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Green plants, so called producers, utilize solar energy to generate sugars from carbon 
dioxide and water by photosynthesis. As every food chain starts with a producer, the 
existence of most living organisms is based on plants. Plants, being sessile and mostly 
looking defenseless, seem to be easy targets for any kind of pathogen causing disease. 
However, a mix of well-developed preexisting (e.g. the structure of the epidermis or 
chemicals) and inducible defense systems protect plants from most invaders (Agrios, 
2005). The latter consists of a multi-layered immune network, with a first layer in which 
specialized receptors recognize pathogen-associated molecular patterns (PAMPs), like 
fungal chitin or bacterial flagellin. The second layer is more species-specific and induces 
a defense when so called avirulence (Avr) proteins, secreted by the pathogen, are 
perceived by the products of Resistance (R) genes. R genes often encode proteins with 
a nucleotide binding (NB) and a leucine rich repeat (LRR) domain, which recognize 
Avr’s either directly or indirectly through interaction with recognition factors (Jones 
and Dangl, 2006; Dodds and Rathjen, 2010). To facilitate disease pathogens secrete 
pathogenicity and virulence factors such as cell wall-degrading enzymes, toxins, 
hormones, and polysaccharides (Agrios, 2005). Among these factors are so called 
effectors, which are generally small, relatively cysteine-rich proteins. 

During domestication, where a wild species is transformed in an elite cultivar, genetic 
diversity is narrowed down, which could result in “broad susceptibility” to newly 
emerging pathogens (Chaudhary, 2013). Hence, in human history pathogens, mainly 
fungi and oomycetes, were able to cause tremendous losses of food production, like 
in the 1840’s, when late blight caused the Irish potato harvest failure and subsequent 
famine, or in the 1950’s and as well as today, when Panama disease threatens the 
worldwide banana production (Dangl, 2013; Garcia-Bastidas et al., 2014). The cause of 
Panama disease is the soil-born and xylem-colonizing fungus Fusarium oxysporum. F. 
oxysporum is host specific and divided in formae speciales based on the host it can infect, 
e.g. Fusarium oxysporum f.sp. vasinfectum (Fov) infects cotton, Fusarium oxysporum f.sp. 
cubense (Foc) infects banana and Fusarium oxysporum f.sp. lycopersici (Fol) causes wilt 
disease in tomato (Fig. 1A). Due to the accessibility of both the host and the pathogen 
genomes and their amiability to genetic manipulation the latter pathosystem has 
become the main model system for the study of wilt causing fungi (Fig. 1C and D). Three 
different R genes, namely I or I-1, I-2 and I-3, which recognize AVR1, AVR2 and AVR3 
respectively, mediate resistance against Fol (Rep et al., 2004; Houterman et al., 2008; 
Houterman et al., 2009). All three Avr’s function as effectors and increase virulence on 
susceptible plants or, in case of Avr1, suppress resistance in varieties with I-2 or I-3 
(Houterman et al., 2008). The AVR genes are located on a lineage-specific chromosome 
that can be transferred by horizontal chromosome transfer (Fig. 1E), and is also known 
as pathogenicity chromosome. Its delivery to a non-pathogenic F. oxysporum strain 
confers the ability to the recipient to cause tomato wilt disease (Ma et al., 2010). On 
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the same chromosome eleven additional genes encoding putative effector candidates 
have been identified (Schmidt et al., 2013). As all of their translation products were 
identified in the xylem sap of Fol infected tomato plants, they were called Six proteins 
(Six1 – Six14) for secreted in the xylem sap (Fig. 1B and Fig. 2) (Houterman et al., 2007).

Figure 1: Fusarium oxysporum f. sp. lycopersici (Fol) is a xylem colonizing fungus causing tomato wilt. A) 
Photograph taken of a tomato field infected with Fol (Agrios, 2005). B) Photograph taken of the xylem 
sap harvest. Xylem sap of Fol-infected and mock-inoculated plants was collected to identify Six proteins 
(Houterman et al., 2007). Photograph taken of a cross-section through a tomato stem of a C) mock-treated 
and D) Fol-infected plant. Browning of the vessels is a typical symptom of wilt disease. E) Microscopy pictures 
taken of Fol007 (green) and Fo47 (red) spores. Fol007 can transfer its pathogenicity chromosome to Fo47, a 
non-pathogenic strain, by horizontal chromosome transfer (Ma et al., 2010).

So far, only little is known about the function of these putative effectors and their host 
targets. This thesis focuses on the questions how Fol effectors manipulate their host, 
which host targets are involved and what the outcome is of an effector-target interaction. 
Next to addressing these fundamental questions, the functional characterization of 
effectors could also play a role in the identification of recessive crop resistance. In 
chapter 2 we argue that some effector targets are susceptibility (S) genes and that 
some of these genes might be used in breeding programs aiming for enhanced disease 
resistance. 

 In chapter 3 we characterize Six6, which is present in F. oxysporum and Colletotrichum 
species, and classify it as a genuine Fol effector being required for full virulence. To 
unravel and characterize its virulence function, gene knockouts were generated and 
SIX6 was heterologous expressed in both N. benthamiana and A. thaliana. Ion leakage 
measurements revealed altered cell death responses in presence or absence of Six6. 
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We observed Six6 mediated suppression of I-2 mediated cell death, but not altered 
resistance, which let us to propose that these are uncoupled events. 

Figure 2: Schematic representation of secreted in xylem (Six) proteins. So far fourteen Six proteins have been 
identified. Besides Six12, all Six proteins are encoded with a predicted signal peptide and Six1, Six2 and Six4 
carry a prodomain in unmature state; they are small (<300 amino acids) and relatively cysteine-rich. 

Six8, which is encoded by a multicopy gene family in Fol, is functionally analyzed in 
chapter 4 and was also identified as a genuine effector. Co-immunoprecipitation 
experiments revealed specific plant proteins with which Six8 interacts. Actually, we 
identified the first potential direct target of a Fol effector, members of the TOPLESS 
family, and confirmed this interaction in a yeast-two hybrid assay. Moreover, Six8 
induced a growth phenotype in A. thaliana, which depended on the presence of the 
SNC1 gene encoding a NB-LRR protein. Possibly, the stunting of the transgenic SIX8 
plants is due to indirect recognition of Six8 by the NB-LRR protein and induction of a 
subsequent resistance response. 

To define the impact of an effector on the xylem sap proteome, a xylem sap study of 
plants infected with wild type Fol or specific effector gene knockouts was performed in 
chapter 5. Here, we report that Fol effectors have both an effector- specific and a generic 
effect on the xylem sap proteome composition. The effectors seem to induce changes 
in the plant structure rather than defense related proteins as we observed significant 
changes in accumulation of proteins involved in cell wall formation. Generally, only a 
few “de novo” secreted tomato proteins were found in the xylem sap upon Fol wild type 
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or knockout infection. Finally, in chapter 6, all results are discussed and an updated 
model for the function of Fol effectors in their host is proposed. Here, we also describe 
the used effectorome pipeline and discuss potential application of the NB-LRR protein, 
which might recognize Six8.

Acknowledgment

I would like to especially thank Ido Vlaardingerbroek for providing Figure 1E. 



12

1

Chapter 1

References

Agrios, G. N. 2005. Plant Pathology, 5th. Elsevier Academic Press, San Diego, California.
Chaudhary, B. 2013. Plant domestication and resistance to herbivory. Int. J. Plant Genomics 2013:572784.
Dangl, J. L. 2013. Pivoting the plant immune system from dissection to deployment. Science 341:1175-1175.
Dodds, P. N., and Rathjen, J. P. 2010. Plant immunity: towards an integrated view of plant-pathogen interactions. 

Nature Reviews Genetics 11:539-548.
Garcia-Bastidas, F., Ordonez, N., Konkol, J., Al-Qasim, M., Naser, Z., Abdelwali, M., Salem, N., Waalwijk, C., 

Ploetz, R. C., and Kema, G. H. J. 2014. First report of Fusarium oxysporum f. sp. cubense Tropical Race 4 
associated with Panama Disease of banana outside Southeast Asia. Plant Disease 98:694-694.

Houterman, P. M., Cornelissen, B. J. C., and Rep, M. 2008. Suppression of plant resistance gene-based immunity 
by a fungal effector. PLoS Pathog. 4:e1000061.

Houterman, P. M., Speijer, D., Dekker, H. L., de Koster, C. G., Cornelissen, B. J. C., and Rep, M. 2007. The mixed 
xylem sap proteome of Fusarium oxysporum-infected tomato plants. Mol. Plant. Path. 8:215-221.

Houterman, P. M., Ma, L., van Ooijen, G., de Vroomen, M. J., Cornelissen, B. J. C., Takken, F. L. W., and Rep, M. 
2009. The effector protein Avr2 of the xylem-colonizing fungus Fusarium oxysporum activates the 
tomato resistance protein I-2 intracellularly. Plant J. 58:970-978.

Jones, J. D., and Dangl, J. L. 2006. The plant immune system. Nature 444:323-329.
Ma, L. J., van der Does, H. C., Borkovich, K. A., Coleman, J. J., Daboussi, M. J., Di Pietro, A., Dufresne, M., Freitag, 

M., Grabherr, M., Henrissat, B., Houterman, P. M., Kang, S., Shim, W. B., Woloshuk, C., Xie, X., Xu, J. R., 
Antoniw, J., Baker, S. E., Bluhm, B. H., Breakspear, A., Brown, D. W., Butchko, R. A., Chapman, S., Coulson, 
R., Coutinho, P. M., Danchin, E. G., Diener, A., Gale, L. R., Gardiner, D. M., Goff, S., Hammond-Kosack, K. 
E., Hilburn, K., Hua-Van, A., Jonkers, W., Kazan, K., Kodira, C. D., Koehrsen, M., Kumar, L., Lee, Y. H., Li, L., 
Manners, J. M., Miranda-Saavedra, D., Mukherjee, M., Park, G., Park, J., Park, S. Y., Proctor, R. H., Regev, 
A., Ruiz-Roldan, M. C., Sain, D., Sakthikumar, S., Sykes, S., Schwartz, D. C., Turgeon, B. G., Wapinski, 
I., Yoder, O., Young, S., Zeng, Q., Zhou, S., Galagan, J., Cuomo, C. A., Kistler, H. C., and Rep, M. 2010. 
Comparative genomics reveals mobile pathogenicity chromosomes in Fusarium. Nature 464:367-
373.

Rep, M., van der Does, H. C., Meijer, M., van Wijk, R., Houterman, P. M., Dekker, H. L., de Koster, C. G., and 
Cornelissen, B. J. C. 2004. A small, cysteine-rich protein secreted by Fusarium oxysporum during 
colonization of xylem vessels is required for I-3-mediated resistance in tomato. Mol. Microbiol. 
53:1373-1383.

Schmidt, S. M., Houterman, P. M., Schreiver, I., Ma, L., Amyotte, S., Chellappan, B., Boeren, S., Takken, F. L. W., and 
Rep, M. 2013. MITEs in the promoters of effector genes allow prediction of novel virulence genes in 
Fusarium oxysporum. BMC genomics 14:119.




