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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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