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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 �g/ml zeocin 
(Invivogen), to select for BLE containing transformants and 200 �M cefotaxim (Duchefa). After four days, 
when colonies appeared, spores from putative transformants were suspended in 10 �l of sterile water and 
spread on potato dextrose agar plates (PDA, Difco) containing 100 �g/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 �l glass beads, 300 �l phenol/chloroform and 400 �l 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 AAAGAATTCACCTCCGCCACTGGTGACTCFEM1 

R AAATCTAGACCGCTCTCAGGGACACTGG 
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