted to be metallo-enzymes that 
adopt the cupin fold. The cupin fold is a flattened β-barrel structure containing two sheets of 
five antiparallel β strands that form the walls of a zinc binding cleft (PROSITE documentation 
PDOC51183) (Clissold & Ponting, 2001). Interestingly, the orthologs of yeast Cdc4 in F. 
oxysporum and F. verticillioides also contain an N-terminal myosin domain (Rayment et al., 
1993).  
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Table 1: F-box proteins in four Fusarium species  
 Fusarium F-box proteins  

(locus ID # or protein #)  A   B C  D E F G 
# 

C-term grami-nearum oxy- 
sporum verticil-lioides solani Hom-ologs 1 2 3 4 5 6 7 8 9 10 EST-data 

1 WD40e 02237 03818 12039 91496 Cdc4a                      y 
2 WD40 12943 02370 05551 39192 Met30a                      y 
3 WD40 13776 04918 03223 31774 Fwd1b                      y 
4 WD40 00923 00895 00691 90306                      y 
5 WD40 02790 15639 13100 36970                      y 
6 WD40 05455 09446 07073 105069                      y 
7 WD40 06615 02332 05506 100263                      y 
8 WD40 08436 03233 02105 77806                      pl-N-C 
9 WD40, UIM 13607 06259 04111 99272 Pof10c                      y 

10 LRR 02095 04438 07556 1288 Grr1a                      n 
11 LRRf 09925 05499 02642 80354 Dia2a                      -C-N 
12 LRR 06969 01844 08219 68517                      n 
13 LRRg 11829 01158 00358 57678                      y 
14 LRR 01700 11028 09774 89628                      y 
15 LRR 11152 13222 12308 82591                      y 
16 Ankyrin 05010 ----- ----- 29002                      -N 
17 Ankyrin 01718 10982 09819 84974                      n 
18 Ankyrin 03471 16619 13622 82987                      n 
19 Ankyrin 06128 ----- 04762 48607                      y 
20 Ankyrin ------ 14991 ------ ------                      
21 Ankyrin ------ ------ ------ 88512                       
22 Ankyrin ------ ------ ------ 77496                       
23 SEC10 07422 01469 07835 84600 Rcy1a                      y 
24 JmjC 06840 01986 05146 39091                      y 
25 Trans-membrane 01578 ----- ----- 29997                      y -C 
26 2nd F-box 08363 ------ ------ 36579                      n 
27  09324 05909 03780 75539* Hrt3a                      y 
28  01326 00058 01458 103049 Frp1d                     y 
29  09581 06283 04135 33769                      n 
30  01319 00067 01450 31285                      y 
31  12370 17186 12896 79835                      y 
32  04325 13913 11338 59694                      y 
33  05358 06433 04282 91410                      y 
34  05923 07575 04505 49371                      y 
35  06363 08116 05039 92438                      y 
36  07514 15455 12787 84508                      y 
37  07778 03916 11954 89129                      n 

   11696 10129                        
38  08925 03658 02532 67705                      y 
39  09758 08298 06377 58210                      y 
40  09950 05473 02666 55441                      y 

     61120                       
41  10047 05359 02771 93516                      n 
42  12026 04261 07383 101885                      n 
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43  10134 05273 02858 80505                      y 
44  01635 11606 10216 74098                      n 

     86664                       
45  11995 10993 09808 89611                      y -C-N 
46  03765 10031 08473 45286                      y 

    12925                        
47  07064 01742 ----- 10619                      y 
48  ------ 08951 ------ 80810                       
49  ------ 09589 ------ 88407                       
50  01401 ----- 09477 30344                      y 
51  11059 08973 06571 -----                      n 
52  03401 13441 ----- 85973                      y 
53  01608 ----- 09705 74146                      n 
54  11421 04708 ------ 75551                      y 
55  01609 ----- ----- 74147                      y 
56  ------ ------ 13519 82703                       
57  ------ 16505 13721 ------                       
58  00936 ----- ----- -----                      n 
59  01707 ------ ------ ------                      n 
60  12991 ------ ------ ------                      n 
61  13961 ------ ------ ------                      n 
62  ------ 14610 ------ ------                       
63  ------ 03589 ------ ------                       
64  ------ ------ ------ 88973                       
65  ------ ------ ------ 102121                       
66  ------ ------ ------ 80127                       
67  ------ ------ ------ 87648                       
68  ------ ------ ------ 88004                       
69  ------ ------ ------ 78568                       
70  ------ ------ ------ 86731                       
71  ------ ------ ------ 83372                       
72  ------ ------ ------ 83278                       
73  ------ ------ ------ 76034                       
74  ------ ------ ------ 86680                       
75  ------ ------ ------ 86995                       
76  ------ ------ ------ 88422                       
77  ------ ------ ------ 74053                       
*An identical protein is number 56797, a = homolog in S. cerevisiae, b = homolog in N. crassa, c = homolog in S. 
pombe, d = homolog in F. oxysporum. e = additional N-terminal myosin domain, f= additional N-terminal TPR 
domain, g = additional N-terminal cyclic nucleotide-binding domain. 
Conservation of F-box proteins was examined in the following fungal species belonging to seven fungal classes 
(A-G) of the phyla Ascomycetes (A-E) and Basidiomyctes (F and G). Conservation is indicated by black cells. 

A) Sordariomycetes: 1) Neurospora crassa, 2) Cheatomium globosum, 3) Magnaporthe grisea 
B) Dothideomycetes: 4) Stagnospora nodorum 
C) Eurotiomycetes: 5) Aspergillus species, 6) Coccidioides immitis 
D) Saccharomycetes: 7) Saccharomyces cerevisiae 
E) Schizosaccharomycetales: 8) Schizosaccharomyces pombe 
F) Agaricomycota: 9) Cryptococcus species 
G) Ustilaginomycotina: 10) Ustilago maydis 
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The Fusarium orthologs of yeast Dia2, like Dia2 itself, contain an N-terminal TPR domain 
(Sikorski et al., 1990) and in the Pof10 orthologs in Fusarium ubiquitin interacting motifs 
(UIMs) (Hofmann & Falquet, 2001) are present, unlike in Pof10 itself. The combination of a 
F-box domain and a transmembrane domain is highly unusual, and may suggest that this F-
box protein plays a role at a membrane. One predicted F-box protein contains a cyclic 
nucleotide-binding domain at the N-terminus. These domains can act as a receptor for cyclic 
nucleotides, like the prokaryotic catabolite gene activator, a cAMP receptor protein (Busby & 
Ebright, 1999). Remarkably, one predicted F-box protein (# 26), contains two F-box domains. 
In Figure 1, the architecture of examples of F-box proteins containing the above mentioned 
recognizable motifs N- or/and C-terminal of the F-box is shown. 
 
In total, 26 F-box proteins in Fusarium contain at least one additional recognizable domain, 
of which 19 are found in all four Fusarium species as well as other fungal species. Six out of 
the 21 budding yeast F-box proteins (Chapter II) encoded by CDC4, MET30, GRR1, DIA2, 
RCY1 and HRT3, have putative orthologs in all four Fusarium species, and these six proteins 
are conserved throughout the fungal kingdom including the Basidiomycetes, These proteins, 
therefore, represent the core fungal F-box proteins set (protein # 1, 2, 10, 11, 23 and 27 in 
Table 1). In addition, two other characterized fungal F-box proteins are found in all four 
Fusarium species, encoded by POF10 from S. pombe (# 9) and FWD1 from N. crassa (# 3).  
For six of the conserved F-box proteins mentioned above, one or more targets have been 
identified (Chapter II), and the possible conservation of these targets was investigated by 
similarity searches (Table 2). Not all targets of the conserved F-box proteins turned out to be 
conserved in the Fusarium species. Of the known targets of Cdc4, only homologs of Clb6, 
Cdc6 and Gcn4 are found in Fusarium species. No homologs were found of Sic1, Swi5, 
Cbl6, Far1, Tec1, Ctf13, Hac1 and Rcn1. Of the known targets of Grr1, only Cln1/2, Ime2 
and Hof1 are found in Fusarium species, except for a homolog of Hof1 in F. solani, which 
was not found. Of the other Grr1 targets, Gic2, Mth1/Std1, Gis4 and Mks1, no homologs 
were found in Fusarium. Although Met30 is conserved in Fusarium, no homology to the 
Met30 target Met4 from yeast is found suggesting less conservation between yeast and the 
filamentous fungi for this protein. Instead, proteins are present in Fusarium with homology to 
Cys3, the target of SconC (Met30 homolog from N. crassa). Rcy1 recycles Kex2 and Snc1, 
and homologs are present in Fusarium of both these proteins. Dia2 targets Tec1, which, as 
mentioned above, has no Fusarium homologs and for Pof10 and Hrt3, no targets have been 
identified. Frequency (Frq), the Fwd1 target in N. crassa, is a transcription factor regulating 
the circadian clock in fungi. Homologs of Frq are found in all four Fusarium species. In F. 
solani, two homologs are present, and as many as ten homologs are present in F. 
oxysporum. Interestingly, six homologs in F. oxysporum are present on the lineage-specific 
chromosomes 3 and 15 (Table 2, underlined). 
That the F-box protein targets described above are present in Fusarium species suggests 
that the function of the respective F-box proteins may be (partly) conserved. On the other 
hand, differentiation is likely given the absence of some known targets and the possibility of 
additional ones. Targeted gene inactivation and other studies are necessary to assess the 
conservation of their function in Fusarium. The homolog of Grr1 in F. graminearum, Fbp1, 
proved to have different functions compared to budding yeast Grr1 (Han et al., 2007) and 
also Frp1 has probably a different function in other fungi. This was shown when the gene 
deletion mutant phenotypes of FRP1 in F. graminearum and B. cinerea were compared to 
the one in F. oxysporum (see general discussion, Chapter VII) 
Fifteen F-box proteins without an additional recognizable domain, including Frp1, are present 
in all four Fusarium species and are also found in other fungal species (#27-42). Three 
additional F-box proteins without an additional domain are conserved in two or three of the 
four Fusarium species and are also found in other fungal species (#47-49). 
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Table 2: The Fusarium orthologs of identified F-box protein targets 
F-box protein Conserved 

Target 
Orthologous Fusarium targets (gene ID # or protein #) 

Clb6  FGSG_01291, FOXG_00094, FVEG_01421, FSp#57194 

Cdc6 FGSG_01030, FOXG_00362, FVEG_01156, FSp#90042 

Cdc4 

Gcn4 FGSG_09286, FOXG_05954, FVEG_03822, FSp#33921 

FGSG_00941, FOXG_14176, FVEG_00602 FSp# 90283/98124 Cln1/2 
FGSG_01291 FOXG_14156/FOXG_00094, FVEG_01421,  
FSp# 88457/00941 

Ime2 FGSG_04418, FOXG_13813, FVEG_11244, FSp# 95781 

Grr1 

Hof1 FGSG_13358/FGSG_10361, FOXG_03273, FVEG_02145 

Snc1 FGSG_08537, FOXG_03343, FVEG_02214, FSp#92014 

S.
 c

er
ev

is
ia

e 

Rcy1 

Kex2 FGSG_09156, FOXG_05775, FVEG_03645, FSp#96635 
SconC  Cys3 FGSG_05171, FOXG_07925, FVEG_04846, FSp#99958 

N
. c

ra
sa

a 

Fwd1 Frq FGSG_06054, FOXG_07759, FVEG_04686, FSp# 20803/ 87985 
FOXG_14954, FOXG_14378, FOXG_15104, FOXG_14323, 
FOXG_15157, FOXG_16752, FOXG_16689, FOXG_14438, 
FOXG_15043 

 
Remarkably, the conservation of these proteins in other fungal species is not always in 
accordance with overall species phylogeny. From the species phylogeny, it is expected that 
conserved genes are first found in Sordariomycetes, to which Fusarium belongs. However, 
this is not the case for each gene; some are only present in Dothideomycetes and/or 
Eurotiomycetes (#21, 31, 49, 64, 66 and 69-71). When genes are present in 
Sordariomycetes other than Fusarium, some are only found in one or two out of the three 
species examined (#14, 15, 25, 32-34, 37, 38, 42, 48, 65 and 68). Nineteen Fusarium F-box 
proteins are not present in any other sequenced fungal species and can thus be called 
Fusarium-specific F-box proteins. Six of these contain an additional domain like ankyrin 
repeats (#17-20) or a second F-box domain (#26) Six (#17, 18, and 43-46) are conserved in 
all four Fusarium species, and ten (#19, 26 and 50-57) are present in two or three of 
Fusarium species. Some F-box proteins only exist in a single Fusarium species, which 
suggests a role in a species-specific lifestyle. Four of such proteins are found in F. 
graminearum (#58-61), three in F. oxysporum (#20, 62 and 63), none in F. verticillioides and 
seven in F. solani (#21, 22 and 72-77). One of the three genes specific for F. oxysporum, 
encoding an F-box/ankyrin combination (#20), is located on lineage-specific (and 
pathogenicity-associated) chromosome 3.  
In Table 3, eight groups of homologous genes encoding F-box proteins within Fusarium 
species are listed. The occurrence of these groups suggests multiple gene duplications for 
some types of F-box proteins. Phylogeny of the genes for these proteins could determine 
whether duplication has occurred before or after species divergence.  
Two groups only consist of F-box proteins from F. graminearum and F. solani and one group 
only of F-box proteins from F. graminearum, F. oxysporum and F. solani.  
To examine whether the identified F-box genes are transcribed, we searched for 
transcriptional data available for these genes. For F. graminearum genes, their expression 
patterns in planta and/or on medium lacking nitrogen (N) or carbon (C) are available. In 
Table 1 and 3, detection of transcripts for the respective proteins is indicated with a “y”  (“n” 
meaning no transcripts). 
One F. graminearum gene encoding an F-box protein (#8) is only transcribed when the 
fungus grows in planta or when it is grown in medium lacking a C- or N-source. This gene 
encodes a conserved protein that contains WD40 domains and could therefore be involved in 
target ubiquitination. Ten other F- box genes are only transcribed when F. graminearum is 
grown in medium lacking a C- or N-source, including four (#11, 16, 25, 46) from Table 1 and 
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six (02128 group #1, 11252, group #2, 03362 and 08770 group #4, 11173 group #5 and 
04444 group #6) from Table 3. It has been reported that some pathogenicity genes in 
pathogenic fungi are induced only in planta or during growth in medium lacking a N-source 
(Van den Ackerveken et al., 1994, van der Does et al., 2008, Stephenson et al., 2000, Talbot 
et al., 1993). These F-box proteins may therefore be more likely involved in pathogenicity. 
These include an F-box/WD40 protein (#8), the homolog of Dia2 (#11), an F-box/ankyrin 
protein (#16), an F-box/transmembrane protein (#23) as well as two Fusarium specific F-box 
proteins (#41, Table 1 and 04444 group #6, Table 3). 
 
Table 3: Groups of similar F-box proteins in four Fusarium species. 

Fusarium F-box proteins  
(locus ID # or protein #) A B C 

# 
Fg Fo Fv Fs 1 2 3 4 5 6 EST-data 

00513 04874 03270 92265       n 
02128 05103 09798 25554       y -N 
03221 04064 06006 28177       n 
05043   40506       n 

1 

12071   76074       y 
01664 08670 06002 42016       n 
02582 10141 13446 48560       y 
02934 14620         y 
112521 14501         y -C,-N 
13381 14623         n 

2 

 15823          
03010 04123 10604        y 

3 
06446a 12036 07238 81608       y 
02827 15724 13191 36477       n 
03362 15725 01885 87452       y -C,-N 
04935 03027  35215       n 
08770   99125       y -N 

   36015        
   43891        

4 

   81591        
02891 04517 07699 52901       y 

   88314        5 
11173 16826 12972 81592       y -C,-N 
03060 12154 10727 68745       n 

   85221        6 
04444 03959 11921 24855       y -N 
12096 --------- --------- 80647       y 

7 
10342          n 
04940 --------- --------- 53077       n 

8 
11349   32703       n 

1F. graminearum gene # 11252 from group 2 contains a predicted signal peptide for secretion in its predicted 
protein  (http://www.cbs.dtu.dk/services/SignalP-3.0/). This protein may be misannotated because the probable 
orthologs do not contain a signal peptide (some F-box proteins may be secreted like those found in plant-
pathogenic bacteria that interfere with a host’s SCF-complex (Schrammeijer et al., 2001, Angot et al., 2006), but 
until now, no eukaryotic examples of secreted F-box proteins are known).  
Conservation of F-box proteins was examined in the following fungal species belonging to seven fungal classes 
(A-C) of the phyla Ascomycetes. Conservation is indicated by black cells. 

A) Sordariomycetes: 1) Neurospora crassa, 2) Cheatomium globosum, 3) Magnaporthe grisea 
B)   Dothideomycetes: 4) Stagnospora nodorum 
C)   Eurotiomycetes: 5) Aspergillus species, 6) Coccidioides immitis 
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Figure 1: Architecture of various F-box proteins that contain additional motifs 
 
Concluding remarks 
 
The predicted proteomes of four Fusarium species harbor large arsenals of F-box proteins, 
ranging from 60- to 95 proteins. These arsenals are about five times bigger than in yeast, 
and most F-box proteins are conserved within filamentous fungi. Four F-box proteins from 
filamentous fungi have been characterized, the homologs of Grr1 and Met30 and two specific 
filamentous fungi ones, Fwd1 and Frp1. That is about 1-2% of the number of F-box proteins 
in Fusarium, a small number compared to budding yeast of which more than 60% of the F-
box proteins has been characterized to some extent. 
In the analysis presented here, a new class of protein-protein interacting domain, the ankyrin 
repeat, was found in eukaryotic F-box proteins. This type of F-box protein was previously 
only found in F-box proteins from viruses (Sonnberg et al., 2008, Sperling et al., 2008, van 
Buuren et al., 2008). Other protein-protein interaction domains found C-terminally in F-box 
proteins are WD40 domains (nine of which five were newly identified) and LRR domains (six 
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of which four were newly identified). These 22 F-box proteins from Fusarium containing 
additional protein-protein interacting domains probably comply with the F-box hypothesis 
(e.g. recruiting target proteins to an SCF complex for ubiquitination).  
Of 30 F-box proteins in the four Fusarium species no orthologs were found in any other 
sequenced species, and these therefore appear to be Fusarium specific and of these 30, 
some are species specific. F. verticillioides has no species-specific genes encoding F-box 
proteins in contrast to F. graminearum (4), F. oxysporum (3) and F. solani (7). One F-box 
protein from F. oxysporum (#20) containing several ankyrin repeats was found encoded on 
LS chromosome 3. A gene located on such LS chromosome may be involved in host 
(tomato)-specific virulence of this forma specialis. Of the seven unique F. solani F-box 
protein genes, one (#75) is located on dispensable chromosome fourteen.  
Clearly, the large majorities of the F-box protein genes are located on conserved (vertically 
inherited) chromosomes and probably have basal functions within these pathogenic fungi. 
Still, some might be required for pathogenicity as was demonstrated for Fbp1 (Han et al., 
2007) and Frp1 (Duyvesteijn et al., 2005). Targeted inactivation of genes encoding F-box 
proteins described here may yield clues to the function of these proteins and reveal whether 
their function is related to pathogenicity. Also, it remains to be shown for each predicted 
protein that it is a true F-box protein. This involves Skp1-binding and SCF assembly 
experiments, target protein identification screens and mutational studies. 
 
Methods 
 
The genomes of three Fusarium species (F. graminearum strain PH-1 (NRRL 31084), F. verticillioides strain 
7600 (FRC M3125=NRRL 20956) and F. oxysporum f.sp. lycopersici strain 4287) were sequenced at the Broad 
institute and the genome databases of these fungi are available from the Broad website (Table 5). Additional 
information (i.e. gene annotation and transcriptional data) for F. graminearum is available from the MIPS F. 
graminearum Genome Database. The fourth Fusarium species (F. solani) was sequenced at the DOE Joint 
Genome Institute and the genome database of this fungus is available from their website. 
To search for genes encoding F-box proteins, the F-box motif from the PFAM database and the HMM logo, 
PF00646 was used. With the HMM search program from Anabench, predicted F-box proteins present in the 
databases of the four species were identified. This search lists all genes encoding proteins containing an F-box 
domain supplied with a corresponding e-value. This value indicates the degree to which the domain fits the 
HMM model (lower value means better fit). A cut-off per-sequence (e-value) score of 10.0 results in 89 F. 
graminearum, 62 F. verticillioides, 77 F. oxysporum and 179 F. solani possible genes encoding F-box proteins 
(see supplementary data, Table S1). To verify the effectiveness and reliability of this search, the predicted 
budding yeast proteome was examined in a similar way using the protein database of budding yeast from the 
Broad institute website and information from the Saccharomyces Genome Database, SGDTM. The results of this 
search were compared to results of searches with other database search engines from the SMART, PFAM and 
Superfam websites. Using a cut off score of 10.0, our search found 17 of the 21 yeast F-box proteins (Willems 
et al., 2004). This score was higher than with the other search engines (Table 4). Our search did yield four false 
positive yeast proteins (these proteins did not contain a F-box domain as verified on the SGD website and 
earlier studies (Willems et al., 2004)). None of the searches identified four genuine yeast F-box proteins, which 
all bind Skp1, except for Amn1. That these F-box proteins were not found might be because these proteins 
contain a gap in the F-box sequence or an interspersed region (Table 4). Still, one protein containing an 
interspersed region of 18 amino acids in the F-box domain, Ydr306c, was found. To exclude false positives as 
much as possible from the Fusarium search results, proteins returned by the HMM search were considered as 
true F-box proteins only when 1) an F-box domain was indicated at the Broad or JGI institute website or 2) an 
F-box domain was also indicated at the SMART database. A second prerequisite was that at least one putative 
ortholog from another Fusarium species, if present, also contained an F-box domain. To assess this, for each 
gene F-box protein found, putative orthologs in the other three Fusarium species were searched using BLAST 
at the Broad and JGI websites (see above). Further, each F-box protein was examined for the presence of 
other domains using the SMART database and putative orthologs in other fungal species were searched using 
the NCBI Blast search engine from greengene at UML. Additionally, for the F. graminearum F-box proteins, the 
presence of an EST encoding the protein was examined. This was done by using Affymetrix GeneChip data 
that profiled fungal gene expression in vitro and in planta (Güldener et al., 2006).  
 
 
 
 



 

 47 

Table 4: Comparison of different methods to identify F-box proteins in budding yeast 
F-box proteins identification with different search 
engines 
SMART PFAM Superfam Our search 

SGD ID Protein 
Gene ID # and corresponding 
e-value (obtained with our 
search) 

+ + + + YIL046W Met30 SCRG_05223 | 1.1e-11 
+ + + + YML088W Ufo1 SCRG_01810 | 2.9e-11 
+ + + + YJL149W  SCRG_03525 | 1.1e-10 
+ + + + YNL311C  SCRG_03435 | 1.8e-08 
+ + + + YLR368W Mdm30 SCRG_04310 | 4.4e-08 
+ + + + YDR219C Mfb1 SCRG_00304 | 5.2e-08 
+ + + + YOR080W Dia2 SCRG_01480 | 1.1e-07 
 + + + YFL009W Cdc4 SCRG_05539 | 1.6e-07 
 +  + YJR090C Grr1 SCRG_03739 | 4e-06 

+ +  + YJL204C Rcy1 SCRG_03479 | 0.00093 
+ +  + YLR097C Hrt3 SCRG_05081 | 0.0052 
 +  + YBR203W Cos111 SCRG_02764 | 0.0072 
   + YNL230C Ela1 SCRG_03354 | 1.8 
   + YMR258C  SCRG_02153 | 3 
  + + YBR280C Saf1p SCRG_02691 | 7.4 
   + YDR131C  SCRG_00387 | 7.6 
   + YDR306C  SCRG_00224 | 9 

+ YOL095C Hmi1 SCRG_01309 | 7.5 
+ YOR127W Rga1 SCRG_01522 | 6 
+ YMR296C Lcb1 SCRG_02193 | 8.5 

False positive F-box proteins found in 
our search 

+ YBL040C Erd2 SCRG_03004 | 8.7 
YLR224W  3 aa gap 
YMR094W Ctf13 71 aa interspersed 
YBR158W Amn1 56 aa interspersed 

F-box proteins of yeast not found in our search 

YLR352W  19 aa interspersed 
 
Table 5: Websites consulted in this study  

http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiHome.html Broad institute 
http://www.broad.mit.edu/annotation/genome/saccharomyces_cerevisiae/ 

MIPS  http://mips.gsf.de/genre/proj/fusarium/ 
DOE Joint 
Genome Institute 

http://genome.jgi-psf.org/Necha2/Necha2.home.html 
 
http://pfam.sanger.ac.uk/family?entry=F-box PFAM  
http://pfam.sanger.ac.uk/ 

Anabench http://anabench.bcm.umontreal.ca/anabench/Anabench-
Jsp/Applications/hmmsearch.jsp?APPLICATIONID=98&APPLICATIONNAME=hmmsearch 

SGDTM http://www.yeastgenome.org/ 
SMART http://smart.embl-heidelberg.de/ 
Superfam http://supfam.mrc-lmb.cam.ac.uk/SUPERFAMILY/ 
Greengene (UML) http://greengene.uml.edu/programs/NCBI_Blast.html 
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Chapter IV 
 
 
 
 
 
 

Frp1 is an F-box protein that functions independently 
from binding to Skp1  
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Abstract 
 
The F-box protein Frp1 is required for growth on non-sugar carbon sources and for 
pathogenicity of the fungus Fusarium oxysporum at the early steps of the infection process. 
How exactly the Frp1 protein is involved in these processes is still unknown. In general, F-
box proteins recruit other proteins to an SCF complex where these proteins are 
ubiquitinated and thereby marked for proteasomal degradation. To be able to recruit target 
proteins to an SCF complex, binding of the F-box protein to the SCF component Skp1 is 
crucial. We show here that Frp1 is able to fulfill its role in pathogenicity even when binding 
to Skp1 is compromised by one or two point mutations in the F-box domain. This suggests 
that Frp1 does not primarily function by targeted protein turnover via an SCF complex. 
Besides the F-box domain, some F-box proteins harbor C-terminal protein-protein 
interaction domains, like LRR and WD40 motifs. The C-terminus of Frp1 does not harbor a 
recognizable domain and with yeast two-hybrid no interacting partners were identified 
excepts a probably artifactual interaction with a 14-3-3 protein from tomato. Altogether 
these results suggest that Frp1 does not target other proteins for degradation but affects 
plant infection in another, still unknown way.  
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Introduction 
 
F-box proteins can assemble into an SCF-complex where they recruit other proteins for 
ubiquitination, commonly leading to proteasomal degradation (Cardozo & Pagano, 2004, 
Craig & Tyers, 1999, Bai et al., 1996, Patton et al., 1998, Zhou & Howley, 1998). F-box 
proteins and SCF complexes are typically eukaryotic, but F-box proteins are also found in 
pathogenic bacteria and viruses that secrete these proteins into their hosts where they 
interfere with endogenous SCF-complexes (Lechner et al., 2006, Bortolamiol et al., 2007, 
Pazhouhandeh et al., 2006, Sonnberg et al., 2008, Sperling et al., 2008, van Buuren et al., 
2008, Angot et al., 2006, Schrammeijer et al., 2001). The F-box hypothesis states that F-
box proteins recruit target proteins via their variable C-terminal domain to an SCF, in which 
they bind Skp1 via the N-terminal F-box domain. The interaction between an F-box protein 
and Skp1 is of major importance since it brings the target protein into the proximity of the 
ubiquitination machinery. Using crystallography, the molecular details of such an interaction 
were clarified with human Skp1 and the F-box protein Skp2 (Schulman et al., 2000). This 
revealed that the interaction involves two sites. One is conserved in all F-box proteins and 
forms the core interface, consisting of three α-helices of Skp1 and three of Skp2. The 
second site is not conserved between different F-box proteins and involves one α-helix of 
Skp1 and the first LRR of Skp2. Fifteen amino acids of the 40-50 amino acid long F-box 
domain of Skp2 contribute to the interaction and are conserved among different F-box 
proteins. Mutation of five amino acids among these 15 of Skp2 resulted in loss of function 
when mutated individually. This suggests that these amino acids contribute to the 
interaction between Skp1 and Skp2 and, because of their conservation, also between Skp1 
and other F-box proteins.  
In fungi, some F-box proteins do not require interaction with Skp1 to fulfill their function 
(Chapter II), although most F-box proteins from budding and fission yeast bind Skp1 and 
(presumably) assemble into an SCF complex (Kus et al., 2004, Lehmann A., 2004, Seol et 
al., 2001). However, the biological relevance of this assembly is not certain for all F-box 
proteins (Tafforeau et al., 2006, Sakaguchi et al., 2008). Some F-box proteins do not even 
assemble into an SCF complex and bind Skp1 only for functioning as a mini-complex alone 
or with other proteins (Russell et al., 1999, Galan et al., 2001) or even interact through their 
F-box, with other proteins different from Skp1 (Ribar et al., 2007) (see Chapter II for a 
review) . 
Besides binding to Skp1 via the N-terminal F-box domain, the interaction of an F-box 
protein to other proteins via motifs in its C-terminus is essential to recruit target proteins to 
the SCF complex. These domains in the C-terminus thereby determines the specificity of 
the F-box protein and in a substantial number of F-box proteins, this domain contains 
recognizable protein-protein interaction motifs. With genome sequences of many 
organisms becoming available, the known arsenal of F-box proteins increases and a wide 
range of different interaction domains has been found in C-terminal parts of F-box proteins. 
In budding yeast, WD40 and LRR domains are most common (Willems et al., 1999, 
Willems et al., 2004) and in viruses, for example, ankyrin (Mosavi et al., 2002) motifs have 
been found (Sonnberg et al., 2008, Sperling et al., 2008). Besides protein-protein 
interaction domains, also other motifs, like helicases and lectin-binding motifs (Sakaguchi 
et al., 2008, Lannoo et al., 2008, Yoshida, 2007, Yoshida et al., 2003) can be present. In 
Arabidopsis 568 (Kuroda et al., 2002) or 694 (Gagne et al., 2002) F-box proteins and in rice 
687 (Jain et al., 2007) F-box proteins have been found with between 16 and 18 different 
domain types, respectively. One type of such a domain that is highly represented among 
these plant F-box proteins are kelch repeats (Adams et al., 2000, Andrade et al., 2001), 
which seem to be specific to plant F-box proteins. Of 33 identified mammalian F-box 
proteins five contain WD40 domains, twelve LRR domains, three a newly identified F-box 
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associated domain (FBA) and one a cyclin box (Cenciarelli et al., 1999, Winston et al., 
1999).  
In budding yeast, 11 out of 21 F-box proteins contain no recognizable motif in their C-
terminus (Chapter II). One of these is Mdm30, which controls mitochondrial morphology 
and growth on non-glucose carbon sources and does recruit three identified targets to an 
SCF complex (Cohen et al., 2008, Muratani et al., 2005, Ota et al., 2008). Many F-box 
proteins from Arabidopsis and Rice also lack recognizable motifs in their C-terminal 
domains (Kuroda et al., 2002) and also most F-box proteins found in Fusarium species do 
not contain a recognizable motif in their C-terminus (Chapter III). Despite the example of 
Mdm30, the function of such F-box proteins may be different from recruiting proteins to an 
SCF. Furthermore, even for many F-box proteins that do carry a protein-protein interaction 
domain or other additional motif, no target or function has yet been identified.  
Once an F-box protein is identified and considered to recruit proteins to an SCF, the next 
step is to find these interacting proteins. Various strategies have been employed to find F-
box protein targets or other interacting proteins. One of these is yeast two-hybrid (YTH) 
screening (Drury et al., 1997, Kishi et al., 2008, Thomas et al., 1995). In such screens, 
large libraries of coding regions encoding prey proteins can be screened to find interacting 
proteins. Another method is affinity purification, making use of protein tags (e.g. with GFP 
(Baranes-Bacher et al., 2008)), which enables the isolation of interacting proteins using 
beads incubated with cell lysate. This can also be conducted on a large-scale (Ho et al., 
2002). In addition, global protein stability profiling (Yen & Elledge, 2008) and proteomic 
screens (Benanti et al., 2007) have been performed to identify interacting proteins. The 
latter three methods are available for budding yeast but their application to other organisms 
is limited due to less developed molecular tools. Finally, mass spectrometry methods have 
been performed for target identification like stable isotope labeling in cell culture followed 
by parallel affinity purification and mass spectrometry (SILAC-PAP-MS) (Ota et al., 2008). 
Conversely, when a protein under study proves to have a short half-life or suddenly 
disappears upon a cellular switch, mutant screening to identify a gene that regulates its 
turnover may reveal an F-box protein (Jin et al., 2005). 
This chapter reports a study on the interaction between the F-box protein Frp1 and Skp1 
from Fusarium oxysporum f. sp. lycopersici (Fol) as well as screens conducted to find 
potential targets and/or other interacting proteins of Frp1. Previously, it was shown that 
Frp1 binds Skp1 in a YTH assay (Duyvesteijn et al., 2005). This interaction was further 
studied by affinity purification and with the use of point mutations in the F-box domain that 
reduce or completely prevent binding to Skp1. We demonstrate that binding to Skp1 is not 
necessary for Frp1 to function, suggesting that Frp1 does not primarily function by 
recruiting proteins to an SCF complex. We conducted YTH screens to identify potential 
binding partners of Frp1. In addition, tagged versions of Frp1 were produced in E. coli and 
used to find interacting proteins in Fol cell lysates. Despite these efforts no other interacting 
proteins of Frp1 were found besides Skp1 and a tomato Ftt (14-3-3) protein.  
 
Results 
 
The F-box domain mediates interaction between Frp1 and Skp1 
In a previous study it was shown that Frp1 is able to bind Skp1 in an YTH assay. 
Interaction was demonstrated in two directions, with Frp1 fused to the Gal4-binding domain 
and Skp1 fused to the Gal4-activation domain and vice versa (Duyvesteijn et al., 2005). 
None of the four constructs showed auto-activation. To confirm that the interaction between 
Frp1 and Skp1 is a classical F-box/Skp1 interaction, a point mutation was created in the F-
box domain replacing a highly conserved leucine with a serine residue. This mutant version 
of FRP1 was called FRP1L126S. During construction of this mutant, one clone was obtained 
that carried a second point mutation, resulting in a change of a glutamine residue into 
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leucine in the F-box domain. This version was called FRP1Q120L,L126S. In addition, the first 
171 codons of the FRP1 open reading frame including the F-box domain were deleted a 
third mutant version, called FRP1-C (Figure 2A). 
 

 
Figure 1: The interaction between Frp1 and Skp1 required the F-box domain of Frp1. 
In this YTH assay, a specific interaction between full length Frp1 and Skp1 is observed (upper row) and a 
decreased interaction between Frp1L126S, Frp1Q120L,L126S or Frp1-C and Skp1 (three lower rows). (-WL = 
selection for the presence of both plasmids, -HWL = selection for weak interaction, -AWL = selection for 
strong interaction). 
 
To determine whether the interaction between Frp1 and Skp1 is mediated by the F-box 
domain, the four different FRP1 versions were cloned into YTH vector pAS2-1 fused to the 
coding region of the Gal4-binding domain. SKP1 was cloned into YTH vector pACT2 fused 
to the coding region of the Gal4-activation domain and each combination of pACT2-SKP1 
and pAS2-1-FRP1 was transformed to yeast. Interaction between Frp1 and Skp1 was 
implied by growth of the transformed yeast on the selection plates. Using wild type FRP1, 
growth was seen on –HWL plates, selecting for low stringent interactions, and to a small 
degree on -AWL, selecting for stringent interactions. This confirmed interaction between full 
length Frp1 and Skp1 (Figure 1, upper row). Less growth on –HWL and absence of growth 
on –AWL plates was observed with mutant FRP1L126S (Figure 1, second row). Very little 
growth on –HWL plates, and no growth on –AWL plates was observed with mutants 
FRP1Q120L,L126S while with FRP1-C (Figure 1, two lower rows) no growth on either –HWL or 
–AWL plates was observed. The various constructs of Frp1 did not show any auto-
activation when transformed together with empty vectors, nor did Skp1. These results 
confirm that the interaction between Frp1 and Skp1 is a classical F-box/Skp1 interaction, i. 
e. mediated by the F-box domain.  
To confirm these results in another way, the different FRP1 versions were cloned in frame 
with GST (encoding glutathione S-transferase) in the E. coli expression vector pGEX-KG 
(Guan & Dixon, 1991) (Figure 2A). This is a bacterial expression vector containing the GST 
ORF behind an inducible promoter of the lac operon. With isopropyl β-D-1-
thiogalactopyranoside (IPTG) as inducer, high levels of GST-fusion proteins can be 
obtained. In the same plasmid, downstream of the GST-fusions and separated by a 
ribosome binding sequence, SKP1 with a C-terminal HA-epitope (hemagglutinin) was 
inserted (Figure 2A). This resulted in transcription of a polysistronic mRNA from which both 
cistrons are translated and both proteins being produced in comparable amounts. The four 
different GST-Frp1 versions and potential protein complexes were purified from induced E. 
coli cultures using glutathione beads The GST-Frp1 protein complexes were separated on 
an SDS-PAGE gel, which was subsequently stained with coommassie brilliant blue (cbb) 
(Figure 1B, left panel). The arrows in Figure 2B indicate the full-length versions of the 
fusion proteins GST-Frp1, GST-FRP1L126S, GST-FRP1Q120L,L126S and GST-FRP1-C, which 
correspond to 90 kDa for the three Frp1 proteins containing the F-box domain and 60 kDa 
for the shorter version, Frp1-C. A duplicate gel was blotted and treated with anti-HA 
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antibodies to visualize co-immunoprecipitated Skp1-HA (Figure 2B, right panel). Lane 1 of 
both the cbb-stained gel and the blot shows that Skp1-HA was co-precipitated with full-
length GST-Frp1. This was also observed, albeit in a lesser extent, for GST-Frp1L126S in the 
second lane. No co-precipitation of Skp1-HA was observed with GST-Frp1Q120L,L126S (lane 
3) or with GST-Frp1-C (lane 4). That interaction of Skp1 to Frp1 is not influenced by the 
HA-tag on Skp1 was demonstrated by using the same pGEX-KG vector with FRP1 and 
untagged SKP1 and the same vector with FRP1 or FRP1-C without SKP1. Using high 
amounts of protein from E. coli cultures harboring these plasmids, a specific band of about 
20 kDa was present in the lane with full-length GST-Frp1 purified on glutathione beads 
(Figure 2C, lane 1). No such band was seen with vectors only containing FRP1 or FRP1-C 
and no SKP1 (Figure 2C lane 2 and 3). Together, these experiments demonstrate that the 
F-box domain of Frp1 mediates interaction with Skp1 and that a single point mutation 
(LS) in the F-box domain impairs interaction with Skp1 while a double point mutation 
(QL,LS) abolishes interaction. 
 

 
Figure 2: The interaction between Frp1 and Skp1 can be demonstrated using affinity purification.  
A) In the pGEX-KG vector, different gene fusions of FRP1 to a GST-tag were used (FRP1, FRP1L126S, 
FRP1Q120L,L126S and FRP1-C) together with HA-tagged SKP1.  
B) A coommassie brilliant blue (cbb) stained gel and Western blot demonstrate the purification of GST-Frp1 
complexes containing HA-tagged Skp1. The cbb gel shows the GST-Frp1 fusion proteins and Western blot 
analysis using anti-HA antibodies shows the presence of Skp1-HA in precipitates of GST-Frp1 (lane 1). A 
weaker interaction was observed between Frp1L126S and Skp1 (Lane 2), and no interaction with Frp1Q120L,L126S 
or Frp1-C and Skp1 (lane 3 and 4, respectively).  
C) Interaction between Frp1 and Skp1 was also observed without HA-tagging of Skp1. A specific 20 kDa 
band corresponding to the size of Skp1 appears on a cbb stained gel loaded with affinity purified GST-Frp1 
sample (lane 1). This band was not observed in lane 2 and 3, which contained affinity purified GST-Frp1 and 
GST-Frp1-C, respectively, produced from the pGEX-KG vector without a SKP1 cistron. M = marker.  
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Point mutations in the F-box domain of Frp1 do not cause loss of pathogenicity 
To investigate whether binding to Skp1 is required for the biological function of Frp1, 
constructs of FRP1 for transformation of Fol were made that encode the mutated and 
truncated versions of Frp1 described above. The different FRP1 versions behind their own 
promoter were re-introduced into the ∆frp1 strain. Remarkably, both FRP1L126S and 
FRP1Q120L,L126S could restore the growth defects of the ∆frp1 mutant on ethanol containing 
plates (data not shown). Furthermore, a bioassay using the same strains revealed that 
FRP1L126S and FRP1Q120L,L126S could largely restore pathogenicity, in contrast to FRP1-C, 
which did not. This suggests that the N-terminal part including the F-box is essential for 
function Frp1 with regard to growth and pathogenicity, but interaction with Skp1 is not. 
Although the weight of the tomato plants inoculated with the different strains does not show 
much difference in appearence (Figure 3A), the disease index of the inoculated plants does 
(Figure 3B). Compared to the mock inoculated plants (water) or plants inoculated with a 
strains carrying FRP1-C, an higher disease index was obtained with strains carrying the 
point mutation versions of FRP1. This disease index is comparable to that of plants 
inoculated with a strain carrying full length FRP1. Taken together, these results suggest 
that binding of Frp1 to Skp1 is not required for F. oxysporum to cause disease in tomato 
plants.  
 

 
Figure 3: Loss of Skp1 binding does not cause loss of pathogenicity 
A) Bioassay with tomato plants inoculated with ∆frp1 strains complemented with full length FRP1 (positive 
control), FRP1L126S, FRP1Q120L,L126S or FRP1-C. Only the FRP1-C containing strain does not cause disease 
symptoms (upper right panel). One of the two strains carrying the FRP1Q120L,L126S constructs show reduced 
disease symptoms (lower left panel) when compared to the another strain carrying the FRP1L126S construct 
(upper left panel) or the full-length (lower right panel). 
B) Disease index and weight scores of the tomato plants inoculated with the different FRP1 constructs show 
full or partial restoration of disease symptoms by FRP1 full length, FRP1L126S or FRP1Q120L,L126S but FRP1-C 
does not restore disease symptoms. (0 = healthy plant, 1 = thickening of  hypocotyls but no vessel browning, 
2 = or two brown vessels, more than four true leaves, 3 = three or more brown vessels, more than four true 
leaves, 4 = four or less true leaves. 
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N-terminally GFP-tagged versions of Frp1 are unstable, regardless of binding to Skp1 
An explanation for the restoration of carbon source utilization and pathogenicity by Frp1 
versions that do not interact with Skp1 is that Frp1 does not function by targeting other 
proteins for ubiquitination. Binding of Frp1 to Skp1 could instead be required for 
ubiquitination and degradation of Frp1 itself. To investigate this possibility, a GFP tag was 
N-terminally linked to different versions of FRP1, FRP1Q120L,L126S and FRP1-C driven by the 
native FRP1 promoter. These contructs were transformed to Fol in such way that the fused 
genes were expressed ectopically or in locus (knock-in). As a control for expression from 
the FRP1 promoter, a strain that contains GFP driven by the FRP1 promoter in locus was 
used. This strain is used to monitor GFP expression using a wild type and a mutated 
leader. With wild type leader, GFP expression was observed as expected, but in lower 
amounts than with a mutated leader (See General discussion). However, we were unable 
to visualize any of the GFP-Frp1 fusion proteins microscopically or on western blot using 
antibodies against GFP (data not shown). That these version of FRP1 were functional and 
transcribed was shown by the ability of GFP-FRP1Q120L,L126S to replace native FRP1, 
without altering the phenotype (data not shown). We conclude that the GFP-tagged Frp1 
constructs are highly unstable regardless of Skp1 binding. 
 
No additional interactors of Frp1 were found using YTH 
Since Frp1 does not strictly require Skp1 binding to function or to be (presumably) 
degraded, the recruitment of target proteins to an SCF complex by Frp1 seems unlikely. 
Nevertheless, Frp1 could still interact with other proteins and the identification of such 
proteins might give clues to the biochemical function of Frp1. We therefore decided to 
search for interactors using the YTH system. Screens were conducted with yeast 
transformants grown on different carbon sources. Conventional selection plates contain 
glucose as carbon source, but since Frp1 is required for growth on alternative carbon 
sources, we reasoned that the interaction of Frp1 with other proteins might depend on the 
carbon source even in yeast which is an ascomycete like Fol. Post-translational 
modifications such as phosphorylation of Frp1 itself and/or interacting partner might be 
required for binding and may depend on the available carbon source. Therefore selection 
was performed on minimal plates containing sucrose, glycerol or ethanol besides glucose. 
First, an interaction library made with cDNA from Fol-infected tomato plants (de la Fuente 
van Bentem et al., 2005) was used to screen for Frp1 interactors. The contribution of fungal 
cDNA clones in this library is ~5%. With this library, about 1.75 million clones were 
screened and one specific interactor was found: a Ftt (14-3-3) protein from tomato, isoform 
9 (accession P93214). A strong and specific interaction of this YTH clone was 
demonstrated with the C-terminal part of Frp1, which was used as bait when the Ftt clone 
was isolated, and a weaker, but still specific interaction was found with full length Frp1 
(Figure 4A). Nevertheless, we consider it unlikely that this interaction is biologically relevant 
since during the interaction of Fol and tomato, Frp1 and Ftt9 are both expected to act 
intracellularly in the two different organisms. Also, Ftt proteins are known to bind a very 
large number of proteins (Schoonheim et al., 2007, Alexander & Morris, 2006, Fuller et al., 
2006, Kakiuchi et al., 2007), suggesting that interaction with Frp1 may be artifactual in the 
sense that it is a result from the general ability of Ftt proteins to interact with many different 
proteins. Nevertheless, it could be that the interaction of Frp1 to a Ftt protein is conserved 
across kingdoms and that Frp1 is able to bind a Ftt protein from Fol itself, even though 
such proteins were not found in the YTH screen. To test this for this possibility, the two FTT 
genes from Fol, FTT1 (FOXG_01979) and FTT2 (FOXG_00146), were cloned and 
constructs for YTH were made. Although a strong interaction was observed between Frp1-
C and Ftt isoform 1, suggesting a specific interaction, the YTH unfortunately turned out not 
to be reliable, mostly due to growth problems of some of the control strains (Figure 4B). 
This possibility, therefore, remains to be resolved. 
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Figure 4: YTH interactions between Frp1 or Frp1-C and Ftt proteins.  
A) YTH interactions with the different Frp1 and tomato Ftt9 constructs as bait in the pAS2-1 vector (b) and as 
prey in the pACT2 vector (p). The strongest interaction is seen with Frp1-C as bait and Ftt9 as prey and the 
weakest interaction with Ftt9 as bait and Frp1 as prey. Ftt9 together with empty vectors show the background 
growth.  
B) YTH interaction is observed with Fol Ftt1 as bait (b) and Frp1 as prey (p), but not in the opposite direction. 
A much stronger interaction is seen with Ftt1 as bait and Frp1-C as prey, which is also only present in this 
direction. The controls of Ftt1 with empty vectors, on the other hand, showed lack of growth. Interaction 
between Ftt2 and Frp1 or Frp1-C is also apparent in the same direction as with Frp1 and Ftt1, but the 
controls of Ftt2 with empty pACT2 show auto-activation. Frp1 and Frp1-C do not show auto-activation when 
transformed together with empty vectors (data not show). (-WL = selection for the presence of both plasmids, 
-HWL = selection for weak interaction, -AWL = selection for strong interaction) 
 
Fol sequences make up only about 5% of the YTH library derived from infected tomato 
plants (de la Fuente van Bentem et al., 2005). To screen for proteins of Fol that may not be 
represented in this library, a new cDNA library was made using RNA isolated from Fol 
grown on different carbon and nitrogen sources. A total number of 6 million clones were 
screened using different baits. With full length Frp1, 27 Skp1 clones were isolated 
confirming the effectiveness of this procedure and library. However, no other proteins were 
found to specifically interact with Frp1, neither with glucose containing selection plates nor 
with an alternative carbon sources. Also with Frp1-C or Frp1L126S, used to screen 
specifically for proteins excluding Skp1, no specific interaction was detected. This suggests 
that besides Skp1 no other protein stably interacts with Frp1. 
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Discussion 
 
In this study we provide evidence that the F-box protein Frp1 appears not to comply with 
the F-box hypothesis. Interaction of Frp1 with Skp1 is mediated by the F-box domain but 
this interaction is not required for Frp1 function regarding growth on ethanol or 
pathogenicity towards tomato. Since Frp1 functions largely independently from binding to 
Skp1, in all likelihood no ubiquitination of an Frp1-target protein is required for its function 
in plant infection. Although disease was clearly observed with the strains carrying point 
mutations in FRP1, which is not seen for the FRP1-C strain full pathogenicity was not 
observed. It might therefore be that Skp1 binding is to some extent still required for Frp1 to 
fully function.  
Taken the above observations into account, it is likely that Frp1 does not act as a classical 
F-box protein, and may instead act, for example, as a transcription factor or as a 
component of a transcriptional complex. There are other examples of F-box proteins 
containing a DNA-binding domain, and in Arabidopsis an F-box protein acts as a 
transcriptional co-factor (Chae et al., 2008). However, Frp1 does not contain a 
recognizable DNA-binding motif and no interaction with other DNA binding proteins was 
demonstrated. This leaves the molecular function of Frp1 elusive. 
Since Frp1 can largely function without binding to Skp1, why then, would Frp1 (and its 
orthologs) have retained a functional F-box and bind Skp1 at all? Possibly, the interaction 
of Frp1 with Skp1 may be solely required for auto-ubiquitination of Frp1, thus fine-tuning 
the activity or protein level of Frp1. Many F-box proteins are regulated by ubiquitination 
even when no target is bound (Galan & Peter, 1999). When Frp1 protein levels would be 
regulated by auto-ubiquitination via Skp1, higher levels of the Frp1 versions bearing the 
point mutations or lacking the F-box domain would have been expected but this is not the 
case. We demonstrated that the apparently very low levels of GFP-Frp1 fusions in Fol was 
not due to very low levels of expression from the FRP1 promoter because GFP driven by 
this promoter was readily visible. Still, we cannot exclude that the chimeric proteins 
consisting of GFP and Frp1 are extremely unstable and Frp1 is regulated by auto-
ubiquitination. Another explanation, is that Frp1 is subjected to proteolysis via protein(s) 
different from SCFFrp1, for instance by the action of another F-box protein as was shown for 
Ctf13 (Kaplan et al., 1997). Ctf13 is degraded via Cdc4, and the interaction of Ctf13 to 
Skp1 is not required for protein turnover, but rather for correct kinetochore assembly.  
Instability of Frp1 was also apparent when GST-tagged Frp1versions made in E. coli were 
used to search for interacting proteins in Fol lysates. Despite several attempts to inhibit 
protease activity in the lysates, it turned out to be impossible to prevent rapid degradation 
of the Frp1 bait construct (data not shown). In addition, TAP-tagged (Puig et al., 2001) 
versions of Frp1, for which constructs were transformed into the ∆frp1 mutant for the 
isolation of Frp1 interacting proteins, could not be detected on Western blots despite 
multiple attempts (data not shown). Taken together, Frp1, or at least the various protein 
fusion derivatives (with GFP, GST ad TAP) appears to be highly prone to proteolysis, 
preventing identification of Frp1 protein complexes. 
To find proteins that bind Frp1 using another approach, YTH screens were performed. 
Using such screens, proteins that interact with F-box proteins were successfully found in 
other studies (Tokarz et al., 2004, Kaiser et al., 2000). YTH also has its disadvantages. 
First, the YTH assay performed in the present study uses Gal4 activation and binding 
domain fusion proteins. However, in F. oxysporum, an ascomycetous fungus like yeast, 
Frp1 is involved in growth on alternative carbon sources and since Gal4 is a transcription 
factor also required for growth on an alternative carbon source (galactose), this system 
might not be the most suitable for YTH screenings involving Frp1. Second, interaction of 
Frp1 with a potential target might depend on phosphorylation of the target, and it is not 
known whether yeast kinases are able to phosphorylate these targets under YTH 
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conditions. Finally, interaction of some F-box proteins to their target might not be stable 
enough to detect with YTH.  
Despite these drawbacks of the Gal4 YTH system two cDNA libraries were screened which 
resulted -besides another confirmation of interaction with Skp1- in a probably artifactual 
interaction with a Ftt protein from tomato. Since it is possible that a protein interacting with 
Frp1 is not produced under the conditions used for isolation of RNA for the cDNA libraries, 
a genomic YTH library was constructed consisting of genomic DNA sequences of 500-3500 
bp cloned into three YTH vectors. These vectors differ only in the reading frame at the 
insertion site, allowing ORFs present in inserts to be in frame behind the Gal4-activation 
domain in at least one of the three vectors (see supplementary data). Also with this library, 
from which 36 million clones were screened, no specific interactor was found. Using this 
library, at least Skp1 should have been found, but this was not the case, possibly due to 
impaired splicing of F. oxysporum introns by yeast. Altogether, the YTH screens resulted 
only in the observation that Frp1 can bind a tomato isoform of Ftt and perhaps to 
endogenous Ftt1 (the latter experiment was not conclusive). To confirm whether Ftt1 is a 
true interactor, an affinity purification experiment with tagged Frp1 and Ftt1 should be 
carried out to clarify this interaction. That Ftt1 was not found in one of the YTH screens can 
be explained by the fact that Frp1 and Ftt1 only interact in YTH when FTT1 is in the bait 
vector and FRP1 in the prey vector, and not the other way around. Among eukaryotes Ftt 
proteins are involved in many processes, like DNA damage control and replication (Grandin 
& Charbonneau, 2008, Zannis-Hadjopoulos et al., 2008) membrane transport (Mrowiec & 
Schwappach, 2006), cell cycle regulation (Hermeking & Benzinger, 2006) and many others 
(Dougherty & Morrison, 2004, Darling et al., 2005, Paul & van Heusden, 2005). Also in 
budding yeast many processes and interactions involve Bmh1 and 2, the two Ftt proteins in 
this fungus (Bruckmann et al., 2007, Bruckmann et al., van Hemert et al., van Hemert et 
al.). Interestingly, interaction between an F-box protein and a Ftt protein has also been 
found with Grr1 (Tomas-Cobos et al., 2005), a F-box protein from yeast involved, among 
other things, in glucose sensing and mitochondrial retrograde signaling. Binding of Ftt to 
Grr1 might be necessary for the induction of HXT genes by assisting Grr1 in binding to its 
targets. This hypothesis was supported by a proteomic screen, in which interaction of Ftt to 
Grr1 targets Gal4, Gic2, Gis4 and Hof1 was found (Kakiuchi et al., 2007). In the same 
study, interaction with Mig1 and Snf1 was demonstrated, suggesting a role of Ftt in glucose 
repression in yeast. Additionally, Msk1, normally degraded via Grr1, is rescued when 
bound to Ftt or to Rtg2 (Liu et al., 2005). The biological relevance, if any, of an interaction 
between Frp1 to a Ftt protein is not known. Like in other systems, a Ftt protein might 
function as a bridge between Frp1 and other proteins. Since Ftt proteins by themselves can 
bind many different proteins, screens using the Frp1/Ftt mini complex could be performed 
to find potential specific interactors and confirm the relevance of the Ftt1 interaction.  
In conclusion from this study it appears that the most important function of Frp1 does not 
appear to involve ubiquitination of targets. This means that Frp1 is likely an F-box protein 
that does not comply with the F-box hypothesis, leaving its molecular function to be 
elucidated. 
 
Methods 
 
Yeast two-hybrid and affinity purification bait constructions 
The full length FRP1 constructs in pAS2-1 and pACT2 (Clontech) were used from Duyvesteijn et al. 2005 
(Duyvesteijn et al., 2005). The point mutation constructs were obtained via PCR on the original full length 
construct in the pAS2-1 vector using primers 1 and 2 (Table 1) and the obtained amplification product was 
cloned into the vector using the MCS primers 3 and 4 (Table 1) and the restriction sites NcoI and EcoRI. The 
FRP1-C part was amplified using primer 5 and 6 (Table 1) containing the NcoI and EcoRI restriction sites in 
the linkers and ligated in to the pAS2-1 vector using the same restriction sites. Constructs could were 
constructed from this vector into pACT2 using NcoI and EcoRI restriction sites and into the pGEX-KG vector 
(GElifesciences) containing the GST tag sequence using the NcoI and SalI restriction sites. In the same 
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pGEX vector, SKP1, containing a ribosome binding sequence in front of the ATG and with or without C-
terminal HA-tag was introduced into the HindIII restriction site using primers 7, 8 and 9 (Table 1). 
 
Yeast two-hybrid assay 
Yeast transformation was performed using Lithium-Acetate and polyethyleneglycol 3350 according to Gietz  
et al, 2002 (Gietz & Woods, 2002). Transformants were selected on the minimal medium agar plates (2% 
glucose, sucrose, glycerol or ethanol, 0.5% (NH4)2SO4, 0.17% YNB, 0.002% histidine, 0.01% leucine, 0.002% 
tryptophane, 0.002% adenine sulphate, 0.0033% lysine, 0.004% methionine and 0.002% uracil). To select for 
the bait vector, tryptophane was left out of the medium, and to select for the prey vector leucine was left out. 
To select for less stringent interactions, histidine was left out and to select for stringent interactions, adenine-
sulphate was left out. 
 
GST fusion protein production and purification 
The vector pGEX-KG containing the GST-FRP1 and SKP1-HA constructs was used to produce the encoded 
proteins in BL21 E. coli cells. GST-Frp1 proteins were purified from the E. coli cell lysates and immobilized on 
glutathione sepharose 4B beads (GEhealthcare) and visualized on SDS-PAGE gels using Coommassie 
Brilliant Blue staining. Co-purified Skp1-HA was visualized using Western blotting and an antibody against the 
HA-tag containing a peroxidase conjugant (High affinity anti-HA, Roche).  
 
Library construction and usage 
The cDNA library was prepared from RNA isolated from Fol4287 grown on ethanol (5 mM KNO3, 0.17% 
Yeast Nitrogen Base (YNB) without amino acids or ammonia (Difco) and 1% ethanol), glucose (5 mM KNO3, 
0.17% YNB and 1% glucose) and NH4 medium (3% w/v sucrose, 0,66% w/v (NH4)2SO4 and 0.17%  YNB) for 
5 days at 25ºC and 150 rpm. Fungal material was harvested over two layers of miracloth and lyophilized 
overnight. RNA was isolated from Fol grown on each carbon source using Trizol (Invitrogen) and equal 
amount of RNA was used for further treatment.  
cDNA synthesis and ligation of linkers was performed using the protocol supplied by Clontech, Strategene 
cat. #200401. Small fragments (0.5 kb -1.5 kb) and large fragments (> 1.5 kb) were ligated separately into to 
the pACT2 vector (Invitrogen) using the EcoRI and NcoI restriction sites. Using eletroporation 1 µl ligase mix 
was transformed to E. coli DH10ß cells. The number of primary transformants was determine by plating and 
the rest of the transformation mix was added to 3 liters of T broth medium + ampiciline. The culture incubated 
overnight at 37°C and plasmid DNA was isolated from the cells using a Maxiprep kit (Quiagen). Presence of 
inserts in the library was checked using colony PCR from multiple colonies grown on plates used for titer 
determination using MCS primers on the pACT2 vector, (number 9 and 10 in Table 1). The tomato-Fol 
interaction cDNA library was made previously from RNA isolated from Fol007-infected tomato packed in 
lambda phages (de la Fuente van Bentem et al., 2005). The lambda phages were converted to the pACT2 
backbone using the “ in vivo mass excision” protocol (Elledge et al., 1991) and DNA was isolated from E. coli 
strain BNN132 using the Birnboim method (Birnboim, 1983). The libraries were transformed to yeast carrying 
a bait vector as described above. 
 
Plasmid rescue from yeast  
To obtain clones encoding potential interactors the YTH plasmid was isolated from an overnight grown 
minimal medium culture lacking leucine and tryptophane. After centrifugation of the culture, the plasmid DNA 
was isolated using an extraction buffer consisting of 200 µl isoamyl alcohol:phenol:chlorophorm (50:1:24:25), 
200 µl of 2% Triton X100, 1%SDS, 100 mM NaCl, 10 mM Tris pH8.0 and 1 mMEDTA and 300 mg acid 
washed beads. After vortexing and cenrifugation steps, the waterphase was transferred to a new tube and 
supplemented with 1/10 volume 3M NaAc and 2 volumes of isopropanol. Precipitated DNA was collected by 
centrifugation, washed with 70% alcohol and redissolved in 20 µl water. 8µl was used for transformation to E. 
coli strain JF1754 (Schultz & Friesen, 1983) grown on M9 selection plates to select for colonies only 
harbouring the pACT2 plasmid (one liter of M9 medium consists of: 20 ml 10x M9 salts (1 liter 10X M9 salts = 
60g Na2HPO4, 30g KH2PO4, 5g NaCl and 10g NH4Cl), 400 µl 1M MgSO4, 4 ml 20% glucose, 20 µl 1M CaCl2, 
15g agar, plus amino acids and nucleic acids, except for leucine, added after autoclavation in the same 
concentration as used for yeast minimal plates). To screen directly for SKP1 clones among the obtained 
pACT2 plasminds, primer 12 and 13 (Table 1) were used. To sequence a non-SKP1 clone, primer 10 and 11 
(Table 1) were used. 
 
Construction of FTT1 and FTT2 YTH vectors 
The sequence of FTT1 (FOXG_01979, incomplete sequence) and FTT2 (FOXG_00146 – Ftt protein 6) from 
Fol were obtained from the Broad intstitute 
(http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiHome.html). The full sequence of FTT1 
was obtained upon sequencing (Supplementary data). Using primers 14-17 (Table 1) containing NcoI and 
BamHI restriction sites, the two genes were amplified from the Fol cDNA library entioned above and ligated 
into the pAS2-1 and pACT2 vector. Yeast two-hybrid assays were perfomed as described above. 



 

 61 

 
Construction of GFP-FRP1 vectors 
The plasmid pPK2HPHGFP∆frp1 (Chapter VI) was used as starting vector to make the different constructs. In 
this plasmid the upstream en downstream flanks of FRP1 are present, allowing it to be used for gene 
replacements. First the plasmid was cut with ApaI and religated to remove GFP from the plasmid, creating 
pPK2HPH∆frp1. The downstream sequence of FRP1 was amplified using primers 18 and 19, annealing at 
position 1240 pb and 2106 pb from the FRP1 start codon, respectively, using genomic DNA as template. The 
forward primer used to amplify the downstream sequence contained a mutation replacing the SpeI site at 
position 1249 (ACTAGT) with an NheI site (GCTAGC) without changing the amino acid sequence. The 
reverse primer contained both SpeI and SalI sites in the linker. The amplified downstream sequence was cut 
with NheI and SalI and ligated into the SpeI and SalI of the different pGEX-KG vectors containing the FRP1 
contructs. The ORF of FRP1 and downstream sequence was restricted out of the obtained pGEX-KG vector 
using restriction enzymes NcoI and SpeI. A GFP encoding DNA fragment was amplified from 
pPK2HPHGFP∆frp1 vector using primers 20 and 21, which contained an Xba1 linker in the forward and a 
Nco1 in the reverse primer without a stop codon. The restricted FRP1 and the amplified GFP constructs were 
then into the Xba-digested pPK2HPH∆frp1 vector (three points ligation). This created the vectors 
pPK2HPH/GFP-FRP1∆frp1, pPK2HPH/GFP-FRP1Q120L,L126S∆frp1 and pPK2HPH/GFP-FRP1-C∆frp1. For 
construction of the control vectors only containing GFP driven by the FRP1 promoter, see General discussion 
chapter. 
 
Fungal transformations 
Agrobacterium mediated transformation was performed as described (Takken et al., 2004). Putative 
transformants were transferred to Czapex Dox agar plates (CDA, Oxoid) containing 100 µg/ml Zeocin 
(invivogen) and 200µM Cefotaxim (Duchefa). After four days, when colonies appeared, spores from putative 
transformants were suspended in 10 µl of sterile water and spread on potato dextrose agar plates (PDA, 
Difco) containing 100 µg/ml Zeocin. Singles spore colonies were punched out from the plates by ringcaps 
(Hirschmann) and placed on fresh PDA plates. Genomic DNA was obtained from mycelium by extraction with 
200 µl glass beads, 300 µl phenol/chloroform (1:1) and 400 µl TE buffer pH8.0 per 1 cm2 of mycelium. Correct 
gene replacement in the transformants was verified by PCR.  
 
Plant infections 
The tomato cultivar C32, which is susceptibility to all Fol races, was used for the inoculations. Ten-day-old 
seedlings with cut roots were dipped into a 107 spore/ml suspension and potted in soil. Biomass and disease 
index was quantified three weeks after infection as described (Mes et al., 1999a). Disease index was scored 
by visual observation (0 = healthy plant, 1 = air roots and thickening of stem; no vessel browning, 2 = one or 
two brown vessels, more than four true leaves, 3 = three or more brown vessels, more than four true leaves, 
4 = four or less true leaves.  
 
Table 1: Primers used in this study 
Primer # Primer sequence Primer name 
1 GTAATTCGTTGGGAGATCCTAGGAAAAGCT pm-F-boxFRP1 R 
2 GCTTTTCCTAGGATCTCCCAACGAATTACA pm-F-boxFRP1 F 
3 ATCATCGGAAGAGAGTAG pAS2-1 mcs F 
4 CATAAGAAATTCGCCCGG pAS2-1 mcs R 
5 AAACCATGGATCATATTCCCGTTTACGCCTC NcoI FRP1-C F 
6 AAAAGAATTCTTAATCCGCATCGTCATCAG EcoRI FRP1-C R 
7 FAAAAAGCTTAGGAAACAGTATTCATGTCCGAATCTACCTCTA HindIII-RBS-SKP1 F 
8 TTTAAGCTTATGCGTAGTCTGGTACGTCGTACGGATAACGATCTTCAGCCCACT HindIII SKP1-TAA+ 

HA-tag R 
9 TTTAAGCTTAACGATCTTCAGCCCAC HindIII SKP1 R 
10 TAATACCACTACAATGGATG pACT MCS F 
11 CAACTGTGCATCGTGCAC pACT MCS R 
12 AGGCACAGGATGATGATTCC SKP1 F 
13 TTTAAGCTTAACGATCTTCAGCCCAC SKP1 R 
14 AAAACCATGGGTCACGAAGACGCCG FTT1 NcoI F 
15 AAAAGGATCCTTAGGCTCCTCAGCCG FTT1 BamHI R 
16 AAAAGGATCCGATTTAGGAGGCGGCAGCA FTT2 BamHI R 
17 AAAACCATGGCCACCGAGCGTGAAA FTT2 NcoI F 
18 AAAAAGTCCGCTAGCGAAGCTC FRP1 SpeINheI F 
19 AAAGTCGACTAGTTTCCCGCCTCCTATCAAAG FRP1+spe1/sal1 R 
20 AAATCTAGAATGGTGAGCAAGGGCGAGGAG GFP+XbaI F 
21 TTTCCATGGACTTGTACAGCTCGTCCATGCCG GFP-stop+NcoI R 
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Abstract 
 
The vascular wilt pathogen Fusarium oxysporum f.sp. lycopersici efficiently invades roots 
and colonizes vascular tissues of its host tomato. For these processes, the F-box protein 
Frp1 is required. The ∆frp1 mutant was characterized in detail to uncover the cause of its 
colonization defect. Using growth assays, we could attribute poor root colonization to 
reduced assimilation of organic acids, amino acids (except proline) and/or polysaccharides. 
External root colonization by the ∆frp1 mutant is restored by addition of 0.1% glucose or 
proline, but infection still does not occur. This is due to the inability of the ∆frp1 mutant to 
penetrate the roots, as demonstrated by the lack of expression of SIX1 in the ∆frp1 strain, 
which is a gene exclusively expressed inside roots, and loss of cell wall degrading enzyme 
(CWDE) gene expression. Many of the metabolic defects of the ∆frp1 strain can be 
attributed to reduced expression of the ICL1 (isocitrate lyase) gene. Strikingly, a ∆icl1 
mutant is still fully pathogenic and capable of external root colonization. We conclude that 
the inability of the ∆frp1 strain to colonize and invade roots is not primarily due to metabolic 
defects, but can be attributed to reduced expression of several CWDE genes. 
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Introduction 
 
For successful infection, a plant pathogenic fungus needs to adjust its metabolism, 
morphology and spectrum of secreted enzymes to allow entry into the plant tissue and 
growth inside the plant. Sensing of the plant environment is probably required to initiate this 
process. Very little is known about mechanisms required for root colonization and 
penetration by fungi. These mechanisms are different from those associated with leaf 
colonization: for example, appressoria are not used to penetrate roots nor are natural 
openings like stomata. Currently, metabolic and signal transduction pathways needed for 
the formation of appressoria are relatively well understood (Wang et al., 2007). Notably, 
genes required for appressoria formation in Magnaporthe grisea are dispensable for root 
infection (Sesma & Osbourn, 2004). To learn more about the infection process of fungal 
root pathogens, we study Fusarium oxysporum f. sp. lycopersici (Fol), a soil borne fungus 
that causes wilt disease in tomato plants. It enters the plant through the roots and grows 
via xylem vessels into the stem where the water flow is eventually blocked, leading to wilt 
and subsequently death of the plant. In the earliest stage of infection, a resting structure of 
a fungal root pathogen, like a chlamydospore of Fol, senses the proximity of a plant root 
and starts to germinate. The fungus then needs to obtain nutrients from the plant to be able 
to rapidly colonize roots, often in competition with other microorganisms.  
Initially, root exudate is the only readily available nutrient source for the fungus besides 
internal energy supplies. Potentially useful nutrients in root exudate of tomato include 
organic acids with citric, malic, lactic and succinic acid as the major ones. In lower 
concentrations, tomato root exudate also contains glucose, xylose and fructose as the main 
monosaccharides as well as amino acids (Lugtenberg et al., 2001). Recently, it was shown 
that the root exudate of tomato as well as some of its individual components can induce 
germination of Fusarium oxysporum spores (Steinkellner et al., 2005, Kamilova et al., 
2008). Root exudate also harbors phenolic compounds, but these appear to be involved in 
growth inhibition rather than in stimulation (Taddei et al., 2002, Steinkellner et al., 2005).  
After germination in the vicinity of roots a fungus has to adapt its nutrient acquisition 
strategy and produce nutrition related proteins ranging from amino acid permeases to 
cellobiose degradation enzymes. Some of the encoding genes are required for 
pathogenicity of certain fungi while others are not (Divon & Fluhr, 2007). Nutrients from 
plants can also induce pathogenicity genes in fungi. For Nectria haematococca (Fusarium 
solani) it was shown that the amino acids asparagine and homoserine from pea roots 
induce expression of PelD, a pectate lyase (Yang et al., 2005). This is probably relevant for 
pathogenicity since deletion of PelD together with PelA, encoding another pectate lyase, 
reduced virulence (Rogers et al., 2000).  
Besides nutrient acquisition, a pathogenic fungus also needs to penetrate the root 
epidermis to infect the plant. Like most fungi, Fol produces a broad variety of different 
enzymes that act on different components of the cell wall (Roncero et al., 2000). For fungi 
to express CWDE genes and assimilate nutrients from plants, it is often necessary to 
activate alternative (non-glucose) assimilation routes. For instance, the glyoxylate cycle, a 
bypass of the tricarboxic acid cycle, is necessary to assimilate C2-carbon sources and fatty 
acids. The ICL1 (isocitrate lyase) and MLS1 (malate synthase) genes encode enzymes 
specific for the glyoxylate cycle and are required for virulence in Candida albicans, 
Stagnospora nodorum, and Magnaporthe grisea (Lorenz & Fink, 2001, Solomon et al., 
2004, Wang et al., 2003). Furthermore, use of a ICL promotor-GFP fusion to study the 
pathogen Tapesia yallundae during wheat infection, revealed that ICL expression occurred 
specifically at the plant surface (Bowyer et al., 2000). Peroxisomal metabolic function can 
also be required for infection, for example for Colletotrichum lagenarium (Kimura et al., 
2001), suggesting that beta-oxidation of fatty acids may be important for virulence. For 
Candida albicans it was shown that deletion of key enzymes in the pathways of beta-
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oxidation of fatty acids and gluconeogenesis all confer virulence defects (Ramirez & 
Lorenz, 2007).To obtain more insight into the process of root infection by fungi and the 
metabolic requirements for this process, we analyzed in detail the ∆frp1 mutant of Fol. 
FRP1 is absolutely required for pathogenicity (Duyvesteijn et al., 2005) and encodes a 
protein belonging to the class of F-box proteins which are generally involved in 
proteasomal protein degradation via the ubiquitin conjugation pathway. The function of the 
F-box protein in this pathway is to bind to a (usually phosphorylated) target protein. The F-
box protein and its target assemble into an SCF (Skp1, Cullin and F-box protein) complex 
where the target gets ubiquitinated (Patton et al., 1998).  We show here that colonization of 
roots is impaired at an early stage in the ∆frp1 mutant strain. Using growth assays, gene 
expression studies, carbon source supplementation, bioassays and fluorescence 
microscopy we could discriminate different phases of the infection process of Fol and 
obtain new insight into the metabolic and physiological requirements for pathogenicity of a 
fungal root pathogen. 
 
Results 
 
The ∆frp1 mutant is unable to grow normally on various carbon sources 
Previously it has been shown that the ∆frp1 mutant is impaired in root colonization 
(Duyvesteijn et al., 2005). Since the mutant grows normally on synthetic medium like CDA 
and PDA, an explanation for this failure of colonization might be that the mutant cannot 
assimilate specific nutrients exuded by roots. To investigate this possibility and explore the 
nutrient assimilation phenotype in general, we tested growth on minimal medium plates 
containing various carbon sources. We observed that the ∆frp1 mutant is impaired in 
growth on organic acids, amino acids, fatty acids, alcohols, sugar alcohols and 
polysaccharides (Figure 1 and Table 1). The radial growth rate of the ∆frp1 mutant is in all 
cases similar to the wild type strain, but no, or much less, aerial hyphae are formed. This 
suggests that the compounds are not toxic to the ∆frp1 mutant but that it has a reduced 
ability to use these compounds for biomass formation. The ∆frp1 mutant grows similar to 
wild type on most monosaccharides and disaccharides and also on glycerol, indicating that 
the growth defect does not result from a respiration defect but reflects other metabolic 
problems. Among amino acids one striking exception was the normal growth on proline. 
We considered that this might be due to the fact that in fungi proline is transported into the 
cell by a specific transporter, Put4 (Lasko & Brandriss, 1981). To test whether Frp1 may 
influence general amino acid transporters, we grew wild type and the ∆frp1 mutant on agar 
plates supplemented with fructose as carbon source and amino acids as the only nitrogen 
source. This revealed that the ∆frp1 mutant can still use amino acids as a nitrogen source. 
With threonine as nitrogen source for example, the growth of the ∆frp1 strain is similar to 
wild type (Figure 2A). The ∆frp1 mutant also showed the same sensitivity to the toxic amino 
acid para-fluoro-phenylalanine (FPA) in concentrations of 10 and 400 µM FPA on plates 
supplemented with KNO3 as nitrogen source and threonine as carbon source. The reduced 
radial growth in the wild type by increasing amounts of FPA was equally observed in the 
∆frp1 mutant (Figure 2B). We therefore consider it unlikely that amino acid transporters are 
affected in the ∆frp1 mutant and we conclude that the inability of the ∆frp1 mutant to 
efficiently use most amino acids as a carbon source is probably caused by a metabolic 
defect.  
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Table 1: Growth phenotypes of ∆frp1 strain relative to the wild type stain on minimal 
medium agar plates containing different carbon sources 

Carbon source Phenotype  of ∆frp1 compared to 
wild type Carbon source Phenotype  of ∆frp1 

compared to wild type 

No carbon source No differences Amino acids  
No nitrogen source No differences Arginine  Strongly reduced 
CDA No differences γ-aminobutyrate  Strongly reduced 

PDA  No differences but less purple 
pigment Glutamate  Strongly reduced 

V8 juice agar No differences Glutamine  Reduced 
Alcohols  Glycine Strongly reduced 
1-propanol less inhibited in spreading Histidine  Reduced 

2-propanol  less inhibited in spreading,  
but no aerial hyphae Leucine  Reduced 

Allylalcohol  less inhibited in spreading Phenylalanine  Reduced 
Ethanol  Strongly reduced proline No differences 
Glycerol No differences Threonine  Reduced 
Organic acids  Valine  Reduced 
Acetic acid  Reduced Oligosaccharides  
Ascorbic acid  Reduced Arabinose  Slightly reduced 
Citric acid  Strongly reduced Fructose  No differences 
Galacturonic acid Reduced Galactose  No differences 
Gluconic acid ( No differences Glucose  No differences 
Lactic acid  Strongly reduced Maltose  No differences 
Oxalic acid  Reduced Raffinose  Slightly reduced 
Pyruvic acid  Strongly reduced Sorbose (L-) No differences 
Succinic acid  Strongly reduced Sucrose  No differences 
Tartaric acid  Strongly reduced Xylose  No differences 
Fatty acids  Sugar alcohols  
Olive oil  Reduced  Inositol (myo)  Slightly reduced 

Tween 20  No differences in growth, reduced 
amount of lipid bodies Mannitol  Strongly reduced 

Polysaccharides  Sorbitol Strongly reduced 
Maizena  Reduced Xylitol  Slightly increased 

Pectin Reduced Other carbon 
sources  

Polygalacturonic acid  Reduced Glucosamine  Slightly reduced 
Root homogenate Reduced   
Xylan (oat spelt-)  Reduced   

Plates were visually assessed. No differences = no different phenotype compared to wild type; Slightly reduced = the 
∆frp1 strain showed a small reduction in aerial hyphae; Reduced = the ∆frp1 strain produced much less aerial hyphae; 
Strongly reduced = the ∆frp1 strain did not produce aerial hyphae. Radial growth was the same in all cases.  
 
The ∆frp1 mutant can degrade complex sugars to some extent, but is unable to express 
several CWDE genes in culture 
Since the ∆frp1 mutant grows normally on mono- and disaccharides but not on complex 
sugars, we examined to what extent the expression of genes involved in degradation and 
assimilation of polysaccharides is impaired. On agar plates reduced growth on root 
homogenate, polygalacturonic acid (PGA), pectin and xylan was observed (Figure 1). To 
study whether the ∆frp1 mutant was able to hydrolyse PGA, a PGA degradation assay was 
conducted. This assay tests for the production and secretion of polygalacturonases, whose 
collective activity result in a halo in PGA agar. The ∆frp1 mutant is capable of forming such 
a halo even though it is smaller than that of the wild type strain. This suggests that the 
∆frp1 mutant can secrete polygalacturonases to some extent (Figure 3A). To study the 
expression of individual CWDE genes in more detail, we tested whether the ∆frp1 mutant is 
able to express some of the known CWDE genes on inducing medium in vitro. We grew the 
wild type and the ∆frp1 strains on glucose and then transferred the mycelium to inducing 
medium (containing pectin or PGA). 
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Figure 1. Growth phenotypes of wild type, ∆frp1 mutant and the 
complemented strain on minimal medium agar plates containing 
different carbon sources.  
 
 
 

 
 
Figure 2: Reduced growth of the ∆frp1 mutant on amino acids is not 
related to reduced uptake. 
A) Growth phenotypes of wild type, ∆frp1 mutant and complemented 
strain on minimal medium agar plates containing threonine as a 
carbon source (C) or as a nitrogen source (N). B) Growth inhibition of 
wild type and ∆frp1 mutant with threonine as a carbon source and 
with different concentrations of para-fluor-phenylalanine (FPA). 
 
As expected, the wild type strain induces expression of 
PL1 (a pectate lyase gene, FOXG_12264.2), PG1 

(encoding polygalacturonase 1, FOXG_14695.2) and PGX1 (encoding exo-
polygalacturonase 1, FOXG_08862.2) on pectin and PGA medium. In contrast, the ∆frp1 
mutant could not visibly induce PL1 on pectin medium nor PL1 or PG1 on PGA medium 
and showed reduced expression of PGX1 on PGA medium (Figure 3B).  
 

 
Figure 3: Expression of CWDE genes is reduced in the ∆frp1 mutant. 
A) The halo around the colonies of wild type and ∆frp1 mutant indicates hydrolysis of polygalacturonic acid 
(PGA) due to secreted PGA-degrading enzymes. B) Northern blots of RNA from wild type and ∆frp1 mutant 
growing on glucose or the indicated plant cell wall components, probed with CWDE gene probes or, as a 
control, a probe for translational elongation factor 1 alpha (TEF1) . Ribosomal RNA bands stained with 
ethidium bromide indicate equal loading. 
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In conclusion, the ∆frp1 mutant is unable to grow on many, but not all non-sugar carbon 
sources and is unable to fully express genes needed to degrade the plant cell wall. These 
deficiencies might underlie its pathogenicity defect. To find out whether this is the case, we 
next studied the performance of the ∆frp1 mutant at different stages of the infection 
process and its dependence on specific nutrients at those stages. 
 
The ∆frp1 mutant is able to germinate in root exudate despite being unresponsive to citric 
acid, a major component of root exudate  
The first stage of infection is the germination of spores in response to the proximity of roots. 
We therefore examined the germination efficiencies of wild type and ∆frp1 mutant in water 
as well as in soil containing the following additions: root exudate with and without 
seedlings, glucose and citric acid. Glucose and citric acid are components of tomato root 
exudate and are, like root exudate itself, able to induce germination of F. oxysporum 
(Steinkellner et al., 2005, Kamilova et al., 2008). Germination of either wild type or the 
∆frp1 mutant did not occur after two days in water or in soil without additives, but was 
prolific in the presence of root exudate or just glucose (Figure 4). A clear difference in 
germination rate was observed between wild type and ∆frp1 mutant in the presence of citric 
acid. In contrast to the wild type, the ∆frp1 mutant did not germinate in citric acid solutions 
of either 0,1% and 1%. This correlates to the lack of growth of the ∆frp1 mutant on agar 
plates supplemented with citric acid as a carbon source. Tomato root exudate apparently 
harbors sufficient amounts of other carbon sources to support germination and initial 
hyphal elongation of the ∆frp1 mutant. 
 
Root colonization by the ∆frp1 mutant can be restored by addition of glucose but not by 
citric acid 
Previous studies with tomato roots inoculated with the ∆frp1 mutant expressing GFP 
showed strongly reduced colonization compared to wild type (Duyvesteijn et al., 2005). We 
hypothesized that the inability to proliferate on citric acid and other root exudate 
components might be the cause of this strongly reduced colonization. 

 
Figure 4: Spore germination efficiency (percentage of total spores) of wild type and ∆frp1 mutant in the 
presence of different nutrients. 
 



 

 70 

To investigate this possibility, we studied fungal colonization on the surface of roots of ten-
day old tomato plants inoculated with GFP-expressing strains in Petri dishes. After five 
days the wild type had colonized the entire root system, while the ∆frp1 mutant did not 
show any root colonization (Figure 5 upper panel). Despite being sufficient for spore 
germination and initial hyphal elongation, the root exudate from the seedlings in the 
petridish apparently could not support colonisation by the ∆frp1 mutant. 
We then tested whether root colonization could be restored by addition of glucose, proline 
or citric acid. Root colonization by the ∆frp1 mutant in the presence of 0.1% glucose was 
the same as by the wild type after five days and in both cases colonization was enhanced 
compared to water (Figure 5, middle panel). Addition of 0.1% proline resulted in massive 
covering of roots with mycelium by both wild type and the ∆frp1 mutant after two days (data 
not shown) This is possibly due to the fact that proline acts as both nitrogen and carbon 
source. Enhanced growth along the roots by the wild type was observed already after two 
days using citric acid, but no colonization of roots was observed in the ∆frp1 mutant (Figure 
5A, lower panel). These observations again correlate with the growth phenotypes on 
plates. To test whether restoration of root colonization is sufficient for restoration of 
pathogenicity, seedlings of which roots were colonized by wild type or the ∆frp1 mutant in 
the presence of different amount of glucose, proline or citric acid were transferred to pots 
with soil. Three weeks later we observed that the wild type strain had caused severe 
disease in all cases (Table 2). In contrast, plants inoculated with the ∆frp1 mutant strain 
looked healthy and no disease symptoms (like vessel browning) were observed (Table 2). 
To summarize, superficial root colonization of the ∆frp1 mutant can be restored by addition 
of glucose or proline, but the mutant is still unable to cause disease. Given the inability of 
the ∆frp1 mutant to cause disease even when root colonization is restored by addition of an 
external carbon source, we wished to determine whether the mutant can (at least to some 
extent) invade roots under these conditions. 

 
Figure 5: Lack of root colonization by the ∆frp1 mutant can be restored by addition of glucose, but not by 
citric acid. 
Tomato seedlings were inoculated with the indicated strain in water, 0.1% glucose or 0.1% citric acid. GFP-
labeled fungal strains on tomato roots were visualized with UV-light using binocular microscopy after 5dpi 
(water and glucose) or 2dpi (citric acid). Pictures are representative of the root system. 
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To do this, we made use of the recent observation that he SIX1 gene (encoding a small 
protein secreted in the xylem sap) is expressed immediately and specifically upon root 
invasion (van der Does et al., 2008). 
We then tested whether root colonization could be restored by addition of glucose, proline 
or citric acid. Root colonization by the ∆frp1 mutant in the presence of 0.1% glucose was 
the same as by the wild type after five days and in both cases colonization was enhanced 
compared to water (Figure 5, middle panel). Addition of 0.1% proline resulted in massive 
covering of roots with mycelium by both wild type and the ∆frp1 mutant after two days (data 
not shown). 
 
Table 2: Infection of tomato seedlings with wild type and the ∆frp1 mutant (107 spores/ml) 
under different conditions.  

Disease observed Condition 
Wild type ∆frp1 mutant 

water + - 
pre-incubated in 0.1% citric acid  + - 
pre-incubated in 0.1% glucose   + - 
0.1% glucose added to soil + - 
pre-incubated in 0.1% proline  + - 
0.1% proline added to soil + - 
1% glucose added to soil + - 
1% proline added to soil + - 

Seedlings were either pre-incubated for two days (citric acid and proline) or five days (glucose) and potted 
into soil, or the seedlings were dipped in the spore suspension, potted into soil and supplied every 2 days 
with the indicated solution of glucose or proline. 
 
The ∆frp1 mutant is unable to penetrate tomato roots 
We used fungal strains derived from wild type as well as the ∆frp1 mutant that express 
GFP under the control of the SIX1 promotor. In these strains, GFP fluorescence inside 
roots is an indication that the fungus has entered the roots and has started the production 
of virulence factors. To first establish whether the ∆frp1 mutant is able to express SIX1, it 
was cultured together with tomato MSK8 cells in BY medium. These conditions also result 
in SIX1 expression (van der Does et al., 2008). Both the wild type and the ∆frp1 mutant can 
grow in this medium due to the presence of sucrose, and both can express GFP under 
these conditions (Figure 6A), showing that the ∆frp1 mutant is able to induce SIX1 
expression. After inoculation of tomato roots in Petri dishes containing tap water with 0.1% 
glucose using the wild type strain expressing GFP under the control of the SIX1 promotor, 
GFP expressing hyphae were observed in roots as expected (Figure 6B, left panel). 
However, with the ∆frp1 mutant strain expressing GFP under the control of the SIX1 
promotor, no GFP expression was observed, indicating that the ∆frp1 mutant did not enter 
the root at all (Figure 6B, right panel).  
Penetration of roots may depend on the ability of the fungus to form penetration hyphae (Di 
Pietro et al., 2001). We found that the ∆frp1 mutant can penetrate through a cellophane 
sheet (Supplementary Figure S2) suggesting that it is able to form penetration hyphae, at 
least under in vitro conditions. From these results, we conclude that although the ∆frp1 
mutant has the ability to penetrate cellophane and express SIX1 in response to plant cells, 
it lacks the ability to invade roots. We hypothesized that this might be linked to its reduced 
expression of CWDE genes. 
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Figure 6: Absence of SIX1 expression by the ∆frp1 mutant on roots suggests that the mutant does not 
penetrate root tissue.  
A) Fungal strains co-cultured with MSK8 cells showing GFP expression driven by the SIX1 promotor. 
Triangles indicate GFP expressing hyphae. The pictures in the right panel show constitutive RFP expression 
from a fusion construct of RFP with the selection marker gene HPH1 behind the constitutive GPD-promotor, 
visualizing all fungal material. The two upper panels show the wild type and the lower panels the ∆frp1 
mutant. B) GFP expression in roots as an indication of SIX1 promotor activity. Wild type is shown on the left 
and the ∆frp1 mutant on the right. Pictures are representative of the root system. 
 
The ∆frp1 mutant does not express CWDE genes when growing on roots 
As described above, the ∆frp1 mutant does not express several CWDE genes in response 
to cell wall polymers in vitro. In planta, Fol expresses several CWDE genes already in early 
stages of infection and throughout the further infection cycle (Roncero et al., 2000). This 
suggests that they may play an important role in the infection process. To be able to 
analyze the expression of CWDE genes of the ∆frp1 mutant on roots we performed root 
inoculation experiments in the presence of 0.1% glucose. This allows the ∆frp1 mutant to 
colonize the roots like the wild type strain. In axenic cultures CWDE genes can be induced 
in the wild type in the presence of 0.1% glucose, demonstrating that this concentration of 
glucose is not sufficient to cause catabolite repression of CWDE genes (data not shown). 
RT-PCR was performed to compare expression of CWDE genes in the wild type strain and 
∆frp1 mutant growing on roots for one and five days. The constitutive expressed gene 
FEM1 (Schoffelmeer et al., 2001) was used to compare the equality of the fungal RNA of 
the different samples by generating a dilution serie for this gene. At one day, equal 
amounts of fungal RNA were isolated, but at fives days relatively more fungal RNA from 
wild type samples than from ∆frp1 mutant samples was isolated, possibly due to enhanced 

growth inside the root system by the wild type. To use equal 
amounts of fungal template cDNA, a 5x dilution was used 
for the wild type with the five-day sample. No dilutions were 
necessary for the one-day samples. The results in figure 7 
show that after one day PG2, XYL2 and XYL5 expression is 
present in wild type and absent in the ∆frp1 mutant sample. 
After five days PL1 and PG1 expression is present in wild 
type and absent in the ∆frp1 mutant sample, similar to 
induced axenic cultures (an shorter amplified product is 
seen for PL1 in the ∆frp1 mutant lane, but this band proved 
to be an unspecific side-product upon sequencing).  
 
 
Figure 7: During root colonization expression of several genes is 
strongly reduced in the ∆frp1 mutant compared to wild type. RT-PCR 
was performed with primers for the indicated genes on RNA from 
tomato roots colonized by wild type or the ∆frp1 mutant growing in the 
presence of 0.1% glucose for one and five days.  
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From another CWDE gene encoding xylanase 3 (XYL3) the expression was also absent in 
the ∆frp1 mutant compared to the wild type. In contrast, PGX1 expression was both 
present in wild type and the ∆frp1 mutant samples, again similar to induced axenic cultures. 
Interestingly, we found that in both the wild type and in the ∆frp1 mutant samples at one 
and five days the XlnR1 xylanase activator gene is expressed. This indicates that lack of 
expression of XYL2, XYL3 and XYL5 in the ∆frp1 mutant is probably not due to absence of 
this activator. We also confirmed that the ∆frp1 mutant does not express SIX1 or ARA1, 
encoding an arabinanase found in the xylem sap of infected tomato (Houterman et al., 
2007), indicating that the fungus did indeed not enter the roots or reach xylem vessels. 
Deficient expression of a set of genes encoding CWDE’s required to degrade cell walls 
may be the main cause for the non-pathogenicity of the ∆frp1 mutant. To exclude an 
additional role of other metabolic defects caused by loss of Frp1, we constructed an ∆icl1 
mutant which displays similar metabolic defects.  
 

 
Figure 8: Expression of ICL1 is strongly reduced in the ∆frp1 mutant, but ICL1 is not required for colonization 
or pathogenicity. 
A) Northern blot of RNA from wild type and ∆frp1 mutant growing on ethanol or olive oil, probed with ICL1. 
Ribosomal RNA bands stained with ethidium bromide indicate equal loading. B) Wild type and four 
independent ∆icl1 mutants growing on agar plates supplemented with olive oil, glucose or ethanol.C) A GFP-
labeled ∆icl1 mutant on tomato roots visualized with UV-light using a binocular microscope. D) Weight scores 
and disease index of tomato plants inoculated with wild type, four ∆icl1 mutants or water (mock inoculation). 
 



 

 74 

Taken together, impaired breakdown of polysaccharides by the ∆frp1 mutant seems most 
likely the cause for both its lack of external colonization and root penetration. This The ∆icl1 
glyoxylate cycle mutant does not assimilate a range of carbon sources, but is still fully 
pathogenic 
We considered that the inability of the ∆frp1 mutant to grow proficiently on ethanol or fatty 
acids as carbon sources could be due to a defect in the glyoxylate cycle. One of the key 
enzymes of this cycle is isocitrate lyase 1, encoded by the ICL1 gene (FOXG_05529.2). 
We observed that this gene is indeed expressed in the wild type grown on ethanol or a fatty 
acid mixture (olive oil), but to a much lower extent in the ∆frp1 mutant (Figure 8A), 
explaining the growth defects of the ∆frp1 mutant on ethanol and fatty acids. 
To confirm this we made a knock-out mutant of ICL1 and tested this mutant for growth on a 
panel of different carbon sources. We observed that the ∆icl1 mutant as expected showed 
strongly reduced growth on ethanol and fatty acids, but unexpectedly also on organic acids 
and sugar alcohols, like the ∆frp1 mutant (data not shown). The growth reduction on 
ethanol and olive oil of the ∆icl1 mutant was even more severe than of the ∆frp1 mutant 
(Figure 8B). This could be explained by the fact that the ∆frp1 mutant still maintains a low 
level of ICL1 expression.In contrast to the ∆frp1 mutant, the ∆icl1 mutant is still able to 
colonize roots and cause infection (Figures 8C and D). That expression of ICL1 is not 
required during the infection process is supported by our observation that ICL1 is not 
expressed in planta at 5 dpi (data not shown). This means that assimilation of ethanol or 
fatty acids through the glyoxylate cycle is not required for root colonization or pathogenicity 
of Fol. Taken together, we propose that the lack of expression of several CWDE’s in the 
∆frp1 mutant is the most likely cause of the inability of this mutant to colonize and invade 
roots.  
 
Discussion 
 
Our analysis of the pathogenicity defect of the ∆frp1 mutant of the root invading fungus Fol 
has provided new insight into the requirements for root colonization and invasion by fungi. 
We found that assimilation of carbon derived from the plant is a prerequisite for Fol to 
colonize the roots. The major carbon sources found in root exudate of tomato are organic 
acids, followed by sugars and amino acids (Lugtenberg et al., 2001). Additionally, roots 
harbor carbohydrates in cell wall polymers that become available after degradation of the 
cell wall. Assimilation of these nutrients contributes to the rapid growth of the fungus which 
is probably a prerequisite for infection of the plant.  
In this study we could distinguish between requirements for germination, superficial growth 
on the root surface and root penetration. The ∆frp1 mutant is still able to germinate in root 
exudate, suggesting that Frp1 is not required for this very early stage of the infection 
process. Germination requires a response to stimuli (i.e. nutrients) from the plant resulting 
in the germination and adhesion to the host (Osherov & May, 2001). The role of stored 
internal nutrients, like fatty acids, in spore germination remains unclear. We observed that 
although in both the ∆frp1 and in the ∆icl1 mutant the assimilation of fatty acids is impaired, 
they are still able to germinate. Stored nutrients might be dispensable for germination of 
root-invading fungi because they can immediately assimilate carbon sources from the root 
exudate to facilitate germination and initial hyphal growth.  
The process of superficial root colonization is probably facilitated by the assimilation of 
carbon sources like citric acid from root exudate but also by cell wall breakdown products, 
as the ∆icl1 mutant does not grow well on organic acids (the major carbon source in root 
exudate) but still colonizes roots proficiently. When carbon sources are provided externally, 
the penetration process likely still requires the production of CWDE’s, to break down cell 
walls and provide entry points. 
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impairment can be ascribed to the strongly reduced expression of several CWDE genes in 
the ∆frp1 mutant. Because of their large numbers and partial redundancy, it has been 
difficult to study the collective impact of CWDE genes on pathogenicity. Several xylanases, 
polygalacturonases and a pectate lyase have been identified but experiments showed that 
loss of single CWDE gene did not affect pathogenicity (Roncero et al., 2000, Di Pietro et 
al., 2003, Garcia-Maceira et al., 2000, Di Pietro & Roncero, 1998, Gomez-Gomez et al., 
2002). Additionally, deletion of a CWDE inducer gene, XlnR1, also showed no effect on 
pathogenicity (Calero-Nieto et al., 2007). Another protein involved in the regulation of 
CWDE gene expression in F. oxysporum is the Snf1 protein kinase. For the ∆fosnf1 mutant 
of Fusarium oxysporum (Ospina-Giraldo et al., 2003) and the ∆ccsnf1 mutant of 
Cochliobolus carbonum (Tonukari et al., 2000) it was shown that a set of known CWDE 
genes was not expressed under inducing conditions. This raises the question whether the 
Snf1 protein, a protein kinase functioning in carbon catabolite repression in yeast, acts in 
the same pathway as Frp1. We have therefore compared the ∆frp1 mutant and a snf1 
mutant obtained from our insertional mutagenesis program (C. B. Michielse, personal 
communication) in growth assays (data not shown). 
The snf1 mutant showed decreased growth on some sugars, but normal growth was 
observed on organic acids and amino acids. This suggests that Frp1 and Snf1 act in 
different pathways affecting nutrient assimilation and reinforces the notion that reduced 
expression of CWDE genes is the cause for reduced pathogenicity in both mutants. 
We have not yet been able to uncover how the Frp1 protein regulates the assimilation of 
several carbon sources. In general, F-box proteins recruit specific proteins to an SCF-
complex where they are labeled with ubiquitin, usually followed by degradation by the 
proteasome (Kipreos & Pagano, 2000). Our efforts to find possible targets of Frp1 have not 
yet succeeded. Another fungal F-box gene, FBP1, is involved in glucose sensing and 
controls proteins in the cell division cycle and sexual development. In Fusarium 
graminearum this gene was found to be a virulence factor presumably because of its 
function in the degradation of proteins involved directly or indirectly in disease development 
(Han et al., 2007). That F-box proteins are required for pathogenicity may be related to the 
fact that for a pathogenic fungus it is necessary to change cellular functions rapidly and 
adjust to the environment when invading a host. Such changes and adjustments are 
processes in which F-box proteins are frequently involved. For example in Candida 
albicans, the genes encoding the F-box proteins CaCdc4 and CaGrr1 are required for a 
morphological switch that is important for infection (Shieh et al., 2005, Butler et al., 2006, 
Atir-Lande et al., 2005).  
On the basis of our experiments, we did obtain some clues on the biochemical pathways 
that are affected in the ∆frp1 mutant. Respiration, the TCA-cycle and gluconeogenesis are 
still functional in the ∆frp1 mutant. Assimilation of the carbon sources proline and glycerol, 
on which the growth of the ∆frp1 mutant is not impaired, requires the TCA-cycle for 
generation of ATP and gluconeogenesis for generation of biomass. The reduced growth of 
the ∆frp1 mutant on alcohols, organic acids and sugar alcohols can be attributed to the 
much lower expression of ICL1 in the ∆frp1 mutant resulting in low flux through the 
glyoxylate cycle. The major remaining metabolic deficiency in the ∆frp1 mutant is the 
reduced ability to use amino acids as a carbon source. This is probably not due to reduced 
uptake, although a role of amino acids permeases cannot entirely be ruled out. In Fusarium 
proliferatum, the first stage of germination and endophytic colonization was adversely 
affected in the ∆fpmtr mutant, indicating that amino acid uptake by the permease FpMtr1 
might be important for colonization by F. proliferatum (Jeney et al., 2007). In plant 
pathogenic fungi in general, the utilization of amino acids in the early stage of infection 
appears to be important to generate energy for rapid proliferation of the fungus (Solomon et 
al., 2003). In addition, amino acids or catabolic intermediates of amino acid assimilation 
can induce the expression of colonization and pathogenicity related genes, as seen in F. 
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solani (Yang et al., 2005). However, since amino acids are only present in small 
concentrations in root exudate, the are unlikely to play a major role in promoting root 
colonization by Fol. 
The impaired expression of ICL1 and CWDE genes in the ∆frp1 mutant might be caused by 
a problem in glucose derepression. In yeast and some filamentous fungi glucose 
repression inhibits the expression of genes needed for the assimilation of non-sugar carbon 
sources, activation of secondary metabolism, expression of CWDE genes and 
pathogenicity related genes (Ruijter & Visser, 1997, Ronne, 1995, Gancedo, 1998, Flipphi 
et al., 2003). Derepression deficiency in the ∆frp1 mutant may explain the observation that 
on plant roots XlnR1 was expressed normally in the ∆frp1 mutant strain, but still the CWDE 
genes XYL2, XYL3 and XYL5 were not expressed. It is possible that in the ∆frp1 mutant 
several CWDE genes are under constitutive repression, preventing the activation of these 
genes despite the presence of activators and/or inducing compounds. A candidate 
responsible for this effect is CreA, a zinc-finger transcription factor conserved in 
filamentous fungi (Vautard et al., 1999, Tudzynski et al., 2000, Tonukari et al., 2003). We 
are currently investigating the role of CreA in the phenotype of the ∆frp1 mutant. 
 
Methods 
 
Biomaterials and bioassays 
Fusarium oxysporum f.sp. lycopersici race 2 isolate 007 (Fol007), (Mes et al., 1999a) was used as wild type 
strain. Spores from Fol strains were harvested in NO3 medium (5 mM KNO3, 0.17% Yeast Nitrogen Base 
(YNB) without amino acids or ammonia (Difco) and 3% sucrose) after five days shaking on a rotary shaker at 
150 rpm and 25ºC. For the germination assays, 1 ml containing 107 spores was inoculated in flasks 
containing 20 ml water, water + carbon source (1% or 0.1%) or root exudate collected overnight from tomato 
seedlings. Alternatively 107 spores in 1 ml water were inoculated on cellophane covered Petri dishes filled 
with 20 ml pre-wetted soil containing water, a carbon source (1% or 0.1%) and root exudate. Germinated 
spores were counted in a heamocytometer and were considered germinated when the germination tube was 
at least as long as the spore. This experiment was performed with three replicates each time. 
 
For plate assays, agar plates were prepared consisting of NO3 medium containing 1.5% bacto agar and 1 % 
w/v variable carbon source instead of sucrose (see Table 1) or fructose medium (1% fructose and 0.17% 
YNB) containing 1.5% bacto agar and 1% w/v variable nitrogen source (threonine). Root homogenate was 
obtained by harvesting tomato root cultures and after lyophilization, the roots were ground in liquid nitrogen 
and stored under sterile conditions. Para-fluor-phenylalanine (FPA, Fluka) was added to the medium after 
autoclaving from a sterile stock solution. Plates were inoculated with 2*104 spores on the center of the plate, 
incubated for one week at 25ºC and photographed. The cellophane penetration test (Prados Rosales & Di 
Pietro, 2008) and the PGA degradation assay (Scott-Craig et al., 1990) were performed according to protocol 
with minor modifications of the PGA degradation assay: the pH was set with 1M MES pH 5.0 (Duchefa) to an 
end concentration of 12 mM. The plates were incubated for 5 days at 25ºC. Microscopic examination of root 
colonization and penetration together with expression studies of GFP in the presence of MSK8 cells were 
performed as described (van der Does et al., 2008). The tomato cultivar C32 (Kroon & Elgersma, 1993) was 
used for the inoculations and the pictures show a representative part of the root system. Simultaneously, 
seedlings treated the same way were potted into soil after two or five days to observe disease developments. 
 
Plant infections 
The tomato cultivar C32, which is susceptibility to all Fol races, was used for the inoculations. Ten-day-old 
seedlings with cut roots were dipped into a 107 spore/ml suspension and potted in soil. Biomass and disease 
index was quantified as described by (Mes et al., 1999a) three weeks later. 
 
DNA constructs 
The pPK2∆frp1-GFP plasmid containing a hph-GFP in-frame fusion construct was created by insertion of 1.1 
kb of the upstream flank of FRP1 into the HinDIII-XbaI sites and 0.45 kb of the downstream flank into the 
PacI-KpnI sites of the pPK2 hph-GFP plasmid (described by Michielse et al. submitted) using primers FRP1 
upstrm F and R for amplification of the upstream flank, and FRP1 dwnstrm F and R for the amplification of 
downstream flank (Table 3) using genomic DNA as a template.The pPK2∆icl-GFP plasmid containing the 
same hph-GPF fusion construct was created by insertion of 1.1 kb DNA of the upstream flank of ICL1 into the 
HinDIII-XbaI sites and 1 kb comprising the 3’ part of the gene and downstream flank into the PacI-KpnI sites 
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of the plasmid using primers ICL1 upstream F and R for the amplification of upstream flank, and ICL1 
dwnstrm F and R for amplification of the downstream flank (Table 3) using genomic DNA as a template. 
To obtain the ∆frp1-RFP construct for deletion of FRP1 in the PSIX1-GFP strain (van der Does et al., 2008), 
the two ApaI sites flanking GFP in the pPK2 hph-GFP plasmid (described by Michielse et al. submitted) were 
used to replace GFP by RFP. The RFP insert was amplified using the primers RFP F and RFP R using a 
template containing the coding mRFP sequence provided by Roger Tsien (Campbell et al., 2002).  
 
Fungal transformations 
Agrobacterium mediated transformation was performed as described (Takken et al., 2004). Putative 
transformants were transferred to Czapex Dox agar plates (CDA, Oxoid) containing 100 µg/ml hygromycin B 
(Duchefa) and 200µM Cefotaxim (Duchefa). After four days, when colonies appeared, spores from putative 
transformants were suspended in 10 µl of sterile water and spread on potato dextrose agar plates (PDA, 
Difco) containing 100 µg/ml Hygromycin B. Singles spore colonies were punched out from the plates by 
ringcaps (Hirschmann) and placed on fresh PDA plates.Genomic DNA was obtained from mycelium by 
extraction with 200 µl glass beads, 300 µl phenol/chloroform and 400 µl TE buffer pH8.0 per 1 cm2 of 
mycelium. Correct gene replacement in the transformants was verified by PCR using locus primer ‘ICL1 
locus’ and ‘FRP1 locus’ and replacement cassette primer pPK2-KpnI (Table 3).  
 
Northern blotting 
Wild type and ∆frp1 mutant were grown in 100 ml NO3 medium containing 1% glucose instead of 3% sucrose 
for five days shaking on a rotary shaker at 150 rpm and 25ºC; mycelium was harvested over two layers of 
miracloth (Calbiochem), washed with sterile water and transferred to 100 ml NO3 medium containing 1% 
ethanol, 1% olive oil, 0.5% citrus pectin (Fluka) or 0.5% polygalacturonic acid (Sigma) as a carbon source. 
After two days, the mycelium and spores were harvested over two layers of miracloth, washed with sterile 
water, frozen in liquid nitrogen and lyophilized overnight.Total RNA from lyophilized samples was extracted 
with TRIzol reagent (MRC) and samples (15µg RNA) were prepared by 3x dilution in sample mix (678 µl 
formamide (Fluka), 250 µl 37% formaldehyde (fluka), 143 µl 10xMOPS (0.2 M MOPS (Merck), 50 mM NaAc, 
pH 7.0 + 20 ml/l 0,5 M EDTA pH 8,0)/ml) and 1x sample buffer (50% glycerol (Merck), 1mM EDTA, 50% H2O, 
snif Bromophenol blue (plusOne) and 10% ethidium bromide (Merck). Samples were separated on a 
formaldehyde gel consisting of 1.1 gr. Agarose (Ultra pure, Invitrogen); 72 ml H2O, 18 ml formaldehyde 
(Fluka) and 10 ml 10xMOPS). Electrophoresis was performed at 40 V for 20 min. followed by 120 V for 
approximately 2 hours, in a BRL Horizon 11 Horizontal Gel Electrophoresis system (Gibco), previously 
washed with 1M  NaOH and rinsed with double autoclaved milliQ water. RNA was transferred overnight onto 
Hybond-N+ hybridization membranes following a Northern blot protocol provided by the manufacturer 
(Amersham Pharmacia Biotech). Probes for the genes exo-polygalacturonase 1 (PGX1), 
endopolygalacturonase 1 (PG1) and pectate lyase 1 (PL1) were obtained by PCR. Primers for probe 
amplification (Table 3) were designed based on sequences available in the NCBI databases, accession 
numbers: AF083075, U96456, AF080485, respectively. For amplification of ICL1, degenerated primers (Table 
1, Appendix) were designed based on sequence similarity between Fusarium graminearum, Fusarium 
verticillioides, Neurospora crassa and Magnaporthe grisea ICL1 genes, accession numbers: XP_390072, 
CAG28681, CAA44573 and AF540383, respectively.Probes were labeled with radioactive 32P using the 
random prime Deca Label DNA Labeling Kit (Fermentas). Northern hybridizations were performed overnight 
at 65 ºC, using Church and Gilbert buffer (Church & Gilbert, 1984). Hybridized membranes were washed 
once at 65 ºC for 30 min and then rinsed twice with 0.5x SSC /0.1% SDS (v/w). Finally, the blots were 
exposed to a BAS-MIP 2040P imaging plate (Fujifilm) and scanned on a STORM 840 (Molecular Dynamics) 
scanner. 
 
RT-PCR analysis 
Ten-day-old tomato seedlings were inoculated in tap water with 0.1% glucose for one and five days 
containing 1*107 spores/ml. The roots from treated plants were cut and rinsed once with water. Total RNA 
from freeze-dried samples was extracted with TRIzol reagent (MRC).Samples were treated with DNAse 
(Fermentas) and cDNA was produced using the M-MulV Reverse transcriptase RNase H minus kit 
(Fermentas). The primers described above (under Northern blotting) were used to analyze gene expression 
of the PL1, PG1 and PGX genes. FEM1 was used as an internal control (Schoffelmeer et al., 2001). In Table 
3 the primers used for amplification of PG2, XYL2, XYL3, XYL5, XlnR1, SIX1, ARA1 and FEM1 are listed. 
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Table 3: Primers used in this study 
Name Primer Sequence (5’- 3’) 

F AAAAAGCTTGGAGTGTCCTCTCCACAGTT FRP1 
upstrm  R AAAAAGCTTGGAGTGTCCTCTCCACAGTT 

F AAAAGGTACCGCGGATTAAACGGCACCAGT FRP1 
dwnstrm  R TTTTAATTAACTTCCCGCCTCCTATCAAAG 

F AAAAAGCTTCTGCAGGGCCGCATG ICL1 
upstrm  R TTTCTAGAGGGCCTCAAGATGTAACTAG 

F TTTGGTACCTGCAGGCTCTTCCTCTGAC ICL1 
dwnstrm  R TTTTAATTAAGGATATATTGAAGATGAGTC 

F AAAGGGCCCATGGCCTCCTCCGAGGACGT  
RFP  R AAAGGGCCCTTAGGCGCCGGTGGAGTGGC 
FRP1 
locus 

CTATTGCTCAGATCATCATATC 

ICL1 
locus 

GACCAGGTACAGAACTGTCC 

pPK2-
KpnI 

CCAGAATGCACAGGTACACT 

F  ATAACGTTCTTTCGGCGGTC 
PGX R ATTGGGCGGTTTCTCATTCG 

F GCCCGACCATTTCATCGTTG 
PG1 R GGCACCAGAGGGAATTCCCT 

F CGTCACCAACTTGGGCGTCT PG2 
R ATTGGGCGGTTTCTCATTCG 
F AGTACACTGCCATCCTCGCC PL 
R GCAGCTCGTGGTAACTCCA 
F ACGTCGTTAACGAGATCTTCG Xyl2 
R AGCGTTGACAACAGCAGTGTA 
F TTCGCGCAACTCCTTCACCT Xyl3 
R CAGAGCGTTGACCAAGGCAT 
F CCATCTCGTACGAGGGAGAG Xyl5 
R ATTGGCAGGGCTCGTTAGCG 
F ACGTCTTGCATATTCTATTGG XlnR1 
R GCGCATAACTTTGCTGAATTT 
F CCCCGAATTGAGGTGAAG SIX1 
R AATAGAGCCTGCAAAGCATG 
F CATCTCCAACATTGCTACTG ARA1 
R GCCAAGGTTAGTGTTGATGT 
Deg. F GTCTA(G/C)GTTTC(G/C)GGCTGGCA ICL1 
Deg. R AGCCGAGGAT(A/G)AA(A/G)CATGGT 
F AAAGAATTCACCTCCGCCACTGGTGACTC FEM1 
R AAATCTAGACCGCTCTCAGGGACACTGG 
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Abstract 
 
The F-box protein Frp1 is required for pathogenicity of Fusarium oxysporum f.sp. 
lycopersici (Fol) towards tomato. The ∆frp1 mutant is deficient in expression of genes for 
cell wall degrading enzyme (CWDE) and ICL1, encoding isocitrate lyase, a key enzyme for 
the assimilation of C2 carbon sources. The inability of the ∆frp1 mutant to express these 
genes suggests constitutive carbon catabolite repression. CreA is the transcriptional 
repressor in filamentous fungi known to repress several CWDE genes and genes required 
for assimilation of other carbon sources. Here, we demonstrate that Frp1 and CreA both 
control the repression/derepression state of such genes. Tagging of CreA with GST 
resulted in a derepressed phenotype in wild type background, suggesting that this tag 
negatively affects CreA function. Strikingly, in the ∆frp1 mutant background the GST tag 
restored pathogenicity, growth on ethanol and expression of ICL1 and CWDE genes. Using 
a GFP-CreA fusion protein we observed that CreA is not degraded nor exported out of the 
nucleus during growth on ethanol, a derepressing carbon source, suggesting that CreA is 
not likely a target of Frp1 for degradation by the proteasome. We conclude that both 
proteins function together to repress and de-repress transcription of carbon source 
utilization genes. 
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Introduction 
 
Many fungi have the ability to degrade plant material and assimilate degradation products 
for biomass production. To achieve this, fungi secrete a broad spectrum of cell wall 
degrading enzymes (CWDE) (reviewed in (Aro et al., 2005; de Vries and Visser, 2001; de 
Vries, 2003; Gilbert et al., 2008)). For plant pathogenic fungi, breakdown of plant material is 
of major importance since most pathogens have to penetrate their host to cause disease, 
proliferate and reproduce effectively. The production of CWDEs is controlled by 
transcriptional regulators, whose activity is influenced by nutrients available in the 
environment. Sensing of plant cell wall polymers or their derivatives induces production of 
these enzymes, as for instance demonstrated for Colletotrichum and Botrytis species 
(Hugouvieux et al., 1997; Wubben et al., 2000). Availability of glucose, a more readily 
assimilated carbon source, generally suppresses the production of these enzymes. This 
glucose repression or carbon catabolite repression (CCR) in fungi has been thoroughly 
studied (Flipphi et al., 2003b; Gancedo, 1998; Ronne, 1995; Ruijter and Visser, 1997). 
CCR ensures that no genes are expressed for the assimilation of alternative carbon 
sources other than glucose and probably serves to enhance fitness by conservation of 
energy. However, when glucose is absent, fungi must rely on and assimilate alternative 
carbon sources to produce biomass and generate energy. Glucose repression must then 
be alleviated to allow assimilation of these alternative carbon sources. During initial phases 
of plant infection, when glucose is present in low amounts inside the plant and, in most 
cases, absent outside the plant this process of derepression is likely to be essential. 
Besides for CWDE gene expression and plant infection, alleviation of CCR is also required 
for the activation of alternative metabolic pathways like ethanol assimilation (Felenbok et 
al., 2001; Flipphi et al., 2003a; Flipphi et al., 2003b; Kulmburg et al., 1993).  
In budding yeast, the key regulator protein that represses a large variety of genes during 
glucose repression is the transcription factor Mig1 (Nehlin and Ronne, 1990). In 
filamentous fungi, its counterpart is known as CreA in Aspergillus species, Gibberella 
fujikuroi, Botrytis cinerea, Alternaria citri, Humicola grisea, Sclerotinia sclerotiorum and 
Cochliobolus carbonum (Dowzer and Kelly, 1989; Drysdale et al., 1993; Katoh et al., 2007; 
Takashima et al., 1998; Tonukari et al., 2003; Tudzynski et al., 2000; Vautard et al., 1999), 
as Cre1 in Acremonium chrysogenum, Trichoderma species and Neurospora crassa (de la 
Serna et al., 1999; Jekosch and Köck, 2000; Lorito et al., 1996; Strauss et al., 1995) and as 
Crr1 in Metarhizium anisopliae (Screen et al., 1997). How CreA mediates gene repression 
and derepression in filamentous fungi is not fully understood. Regulation of CreA appears 
to be complex and might differ between fungi. A complicating factor is that a deletion 
mutant of CREA can often not be obtained, probably due to lethality. Only for N. crassa, a 
complete CRE1 knock-out mutant was reported, which showed impaired CCR and an 
altered morphology (Ziv et al., 2008). Several truncation mutants of CREA have been 
described in A. nidulans, which show decreased growth rates, formation of compact 
colonies on rich medium and sensitivity to allyl alcohol (Arst et al., 1990; Shroff et al., 
1997). A mutant with a truncated form of CRE1 was also described for Trichoderma reesei, 
which produces higher levels of cellulases, even under glucose repressive conditions 
(Ilmén et al., 1996). Expression profiling of wild type and a truncated mutant of CREA in A. 
nidulans demonstrated that many genes are affected by CreA during growth on glucose but 
also on ethanol (Mogensen et al., 2006).  
In the plant pathogenic fungus Fusarium oxysporum f. sp. lycopersici (Fol), Frp1 (F-box 
protein Required for Pathogenicity) (Duyvesteijn et al., 2005) is required for growth on a 
broad variety of alternative carbon sources and expression of several CWDE genes 
(Chapter V). The lack of expression of these CWDE genes is probably a main cause of the 
pathogenicity defect of the ∆frp1 mutant, reflecting the importance of the production of 
CWDEs for this root invading fungus (Chapter V). Frp1 contains an F-box domain and is 
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able to interact with Skp1 (Duyvesteijn et al., 2005), suggesting assembly into an SCF-
complex. SCF complexes are E3 ligases involved in ubiquitination of proteins, a post-
translational modification that commonly leads to proteasomal degradation (Skowyra et al., 
1997). The F-box protein serves in such cases as the specificity factor recruiting proteins to 
the SCF-complex where they are marked with ubiquitin (reviewed in (Willems et al., 2004)). 
We show here that regulation of CCR genes is affected in opposite ways by CreA and 
Frp1. Frp1 probably does not directly regulate CreA, but may rather influence 
transcriptional complex formation or act directly on the promoter of CCR genes. 
 
Results 
 
Deletion of CREA appears to be lethal in Fol 
To investigate whether the defects in expression of CWDE genes and ICL1 in the ∆frp1 
mutant are caused by constitutive repression by CreA, we set out to create a CREA 
deletion mutant. This was done by transformation of a gene deletion construct into wild 
type and ∆frp1 mutant strains. The construct used was obtained by introduction of both 
flanks (~1 kb) of CREA in a binary vector at each sides of an expression cassette encoding 
the BLE selection marker, covering resistance to zeomycin (Figure 1A). In striking contrast 
to our experience with many other gene deletions in Fol, multiple transformation 
experiments did not result in recovery of CREA deletion mutants (~1000 zeomycin resistant 
transformants were analyzed), suggesting that deletion of CREA is lethal in Fol.  
 

 
 
Figure 1: CREA constructs used in this study. A) Indicated are the resistance marker (BLE) with the gpd 
promoter and trpC terminator from Aspergillus nidulans flanked by upstream and downstream sequences of 
CREA. B) Indicated is the resistance marker (BLE) with the gpd promoter and trpC terminator from 
Aspergillus nidulans flanked by an upstream sequences of CREA and followed by GFP::CREA or 
GST::CREA and the downstream sequences of CREA.  
 
Table 1: Different fungal strain obtained and used in this study  
Strain name Genotype Type of insertion Origin or reference 

WT  Fol007 (wild type) - (Mes et al., 1999a) 
WT- GST::CREA   Fol007 +GFP-CREA Pgpd::BLE gene 

replacement 
This study 

WT- GFP::CREA  
ectopic 

Fol007 +GFP-CREA Pgpd::BLE ectopic insertion This study 

WT-GST::CREA   Fol007 +GST-CREA Pgpd::BLE gene 
replacement 

This study 

WT-GST::CREA  
ectopic 

Fol007 +GST-CREA Pgpd::BLE ectopic insertion This study 

∆frp1 ∆frp1 Pgpd::HPH gene deletion (Duyvesteijn et al., 
2005) 

∆frp1-GFP::CREA ∆frp1+GFP-CREA Pgpd::HPH 
Pgpd::BLE 

gene 
replacement 

This study 

∆frp1-GFP::CREA 
ectopic 

∆frp1+GFP-CREA Pgpd::HPH  
Pgpd::BLE 

ectopic insertion This study 

∆frp1-GST::CREA ∆frp1+GST-CREA Pgpd::HPH  
Pgpd::BLE 

gene 
replacement 

This study 

∆frp1-GST::CREA 
ectopic 

∆frp1+GST-CREA Pgpd::HPH  
Pgpd::BLE 

ectopic insertion This study 
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Fusion of GST to CREA results in a mutant phenotype 
To investigate in another way the possibility that Frp1 acts by controlling CreA activity, two 
different tagged versions of CreA were created to enable study of CreA location and 
interactions in wild type and ∆frp1 mutant under repressing and derepressing conditions 
(Figure 1b and Table 1). Constructs encoding fusion proteins of GFP or GST N-terminally 
coupled to CreA were made in a binary vector and transformed to wild type and ∆frp1 
strains using Agrobacterium tumefaciens mediated transformation. When screening for 
transformants with GST::CREA, we observed two distinct types of colonies on the selection 
plates for both the wild type and ∆frp1 strain: colonies with a normal morphology, and 
compact, slow growing ones. In contrast, transformation with GFP::CREA always resulted 
in colonies with a normal morphology. Upon examination, the GST::CREA transformants 
with the altered morphology all contained a knock-in of the construct, meaning that the 
endogenous CREA gene was replaced with GST::CREA. The transformants with the 
normal morphology contained an ectopic insertion of the GST::CREA construct. This 
suggests that the GST-tag alters the function of CreA such that it leads to severe growth 
reduction. The colony morphology of these mutants is similar to that of the truncation 
mutants described in A. nidulans (Shroff et al., 1997) and the deletion mutant in N. crassa 
(Ziv et al., 2008). Although the overall morphology of the wild type strain containing the 
knocked-in GST::CREA construct (henceforth denoted as WT-GST::CREA) is similar to the 
∆frp1 mutant strain containing the same knocked-in GST::CREA construct (henceforth 
denoted as ∆frp1-GST::CREA), the growth rates of both strains differ. On potato dextrose 
agar (PDA), colonies of the WT-GST::CREA strain were remarkably smaller than colonies 
of the ∆frp1-GST::CREA strain after 3 and 6 days of growth (Figure 2A). This suggests that 
absence of Frp1 partly alleviates the growth defect caused by GST-tagging of CreA.  
 
GST::CREA mutant strains exhibit a derepression phenotype, leading to partial restoration 
of the growth defects caused by loss of Frp1 
To examine the ability of the wild type and ∆frp1 strains as well as the CREA mutant strains 
WT-GST::CREA and ∆frp1-GST::CREA to repress and derepress CCR genes, growth 
assays were performed using agar plates containing glucose with or without allyl alcohol or 
the non-repressing carbon sources ethanol and pectin. Growth on allyl alcohol is an 
indicator for repression of the ALC regulon in fungi. 

 
Figure 2: Replacement of endogenous CREA with GST::CREA leads to a growth defect but improves growth 
on ethanol and pectin in the ∆frp1 background.A) Phenotypes of wild type, ∆frp1, WT-GST::CREA and ∆frp1-
GST::CREA after 3 or 6 days of growth on PDA plates. B) Growth phenotypes of the mutant strains on 
glucose, glucose with allyl alcohol, ethanol and pectin.  
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The ADH1 gene of A. nidulans is under glucose repression when the fungus is grown on 
glucose, but activated upon growth on ethanol (Flipphi et al., 2001). Allyl alcohol is 
converted by Adh1 into acrolein, a highly toxic compound (Izard and Libermann, 1978). 
Expression (de-repression) of ADH genes in the presence of allyl alcohol thereby leads to 
growth inhibition.  
To see whether allyl alcohol also functions as indicator of (de)repression in Fol, we grew 
wild type on plates with allyl alcohol and no other carbon source. Normally Fol shows radial 
growth without the production of aerial hyphae on agar plates without any carbon source, 
but growth is fully absent on agar plates solely supplemented with allyl alcohol, suggesting 
that acrolein is produced and totally inhibits radial growth. The ∆frp1 mutant, on the other 
hand, does show some growth on agar plates solely supplemented with allyl alcohol (data 
not show). This growth of the ∆frp1 mutant resembles growth on agar plates without a 
carbon source: radial growth without production of aerial hyphae. This suggests that Adh 
activity is repressed in the ∆frp1 mutant, comparable to reduced expression of ICL1 and 
CWDE genes studied earlier (Chapter V). To see whether glucose represses Adh activity in 
Fol, we grew wild type on plates containing glucose and allyl alcohol. We observed normal 
growth in this case, suggesting that glucose indeed reduces acrolein formation. The ∆frp1 
mutant, on the other hand, shows less growth on agar plates containing glucose and allyl 
alcohol compared to wild type after 5 days, although growth on glucose alone is similar in 
both strains (Figure 2B, four upper left pictures). This suggests that acrolein formation is 
not fully repressed in the ∆frp1 mutant. Together, these growth assays indicate that both 
derepression and repression of alcohol dehydrogenase activity are defective in the ∆frp1 
strain. 
To see whether CreA is also involved in regulating alcohol dehydrogenase activity (i. e. 
acrolein production), the WT-GST::CREA and ∆frp1-GST::CREA strains were investigated 
in the same assay. Like wild type, both strains show no growth on plates containing solely 
allyl alcohol (data not shown), however, unlike wild type, these strains also do not grow on 
plates containing glucose supplied with allyl alcohol (Figure 2B, four lower left pictures). 
This suggests that fusion of GST to CreA results in the inability of CreA to repress Adh 
activity during glucose availability, supporting a function of CreA as mediator of CCR in F. 
oxysporum, as in other fungi.  
Interestingly, GST-tagging of CreA also partially alleviates the growth defect of the ∆frp1 
mutant on ethanol and pectin. The ∆frp1 mutant shows strongly reduced production of 
aerial hyphae on ethanol and pectin compared to wild type (Figure 2B, four upper right 
pictures). ∆frp1-GST::CREA, however, behaves similar to WT-GST::CREA in showing 
proficient production of aerial hyphae on ethanol or pectin despite slow, compact growth. 
Therefore, although GST-tagging of CreA always results in reduced radial growth, it can 
revert the reduced ability of the ∆frp1 mutant to grow dense aerial hyphae on ethanol and 
pectin.  
 
ICL1 and CWDE gene expression is altered in CREA mutants  
To investigate whether the partial restoration of growth on ethanol by introduction of 
GST::CREA into the ∆frp1 strain is caused by an altered gene expression profile, and 
whether GST tagging of CreA indeed results in derepression of CCR genes, we examined 
ICL1 expression during growth on ethanol and CWDE gene expression during tomato root 
infection. Assimilation of ethanol requires ICL1, encoding isocitrate lyase, which is a key 
enzyme of the glyoxylate pathway, and it has been shown that ICL1 expression is partly 
controlled by CreA in A. nidulans (Bowyer et al., 1994). For Fol, the presence of potential 
CreA binding sites in the promoter sequence of ICL1 suggests a similar regulation (our 
observations). We previously demonstrated that induction of ICL1 on ethanol is impaired in 
the ∆frp1 mutant, explaining the inability of the ∆frp1 mutant to grow on ethanol. To 
investigate ICL1 expression, cDNA was prepared from wild type, ∆frp1, WT-GST::CREA 
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and ∆frp1-GST::CREA strains grown on ethanol. Expression levels of FEM1 were used as 
control and showed similar expression levels in all four samples. Elevated levels of ICL1 
expression were indeed observed in the WT-GST::CREA strain compared to the wild type 
(Figure 3A).  Impaired ICL1 expression was observed in the ∆frp1 mutant, which 
corresponds to RNA blot results obtained earlier (Chapter V). The expression levels of 
ICL1 in the ∆frp1-GSTCREA strain, on the other hand, were similar to those in the WT-
GST::CREA strain (Figure 3a). This suggests that restoration of growth on ethanol by GST-
tagging of CreA in the ∆frp1 mutant is caused by restoration of ICL1 expression. In the 
∆frp1 mutant also loss of CWDE gene expression was observed during colonization of 
tomato roots (Chapter V). To study restoration of CWDE gene expression by GST::CREA, 
the expression of CWDE genes during root colonization was investigated at 2 dpi in the 
strains mentioned above. The selected CWDE genes also carry potential CreA binding 
sites in their upstream region, indicating that expression may be regulated by CreA. At 2 
dpi, several CWDE genes were expressed in the wild type: ARA1, encoding an 
arabinanase (Houterman et al., 2007), XYL2, encoding a family F xylanase (Ruiz-Roldan et 
al., 1999) and PGX1, encoding an exo-polygalacturonase (Garcia-Maceira et al., 2000) 
(Figure 3B, upper panel). In the ∆frp1 mutant, expression of PGX1 is observed but not of 
XYL2 and ARA1, confirming earlier observations (Chapter V) (Figure 3B, third panel from 
the top). Importantly, we observed restoration of ARA1 and XYL2 expression in the ∆frp1-
GST::CREA strain (Figure 3B, lower panel). This suggests that GST-tagging of CreA not 
only restores ICL1 expression, but also expression of CWDE genes during root 
colonization. 

 
 
Figure 3: Expression of ICL1 and CWDE genes is reduced in the ∆frp1 mutant but restored again by 
replacement of endogenous CREA with GST::CREA.  
A) Expression during growth on ethanol of ICL1 and, as control, FEM1 with increasing cycle numbers. B) 
Expression of CWDE genes and FEM1 during growth on tomato roots, 2 dpi. 
 
At 2 dpi, no expression was observed in wild type or ∆frp1 mutant for PG2, encoding an 
endo- polygalacturonase (Garcia-Maceira et al., 2001), PL1, encoding a pectate lyase 
(Huertas-González et al., 1999) or XYL3 and 4, encoding xylanases (Gomez-Gomez et al., 
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2002; Ruiz-Roldan et al., 1999). Also in the WT-GST::CREA and ∆frp1-GST::CREA strains 
these genes are not expressed (Figure 3b, second panel from above and lower panel, 
respectively), suggesting that although these CWDE genes might be regulated by CreA, 
their expression is not altered in the strains containing tagged CreA. The expression of 
these genes may require, besides a derepressing CreA, an inducer that is not present at 2 
dpi. Control amplifications on genomic DNA did show the effectiveness of the primers used 
for these genes (data not shown).  
 
GST tagging of CreA slightly affects tomato infection, but also reverts the pathogenicity 
defects caused by loss of Frp1 
Infection by Fol very likely requires early expression of CWDE genes. To see whether the 
restoration of CWDE gene expression in the ∆frp1 background by GST::CREA was 
sufficient to restore pathogenicity towards tomato, we performed a bioassay. Strikingly, 
although the ∆frp1 mutant is completely non-pathogenic, GST::CREA restores 
pathogenicity in this background, albeit to a lesser extent when compared to the wild type 
(Figure 4). The pathogenicity level obtained with the ∆frp1-GST::CREA strain is similar to 
the level obtained with WT-GST::CREA – the slow growth phenotype of both these strains 
may explain the decreased infection efficiency. The main point is, however, that restoration 
of CWDE gene expression by GST::CREA in the ∆frp1 mutant correlates with restoration of 
pathogenicity. 
 

 
 
Figure 4: Pathogenicity of the ∆frp1 mutant is restored by tagging CreA with GST. 
A) Weight scores graph, showing the weight scores of the plants three weeks after  inoculation with the 
different fungal strains. B) Disease index graph, showing the levels of disease symptoms three weeks after 
inoculation with the different fungal strains (0 = healthy plant, 1 = thickening of  hypocotyls but no vessel 
browning, 2 = or two brown vessels, more than four true leaves, 3 = three or more brown vessels, more than 
four true leaves, 4 = four or less true leaves). C) Pictures of five plants representative for each infection with a 
fungal strain. Plants infected with wild type are small and diseased while plants infected with ∆frp1 display a 
healthy phenotype (two upper panels). Plants infected with WT-GST::CREA or ∆frp1-GST::CREA show an 
intermediate phenotype (two lower panels). 
 
Localization of GFP-CreA under different growth conditions 
From the growth phenotypes and gene expression analysis described above it can be 
concluded that Frp1 and CreA have opposite effects on growth on alternative carbon 
sources. This could be due to a direct effect of Frp1 on CreA, for instance through post-
translational modification leading to relocalization or turnover. To study this possibility we 
tagged CreA with GFP. Strains containing gene replacements (knock-ins) of the 
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GFP::CREA in wild type and in the ∆frp1 mutant were used to visualize CreA in Fol under 
repressing (1% (high) glucose) and derepressing conditions (0.01% (low) glucose or 1% 
ethanol). 
 

 
 
Figure 5: Frp1 does not affect accumulation or localization of GFP-CreA. 
GFP-CreA was visualized using UV-light. In both wild type (left) and ∆frp1 mutant (right) GFP-CreA is 
localized in the nucleus during growth on 1% glucose (upper panels) or ethanol (lower panel), but cytoplasmic 
during growth on 0.01% glucose (middle panel).  
 
As expected, we observed that CreA was localized in the nucleus when the strains were 
grown on high glucose, corresponding to the requirement of CreA in nuclei for repression 
under high glucose conditions (Figure 5). This is similar to the nuclear localization of GFP-
CreA in A. nidulans during growth on glucose (Roy et al., 2008). Further, we observed that 
CreA was localized in the cytoplasm and absent from nuclei during growth on low (0,01%) 
glucose, which is different from observations in A. nidulans (Roy et al., 2008). During 
growth of the strains on 1% ethanol, GFP-CreA was localized in the nucleus; no differences 
were seen compared to high glucose. This suggests that CreA is neither translocated nor 
degraded during growth on ethanol and that, in contrast to low glucose conditions, CreA 
may be required in the nucleus during growth on ethanol. Importantly, GFP-CreA behaves 
identically in wild type and ∆frp1 mutant background, implying that Frp1 does not affect 
CreA stability or localization (Figure 5).  
 
GFP::CREA alleviates growth and pathogenicity defects of the ∆frp1 mutant  
In wild type, the GFP-tag on CreA does not affect growth, neither as a knock-in (i.e. 
replacing the original CREA) nor as ectopic insertion. However, both knock-in and ectopic 
insertion of GFP::CREA (partially) restore growth on ethanol and pectin of the ∆frp1 mutant 
(Table 2, fourth and sixth column). Also the ability to cause disease was restored to wild 
type level with these strains, even though an intermediate phenotype was observed on 
agar plates with the ectopic insertion of GFP::CREA (Table 2, last column). The test 
whether these CREA mutations in the ∆frp1 strains show a derepression phenotype – 
suggestive of a dysfunctional CreA repressor – they were grown on different carbon 
sources supplemented with allyl alcohol, sensitivity to which is a measure of alcohol 
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dehydrogenase activity, as described above. On plates with glycerol or proline as carbon 
source, allyl alcohol reduces growth of all strains to a similar extent (Table 2, ninth and 
eleventh column), suggesting that neither Frp1 nor CreA affect Adh levels on these media. 
On pectin, tagging of CreA enhances growth in the ∆frp1 background but does not enhance 
sensitivity to allyl alcohol, indicating that Adh activity is not increased (Table 2, seventh 
column). However, on plates with glucose or ethanol supplemented with allyl alcohol all 
∆frp1 strains with tagged CreA show a derepressed phenotype (less growth) (Table 2, third 
and fifth column). In the same growth assays neither GFP::CREA (knock-in or ectopic) nor 
ectopic GST::CREA cause derepression in the wild type background (results not shown). 
Altogether, we conclude that only in the absence of Frp1, tagging of CreA with GFP, or with 
GST in the presence of native CreA, reduces repression of Adh activity on glucose or 
ethanol. On these carbon sources, introduction of these CreA alterations in the ∆frp1 
mutant reverts the phenotype from constitutively repressed to derepressed. 
 
Table 2: Phenotypes of wild type (WT), ∆frp1, and tagged CREA strains in the ∆frp1 background on different 
carbon sources supplemented with and without allyl alcohol. 

Carbon source (1%) 
Glucose Ethanol Pectin Glycerol Proline 

Strain  

 + allyl 
alcohol 

 + allyl 
alcohol 

 + allyl 
alcohol 

 + allyl 
alcohol 

 + allyl 
alcohol 

Pathogenic  
towards  
tomato 

 WT +++ ++ ++ +/- ++ +/- ++ - +++ + Yes 

∆frp1 +++ + - + +/- - ++ - +++ + No 

∆frp1-GST:: 
CREA 
ectopic 

++ - ++ - ++ +/- ++ - +++ + Yes 

∆frp1-GFP:: 
CREA +++ - +/- - ++ +/- ++ - +++ + Yes 

∆frp1-GFP:: 
CREA 
ectopic 

+++ +/- ++ +/- ++ +/- ++ - +++ + Yes 

(+++ = vigorous growth, ++ = normal growth, + = less growth, +/- = little growth, - = absence of growth) 
 
Discussion 
In this study we demonstrate that in the plant pathogenic fungus F. oxysporum CreA 
regulates transcription of CCR genes in conjunction with the F-box protein Frp1. In the 
original FRP1 deletion mutant a constitutively repressed phenotype was observed leading 
to impaired growth on several alternative carbon sources and loss of pathogenicity towards 
tomato. Tagging of CreA with GST reverses these defects, probably by (partial) inactivation 
of CreA. Despite extensive efforts, a CREA deletion mutant in Fol was not obtained. Using 
similar constructs (i.e. same vector and same flanks), but with (variants of) the coding 
region of CREA, gene replacements transformants were readily obtained, suggesting that 
the failure to obtain deletion mutants after transformation was not due to inefficient gene 
replacement or vector choice. We therefore suspect that Fol is unable to survive or grow 
without CreA. Lethality of a full CREA deletion was also suggested for A. nidulans (Dowzer 
and Kelly, 1991). However, deletion of CREA could be obtained for N. crassa, an 
ascomycete more related to F. oxysporum (Ziv et al., 2008). 
Instead of a CREA deletion mutant we were able obtain a mutant in which GST was fused 
to the native gene (GST::CREA). This mutation led to severe growth reduction in both wild 
type and ∆frp1 mutant background, which could be due to strong derepression of a number 
of genes as reflected by the complete inability to grow in the presence of allyl alcohol even 
on glucose. How the GST tag influences the function of CreA is speculative. One possibility 
is that the tag hinders the interaction with co- repressors or activators or formation of CreA 
dimers, both preventing the correct assembly of a CreA complex. That CreA might form a 
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dimer was suggested earlier in H. jecorina, although in vivo data was not provided 
(Cziferszky et al., 2002). Surprisingly, overexpression of CREA in A. citri resulted in 
derepression on pectin when glucose was added. It was hypothesized that overproduction 
of CreA results in the inability to form a correct complex with co-repressors (Katoh et al., 
2007). The Fol strain containing an ectopically inserted GST::CREA construct in the ∆frp1 
background also showed a derepressed phenotype. We hypothesize that when a pool of 
both native CreA and GST-tagged CreA is present, improper complexes are formed that 
are unable to repress fully. Interestingly, the same ectopically inserted construct in the wild 
type background did not show this phenotype, suggesting that in the presence of Frp1, a 
functional repressor complex can still be formed. Whether and how CreA forms a complex 
with other proteins with potential assistance of Frp1 is not known. For regulation of gene 
expression by the yeast counterpart Mig1 (reviewed in (Carlson, 1999; Gancedo, 1998; 
Klein et al., 1998; Schuller, 2003)) interaction with co-repressors is very important. In 
absence of glucose, the Snf1 protein kinase is active and phosphorylates Mig1, which 
causes loss of interaction with co-repressors Tup1 and Ssn6 (Papamichos-Chronakis et al., 
2004) (Celenza and Carlson, 1984a, b; Östling J., 1998; Treitel et al., 1998). This leads to 
translocation of Mig1 to the cytoplasm (De Vit et al., 1997) and loss of transcriptional 
repression. Phosphorylation of CreA is probably of a casein kinase II (CKII) type as the 
amino acids surrounding the conserved phosphorylated serine fit a CKII consensus, and 
thus differs from the Snf1 kinase involved in Mig1 phosphorylation in yeast (Cziferszky et 
al., 2003). Still, Snf1 does appear to be involved in CCR in filamentous fungi. In F. 
oxysporum, F. graminearum and Cochliobolus carbonum Snf1 is required for CWDE gene 
expression and plant infection (Lee et al., 2008; Ospina-Giraldo et al., 2003; Tonukari et al., 
2000). It is unknown, however, whether in filamentous fungi Snf1 regulates CWDE gene 
expression via alleviation of CCR as it does in budding yeast (Östling J., 1998; Treitel et al., 
1998). 
In filamentous fungi, the closest homologs of the Mig1 co-repressors Tup1 and Ssn6 are 
Rco1 and Rcm1 from N. crassa, respectively. The Tup1/Rco1 homologue in A. nidulans 
was shown to be involved in chromatin structure but not in carbon catabolite repression, 
nor could interaction with CreA be demonstrated (García et al., 2008; Hicks et al., 2001). 
The Ssn6/Rcm1 homologue in A. nidulans proved to be essential since deletion was lethal 
(García et al., 2008). Whether these proteins also play a role in CreA regulation as co-
repressors is not known. When proteins interacting with CreA during repressing and 
derepressing conditions are identified, it will be interesting to study the possible influence of 
Frp1 on these interacting proteins. Unfortunately, to date, we have not been able to purify 
CreA and its possible co-repressors/activators from F. oxysporum or identify interacting 
proteins with yeast two-hybrid screens (results not shown). 
 
Is CreA a target of Frp1? 
In previous studies (Boase et al., 2003; Hynes and Kelly, 1977; Kelly and Hynes, 1977), 
several additional genes other than CREA were found to be involved in carbon catabolite 
repression in A. nidulans. One of these is CREB, which encodes an enzyme that removes 
ubiquitin from ubiquitinated substrates. This suggests that ubiquitination is involved in the 
CCR process in A. nidulans. Another gene, CRED, encodes a protein containing two 
arrestin and two PY motifs, of which the homologs in S. cerevisiae interact with Rsp5 (HulA 
in A. nidulans) (Boase and Kelly, 2004). Rsp5 is a HECT domain containing E3-ligase 
ligase, which adds ubiquitin to specific proteins. A weak but specific interaction was also 
found between CreD and HulA. Further, a mutation in CRED suppressed the defects of a 
creb mutant suggesting that CreD might be involved in ubiquitination of CreB targets. 
Although these proteins are involved in CCR and, likely, in ubiquitination, they do not affect 
the localization or stability of CreA (Roy et al., 2008). We have attempted to test whether 
CreA in Fol could be an ubiquitination target recruited via Frp1 by investigating direct 
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interaction. However, in yeast two-hybrid assays (two directions) performed on glucose as 
well as several alternative carbon sources, no specific interaction was observed, neither 
with full-length Frp1 nor with the C-terminal domain of Frp1 that was expected to mediate 
interaction to targets. Also, affinity purification experiments using the E. coli pGEX4 and 
pMAL systems did not show a specific interaction (data not shown). Apart from these 
negative results, we found no differences in GFP fluorescence in the nucleus between wild 
type and ∆frp1 strains, suggesting that CreA is not significantly turned over or relocalized 
by Frp1. It is possible that Frp1 functions independently of an SCF ubiquitination complex, 
since mutations in the F-box domain that abolish the interaction to Skp1 do not eliminate 
pathogenicity (our unpublished observations). Together, these observations suggest that 
Frp1 may have a function in regulation of transcription different from modifying other 
proteins with ubiquitin. 
Within the Ascomycetes, Frp1 is only conserved in the Sordariomycetes including 
Fusarium species, Magnaporthe grisea, N. crassa, Cheatomium globosum, Podospora 
anserina and H. jecorina and in Leotiomycetes including S. sclerotiorum and B. cinerea. 
The gene from H. jecorina (Trichoderma reesei) that appears to be the Frp1 ortholog 
(jgi|Trire2|120583|estExt_fgenesh5_pg.C_40069) is 72% identical to Frp1 on the amino 
acid level. It would be interesting to see whether in H. jecorina comparative phenotypes 
can be seen in CRE1 and FRP1 mutants as in F. oxysporum.  
 
CCR in Fusarium oxysporum 
In this study we used growth in the presence of allyl alcohol as a measure of for 
derepression. Allyl alcohol toxicity is caused by the conversion of allyl alcohol into acrolein 
by alcohol dehydrogenase (Adh). At least in some fungi, CCR represses ADH transcription 
and thereby the activity of the encoded enzyme(s), allowing growth in the presence of allyl 
alcohol. Indeed, it seems that allyl alcohol conversion is also controlled by CCR in Fol, 
since high glucose represses allyl alcohol toxicity. Fusarium oxysporum contains 46 
homologs of A. nidulans ADH1 in its genome (our observations) and it is therefore difficult 
to relate growth on allyl alcohol to expression of specific ADH genes. The conversion of 
allyl alcohol may be a combined action of several Adh enzymes, which might not all be 
regulated by CreA. For seven putative ADH genes, most closely related to A. nidulans 
ADH1, we examined the expression profile in the wild type strain grown on glucose or 
ethanol, but none of these seven genes showed higher expression during growth on 
ethanol. Some showed similar expression levels and others showed higher expression 
levels during growth on glucose (data not shown). We thus have not been able to relate 
expression of specific ADH genes to inhibition of growth on allyl alcohol. However, as 
presented here and earlier (Chapter V), growth on ethanol critically requires ICL1, the key 
regulator gene of the glyoxylate cycle, and this gene is regulated both by Frp1 and CreA. 
Our study of the growth of wild type and mutant strains of Fol on various carbon sources 
provided us with some additional information. As expected, ethanol and pectin act as 
derepressing carbon sources. However, proline acts more like a repressing carbon source 
like glucose, which is different from for example in A. nidulans where proline acts as a non-
repressing carbon source (Cubero et al., 2000). Glycerol appears to be the most 
derepressing carbon source: full growth inhibition by allyl alcohol was observed for every 
strain. These observations correlate with GFP-CreA accumulation in the nucleus: CreA is 
nuclear when the fungus is grown on glucose, ethanol, proline or pectin, but cytoplasmic 
during growth on low (0,01%) glucose or glycerol (Figure 5 and not shown data).  
We have not resolved the details of how CreA activity is regulated when filamentous fungi 
grow on different carbon sources and how CreA controls transcription of a broad variety of 
genes. We do however, provide new information on CCR in a pathogenic fungus that will 
aid further elucidation of this process and show that in F. oxysporum CCR involves Frp1, 
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an F-box protein that is, in conjugation with CreA, required for expression of CCR-regulated 
genes without affecting localization or stability of CreA.  
 
Methods 
 
Biomaterials and bioassays 
Fusarium oxysporum f.sp. lycopersici race 2 isolate 007 (Fol007), (Mes et al., 1999a) and the ∆frp1 mutant 
(Duyvesteijn et al., 2005) were used as wild type and mutant background strains respectively. Spores from 
the different strains were harvested in NO3 medium (5 mM KNO3, 0.17% Yeast Nitrogen Base (YNB) without 
amino acids or ammonia (Difco) and 3% sucrose) after five days shaking on a rotary shaker at 150 rpm and 
25ºC. For plate assays, agar plates were prepared consisting of NO3 medium containing 1.5% bacto agar and 
variable carbon source (0.01, 0.1 and 1 % w/v glucose, 1 % w/v ethanol, pectin, glycerol and proline) instead 
of sucrose. For allyl alcohol containing plates, 2.5 mM allyl alcohol was added after sterilization. 2*104 spores 
of each strain were placed on the various agar plates and incubated at 25ºC for 3 or 5 days.Assessment of 
colony growth and morphology was performed on PDA (Difco) plates by spreading out ~250 spores on each 
plate followed by incubation at 25ºC for 3 to 6 days. 
 
DNA constructs  
A Fol007 BAC-library clone (Teunissen et al., 2003) containing the full CREA ORF was obtained using 
primers 1 and 2 (Table 3) and the sequence of the ORF and flanking regions were obtained by direct 
sequencing on the BAC-library clone. In order to obtain a ∆crea knockout strain, plasmid pRW1p (Michielse 
et al., 2009) was used in which downstream and upstream flanking regions of the CREA gene were inserted 
into the PacI/KpnI and HindIII/XbaI restriction sites, respectively, using primers 3-6 (Table 3), thus creating 
pRW1∆crea. Using primers containing NcoI and EcoRI linkers (7 and 8, Table 3), the CREA gene was 
inserted into the pAS2-1 plasmid (Invitrogen) using the NcoI and EcoRI restrictions sites creating pAS2-
1CREA. CREA was also cloned into the pACT2 vector (Invitrogen) using the NcoI and EcoRI restriction sites 
creating pACT2CREA and into the pGEX-KG vector (GElifesciences) containing the GST coding sequence 
using the NcoI and SalI restriction sites, creating pGEX-KGCREA. The CREA terminator sequence of 508 
base pairs was placed behind the CREA ORF in pGEX-KGCREA using primers 9 and 10 and restriction sites 
Bpu10I and SalI creating pGEX-KGCREAterm. To create the GST and GFP tagged CREA versions, the 
vector pRW1∆crea, as mentioned above, was used. The GST and GFP inserts were created separately from 
the CREA ORF including the terminator inserts. A SpeI site was created before the ATG of the GST insert 
using primers 11 and 12 (Table 3) and the GST amplification product was cut with SpeI and SwaI. The CREA 
ORF including the terminating was cut out from pGEX-KGCREAterm using the SpeI and SwaI restriction 
enzymes. Both the GST and CREA ORF including the terminator were ligated with a three-points ligation into 
the XbaI site of pRW1∆CREA creating pRW1∆CREA-GST::CREA. The GFPCREA construct was created 
using primers 13 and 14, which contain SpeI and NcoI sites at the ATG and end of GFP, respectively and the 
GFP amplification product was cut with SpeI and NcoI. The CREA ORF including the terminating was cut out 
from pGEX-KGCREAterm using the SpeI and NcoI restriction enzymes. Both the GFP and CREA ORF 
including the terminator were ligated with a three-points ligation into the XbaI site of pRW1∆crea creating 
pRW1∆CREA-GFP::CREA. 
 
Fungal transformations 
Agrobacterium mediated transformation was performed as described (Takken et al., 2004). Putative 
transformants were transferred to Czapex Dox agar plates (CDA, Oxoid) containing 100 µg/ml zeocin 
(Invivogen), to select for BLE containing transformants and 200 µM cefotaxim (Duchefa). After four days, 
when colonies appeared, spores from putative transformants were suspended in 10 µl of sterile water and 
spread on potato dextrose agar plates (PDA, Difco) containing 100 µg/ml Zeocin. Singles spore colonies were 
punched out from the plates by ringcaps (Hirschmann) and placed on fresh PDA plates.Genomic DNA was 
obtained from mycelium by extraction with 200 µl glass beads, 300 µl phenol/chloroform and 400 µl TE buffer 
pH8.0 per 1 cm2 of mycelium from plate. Correct gene replacement in the transformants and ectopic 
insertions were verified by PCR using primers 3 and 15-18 (Table 3). Five individual transformants were 
retained for each mutant and all showed the same phenotype. 
 
RT-PCR analysis 
Ten-day-old tomato seedlings were inoculated in tap water with 0.1% glucose for one day containing 1*107 
spores/ml. The roots from treated plants were cut and harvested. Total RNA from freeze-dried samples was 
extracted with TRIzol reagent (MRC). Samples were treated with DNAse (Fermentas) and cDNA was 
produced using the M-MulV Reverse transcriptase RNase H minus kit (Fermentas). The primers listed in 
Table 4 were used to analyze gene expression of ICL1 and the CWDE genes. FEM1 was used as an internal 
control (Schoffelmeer et al., 2001).  
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Disease assays 
The tomato cultivar Moneymaker C32, was used for disease assays. Ten-day-old seedlings with cut roots 
were dipped into a 107 spore/ml suspension and potted in soil. Biomass and disease index was quantified as 
described by (Mes et al., 1999a) three weeks later. (0 = healthy plant, 1 = air roots and thickening of stem; no 
vessel browning, 2 = one or two brown vessels, more than four true leaves, 3 = three or more brown vessels, 
more than four true leaves, 4 = four or less true leaves).  
 
GFP microscopy 
F. oxysporum was inoculated at 1*107 spores/ml in 25 ml of medium. After two days GFP fluorescence was 
recorded on a wide field fluorescence microscope (BX, Olympus) using Object Image analysis. 
 
Table 3: Primers used in this study  
Primer # sequence Name 
1 CGATAAGGCCTTCCACCGCC F CREA 
2 GGGCCTTGACGCTTAGCATG R CREA 
3 AAAAAGCTTCGTACTGCCTCTGATCCTAG CREA up + HindIII 
4 AAAATCTAGAGTGATAGACGTCTGGACGAC CREA up + XbaI 
5 AAAAGGTACCGACACGACATGGCATCGCAA CREA down + KpnI 
6 TTTTAATTAAGTCCGTAATGGATAGCCACC CREA down + PacI 
7 AAACCATGGAACGAGCACAGTCGGCCGTG CREA ATG + NcoI 
8 AAAGAATTCCTACATTCGATCCATGAG CREA stop + EcoRI 
9 ATAATGGCTTCAGCCACAGC CREA F term. 
10 AAAGTCGACTAGTCCCATCAAGGCCCTCT CREA R term SalI/SpeI 
11 AAAAACTAGTATGTCCCCTATACTAGGTTA GST F + SpeI 
12 GGATGGGTTACATGATCACC GST R 
13 AAAACTAGTATGGTGAGCAAGGGCGAGGAG GFP F + SpeI 
14 TTTCCATGGACTTGTACAGCTCGTCCATGCCG GFP R -stop + NcoI 
15 ACCCGCAATACCTACGCCCC F CREA locus upstream 
16 TCTCGACGTCGCCCTGTT R CREA +100 bp from ATG 
17 CCAATAACCTAGTATAGGGGAC R GST +3 bp from ATG 
18 AGCTCCTCGCCCTTGCTCA R GFP +4 bp from ATG 
 
Table 4: Primers used for RT-PCR analysis 

Name Primer Sequence (5’- 3’) 
F ATAACGTTCTTTCGGCGGTC 

PGX R ATTGGGCGGTTTCTCATTCG 

F GCCCGACCATTTCATCGTTG 
PG1 R GGCACCAGAGGGAATTCCCT 

F AGTACACTGCCATCCTCGCC 
PL R GCAGCTCGTGGTAACTCCA 

F ACGTCGTTAACGAGATCTTCG 
XYL2 R AGCGTTGACAACAGCAGTGTA 

  

F TTCGCGCAACTCCTTCACCT XYL3 
R CAGAGCGTTGACCAAGGCAT 

F GGTCTCCTTCAAGTCTCTCC XYL4 
 R CTGGACATAGATGGAAGAAG 

F CATCTCCAACATTGCTACTG ARA1 
R GCCAAGGTTAGTGTTGATGT 

F TTGAGCTGCAGCGCATTGA ICL1 
R TCACGAGGCATGGCAGTTT 

F AAAGAATTCACCTCCGCCACTGGTGACTC FEM1 
 R AAATCTAGACCGCTCTCAGGGACACTGG 
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Chapter VII 
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The central question addressed in this thesis is the role of the F-box protein Frp1 in 
pathogenicity and growth on alternative carbon sources of the tomato root invading fungus 
Fusarium oxysporum f.sp. lcopersici (Fol). In this final chapter, I discuss the results of 
studying this function of Frp1 and address the remaining questions. I will also suggest 
experiments for future studies and consider the conservation of Frp1 in the fungal kingdom 
and its possible function in other fungi. 
 
Interaction between Frp1 and Skp1. 
Our initial hypothesis was that Frp1, like most other F-box proteins, functions by recruiting 
target proteins for degradation via an SCF complex. The conserved F-box domain in Frp1 
and the binding to Skp1 were strong indications that Frp1 could function in such a way. A 
search for targets of Frp1 was therefore the first approach to elucidate the function of Frp1. 
However, no Fol protein was identified to bind Frp1 using YTH screens with three different 
libraries. This led us to consider the possibility that Frp1 does not target other proteins and 
this notion was reinforced by the lack of a recognizable protein-protein interaction domain 
in its C-terminus. Further, by studying mutants in which the interaction between Frp1 and 
Skp1 was lost by point mutations in the F-box domain, we uncovered that Frp1 does not 
need to bind Skp1 to fulfill its function. Still, a small but consistent reduction of 
pathogenicity was observed with the mutant with a double point mutation, which might 
imply that binding of Frp1 to Skp1 is required for (“fine tuning”) Frp1 function. We 
concluded that the primary function of Frp1 probably is not the targeting of proteins to an 
SCF complex and that its interaction with Skp1 has a different purpose. What could this 
purpose be?  
In yeast, Skp1 has been found with an F-box protein in non-SCF complexes. An example 
of this is the mini-complex of Skp1 with the F-box protein Rcy1, which was also found in 
fission yeast with the Rcy1 homolog, Pof6 (Galan et al., 2001, Hermand et al., 2003). In 
fission yeast, it has been shown that Skp1 functions as a stability factor in this complex. 
The F-box protein Pof6 and Sip1, another component of the Pof6/Skp1 mini-complex, both 
require binding to Skp1 for stability (Jourdain et al., 2009). In another non-SCF complex, 
Skp1 was found bound to the F-box protein Ctf13 and other proteins in a kinetochore 
complex (Russell et al., 1999). It can therefore be speculated that Frp1 and Skp1 also 
assemble in a mini-complex required for stability of Frp1. However, because very low 
(undetectable) levels of both tagged wild type and non-Skp1 binding mutants of Frp1were 
found, we suspect that binding of Frp1 to Skp1 is not required for stability of Frp1. 
Alternatively, binding of an F-box protein to Skp1 may only be required for auto-
ubiquitination of the F-box protein itself, as is reported for the F-box protein Pof14 
(Tafforeau et al., 2006). However, again, because we did not observe higher levels of non-
Skp1 binding mutants of (GFP-tagged) Frp1, we have no indication that binding to Skp1 
leads to degradation of Frp1. Still, we cannot exclude the possibility of ubiquitination 
without proteasomal degradation. Taken together, the purpose of the specific interaction 
between Frp1 and Skp1 remains unclear.  
These observations have implications for our understanding of the fnction of F-box proteins 
in general. Many F-box proteins predicted from genome sequences do not carry 
recognizable motifs in their C-terminal domain, and for Fusarium species these even form 
the majority (Chapter III). The F-box proteins from yeast that do contain such recognizable 
motifs in their C-terminal domain (WD40, LRR), all comply with the F-box hypothesis and of 
the ones without such a domain, only one, Mdm30, is known to target other proteins for 
ubiquitination (Ota et al., 2008). It could be that many F-box proteins without recognizable 
motifs in their C-terminal domain do not comply with the F-box hypothesis in that no target 
ubiquitination is involved. It would therefore be advisable to investigate assembly into an 
SCF complex and target ubiquitination before assuming that an F-box protein complies with 
the F-box hypothesis. Such studies might include assembly of a F-box protein with other 
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core components of an SCF complex, such as cullin, and the consequences of F-box 
domain mutations on these interactions. Examination of the protein sequence might also 
give some information. Ela1 and Rcy1, two examples of budding yeast F-box proteins that 
do not assemble into an SCF complex, contain a variation to a highly conserved part in the 
F-box domain. The two most conserved amino acids are a leucine and adjacent proline at 
position 6 and 7 op the F-box motif (Figure 1 in chapter II). Instead of this leucine, Ela1 and 
Rcy1 contain a valine at that position. Although both amino acids are small and 
hydrophobic, this difference might affect SCF assembly. Other F-box proteins that carry a 
variation at this position in the F-box domain might also function differently from the F-box 
hypothesis. When in future more F-box proteins are investigated in detail, a new, more 
refined functional description of the F-box domain may emerge. 
 
The role of Frp1 in carbon source assimilation. 
In chapter V, we demonstrate that Frp1 is required in F. oxysporum for several growth-
related functions. Some of these functions, such as CWDE gene expression, are probably 
required for pathogenicity, while others, like the glyoxylate cycle, are not. For still other 
functions, such as the use of amino acids as carbon source, the involvement in 
pathogenicity is still unknown. We could partly dissect these different functions by using the 
∆icl1 mutant. This mutant shows impaired growth on several carbon sources but does not 
show a defect in pathogenicity. The growth defects of the ∆icl1 mutant partly overlap the 
∆frp1 mutant growth defects. For example, both mutants show reduced assimilation of fatty 
acids, organic acids and C2-carbon sources like ethanol. Since the ∆icl1 mutant is still 
pathogenic, these assimilation pathways are not required for pathogenicity. The ∆frp1 and 
∆icl1 mutants clearly differ in growth on polysaccharides and cell wall components: the 
∆frp1 mutant showed reduced growth but the ∆icl1 showed normal growth. This particular 
growth defect of the ∆frp1 mutant correlates with reduced expression of several CWDE 
genes. We therefore concluded that the loss of CWDE gene expression in the ∆frp1 mutant 
contributes to the loss of pathogenicity.  
Another difference between the ∆frp1 and ∆icl1 mutants is the use of amino acids as 
carbon source. The ∆frp1 mutant cannot use most amino acids as carbon source while the 
∆icl1 mutant can. It is unknown what the contribution of amino acid assimilation is to 
pathogenicity. Root invading fungi like Fol only encounter a small amount of amino acids 
from root exudate during the first steps of infection. Pathogenic fungi may require amino 
acid import to supply themselves with building blocks for protein synthesis during infection 
to ensure rapid proliferation inside the host and perhaps to deplete the amino acid pool of 
plants themselves. This may contribute to reduced fitness of plants. However, import of 
amino acids in the ∆frp1 mutant does not seem to be affected (chapter VI).  
One striking exception to the ability of the ∆frp1 mutant to use amino acids as a carbon 
source is proline. Both wild type and ∆frp1 mutant grow vigorously on this amino acid. 
Probably, proline usage is not under carbon catabolite repression in Fol, since we have 
observed that proline is a repressive carbon source itself as it is able, like glucose, to 
repress the onset of expression of CWDE genes (data not shown and also see Chapter VI). 
The advantage of this to Fol in a natural environment is unclear. 
  
In addition to amino acid catabolism, we observed that the ∆frp1 mutant is able to grow like 
wild type on putrescine, but not on ornithine, both amino acid derivates used in a biolog 
micro plate (data not shown). The enzyme that is responsible for the conversion of 
ornithine into putrescine is ornithine decarboxylase (Odc1). Interestingly, this enzyme is 
important for pathogenicity in Stagonospora nodorum (Bailey et al., 2000), possibly 
because putrescine is a precursor for polyamines, compounds required for various basal 
fungal processes like growth and differentiation (Pieckenstain et al., 2001, Ruiz-Herrera, 
1993). Although the contribution of polyamines to fungal pathogenicity is not yet fully 
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understood, we considered the possibility that the inability of the ∆frp1 mutant to use 
ornithine for polyamine synthesis could also contribute to loss of pathogenicity. However, 
we found no apparent difference in ODC1 expression between wild type and ∆frp1 mutant 
during plant infection (data not shown). The involvement of polyamine synthesis in 
pathogenicity and the reason for reduced growth on ornithine of the ∆frp1 mutant remain, 
therefore, unclear.  
Altogether, Frp1 is required for many carbon assimilation pathways and processes to 
function, but only some of these pathways are related to pathogenicity. Frp1 should 
perhaps be considered more as a regulator of metabolism than as a specific pathogenicity 
factor.  
 
Frp1 and CreA 
The growth phenotypes of the ∆frp1 mutant are generally related to assimilation pathways 
that are controlled by CreA, the global repressor of alternative carbon source utilization in 
filamentous fungi. Using a mutant of CREA through fusion of the gene with GST we could 
confirm that in Fol, CreA is also required for gene repression (Chapter VI). In the wild type 
background, replacement of CREA with GST::CREA (knock-in) resulted in a derepressed 
phenotype. This phenotype was not observed upon ectopic insertion of GST::CREA or with 
GFP::CREA. On the other hand, the repressed phenotype of the ∆frp1 mutant could be 
reversed using knock-in or ectopic insertion of both tagged versions of CreA, with the 
strongest derepressing effect observed with the GST::CREA knock-ins. This suggests that 
Frp1 somehow augments CreA function when CreA is tagged with GFP or when both wild 
type CreA and GST-CreA are present.  
It is generally assumed that CreA acts solely as a repressor, but we find clues that CreA 
may also act as an activator. For instance, CreA is localized to the nucleus during growth 
on ethanol, a derepressing carbon source. In addition, expression of some ADH genes in 
Fol depends on functional CreA. For example, when the wild type grows on glucose, the 
ADH gene FOXG_07163 is expressed, but no expression of this gene was seen with the 
GST::CREA knock-in strain (data not shown). If CreA can indeed also act as an activator, 
than Frp1 may assist CreA to switch from a repressor to an activator. How Frp1 would 
affect CreA is still unknown. We did not detect an interaction between Frp1 and CreA using 
co-precipitation or yeast two-hybrid assays (data not shown). It might be that an interaction 
only occurs transiently or only when CreA and/or Frp1 are bound to DNA, or that another 
factor is required. Another possibility is that CreA requires a co-repressor or -activator to 
function as was demonstrated for the CreA counterpart from yeast Mig1, which functions 
together with co-repressors Tup1 and Ssn6. If this also holds for CreA, than it might be that 
Frp1 regulates these proteins rather than it regulates CreA.  
Regulation of CreA has been investigated in several fungi by studying its phosphorylation 
and DNA-binding capacities under different growth conditions. A potentially phosphorylated 
amino acid in CreA is a serine located in a casein kinase II (CKII) consensus sequence. 
The kinase responsible, though, has not been identified yet (Cziferszky et al., 2002). Snf1, 
which in yeast phosphorylates Mig1, was excluded as the responsible kinase (Cziferszky et 
al., 2003). In H. jecorina, mutation of the conserved serine residue resulted in enhanced 
DNA binding, the inability to form multimers and constitutive expression of a cellulase gene. 
This suggests that in this fungus phosphorylation is required not for DNA binding but for 
transcriptional repression by Cre1 (CreA) (Cziferszky et al., 2002). Mutation of the 
conserved serine in CreA from S. sclerotiorum also resulted in impaired repression activity 
(Vautard-Mey & Fevre, 2000). On the other hand, in A. nidulans the corresponding serine 
residue is not essential for CreA function: if CreA is phosphorylated on this residue in A. 
nidulans, it does not lead to degradation or translocation of CreA during derepressive 
conditions (Roy et al., 2008). Phosphorylation of CreA might lead to ubiquitination as a 
form of protein regulation. The involvement of a de-ubiquitinating enzyme CreB (Lockington 
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& Kelly, 2001) in carbon catabolite repression in A. nidulans, suggests that CreA can be 
ubiquitinated, but no evidence for this post-translational modification has yet been found. 
Whether and how CreA in Fol is phosphorylated and/or ubiquitinated is not known. We 
introduced point mutations that changed the conserved serine into an alanine or glutamate 
and observed no major phenotypical changes in the wild type strain. However, in the ∆frp1 
mutant, the serine to alanine mutation led to a derepressed phenotype and restoration of 
pathogenicity (data not shown). This suggests that phosphorylation of Crea may modify 
(but not abolish) its function and that deletion of FRP1 somehow aggravates the effect of 
the absence of phosphorylation. Further investigations of these possibilities could 
contribute to the clarification of Frp1 and CreA function.  
 
Conservation of Frp1 in other fungi 
Previously, the conservation of Frp1 in Sordariomycetes was assessed (Duyvesteijn et al., 
2005). Using more recent BLAST searches, we also found Frp1 homologs in 
Leotiomycetes and Dothideomycetes (Figure 1), although the level of similarity to Frp1 
homologs from the latter group is rather weak (Figure 2).  
The strongest conservation of Frp1 within all three classes is observed within the central 
domain (amino acids 158-420 in Figure 1), which includes but extends beyond the F-box 
domain (amino acids 158-198 in Figure 1). Further, there is conservation between the 
homologs of the Sordariomycetes and the Leotiomycetes within the C-terminal part of the 
protein (amino acids 490-590 in Figure 1). The Frp1 homologs from the Dothideomycetes 
are shorter than those in the Sordariomycetes and Leotiomycetes. The Frp1 homolog of 
Stagonospora, for example, is 338 amino acids long, in contrast to the 527 aa of Fol.  

 
Figure 1: Phylogenitc tree of fungi from three different classes containing Frp1, based on the conserved 
central domain in Frp1. Fo = F. oxysporum, Fv =F. verticillioides, Fg = F. graminearum, Cg = Chaetomium 
globosum, Nc = Neurospora crassa, Mg = Magnaporthe grisea, Ss = Sclerotinia sclerotiorum, Bc = Botrytis 
cinerea, Ptr = Pyrenophera tritici-repentis, Sn = Stagonospora nodorum. 
 
To examine functional conservation, we initiated a study in which the ability of FRP1 
homologs from other fungal classes were used to complement the ∆frp1 mutant in Fol. For 
this, we introduced the FRP1 homologs of F. graminearum and B. cinerea into the ∆frp1 
mutant of Fol, and we observed that both genes are fully able to restore the growth and 
pathogenicity defects of the original deletion mutant (data not shown). This suggests that 
interactions with potential binding partners, substrates or DNA is conserved despite 
sequence divergence. 
We also studied the FRP1 deletion phenotype in F. graminearum and B. cinerea to see 
whether Frp1 fulfills the same physiological function in these different fungi. Interestingly, 
the FRP1 deletion mutants of these fungi showed different growth phenotypes on 95 
different carbon sources in a biologFF microplate. Deletion of FRP1 in F. oxysporum 
caused growth reduction on many carbon sources (mainly organic acids and amino acids, 
chapter V), while the F. graminearum mutant showed no apparent growth defect and the B. 
cinerea mutant showed enhanced growth on some carbon sources (mainly 
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monosaccharides) when compared to the wild type (data not shown). In bioassays, these 
∆frp1 mutants of F. graminearum and B. cinerea did not show loss of pathogenicity towards 
wheat or barley ears (F. graminearum) or various fruits or bean leaves (B. cinerea) (data 
not shown). Infection of roots of barley and wheat did, on the other hand, appear to be less 
effective with the ∆frp1 mutant of F. graminearum (results not shown).  
 

 
Figure 2: Alignment of Frp1 homologs from different fungal species. Fo = F. oxysporum, Fv =F. verticillioides, 
Fg = F. graminearum, Fs = F. sporotrichioides, Hj = Hypocrea jecorina, Pa = Podospora anserina, Cg = 
Chaetomium globosum, Nc = Neurospora crassa, Mg = Magnaporthe grisea, Ss = Sclerotinia sclerotiorum, 
Bc = Botrytis cinerea, Ab = Alternaria brassicicola, Ptr = Pyrenophera tritici-repentis, Sn = Stagonospora 
nodorum. 
 
Together these results suggest that Frp1 is only required for root infection. Deletion of 
FRP1 homologs in fungi with various other infection strategies should be carried out to 
firmly establish this. Candidates are Magnaporthe grisea, which uses appressoria to 
penetrate the leaf surface of rice, Cladosporium fulvum, which colonizes the apoplastic 
space of tomato leaves which it enters through stomata, Verticillium spp, which like F. 
oxysporum invade (tomato) plants through the roots or F. oxysporum f.sp. radici-
lycopersici, which causes root rot on tomato instead of wilt. When Frp1 is indeed only 
required for root infections, then this may be correlated to the involvement of expression of 
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certain CWDE genes and CreA-mediated repression of these genes. B. cinerea for 
example, only infects the aerial parts of a plant and fruits and might need other enzymes 
and/or metabolic pathways to invade these tissues. In both cases the fungus likely relies on 
degradation of plant cell wall material, but different sets of CWDEs may be required. 
Additionally, Frp1 in B. cinerea may function different because CreA is also regulated 
differently in this fungus. Studies using CreA form the related S. sclerotiorum were carried 
out in A. nidulans (Vautard-Mey & Fevre, 2000), a filamentous fungus which does not 
contain a FRP1 homolog, and these results are therefore dificult to interpret.  
 
uORF conservation and function 
Besides the conservation of the protein product of FRP1, also the occurrence of a 
conserved uORF in the leader of FRP1 was reported (Duyvesteijn et al., 2005). This uORF 
is comprised of 11 codons and situated 130 bp upstream of the main ORF and its presence 
was confirmed in the mRNA leader. In general, a uORF prevents premature initiation at 
AUG’s in the leader of a gene or represses translation of the main ORF and thereby acts 
as a post-transcriptional gene regulator. In filamentous fungi, uORFs are predicted in 10-
22% of the genes (Galagan et al., 2005). In Aspergillus nidulans, for example, 1316 genes 
have one or more uORF and budding yeast probably containes around 200 genes with one 
or more uORF (Zheng and Dietrich, 2005).  
The presence of the uORF and the amino acid sequence of the encoded peptide are well 
conserved in five Fusarium species but not in other fungi (Table 1). In contrast to the single 
uORF present in the leader of FRP1 of Fusarium species, multiple potential uORFs are 
present in C. globosum, M. grisea and N. crassa, ranging from very small ones of five 
codons to larger ones consisting of 61 codons that overlap with the main ORF. 
Unfortunately, no EST data is available that can confirm the presence of uORFs on the 
leader of non-Fusarium orthologs of FRP1. However, the uORFs are located at most 175 
bp upsream from the main ORF, which makes their existence likely. The B. cinerea 
ortholog does not contain a uORF in the presumed FRP1 leader, in contrast to its relative 
S. sclerotiorum, which contains three uORFs, located within 80 bp upstream of the main 
ORF (Table 1).  
We know that FRP1 is transcribed constitutively in F. oxysporum (Duyvesteijn et al., 2005) 
but we have been unable to detect tagged versions of Frp1 (chapter IV). Possibly, the 
uORF in the leader of FRP1 reduces translation levels leading to low proteins levels. To 
study this possibility, the ATG of the uORF was mutated into GTG and the mutated and 
wild type upstream regions of FRP1 were placed upstream of the GFP coding sequence, 
which was used as reporter gene. Microscopic assessment showed that inactivation of the 
uORF enhances GFP expression in hyphae as well as in spores when compared to wild 
type leader sequence using the same exposure time (Figure 3, left and middle panels). 
When both strains are mixed, the spores and hyphae of the mutant were easily 
distinguished from the wild type (Figure 3, right panels). To test whether this apparent 
higher level of translation upon inactivation of the uORF has an effect on the function of 
Frp1, FRP1 with the wild type leader or with the mutated leader were introduced into the 
∆frp1 mutant and bioassays were conducted with these strains. Two independent strains 
carrying the mutated leader did not show altered pathogenicity towards tomato seedlings 
when compared to wild type (data not shown). This suggests that higher levels of Frp1 do 
not influence its function regarding plant infection.  
How the uORF of FRP1 affects translational levels is not known. The corresponding 
peptide of the uORF might be a bioactive peptide controlling translation or alternatively, the 
uORF might regulate mRNA levels of FRP1 (Gaba et al., 2001, Vilela and McCarthy, 
2003). To test this, mutational analysis of the encoded peptide should be carried out as 
well as quantitively comparison of mRNA levels of FRP1 with wild type and mutated FRP1 
leaders. 
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Table 1: uORF conservation in the upstream region of FRP1 in different fungi 
In the left column, fungi from different fungal classes in which a FRP1 ortholog is found are 
presented. In the middle column, the amino acid sequences and length of the uORF(s) 
found in the leader of each FRP1 ortholog, are given and in the right column, the distance 
in bases is given between the start codon of FRP1 and the end of the uORF. 

Fungal species Peptide sequence of uORF (# amino acids) # Bases from 
ATG  

Sordariomycetes  
Fusarium  see below  
C. globosum MLPP (4) 175 
 MIEPRLFSAANSSTQSFSATHFR (23) 107 
 MRIVLD (6) 56 
M. grisea MLKYA (5) 146 
 MLELRPATSIITYGPTVEFWVTR (23) 82 
N. crassa MHLDRRAVPACEPRT (15) 175 
 MRRSLPGPDRSFLNVIRLLPRLDGFNYTTSRP

WSIRWEKPYFSCRSISTLYSSTRMLYNV (60) 
-8 

Leotiomycetes  
S. sclerotiorum MHEVQSCDVVFSTLFQFSTTHSTRATLPIEECR

P (34) 
79 

 MRSNRATSFSQLYSNSAQPTQPGRLSPSKSVV
HKF (35)  

72 

 MINQLRRTSTLRPIGIRDQT (20) 8 
B. cinerea -  
*Fusarium species 
F. oxysporum MSSIFSFSAQ (10) 130 
F. verticillioides MSSIFSFSAQ (10) 138 
F. graminearum MSSLFSFSAQ (10) 134 
F. sporotrichioides MSSLFSFSAQ (10) 133 
F. solani MPSMLSFAAQ (10) 128 

 

 
Figure 3: Pfrp1-GFP accumulates to higher levels when the uORF in the FRP1 leader is inactivated. For 
material and methods, see Supplementary data. 
 
Concluding remarks and future experiments 
Since Frp1 plays a role in transcription and may not have protein targets it might bind DNA 
itself. To study this possibility, DNA binding experiments should be conducted. This can be 
done by CHIP (chromatin immunoprecipitation) (Massie & Mills, 2008), yeast one-hybrid 
experiments or mobility shift essays. DNA binding studies in combination with mutated or 
truncated versions of the C-terminal domain of Frp1 might reveal motifs in its sequence that 
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contribute to possible DNA binding properties. Other interactions might also be important 
for Frp1 function. One possibility is that Frp1 binds to an isoform of 14-3-3 as suggested in 
chapter IV. These scaffolding proteins are involved in many processes, like nuclear 
shuttling of proteins and binding of proteins to prevent their degradation (Darling et al., 
2005). It could be that a 14-3-3 protein acts as a bridge between for example Frp1 and 
CreA and/or a co-repressor/activator of CreA. Binding and localization studies of all 
possible proteins involved could clarify these possibilities. 
Additionally, transcriptomic analysis of the ∆frp1 mutant compared to wild type could reveal 
additional expressed genes for metabolic pathways of which expression is affected by 
deletion of FRP1. Using northern blot and RT-PCR, we already observed different 
expression patterns of several CWDE genes, ICL1 and ADH genes (chapter VI and VII and 
data not shown). Comparison of entire transcriptomes of wild type and ∆frp1 strains, will 
reveal genes regulated by Frp1 in an unbiased manner. When a CreA mutant (e.g. the 
GST::CREA or a phosphorylation site point mutant) is used in the same analysis, the 
overlap in genes whose expression is affected by these two proteins will help to dissect 
CreA and Frp1 function. 
Another way to look at the global effect of FRP1 deletion is to use proteome analysis. Both 
the extracellular and intracellular protein pool of wild type and ∆frp1 mutant growing on 
different carbon sources can be assessed for differentials. Not only secreted CWDEs, 
whose expression is regulated by Frp1, can be found in this manner, but perhaps also 
proteins whose modification is directly controlled by Frp1. Altogether, these and other 
experiments could contribute to the further elucidation of the molecular function of Frp1. 
That would not only yield more insight into the involvement of this F-box protein in 
pathogenicity of Fol, but also contribute to the overall understanding of the function of F-
box proteins in filamentous fungi.  
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Summary 
 
 
 
 
 
 
 
 
 
 
 
 

Previously, FRP1 has been identified in a mutant screen as a pathogenicity gene of the 
plant pathogenic fungus Fusarium oxysporum f.sp. lycopersici. Deletion of the gene 
confirmed the requirement of FRP1 for pathogenicity. FRP1 encodes an F-box protein and 
in this thesis we set out to elucidate its molecular function further. Literature on fungal F-
box proteins in general is reviewed in Chapter II and in Chapter III the F-box protein 
arsenal of four Fusarium species is analyzed by mining their genome sequences. 
Furthermore, the function of the Frp1 F-box domain is studied (Chapter IV), the phenotype 
of the ∆frp1 mutant strain examined (Chapter V) and the involvement of CreA in Frp1 
function investigated (Chapter VI).  
 
Many F-box proteins play a key role in the degradation of other proteins. They recruit such 
proteins to a ubiquitination machine called the SCF complex where they become 
ubiquitinated, which commonly leads to recognition and degradation by the proteasome. 
Binding to Skp1, a component of the SCF complex, is a strong indication that Frp1 recruits 
targets to this complex. Identification of such target proteins of Frp1 could give clues about 
its molecular function(s) and, therefore, several screens were designed to identify a Frp1-
target. Unfortunately, no target protein was found. This raised the question whether Frp1 
actually recruits target proteins. To investigate this, mutants of Frp1 were created with 
mutations in the F-box domain that abolished the binding of Frp1 to Skp1. If Frp1 would 
function through binding to Skp1, then it would be expected that these mutations would 
affect the function of Frp1 and, hence, pathogenicity. However, this appeared not to be the 
case as the Skp1-nonbinding versions of Frp1 could restore pathogenicity of the ∆frp1 
mutant strain. This suggests that the main function of Frp1 may not be recruitment of other 
proteins to an SCF complex (Chapter IV).  
 
To find out why the ∆frp1 mutant is unable to cause disease, its phenotype was 
investigated in more detail. We found that the mutant is impaired in root colonization as 
well as in root invasion. These defects are accompanied by impaired growth on a broad 
array of alternative (non-sugar) carbon sources such as organic acids, amino acids and 
polysaccharides. We also found that the production of cell wall degrading enzymes 
(CWDE) is seriously affected in the ∆frp1 mutant, which is likely related to the reduced 
growth on polysaccharides. The colonization defects on tomato roots could be restored by 
addition of sugars like glucose or sucrose. However, addition of sugars could not restore 
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the root invasion defects as shown by the lack of expression of the GFP-reporter gene 
behind the SIX1-promoter (the SIX1 gene is specifically expressed inside roots and is 
therefore a marker for root invasion). To find out whether reduced growth on C2-carbon 
sources like ethanol was (partly) responsible for the non-pathogenic phenotype of the ∆frp1 
mutant, we created an ICL1 deletion mutant. Icl1 is a key enzyme of the glyoxylate cycle, 
which is required for the assimilation of C2-carbon sources. We found that this mutant -like 
the ∆frp1 mutant,- is impaired in growth on organic acids, ethanol and fatty acids. However, 
growth on polysaccharides was normal and this mutant was still able to colonize roots and 
fully cause disease on tomato plants. Therefore we concluded that the lack of CWDE gene 
expression is sufficient to explain the loss of pathogenicity of the ∆frp1 gene, although 
other factors, such as utilization of amino acid as a carbon source, could not be ruled out 
(Chapter V).  
 
The genes required for assimilation of the carbon sources on which the ∆frp1 mutant 
shows impaired growth are generally under carbon catabolite repression. In fungi, this 
process is regulated by the transcriptional repressor CreA. We considered the possibility 
that Frp1 is required for the derepression of these genes by directly or indirectly regulating 
CreA. The relation between CreA and Frp1 was therefore investigated and we found that 
the two proteins together control the expression of CreA-repressed genes (Chapter VII). 
Whereas CreA is mainly (but not exclusively) responsible for repression, Frp1 is required 
for activation of such genes. Although knock-out of CREA failed, we were able to make 
mutants in which GST-tagged CREA, had replaced the native CREA gene. Apparrently, the 
GST-tag on CreA affects CreA function since replacement of native CREA by GST::CREA 
in the wild type as well as in the ∆frp1 mutant background caused a general growth 
reduction and the inability to repress gene expression during growth on glucose. 
Remarkably, GST::CREA restored the ability to express CWDE genes in the ∆frp1 
mutations, as well as growth on alternative carbon sources and infection of tomato. How 
Frp1 influences CreA and activates gene expression remains unknown, but it probably 
does not so via SCF-mediated protein ubiquitination, as explained in Chapter IV. We also 
could not demonstrate a direct interaction between Frp1 and CreA. Further, accumulation 
of GFP-tagged CreA in the nucleus occurred both on glucose and on ethanol, a 
derepressing carbon source, and was not affected by deletion of FRP1. 
 
In conclusion, analysis of the function of the F-box protein Frp1 in the plant pathogenic 
fungus Fusarium oxysporum revealed that it functions independently from an SCF 
complex, it is involved in carbon catabolite derepression and, together with CreA, affects 
expression of CWDE genes during infection. 
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Samenvatting 
 
 
 
 
 
 
 
 
 
 
 
 

In dit proefschrift wordt de rol van het F-box eiwit Frp1 van de plant pathogene schimmel 
Fusarium oxysporum f.sp. lycopersici onderzocht. De schimmel Fusarium oxysporum f.sp. 
lycopersici behoort tot een grotere groep van verwante schimmels, het Fusarium 
oxysporum soorten-complex. Tot deze groep behoren pathogene en niet-pathogene 
soorten. Niet-pathogene Fusarium oxysporum soorten groeien op en rond de wortels van 
planten zonder dat de plant daar ziek van wordt. Pathogene Fusarium oxysporum soorten 
daarentegen kunnen planten wel ziek maken. Vaak kan één bepaalde sub-groep, een 
forma specialis (f. sp.) genoemd, maar één bepaalde plant ziek maken. Zo kan 
bijvoorbeeld Fusarium oxysporum f.sp. lycopersici alléén de tomatenplant infecteren en 
Fusarium oxysporum f.sp. tulipae alléén de tulp.  
Fusarium oxysporum komt voor in de grond en koloniseert in eerste instantie de wortels 
van de plant. Wanneer het een pathogene soort betreft, kan het door de celwanden van de 
wortels heen naar binnen groeien en kan het in het vatenstelsel van de plant komen. Door 
zowel de groei van de schimmel als een tegenreactie van de plant raken de vaten verstopt 
en kan weinig water nog omhoog de plant opgestuwd worden, waardoor de plant langzaam 
uitdroogt. De schimmel kan verder door de uitgedrogende plant groeien en uiteindelijk de 
hele plant koloniseren en “opeten”.  
Het onderzoek naar Fusarium oxysporum richt zich vooral op het ophelderen van de 
mechanismen die deze schimmel gebruikt om de plant te infecteren. Ook wordt onderzocht 
hoe het kan dat de verschillende formae speciales ieder alleen hun specifieke gastheer 
plant kunnen infecteren. Er wordt daarom onderzocht welke genen van de schimmel 
betrokken zijn bij het infectie proces. Het FRP1 gen is in een eerdere studie geïdentificeerd 
als een gen dat deze schimmel nodig heeft om de plant te infecteren. Wanneer in de 
schimmel dit gen uitgeschakeld is, kan de schimmel geen Frp1 eiwit meer produceren en 
kan het niet meer de plant infecteren. Deze schimmel mutant wordt genoteerd als ∆frp1 
mutant. 
Het Frp1 eiwit behoort tot een groep van eiwitten die een bekend F-box domein 
gemeenschappelijk hebben. Dit domein bestaat uit ongeveer 50 aminozuren. Om inzicht te 
krijgen in de rol van Frp1 tijdens het infectieproces van Fusarium oxysporum, hebben wij 
geprobeerd de functie van dit eiwit op te helderen. Dit werd gedaan door te zoeken naar 
eiwitten die binden aan Frp1 (hoofdstuk IV), door het fenotype van de mutant grondig te 
onderzoeken (hoofdstuk V) en door de processen waarin Frp1 een rol zou kunnen spelen 
te bestuderen (hoofdstuk VI). 
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Naast deze onderzoeksresultaten is in dit proefschrift ook een literatuurstudie naar F-box 
eiwitten van schimmels in het algemeen opgenomen (hoofdstuk II) en zijn alle mogelijke F-
box eiwitten in vier verschillende Fusarium soorten in kaart gebracht (hoofdstuk III).  
Veel F-box eiwitten spelen een cruciale rol in de afbraak van andere eiwitten. Wanneer 
bepaalde eiwitten in de cel onbruikbaar zijn geworden of wanneer hun aanwezigheid de 
cellulaire functie verstoort moeten zij worden verwijderd. Zulke overbodige eiwitten worden 
vaak eerst “gelabeld” doordat er een fosfor groep aan wordt gekoppeld. Ze kunnen dan 
worden herkend door een F-box eiwit. Vervolgens brengt een F-box eiwit dit overbodige 
eiwit naar een bepaald eiwitcomplex, genaamd SCF complex. Deze afkorting staat voor de 
drie eiwitten die samen dit complex vormen: Skp1, Culline en een F-box eiwit. Dit complex 
koppelt ubiquitine (een klein eiwit) aan het overbodige eiwit (ubiquitinatie), een markering 
die doorgaans leidt tot herkenning en afbraak door een eiwit-afbraak machine in de cel, het 
proteasoom. Je kan het proces van ubiquitinatie door SCF complexen vergelijken met de 
vuilnisophaaldienst. F-box eiwitten zijn de vuilnismannen die de vuilniszakken (overbodige 
eiwtten) herkennen die op straat worden gezet. Zij brengen die zakken naar de 
vuilniswagen (een SCF complex) waarmee ze vervolgens naar de verbrandingsoven 
(proteasoom) worden gebracht.  
Al eerder was aangetoond dat Frp1 aan Skp1 bindt, en dus ook een functie zou kunnen 
vervullen zoals andere F-box eiwitten. Om de functie van Frp1 beter te kunnen begrijpen, 
zou het goed zijn om te weten welke eiwtten het naar een SCF complex brengt. Het 
uitschakelen van het FRP1 gen kan tot gevolg hebben dat die eiwitten niet meer worden 
afgebroken en de ophoping van deze eiwitten zou de oorzaak kunnen zijn van het verlies 
van pathogeniteit.  
We hebben meerdere manieren geprobeerd om te kijken welke eiwtten aan Frp1 kunnen 
binden, en dus mogelijk via Frp1 worden afgebroken. Helaas vonden we geen Frp1-
bindende eiwitten en dit bracht ons naar de vraag of Frp1 wel echt andere eiwitten naar 
een SCF complex brengt. Om eiwtten (vuilniszakken) goed te verzamelen moet het F-box 
eiwit (vuilnisman) wel het SCF complex (vuiniswagen) kunnen bereiken. Wanneer je wilt 
weten of iemand een vuilnisman is, kun je ervoor zorgen dat hij niet meer op een 
vuilniswagen kan klimmen en dan kijken of er ergens vuilnis ophoopt. Het F-box eiwit 
gebruikt zijn F-box domein om aan Skp1, een onderdeel van het SCF complex (de 
vuilniswagen), te binden. Mutaties in het F-box domein van Frp1 leidden er inderdaad toe 
dat Frp1 niet meer aan Skp1 kan binden en dus ook geen vuilniszakken in de wagen kan 
gooien. Als Frp1 echt de functie van vuilnisman heeft zouden deze mutaties ervoor moeten 
zorgen dat er zakken ophopen. Echter, de aangebrachte mutaties leidden niet tot een 
verlies van pathogeniteit. Ophoping van eiwitten is daarom waarschijnlijk niet de de 
oorzaak van het pathogeniteitsverlies. We zijn toen tot de conclusie gekomen dat Frp1 
waarschijnlijk met een vuilniswagen kan meerijden– hij bindt immers Skp1-, maar geen 
vuilniszakken ophaalt en dus een ander functie heeft die hij ook los van de wagen kan 
vervullen (Hoofdstuk IV) . 
Naast het zoeken naar Frp1-bindende eiwitten hebben we ook het fenotype van de ∆frp1 
mutant in detail onderzocht om erachter te komen waarom deze mutant niet in staat is de 
tomatenplant ziek te maken. We vonden dat de mutant is verminderd in zowel wortel 
kolonisatie als wortel invasie en we konden deze gebreken toeschrijven aan een 
verminderde groei op bepaalde koolstofbronnen. Op agar platen met (niet-suiker) koolstof-
bronnen, bijvoorbeeld organische zuren, aminozuren en polysachariden, groeide de mutant 
minder goed dan de normale (wild type) schimmel. Op platen met suikers zoals glucose en 
sucrose zagen we geen verschil. We vonden ook dat de productie van celwand-afbrekende 
enzymen (CAE’s) sterk verminderd is in de Δfrp1 mutant, wat waarschijnlijk verband houdt 
met de verminderde groei van polysacchariden. CAE’s worden door de schimmel 
uitgescheiden om de verschillende lagen van de plantencelwand af te breken. De celwand 
bestaat onder andere uit de polysachariden pectine, polygalacturonaat en xylaan. Wanneer 
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de schimmel minder CAE’s produceert is het waarschijnlijk niet meer goed in staat om 
delen van de celwand af te breken en de wortels binnen te dringen.  
De kolonisatie van de buitenkant van de wortels door de mutant schimmel kon worden 
hersteld door toevoeging van suikers zoals glucose of sucrose, waardoor de mutant niet 
afhankelijk meer was van de koolstof bronnen die vrij komen wanneer hij de wortel 
celwanden afbreekt. Echter, de mutant kon nog steeds niet de wortels binnendringen. Dit 
konden we vaststellen omdat we in de mutant het gen voor een lichtgevend eiwit (GFP) 
hadden geplaatst op zulk een wijze dat dit eiwit alléén wordt aangemaakt wanneer de 
schimmel binnen in de wortel groeit of wanneer het bij tomatencellen in een schudcultuur 
werd gebracht. Zowel de wild type schimmel als de ∆frp1 mutant kunnen GFP aanmaken 
wanneer het in aanraking kwam met de tomatencellen in schudcultuur. De de wild type 
schimmel maakte dit GFP-eiwit ook aan wanneer het de wortel maar de mutant kon dit 
eiwit niet aanmaken bij de wortels, wat er op wees dat het niet de wortel in kon komen.  
Om uit te vinden of verminderde groei op niet-suiker koolstof bronnen anders dan 
polysachariden (mede)-verantwoordelijk is voor het niet-pathogene fenotype van de Δfrp1 
mutant, maakten we een mutant waarin we het ICL1 gen was uitgeschakeld. ICL1 codeert 
voor isocitraat lyase, een enzym dat nodig is voor de assimilatie van ethanol, acetaat en 
vetzuren. We vonden dat deze ΔIcl1 mutant – net als de Δfrp1 mutant – verminderde groei 
vertoonde op agar platen met organische zuren, ethanol en vetzuren. Echter, deze mutant 
vertoonde normale groei op polysachariden, kon ook de wortels goed koloniseren en was 
niet verstoord in het infecteren van de tomatenplant. Dit betekent dat de defecten van de 
Δfrp1 mutant betreffende de verminderde groei op organische zuren, ethanol en vetzuren 
niet (mede)verantwoordelijk zijn voor het verlies van pathogeniteit. Wij concluderen daarom 
dat verminderde productie van celwand afbrekende enzymen en (daarmee) verminderde 
groei op polysachariden de voornaamste oorzaken zijn van het verlies van pathogeniteit 
van de ∆frp1 mutant (hoofdstuk V).  
De Δfrp1 mutant vertoont dus vooral verminderde groei op verschillende niet-suiker 
koolstofbronnen. Om deze stoffen om te zetten naar glucose en om ze te gebruiken voor 
de aanmaak van energie, moeten alternatieve metabole routes worden aangezet. De 
genen die voor enzymen uit deze routes coderen, worden in schimmels gereguleerd door 
een proces genaamd “carbon catabolite repression”. Dit proces houdt voornamelijk in dat 
de expressie van genen die niet nodig zijn voor de glycolyse (de centrale route voor het 
omzetten van glucose in energie) wordt onderdrukt tijdens groei op glucose (repressie). 
Deze onderdrukking moet worden opgeheven wanneer de schimmel op een niet-glucose 
koolstofbron groeit (derepressie). Deze onderdrukking wordt in schimmels gereguleerd 
door transcriptiefactor CreA. Transcriptiefactoren zijn eiwitten die het “aan” en “uit” zetten 
van genen reguleren en dus op het DNA hun functie verrichten. CreA is in dit geval een 
transcriptie factor die vooral genen “uit” zet. In de ∆frp1 mutant lijkt het erop dat repressie 
door CreA niet meer opgeheven kan worden, omdat bijvoorbeeld het ÎCL1 gen, nodig voor 
groei op ethanol, in de mutant niet meer aangezet wordt tijdens groei op ethanol. We 
hebben daarom de relatie tussen CreA en Frp1 onderzocht en we vonden dat deze twee 
eiwitten samen het proces van repressie en derepressie reguleren (hoofdstuk VII).  
Het bleek dat CreA hoofdzakelijk (maar niet uitsluitend) verantwoordelijk is voor repressie 
en Frp1 voor de derepressie (weer aanzetten) van deze genen. Dit hebben we uitgezocht 
door mutanten van het CREA gen te maken. In eerste instantie wilden we het hele CREA 
gen uitschakelen, maar dat dat bleek niet te lukken. In tweede instantie waren we wel in 
staat om mutanten te maken van CreA die minder functioneel waren. Deze mutante 
vormen van CreA konden niet meer represseren en zorgden ervoor dat de schimmel heel 
langzaam groeide. Opmerkelijk was wel dat deze CreA mutatie de defecten veroorzaakt 
door de ∆frp1 mutatie deels herstelde. De dubbele mutant (crea ∆frp1) vertoonde normale 
expressie van CAE genen en infectie van tomatenplant. Hoe Frp1 CreA zou kunnen 
reguleren, en hoe Frp1 genexpressie activeert, blijft onbekend. We verwachtten niet dat 
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CreA via Frp1 wordt afgebroken via de ubiquitinatie route en het SCF complex omdat Frp1 
waarschijnlijk geen standaard F-box eiwit is, zoals uiteengezet is in hoofdstuk IV. Door 
CreA te koppelen aan GFP (een lichtgevend eiwitje), konden we de localisatie van CreA 
bestuderen en zien of CreA m.b.v. Frp1 naar een ander celcompartiment werd 
getransporteerd of dat het op een andere manier inactief werd gemaakt. We zagen we dat 
CreA tijdens groei op glucose in de celkern zit, wat overeenkomt met de verwachting, want 
tijdens groei moet CreA op het DNA zitten om de expressie van bepaalde genen te 
onderdrukken. Maar tijdens groei op ethanol, wanneer CreA niet meer bepaalde genen 
onderdrukt, zagen we dat CreA óók in de kern zit. In de ∆frp1 mutant zagen we hetzelfde 
patroon als in de wild type schimmel. Dit betekent dat Frp1 CreA niet afbreekt of verplaatst 
wanneer de schimmel op ethanol groeit. 
Kortom, we weten nu dat in de plant pathogene schimmel Fusarium oxysporum, Frp1 een 
F-box eiwit is dat, onafhankelijk van binding aan een SCF complex, betrokken is bij 
genactivatie. Frp1 zorgt ervoor dat genen die belangrijk zijn tijdens het infectieproces, zoals 
CAE genen, niet meer worden onderdrukt en tot expressie kunnen komen. Hoe Frp1 dit 
doet, weten we nog niet precies, maar mogelijk reguleert het de functie van CreA of is het 
zelf direct bij transcriptie betrokken.  
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Supplementary data 
Supplementary data from Chapter III: The F-box arsenal of four Fusarium species. 
 
Table S1: The predicted F-box proteins from four Fusarium species obtained with our search. 
F. graminearum  
gene ID e-value 

F. oxysporum  
gene ID e-value 

F. verticillioides  
gene ID e-value 

F. solani  
gene ID e-value 

FGSG_00513 0.024 FOXG_00058 1.2e-06 FVEG_00231 3.9e-05 jgi|Necha2|100263|estExt_fgenesh1_pg.C_sca_19_chr4_3_00014 1.5e-09 
FGSG_00817 5.2 FOXG_00067 0.023 FVEG_00358 9.3e-07 jgi|Necha2|101142|estExt_fgenesh1_pg.C_sca_22_chr7_11_00113 0.47 
FGSG_00923 1.5e-11 FOXG_00221 0.0012 FVEG_00691 1.8e-10 jgi|Necha2|101885|estExt_fgenesh1_pg.C_sca_14_chr10_3_00039 0.0026 
FGSG_00936 0.015 FOXG_00416 5.6 FVEG_00743 7.4 jgi|Necha2|102121|estExt_fgenesh1_pg.C_sca_29_chr12_4_00058 0.00045 
FGSG_01319 1.5 FOXG_00772 9.1 FVEG_01297 0.013 jgi|Necha2|102232|estExt_fgenesh1_pg.C_sca_28_chr13_5_00148 1.8e-07 
FGSG_01326 1.7e-06 FOXG_00895 1.2e-10 FVEG_01450 0.025 jgi|Necha2|102252|estExt_fgenesh1_pg.C_sca_23_chr14_3_00003 0.0029 
FGSG_01401 0.00074 FOXG_01158 1.1e-06 FVEG_01458 9.7e-07 jgi|Necha2|103049|estExt_fgenesh1_pm.C_sca_1_chr1_3_00028 7.3e-08 
FGSG_01578 6.4e-06 FOXG_01469 1.2e-06 FVEG_01885 0.00089 jgi|Necha2|105069|estExt_fgenesh1_pm.C_sca_10_chr8_2_00231 1.7e-08 
FGSG_01635 0.0049 FOXG_01844 4.6e-07 FVEG_02328 0.0082 jgi|Necha2|10619|gw1.3.861.1 1e-06 
FGSG_01664 0.00013 FOXG_01986 1.7e-06 FVEG_02642 1.6e-05 jgi|Necha2|1288|gw1.14.26.1 3.8e-05 
FGSG_01700 0.39 FOXG_02332 7.9e-11 FVEG_02666 0.007 jgi|Necha2|24855|gw1.30.268.1 0.0028 
FGSG_01707 0.002 FOXG_02370 4.2e-12 FVEG_02771 0.0031 jgi|Necha2|25554|gw1.15.584.1 0.1 
FGSG_01718 0.78 FOXG_03027 0.0016 FVEG_02858 0.0019 jgi|Necha2|25596|gw1.22.315.1 3.1 
FGSG_01719 7.6 FOXG_03589 0.3 FVEG_03003 3.8 jgi|Necha2|28177|gw1.26.360.1 0.25 
FGSG_01834 9.9 FOXG_03658 0.092 FVEG_03270 0.001 jgi|Necha2|28984|gw1.58.124.1 6.2 
FGSG_02021 0.13 FOXG_03818 1.9e-10 FVEG_03780 6.6e-06 jgi|Necha2|29002|gw1.18.2342.1 0.42 
FGSG_02095 1.3e-05 FOXG_03911 1.8 FVEG_04135 8.1e-07 jgi|Necha2|29997|e_gw1.8.847.1 0.015 
FGSG_02128 1.7 FOXG_03916 3.2 FVEG_04282 9.3e-10 jgi|Necha2|30241|e_gw1.8.882.1 0.0001 
FGSG_02237 1.8e-10 FOXG_03959 1.5 FVEG_04505 0.015 jgi|Necha2|31251|e_gw1.1.806.1 8.9 
FGSG_02552 7.2 FOXG_04261 0.019 FVEG_05146 5.8e-06 jgi|Necha2|31285|e_gw1.1.1249.1 0.015 
FGSG_02582 0.0077 FOXG_04438 1.7e-05 FVEG_05502 1.4 jgi|Necha2|31774|e_gw1.1.58.1 6.2e-08 
FGSG_02790 8.2e-07 FOXG_04517 8.2e-07 FVEG_05506 6.7e-10 jgi|Necha2|32121|e_gw1.1.1346.1 1.4 
FGSG_02827 0.0019 FOXG_04708 0.18 FVEG_05551 6.2e-12 jgi|Necha2|32215|e_gw1.18.2387.1 4.7 
FGSG_02891 4.9e-06 FOXG_04874 0.0005 FVEG_05962 0.034 jgi|Necha2|32703|e_gw1.18.1957.1 5.4e-08 
FGSG_02934 0.32 FOXG_05103 0.03 FVEG_06002 0.0066 jgi|Necha2|33720|e_gw1.18.1971.1 0.16 
FGSG_02954 9.1 FOXG_05130 4.5 FVEG_06006 1.8 jgi|Necha2|33769|e_gw1.18.34.1 4.6e-08 
FGSG_03060 1.1e-05 FOXG_05273 0.01 FVEG_06377 1.9e-06 jgi|Necha2|35215|e_gw1.2.1615.1 7.1e-05 
FGSG_03193 1.6 FOXG_05359 0.018 FVEG_06571 0.48 jgi|Necha2|35724|e_gw1.2.1629.1 3.1 
FGSG_03221 0.016 FOXG_05473 0.0087 FVEG_07383 0.028 jgi|Necha2|36015|e_gw1.2.1606.1 1.4e-06 
FGSG_03362 0.00015 FOXG_05499 3.3e-05 FVEG_07556 1.3e-05 jgi|Necha2|36477|e_gw1.2.1601.1 1.9e-05 
FGSG_03401 0.024 FOXG_05551 1.5 FVEG_07699 7.7e-07 jgi|Necha2|36579|e_gw1.2.1572.1 0.0011 
FGSG_03458 3.8 FOXG_05909 0.0017 FVEG_07822 1.6 jgi|Necha2|36970|e_gw1.54.120.1 1.3e-07 
FGSG_03471 1.0 FOXG_06283 1.6e-06 FVEG_07835 1e-08 jgi|Necha2|37158|e_gw1.31.294.1 0.0074 
FGSG_03489 7.4 FOXG_06433 1.2e-09 FVEG_07911 9 jgi|Necha2|39091|e_gw1.3.341.1 4.4e-06 
FGSG_03765 1.0 FOXG_07448 4.9 FVEG_08219 7.5e-07 jgi|Necha2|39192|e_gw1.19.233.1 3.4e-12 
FGSG_04325 0.05 FOXG_07575 0.0078 FVEG_08473 0.0047 jgi|Necha2|39345|e_gw1.19.379.1 0.77 
FGSG_04444 0.0028 FOXG_07625 4.8 FVEG_09313 0.0014 jgi|Necha2|40330|e_gw1.12.570.1 4.3 
FGSG_04935 1.6e-05 FOXG_08298 0.00021 FVEG_09334 0.068 jgi|Necha2|40508|e_gw1.5.1511.1 3.3e-05 
FGSG_04940 0.42 FOXG_08670 0.07 FVEG_09335 0.00086 jgi|Necha2|42016|e_gw1.33.332.1 1.3e-05 
FGSG_05010 0.19 FOXG_08772 7.5 FVEG_09477 7.7e-06 jgi|Necha2|42248|e_gw1.33.319.1 0.14 
FGSG_05358 3.6e-09 FOXG_08951 0.02 FVEG_09774 3.4 jgi|Necha2|42509|e_gw1.37.118.1 7.2 
FGSG_05455 3.1e-08 FOXG_08973 0.056 FVEG_09798 0.0023 jgi|Necha2|42891|e_gw1.20.1403.1 1.1e-06 
FGSG_05885 5.5 FOXG_09100 5.2 FVEG_09819 1.9 jgi|Necha2|44450|e_gw1.81.19.1 1.7 
FGSG_05923 0.028 FOXG_09446 4.1e-08 FVEG_10129 0.4 jgi|Necha2|45286|e_gw1.9.576.1 0.18 
FGSG_06363 1.2e-06 FOXG_09589 0.011 FVEG_10216 8.6e-06 jgi|Necha2|48560|e_gw1.6.133.1 0.0019 
FGSG_06615 1.1e-09 FOXG_09881 4.6 FVEG_10727 0.00011 jgi|Necha2|48607|e_gw1.6.882.1 1.6e-05 
FGSG_06797 3.5 FOXG_10031 1.8 FVEG_11338 1.7 jgi|Necha2|48803|e_gw1.6.974.1 1.5 
FGSG_06840 9.4e-06 FOXG_10141 0.48 FVEG_11921 1.5 jgi|Necha2|49371|e_gw1.6.1064.1 0.0011 
FGSG_06969 3e-07 FOXG_10663 0.0011 FVEG_11954 1.6 jgi|Necha2|50738|e_gw1.14.433.1 0.001 
FGSG_07064 3.2e-06 FOXG_10718 1.9 FVEG_12039 1.4e-10 jgi|Necha2|51304|e_gw1.30.256.1 6.8e-05 
FGSG_07422 7.7e-08 FOXG_10982 0.12 FVEG_12787 3e-09 jgi|Necha2|51778|e_gw1.36.253.1 6 
FGSG_07514 5.4e-10 FOXG_11028 6.9 FVEG_12896 5.3e-05 jgi|Necha2|52023|e_gw1.32.258.1 3.9 
FGSG_07729 6.3 FOXG_11606 6.2e-06 FVEG_12925 0.051 jgi|Necha2|52099|e_gw1.32.262.1 1.4 
FGSG_07778 0.06 FOXG_11696 0.61 FVEG_12972 0.024 jgi|Necha2|52901|e_gw1.40.159.1 8.2e-05 
FGSG_08363 1.4 FOXG_12154 0.0001 FVEG_13100 1e-06 jgi|Necha2|53077|e_gw1.41.160.1 0.00085 
FGSG_08436 0.01 FOXG_12521 3.5 FVEG_13191 1.5 jgi|Necha2|53987|e_gw1.15.411.1 0.3 
FGSG_08770 0.019 FOXG_13117 6.9 FVEG_13519 0.2 jgi|Necha2|55441|e_gw1.78.3.1 0.0021 
FGSG_08925 0.31 FOXG_13441 3.4 FVEG_13622 0.00016 jgi|Necha2|55641|e_gw1.16.4.1 8.1 
FGSG_09324 4.8e-05 FOXG_13913 1.6 FVEG_13637 3.1 jgi|Necha2|56797|e_gw1.211.6.1 6.4e-06 
FGSG_09384 4.5 FOXG_14018 3.5 FVEG_13704 0.17 jgi|Necha2|57678|estExt_Genewise1.C_sca_1_chr1_3_01307 3.2e-07 
FGSG_09581 1.2e-07 FOXG_14174 5.7 FVEG_13721 1.5 jgi|Necha2|58210|estExt_Genewise1.C_sca_18_chr2_1_01335 1.5e-06 
FGSG_09682 1.2 FOXG_14610 0.44 FVEG_13725 0.32 jgi|Necha2|59369|estExt_Genewise1.C_sca_2_chr3_3_01448 7.9 
FGSG_09758 5.4e-10 FOXG_14623 1.9  jgi|Necha2|61120|estExt_Genewise1.C_sca_5_chr5_3_00395 0.0018 
FGSG_09875 1.3 FOXG_14727 4.3  jgi|Necha2|65523|estExt_Genewise1Plus.C_sca_1_chr1_3_00308 8.4 
FGSG_09925 1.2e-05 FOXG_14991 0.32  jgi|Necha2|65745|estExt_Genewise1Plus.C_sca_1_chr1_3_00878 6.2 
FGSG_09950 0.0046 FOXG_15455 3.8e-09  jgi|Necha2|67705|estExt_Genewise1Plus.C_sca_2_chr3_3_01653 0.0054 
FGSG_10047 0.023 FOXG_15506 4.3  jgi|Necha2|68517|estExt_Genewise1Plus.C_sca_3_chr4_2_01150 4.8e-08 
FGSG_10134 0.31 FOXG_15639 3.8e-05  jgi|Necha2|68745|estExt_Genewise1Plus.C_sca_19_chr4_3_00002 0.0011 
FGSG_10342 0.016 FOXG_15724 0.048  jgi|Necha2|74039|fgenesh1_pg.sca_8_chr1_1_0000070 1.1 
FGSG_11059 0.00014 FOXG_15725 4.1e-07  jgi|Necha2|74052|fgenesh1_pg.sca_8_chr1_1_0000083 1 
FGSG_11152 0.092 FOXG_15832 1.3  jgi|Necha2|74053|fgenesh1_pg.sca_8_chr1_1_0000084 0.014 
FGSG_11173 0.00066 FOXG_15846 1.9  jgi|Necha2|74098|fgenesh1_pg.sca_8_chr1_1_0000129 0.0081 
FGSG_11252 1.0 FOXG_15963 4.3  jgi|Necha2|74146|fgenesh1_pg.sca_8_chr1_1_0000177 0.022 
FGSG_11349 5.7 FOXG_16505 0.17  jgi|Necha2|74147|fgenesh1_pg.sca_8_chr1_1_0000178 3.3e-07 
FGSG_11421 0.0033 FOXG_16619 0.005  jgi|Necha2|74260|fgenesh1_pg.sca_8_chr1_1_0000291 7.8 
FGSG_11576 3.7 FOXG_16862 1.1e-05  jgi|Necha2|75010|fgenesh1_pg.sca_1_chr1_3_0000621 1.3 
FGSG_11829 6.3e-07 FOXG_17186 0.015  jgi|Necha2|75539|fgenesh1_pg.sca_1_chr1_3_0001150 6.4e-06 
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FGSG_11995 6.6e-08   jgi|Necha2|75551|fgenesh1_pg.sca_1_chr1_3_0001162 0.0069 
FGSG_12071 1.8e-05   jgi|Necha2|75706|fgenesh1_pg.sca_1_chr1_3_0001317 8.3 
FGSG_12096 0.00068   jgi|Necha2|75869|fgenesh1_pg.sca_18_chr2_1_0000060 0.031 
FGSG_12370 0.00028   jgi|Necha2|76034|fgenesh1_pg.sca_18_chr2_1_0000225 0.00024 
FGSG_12732 0.67   jgi|Necha2|76074|fgenesh1_pg.sca_18_chr2_1_0000265 0.055 
FGSG_12943 1.2e-12   jgi|Necha2|76140|fgenesh1_pg.sca_18_chr2_1_0000331 0.49 
FGSG_12991 4.2e-05   jgi|Necha2|77444|fgenesh1_pg.sca_2_chr3_3_0000166 7.5e-06 
FGSG_13381 0.78   jgi|Necha2|77496|fgenesh1_pg.sca_2_chr3_3_0000218 0.01 
FGSG_13607 6.8e-08   jgi|Necha2|77545|fgenesh1_pg.sca_2_chr3_3_0000267 0.38 
FGSG_13776 3.9e-07   jgi|Necha2|77806|fgenesh1_pg.sca_2_chr3_3_0000528 0.031 
FGSG_13961 8.8   jgi|Necha2|78023|fgenesh1_pg.sca_2_chr3_3_0000745 0.055 
FGSG_14021 8.3   jgi|Necha2|78111|fgenesh1_pg.sca_2_chr3_3_0000833 0.025 
   jgi|Necha2|78491|fgenesh1_pg.sca_31_chr3_5_0000182 0.72 
F. solani continued 
jgi|Necha2|78568|fgenesh1_pg.sca_59_chr4_1_0000017 0.00021 
jgi|Necha2|79176|fgenesh1_pg.sca_3_chr4_2_0000577 7.7 
jgi|Necha2|79501|fgenesh1_pg.sca_19_chr4_3_0000009 1.9 
jgi|Necha2|79716|fgenesh1_pg.sca_19_chr4_3_0000224 0.00018 
jgi|Necha2|79835|fgenesh1_pg.sca_12_chr5_2_0000015 3.2 
jgi|Necha2|80127|fgenesh1_pg.sca_12_chr5_2_0000307 0.036 
jgi|Necha2|80354|fgenesh1_pg.sca_5_chr5_3_0000153 1.4e-06 
jgi|Necha2|80367|fgenesh1_pg.sca_5_chr5_3_0000166 0.15 
jgi|Necha2|80484|fgenesh1_pg.sca_5_chr5_3_0000283 1.7 
jgi|Necha2|80505|fgenesh1_pg.sca_5_chr5_3_0000304 0.00018 
jgi|Necha2|80647|fgenesh1_pg.sca_5_chr5_3_0000446 0.00053 
jgi|Necha2|80810|fgenesh1_pg.sca_5_chr5_3_0000609 9.3e-05 
jgi|Necha2|81308|fgenesh1_pg.sca_53_chr6_3_0000005 1.1 
jgi|Necha2|81329|fgenesh1_pg.sca_53_chr6_3_0000026 0.002 
jgi|Necha2|81470|fgenesh1_pg.sca_20_chr6_4_0000096 0.21 
jgi|Necha2|81487|fgenesh1_pg.sca_20_chr6_4_0000113 1.6 
jgi|Necha2|81591|fgenesh1_pg.sca_20_chr6_4_0000217 0.017 
jgi|Necha2|81592|fgenesh1_pg.sca_20_chr6_4_0000218 1.2e-05 
jgi|Necha2|81608|fgenesh1_pg.sca_20_chr6_4_0000234 0.018 
jgi|Necha2|82014|fgenesh1_pg.sca_20_chr6_4_0000640 7.1e-07 
jgi|Necha2|82026|fgenesh1_pg.sca_20_chr6_4_0000652 0.00015 
jgi|Necha2|82068|fgenesh1_pg.sca_20_chr6_4_0000694 0.074 
jgi|Necha2|82499|fgenesh1_pg.sca_9_chr7_10_0000023 0.21 
jgi|Necha2|82510|fgenesh1_pg.sca_9_chr7_10_0000034 7.6 
jgi|Necha2|82591|fgenesh1_pg.sca_9_chr7_10_0000115 3.5e-06 
jgi|Necha2|82703|fgenesh1_pg.sca_9_chr7_10_0000227 0.008 
jgi|Necha2|82786|fgenesh1_pg.sca_9_chr7_10_0000310 0.004 
jgi|Necha2|82987|fgenesh1_pg.sca_22_chr7_11_0000024 0.16 
jgi|Necha2|83113|fgenesh1_pg.sca_22_chr7_11_0000150 1.7 
jgi|Necha2|83278|fgenesh1_pg.sca_17_chr8_1_0000051 0.039 
jgi|Necha2|83306|fgenesh1_pg.sca_17_chr8_1_0000079 0.61 
jgi|Necha2|83372|fgenesh1_pg.sca_17_chr8_1_0000145 0.00032 
jgi|Necha2|83419|fgenesh1_pg.sca_17_chr8_1_0000192 0.0019 
jgi|Necha2|84057|fgenesh1_pg.sca_11_chr8_3_0000125 0.88 
jgi|Necha2|84508|fgenesh1_pg.sca_27_chr9_1_0000202 1.9e-08 
jgi|Necha2|84600|fgenesh1_pg.sca_6_chr9_2_0000063 4.7e-07 
jgi|Necha2|84803|fgenesh1_pg.sca_6_chr9_2_0000266 3.3 
jgi|Necha2|84974|fgenesh1_pg.sca_6_chr9_2_0000437 0.0064 
jgi|Necha2|85066|fgenesh1_pg.sca_6_chr9_2_0000529 1.3 
jgi|Necha2|85104|fgenesh1_pg.sca_6_chr9_2_0000567 3.4 
jgi|Necha2|85221|fgenesh1_pg.sca_6_chr9_2_0000684 0.0043 
jgi|Necha2|85412|fgenesh1_pg.sca_82_chr10_2_0000015 1.2 
jgi|Necha2|85524|fgenesh1_pg.sca_82_chr10_2_0000127 6.2 
jgi|Necha2|85933|fgenesh1_pg.sca_14_chr10_3_0000128 4.8 

jgi|Necha2|85973|fgenesh1_pg.sca_14_chr10_3_0000168 0.0006 
jgi|Necha2|85991|fgenesh1_pg.sca_14_chr10_3_0000186 1.3 
jgi|Necha2|86381|fgenesh1_pg.sca_30_chr11_1_0000149 0.64 
jgi|Necha2|86390|fgenesh1_pg.sca_30_chr11_1_0000158 4.1e-06 
jgi|Necha2|86395|fgenesh1_pg.sca_30_chr11_1_0000163 0.18 
jgi|Necha2|86490|fgenesh1_pg.sca_36_chr11_2_0000059 0.00091 
jgi|Necha2|86680|fgenesh1_pg.sca_32_chr11_3_0000075 5.2e-05 
jgi|Necha2|86731|fgenesh1_pg.sca_32_chr11_3_0000126 0.089 
jgi|Necha2|86874|fgenesh1_pg.sca_39_chr11_5_0000005 1.5e-05 
jgi|Necha2|86995|fgenesh1_pg.sca_39_chr11_5_0000126 0.2 
jgi|Necha2|87094|fgenesh1_pg.sca_40_chr12_1_0000039 0.0069 
jgi|Necha2|87124|fgenesh1_pg.sca_40_chr12_1_0000069 0.11 
jgi|Necha2|87151|fgenesh1_pg.sca_40_chr12_1_0000096 0.35 
jgi|Necha2|87187|fgenesh1_pg.sca_41_chr12_2_0000020 10 
jgi|Necha2|87333|fgenesh1_pg.sca_56_chr12_3_0000039 1.4 
jgi|Necha2|87407|fgenesh1_pg.sca_29_chr12_4_0000043 1.7 
jgi|Necha2|87452|fgenesh1_pg.sca_29_chr12_4_0000088 0.00091 
jgi|Necha2|87647|fgenesh1_pg.sca_15_chr12_5_0000084 0.0042 
jgi|Necha2|87648|fgenesh1_pg.sca_15_chr12_5_0000085 1.9e-05 
jgi|Necha2|88004|fgenesh1_pg.sca_76_chr13_2_0000002 0.0052 
jgi|Necha2|88314|fgenesh1_pg.sca_28_chr13_5_0000216 0.00015 
jgi|Necha2|88407|fgenesh1_pg.sca_63_chr14_2_0000009 7.3e-05 
jgi|Necha2|88422|fgenesh1_pg.sca_63_chr14_2_0000024 5.9e-05 
jgi|Necha2|88449|fgenesh1_pg.sca_23_chr14_3_0000013 0.34 
jgi|Necha2|88512|fgenesh1_pg.sca_23_chr14_3_0000076 0.13 
jgi|Necha2|88879|fgenesh1_pg.sca_68_unmapped000001 7.3 
jgi|Necha2|88966|fgenesh1_pg.sca_51_unmapped000002 7.3 
jgi|Necha2|88973|fgenesh1_pg.sca_73_unmapped000007 7.9e-05 
jgi|Necha2|89129|fgenesh1_pg.sca_99_unmapped000007 0.18 
jgi|Necha2|89188|fgenesh1_pg.sca_214_unmapped000001 7.3 
jgi|Necha2|89599|fgenesh1_pm.sca_8_chr1_1_0000036 6.3 
jgi|Necha2|89611|fgenesh1_pm.sca_8_chr1_1_0000048 5.9e-09 
jgi|Necha2|89628|fgenesh1_pm.sca_8_chr1_1_0000065 0.41 
jgi|Necha2|90306|fgenesh1_pm.sca_1_chr1_3_0000439 7.6e-12 
jgi|Necha2|91410|fgenesh1_pm.sca_26_chr2_2_0000013 9.5e-09 
jgi|Necha2|91496|fgenesh1_pm.sca_26_chr2_2_0000099 1.7e-10 
jgi|Necha2|92265|fgenesh1_pm.sca_31_chr3_5_0000037 1.8e-05 
jgi|Necha2|92438|fgenesh1_pm.sca_3_chr4_2_0000053 4.2e-08 
jgi|Necha2|93516|fgenesh1_pm.sca_5_chr5_3_0000081 7.4e-06 
jgi|Necha2|93741|fgenesh1_pm.sca_5_chr5_3_0000306 0.0025 
jgi|Necha2|95694|fgenesh1_pm.sca_11_chr8_3_0000036 0.013 
jgi|Necha2|99093|estExt_fgenesh1_pg.C_sca_18_chr2_1_00203 0.0014 
jgi|Necha2|99125|estExt_fgenesh1_pg.C_sca_18_chr2_1_00341 6.6e-07 
jgi|Necha2|99272|estExt_fgenesh1_pg.C_sca_18_chr2_1_00740 8.1e-08 
jgi|Necha2|99748|estExt_fgenesh1_pg.C_sca_2_chr3_3_00816 0.73 

 

Supplementary methods and data from Chapter IV: Frp1 is an F-box protein that functions independently 
from binding to Skp1. 
 
Methods concerning the contruction of the genomic two-hybrid library 
The construction of the genomic library was according to James et al. (1996). Genomic DNA from Fol strain 
4287 grown on NH4 medium (30 g/L sucrose, 6,6 g/L (NH4)2SO4/L and 1,7 g/L Yeast Nitrogen Base (YNB) 
without amino acids or ammonia) was isolated using the method described in Duyvesteijn et al. (2005) which 
yielded ~ 1 mg/ml DNA. 
To determine the digestion method to obtain the optimal partial digest, different incubation times were used 
for digestion (10 min, 20 min, & 45 min). Enzymes, which produce a cg-overhang, were used in this study. 
Originally. also TaqI was chosen, but his enzyme could not digest genomic Fol DNA, probably due to 
methylation sensitivity. The reaction mixes for the remaining enzymes is given in Table S2. 
 
Table S2: Overview of the digestion using 4 different enzymes 
Enzyme DNA (µl) Restriction enzyme (µl) Buffer (µl) + Company 
Aci1 200 8 40 NEB3 New England Biolabs 
Hin61 200 1 40 Y+ 1x Fermentas 
HpyCH4IV 200 1 40 NEB1 New England Biolabs 
HpaII 200 1 40 Y+ 1x Fermentas 
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Water was added to each reaction up to 400 µl and after one hour the reaction was stopped by addition of 
1/10 volume of 3M NaAc en and 2 volumes of alcohol, after precipitation and a 70% alcohol wash step, DNA 
was redissolved in 60 µl TE-buffer. 15 µl was used for a Southern blot to control digestion using a probe of 
the gene SIX1 (Figure S1). The lanes that shown the optimal partial digest were chosen for each enzyme and 
a band between 500 – 3kb was cut and used. 
 

 
Figure S1: Sourthern blot of genomic DNA rom Fol strain 4287 digested with four different restriction 
enzymes using different incubation times. As a probe, the PCR amplification product of the SIX1 gene is 
used.  
 
The three vectors (pGAD-C1-3) with a different fusion point frame are digested with Bsu15L for 6 hours. 10 µl 
of each vector and 4 µl enzyme (40 units) was used in a 100 µl reaction mixture. From each reaction, 30 µl 
was treated with CIAP for 20 minutes at 37ºC, then directly treated with 1/10 volume of NaAc and 1 volume of 
phenol/chloroform (1:1). To the water phase, two volumes of ethanol was added and the DNA was recovered 
in 10 µl TE buffer after precipitation en washing with 70% ethanol. 1/10 of the digested plasmid solution was 
put on gel to see how much was still circularized. 
To each 2 µl of cut plasmid, 7 µl of insert, 1 µl of T4 ligase, 4 µl of ligase buffer and water was added to a total 
volume of 20 µl. The twelve different ligations were incubated at 4ºC for two nights and for one night at room 
temperature. The ligation reactions are precipitated with 2 µl NaAc and 40 µl alcohol, precipitated, washed 
and redissolved in 10 µl water.Using eletroporation, 1 µl ligase mix was transformed to E. coli DH10ß cellsA 
titer was used to determine the number of primary transformants and parallel the transformation mix is added 
to 3 liters of T broth medium + ampiciline, incubated overnight at 37°C and plasmid DNA was isolated again 
using the method described by Birnboim 
The library inserts were checked using a colony PCR from colonies grown on the titer plates using MCS 
primers of the pACT2 vector. From a part of the Fol sequence, it could be estimated how many restriction 
sites of the enzymes used are present in the Fol genome. Based on this estimation, the amount of clones 
needed from each ligation was calculated to obtain a library in which each gene is at least one time present. 
In Table S3 this number is given and also the obtained numbers of clones from each ligation. 
 
Table S3: Amount of individual clones from each ligation combination mix. 
 AciI Hin61P HpyCH4IV HpaII 
Number needed 1,500,000 720,000 840,000 1,140,000 

pGAD1-C 1,000,000 700,000 660,000 800,000 

pGAD2-C 1,300,000 500,000 780,000 900,000 

ob
ta

in
ed

 

pGAD3-C 2,000,000 400,000 1,800,000 900,000 

total 

Total 4,300,000 1,600,000 3,210,000 2,600,000 11,710,000 
 
From all plasmid DNA isolations, the concentration was measured at A260 and eventually the library mix was 
prepared from different amounts of each DNA preparation according to their concentration and amount of 
individual clones (Table S4). 
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Table S4: Overview of the final genomic library mix. 
 Amounts used for mix (contribution of clones * volume for 100 µg DNA) (µl)  
Vector AciI Hin61P HpyCH4IV HpaII 
pGAD1-C 1/12 *1000 = 83 1/20*1650 = 83 1/20*1800 = 90 1/15*1800 = 120 
pGAD2-C 1/10*2000 = 200 1/25*1100 = 43 1/15*1000 = 67 1/12* 750 = 63 
pGAD3-C 1/6*1000 = 167 1/30*1800 = 60 1/7*1200 = 171 1/12*750 = 63 
total    1210 
 
Data S2: FTT1 sequence (ORF in upper case) including introns and 600 bp of upstream sequence (lower 
case). 
 
tatctcgtcttcttgttgttgtttgtgtttgttgtgcccttccaccaccccctctgtcgtcattgcccccccctcctcaaaccgaaacgaacacgcacccattatcatccccccttgggatctccgggcgtcttc
accaccacgatataagcgatagccgccctatctgtactgccaacgacacaaaacaccttattttgaggctctcgtcgtttagttaccgtgtggtgctcgttgtcgcttgtcgcccatctcaggaggccgt
cgtctcagaaacccctccgccactgacagcccaagagcggggagcctcactgagtcgtcgccgccgctctagccacacactaggcgcgcaactgcctctccctgtatcgcctaaaaccatcga
cttatcgcccctcgcccacttcgaagcttccttcaccattccattatcgtcgccttcaccaacgcatacacgagcttgcgccgttcgactctaccactctctttgtgcctgcctgcccgtctctgcacatatt
gctttatttgcttcgtctgactggcttgaccaccccctttactaactgacctcaaacacagtcgcctaacatcaacacaATGGGTCACGAAGACGCCGTCTACCTTGCTAAGC
TCGCCGAGCAGGCTGAGCGATATGAGggtatgttacaggactcaacacaatatgtcaatcgcgcgctaacgtttggggcgcgcgcccattgcaGAGATGGTTGAGAA
CATGAAGATTGTCGCCGGTGAGGATCGAGATCTCACTGTCGAGGAGCGAAACCTTCTCTCCGTTGCCTACAAGAACGTCATTGGCG
CCCGCCGTGCCTCCTGGCGCATCATAGTCACCTCTATCGAGCAGAAGGAGGAGTCAAAGGGCAACTCTTCCCAGGTTACCCTTATC
AAGGAGTACCGACAGAAGATTGAGGCCGAGCTCGCCAAAATCTGCGACGACATTCTCGAGGTTCTCGACCAGCACCTTATTCCCTC
TGCCAAGTCTGGCGAGTCCAAGGTTTTCTACCACAAGATgtaggcgcaaactcgtagcatccagtcacatacttttattgaccagtcttgcagGAAGGGTGACTA
CCACCGTTACCTTGCCGAGTTCGCCATCGGTGACCGTCGCAAGGACTCTGCCGACAAGTCCCTCGAGGCCTACAAGGCTGCTACTG
AGGTTGCCCAGACTGAGCTCCCTCCCACCCACCCTATCCGCCTGGGTCTTGCCCTTAACTTTTCAGTTTTCTACTACGAAATCCTCAA
CGCCCCTGACCAGGCTTGCCACTTGGCCAAGCAGGCATTTGACGACGCTATTGCTGgtacgacccgtggactgcttccaattggccaacgttatactgaca
tggaatccacagAGCTCGATACCCTGAGCGAGGAGAGCTACAAGGACTCTACACTGATTATGCAACTGCTCCGTGACAACCTTgtgagtttccg
gattgctctttttcacctattcgacgacagctaacacagtgacagACTCTCTGGACCTCCTCTGAGGCCGAGACCTCCGCTGCTGGTCAGGCTGAGGCTCC
CAAGGAGGACGCACCTGCGGCTGCCACCGAGGAGCCAGCTGCCCCGGCTGAGGAGCCTAA 

 
Supplementary figure from Chapter V: Impaired colonization and infection of tomato roots by the ∆frp1 mutant 
of Fusarium oxysporum correlates with reduced CWDE gene expression. 

 
Figure S2: Wild type and the ∆frp1 mutant are able to penetrate through cellophane. 
Cellophane penetration assay of wild type, ∆frp1 mutant and complemented strains. Pictures show the plates 
before and after removal of the cellophane sheet.  
 

Supplementary methods from Chapter VII: General discussion. 

The pN40AH plasmid described by Duyvesteijn et al. (2005) was used as template to introduce the point 
mutation in the FRP1 leader using primers 1 to 4 (Table S5). Using the BamHI restriction sites the fragment 
containing the point mutation was ligated into pN40 parallel cut with BamHI. To construct the FRP1 leader-
GFP fusion, the GFP ORF linked to the terminator of the SIX1 gene as described by van der Does et al (van 
der Does et al., 2008) was amplified using primers 5 and 6 (Table 2) containing the PstI and NcoI restriction 
sites. The upstream sequence of FRP1 with and without the point mutation was amplified using primers 7 and 
8 (Table 2) containing the HindIII and NcoI restriction sites. Both amplified fragments were ligated into vector 
pRW1p as described by Michielse et al. (Michielse et al., 2009), using the HindIII and the PstI sites. Both 
plasmids were transformed to the ∆frp1 strain of Fusarium oxysporum f. sp. lycopersici race 2 isolate 007 
(Fol007), (Mes et al., 1999a) as described in chapter IV.  
Microscopic examination of GFP in the different strains was performed by inoculating 1*107 spores/ml in 25 
ml of NO3 medium (5 mM KNO3, 0.17% Yeast Nitrogen Base (YNB) without amino acids or ammonia (Difco) 
and 3% sucrose). Spores from Fol strains were harvested in NO3 medium after five days shaking on a rotary 
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shaker at 150 rpm and 25ºC. After two days of re-incubation, GFP fluorescence was recorded on a wide field 
fluorescence microscope (BX, Olympus) using Object Image analysis. 
 
Table S5: Primers used for plasmid construction in uORF study 

 
 
 
 
 

# sequence Name  
1 GAATATACTCGACATGGCGAGAGGAAGAGC primer PM-uORF R 
2 CTTCCTCTCGCCGTGTCGAGTATATTCTCA primer PM-uORF F  
3 CAACTCTCCTATGAGTCG primer PM-uORF-seqF  
4 GCTGATGTTGGTGTGCAT primer PM uORF seqR  
5 AAAACCATGGTGAGCAAGGGCGAGG F GFP + NcoI  
6 TTTCTGCAGGCGACACGATCCAGCATT R SIX1 term.+ PstI  
7 AAAAAGCTTGGAGTGTCCTCTCCACAGTT F FRP1 prom. + HindIII 
8 AAAACCATGGCGAGAGGAAGAGCG R FRP1 prom. + NcoI  
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