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Chapter 1

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 



1

10 11

General introductionChapter 1

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
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Abstract 

Increasing numbers of infectious crop diseases that are caused by fungi and oomycetes 
urge the need to develop alternative strategies for resistance breeding. As an alternative 
for the use of resistance (R) genes, the application of mutant susceptibility (S) genes has 
been proposed as a potentially more durable type of resistance. Identification of S genes 
is hampered by their recessive nature. Here we explore the use of pathogen-derived 
effectors as molecular probes to identify S genes. Effectors manipulate specific host 
processes thereby contributing to disease. Effector targets might therefore represent S 
genes. Indeed, the Pseudomonas syringae effector HopZ2 was found to target MLO2, an 
Arabidopsis thaliana homologue of the barley S gene Mlo. Unfortunately, most effector 
targets identified so far are not applicable as S genes due to detrimental effects they 
have on other traits. However, some effector targets such as Mlo are succesfully used, 
and with the increase of number of effector targets being identified, the numbers of S 
genes that can be used in resistance breeding will rise as well. 

This chapter has been published as:

F. Gawehns, B. J. Cornelissen and F. L. W. Takken 2013. Microb. Biotechnol. 6:223-229.
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Recessive traits can be used in breeding for resistance against 
pathogenic fungi and oomycetes

Globalisation is one of the most important modern comforts of human society. However, 
it also negatively affects our daily life in ways that, at first sight, are not clearly connected 
with it. Over the last decades a steady increase in virulence of plant-infecting fungi and 
oomycetes has been observed. This increased pathogen virulence causes dramatic 
losses in the yields of crops, such as rice or wheat, locally resulting in a complete loss 
of harvest (Fisher et al., 2012). This development, which seriously threatens our crops, 
relates to an increase of genetic exchange between formerly geographically separated 
fungi and oomycetes. The accelerated macro-evolutionary genesis of new genotypes is, 
among other factors, caused by worldwide trading and international travel (Fisher et 
al., 2012). Even if biosecurity would be enhanced worldwide to slow down the rapid 
increase in pathogenicity, it would still not abolish the persistent need for new control 
measures for plant diseases. 

Fungal and oomycete plant diseases are generally controlled with the help of fungicides, 
soil management and resistance breeding (McDonald and McDermott, 1993; Lazarovits, 
2001). Traditional resistance breeding is based on the introgression of dominant 
resistance genes (R genes) from wild species into elite varieties. Since R gene-mediated 
resistance is based on recognition of a single elicitor, the frequency of resistance 
breakdown is typically high. Therefore a continuous influx of novel resistance genes in 
breeding programs is required. To break this boom-and-bust cycle, susceptibility genes 
(S genes) have been proposed as an alternative to R genes in resistance breeding (Gust et 
al., 2010). S genes encode plant proteins that are manipulated by pathogens in order to 
facilitate their proliferation thereby promoting disease development. Hence, removal or 
inactivation of an S gene will impair the pathogens’ ability to cause disease. This type of 
plant immunity has the potential to be more durable (Gust et al., 2010). Indeed, the mlo 
locus of barley, one of the best-described recessive resistances, has been introgressed 
already in the 1940’s (Jorgensen, 1992). It still confers durable broad-spectrum 
resistance against powdery mildews since its widespread use in the 1980’s (Ortiz et 
al., 2002). Mlo encodes a plasma-membrane protein involved in vesicle-associated 
processes, which is essential for the powdery mildew to cause infection (Collins et al., 
2003; Schulze-Lefert, 2004; Panstruga, 2005). Notably, Mlo is conserved throughout 
several plant species and recessive mlo-mediated powdery mildew resistance has also 
been identified in tomato and Arabidopsis thaliana (Consonni et al., 2006; Bai et al., 
2008). Other examples of recessive resistance genes are eIF4E and eIF4G, conferring 
primarily resistance to potyviruses (Duprat et al., 2002; Ruffel et al., 2002) and xa5 and 
xa13, which are active against Xanthomonas oryzae in rice (Ogawa et al., 1987; Zhang et 
al., 1996; Iyer and McCouch, 2004). 
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Effectors from pathogens can be used as guides to identify S genes

Most S genes currently used in agriculture have been identified in screens for 
recessive resistances in wild germplasms (Bai et al., 2005). As an alternative approach, 
mutagenized M2 populations have been screened for loss-of-susceptibility mutants 
towards the pathogen of interest. These screens are often done in genetically well-
defined model species, such as A. thaliana - a brassicales representative - due to the 
relative ease of identifying and cloning of the affected gene. Such screens yielded, for 
instance, six DOWNY MILDEW RESISTANT (DMR) (Van Damme et al., 2005) and six 
POWDERY MILDEW RESISTANT (PMR) (Vogel and Somerville, 2000; Vogel et al., 2004) 
loci. A subset of these genes has been mapped and functionally analysed for their 
ability to function as negative regulators of the plant defence (Vogel et al., 2002; Vogel 
et al., 2004; Consonni et al., 2006; van Damme et al., 2008). A functional screen has 
the advantage that mutations causing strong pleiotropic effects, or even lethality, will 
automatically be discarded. A drawback is that multi copy S genes, or genes with a 
redundant function, are likely to be missed. Over the last 15 years about 30 S   genes 
have been identified; unfortunately, only few of these genes have the potential to be 
used in commercial breeding programs because they also affect other traits, such as 
yield or plant vigour (Pavan et al., 2010). 

Because of the relative low success rate of genetic strategies to identify suitable S 
genes an alternative method is explored here. Since many S genes encode proteins 
manipulated by a pathogen, the pathogen might be used as a guide to identify S 
proteins. Pathogens manipulate their host via effector proteins that interfere with host 
processes. Therefore, identification of plant effector-targets that are insensitive towards 
the activity of the effector could provide insensitivity towards the pathogen (Hogenhout 
et al., 2009). Hence, S genes and effector targets might represent the same genes (Pavan 
et al., 2010). Indeed, the virulence function of the Pseudomonas syringae effector HopZ2 
was found to require A. thaliana MLO2 (Lewis et al., 2012), a functional orthologue of 
barley Mlo (Consonni et al., 2006). Interestingly, independent MLO2 knockouts were 
found to vary in their resistance levels to P. syringae. Whereas two independent T-DNA 
insertion lines became resistant (Lewis et al., 2012), a third insertion mutant and a 
point mutation mutant were not affected in their susceptibility towards this pathogen 
(Vogel and Somerville, 2000; Consonni et al., 2006). However, the latter mutants were 
resistant towards the powdery mildew Golonivomyces orontii. This shows, that the type 
of mutation in the S gene can determine the outcome in resistance. This effect could also 
be used as an advantage with regard to pleiotropic effects as discussed later. 

Besides identification of known S genes, also new candidates have been identified in 
effector-target screens. An example is the Xanthomonas campestris AvrBs3 effector 
that targets the promotor of the upa20 gene from pepper, thereby promoting disease 
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development by altering the expression of a transcription factor (Kay et al., 2007; Zhou 
and Chai, 2008). This atypical example, where the effector-target is not a protein but a 
promotor region, shows the versatility of S genes. Both the HopZ and AvrBs3 example 
show that effectors can be used as guides to identify known and novel S genes conferring 
disease resistance.

Identification of fungal and oomycete effector targets requires a 
tailor-made approach

Far less effector targets have been identified for plant pathogenic fungi and oomycetes 
than for bacteria. The reason for this is because the former generally have more 
complex lifestyles, larger genomes and lower accessibility to genetic approaches, 
such as transformation and targeted gene knockout. Functional genomics enabled the 
rapid identification of up to hundreds of effector candidates from fungi and oomycetes 
(Hogenhout et al., 2009). Depending on the pathogen analysed most of those proteins 
suppress plant immunity, indicating a redundant function. However, suppression has 
mostly been studied in artificial and heterologous systems and the in vivo function of most 
effectors still has to be determined with gene knockouts in the pathogens (Bozkurt et 
al., 2012). Effectors that have a clear virulence function are prime candidates to identify 
potential S genes. Such key effectors can be selected with the help of “effector detector” 
screens, comparative genomics or in vivo studies (Alfano, 2009; see examples below). 
Most effector targets have been discovered using protein-protein interaction assays, but 
targets have also been predicted based on effector structure, their in vivo-expression 
pattern or -localization, or their biochemical activities (Alfano, 2009). Ideally, several 
of these effector characteristics are unveiled before the interaction study of choice is 
commenced. Also information about the pathogen lifestyle and the host immune system 
may play crucial roles in identifying the genuine target from a list of candidates. Hence, 
there is no universal strategy to identify effector targets. The strategy chosen to identify 
effector targets depends on the identity and function of the effectors and the plant-
pathosystem being studied.  

Functional insights in fungal and oomycete effector targets identify 
S genes

So far, only a handful of fungal and oomycete effector targets have been identified 
(Table 1). They include both plant- and pathogen-derived molecules. For example, the 
Cladosporium fulvum effectors Avr4 and Ecp6 bind fungus-derived chitin oligomers 
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thereby protecting it from plant chitinases and preventing chitin-triggered immunity 
(van den Burg et al., 2004; van den Burg et al., 2006; de Jonge et al., 2010). Among the 
effector plant targets are several proteins with a positive regulatory function on the 
plant immune system and these can therefore not be used as S genes. One such example 
is the heme-dependent peroxidase POX12 from corn that is targeted by the apoplastic 
effector Pep1 from Ustilago maydis (Hemetsberger et al., 2012). Transcriptomics and 
microscopical studies of the Pep1 knockout indicated a role of the effector in the apoplast 
(Doehlemann et al., 2009). Later Hemetsberger et al., 2012 showed via a biochemical 
approach that Pep1 is inhibiting POX12. Heme-dependent peroxidases are typically 
involved in the production of reactive oxygen species (ROS), an essential component of 
the early plant defence response, and their suppression enables the fungus to establish 
a biotrophic interaction with the host. 

Table 1: Selection of plant effector targets and their method of identification.

Effector Pathogen Host Virulence 
Identified by Reference

Avr4 Cladosporium 
fulvum

target 

Tomato Chitin Structure prediction 
and binding studies

van den Burg et al., 2004

Ecp6 C. fulvum Tomato Chitin Structure prediction 
and binding studies

de Jonge et al., 2010

Pep1 Ustilago maydis Corn POX12 Transcriptomics, 
fluorescence 
complementation

Hemetsberger et al., 2012

Avr2 C. fulvum Tomato Rcr3 Genetics & Co-IP 
(N. benthamiana, P. 
pastoris)

Dixon et al., 2000, 
Rooney et al., 2005

Avrblb2 Phytophthora 
infestans

Potato C14 Co-IP (N. 
benthamiana)

Bozkurt et al., 2011

PopP2 Ralstonia 
solanacearum

Wide 
range

RD19 FLIM Bernoux et al., 2008

EPIC1/
EPIC2

P. infestans Potato Rcr3 Co-IP (N. benthamiana, 
E. coli)

Song et al., 2009

Gr-VAP1 Globodera 
rostochiensis

Tomato Rcr3 Yeast 2-hybrid Lozano-Torres et al., 2012

Avr3a P. infestans Potato CMPG1 Yeast 2-hybrid Bos et al., 2010

Co-IP, Co-immunoprecipitation; FLIM, fluorescence lifetime imaging
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Various apoplastic effectors of different oomycetes and fungi target different papain-
like cysteine proteases (PLCPs) (Kaschani et al., 2010). Some of these effectors, like Avr2 
from C. fulvum, inhibit protease activity of specific PLCPs (Kruger et al., 2002; Rooney 
et al., 2005). Others prevent their secretion to the apoplast by retaining the PLCP in the 
cytoplasm, as has been shown for the Phytophthora infestans effector Avrblb2 (Bozkurt 
et al., 2011) and the Ralstonia solanacearum effector PopP2 (Bernoux et al., 2008). The 
Avrblb2 plant target was identified by in planta co-immunoprecipitation (Co-IP) from N. 
benthamiana leaves followed by mass spectrometric analysis. Five specific interacting 
plant proteins were found and among them was the C14 protease belonging to the class 
of PLCPs. The functional role of Avrblb2 was unravelled by microscopy studies showing 
inhibition of C14 secretion (Bozkurt et al., 2011).

In the apoplast of tomato the C. fulvum effector Avr2 targets Rcr3, which is also an 
PLCP (Kruger et al., 2002; Rooney et al., 2005). Rooney et al., 2005 confirmed their 
interaction using activity based protease profiling and co-immunoprecipitation 
assays. Interestingly, Rcr3 also serves as a target for effectors from other pathogens. 
For example, both the P. infestans cystatin-like effectors EPIC1 and EPIC2B (Song et al., 
2009) and the Globodera rostochiensis effector Gr-VAP1 (Lozano-Torres et al., 2012) 
exert their virulence function via Rcr3. These examples show that at least some PLCPs 
have the potential to be used as S gene.

Another interesting effector target was identified upon screening Y2H cDNA libraries 
made from P. infestans infected potato plants with the Avr3a effector. This effector 
specifically suppresses P. infestans INF1 triggered cell death (ICD) (Bos et al., 2006). 
Avr3a interacts in yeast and in planta with CMPG1, an E3 Ubiquitin (Ub) ligase (Bos et 
al., 2010). The ubiquitin proteasome pathway fulfils crucial functions in plant defence 
and several E3 Ub ligases have been found to play both positive and negative roles in 
immunity (Devoto et al., 2003). CMPG1 is required for defence response triggered by 
several R genes, the basal immune system and for ICD (Gilroy et al., 2011). Although 
CMPG1 has a positive regulatory function in tobacco and tomato, a mutation of the 
rice CMPG1 homologue Spl11 confers resistance towards Magnaporthe grisae and 
Xanthomonas oryzae revealing its potential use as an S gene (Yin et al., 2000). In line 
with this observation, a reduction in sporulation of P. infestans was observed in CMPG1 
silenced Nicotiana benthamiana plants (Bos et al., 2010). It will be interesting to test 
whether a CMPG1 knockout in potato exhibits increased resistance against P. infestans. 
Besides CPMG1 also the A. thaliana E3 Ub ligases Pub21, 22 and 23 were found to be 
negative regulators of immunity, and pub21/pub22/pub23 mutants show spontaneous 
cell death and increased resistance against biotrophic pathogens (Trujillo et al., 2008). 
These findings make E3 Ub ligases interesting candidates to act as potential S genes. 
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Pleiotropic effects limit the application of S genes in resistance breeding

When an effector target represents a potential S gene, its applicability for breeding 
has to be determined. Pleiotropic effects, such as dwarfism or spontaneous necrotic 
lesions, are a common problem for the application of S genes in breeding (Pavan et al., 
2010). Furthermore, a gene that confers susceptibility to one pathogen might mediate 
resistance to another (Jarosch et al., 1999). 

As discussed above, in a specific context CMPG1 might be considered an S gene. However, 
since CMPG1 is also necessary for basal immunity (Gilroy et al., 2011), application of 
cmpg1 in potato resistance breeding does not seem obvious, because the plants are 
likely to become (hyper)sensitive to other pathogens. This trade-off between increased 
resistance to one but increased susceptibility to another pathogen is one of the major 
drawbacks for the application of S genes in recessive breeding. It also applies for barley 
mlo resistance: while mlo confers resistance against biotrophic powdery mildew it 
enhances susceptibility towards necrotrophic fungi such as the rice blast fungus M. 
grisae and Bipolaris sorokiana (Jarosch et al., 1999; Kumar et al., 2001). Therefore, 
the use of mlo is not recommended in area where rice and barley are grown in close 
proximity (Jarosch et al., 1999).

Also among P. syringae effector targets, the majority of S genes cannot be used because of 
their pleiotropic effects. MPK4 is a negative regulator of the salicylic acid (SA) response, 
which is required for resistance to many biotrophic pathogens. Therefore, loss of MPK4 
function leads to increased resistance against P. syringae and the oomycete Peronospora 
parasitica due to an accumulation of SA, but also to dwarfism and spontaneous lesions 
(Petersen et al., 2000). Similar symptoms have been reported in soybean after silencing 
of one of the two MPK4 homologues (Zhang et al., 2009). Surprisingly, silencing of MPK4 
in tomato did not lead to a phenotype (Chen et al., 2009). Nevertheless, MPK4 function 
also affects the response to ethylene, hence leading to increased susceptibility towards 
the necrotrophic fungus Alternaria brassicola (Brodersen et al., 2006). This result makes 
the application of mpk4 in recessive resistance breeding unlikely. 

Another example concerns RIN4, an effector target and important component of basal 
immunity in A. thaliana. A rin4 mutant exhibits increased resistance to Peronospora 
parasitica and P. syringae, indicating a function for this gene as a negative regulator of 
basal resistance (Mackey et al., 2002). Silencing RIN4 in tomato enhanced resistance 
against P. syringae carrying avrPto, but surprisingly growth of P. syringae lacking avrPto 
was unaffecteddidd (Luo et al., 2009). Hence, the ability of rin4 to mediate P. syringae 
resistance is race specific restricting its potential use as S gene.

Some effector targets are monitored by R proteins, which complicate their use in 
breeding. Besides a negative regulatory role in basal immunity, Rin4 has a positive 
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regulatory function in presence of the R gene Rps2. A knock-down of Rin4 triggers 
activation of the RPM1 gene in A. thaliana (Mackey et al., 2002). Likewise, a Rcr3 mutant 
shows an autoimmune phenotype due to erroneous activation of the Cf-2 protein 
(Kruger et al., 2002). Next to the  pleiotropic effects described above, some S genes 
negatively affect abiotic stress tolerance. For example, silencing of OsMAPK5 leads to 
enhanced resistance to M. grisae and Burkholderia glumae, but at the same time reduces 
plant tolerance to cold, drought and salt (Xiong and Yang, 2003). 

In summary, on a case-to-case basis, taking into account the genetic background of 
the plant and pleiotropic effects resulting from the mutation in the S gene, it has to be 
analysed whether an effector target has the potential to be used as an S gene in plant 
breeding. 

Conclusions

Compared to R genes, S genes provide a potentially more durable type of plant immunity. 
The retrieval of Mlo as an effector target shows the potential use of effector proteins in 
the identification of S genes. Also other effector targets, such as RIN4, MPK4 and CMPG1, 
fit the criteria of being an S protein as their knockouts confer enhanced resistance to 
specific bacteria, fungi and oomycetes. However, their direct application in crops is 
hampered by the pleiotropic effects often observed in the knockouts. Possibly, specific 
mutations in an effector target could reduce the pleiotropic effects while maintaining 
its ability to confer resistance as exemplified by mlo2. Identification of more effector 
targets will increase the number of S genes that can be used in resistance breeding. 



22

2

Chapter 2

References

Alfano, J. R. 2009. Roadmap for future research on plant pathogen effectors. Mol. Plant. Path. 10:805-813.
Bai, Y., van der Hulst, R., Bonnema, G., Marcel, T. C., Meijer-Dekens, F., Niks, R. E., and Lindhout, P. 2005. Tomato 

defense to Oidium neolycopersici: dominant Ol genes confer isolate-dependent resistance via a 
different mechanism than recessive ol-2. Mol. Plant-Microbe Interact. 18:354-362.

Bai, Y., Pavan, S., Zheng, Z., Zappel, N. F., Reinstadler, A., Lotti, C., De Giovanni, C., Ricciardi, L., Lindhout, P., 
Visser, R., Theres, K., and Panstruga, R. 2008. Naturally occurring broad-spectrum powdery mildew 
resistance in a Central American tomato accession is caused by loss of Mlo function. Mol. Plant-
Microbe Interact. 21:30-39.

Bernoux, M., Timmers, T., Jauneau, A., Briere, C., de Wit, P. J., Marco, Y., and Deslandes, L. 2008. RD19, an 
Arabidopsis cysteine protease required for RRS1-R-mediated resistance, is relocalized to the nucleus 
by the Ralstonia solanacearum PopP2 effector. Plant Cell 20:2252-2264.

Bos, J. I., Kanneganti, T. D., Young, C., Cakir, C., Huitema, E., Win, J., Armstrong, M. R., Birch, P. R., and Kamoun, S. 
2006. The C-terminal half of Phytophthora infestans RXLR effector AVR3a is sufficient to trigger R3a-
mediated hypersensitivity and suppress INF1-induced cell death in Nicotiana benthamiana. Plant J. 
48:165-176.

Bos, J. I., Armstrong, M. R., Gilroy, E. M., Boevink, P. C., Hein, I., Taylor, R. M., Zhendong, T., Engelhardt, S., 
Vetukuri, R. R., Harrower, B., Dixelius, C., Bryan, G., Sadanandom, A., Whisson, S. C., Kamoun, S., and 
Birch, P. R. 2010. Phytophthora infestans effector AVR3a is essential for virulence and manipulates 
plant immunity by stabilizing host E3 ligase CMPG1. Proc. Natl. Acad. Sci. U. S. A. 107:9909-9914.

Bozkurt, T. O., Schornack, S., Banfield, M. J., and Kamoun, S. 2012. Oomycetes, effectors, and all that jazz. Curr. 
Opin. Plant Biol. 15:483-492.

Bozkurt, T. O., Schornack, S., Win, J., Shindo, T., Ilyas, M., Oliva, R., Cano, L. M., Jones, A. M., Huitema, E., van der 
Hoorn, R. A., and Kamoun, S. 2011. Phytophthora infestans effector AVRblb2 prevents secretion of a 
plant immune protease at the haustorial interface. Proc. Natl. Acad. Sci. U. S. A. 108:20832-20837.

Brodersen, P., Petersen, M., Bjorn Nielsen, H., Zhu, S., Newman, M. A., Shokat, K. M., Rietz, S., Parker, J., and 
Mundy, J. 2006. Arabidopsis MAP kinase 4 regulates salicylic acid- and jasmonic acid/ethylene-
dependent responses via EDS1 and PAD4. Plant J. 47:532-546.

Chen, Y. Y., Lin, Y. M., Chao, T. C., Wang, J. F., Liu, A. C., Ho, F. I., and Cheng, C. P. 2009. Virus-induced gene 
silencing reveals the involvement of ethylene-, salicylic acid- and mitogen-activated protein kinase-
related defense pathways in the resistance of tomato to bacterial wilt. Physiol. Plant. 136:324-335.

Collins, N. C., Thordal-Christensen, H., Lipka, V., Bau, S., Kombrink, E., Qiu, J. L., Huckelhoven, R., Stein, M., 
Freialdenhoven, A., Somerville, S. C., and Schulze-Lefert, P. 2003. SNARE-protein-mediated disease 
resistance at the plant cell wall. Nature 425:973-977.

Consonni, C., Humphry, M. E., Hartmann, H. A., Livaja, M., Durner, J., Westphal, L., Vogel, J., Lipka, V., Kemmerling, 
B., Schulze-Lefert, P., Somerville, S. C., and Panstruga, R. 2006. Conserved requirement for a plant host 
cell protein in powdery mildew pathogenesis. Nat. Genet. 38:716-720.

de Jonge, R., van Esse, H. P., Kombrink, A., Shinya, T., Desaki, Y., Bours, R., van der Krol, S., Shibuya, N., Joosten, M. 
H., and Thomma, B. P. 2010. Conserved fungal LysM effector Ecp6 prevents chitin-triggered immunity 
in plants. Science 329:953-955.

Devoto, A., Muskett, P. R., and Shirasu, K. 2003. Role of ubiquitination in the regulation of plant defence against 
pathogens. Curr. Opin. Plant Biol. 6:307-311.

Dixon, M. S., Golstein, C., Thomas, C. M., van Der Biezen, E. A., and Jones, J. D. 2000. Genetic complexity of 
pathogen perception by plants: the example of Rcr3, a tomato gene required specifically by Cf-2. Proc. 
Natl Acad. Sci. USA 97:8807-8814.

Doehlemann, G., van der Linde, K., Assmann, D., Schwammbach, D., Hof, A., Mohanty, A., Jackson, D., and 
Kahmann, R. 2009. Pep1, a secreted effector protein of Ustilago maydis, is required for successful 
invasion of plant cells. PLoS Pathog 5:e1000290.

Duprat, A., Caranta, C., Revers, F., Menand, B., Browning, K. S., and Robaglia, C. 2002. The Arabidopsis eukaryotic 
initiation factor (iso)4E is dispensable for plant growth but required for susceptibility to potyviruses. 
Plant J. 32:927-934.

Fisher, M. C., Henk, D. A., Briggs, C. J., Brownstein, J. S., Madoff, L. C., McCraw, S. L., and Gurr, S. J. 2012. Emerging 
fungal threats to animal, plant and ecosystem health. Nature 484:186-194.



22 23

2

Effector targetsChapter 2

Gilroy, E. M., Taylor, R. M., Hein, I., Boevink, P., Sadanandom, A., and Birch, P. R. 2011. CMPG1-dependent 
cell death follows perception of diverse pathogen elicitors at the host plasma membrane and is 
suppressed by Phytophthora infestans RXLR effector AVR3a. New Phytol. 190:653-666.

Gust, A. A., Brunner, F., and Nurnberger, T. 2010. Biotechnological concepts for improving plant innate 
immunity. Curr. Opin. Biotechnol. 21:204-210.

Hemetsberger, C., Herrberger, C., Zechmann, B., Hillmer, M., and Doehlemann, G. 2012. The Ustilago maydis 
effector Pep1 suppresses plant immunity by inhibition of host peroxidase activity. PLoS Pathog 
8:e1002684.

Hogenhout, S. A., Van der Hoorn, R. A., Terauchi, R., and Kamoun, S. 2009. Emerging concepts in effector 
biology of plant-associated organisms. Mol. Plant-Microbe Interact. 22:115-122.

Iyer, A. S., and McCouch, S. R. 2004. The rice bacterial blight resistance gene xa5 encodes a novel form of 
disease resistance. Mol. Plant-Microbe Interact. 17:1348-1354.

Jarosch, B., Kogel, K.-H., and Schaffrath, U. 1999. The ambivalence of the barley Mlo locus: Mutations conferring 
resistance against powdery mildew (Blumeria graminis f. sp. hordei) enhance susceptibility to the 
rice blast fungus Magnaporthe grisae. Mol. Plant-Microbe Interact. 12:508 - 514.

Jorgensen, J. H. 1992. Discovery, characterization and exploitation of Mlo powdery mildew resistance in 
barley. Euphytica 63:141-152.

Kaschani, F., Shabab, M., Bozkurt, T., Shindo, T., Schornack, S., Gu, C., Ilyas, M., Win, J., Kamoun, S., and van 
der Hoorn, R. A. 2010. An effector-targeted protease contributes to defense against Phytophthora 
infestans and is under diversifying selection in natural hosts. Plant Physiol. 154:1794-1804.

Kay, S., Hahn, S., Marois, E., Hause, G., and Bonas, U. 2007. A bacterial effector acts as a plant transcription 
factor and induces a cell size regulator. Science 318:648-651.

Kruger, J., Thomas, C. M., Golstein, C., Dixon, M. S., Smoker, M., Tang, S., Mulder, L., and Jones, J. D. 2002. A tomato 
cysteine protease required for Cf-2-dependent disease resistance and suppression of autonecrosis. 
Science 296:744-747.

Kumar, J., Huckelhoven, R., Beckhove, U., Nagarajan, S., and Kogel, K. H. 2001. A compromised Mlo pathway 
affects the response of barley to the necrotrophic fungus Bipolaris sorokiniana (Teleomorph: 
Cochliobolus sativus) and its toxins. Phytopath. 91:127-133.

Lazarovits, G. 2001. Management of soil-borne pathogens with organic soil amendments: a disease control 
strategy salvaged from the past. Can. J. Plant. Pathol. 23:1-7.

Lewis, J. D., Wan, J., Ford, R., Gong, Y., Fung, P., Nahal, H., Wang, P. W., Desveaux, D., and Guttman, D. S. 2012. 
Quantative interactor screening with next-generation sequencing (QIS-Seq) identifies Arabidopsis 
thaliana MLO2 as a target of the Pseudomonas syringae type III effector HopZ2. BMC Genomics 13:8.

Lozano-Torres, J. L., Wilbers, R. H., Gawronski, P., Boshoven, J. C., Finkers-Tomczak, A., Cordewener, J. H., 
America, A. H., Overmars, H. A., Van ‘t Klooster, J. W., Baranowski, L., Sobczak, M., Ilyas, M., van der 
Hoorn, R. A., Schots, A., de Wit, P. J., Bakker, J., Goverse, A., and Smant, G. 2012. Dual disease resistance 
mediated by the immune receptor Cf-2 in tomato requires a common virulence target of a fungus and 
a nematode. Proc. Natl. Acad. Sci. U. S. A. 109:10119-10124.

Luo, Y., Caldwell, K. S., Wroblewski, T., Wright, M. E., and Michelmore, R. W. 2009. Proteolysis of a negative 
regulator of innate immunity is dependent on resistance genes in tomato and Nicotiana benthamiana 
and induced by multiple bacterial effectors. Plant Cell 21:2458-2472.

Mackey, D., Holt, B. F., 3rd, Wiig, A., and Dangl, J. L. 2002. RIN4 interacts with Pseudomonas syringae type III 
effector molecules and is required for RPM1-mediated resistance in Arabidopsis. Cell 108:743-754.

McDonald, B. A., and McDermott, J. M. 1993. Population genetics of plant pathogenic fungi. BioScience 43:311-
319.

Ogawa, T., Lin, R., Tabien, E., and Khush, G. S. 1987. A new recessive gene for resistance to bacterial blight of 
rice. Rice Genet. Newsletter 4:98-100.

Ortiz, R., Nurminiemi, M., Madsen, S., Rognli, O. A., and Bjornstad, A. 2002. Genetic gains in nordic spring 
barley breeding over sixty years. Euphytica 126:283-289.

Panstruga, R. 2005. Serpentine plant MLO proteins as entry portals for powdery mildew fungi. Biochem. Soc. 
Trans. 33:389-392.

Pavan, S., Jacobsen, E., Visser, R. G. F., and Bai, Y. 2010. Loss of susceptibility as a novel breeding strategy for 
durable and broad-spectrum resistance. Mol. Breed. 25:1-12.



24

2

Chapter 2

Petersen, M., Brodersen, P., Naested, H., Andreasson, E., Lindhart, U., Johansen, B., Nielsen, H. B., Lacy, M., 
Austin, M. J., Parker, J. E., Sharma, S. B., Klessig, D. F., Martienssen, R., Mattsson, O., Jensen, A. B., and 
Mundy, J. 2000. Arabidopsis MAP kinase 4 negatively regulates systemic acquired resistance. Cell 
103:1111-1120.

Rooney, H. C., Van’t Klooster, J. W., van der Hoorn, R. A., Joosten, M. H., Jones, J. D., and de Wit, P. J. 2005. 
Cladosporium Avr2 inhibits tomato Rcr3 protease required for Cf-2-dependent disease resistance. 
Science 308:1783-1786.

Ruffel, S., Dussault, M. H., Palloix, A., Moury, B., Bendahmane, A., Robaglia, C., and Caranta, C. 2002. A natural 
recessive resistance gene against potato virus Y in pepper corresponds to the eukaryotic initiation 
factor 4E (eIF4E). Plant J. 32:1067-1075.

Schulze-Lefert, P. 2004. Knocking on the heaven’s wall: pathogenesis of and resistance to biotrophic fungi at 
the cell wall. Curr. Opin. Plant Biol. 7:377-383.

Song, J., Win, J., Tian, M., Schornack, S., Kaschani, F., Ilyas, M., van der Hoorn, R. A., and Kamoun, S. 2009. 
Apoplastic effectors secreted by two unrelated eukaryotic plant pathogens target the tomato defense 
protease Rcr3. Proc. Natl. Acad. Sci. U. S. A. 106:1654-1659.

Trujillo, M., Ichimura, K., Casais, C., and Shirasu, K. 2008. Negative regulation of PAMP-triggered immunity by 
an E3 ubiquitin ligase triplet in Arabidopsis. Curr. Biol. 18:1396-1401.

van Damme, M., Huibers, R. P., Elberse, J., and Van den Ackerveken, G. 2008. Arabidopsis DMR6 encodes a 
putative 2OG-Fe(II) oxygenase that is defense-associated but required for susceptibility to downy 
mildew. Plant J. 54:785-793.

Van Damme, M., Andel, A., Huibers, R. P., Panstruga, R., Weisbeek, P. J., and Van den Ackerveken, G. 2005. 
Identification of Arabidopsis loci required for susceptibility to the downy mildew pathogen 
Hyaloperonospora parasitica. Mol. Plant-Microbe Interact. 18:583-592.

van den Burg, H. A., Harrison, S. J., Joosten, M. H., Vervoort, J., and de Wit, P. J. 2006. Cladosporium fulvum Avr4 
protects fungal cell walls against hydrolysis by plant chitinases accumulating during infection. Mol. 
Plant-Microbe Interact. 19:1420-1430.

van den Burg, H. A., Spronk, C. A., Boeren, S., Kennedy, M. A., Vissers, J. P., Vuister, G. W., de Wit, P. J., and 
Vervoort, J. 2004. Binding of the AVR4 elicitor of Cladosporium fulvum to chitotriose units is facilitated 
by positive allosteric protein-protein interactions: the chitin-binding site of AVR4 represents a novel 
binding site on the folding scaffold shared between the invertebrate and the plant chitin-binding 
domain. J. Biol. Chem. 279:16786-16796.

Vogel, J., and Somerville, S. 2000. Isolation and characterization of powdery mildew-resistant Arabidopsis 
mutants. Proc. Natl. Acad. Sci. U. S. A. 97:1897-1902.

Vogel, J. P., Raab, T. K., Schiff, C., and Somerville, S. C. 2002. PMR6, a pectate lyase-like gene required for 
powdery mildew susceptibility in Arabidopsis. Plant Cell 14:2095-2106.

Vogel, J. P., Raab, T. K., Somerville, C. R., and Somerville, S. C. 2004. Mutations in PMR5 result in powdery 
mildew resistance and altered cell wall composition. Plant J. 40:968-978.

Xiong, L., and Yang, Y. 2003. Disease resistance and abiotic stress tolerance in rice are inversely modulated by 
an abscisic acid-inducible mitogen-activated protein kinase. Plant Cell 15:745-759.

Yin, Z., Chen, J., Zeng, L., Goh, M., Leung, H., Khush, G. S., and Wang, G. L. 2000. Characterizing rice lesion mimic 
mutants and identifying a mutant with broad-spectrum resistance to rice blast and bacterial blight. 
Mol. Plant-Microbe Interact. 13:869-876.

Zhang, C., Yang, C., Whitham, S. A., and Hill, J. H. 2009. Development and use of an efficient DNA-based viral 
gene silencing vector for soybean. Mol. Plant-Microbe Interact. 22:123-131.

Zhang, G., Angeles, E. R., Abenes, M. L. P., Khush, G. S., and Huang, N. 1996. RAPD and RFLP mapping of the 
bacterial blight resistance gene xa-13 in rice. Theor. Appl. Genet. 93:65-70.

Zhou, J. M., and Chai, J. 2008. Plant pathogenic bacterial type III effectors subdue host responses. Curr. Opin. 
Microbiol. 11:179-185.



24

Chapter 2

The Fusarium oxysporum 
effector Six6 contributes to virulence 

and suppresses I-2 mediated cell death

3

F. Gawehns, P.M. Houterman, F. Ait Ichou, C.B. Michielse,
 M. Hijdra, B.J.C. Cornelissen, M. Rep, F.L.W. Takken



26

3

Chapter 3

Abstract

Plant pathogens secrete effectors to manipulate their host and facilitate colonization. 
Fusarium oxysporum f.sp. lycopersici (Fol) is the causal agent of Fusarium wilt disease 
in tomato. Upon infection Fol secretes numerous small proteins into the xylem sap 
(Six proteins). Most Six proteins are unique to F. oxysporum, but Six6 is an exception; 
a homolog is also present in two Colletotrichum species. SIX6 expression was found 
to require living host cells and a knockout of SIX6 in Fol compromised virulence, 
classifying it as a genuine effector. Heterologous expression of SIX6 did not affect 
growth of Agrobacterium tumefaciens in Nicotiana benthamiana leaves or susceptibility 
of Arabidopsis thaliana towards Verticillium dahliae, Pseudomonas syringae or F. 
oxysporum, suggesting a specific function for Fol Six6 in the Fol-tomato pathosystem. 
Remarkably, Six6 was found to specifically suppress I-2 mediated cell death (I2CD) 
upon transient expression in N. benthamiana, while it did not compromise the activity 
of other cell death-inducing genes. Still, this I2CD suppressing activity of Six6 does not 
allow the fungus to overcome I-2 resistance in tomato, suggesting that I-2-mediated 
resistance is independent from cell death.

This chapter has been published as:

F. Gawehns, P. M. Houterman, F. A. Ichou, C. B. Michielse, M. Hijdra, B. J. Cornelissen, M. 
Rep and F. L. W.  Takken 2014. Mol. Plant-Microbe Interact. 27:336-348.



26 27

3

Characterization of Six6Chapter 3

Introduction

Plants are challenged by a wide variety of microbes including viruses, bacteria, fungi 
and oomycetes (Agrios, 1997). Thanks to their multi-layered immune system plants 
recognise and defeat most potential invaders (Jones and Dangl, 2006). However, 
pathogenic microbes evolved various mechanisms that suppress plant immunity, 
resulting in disease (Win et al., 2012). Mostly, this disease-causing ability is mediated 
by secreted virulence factors - called effectors - that alter host-cell function or 
otherwise promote host colonization (Hogenhout et al., 2009). Therefore, identification 
and characterization of effectors provides insights into the mechanisms underlying 
susceptibility to pathogens. 

Pathogenic strains of the fungus Fusarium oxysporum invade roots of a broad variety of 
plant species and cause wilt disease through colonization of the xylem vessels (Tjamos 
and Beckman, 1989). Each strain can only infect one or a few closely related hosts, and 
strains infecting the same host are grouped into the same host-specific form or forma 
specialis (f.sp.) (Armstrong and Armstrong, 1981; Katan, 1999; Katan and Di Primo, 
1999). So far, most effectors have been identified from F. oxysporum strains infecting 
tomato and belonging to f.sp. lycopersici. The first F. oxysporum f.sp. lycopersici (hereafter 
called Fol) effectors that have been identified are proteins encoded by avirulence (AVR) 
genes, namely Avr1, Avr2 and Avr3 (Rep et al., 2004; Houterman et al., 2008; Houterman 
et al., 2009). Avr proteins trigger host resistance upon recognition by corresponding 
resistance (R) proteins in plants. Hence, Fol is divided into three races named after the 
corresponding R gene that recognises the Avr protein. Functional analyses revealed that 
Avr2 and Avr3 trigger resistance in tomato plants carrying respectively the R genes 
I-2 and I-3 (Rep et al., 2004; Houterman et al., 2009). Besides triggering resistance, 
both proteins are required for full pathogenicity on susceptible tomato lines (Rep et 
al., 2005; Houterman et al., 2009), classifying them as genuine effectors. Fol effector 
Avr1, recognised by I and I-1, does not contribute to virulence on susceptible cultivars, 
but suppresses I-2 and I-3 mediated resistance (Houterman et al., 2008). All three 
Avr proteins were originally identified in the xylem sap of Fol-infected tomato plants 
(Houterman et al., 2007). Besides the Avr proteins, eleven other secreted in xylem 
(Six) proteins have been identified so far; all are relatively small (<300 aa), generally 
cysteine-rich and produced with a signal peptide for secretion (Houterman et al., 2007; 
Lievens et al., 2009; Ma et al., 2010; Schmidt et al., 2013). Six proteins generally do not 
have sequence homology to proteins with known functions (Rep, 2005), prohibiting 
reliable prediction and assignment of specific functions to these proteins. Expression of 
at least some SIX genes (e.g. AVR3, SIX2, AVR2 and SIX5) is regulated by the transcription 
factor Sge1; a knockout of the gene encoding this regulator impairs pathogenicity of 
the fungus and abolishes SIX gene expression (Michielse et al., 2009). Analysis of the 
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Fol genome revealed that most SIX genes are localized on chromosome 14 (Ma et al., 
2010; Schmidt et al., 2013). This lineage-specific chromosome is required for infection 
of tomato and can be shuttled via horizontal transfer from Fol to a non-pathogenic 
strain, converting this strain into a tomato pathogen (Ma et al., 2010). This highlights 
the importance of the SIX gene-carrying chromosome for the ability of the fungus to 
cause disease. Until now, Avr2 and Six5 have exclusively been found in Fol, suggestive 
of a tomato-specific function for these two effectors. For other Six proteins, such as 
Avr1, Six6, Six7, Six8 and Six9, close homologs are present in other formae speciales 
(Lievens et al., 2009; Chakrabarti et al., 2011; Thatcher et al., 2012), implying a more 
generic function for these proteins. Among these, Six6 is of special interest as homologs 
are also present in two other fungal plant pathogens: Colletotrichum orbiculare and C. 
higginsianum (Kleemann et al., 2012; Gan et al., 2013). 

We here describe the functional characterization of Fol Six6, and show that it is a 
genuine effector protein important for pathogenicity.

Results

Fol Six6 homologs are present in six formae speciales of F. oxysporum and in two 
Colletotrichum species

Upon infection Fol secretes Six6 into the xylem sap of tomato (Lievens et al., 2009). The 
Six6 precursor is encoded by a gene spanning 648 bp (genbank accession ACY39286.1). 
SignalP 4.0 (Petersen et al., 2011) predicts a 16 amino acid (aa) signal peptide yielding 
a mature protein of 199 aa. Six6 contains seven cysteines and has a predicted molecular 
weight of 22 kD (ProtParam) (Wilkins et al., 1999). NCBI/ BLAST searches did not 
reveal hits to proteins with known functions (data not shown), but uncovered the 
presence of Six6 in other F. oxysporum formae speciales. In total, six Six6 homologs 
were identified in respectively: F. oxysporum f.sp. melonis (Fom) (ACY39292.1), niveum 
(Fon) (ADO60274.1), radicis-cucumerinum (Forc) (ACY39291.1), passiflorae (Fop) 
(ADO60275.1), vasinfectum (Fov) (ADO60273.1) and cubense (Foc) (Lievens et al., 2009; 
Chakrabarti et al., 2011; Schmidt et al.,  2013; our unpublished observations). The amino 
acid sequences of Fom, Fon and Forc Six6 are identical while the others diverge (Fig. 1). 
Fop Six6 shows the highest similarity with Fol Six6, having 93% sequence identity at 
the protein level. Six6 of Fom and Fov share, respectively, 90% and 89% of sequence 
conservation with Fol Six6. The most distantly related Six6 is that of Foc, having 60% 
identity. The number of non-conservative amino acid substitutions is overall very low 
– e.g. between Fol and Fom Six6, there is only one non-conserved change (Asn to Leu).

Outside the F. oxysporum species complex, Six6 homologs were found in C. higginsianum, 
called ChEC36, and in C. orbiculare. ChEC36 is 9 aa longer than the Six6 homologs from 
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F. oxysporum and has 38% protein sequence identity with Fol Six6. The Six6-like C. 
orbiculare protein is 223 aa long and shares 57% identity with Fol Six6. Alignment of 
the six Six6 homologs (Fig. 1) shows that the N- terminal half of the mature protein is 
less conserved than the C- terminal half (10% vs. 33%). In the C- terminal half three 
conserved motifs (ExCVxRxLSxGK, GxxEGCTT, TxxYDxNxxPIxVxKIxYxGEPG) can be 
discerned. 

Figure 1:  Six6 homologs carry conserved motifs in their C-terminal part. Alignment of Fol Six6 and Six6 
homologues from F. oxysporum and two Colletotrichum species. The signal peptide sequence predicted 
by Signal P is depicted, conserved amino acids are highlighted and conserved motifs are underlined. Fol- 
F. oxysporum f.sp. lycopersici, Fop- F. oxysporum f.sp. passiflorae, Fom- F. oxysporum f.sp. melonis, Fov- F. 
oxysporum f.sp. vasinfectum, Foc- F. oxysporum f.sp. cubense, ChEC36- Colletotrichum higginisanum, Co- C. 
orbiculare. * Since Six6 sequences of Fom, Fon and Forc are identical only the Fom sequence is shown.

In summary, Six6 is relatively widespread, and well conserved within the F. oxysporum 
complex. Furthermore, homologs are present in C. higginsianum and in C. orbiculare. 

SIX6 is expressed during early stages of Fol infection

Six6 was originally identified in xylem sap of  seven-week-old tomato plants, 2.5 weeks 
after infection with Fol (Houterman et al., 2007; Lievens et al., 2009). To determine 
whether SIX6 is also expressed during earlier stages of infection, RNA was collected 
from Fol-infected tomato seedlings 4, 8 and 12 days post inoculation (dpi). Expression 
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of SIX6 was monitored using RT-PCR and a SIX6 transcript could be detected at all 
selected time-points in infected plants, but not in mock-inoculated controls (Fig. 
2A). Expression of SIX6 was not detected in Fol mycelium when grown in synthetic 
medium, but the transcript was found when grown in the presence of suspension-
cultured tomato cells (Fig. 2B). In conclusion, SIX6 is expressed at early and late 
stages of host infection and its expression requires the presence of living host cells. 

Figure 2: 
SIX6 is expressed during early and late stages of 
infection and its expression is triggered by living host 
cells. RT-PCR analysis of SIX6 or FEM1 expression 
using RNA isolated from (A) roots of tomato seedlings, 
which were either mock- or Fol-inoculated and 
harvested 4, 8 and 12 days after inoculation or (B) 
Fol cultivated in either synthetic (NO3) medium or in 
the presence of suspension cultured tomato (MSK8) 
cells. Water was included as a negative control (-) 
while gDNA of Fol (+) and its FEM1 gene were used 
as positive controls.

SIX6 knockouts of Fol show reduced virulence

To determine the role of Six6 in virulence, SIX6 knockout mutants were generated in 
Fol by replacing SIX6 with a hygromycin resistance cassette. PCR-based screening of 92 
hygromycin resistant transformants identified 23 transformants that had undergone an 
in locus recombination resulting in deletion of the SIX6 gene. 

Six independent SIX6 knockout strains were selected for further analysis. To assess 
a possible contribution of SIX6 to virulence, 10-day-old susceptible tomato seedlings 
were inoculated with either: I) the SIX6 knockout strains, II) two independent ectopic 
transformants not having a SIX6 gene deletion, III) wildtype Fol (Fol007, race 2) or IV) 
water, to serve as a mock-control. Three weeks after inoculation plant weight and disease 
index were measured. The disease index (Rep et al., 2004) was scored on a scale from 0-4, 
with 0 having no symptoms (no wilting, no brown vessels) to 4 being either dead or small 
and wilted (Fig. S1 shows representative examples of the disease classes). Fig. 3A shows 
the disease index plotted against the plant weight of the Fol bioassay in a dot plot. The 
different treatments are clustered based on significant differences in diseases index (solid 
lines) or plant weight (dotted lines). Significant differences between the groups were 
determined in an ANOVA using a Fisher protected least significant difference (PLSD) at 
95% resulting in three distinct classes for the disease index and five for weight  (Tab. S1). 
As can be seen in Fig. 3A, all SIX6 knockout strains exhibited a significant increase in plant 
weight as compared to the wildtype Fol007 or the ectopic controls, indicating a reduction 
in fungal virulence.  Surprisingly, however, a significant reduction in disease index was 
only observed for two of the six SIX6 knockout strains (ΔSIX6-1 and ΔSIX6-3 knockouts). 
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Figure 3: 
Fol SIX6 knockout mutants are 
reduced in virulence. Susceptible 
tomato seedlings were inoculated 
with wildtype Fol (Fol007), strains 
in which SIX6 was deleted (ΔSIX6-
1-6), or a knockout strain (ΔSIX6-
3) in which SIX6 was re-introduced 
(ΔSIX6-3+SIX6-1-5). As a control 
mock-inoculated plants were used 
(mock) and two transformants (ect), 
in which the SIX6 deletion construct 
was integrated ectopically. (A) Average 
plant weight of 20 plants is plotted 
against the average disease index (Fig. 
S1) of the same plants. Deletion of SIX6 
impairs pathogenicity as shown by the 
increased plant weight as compared 
to infection with wildtype or the two 
ectopic transformants. (B) Two of the 
five independent knockout strains 
carrying the SIX6 complementation 
construct display a similar average 
disease index and plant weight as the 
Fol wildtype. Error bars represent the 
standard error. Clustering is based on 
an ANOVA (Fisher PLSD significant 
at 95%) (Tab. S1) using either the 
disease index (solid line) or plant 
weight (dashed line). 

To ascertain that the reduced virulence of the mutants was indeed caused by loss of 
SIX6, mutant ΔSIX-3 was transformed with a SIX6 complementation construct. PCR 
confirmed the presence of an ectopically inserted construct in five transformants and 
virulence of these strains was assessed using bioassays. One transformant (ΔSIX6-
3+SIX6-4) showed less disease symptoms than the SIX6-3 knockout. This impairment 
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in virulence was possibly due to a mutation caused by the ectopic insertion of the SIX6 
construct or an unlinked mutation due to the transformation procedure. Statistical 
analysis (Anova with PLSD at 95%) showed that two transformants (ΔSIX6-3+SIX6-1 
and ΔSIX6-3+SIX6-3) cluster together with the SIX6 knockout with regard to the disease 
index and the plant weight, indicating no complementation of virulence (Fig. 3B). 
However, in the two other SIX6 transformants (ΔSIX6-3+SIX6-2 and ΔSIX6-3+SIX6-5) 
pathogenicity was fully restored. Fig 3B, shows that these two complementants cluster 
with the wildtype Fol007 and have both a high disease index and a strong reduction in 
plant weight, confirming full restoration of virulence (Fig. 3B). Hence, the reduction in 
virulence of the SIX6 knockout can be functionally complemented using an ectopically 
expressed SIX6 gene. 

To analyse the expression of SIX6 in the SIX6-3 knockout and the derived complementants, 
RT-PCR was performed on RNA isolated from roots of infected tomato seedlings (Fig. 4). 
To assess the presence of fungal RNA, confirming successful Fol infection, FEM1 was 
used as a positive control. A FEM1 transcript was detected in cDNA from all inoculations 
except for the mock control. Notably, the intensity of the FEM1 bands varied for the 
respective complementation lines and in general the strains exhibiting the strongest 
increase in plant weight (ΔSIX6-3 and ΔSIX6-3+SIX6-4) showed the lowest amount of 
FEM1 amplification product, indicative for a lower abundance of the fungus in these 
infected plants. Next, expression of SIX6 was analysed, and as shown in Fig. 4, a SIX6 
amplification product was found for wildtype Fol007 and all SIX6 complementants, 
but not for the ΔSIX6-3 strain, further confirming that it is a genuine knockout. Since 
the control without reverse transcriptase (-RTase) did not show a SIX6 amplification 
product it can be excluded that the bands originate from contaminating genomic DNA. 
In conclusion, since deletion of SIX6 impairs Fol pathogenicity, which can be restored by 
ectopic complementation, SIX6 can be considered a genuine Fol effector gene. 

Figure 4: SIX6 complemented SIX6 Fol knockouts express SIX6 during plant infection. RT-PCR analysis of 
SIX6 and FEM1 using RNA isolated from roots of 10-day-old seedlings inoculated with Fol007, the ΔSIX6-3 
knockout or one of the five knockout strains complemented with SIX6. Mock-inoculated seedlings and water 
were included as a negative control (-) while gDNA of Fol (+) and its FEM1 gene were used as positive controls.
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Six6 does not enhance virulence of Agrobacterium tumefaciens in Nicotiana 
benthamiana, nor alters susceptibility to Verticillium dahliae or F. oxysporum in 
Arabidopsis thaliana

To test whether the virulence-promoting activity of Six6 extends to pathogens other 
than Fol, its ability to enhance virulence of a bacterial pathogen was assessed. The 
disarmed A. tumefaciens strain GV3101 was transformed either with a binary vector 
encoding solely a TAPi-tag (tandem affinity purification-tag), or with the same vector 
carrying a C-terminal TAPi-tagged SIX6.  The sequence encoding the endogenous signal 
peptide of Six6 was removed (dSPSIX6) to enforce a cytosolic localisation of the protein. 
As a positive control the Pseudomonas syringae effector gene AvrPto was used. When 
AvrPto is expressed in N. benthamiana leaves using A. tumefaciens its bacterial growth 
was increased (Hann and Rathjen, 2007). 

When grown in liquid culture no growth differences were found between A. tumefaciens 
carrying the empty TAPi binary vector or vectors containing SIX6 or AvrPto (data not 
shown), showing that the mere presence of these transgenes did not affect bacterial 
growth. In planta growth of the transformed bacteria was monitored at two time-
points after infiltration in N. benthamiana leaves (Fig. 5A). A. tumefaciens containing 
the empty TAPi vector typically grew 1 log cfu cm-2 in 4 days. Expression of SIX6 did not 
alter growth of A. tumefaciens in planta; the SIX6 transformants grew at the same rate 
and to the same titer as the empty vector control (1 log cfu cm-2/2 days) (Fig. 5A). The 
positive control, A. tumefaciens carrying AvrPto, grew both faster and to higher titers, >2 
log cfu cm-2/2 days. The lack of a Six6 induced phenotype is not due to the lack of SIX6 
expression as the protein could readily be detected on a Western blot probed with a PAP 
antibody recognising the TAPi- tag fused to Six6 (Fig. 6B). Hence, Six6 does not promote 
growth of A. tumefaciens in N. benthamiana. 

To test whether Six6 alters susceptibility to other plant pathogens, stably transformed 
Arabidopsis thaliana Col-0 plants were generated expressing SIX6. Expression of the 
SIX6 gene was driven by the 35S promoter and to aid detection of the Six6 protein it was 
fused to a TAPi-tag. Two independent transgenic lines (Six6-1 and Six6-2) containing 
a single insertion of the 35S::dSPSIX6-TAPi construct were selected for analysis. The 
SIX6 over-expressing lines did not exhibit morphological aberrations nor showed a 
phenotype distinct from non-transformed Arabidopsis when grown under standard 
conditions (Fig. 5B, compare top panels). Accumulation of the SIX6 protein in the two 
transformants was confirmed by Western blotting (Fig. 5C). Six6 is present in many F. 
oxysporum strains (Fig. 1), but not in the Arabidopsis-infecting strain Fo5176 (Thatcher 
et al., 2012). Hence, this strain was used to assess a potential change in disease 
susceptibility to F. oxysporum in Arabidopsis due to expression of SIX6. Thirteen-day-
old seedlings were infected with Fo5176 and disease index was scored on a scale from 0 
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to 5, in which 0 means that no disease symptoms developed and 5 that plants are dead 
(Tab. S2), at either nine or 15 days after infection (Fig. 5D). No significant difference (p 
> 0,05) between disease symptoms on wildtype Col-0 and Col-0 35S::dSPSIX6-TAPi was 
observed, leading us to conclude that Six6 does not alter susceptibility of the plant to 
this strain of F. oxysporum. 

Figure 5: SIX6 does not alter growth of A. tumefaciens in N. benthamiana or susceptibility to V. dahliae, F. 
oxysporum or P. syringae. (A) In planta growth of A. tumefaciens carrying respectively SIX6, a positive control 
(AvrPto) or an empty vector (TAPi). Samples were taken 0, 2 or 4 days after N. benthamiana leaf infiltration. 
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Bacterial growth of the empty vector control and SIX6 did not differ, while the bacterial titer was significantly 
higher in the AvrPto control. Bars indicate standard deviation of three replicates. (*) indicates significant 
difference between TAPi and AvrPto in a student t-test (2 dpi p=0.0006, 4dpi p=0.02). (B, D and E) Bioassays 
were performed on Col-0 and two independent Col-0 35S::dSPSIX6-TAPi (Six6-1 and Six6-2) transformants. (B) 
Photographs showing disease development (chlorosis and slightly reduced stature) of three representative 
plants 23 days after mock (upper rows) or V. dahliae inoculation (lower rows). (C) Western blot showing 
the presence of the TAPi-tagged Six6 protein in A. thaliana leaf protein extracts of the Six6 transformants. 
Detection was done using the PAP antibody. M: protein marker (D) Disease index (Tab. S2) scored at 9 and 15 
days after F. oxysporum infection. Bars indicate standard deviation of 24 replicates. (E) Bacterial growth of P. 
syringae three days after infiltration (dpi). Bars indicate standard deviation of eight replicates. (*) indicates 
significant difference between the wildtype Col-0 and the Six6-2 transformant in a student t-test (p=0.02). 

To assess a potential contribution of Six6 to susceptibility of Arabidopsis towards another 
wilt-causing fungus, bioassays were performed using Verticillium dahliae. 21-day-old 
wildtype plants and the two SIX6 expressing A. thaliana lines were inoculated with V. 
dahliae spores and disease symptoms where scored 23 days after inoculation (Fig. 5B). 
The amount of chlorosis was scored (Materials and Methods) as a measure to quantify 
disease symptoms. As can be seen in Fig. 5B, disease symptoms were relatively weak 
and Six6 did not enhance or reduce symptom development on A. thaliana.

Finally, in planta growth of the plant-pathogenic bacterium P. syringae DC3000 was 
analysed. 22-day-old A. thaliana plants were syringe-infiltrated with P. syringae and leaf 
discs were collected from the infiltrated area at 3 dpi. A small, but significant, decrease 
in bacterial growth was observed (< 1 log cfu cm-2) in the 35S::dSPSIX6-TAPi line Six6-2 
compared to the untransformed line, but no difference was observed in line Six6-1 (Fig. 
5E). 

In summary, transient SIX6 expression does not increase susceptibility of N. benthamiana 
to A. tumefaciens, nor does SIX6 expression in A. thaliana enhance susceptibility to 
Fo5176 or V. dahliae. Furthermore, susceptibility of A. thaliana towards P. syringae was 
not consistently affected by expression of SIX6.

Six6 suppresses I-2 mediated cell death

Many effectors enhance virulence of a pathogen by suppressing cell death, a response 
that often accompanies plant defence (Guo et al., 2009; Stassen and Van den Ackerveken, 
2011). To test whether Six6 can interfere with cell death, the SIX6 gene was co-expressed 
with a set of cell death-inducing genes using agro-infiltration in N. benthamiana leaves. 
Since many R proteins can trigger cell death, representative members from different 
R gene families were selected. Four distinct solanaceae R genes (Rx, Pto, Cf4 and I-2) 
that respectively confer resistance to a viral, a bacterial and two fungal pathogens, were 
selected for analysis (Table 1). Co-expression of these R genes with their corresponding 
AVR genes triggers a cell death reaction generally referred to as a hypersensitive response 
(HR). As a positive control for a cell death suppression assay we tested whether Fol 
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Avr1 can be used. We reported before that Fol Avr1 suppresses I-2 mediated resistance 
of tomato (Houterman et al., 2008). To test whether Avr1 can suppress I-2 mediated 
cell death (I2CD) the I-2 gene was co-expressed with an AVR1 construct that lacks its 
signal peptide and prodomain (dPDAVR1) to assure that both proteins co-localise in 
the cytosol. In Fig. 6A, the suppressing effect of Avr1 on I2CD is compared with the 
effect of Six8, a Fol Six protein with a size similar to Avr1 and Six6. In contrast to Six8, 
Avr1 was found to suppress cell death and reduce necrosis of the overlapping area. To 
better visualise the contrast between the living green cells and the dead brown cells the 
dead cells were stained with Trypan Blue. As can be seen in Fig. 6A (right panel), the 
region where AVR1- and I-2/AVR2-expression overlaps showed a slightly reduced blue 
staining as compared to the Six8 control (Fig 6A). This is not due to a lack of expression 
as Western blot analysis shows accumulation of Six8 and the other two effectors (Fig 
6B). So, besides its suppressive effect on I-2 mediated resistance, Avr1 also suppresses 
I2CD, which makes it a proper positive control for a cell death suppression assay. 

Figure 6: Six6 suppresses I2-mediated cell death and ion leakage. Co-expression of AVR1, SIX6 and SIX8 with 
AVR2 and I-2. (A) Pictures of N. benthamiana leaves taken 48 hours after infiltration (hpi) (left panel) and 
visualization of cell death with Trypan Blue staining (right panel). Lower circle: agro-infiltration of I-2 and 
AVR2, upper circle: agro-infiltration of AVR1, SIX6 and SIX8 respectively. Effect on I-2 mediated cell death 
was scored in the overlap of the circles. (B) Accumulation of Avr1, Six6 and Six8 shown using a Western blot 
probed with the PAP antibody (all Six proteins carry a TAPi tag). Arrows indicate the expected position of the 
Avr1-, Six6- and Six8-TAPi fusion proteins. Ponceau S staining shows equal loading, M: protein marker. (C) and 
(D) conductivity of N. benthamiana leaf discs sampled from infiltrated leaf areas co-expressing I-2, AVR2 and 
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AVR1 (C) or I-2, AVR2 and SIX6 (D). Leaf discs were collected at 26 hpi and conductivity was monitored at 0, 
2 and 8 h after harvesting and compared to that of I-2, AVR2 and AVR2VM expressing regions present on the 
same leaf. Bars represent standard deviation of five replicates. (*) significant difference between the AVR2VM 

control and AVR1 (p=0.04) or SIX6 (p=0.002) in a student t-test.

Notably, SIX6-infiltration reduced I2CD to an even larger extent than Avr1, as exemplified 
by the reduced Trypan Blue staining (Fig 6A, lower panel). Since the SIX6 construct does 
not carry the sequence encoding the signal peptide (dSPSIX6) this implies that the Six6-
mediated suppression of the I2CD occurs inside the plant cell. Its cell death suppressive 
effect was exclusively observed for I-2 as Rx-, Pto- and Cf4-mediated HR were unaffected 
by Six6 (Table 1). Next, we analysed whether Six6 can also suppress programmed cell 
death (PCD) induced by non-R genes. INF1, encoding a Phytophthora infestans elicitor 
and Bax, encoding a mammalian protein inducing apoptopic cell death (APC) were co-
agro-infiltrated with SIX6. No cell death suppression was observed in either case (Table 
1) (data not shown). In summary, Six6, Iike Avr1, suppresses cell death triggered by the 
R protein I-2. Interestingly, this effect seems to be I-2 specific as cell death induced by 
other genes was unaffected by SIX6 co-expression. 

Table 1: Overview of cell death-inducing proteins tested in the Six6 suppression assay. CNL: Coiled-coil 
Nucleotide-binding Leucine-rich repeat protein, RLP: Receptor Like Protein.

Cell death 
triggering 

protein

Donor 
organism

Protein 
class

Conferring 
resistance to Recognition of Type of cell 

death (CD)
Suppression 

by Six6

I2 tomato CNL Fol Avr2 Hypersensitive 
response (HR) Yes

Rx potato CNL Potato virus X CP HR No

Pto potato CNL P. syringae AvrPto HR No

Cf4 tomato RLP Cladosporium 
fulvum Avr4 HR No

Inf1 Phytophthora 
infestans elicitor -------- -------- programmed 

CD No

Bax mouse elicitor -------- -------- apoptopic CD No

Six6 suppresses ion leakage accompanying I2CD  

Visual scoring of cell death is semi-quantitative. To measure cell death more 
quantitatively, ion leakage was measured, as it is known to accompany cell death (Coll et 
al., 2011). SIX6, AVR1 or SIX8 were co-expressed with AVR2 and I-2 using agro-infiltration 
in N. benthamiana. Twenty-six hours after infiltration leaf discs were collected from the 
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infiltrated area. These discs were transferred to water and conductivity of the solution 
was recorded for up to 12 h. For the first 10 h the conductivity curves were highly 
reproducible, but at later time points variation increases (data not shown). Therefore, 
two representative time points, 2 and 8 h after infiltration, were selected and these are 
depicted in Figure 6C and D. As negative control an Avr2 variant (Avr2VM) (Houterman 
et al., 2009) was used that is not recognized by I-2. Co-expression of AVR2VM with I-2 
and AVR2 resulted in an identical conductivity curve as co-expression of SIX8, validating 
its use as a negative control (Fig. S2). 

Eight hours after sampling, the AVR1-infiltrated leaf discs showed a significantly (p=0.04) 
lower conductivity than the AVR2VM control, which is in line with its ability to suppress 
I2CD (Fig. 6C). Conductivity in the SIX6-infiltrated discs was also significantly reduced 
at this time point as compared to the AVR2VM control (p=0.002) (Fig. 6D). Hence, cell 
death suppression by Avr1 and Six6 is accompanied by a significant suppression of 
I2CD-mediated ion leakage.

Six6-GFP is present in cell cytoplasm and nucleus

Determining the subcellular localization of a protein can provide insight in the processes 
it affects. Hence, the SIX6 gene without the sequence encoding the signal peptide 
(dSPSIX6) was fused to GFP and expressed in N. benthamiana leaves by agro-infiltration. 
As a reference, GFP alone was expressed using the same vector. The integrity of the 
Six6-GFP fusion after agro-expression was confirmed by Western blot analysis (Fig 
7C). At two dpi, leaves were harvested and fluorescence was visualised using confocal 
microscopy. In epidermal cells expressing solely GFP, green fluorescence was observed 
at equal intensities in cytoplasm and nucleus (Fig. 7B). Expression of dSPSIX6-GFP also 
resulted in green fluorescence in both the cytoplasm and the nucleus, however in this 
case fluorescence appeared stronger in the nucleus than in the cytoplasm, suggesting a 
nuclear preference for the Six6-GFP fusion protein (Fig. 7A and 2x magnification). 

In conclusion, upon agro-infiltation Six6-GFP localizes in both the nucleus and in the 
cytoplasm suggesting that it is freely diffusible and is not tethered to a membrane or 
localized in a specific organelle.  
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Figure 7: Six6-GFP is localized in the cytoplasm and cell nucleus in N. benthamiana leaves upon agro-
infiltration. Confocal image of leaves agro-infiltrated with (A) dSPSIX6-GFP (left and right at a two times 
magnification) or (B) GFP alone. Fluorescence in the leaf epidermal cells was determined 24 hpi with confocal 
microscopy using an excitation wavelength of 488 nm and a 40 times magnification. Each panel consists of a 
picture taken with a 650 nm long path filter (upper left) for plant autofluorescence, with a 520-550 nm band 
path filter (upper right) for GFP, transmitted light (lower left) and a stack of all three pictures (lower right). 
Arrows indicate different cell organelles (Cp cytoplasm, N nucleus, Ch chloroplast). Correct size of the fusion 
proteins was confirmed by Western blotting of leaf protein extracts using an anti-GFP antibody (C). Ponceau 
S staining as loading control. M: protein marker. 

Discussion

Fol effectors differ in their distribution within the F. oxysporum species complex. 
Whereas some are highly Fol-specific others are also found in other formae speciales. 
Six6 is not only present in other formae speciales of F. oxysporum but two homologs 
are also present in C. higginsianum and C. orbiculare. The Six6 homologs in the F. 
oxysporum complex are more related to Fol Six6 than the ones from C. higginsianum 
and C. orbiculare. This might reflect independent evolution of the gene in the genus 
Colletotrichum and Fusarium after speciation. However, since Six6 is not found in 
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other Fusarium or Colletotrichum species nor in other genera, another possibility is 
that SIX6 was exchanged between Colletotrichum and F. oxysporum after speciation by 
horizontal gene transfer and then evolved at different rates within the respective fungal 
species. If so, transfer did not occur recently as their Six6 sequences have considerably 
diverged. Despite the relatively low conservation of Six6 between the two genera, three 
conserved C-terminal motifs can be discerned. These motifs might represent regions 
with conserved structural or biochemical functions and are good targets for future 
structural and functional analysis.

SIX6 is expressed in planta during infection and is essential for full virulence of Fol. 
Rather surprisingly, deletion of SIX6 affected merely plant weight but not the disease 
index of infected tomato plants. Clearly, the SIX6 knockout still has the capacity to cause 
severe vessel browning when evaluated three-weeks after infection (Fig S1). The high 
residual plant weight suggests that the infection process is slower, allowing the plant to 
continue to grow during early stages of infection. This interpretation is supported by 
the observation that plant weight is highest for plants inoculated with strains ΔSIX6-3 
and ΔSIX6-3+SIX6-4, that have a relatively low amount of fungal biomass based on their 
FEM1 expression (Fig. 4).  Remarkably, all Fol effector mutants analysed so far (AVR1, 
AVR2, AVR3 and SIX6) are compromised in virulence, which implies limited redundancy 
among Fol effectors. This notion corresponds with the relatively small number of 
candidate effector genes encoded on the pathogenicity chromosome (16) and the 
limited number of candidate effector proteins found in the xylem sap (14) (Houterman 
et al., 2007; Lievens et al., 2009; Ma et al., 2010; Schmidt et al., 2013). 

Although Six6 is a virulence factor for Fol, transient expression of SIX6 did not affect 
growth of the bacterium A. tumefaciens. Also, stable expression of SIX6 in A. thaliana did 
not alter its susceptibility to the plant pathogenic bacterium P. syringae nor to the fungal 
pathogens V. dahliae and F. oxysporum. This result could be explained by the presumptive 
Six6 host target being I) not present in this plant species, II) not present in the cytosol or 
III) not required for susceptibility to the aforementioned pathogens. Alternatively, IV) 
these pathogens might carry effectors whose activity is similar to that of Six6, concealing 
the effect of the expression of this gene. As no Six6 homologs are present in Fo5176, P. 
syringae or V. dahliae, such effectors would then not be related at the sequence level. 
We favour the fourth option as we found Six6 to be conserved in F. oxysporum strains 
infecting diverse hosts such as melon, banana, cotton, cucumber, watermelon, and 
passion fruit. The gene is also present in C. higginsianum that infects A. thaliana, and C. 
orbiculare, which causes disease in cucumber and melon, making alternative I) unlikely. 
An argument to reject II) comes from our suppression assays, in which cytosolic Six6 
was found to suppress I2CD in N. benthamiana. Hence, at least the Six6 target involved 
in I2CD disturbance must be present intracellularly in N. benthamiana. Interestingly, 
suppression of I2CD seems to be a specific feature of the Six6-target, as no suppression 
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of cell death was found when SIX6 was co-expressed with other R/AVR gene-pairs, 
INF1 or the cell death inducing protein Bax (Tab. 1). This finding is surprising as in 
agro-infiltration assays cell death suppressing effectors typically act more broadly as 
exemplified by AvrPtoB, HopPtoE and HopPtoF from P. syringae, suppressing cell death 
accompanying both HR and apoptopic cell death (APC) (Jamir et al., 2004; Abramovitch 
et al., 2006). Also P. infestans and P. sojae effectors suppress various types of cell death 
like APC, programmed cell death (PCD) and HR mediated by different R proteins (Dou 
et al., 2008; Kelley et al., 2010; Gilroy et al., 2011; Wang et al., 2011). Besides effectors 
from bacteria and oomycetes, also SPRYSEC-19, an effector of the nematode Globodera 
rostochiensis, suppresses cell death mediated by several CC-NB-LRR immune receptors 
(Postma et al., 2012). To our knowledge, only the effector CgDN3 from C. orbiculare 
suppresses specifically only one form of cell death: the one mediated by the secreted 
protein NIS1 (Yoshino et al., 2012). Possibly, Six6 is a weak suppressor, and I2CD may 
be relatively easy to suppress as I-2 mediated resistance to AVR2-carrying Fol strain 
typically does not involve HR (Beckmann, 2000). The I2CD observed in N. benthamiana 
might be an anomaly due to overexpression of I2-AVR2 in this heterologous system, 
resulting in a cell death response, which may be easier to suppress than that induced by 
R genes that do rely on HR for their function (Thomma et al., 2011).

With the host target of Six6 remaining unidentified, we can only speculate on how 
Six6 contributes to virulence of Fol on susceptible plants. The localization of GFP-
tagged Six6 in nucleus and cytoplasm N. benthamiana leaves upon transient expression 
suggests that the effector target could be localised in either, or both, of these subcellular 
compartments. It has been shown that I-2 activation requires Avr2 recognition in the 
nucleus (Ma et al., 2013) and nuclear localised Six6 might interfere with this event, 
thereby suppressing I2CD. Yet, its capacity to suppress I2CD is insufficient to suppress 
I-2 function in tomato, as I-2 plants are resistant to SIX6-expressing Fol strains. However, 
I-2-mediated resistance to Fol is not absolute and growth of the fungus in the xylem 
vessels of roots and stems of resistant plants is frequently observed (Elgersma et al., 
1972; our unpublished results). Possibly, some of this fungal growth is due to partial, 
Six6-mediated suppression of I-2, implying that fungal growth of a SIX6 knockout on a 
resistant plant will be reduced. Unfortunately, the reduction of fungal biomass already 
observed upon infection of susceptible plants by the SIX6 knockouts (Fig. 4) prevented 
us from testing this hypothesis. This virulence phenotype on susceptible plants also 
suggests that Six6 has other effects on host susceptibility than (partial) suppression of 
I-2-mediated host responses.

Future work should include experiments aimed at identification of the Six6 host 
target(s), to uncover how this effector contributes to virulence of Fol towards tomato 
and suppression of I2CD in N. benthamiana. It will also be interesting to see whether the 
Six6 homologs found in other plant pathogens are also required for full pathogenicity. 
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Materials and Methods

Alignment

The Six6 protein alignment was performed with ClustalW and Seaview (http://www.ebi.
ac.uk/Tools/msa/clustalw2/ and http://pbil.univ-lyon1.fr/software/seaview.html). 

Plant material, fungal and bacterial strains

Tomato variety C32 was used for the Fol-inoculation assays and is susceptible to 
all Fol races (Kroon and Elergsma, 1993). A. thaliana ecotype Col-0 was used for 
transformation and the disease assays with V. dahliae JR2 (kindly provided by B. 
Thomma, WUR, Wageningen, NL), P. syringae pv. tomato DC3000 (Whalen et al., 1991) 
and Fo5176 (originally isolated by Queensland Plant Pathology Herbarium, Queensland 
Department of Primary Industries and Fisheries, Brisbane, Australia). All Fol-gene 
deletion lines were generated in a Fol007 background (kindly provided by L. Davidse 
(France)), a race 2 isolate non-pathogenic on tomato plants carrying I-2 or I-3. 

Agro-infiltrations were performed using the disarmed A. tumefaciens strain 
GV3101::pMP90 (Koncz and Schell, 1986), A. tumefaciens mediated transformation of Fol 
was done with the strain EHA105 (Hood et al., 1993) and for A. thaliana transformation 
the strain Agl-0 was used (Lazo et al., 1991).

RNA isolation and RT-PCR 

Ten-day-old tomato seedlings were inoculated with Fol007, the SIX6 knockout strain 
or the knockout strain complemented with SIX6 with the root dip method (Wellmann, 
1939) and then potted in vermiculite (Agra-vermiculite, Eveleens, Aalsmeer, the 
Netherlands). Ten days after inoculation the roots were cut below the hypocotyls, 
rinsed twice with water and dried with tissues. The root samples were ground in liquid 
nitrogen. Total RNA from the samples was extracted with TRIzol LS reagent (Invitrogen) 
and subsequently purified with RNeasy Mini kit (Qiagen). DNA was removed by on-
column treatment with RNase-free DNase (Qiagen). cDNA was synthesized using the 
M-MulV reverse transcriptaseRNase H minus kit (Fermentas, Thermo Scientifc). Either 
primer pair FP1995/FP1996 or FP2155/FP2156 (list of all primer sequences Tab. S3) 
were used to amplify SIX6 from cDNA. FEM1 was amplified using primer pair FP157/
FP158. 

To assess SIX6 expression of Fol grown in artificial medium 0,5 ml of 107 spores/ml 
of Fol4287 (race 2) were added to 4,5 ml of a one-week-old tomato MSK8 cell culture 
grown in BY-medium (Felix et al., 1991) or to NO3-medium (100 mM KNO3, 3% sucrose 
and 0.17% Yeast Nitrogen Base without amino acids or ammonia). After 24 hours of 
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incubation at 22°C, the material was harvested, washed two times with sterile water 
and freeze-dried. RT-PCR was performed as described above but DNase (Fermentas) 
treatment was executed before cDNA synthesis.

Construction of the SIX6 knockout- and complementation-constructs 

To generate a SIX6 gene deletion, a 1328 bp upstream sequence (starting 36 bp 5’ of the 
SIX6 start codon) was amplified by PCR using primers FP1509 and FP1510, carrying 
either an XbaI or a HindIII site. The PCR product was inserted into the binary vector 
pRW2h (Houterman et al., 2008) upstream of the hygromycine resistance cassette. An 
836 bp fragment starting 124 bp after the SIX6 start codon containing an internal BssHII 
site was amplified using the primers FP1511 and FP1512 and BssHII digested. The 
resulting 676 bp fragment was inserted into a StuI/BssHII digested vector downstream 
of the Hygromycine cassette.

The complementation construct was generated using primers FP1727 carrying a BcuI 
(SpeI) linker and FP1728. PCR amplification resulted in a 1,9 kb fragment starting 1023 
bp upstream of the SIX6 start codon and ending 261 bp downstream of the stop codon. 
The fragment was integrated into a XbaI / Eco147I (StuI) digested pRW1p vector. 

Construction of binary vectors for agro-infiltration

SIX6 was PCR-amplified from genomic DNA of Fol007 (race 2). Forward primer FP2423 
generated a truncated SIX6 gene lacking the sequence encoding its signal peptide. To 
allow C-terminal tagging of Six6, a PCR-amplification was also done with the FP2204 
reverse primer that removes the stop-codon. To generate a similar fragment for SIX8, 
the gene was amplified using primers FP2838 and FP2206 from cDNA isolated from 
Fol007-infected tomato roots. AVR1 lacking the sequence encoding it’s signal peptide and 
prodomain was obtained by PCR-amplification using primers FP2292 and FP2202 on 
cDNA of Fol001 (race 1)-infected tomato roots. To all PCR products Gateway attB flanks 
were added in a subsequent PCR-amplification with primers FP872 and FP873. The 
obtained attB PCR products were recombined via entry clone pDONR207 (invitrogen) 
into binary vectors CTAPi (Rohila et al., 2004) and pGWB451 following the Gateway 
protocol (Invitrogen). All primers were purchased from MWG (Germany). AVR2 and I-2 
carrying constructs have been described previously (van Ooijen et al., 2008; Houterman 
et al., 2009).

Agro-infiltration of N. benthamiana

Agro-infiltrations were performed according (Ma et al., 2012) as described. In brief, A. 
tumefaciens strain GV3101 carrying the construct of interest was grown until OD600 0.8 
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in LBtum medium supplemented with 20 µM acetosyringone and 10 mM MES, pH 5.6. The 
cells were resuspended in infiltration medium (5g/l MS salts, 20g/l sucrose, 200 µM 
Acetosyringone, 10 mM MES pH 5.6) to a final OD600 1.0 when used for in planta protein 
expression or localization studies. For suppression assays A. tumefaciens suspensions 
were diluted to an OD600 of 0.5 or 0.3. 

Protein Extraction and Western blotting 

To determine accumulation of GFP- or TAPi-tagged recombinant proteins, agro-
infiltrated N. benthamiana leaves were harvested 24 – 48 hours post infiltration (hpi) 
and frozen in liquid nitrogen. Protein extraction was done as described previously (van 
Ooijen et al., 2008; Ma et al., 2012), 0.5 g of frozen plant tissue was ground in liquid 
nitrogen and allowed to thaw slowly in 1ml extraction buffer (25 mM Tris pH 7.5; 1 mM 
EDTA, 150 mM NaCl; 5 mM DTT; 1x Roche Complete protease inhibitor cocktail; 2 % 
PVPP; 0,1 % NP-40). The extract was centrifuged at 13000 rpm at 4°C for 30 min and 
the supernatant was filtered through miracloth (http://calbiochem.com). The protein 
concentration was determined by measuring the OD280 on a spectrophotometer (Hitachi 
U-2900) and equal amounts of proteins were loaded on a 12% SDS-polyacrylamide gel. 
For protein detection proteins were wet blotted on PVDF membranes and equal loading 
and transfer was confirmed by staining the blot with 2 % Ponceau S in 5 % acetic acid. 
Subsequently, membranes were blocked with 5 % milk in Tris-buffered saline (TBS) 
and GFP or TAPi-tag fusion proteins were detected with a @GFP- (VXA6455, Invitrogen) 
(1:3000 diluted) or @PAP-antibody (Sigma P1291) (1:5000 diluted), which is linked 
to horseradish peroxidase. In case of GFP-detection a goat-@rabbit antibody (Pierce 
P31430) (1:8000 diluted) was used as secondary antibody. In either case the signal 
was detected using enhanced chemiluminescence (ECL) (ECL Plus Western bloting 
Detection System (GE Healthcare)).

Confocal microscopy

In planta accumulation of Six6-GFP after agro-infiltration was visualised using confocal 
microscopy (Zeiss LSM 510).  An Ar-laser (intensity set at 22 %) was used for excitation 
at 488 nm.  Fluorescence was detected with a 520-550 nm band path filter for GFP and 
autofluorescence of the plant tissue was recorded using a 650 nm long path filter. Scans 
were taken with the C-Apochromat 40X1.2 Wcorr objective. 

Visualization and quantification of the hypersensitive response

For quantification of cell death three leaf discs with a diameter of 7 mm were collected 
per agro-infiltrated sector 27 h after agro-infiltration. The leaf discs were washed in 
50 ml water for 30 min while shaking at 100 rpm. Afterwards the discs were placed, 
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with their abaxial sides facing downwards, in a well containing 3 ml 0.01% Silwet –L77. 
The leaf discs were vacuum-infiltrated and the 12 well-culture plates (Greiner) were 
incubated at room temperature under TL-light (25 lux) while shaking at 100 rpm. 25 
µl of the solution was sampled every 1 to 2 h for 12 h and conductivity was determined 
with a TwinCond conductivity meter (Horiba). 

To visualize cell death leaves were stained with Trypan Blue (Ma et al., 2012). Thereto 
50 ml of staining solution (100 ml lactic acid (DL Sigma L-1250), 100g phenol, 100 ml 
glycerol, 100 ml H2O, 100 mg trypan blue) was mixed with 50 ml 96% EtOH and heated 
in a water bath until boiling. Up to 3 leaves were added together to the boiling solution 
and allowed to stain for 5 min. Leaves were destained with 2.5 mg/ml chloral hydrate 
solution overnight and scanned using an Perfection 1200 Scanner (Epson, USA).  

A. tumefaciens growth curves

A. tumefaciens  growth curves were measured as described (Hann and Rathjen, 2007). A. 
tumfaciens GV3101 carrying the appropriate constructs was agro-infiltrated at an OD600 
of 0.05. Two leaf discs were harvested from each agro-infiltrated area 0, 2 or 4 days post-
inoculation. Bacteria were extracted in 500 µl 10 mM MgSO4 after homogenising the leaf 
material by adding two metal beads (2.5 mm diameter) and placing the tube for 2.5 
min in a paint shaker (Fast and Fluid management, IDEX Corporation). Serial dilutions 
of the homogenate were made and 20 µl of each dilution (typically 10-3, 10-4, 10-5) was 
plated on LBtum (10 g l-1 tryptone, 5 g l-1 yeast extract, 2.5 g l-1 NaCl) supplemented with 
Rifampicin (20 µg/ml). After two days of incubation at room temperature the colony 
forming units (cfu) were counted and the cfu/cm2 valued was calculated. Each sampling 
was performed in three technical and five biological replicates. Significance was tested 
with a paired student t-test (p < 0.05).  

Plant inoculations

Ten-day-old tomato seedlings were uprooted from the soil. The seedlings were placed 
for 5 min in a five-day-old Fol spore suspension (107 spores/ml) and potted. Disease 
progression was evaluated after three weeks. Thereto plant weight and disease index 
(Rep et al., 2004) were scored (Fig. S1) of 20 plants/treatment. Significant differences 
between treatments were tested using ANOVA. 

Inoculation of A. thaliana plants with V. dahliae JR2 and scoring of the disease index 
was done as described (Yadeta et al., 2011). A. thaliana was grown under short day 
conditions in a climate chamber (21°C/ 70% relative humidity/ 11 h photoperiod). 
After 21 days the plants were carefully removed from the soil and the roots were 
placed in a V. dahliae spore suspension (106 spores/ml) for 5 min. Thereafter the plants 
were transferred to fresh soil. After two to three weeks the first disease symptoms 
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developed. Disease symptoms were scored visually by measuring the size of the plants 
and evaluating development of chlorosis on the leaves (Yadeta et al., 2011). 

5 ml of the spore suspension (106 spores/ml) of a F. oxysporum Fo5176 culture was 
added directly to the soil of 13-day-old A. thaliana seedlings growing on a soil/sand mix 
(ratio 1:1). The disease index was scored on a scale from 0 (no disease symptoms), 1 
(one or two leaves with yellow vessels), 2 (lowest full developed leaves show chlorosis), 
3 (all full developed leaves show chlorosis), 4 (all leaves show chlorosis, including the 
rosette of new developed leaves) to 5 (plant is dead) at nine and 15 days after inoculation 
(Tab. S2).

Pseudomonas syringae was cultured overnight in King’s B medium (King et al., 1954) 
and resuspended in 10 mM MgSO4 to a final OD of 0,0007. The bacteria were syringe-
infiltrated into the leaves of 22-day-old A. thaliana plants. Three days after inoculation 
leaf discs (0,5 cm) were collected and the bacteria were extracted in 10 mM MgSO4. 
Different dilutions (typically 10-3, 10-4, 10-5) of the bacteria suspension were plated on 
King’s B.

Transformation of Fol, targeted deletion and complementation of SIX6 

Transformation of Fol was mediated by A. tumefaciens transformation (Takken et al., 
2004). Thereto spores of a five-day-old Fol culture were isolated and resuspended in 
IM (10 mM glucose, 10 mM K2HPO4, 10 mM KH2PO4, 2.5 mM NaCl, 4 mM (NH4)2SO4, 
0.7 mM CaCl, 2 mM MgSO4, 9 µM FeSO4, 0.5 % (w/v) glycerol, 40 mM MES pH 5.3) 
supplemented with 200 µM acetosyringone to a final concentration of 2·106 spores/
ml. A. tumefaciens containing the binary vector of interest was grown for 24 h in 2x 
Yeast extract and Tryptone medium (2x YT) supplemented with the appropriate 
antibiotics. Then the cells were resuspended in 10 ml IM to OD 0.45 and incubated for 
6 h at 28°C. 2 ml of each of the Fol and the A. tumefaciens resuspensions were mixed 
and aliquots of 25 µl were transferred to ME25 filters placed on co-cultivation plates 
(same as IM but containing 5 mM glucose) solidified with 1.5 % Bacto-agar. After 
two days of incubation at 25°C the filters were transferred to CDA (Czapek Dox Agar) 
containing cefotaxime and hygromycin or zeocin (both 100 µg/ml). Plates containing 
with zeocin were buffered with 0.1 M Tris, pH 8.0. Putative transformants appeared 
after two to four days and monospores were made for further analysis. Absence of SIX6 
in hygromycin resistant transformants was tested using primer pair FP1490/FP1491. 
In locus insertion of the knockout cassette was confirmed by PCR using primer pairs 
FP745/FP2264 (right border) and FP2266/FP659 (left border). Presence of SIX6 in the 
SIX6 knock-out complementation strains was also confirmed by PCR using three primer 
pairs, of which one (FP745/FP1961) amplified the region upstream of SIX6 and a part 
of the SIX6 coding region, and the other two primer sets (FP1995/FP2218 and FP1959/
FP746) amplified the region downstream of SIX6 and a part of the SIX6 coding region.
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Transformation of A. thaliana using the floral dip method

A. thaliana plants were grown in a 12 h photoperiod at 70% relative humidity and 21°C. 
The first inflorescence was removed to boost flower production. A. tumefaciens carrying 
the dSPSIX6-TAPi was grown in 250 ml LBtum supplemented with spectinomycin (100 
µg/ml) over night. The bacteria were resuspended in 5 % sucrose to a final OD 0.8 and 
0.02 % Silwet was added. The flowers were dipped in the bacterial suspension, wrapped 
in plastic foil to increase humidity and protected against direct light. The dipping was 
repeated after one week. After seed harvest and sterilization the seeds were plated on 
MA plates (2.2g/l MS incl. gamborg B5 vitamines, 36.7 mg/l FeNaEDTA, MES, pH 5.8, 
0.7 % Daishin agar) containing 100 µg/ml nystatin and 10 µg/ml phosphinothricin. 
Resistant plants were propagated and homozygous plant lines carrying single SIX6 
T-DNA insertions were selected after segregation analysis. Six6 protein expression was 
analysed by extracting the proteins from leaf material (100 mg) in urea buffer (9.5 M 
Urea, 100 mM Tris pH 6.8, 2 % SDS, 2% β-mercaptoethanol) following detection of their 
attached TAPi-tag by western blot analysis. 
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Supplementary data

Table S1 related to Figure 3: List showing clusters (a-f) of treated plants based on the plant weight or 
disease index. Significance was tested with ANOVA (Fisher PLSD significant at 95%). 

Figure 3B

Weight

ΔSIX6-3+SIX6-4 a

mock a b

ΔSIX6-3+SIX6-3 a b c

ΔSIX6-3+SIX6-1 b c d

ΔSIX6-3 b c d

ΔSIX6-3+SIX6-2 c d e

ΔSIX6-3+SIX6-5 d e

Fol007 e

Disease index

Fol007 a

ΔSIX6-3+SIX6-5 a

ΔSIX6-3+SIX6-2 a b

ΔSIX6-3+SIX6-3 b c

ΔSIX6-3 b c

ΔSIX6-3+SIX6-1 c

ΔSIX6-3+SIX6-4 d

mock e

Figure 3A

Weight

mock a

ΔSIX6-1 b

ΔSIX6-2 b c

ΔSIX6-3 c d

ΔSIX6-4 c d

ΔSIX6-5 c d

ΔSIX6-6 d e

Fol007 e f

ect-1 e f

ect-2 f

Disease index

ect-2 a

ect-1 a

ΔSIX6-4 a

ΔSIX6-6 a

Fol007 a

ΔSIX6-2 a

ΔSIX6-5 a

ΔSIX6-3 a b

ΔSIX6-1 b

mock c

Table S2: related to figure 5D: Disease index of Arabidopis thaliana plants infected with Fo5176.

Disease index Symptoms 9 dpi Symptoms 15 dpi

0 no symptoms no symptoms

1 plant smaller, mild chlorosis of a 
few vessels

normal size, a few yellow vessels

2 clear chlorosis of the vessels reduced size, clear yellow vessels

3 chlorosis of the vessels, completely 
yellow leaves

reduced size, yellow vessels, leaves with full 
chlorosis

4 whole plant chlorotic, sometimes 
fungus growing out

very small plants, only top leaves still green, 
no fungus

5 plant is dead fungus all over the plant, or plant dead
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Table S3: List of oligonucleotides used in this study.

Primer name Oligomer sequence

FP157 ATGAAGTACACTCTCGCTACC
FP158 GGTGAAAGTGAAAGAGTCACC
FP659 TAGAGATCATGCTATATCTC
FP745 GCATGTTTCTTCCTTGAACTCTC
FP746 TGCGCAACTGTTGGGAAGGG
FP872 GGGGACAAGTTTGTACAAAAAAGCAGGCT
FP873 GGGGACCACTTTGTACAAGAAAGCTGGGT 
FP1490 CTCTCCTGAACCATCAACTT
FP1491 CAAGACCAGGTGTAGGCATT
FP1509 AAATTAATTAATCCGACTGCAAGGAGCTAAT
FP1510 AAAGGTACCCATGGGATGTGACAGGACA
FP1511 GAAGAGTTTGAACCACCGAA
FP1512 ATCGCCGCTCCAATGTGCAT
FP1727 AAAACTAGTGTTGCGGATGACGACAATAC
FP1728 GTCAGAGGGCTTTAGAAGTT
FP1959 GACATGCGTACATTCATGAC
FP1961 GCCTTCGGTGGTTCAAACTC
FP1995 AAGCTCGCTCTTATCGCATC
FP1996 AACTGGAAATTGTCGCTGCT
FP2155 AGAGTTTGAACCACCGAAGG
FP2156 CTCGCCGAAGTAGCTGATCT
FP2202 AAAAAGCAGGCTCCATGTCTGCTCATACCGAG
FP2204 AGAAAGCTGGGTCTGTCATGAATGTACGCATGTCCCT
FP2206 AGAAAGCTGGGTCGCGGAAATTGTGTAGAAACTGGAC
FP2218 GAAGATACAGGCTGTTCTCA
FP2264 GTTCTTACACGGAGTCCTTA
FP2266 GAAACAGTCGAAGATATAAG
FP2292 AGAAAGCTGGGTCAGCTAAGTTAAGTGTACCTTG
FP2423 AAAAAGCAGGCTCCATGGGTCCCCTTGCTCAAACC
FP2838 AAAAAGCAGGCTCCATGACGCCTATTGATAAGAGC

Figure S1: 
Fol disease index (DI) scores. Typical examples of (A) 
Fol-infected tomato plants representing the disease 
index classes 0 to 4 (D1-D4) and (B) cross section of 
the stems cut just underneath the cotyledons (upper 
row) or at the height of the cotyledons (lower row). 
0 = no symptoms, 1 = one or two brown vascular 
bundles in the stem below the level of the cotyledons, 
2 = one or two brown vascular bundles at the level 
of the cotyledons (no strong growth distortion, but 
plants can be smaller), 3 = at least three brown 
vascular bundles and growth distortion (strong 
bending of the stem and asymmetric development), 
4 = all vascular bundles are brown, plant either dead 
or small and wilted. 
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Figure S2: 
Six8 and AVR2VM do not suppress ion 
leakage. Conductivity assay performed 
with agro-infiltrated N. benthamiana leaf 
discs. AVR2, I-2 and SIX8 or AVR2, I-2 and        
AVR2VM were co-expressed on different 
halves of the same leaves and leaf discs were 
sampled at 26 hpi. Bars represent standard 
deviation (N=5). No significant differences 
in ion leakage were observed between Six8 
and Avr2V M in a student t-test (p<0.05)
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Abstract

To facilitate infection plant pathogens secrete effector proteins. Some effectors convert 
onto pivotal elements of the host immune system called hubs; hence effectors can be 
used as molecular baits to identify those hubs. The soil-born and xylem colonizing 
fungus Fusarium oxysporum f. sp. lycopersici (Fol) is the main cause of tomato wilt 
disease and belongs to a clade of host-specific plant-pathogens, infecting several 
economical important crops like banana and cotton. As yet 14 ”secreted in xylem” 
proteins (Six proteins) have been identified representing potential Fol effectors. Six8 
is conserved in several formae speciales, secreted during infection, and encoded by a 
multi copy gene family, implying it as a putative core effector for F. oxysporum ff. spp. We 
here show that Six8 modulates the cell death response mediated by the Phytophthora 
infestans elicitor Inf1. Protein-protein interaction assays revealed an interaction 
between Six8 and TOPLESS (TPL), a conserved transcriptional co-repressor involved in 
various developmental processes in land plant species. Most likely TPL represents the 
virulence target through which Fol hijacks signaling processes like the change in gene 
expression associated with plant hormones such as jasmonic acid, auxin or ethylene. 
Remarkably, expression of SIX8 in Arabidopsis thaliana ecotype Col-0 did not induced 
a TPL-related phenotype, but instead a temperature-dependent stunting phenotype 
with elevated salicylic acid levels. Genetic analyses revealed that the Six8 phenotype 
requires the presence of SNC1, encoding a TIR-NB-LRR protein previously shown to 
interact with TPL. These finding suggests indirect recognition of Six8 via TPL by SNC1, 
and the subsequent activation of the plant immune response and concomitant stunting 
phenotype. 
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Introduction

The causative agents of plant disease include pathogenic nematodes, viruses and 
microorganisms, such as bacteria, fungi and oomycetes (Agrios, 2005). From those, 
filamentous fungi cause the most devastating diseases that represent a worldwide 
threat to food and feed security (Fisher et al., 2012). Plants protect themselves against 
infection with a multi-layered immune system; the first line of defense is activated upon 
perception of pathogen associated molecular patterns (PAMPs) by pattern recognition 
receptors (PRRs). This defense response, also called PAMP triggered immunity (PTI), 
triggers immunity against a broad classification of microbes (Dodds and Rathjen, 
2010; Beck et al., 2012). Specialized plant pathogens, however, can overcome PTI by 
for instance the secretion of so-called effector proteins (Hogenhout et al., 2009; Giraldo 
and Valent, 2013). These effectors manipulate biochemical processes in the host to aid 
susceptibility by targeting cellular processes such as ubiquitination, defense signaling, 
cell-wall plasma membrane attachment, or they act in the apoplast as protease- or 
peroxidase-inhibitors or chitin binding factors (Giraldo and Valent, 2013). 

The second line of plant defenses is triggered by recognition of specific effectors by 
products of so-called resistance genes (R genes). Effectors recognized by R proteins are 
called Avirulence (Avr) proteins as they impede virulence of the pathogen on a host 
carrying a matching R gene. Many R genes have been cloned during the last two decades 
and the majority encodes nucleotide-binding site leucine-rich repeat (NB-LRR) proteins 
(Jones and Dangl, 2006; Dodds and Rathjen, 2010). Recognition of Avr proteins can 
occur either by a direct interaction with the R protein or indirectly by monitoring the 
action of an Avr on a host target protein (van der Hoorn and Kamoun, 2008; Collier and 
Moffett, 2009). The effector baits can be genuine virulence targets, or decoys developed 
by the host to monitor the presence of the pathogen. The indirect recognition model 
is also referred to as the bait-and-switch model as bait manipulation by the effector 
triggers activation of the resistance protein (Collier and Moffett, 2009). This second 
layer of resistance, also called effector triggered immunity (ETI), can sometimes be 
broken by the action of specific effectors, like Avr1 from F. oxysporum f. sp. lycopersici 
that enables Fusarium to break resistance mediated by the tomato R genes I-2 and I-3 
(Houterman et al., 2008).

Identification of effector functions and effector targets allows unraveling the molecular 
mechanism underlying pathogenicity. Hence effectors can potentially be used as 
molecular probes to dissect the plant immune system (Rovenich et al., 2014). Some 
effectors converge onto pivotal elements of the plant immune system called hubs 
(Mukhtar et al., 2011). Identification of these hubs might reveal the key elements of the 
immune system that a pathogen must manipulate in order to successfully infect its host. 
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The soil-born fungus Fusarium oxysporum is host specific and according to its host the 
species is divided into formae speciales. These formae speciales infect a broad range of 
economical important crops like banana and cotton (Armstrong and Armstrong, 1981; 
Katan, 1999; Katan and Di Primo, 1999). F. oxysporum effectors can be classified in core-
effectors, which are present in many different formae speciales, and in formae speciales-
specific effectors (Lievens et al., 2009; Chakrabarti et al., 2011). The evolutionary 
conservation of a core-effector implies a conserved effector-target being present in 
the different hosts. F. oxysporum f. sp. lycopersici (Fol), causing tomato-wilt disease by 
invading the xylem vessels (Tjamos and Beckman, 1989), is one of the best-studied 
members of this clade due to the availability of the host’s and pathogen’s genomes 
and their molecular accessibility, making this interaction a perfect model for the 
identification and study of (core) effectors and their targets.  

Fol effectors are also called Six proteins as they are secreted in xylem (Houterman et 
al., 2007). Notably, most SIX genes are located on a mobile lineage-specific chromosome 
that can be transferred from one strain to another by horizontal chromosome transfer 
(Ma et al., 2010). From the Six proteins, Avr1 (Six4), Avr2 (Six3), Avr3 (Six1) and Six6 
have been shown to represent genuine effectors (Rep et al., 2005; Houterman et al., 
2007; Houterman et al., 2009; Gawehns et al., 2014). Six8 is conserved in several 
ff.spp. and is the only Fol Six protein that is encoded by a multiple copy gene located on 
different chromosomes (Schmidt et al., 2013). Due to its expression during Fol infection 
and accumulation in the xylem sap, it presumably has important function for  virulence 
and might be a core-effector. Here ability of Six8 to manipulate host immunity was 
assessed and its target in the host was identified. 

Results

SIX8 is a multi-copy gene and is conserved in the species F. oxysporum

SIX8 encodes a 141 amino acids (aa) long protein with an estimated weight of 15 kDa. 
Six8, also named Fol Six8a, has been identified in the xylem sap of Fol-infected tomato 
plants (Schmidt et al., 2013). In line with its extracellular location the protein carries 
an 18 aa long predicted signal peptide (SP) resulting in a 13 kDa mature protein after 
cleavage. The mature protein is slightly hydrophilic (grand average of hydropathicity  
-0,034) and negatively charged (11 positive charged aa vs. 13 negative charged aa) 
resulting in a theoretical pI of 6,16. To assess SIX8 expression during infection, total RNA 
was isolated from Fol infected and uninfected tomato roots at different time points after 
infection. In an RT-PCR reaction the SIX8 transcript could be amplified from infected, 
but not from uninfected tomato roots, which shows that Six8 is expressed at early and 
later time points during infection at four to 15 days after inoculation (Fig. 1). 
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Figure 1: SIX8 is expressed at early and late stages of Fol infection. Ethidium bromide stained agarose gel 
with RT-PCR products of RNA isolated from roots of tomato seedlings inoculated with mock (les) or Fol 4287 
(les/4287) and harvested T1 (4d), T2 (8d), T3 (12d) and T4 (15d) after inoculation. Genomic Fol4287 DNA 
was used as positive control (+). (-) water control. M= MassRuler Low range DNA ladder.

SIX8 is a unique Fol effector, in that the genes encoding this effector and its homolog 
(Six8b) are present in multiple copies throughout the Fol genome (Schmidt et al., 2013). 
SIX8a and SIX8b are distributed over the subtelomeric regions of Fol chromosomes 2, 3, 
6, 7 and 14 in respectively nine and four copies. Six8 homologs are also present in other 
formae speciales, like cubense (Foc), dianthi (Fod) and the Arabidopsis thaliana infecting 
F. oxysporum strain Fo5176 (Fig. 2A). As for Fol two Six8 homologs are known for both 
Foc and Fod (M. Rep, personal communication). For Fo5176 one Six8 homolog has been 
identified (Thatcher et al., 2012). Alignment of the seven Six8 homologs reveals that 
Fol Six8a is most similar to Foc Six8b (90 % identity), Fo5176 Six8 (90 % identity) 
(Thatcher et al., 2012), Foc Six8a (89 % identity) and Fod Six8a (84 % identity) (Fig. 2 A 
and B); lowest identity is shown to Fol Six8b and Fod Six8b, both 68%. Fol Six8b and Fod 
Six8b are 90 % identical. This observation results in a division of the sequences into two 
branches of a phylogenetic tree (Fig. 2C): the first consisting of Fod Six8b and Fol Six8b, 
the second of Fo5176 Six8 and the Six8a homologs from Fod, Fol and Foc and Foc Six8b. 

In summary, SIX8 is the only known SIX gene that is present in multiple copies on 
different Fol chromosomes. Two Six8 homologs are present in Fol and five homologs 
were identified in other formae speciales. 
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Figure 2: Six8 has seven homologs among four F. oxysporum formae speciales. A) Alignment of Six8 homologs 
identified in F. oxysporum f. sp. lycopersici (Fol a and Fol b), F. oxysporum f. sp. dianthi (Fod a and Fod b), F. 
oxysporum f. sp. cubense (Foc a (NCBI accession AHA82513) and Foc b (NCBI accession AHA82514)) and F. 
oxysporum strain Fo5176 (Fo) (NCBI accession AEN94580) using the Clustal Omega algorithm. The signal 
peptide is highlighted, colors follow this scheme: KR, positive charged amino acids (aa) (red), AFILMVW, 
hydrophobic (blue), NQST, polar uncharged (green), HY (cyan), C (salmon), DE, negative charged aa (purple), 
P (yellow), G (orange). B) Tree representing the distances between the Six8 homologs based on the maximum 
likelihood phylogeny determined using PhyML. The homologs divide into two branches: One with Fol Six8b 
and Fod Six8b and the other with Fo Six8, Foc Six8a and Six8b, Fol Six8a and Fod Six8a. C) Percent identity 
matrix of the Six8 homologs. Fol Six8a has the greatest similarity with Fo Six8 and Foc Six8a and Six8b. Fol 
Six8b is most similar to Fod Six8b. Black boxes 100% similarity, dark grey > 90% similarity and light grey > 
80% similarity.

Six8 potentiates cell death responses in Nicotiana benthamiana

Many effectors, like Six6, interfere with cell death and modulate the immune response of 
a plant (Guo et al., 2009; Stassen and Van den Ackerveken, 2011; Gawehns et al., 2014). 
To test whether this is also the case for Six8, the gene was transiently expressed in N. 
benthamiana leaves using agro-infiltration. Six8 was co-expressed with four distinct R 
genes (Rx, Pto, Cf4 and I-2) and their corresponding AVR genes (CP, AvrPto, AVR4 and 
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AVR2 respectively) or INF1 using an overlapping circle assay (as described for Six6 in 
Gawehns et al., 2014). No effect on the cell death mediated by any of the R/AVR gene 
pairs was observed (data not shown). However, co-expression of SIX8 and INF1 resulted 
in enhanced cell death responses. As shown in Fig. 3A, at 40 h post infiltration (hpi) 
no cell death had developed with Inf1 alone, nor when INF1 was co-expressed with 
GUS. Only at 64 hpi the entire agro-infiltrated sector was fully necrotic. However, when 
full length SIX8, SIX8-TAPi tagged or SIX8-GFP were co-agro-infiltrated with INF1, cell 
death developed faster and was already clearly visible at 40 hpi in the overlapping area 
where both genes were expressed. After 64 hpi the entire INF1-agro-infiltrated area 
had collapsed and runaway cell death was found outside the INF1-infiltrated sector, but 
inside the SIX8-infiltrated area. Expression of GUS and SIX8 alone or co-expression of 
GUS and SIX8 did not induce cell death at any time point. As a negative control INF1 and 
AVR2VM (Houterman et al, 2008), an AVR2 variant that does not trigger I2-mediated cell 
death, was used (Fig. 3B). No cell death was detected in the overlapping area at 24 hpi 
for the AVR2VM effector, while cell death was detected in the SIX8-INF1 co-expression 
area and runaway cell death was observed 48 hpi. 

Figure 3: Six8 alters the cell death response. Photographs of agro-infiltrated N. benthamiana leaves taken 
during a time-interval of 24 h. A) GUS (Van Ooijen et al., 2010) and INF1 (van den Burg et al., 2008) were 
agro-infiltrated alone or in combination with SIX8, SIX8-TAPi, or SIX8-GFP. The infiltrated areas are indicated 
with red lines; the arrow points to runaway cell death. Photographs were taken 40 (upper panel) and 64 h 
(lower panel) after infiltration (hpi). INF1 was co-expressed B) with SIX8 or AVR2VM as a negative control or 
C) with SIX8 or dSPSIX8. Infiltrated areas are indicated by black lines; the arrow points to runaway cell death. 
Photographs were taken 24 hpi (left) and 48 hpi (right).
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The SIX8 gene used in the agro-infiltration assay described above encodes a protein with 
a signal peptide for targeting the effector to the extracellular space. To test whether Six8 
functions in the cytoplasm and to ensure a cytosolic location of the protein, SIX8 was 
expressed without this signal peptide sequence (dSPSix8) and agro-infiltrated together 
with INF1 (Fig. 3C). Like Six8, dSPSix8 potentiates cell death induced by Inf1, and cell 
death was observed 24 hpi in the co-expression area, followed by runaway cell death 
at 48 hpi. 

In summary, Six8 accelerates the onset and development of Inf1-mediated cell death, but 
not of R gene mediated cell death. We observed variation in the timing of the appearance 
of the cell death between experiments, but in general Six8 enhanced development of 
cell death by 24 h. Most likely Six8 performs its activity inside the host cells as also 
dSPSix8 accelerated the Inf1 mediated cell death response.

Heterologous produced Six8 localizes in the cytoplasm and nucleus of N. 
benthamiana epidermal cells

To determine the localization of Six8 in epidermal cells, dSPSIX8-GFP and GFP alone 
were agro-infiltrated in N. benthamiana leaves. Accumulation of the intact proteins was 
monitored by Western blot analysis using a GFP antibody (Fig. 4C). Upon dSPSIX8-GFP 
expression two main bands with apparent sizes of approximately 33 and 40 kDa were 
detected, while for GFP two bands of 27 and 33 kDa were found. The 27 kDa band fits 
the expected size of free GFP, whereas 40 kDa is the estimated size of dSPSix8-GFP. 
Therefore the 33 kDa band likely represents a plant protein that is non-specifically 
recognized by the GFP antibody.  

Figure 4: 
Six8 localizes in the cytoplasm and 
the nucleus after agro-infiltration. 
A) Fluorescence microscope image 
of epidermal cells 24 h after agro-
infiltration of dSPSIX8-GFP or B) GFP in 
N. benthamiana leaves. Representative 
pictures, taken with an EVOS FL 
microscope, are shown of three leaves of 
two independent plants. Arrows indicate 
cytoplasm (cp) or nucleus (n). C) Western 
blot analysis of GFP-fusion proteins 
accumulating 24 h after agro-infiltration 
with dSPSIX8-GFP or GFP. The blot was 
probed with an antibody targeted against 
GFP. 
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GFP fluorescence was recorded using an EVOS FL microscope and a fluorescent signal 
was observed in both the cytoplasm and the nucleus of epidermal cells expressing 
dSPSix8-GFP (Fig. 4A). A similar pattern of GFP fluorescence was found for the GFP-
control (Fig. 4B). For both constructs the intensity of the GFP signals appeared equal in 
the cytoplasm and nucleus suggesting that the Six8 protein can freely diffuse from one 
compartment to the other. 

A WD40-repeat protein interacts with Six8 

To identify Six8 interacting proteins, dSPSix8 was C-terminally fused to the HASBP-tag, 
which consists of the human influenza hemagglutinin (HA)-epitope and the streptavidin 
binding protein (SBP). The dSPSIX8-HASBP construct was expressed in N. benthamiana 
using agro-infiltration and leaves were harvested for protein extraction 24 to 48 hpi. 
dSPSIX6-HASBP was used as a negative control to identify proteins interacting with the 
beads. Two different pull-down strategies were pursued to prepare samples for mass 
spectrometry (MS). In the first method the pull-down was performed with streptavidin 
sepharose beads and the biotin-eluted protein fraction was digested with trypsin 
and used for MS analysis. For the second strategy Six8 and Six6 were purified using 
magnetic streptavidin beads followed by direct digestion on the beads. To determine 
the composition of the streptavidin-bound proteins and the relative amounts of Six6 
and Six8 in the pulled-down fractions, proteins were separated using SDS-PAGE. One gel 
was stained with Coomassie Blue to stain all proteins (Fig. 5A) while the other gel was 
Western blotted and developed with an antibody targeting the HA-epitope (Fig. 5B). 
In the total protein extract of both the Six8 and Six6 sample a prominent band of ±50 
kDa was visible with Coomassie staining; presumably RubisCo. The abundance of this 
protein was strongly reduced in the bead-bound fraction and the biotin-eluted protein 
fractions indicative for successful removal of contaminants during the purification 
steps. In contrast, two bands of approximately 19 kDa and 40 kDa were specifically 
enriched in the eluted protein fraction of the Six8 sample, and absent in the Six6 sample. 
The Western blot revealed that the 19 and 40 kDa bands in the Six8 purification carry 
a HA-tag. Both bands were enriched in the bead fraction and also present in the eluted 
fractions. The 19 kDa band therefore most likely represents dSPSix8-HASBP with a 
predicted molecular weight of 18,6 kDa. Western blotting revealed for the Six6 eluted 
fraction a band at an approximate size of 30 kDa, corresponding to the predicted size 
of dSPSix6-HASBP of 28 kDa. Hence, Six8 and Six6 were enriched in the biotin-eluted 
protein fractions and the amount of contaminating proteins was strongly reduced 
indicative for a successful purification strategy.
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Figure 5: 
Six8 protein purification from agro-
infiltrated N. benthamiana leaves expressing 
dSPSix8-HASBP. Different fractions, which 
were sampled during affinity purification of 
Six6 (6) and Six8 (8) from N. benthamiana 
leaf protein extracts using streptavidin-
beads, were loaded and separated in A) an 
SDS-PAGE: Total protein extract (6/8 t), 
proteins remaining on the beads (6/8 b) 
upon elution and biotin-eluted proteins 
(6/8 e). B) Western blot visualizing dSPSix6-
HASBP (6) and dSPSix8-HASBP (8) with an 
antibody targeting the HA-tag in the same 
samples.

Following trypsin digestion of the bead-bound  proteins, which were obtained in both 
strategies, their identity was determined using MS. The MS results were filtered and 
technical contaminations like trypsin and keratin were discarded. Generally only 
proteins with at least two unique peptide hits were kept. An exception were proteins 
with single peptides, for which I) a high MASCOT score was obtained, II) the complete 
Y-ion series Y10 to Y3 could be identified and III) BLAST obtained only one significant 
match. Peptides were blasted against a customized database containing sequences from 
N. benthamiana, but also from other Solanaceae family members like N. tabacum and 
tomato. For the Six8 samples, more proteins were found to be bound to the sepharose-
beads than to the magnetic beads, namely 17 vs 10 (Tab. 1A). However, 6 of the proteins 
identified using the sepharose beads were present in both the Six6 and Six8 samples 
(Tab. 1A and B) and therefore most likely represent contaminants (e.g. RubisCo, 
HSP70, GAPDH, Beta-carbonic anhydrase). One CLIP-associated protein, an HSP70 
family member and four biotin binding proteins like the Acetyl-CoA carboxylase, were 
found only in the Six8 samples. The latter likely interact with the streptavidin epitope 
present on the beads due to their interaction with the biotin-binding peptide and are 
contaminants. 

Notably, in both Six8-samples an unique WD-40 repeat protein was found that was 
not detected in the Six6 control (Tab. 1A and B). A peptide (EITQLLTLDNFR), found 
in the sample preparation with magnetic beads, was unique for a tomato WD40-
protein encoded by a tomato gene at locus Solyc07g008040. Two peptides, LIEANPLFR 
and TLINQSLNWQHQLCK, which were identified using sepharose beads, matched 
respectively two more WD40-proteins encoded by the two tomato genes in the locus 
Solyc01g100050 and again Solyc07g008040.

In summary, besides a few likely contaminants, like RubisCo, HSP70 and a Acetyl-CoA 
carboxylase, a WD-40 repeat protein was found as putative interactor of Six8.
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The WD-40 repeat proteins are homologs of the A. thaliana TOPLESS family

Blasting the protein sequences of the two WD-40 repeat proteins, Solyc01g100050.1.1 
and Solyc07g008040.1.1, against the NCBI and the Solgenomics (www.solgenomics.
net) databases revealed three more tomato homologs that share >60 % identity. One of 
them (Solyc08g076030.1.1) contained all three peptide sequences that were identified 
in the MS analysis, while the other two carried two of the three peptides. Furthermore, 
in the A. thaliana database (TAIR/www.arabidopsis.org) homologs were identified that 
all belong to the family of TOPLESS proteins. This family consists of three closely related 
homologs sharing >70 % similarity; TOPLESS (TPL), Topless-related 1 (TPR1) and 
TPR4, and two more distant homologs TPR2 and TPR3 (Fig. 6A) (Long et al., 2006). The 
TPL gene family encodes proteins with a Lissen-cephaly-type-1-like homology (LisH) 
domain and 12 WD (tryptophan-aspartic acid)-40 repeats at the C-terminus (Emes 
and Ponting, 2001). They belong to the Groucho/Tup1 transcriptional co-repressors 
that are involved in key developmental processes of plants, like floral organ identity 
specification, embryo apical-basal fate determination, and stem cell maintenance at the 
shoot apex (Liu and Karmarkar, 2008).

The five tomato TOPLESS homologs and TPL, TPR1, TPR2, TPR3 and TPR4 from A. 
thaliana were aligned using the Clustal algorithm and a phylogenetic tree was generated 
(Fig. 6A). The similarity matrix (Fig. 6B) revealed that the tomato homologs are less 
similar to each other than the A. thaliana homologs. Most similar are Solyc07g008040 
and Solyc03g117360 to Solyc03g116750, both sharing 73 % identity. In contrast, TPL 
and TPR1 have a similarity of 94 %. Solyc01g100050 is most similar to TPR2 and TPR3 
with a score of 74 % and 76 % respectively. Solyc03g116750 is most homologous to 
TPR4 with a similarity score of 77 %; Solyc07g00840 shares 71 % similarity with 
TPR4.  Our results generally agree with that of Hao et al. (2014), describing tomato TPL 
homologs named SlTPL1-6, except that they also included a homolog with more than 
40, but less than 60 % identity. Three phylogenetic branches of tomato homologs were 
identified when their identity indices were compared to the A. thaliana homologs TPL 
and TPR1-TPR4 (Fig 6A and Hao et al., 2014). One branch contains tomato homologs 
SlTPL1 (Solyc03g117360), SlTPL4 (Solyc03g0116750) and SlTPL5 (Solyc07g008040) 
together with AtTPL, AtTPR1 and AtTPR4, another SlTPL3 (Solyc01g100050) together 
with AtTPR2 and AtTPR3 and another branch SlTPL2, which has no counterpart in A. 
thaliana. SlTPL2 is most similar to TPL/TPR homologs from the first branch including 
TPL and hence SlTPL1, SlTPL4 and SlTPL5. 

We did not identify a TPL homolog from N. benthamiana using the database from the 
MS analysis, however using the N. benthamiana Genome v0.4.4 predicted proteins 
as a database in a BLAST search obtained eleven matches with TPL. From the eleven 
proteins nine had a comparable size. The two proteins with a shorter sequence were 
discarded. The start of four of the remaining sequences was annotated incorrectly and 
was corrected. From those nine N. benthamiana TPL homologs (NbTPL) five proteins 
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matched all three peptides that were identified in the MS analysis of the pull-down. 
The nine NbTPL proteins, all six SlTPLs and the five A. thaliana homologs were aligned 
and a phylogenetic tree generated (Fig. S1). Next to the branch with all A. thaliana TPL 
homologs a new branch appeared containing an NbTPL homolog and SlTPL6. Like 
SlTPL6 this NbTPL homolog had less than 60 but more than 40 % identity with TPL. 
Hence, this clade seems to be specific for N. benthamiana and tomato. The other eight 
NbTPL homologs distribute over the phylogenetic tree; one NbTPL homolog is most 
similar to TPR4 and SlTPL4; two NbTPL homologs form a clade together with SlTPL5; 
one homolog branched together with TPL, TPR1 and SlTPL1; two homologs were 
found together with SlTPL3 and TPR3 and two homologs cluster with SlTPL2. SlTPL2, 
SlTPL1 and SlTPL5 are most similar to the NbTPL homologs carrying the three peptides 
identified in the MS analyses. 

Figure 6: Relationships between A. thaliana and tomato TPL/TPR homologs. Five A. thaliana homologs (TPL, 
TPR1, TPR2, TPR3, TPR4) are  known. Here five homologs also were identified in tomato (Solyc). A) Tree 
representing the distances between the homologs based on the maximum likelihood phylogeny using PhyML. 
B) Similarity matrix of A. thaliana and tomato TPL/TPR homologs. Black boxes depict 100% similarity, dark 
grey > 90% similarity, middle grey > 80% similarity and light grey > 70% similarity.
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In summary, the WD-40 protein identified in the pulldown is a member of the TPL 
family. TPL homologs are found in A. thaliana, tomato and N. bethamiana, whereas the 
number of homologs varies depending from the plant species. The three identified 
peptides match with five NbTPL homologs, which are most related to tomato homologs 
SlTPL1, SlTPL2 and SlTPL5. Those are potential interactors for Six8 in tomato. 

TPL and Six8 physically interact in a yeast two-hybrid (Y2H) assay

To verify the TPL-Six8 interaction in an independent system, we exploited the GAL4-
based Y2H system. Here, AtTPL and SIX8 were expressed as baits and preys, respectively 
(Fig. 7A and B). After transformation the yeast cells were selected on plates lacking 
tryptophan (W) and leucine (L). Interaction of the bait with the prey allows the yeast 
to grow on plates lacking either histidine (H) or adenine (A). As shown in Fig. 7A and B 
respectively SIX8 and AtTPL expressed as baits and using the empty vector as prey could 
not complement either the H or the A auxotrophy in yeast on –WLA and –WLH plates. 
However, combinations of Six8 and TPL as either prey or bait allowed the yeast to grow 
on medium lacking histidine. On the more stringent –WLA plates yeast growth was only 
found when TPL was used as bait and Six8 was used as prey. In the reverse situation 
only limited yeast growth was observed on –WLA plates.  This suggests that Six8 and 
AtTPL can physically interact with each other in yeast. 

Figure 7: 
Six8 interacts with AtTPL in a Y2H assay. 
Yeast growth of strain PJ694a on minimal 
media lacking tryptophan and leucine 
(-WL) or additionally lacking histidine 
(-WLH) or alanine (-WLA). The yeast strain 
was transformed with either A) TPL or the 
empty vector control (ev) as prey and SIX8 
or empty vector (ev) as bait or B) with SIX8 
or ev as prey and TPL or ev as bait.

Expression of SIX8 in A. thaliana Col-0 results in stunted plants with elevated 
salicylic acid levels

Since Six8 interacts with AtTPL, SIX8 was transformed into A. thaliana ecotype Col-0 
to test whether Six8 confers a TPL phenotype, i.e. loss of apical dominance, or other 
phenotypic abnormalities. SIX8 was expressed without its SP-encoding sequence 
(dSPSIX8) to ensure a cytosolic location of the protein. To aid detection of Six8 the 
protein was fused to either a TAPi or a HASBP tag. As controls Col-0 was transformed 
with either an empty vector, expressing only the HASBP or the TAPi tag, or with a 
dSPSIX6 carrying vector that does not induce any discernable phenotype (Gawehns 
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et al., 2014). Typically, fewer transformants expressing SIX8 were obtained following 
SIX8 transformation than for the controls. E.g. after transformation of dSPSIX8-TAPi 
only a single plant accumulating Six8 was obtained among 30 phosphinothricin 
resistant plants (3%). In the same experiment dSPSIX6-TAPi transformation yielded 14 
transformants expressing SIX6 out of the 38 phosphinothricin resistant plants analyzed 
(37%).  Accumulation of Six6 and Six8 was assessed using Western blots probed with 
a PAP antibody that recognizes the TAPi-tag (Fig. 8A). In most dSPSIX8-TAPi transgenic 
plants a protein was detected with an apparent molecular weight of 27 kDa, somewhat 
lower than estimated for the Six8-TAPi fusion protein. Actually, only one transformant 
(1.41) accumulated a TAPi-tagged protein with the predicted molecular weight of 34 
kDa (13 + 21 kDa). This transformant was severely stunted, its leaves were curled and 
the plant was flowering earlier (Fig. 8B). Approximately 70 % of its T1 seeds did either 
not germinate or the seedlings died within 8 days after sawing (Fig. 8C). The remaining 
30 % of the seeds germinated well, and whereas some of these plants had a wild type 
phenotype others developed an identical phenotype as the parental line.

Figure 8: Six8 induces a stunted phenotype in A. thaliana Col-0. A) Western blot showing accumulation of 
TAPi-tagged Six6 in independent transformants (top panel) and Six8 (bottom panel, 1.39, 1.40, 1.41 and 1.42) 
using an antibody targeted against the TAPi-tag. Only 1.41 expressed a protein at the predicted size of Six8. 
B) Pictures of 26-day-old plants grown under a photoperiod of 11 h at 22 C°. C) Eight-day-old T1 progeny 
germinated on MS plates. One viable SIX8 transgenic line was obtained and most of its T1 progeny died 
quickly after germination. As controls Col-0 wild type and SIX6 transgenic lines (chapter 3) were germinated 
under the same conditions.
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Col-0 expressing SIX8 plants phenotypically resemble that of the constitutive defense 
response (CDR1-D) mutant (Xia et al., 2004). The CDR1-D phenotype is hallmarked 
by accumulation of large amounts of the plant hormone salicylic acid (SA) (15 fold 
increased compared to wild type). To test whether SA levels were enhanced in the SIX8 
transgenic plants, these were determined and compared to those of homozygous Col-
0 transformants expressing dSPSIX6-HASBP. To this end, plant material was collected 
from 28-day-old plants and SA was extracted with methanol. Of the SIX8 transgenic 
plants all above ground tissues, including flowers, were used for SA extraction, while for 
the much larger SIX6 plants only leaf material was sampled. The extract was analyzed 
using liquid chromatography-mass spectrometry (LC-MS). As can be seen in the bar 
chart (Fig. 9) no SA was detected in the SIX6 transgenic plants (6.1 to 6.5), whereas 
all five independent SIX8 expressing lines (8.1 to 8.5) showed elevated, but variable, 
amounts of SA. The minimal amount detected was 0.3 ngSA/mgDW, while the maximum 
was 1.16 ngSA/mgDW. So, SIX8 expression induces a CDR1-D like phenotype in Col-0, 
which is associated with accumulation of SA, severe stunting and curling of the leaves.

Figure 9: 
Salicylic acid (SA) levels are elevated in A. 
thaliana SIX8 transgenic lines. SA amounts 
were assessed in five individual A. thaliana 
plants expressing dSPSIX8-HASBP (8.1-8.5) 
or dSPSIX6-HASBP (6.1-6.5), which served 
as a negative control. SA was isolated using 
a methanol-extraction and quantified with 
LC-MS. SA amounts are represented in ngSA 
per mg leaf dry weight (DW). 

The Six8 phenotype in A. thaliana Col-0 is temperature sensitive

The Six8 phenotype resembles, besides the one of CDR1-D, those of the cpr1-2 loss-
of-function mutant and bon1 (Bonzai1) as well, both negative regulators of the NB-
LRR protein SNC1 (Li et al., 2007; Gou et al., 2012). The cpr1-2 and bon1 phenotypes 
are suppressed at 28°C due to the suppression of an SNC1-mediated autoimmune 
response at elevated temperatures (Zhu et al., 2010a; Gou et al., 2012). To test 
temperature sensitivity of the Six8 phenotype, seeds of the T2 progeny of the dSPSIX8-
TAPi expressing plant (line 1.41) were germinated under standard growth conditions 
(22°C, 11 h photoperiod) and plants were propagated at 22°C or 28°C for three weeks. 
Subsequently, a subset of the plants were kept at the set temperatures while others 
were transferred from 22°C to 28°C or vice versa. Plants were photographed just before 
and 7 days after the temperature shift. As can be seen in Figure 10A the phenotype 
SIX8 plants grown at 22°C was similar to that of the constitutive SNC1 mutant (bon1). 
It is noteworthy that the SIX8 transgenic plants were more severely stunted than the 
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bon1 plants. When grown at 28°C the bon1 and SIX8 phenotype fully reverted and the 
plants became morphologically indistinguishable from Col-0 wild type. At this elevated 
temperature the bon1 and SIX8 plant lines developed fully expanded leaves and a rosette 
size similar to that of Col-0 wild type. Newly formed leaves of SIX8 transgenic plants that 
had been transferred from 28°C to 22°C, however, showed growth deformations and the 
older leaves turned chlorotic. In contrast, the Six8 phenotype of the SIX8 transgenic 
plants that were moved from 22°C to 28°C reversed and newly formed leaves developed 
normally. To test whether SIX8 was expressed at the various temperatures leaves of 
plants grown at 22°C or 28°C and the top parts of plants transferred from 22°C to 28°C 
were sampled and used for Western blotting. In all protein extracts a band with the 
predicted size for dSPSix8-TAPi (34 kDa) was present (Fig. 10B), except for one plant 
of line 1.41.1, which likely did not inhere the transgene due to heterozygosity of the 
parental line. In addition, in the samples harvested from plants grown at 28°C also a 
band with a smaller size (approximately 20 kDa) was observed. This lower molecular 
weight band, although less strong, was also present in the protein extracts isolated from 
plants transferred from 22°C to 28°C. Notably, both blots, but not those containing the 
samples from the 22°C grown plants, showed a strong background signal of an unknown 
origin. 

Figure 10: The Six8 phenotype, which is hallmarked by stunted growth and curled leaves, in A. thaliana 
is suppressed at 28°C. A) Pictures of representative SIX8 expressing plants, bon1, which serves a positive 
control, or Col-0 taken in a seven days interval. Plants were grown at 22°C or 28°C at a photoperiod of 11 
h and respectively transferred to 28°C or 22°C after three weeks (day 0).  The scale bar represents one cm. 
B) and C) Western blot showing TAPi-tagged Six8 extracted from transformed plants grown under different 
conditions using an antibody targeting against the TAPi-tag. B) Leaf material harvested from A. thaliana 
plants grown at 28°C. Two individual plants of each line (1.41.1, 1.41.2, 1.41.3, 1.41.4) were tested. C) Left: 
Plants were first grown at 22°C and shifted to 28°C. Only protein accumulation in newly formed leaves was 
analyzed. Right: Plants grown at 22°C and showing a Six8 phenotype were sampled. Leaves of Col-0 wild type 
were used as negative control.
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In summary, like cpr1-2 and bon1 the Six8 phenotype is temperature sensitive, indicating 
that an autoimmune response mediates the growth phenotype. Suppression of the 
phenotype cannot be attributed to an abolished expression of SIX8 or degradation of 
the Six8 protein at the elevated temperature as the protein can still readily be detected 
on a Western blot.

The Six8 phenotype requires SNC1 but is, for the majority, not suppressed by NahG

To determine whether the Six8 phenotype, like that of CDR1-D, cpr1-2 and bon1, is SA 
and SNC1 dependent, dSPSIX8-TAPi or TAPi alone were transformed into a NahG and 
an snc1-11 background. NahG encodes a salicylate hydroxylase that converts SA to 
catechol. The snc1-11 mutant is a SNC1 knockout harboring a T-DNA insertion in the 
first exon (SALK_047058). Expression of the TAPi tag alone did not induce a discernable 
phenotype in snc1-11, NahG nor the Col-0 wild type plants. SIX8 expression, however, 
triggered stunting in plants, but not in snc1-11 plants, which developed like wild type 
Col-0. Of the NahG Col-0 only 25% developed a Six8 phenotype whereas the other 
plants where phenotypically normal (Fig. 11). The presence of SIX8 in all stunted plants 
was verified by PCR (Fig. 12), whereas also some plants with wild type phenotype were 
identified that carried SIX8 like plant line #16.

Figure 11: 
snc1-11, but for the majority not NahG, 
suppresses the Six8 phenotype. Photographs 
taken of approximately five-week-old Col-
0, snc1-11 or NahG plants. Each plant line 
was transformed with either the empty 
vector (e.v.) or SIX8 and seeds of the T0 
were selected on PPT and transferred to 
soil. Photographs were taken from one 
representative plant. 

In conclusion, a functional SNC1 is necessary to induce the Six8 phenotype. Compared 
to SIX6 lines the SA levels were increased in SIX8 transgenic plants and expression of 
NahG suppressed the Six8 phenotype in a subset of the T0 progeny.
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Figure 12: The Six8 phenotype correlates with the presence of SIX8 in Col-0 and is suppressed in snc1-11 and 
a part of NahG A. thaliana plants. Picture taken from an agarose gel, showing the PCR products obtained with 
either SIX8 or Tubulin (Tub) specific primers. Individual plants are numbered and plants expressing a Six8 
phenotype are underlined. The SIX8-containing plasmid, which was used for the transformation served as a 
positive control.

Transcriptome analysis of SIX8 transgenic A. thaliana indicates up-regulation of 
the SNC1-signalling pathway.

To characterize the transcriptome of SIX8 expressing A. thaliana plants and to identify 
gene clusters that distinguish the Six8 phenotype from the Col-0 wild type, a microarray 
study was performed. Total above ground plant tissue of four individual wild type Col-0 
and four dSPSIX8-TAPi Col-0 plants, all progeny of the same parental line, was collected. 
RNA was isolated and Affymetrix Ath1 GeneChips were hybridized with cDNA. After 
passing the quality checks and probe normalization and summarization procedures, 
a PCA plot was generated (Fig. 13) to visualize the biological differences between the 
plant lines. The plot shows separation of the wild type and the SIX8 expressing plants 
on the PC1 axis revealing differences between the expression profiles. To determine 
the differences between the transcriptome of SIX8 expressing plants and the wild type, 
an ANOVA was fitted to estimate the genotype effects, which were contrasted and their 
significance tested in a t-test. The results were filtered for a False Discovery Rate (FDR) 
corrected p-value of 0, as larger values resulted in too many differentially expressed 
genes to be processed in a gene ontology (GO) cluster enrichment analysis. For 
instance, expression of 12022 genes of the in total 22809 genes was significantly altered 
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when the FDR corrected p-value was set at < 0.05, depicting massive transcriptional 
reprogramming in the Six8 plants. GOs of the 1300 genes with a FDR of 0 were annotated 
using TAIR and were found to distribute over either 168 or 375 clusters when using the 
David Expression Analysis Systematic Explorer (EASE) (Huang da et al., 2009b, a) or the 
AmiGO GO::TermFinder (Boyle et al., 2004), respectively. 

Figure 13: Expression profiles of SIX8 transgenic A. thaliana and Col-0 wild type plants separate in a PCA. The 
PCA plot is based on the RMA normalized data. PCA1 is plotted either against both PCA2 and PCA3 and PCA2 
is plotted against PCA3. The PCA analysis was performed with the gene expression data obtained from the 
microarray study comparing SIX8 expressing Col-0 plants with a Six8 phenotype and Col-0 wild type plants.

The AmiGO Top 15 clusters were enriched for responses in immunity, defense, resistance 
and biotic or abiotic stress stimuli, salicylic acid biosynthetic and metabolic processes (Tab. 
2). With David EASE the top 1 cluster contained functional annotations as glycosylation 
and protein secretion (Tab. 3), whereas the second cluster referred mainly to protein 
kinases and ATP binding. The third cluster consisted mainly of GO terms describing 
(trans-) membrane localization of proteins.  Genes in the fourth annotation cluster were 
related to lipids, like lipid-transport, -localization and -transfer proteins, which belong to 
the class of PR proteins. Finally, the fifth cluster contained defense- and immune-response 
or apoptosis related genes. 
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Table 2: List of the top 15 AmiGO gene ontology enrichment clusters obtained from a transcriptome study of 
SIX8 transgenic A. thaliana. 

Nr. GO enrichment cluster
1 immune system process
2 defense response
3 innate immune response
4 immune response
5 systemic acquired resistance
6 response to stimulus
7 defense response, incompatible interaction
8 response to other organism
9 response to biotic stimulus
10 salicylic acid biosynthetic process
11 regulation of defense response
12 salicylic acid metabolic process
13 regulation of response to stress
14 response to stress
15 response to organic substance

Table 3: List of the top 5 David EASE annotation clusters obtained from a transcriptome study of SIX8 
transgenic A. thaliana.

Annotation Cluster 1

glycoprotein

signal

glycosylation site:N-linked

signal peptide

Secreted

extracellular region

Annotation Cluster 2

nucleotide-binding

receptor

ATP-binding

serine/threonine-protein kinase

kinase

Annotation Cluster 3

membrane

transmembrane

intrinsic to membrane

cytoplasmic

transmembrane region

integral to membrane
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Annotation Cluster 4

lipid transport

AAI

lipid localization

Plant lipid transfer protein

lipid binding

Annotation Cluster 5

(plant) defense response

(innate) immune response

(programmed) cell death

Toll-Interleukin receptor (TIR)

NB-ARC

apoptosis

Leucine-rich repeat

Investigation of the respective top 15 down- and up-regulated genes revealed that 
three PR genes, namely PR2, PR1 and a chitinase (PR3), showed the highest fold change 
(FC) values in the comparison between SIX8 and Col-0 wild type plants; expression 
was increased 168, 128 and 119 fold respectively (Tab. 4). Additionally, transcription 
factors that regulate PR gene expression like WRKY38, were found in the Top 15. In the 
top 15 down-regulated genes mainly jasmonic acid and auxin-related genes were found 
like CORI3, an auxin-responsive gene, and AXR3 (Tab. 5). SNC1, which is necessary 
to induce the Six8 phenotype, was up-regulated 1.6 times (Tab. 6). Expression of its 
negative regulators BAP1, BON1 and SRFR1 were 21.2, 6.7 and 2.2 fold increased, 
respectively. Also TPL was significantly higher expressed in the SIX8 plants than in 
Col-0 (2.7 fold). DND1 and DND2, which are negatively regulated by TPL/TPR1 were 
lower expressed (3.3 fold decrease). Three members of the MAP-kinase signaling 
cascade, MPK1, MPK3 and MPK6, were up-regulated in the SIX8 transgenic plants. Also 
the corresponding phosphatases, MAP KINASE PHOSPHATASE (MKP1) and PROTEIN 
TYROSINE PHOSPHATASE1 (PTP1) were up-regulated 2.5 and 1.4 fold, respectively. The 
positive regulators of SNC1-induced resistance EDS1 and PAD4, which are enrolled in a 
positive feedback loop with SA, were induced 6.5 and 17.7 fold. 
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Table 4: List of the top 15 up-regulated genes obtained from a transcriptome study with SIX8 transgenic A. thaliana.

Top 15 up Locus identifier Annotation

1 AT3G57260 PR2 (PATHOGENESIS-RELATED PROTEIN 2)

2 AT2G14610 PR1 (PATHOGENESIS-RELATED GENE 1)

3 AT2G43570 chitinase, putative

4 AT4G10500 oxidoreductase, 2OG-Fe(II) oxygenase family protein

5 AT1G14870 unknown protein

6 AT4G23150 protein kinase family protein

7 AT1G43910 AAA-type ATPase family protein

8 no_match no_match

9 AT4G23140 CRK6 (CYSTEINE-RICH RLK 6)

10 AT4G04500 protein kinase family protein

11 AT2G18660 EXLB3 (EXPANSIN-LIKE B3 PRECURSOR)

12 AT1G33960 AIG1 (AVRRPT2-INDUCED GENE 1); GTP binding

13 AT5G55450 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein

14 AT5G22570 WRKY38 (WRKY DNA-binding protein 38)

15 AT3G18250 contains domain PROKAR_LIPOPROTEIN (PS51257)

Table 5: List of the top 15 down-regulated genes obtained from a transcriptome study with SIX8 transgenic 
A. thaliana.

Top 15 down Locus identifier Annotation

1 AT1G66100 thionin, putative

2 AT3G44990 XTR8 (xyloglucan:xyloglucosyl transferase 8)

3 AT1G54040 ESP (EPITHIOSPECIFIER PROTEIN)

4 AT4G23600 CORI3 (CORONATINE INDUCED 1, JASMONIC ACID RESPONSIVE 2)

5 AT1G31690 copper ion binding

6 AT2G40435 transcription regulator

7 AT5G03120 similar to hypothetical protein

8 AT2G42540 COR15A (COLD-REGULATED 15A)

9 AT1G04040 acid phosphatase class B family protein

10 AT1G29500 auxin-responsive protein, putative

11 AT5G65730 xyloglucan:xyloglucosyl transferase, putative

12 AT5G39860 PRE1 (PACLOBUTRAZOL RESISTANCE1)

13 AT1G04250 AXR3 (AUXIN RESISTANT 3)

14 AT1G29660 GDSL-motif lipase/hydrolase family protein

15 AT4G04840 methionine sulfoxide reductase domain-containing protein 
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Table 6: List of SNC1-signaling related genes obtained from a transcriptome study with SIX8 transgenic A. thaliana.

Gene Times up

SNC1 1.6

BAP1 21.2

BON1 6.7

SRFR1 2.2

DND1 0.3

DND2 0.3

TPL 2.7

MPK1 2.0

MPK3 2.8

MPK6 1.4

EDS1 6.5

PAD4 17.7

MKP1 2.5

PTP1 1.4

NPR1 2.8

In summary, approximately half of all probed transcripts of SIX8 expressing plants 
were differentially expressed with a FDR corrected p-value < 0.05. Most of the genes 
were functionally annotated to the immune system. It is noteworthy, that also genes 
encoding for proteins with “lipid related” functions were highly overrepresented, 
to which also the negative regulators of SNC1, BON1 and BAP1 (BON1 ASSOCIATION 
PROTEIN), belong. Analysis of top 15 down- und up-regulated genes and a selection of 
genes involved in SNC1 function indicate activation of the SA-pathway and 
suppression of the jasmonic acid and auxin pathway. This transcriptome analysis 
supports involvement of SNC1 in the observed Six8 phenotype. 

Susceptibility of SNC1 signalling mutants towards F. oxysporum is unaltered 

To test involvement of TPL/TPR and SNC1 in susceptibility to F. oxysporum infection, 
bioassays with the SIX8 containing F. oxysporum strain Fo5176 were performed. Two A. 
thaliana wild type accessions, Col-0 and Ler, the latter missing SNC1, and three TPL/TPR 
and SNC1 loss-of-function mutants, namely tpr1, tpl/tpr1/tpr4 and snc1-11, were root 
inoculated with a Fo5176 spore suspension.  As a positive control for increased Fo5176 
susceptibility Col-0 expressing the Fol AVR2 effector gene was used (Ma, 2012). Eleven-
day-old seedlings were inoculated with Fo5176 and disease index was scored at nine and 
15 days post inoculation (dpi). The average disease index was plotted in a bar chart (Fig. 
14) and significant differences tested in an ANOVA. The AVR2 transgenic line showed
a significant increase of the disease index score after nine and 15 dpi (approximate 
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disease index of 3 and 4 respectively), hence it was more susceptible towards Fo5176. 
Col-0 and Ler wild type were only marginally susceptible, as the disease index score 
after 15 days was approximately 1.  The disease index score of the mutant lines was not 
significantly different in comparison with the Col-0 wild type at nine and 15 dpi.

Figure 14: 
Disease susceptibility of A. thaliana SNC1 
or TPL/TPR loss-of-function mutants or 
wild type Ler to F. oxysporum infection is 
unaltered. Disease index of A. thaliana plants 
scored at 9 and 15 days after inoculation 
(dpi) with Fo 5176. 24 13-day-old Col-0 
(with SNC1), Ler (naturally without SNC1), 
snc1-11, tpr-1 and tpl,tpr1,tpr4 A. thaliana 
plants were inoculated with a Fo5176 
spore suspension. The disease index was 
scored from 0 (no disease symptoms) to 5 
(fully developed symptoms or plant dead, 
see chapter 3). An AVR2 transgenic line 
(Avr2-23) was used as positive control for 
increased Fo susceptibility. * Significant 
difference in comparison with Col-0 tested  
in a student t-test, p-value<0.05. 

In summary, loss of SNC1, TPR1, TPL and TPR4 function did not result in an increase in 
susceptibility to Fo5176. Enhanced resistance could not be assessed in this assay due to 
the already low disease index recorded for wild type plants.

Discussion

Here, we provide data implying the involvement of Six8 in the pathogenicity of Fol. 
Typically, the function of a Fol effector candidate is assessed via generation of a gene 
knockout by insertion of a resistance cassette in the encoding gene (Rep et al., 2005; 
Houterman et al., 2008; Houterman et al., 2009; Gawehns et al., 2014). Consequently, 
the obtained mutants are used in bioassays to evaluate their virulence. This approach 
could not be applied to SIX8 due to the presence of multiple copies of this gene in the 
Fol genome. Actually, there are two distinct Six homologs in Fol, Six8a and Six8b. Fol 
Six8a is more homologous to Fo5176 Six8, Foc Six8a, Foc Six8b and Fod Six8a than to 
Fol Six8b (Fig. 2B). Fol and Fod Six8b clearly separated from all other Six8 homologs 
in the phylogenetic tree (Fig. 2C). In contrast Foc Six8a and Six8b are highly similar 
and both belong to the branch of Six8a homologs. This suggests that Foc Six8a and Foc 
Six8b should be renamed and rather called Six8a1 and Six8a2. The low similarity score 
between Fol Six8a and Fol Six8b, but high similarity between Fol and Fod Six8a and 
Fol and Fod Six8b indicates an ancient duplication event that resulted in development 
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of a Six8 paralog. In this scheme the duplication occurred prior to diversification of 
the formae speciales Fol and Fod assuming both species originated from a common 
ancestor. Alternatively, genes could have been transferred from one species to the other 
by horizontal chromosome transfer (Ma et al., 2010).

To assess involvement of Six8 in host manipulation, the effect of Six8 on cell death in N. 
benthamiana was tested and an enhancement of the INF1 mediated cell death response 
(Kamoun et al., 1998) was observed. As R-gene mediated cell death responses were 
unaltered, Six8 might specifically function in modulation of a PTI-like induced cell 
death conferred by PRRs, such as the ELR receptor-like protein that recognizes Inf1 
(Du, 2014). Possibly, Six8 interferes with ROS induced cell death regulation leading to 
a runaway cell death, like observed in the A. thaliana lsd1 mutant (Coll et al., 2011). 
In future studies ROS levels could be determined prior to cell death in infiltrated and 
in neighboring tissues infiltrated with or without Six8. Additional, the dependency 
on EDS1 and PAD4 on the potentiated cell death could be analyzed with silenced N. 
benthamiana lines.  

To identify a Six8 target, pull-down assays were performed in N. benthamiana and a TPL 
homolog, which is a transcriptional corepressor, was identified as a potential candidate. 
In Y2H assays Six8 also physically interacted with TPL from A. thaliana, showing that 
Six8 can interact with TPL/TPR homologs from different plant species. Future studies 
could reveal whether Fol Six8 also interacts with SlTPL homologs, and if so whether there 
is a preference for members from specific branches of the TPL/TPR family (Fig. 6A). 
Expression of the TPL/TPR family genes is largely constitutive in A. thaliana (Causier et 
al., 2012a) and presumably TPL/TPR acts as a key regulator controlling gene repression 
in diverse pathways. The interaction of TPL/TPR with repressive transcription factors 
can be either direct (Fig. 15A) or indirect via recruitment of adaptor proteins (Fig. 15B) 
(Causier et al., 2012b). Generally, a small conserved repression domain (RD) present 
on the transcription factors with repressive activity mediates the interaction with 
TPL/TPR, e.g. the ethylene response factor (ERF)-associated amphiphilic repression 
(EAR) motif. 65 % of TPL-interacting proteins that function in gene regulation, have 
an intact RD motif, whereas in 29 % only a partial RD (such as LxL and FxLxF) motif, 
related to the EAR motif, was found (Causier et al., 2012a). Interestingly, Fol, Foc and 
Fod Six8a, Foc Six8b and Fo5176 Six8 carry a potential partial RD motif, namely LxL 
(aa position 84-86), whereas in Fol and Fod Six8b this motif is replaced by LxV. It is 
tempting to speculate that the LxL motif mediates the interaction between Six8 and 
TPL; a hypothesis that can be tested by targeted mutation of this motif. It will be also 
interesting to study the evolution of the Six8a and Six8b homologs with regard to the 
conserved variation of the LxL motif and their function.  Interestingly, a majority of 
proteins with an EAR-motif directly bind to DNA (Kagale and Rozwadowski, 2011) 
and Six8 (results presented here) and TPL (Long et al., 2006) were both found in the 
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nucleus. Future studies like bimolecular fluorescence complementation (BiFC) will 
determine whether a TPL/Six8 complex is indeed formed in the nucleus. As Six8 carries 
an EAR related motif, the ability of Six8 to bind DNA was tested in silico by the web-
server “DNAbinder” (Kumar et al., 2007). The cut-off value was set to 0.0 and three 
algorithms, based on different training sets (main, realistic, alternate) and the amino 
acid composition of the query sequence, were used for every Six protein (Six1 – Six10). 
For Six1 to Six5 and Six10 no ability to bind DNA was predicted, whereas for Six6 and 
Six7 only one algorithm suggested DNA binding (Tab. 7). Six8 and Six9 scored as DNA 
binding proteins in two of the algorithms. To determine actual DNA binding properties 
by Six8 in vitro, an electrophoretic mobility shift assay could be performed. 

Table 7: DNA binding is predicted in silico for four out of ten Six proteins by the web-server “DNAbinder” with 
three different algorithms (main, realistic and alternate). 

Main Realistic  Alternate

Six1 - - -
Six2 - - -
Six3 - - -
Six4 - - -
Six5 - - -
Six6 - - +
Six7 + - -
Six8 + - +
Six9 + + -

Six10 - - -

The role of TPL/TPR in the regulation of the plant hormone jasmonic acid (JA) 
via interaction with several JAZ proteins (Fig. 15C) (Shyu et al., 2012; Arabidopsis 
Interactome Mapping, 2011) or the adaptor protein NINJA (Pauwels et al., 2010) could 
be an advantageous target for pathogenic Fo strains. Previous studies reported that 
COI1, an F-BOX protein that forms part of the SCF E3 ubiquitin ligase complex SCFCOI1, 
is required for susceptibility to Fo5176 (Thatcher et al., 2009). Upon JA-Ile perception 
COI1 and JAZ proteins interact, leading to degradation of the JAZ-proteins and induction 
of JA dependent gene expression (Fig. 15D). Thatcher et al. (2009) propose that Fo5176 
hijacks the JA-signaling pathway to cause disease symptoms. A hypothesis that was 
supported by the finding that the expression of JA associated genes was increased upon 
Fo infection (Kidd et al., 2011). Therefore the Fo resistance in coi1 might be due to the 
inability of the fungus to affect JA signaling, resulting in the reduced lesion development 
and plant senescence. TPL/TPR is interacting with several of the JAZ proteins, for JAZ5 
to JAZ8 this interaction is direct, via their EAR-motif or indirect via NINJA, an adaptor 
protein. Possibly, competition between the JAZ proteins and Six8 to interact with TPL/
TPR allows JA gene expression due to release of the JAZ proteins, thereby contributing 
to disease development (Fig. 15E). A similar mechanism is used by the plant pathogenic 
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bacterium P. syringae, of which two of its effectors, HopZ1 and HopX1, specifically target 
JAZ proteins for degradation (Jiang et al., 2013; Gimenez-Ibanez et al., 2014). Also some 
fungal effectors have been shown to interfere with JA-signaling by manipulating JAZ-
proteins (Plett et al., 2014). In contrast to the previous examples, the effector MiSSP7 
stabilizes JAZ proteins to suppress JA-signaling and to mediate a symbiotic relationship. 
Hence, it is plausible that F. oxysporum acquired the ability to hijack JA-signaling. Future 
studies such as yeast three-hybrid assays and promoter studies are needed to reveal 
if, and with which TPL/TPR interacting TFs, Six8 could compete. In summary, we have 
strong indications that Six8 is a genuine effector that exerts its virulence function via 
TPL. To test a potential role of TPL as susceptibility factor, two different tpl A. thaliana 
lines were inoculated with Fo5176. Neither resistance, which is difficult to score due 
to an overall low disease index, nor susceptibility was altered, probably due to the 
presence of other TPR proteins, complementing the function of the silenced TPL/TPR’s. 
To reveal whether TPL/TPR function in susceptibility to Fol, silencing of one or several 
SlTPLs should be performed in tomato. 

Figure 15: 
Six8 interacts with TOPLESS (TPL), which 
might interfere with transcriptional 
repression and be recognized by SNC1. 
A) In the absence of the stimulus, e.g. a 
hormone, gene expression is repressed by 
direct interaction between transcription 
factors and TPL or B) indirectly via the 
interaction of an adaptor protein (AP) 
and TPL. This interaction is mediated by 
an RD, e.g. the EAR motif. C) JAZ proteins 
conduct repression of jasmonic acid (JA) 
responsive genes; either directly by interact 
with TPL via the EAR motif or indirectly via 
NINJA. D) Upon perception of JA by COI1, 
JAZ is ubiquitinated and targeted for the 
26S proteasome-mediated degradation. 
JA responsive genes can be transcribed. 
E) Six8 interacts with TPL, likely via an 
EARlike motif (LxL). This interaction might 
lead to competition of the binding of TPL 
to e.g. JAZ proteins and might induces JA 
responsive gene transcritption. F) The 
Six8-TPL complex might be recognized by 
SNC1, which is autoactivated and mediated 
stunting in A. thaliana.
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Surprisingly, SIX8 expression in A. thaliana Col-0 mimics the cpr1-2 and bon1 phenotype, 
which results in a stunted phenotype depending on SIX8 and SNC1. In line with this 
observation elevated SA levels where measured in the Six8 plants, but expression of 
NahG could only abolish stunting in part of the plants. Hence, it remains inconclusive 
whether SA is necessary to induce the stunting or not. If the Six8 phenotype is SA 
independent, stunting might be uncoupled from SA like shown for the phenotype of the 
rcd1 (radical-induced cell death 1) mutant, which leads to autoactivation of SNC1 (Zhu 
et al., 2013). These experiments suggest that growth inhibition could be independent 
from an autoimmune response and dependent from H2O2 levels and the redox state of 
the cell. On the other hand, we observed that the Six8 phenotype could be suppressed at 
elevated temperatures, which indicates the involvement of a resistance response (Zhu 
et al., 2010a). Most likely, the observed Six8 phenotype is triggered by SNC1, which 
belongs to the Toll-like/interleukin 1 receptor (TIR)-NB-LRR class of proteins (Zhang 
et al., 2003). Some TIR-NB-LRR proteins are designated resistance proteins as they 
provide recognition specificity for the plant innate immune system. The corresponding 
avirulence trigger to activate SNC1 has not yet been identified. Interestingly, SNC1 
physically interacts with TPL/TPR1 suggesting the activation of TPL/TPR1 upon 
formation of a SNC1/TPR1 complex (Zhu et al., 2010b). Active TPL/TPR1 is proposed 
to repress negative regulators of an immune response like DND1 and DND2 to activate 
defense. Hence, TPL/TPR1 is proposed to mediate downstream signaling of SNC1, by 
controlling transcriptional reprogramming of the cellular processes. According to this 
model, formation of a Six8/TPL complex downstream of SNC1 should induce stunting 
of the plants also in absence of SNC1. However, we observed SNC1-dependence of the 
stunted Six8-phenotype, which implies that the Six8/TPL complex is formed upstream 
of SNC1. This would mean that the interaction of Six8 with TPL could be recognized by 
SNC1 and triggers the observed Six8 phenotype and that SNC1 acts as a resistance gene 
for Six8. The actual involvement of a Six8/TPL complex in triggering resistance has yet 
to be proven though, as enhanced susceptibility of the snc1-11 A. thaliana line to Fo5176 
could not be shown. A possible explanation for the inability to show an effect is that 
other F. oxysporum effectors suppress the defense response mediated by SNC1, like Fol 
Avr1 does with I-2 and I-3 mediated resistance (Houterman et al., 2008), or that Fo5176 
SIX8 is not expressed or recognized by SNC1. 

According to our modified model (Fig. 15F), TPL is required for both the activation of 
SNC1, via its interaction with Six8 and for its downstream defense signaling. A guarding 
role of SNC1 has been proposed before for EDS1 as a guardee (Bhattacharjee et al., 2011). 
Here, we propose that the interaction between TPL and Six8 triggers the activation of 
SNC1 classifying SNC1 as a genuine R protein guarding TPL.
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Materials and Methods

RT-PCR

Ten-day-old seedlings were either mock- or Fol4287-inoculated and RNA was isolated 
from the roots after 4d, 8d, 12d and 15d. RNA isolation and cDNA synthesis was 
described in Gawehns et al. (2014). Primer pair FP2169/ FP2170 was used to amplify 
SIX8 from cDNA.

Plant material and fungal, yeast and bacterial strains.

Stable transformants were made of Arabidopsis thaliana ecotype Col-0 or the SNC1 
T-DNA insertion line (SALK_047058) and a NahG (Bowling et al., 1994) expressing 
line in the same Col-0 background. For floral dips the plants were grown in a 11 h 
period at 70% relative humidity and 22°C for two weeks and then transferred to a 12 
h photoperiod. For analysis of the Six8 phenotype plants where grown at 22°C or 28°C 
at a 70% relative humidity and an 11 h photoperiod. The same conditions were used to 
generate the plant material that was used for RNA isolation for the microarray analyses. 
The Fusarium bioassays were performed at 25°C, 65% relative humidity and an 16 h 
photoperiod using plants grown on a 50:50 soil/sand mixture. The relative humidity 
was increased by placing a lid on top of the tray containing the plants. A. thaliana was 
infected with F. oxysporum strain Fo5176 (originally isolated by Queensland Plant 
Pathology Herbarium, Queensland Department of Primary Industries and Fisheries, 
Brisbane, Australia).

Nicotiana benthamiana was grown at 21°C, 60% relative humidity and a 16 h 
photoperiod. One day before agro-infiltrations the plants were transferred to 18°C and 
shielded from direct light. Agrobacterium tumefaciens strain GV3101::pMP90 (Koncz 
and Schell, 1986) was used for agro-infiltrations and strain Agl-0 (Lazo et al., 1991) for 
A. thaliana transformation. 

Bioinformatic tools

Six8 homologs were identified using NCBI/ BLAST (http://blast.ncbi.nlm.nih.gov/) 
with default settings. The alignment was performed with Seaview 9 (http://pbil.
univ-lyon1.fr/software/seaview.html) using the Clustal algorithm and Clustal Omega 
(http://www.ebi.ac.uk/Tools/msa/clustalo/) to obtain the identity charts. The PhyML 
logarithm was used to create a phylogenetic tree in Seaview with default settings. The 
signal peptide prediction was done with the Signal P 4.1 server.
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Construction of binary vectors

The dSPSIX8-TAPi construct was described before in Gawehns et al. (2014). The SIX8-
TAPi construct was designed in the same way but forward primer FP2169 (Tab. 8) 
was used to PCR amplify the full length SIX8 sequence. The binary vector pGWB451 
was used to express SIX8 fused to GFP. To fuse dSPSIX6 and dSPSIX8 to the HASBP-tag 
dSPSIX6 and dSPSIX8 were amplified by PCR using primer pairs FP2779 and FP2781 
and FP2778 and FP2780 respectively, carrying either a XbaI or a BamHI site. The PCR 
fragments were ligated into an XbaI and BamHI digested SLDB3104 vector (Tameling et 
al., 2010). All primers (Tab. 8) were obtained from MWG (www.mwg-biotech.com) and 
all inserts were checked by sequencing.

Table 8: Sequences of oligonucleotides used in this study.

Name Sequence

FP2169 AAAAAGCAGGCTCCATGCAACCCTTACGCATTCTT

FP2779 GCTCTAGAATGACGCCTATTGATAAG 

FP2781 ATAGGATCCGCGGAAATTGTGTA

FP2778 GCTCTAGAATGGGTCCCCTTGCTCAA

FP2780 CGCGGATCCTGTCATGAATGTACGCATG 

FP2308 CGAGTCTAGAGGCACAAGT

FP3320 CAAGATGCTACAGCCGGAGAGGA

FP3321 AGAAGAAAGTGAATGCTGCTTGCT

FP2170 AGAAAGCTGGGTCCTAGCGGAAATTGTGTAGAAACTG

Y2H constructs

pDONR201 containing AtTPL was a kind gift from B. Causier. Construction of pDONR207 
containing dSPSIX8 was described in Gawehns et al. (2014). As pDONR207 and yeast 
destination vector pDEST32 (Invitrogen) both have a gentamicin resistance cassette 
hampering bacterial selection after the LR reaction, the antibiotic resistance cassette 
of pDEST32 was replaced with the one from pDEST22 (Invitrogen) by digesting both 
plasmids with LguI and ligating the ampicillin cassette into pDEST32, hereafter named 
pDEST32_amp. To obtain destination constructs the entry clones were subcloned in 
pDEST22 and pDEST32_amp by performing LR reactions, according to manufacturer 
instructions (Invitrogen).
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Agro-infiltration

The agro-infiltration procedures are described in Ma et al. (2012). Briefly, the binary 
constructs of interest were transformed to A. tumefaciens strain GV3101 and the bacteria 
were grown until OD600 0.8 in LBtum medium supplemented with 20 µM acetosyringone 
and 10 mM MES, pH 5.6. When in planta protein expression or localization studies were 
performed, the cells were resuspended in infiltration medium (5g/l MS salts, 20g/l 
sucrose, 200 µM Acetosyringone, 10 mM MES pH 5.6) to an OD600 of 1.0. For the cell 
death assays A. tumefaciens suspensions were diluted to an OD600 of 0.5. 

Protein extraction and Western blotting

To determine protein accumulation of TAPi- or GFP-tagged proteins in N. benthamiana 
or A. thaliana leaves were snap frozen in liquid nitrogen and ground in 200 µl of 
extraction buffer (9.5 M Urea, 100 mM Tris pH 6.8, 2% Sodium dodecyl sulfate, 2% 
β-mercaptoethanol or 10 mM Dithiothreitol). The extract was incubated for 15 min on 
ice and after centrifugation the proteins in the supernatant were separated using SDS-
PAGE (mini-Protean gel-electrophoresis system, Bio-rad). 

To extract proteins for mass spectrometric analysis agro-infiltrated leaves were collected 
24 to 48 hours post infiltration (hpi). 5-10 g of frozen leaves were ground in the native 
extraction buffer (25 mM Tris pH 8,0; 1 mM EDTA, 150 mM NaCl; 5 mM DTT; 1x Roche 
Complete protease inhibitor cocktail; 2 % PVPP; 0,1 % NP-40) allowing slow thawing. 
The extract was centrifuged at 20000 rpm at 4°C for 30 min and the supernatant was 
filtered through miracloth (http://calbiochem.com) to obtain the soluble protein 
fraction.  400 µl streptavidin sepharose slurry or 500 µl magnetic beads slurry was 
added respectively, and incubated for one hour at 4°C. Sepharose beads and magnetic 
beads were washed with respectively ten and four times 500 µl washing buffer IPP150 
(10 mM Tris-HCl, pH 8,0, 150 mM NaCl, 0,1 % NP-40). Streptavidin binding proteins 
were eluted from sepharose beads using 2x 100 µl elution buffer (IPP150, 4 mM biotin) 
and subsequently trypsin digested (Heilmann et al., 2011). 40 µl of undigested proteins 
were kept for Western blotting and Coomassie staining. Proteins bound to streptavidin 
on the magnetic beads were trypsin digested directly on the beads (McLoughlin et al., 
2013). Instead of a HEPES buffer a 0.1 M Tris buffer was used here.

To detect proteins in a Western blot proteins were wet blotted on PVDF membranes 
and protein transfer was confirmed by staining the blot with 2 % Ponceau S in 5 % 
acetic acid. For blot development membranes were blocked with 5 % milk in Tris-
buffered saline (TBS) and GFP or TAPi-tag fusion proteins were detected with a @GFP- 
(VXA6455, Invitrogen) (1:3000 diluted) or @PAP-antibody (Sigma P1291) (1:5000 
diluted), which is linked to horseradish peroxidase. For GFP-detection a goat-@rabbit 
antibody (Pierce P31430) (1:8000 diluted) was used as secondary antibody. In all cases 
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the signal was detected using enhanced chemiluminescence (ECL) (ECL Plus Western 
bloting Detection System (GE Healthcare)).

Confocal microscopy

In planta accumulation of Six8-GFP in epidermal cells was visualized with an EVOS FL 
microscope after agro-infiltration in N. benthamiana. A wavelength of 470 nm was used 
for excitation, while 525 nm was used to detect GFP fluorescence. 

Transformation of A. thaliana using the floral dip method and plant genotyping

The floral dip was performed as described in Gawehns et al. (2014). For genotyping a 
single leaf was homogenised and 200 µl 10% Chelex 100 Resin (Biorad) added, incubated 
for 15 min at 99°C and mixed at 800 rpm to isolate DNA. The extract was centrifuged 
for 10 min at 13000 rpm and 1 µl of the supernatant was used in 1:2 dilution to PCR-
amplify Six8 or tubulin with the primer pairs FP2781/FP2308 and FP3320/ FP3321 
respectively. 

SA levels

Leaves of 28-day-old SIX6 transformed plants and the above ground plant tissue of 
28-day-old SIX8 transformed plants were harvested and SA was extracted and quantified 
as described in Scala et al. (2013). 

Briefly, SA was extracted from 100 mg fresh weight frozen leaf material in 70% methanol. 
The extract was analyzed by liquid chromatography-mass spectrometry (LC-MS) on a 
C18 Pursuit 5 column.  Before the methanol extraction samples were spiked with a D6-
SA internal standard to calculate SA amounts per mg dry plant weight (ngSA/mgDW).

Inoculation with Fo5176

Inoculation of A. thaliana with Fo5176 and scoring of the disease index was performed 
as described in Gawehns et al., (2014).

RNA isolation from A. thaliana

Approximately 25 mg A. thaliana leaf tissue was disrupted using a tissue lyzer (Qiagen) 
for 1 min at 25 Hz. RNA was isolated using the TRIzol LS Reagent (Life Technologies) 
followed by an extraction with chloroform and a 1:1 mixture of phenol:chloroform.  
Subsequently, RNA was precipitated with 0,1 volume of 3 M NaAc pH 5,2 plus 2-2,5 
volume 96% ethanol at -20°C. After centrifugation the pellet was washed with 1 ml 
70 % ethanol, air-dried and dissolved in 100 µl RNase free water for 10 min at 55-
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60°C. A cleanup was performed using the RNeasy Mini Kit (Qiagen) according to the 
manufacture’s protocol. Digestion of DNases was done with the RNase-free DNase set 
(Qiagen) and additional RNA cleanup with RPE. RNA was eluted with 40 µl RNase free 
water. The RNA quality was analysed on an agorse gel and quantified using a NanoDrop 
spectrophotometer.

Microarray analysis

All procedures were performed per manufacturer’s instructions. Briefly, for each 
test sample, 125 ng total RNA was amplified and labeled using the 3’ IVT Express Kit 
(Affymetrix Inc., Santa Clara, CA, USA). Resulting cDNA was hybridized to GeneChip 
Arabidopsis ATH1 Genome arrays. The arrays were subsequently washed and stained 
on a GeneChip Fluidics Station 450 (Affymetrix) and scanned on a GeneChip Scanner 
3000 7G (Affymetrix). Feature extraction was performed using Affymetrix GCOS 
Software v1.4.0.036.

Data processing

A set of quality control checks was performed on the resulting raw intensity data. These 
checks excluded the presence of significant hybridization and experimental blocking 
effects. All arrays passed this quality control and were used for further processing 
and analysis. All subsequent data handling was performed using the R statistical 
language (http://www.R-project.org, version 2.14.1). Probes were normalized and 
summarized to expression values per probeset using the robust multi-array average 
(RMA) algorithm (Affy package, version 1.22.0; Irizarry et al., 2003), available from the 
Bioconductor project (http://www.bioconductor.org). All of these expression values 
were used for generating a principal component analysis (PCA) and were statistically 
analyzed for differential expression using a mixed linear model with a coefficient for 
the two different genotypes. A contrast analysis was applied to compare SIX8 transgenic 
plants with the wild type Col-0. A permutation-based Fs test was used for hypothesis 
testing (Cui et al., 2005). A false discovery rate (FDR) correction was applied according 
to Storey and Tibshirani (Storey and Tibshirani, 2003), with an FDR=0 considered as 
statistically significant. The gene expression results have been deposited in the National 
Center for Biotechnology Information Gene Expression Omnibus (www.ncbi.nlm.nih.
gov/geo/, Accession No. GSE59292). 

Y2H

Yeast strain PJ694a was grown on non-selective YPDA medium (2% glucose, 1% yeast 
extract, 2% bacto-peptone, 0.2% adenine hemi-sulphate) or on minimal medium (MM: 
2% glucose, 0.17% yeast nitrogen base, 0.5% ammonium sulfate) supplemented with: 
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0.002% L-histidine (H), 0.01% L-leucine (L), 0.002% L-tryptophane (W), 0.002% 
adenine hemisulfate (A), 0.003% lysine (K), 0.004% methionine (M), 0.002% uracil 
(U). For selection one or more amino acids were omitted from the medium. Yeast was 
transformed using lithium acetate and polyethylene glycol 3350 as described by Gietz 
and Woods (2002). Cells were plated on MM-WL to select for bait and prey plasmids 
and grown at 30°C for four to five days. Three independent colonies were picked for 
each transformation and re-suspended in 100 µl of 0.9% NaCl. Then 5 µl was spotted on 
MM-WL, MM-WLH and MM-WLA plates to select for interaction between bait and prey 
based on activation of the reporter genes HIS3 and ADE2. Plates were grown at 30°C for 
three days before being scanned. Each experiment was performed at least three times.
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Supplementary data

Figure S1: TPL belongs to a small protein family, which is conserved in A. thaliana, tomato and N. benthamiana. 
Alignment of the protein sequences of five homologs from A. thaliana (TPL, TPR1-TPR4), six homologs 
from tomato (SlTPL1-6) and nine homologs from N. benthamiana (Nb) using the CLC sequence viewer. A 
phylogenetic tree was generated using the neighbor joining tree construction algorithm, Jukes-Cantor protein 
distance measure and bootstrap analysis (100 replicates). * NbTPL homologs, on which all three peptides 
from the MS analysis matched.



92 93

4

Six8 interaction with TOPLESSChapter 4

References

Agrios, G. N. 2005. Plant Pathology, 5th. Elsevier Academic Press, San Diego, California.
Armstrong, G. M., and Armstrong, J. K. 1981. Formae speciales and races of Fusarium oxysporum causing wilt 

diseases. , Penn State University Press.
Beck, M., Heard, W., Mbengue, M., and Robatzek, S. 2012. The INs and OUTs of pattern recognition receptors at 

the cell surface. Curr. Opin. Plant Biol. 15:367-374.
Bhattacharjee, S., Halane, M. K., Kim, S. H., and Gassmann, W. 2011. Pathogen effectors target Arabidopsis 

EDS1 and alter its interactions with immune regulators. Science 334:1405-1408.
Bowling, S. A., Guo, A., Cao, H., Gordon, A. S., Klessig, D. F., and Dong, X. 1994. A mutation in Arabidopsis that 

leads to constitutive expression of systemic acquired resistance. Plant Cell 6:1845-1857.
Boyle, E. I., Weng, S., Gollub, J., Jin, H., Botstein, D., Cherry, J. M., and Sherlock, G. 2004. GO::TermFinder--open 

source software for accessing Gene Ontology information and finding significantly enriched Gene 
Ontology terms associated with a list of genes. Bioinformatics 20:3710-3715.

Causier, B., Ashworth, M., Guo, W., and Davies, B. 2012a. The TOPLESS interactome: a framework for gene 
repression in Arabidopsis. Plant Physiol. 158:423-438.

Causier, B., Lloyd, J., Stevens, L., and Davies, B. 2012b. TOPLESS co-repressor interactions and their evolutionary 
conservation in plants. Plant Signal Behav 7:325-328.

Chakrabarti, A., Rep, M., Wang, B., Ashton, A., Dodds, P. N., and Ellis, J. G. 2011. Variation in potential effector 
genes distinguishing Australian and non-Australian isolates of the cotton wilt pathogen Fusarium 
oxysporum f.sp. vasinfectum. Plant Pathol. 60:232-243.

Coll, N. S., Epple, P., and Dangl, J. L. 2011. Programmed cell death in the plant immune system. Cell death differ. 
18:1247-1256.

Collier, S. M., and Moffett, P. 2009. NB-LRRs work a “bait and switch” on pathogens. Trends Plant Sci 14:521-
529.

Cui, X., Hwang, J. T., Qiu, J., Blades, N. J., and Churchill, G. A. 2005. Improved statistical tests for differential gene 
expression by shrinking variance components estimates. Biostatistics 6:59-75.

Dodds, P. N., and Rathjen, J. P. 2010. Plant immunity: towards an integrated view of plant-pathogen interactions. 
Nature Reviews Genetics 11:539-548.

Du, J. (2014). Elicitin-triggered apoplastic immunity against late blight in potato. In Plant Breeding 
(Wageningen: Wageningen University).

Emes, R. D., and Ponting, C. P. 2001. A new sequence motif linking lissencephaly, Treacher Collins and oral-
facial-digital type 1 syndromes, microtubule dynamics and cell migration. Hum. Mol. Genet. 10:2813-
2820.

Fisher, M. C., Henk, D. A., Briggs, C. J., Brownstein, J. S., Madoff, L. C., McCraw, S. L., and Gurr, S. J. 2012. Emerging 
fungal threats to animal, plant and ecosystem health. Nature 484:186-194.

Gawehns, F., Houterman, P. M., Ichou, F. A., Michielse, C. B., Hijdra, M., Cornelissen, B. J., Rep, M., and Takken, F. 
L. 2014. The Fusarium oxysporum effector Six6 contributes to virulence and suppresses I-2-mediated 
cell death. Mol. Plant-Microbe Interact 27:336-348.

Gietz, R. D., and Woods, R. A. 2002. Screening for protein-protein interactions in the yeast two-hybrid system. 
Methods Mol. Biol. 185:471-486.

Gimenez-Ibanez, S., Boter, M., Fernandez-Barbero, G., Chini, A., Rathjen, J. P., and Solano, R. 2014. The bacterial 
effector HopX1 targets JAZ transcriptional repressors to activate jasmonate signaling and promote 
infection in Arabidopsis. PLoS Biol. 12:e1001792.

Giraldo, M. C., and Valent, B. 2013. Filamentous plant pathogen effectors in action. Nat. Rev. Microbiol. 11:800-
814.

Gou, M., Shi, Z., Zhu, Y., Bao, Z., Wang, G., and Hua, J. 2012. The F-box protein CPR1/CPR30 negatively regulates 
R protein SNC1 accumulation. Plant J. 69:411-420.

Guo, M., Tian, F., Wamboldt, Y., and Alfano, J. R. 2009. The majority of the type III effector inventory of 
Pseudomonas syringae pv. tomato DC3000 can suppress plant immunity. Mol. Plant-Microbe Interact. 
22:1069-1080.

Heilmann, C. J., Sorgo, A. G., Siliakus, A. R., Dekker, H. L., Brul, S., de Koster, C. G., de Koning, L. J., and Klis, F. M. 
2011. Hyphal induction in the human fungal pathogen Candida albicans reveals a characteristic wall 
protein profile. Microbiology 157:2297-2307.



94

4

Chapter 4

Hogenhout, S. A., Van der Hoorn, R. A., Terauchi, R., and Kamoun, S. 2009. Emerging concepts in effector 
biology of plant-associated organisms. Mol. Plant-Microbe Interact. 22:115-122.

Houterman, P. M., Cornelissen, B. J., 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., Takken, F. L., 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.

Hao, Y., Wang, X., Li, X., Bassa, C., Mila, I., Audran, C., Maza, E., Li, Z., Bouzayen, M., van der Rest, B., and Zouine, 
M. 2014. Genome-wide identification, phylogenetic analysis, expression profiling, and protein-protein 
interaction properties of TOPLESS gene family members in tomato. J. Exp. Bot. 65:1013-1023.

Huang da, W., Sherman, B. T., and Lempicki, R. A. 2009a. Bioinformatics enrichment tools: paths toward the 
comprehensive functional analysis of large gene lists. Nucleic Acids Res. 37:1-13.

Huang da, W., Sherman, B. T., and Lempicki, R. A. 2009b. Systematic and integrative analysis of large gene lists 
using DAVID bioinformatics resources. Nat. Protoc. 4:44-57.

Irizarry, R. A., Hobbs, B., Collin, F., Beazer-Barclay, Y. D., Antonellis, K. J., Scherf, U., and Speed, T. P. 2003. 
Exploration, normalization, and summaries of high density oligonucleotide array probe level data. 
Biostatistics 4:249-264.

Jiang, S., Yao, J., Ma, K. W., Zhou, H., Song, J., He, S. Y., and Ma, W. 2013. Bacterial effector activates jasmonate 
signaling by directly targeting JAZ transcriptional repressors. PLoS Pathog 9:e1003715.

Jones, J. D., and Dangl, J. L. 2006. The plant immune system. Nature 444:323-329.
Kagale, S., and Rozwadowski, K. 2011. EAR motif-mediated transcriptional repression in plants: an underlying 

mechanism for epigenetic regulation of gene expression. Epigenetics 6:141-146.
Kamoun, S., van West, P., Vleeshouwers, V. G., de Groot, K. E., and Govers, F. 1998. Resistance of nicotiana 

benthamiana to phytophthora infestans is mediated by the recognition of the elicitor protein INF1. 
Plant Cell 10:1413-1426.

Katan, T. 1999. Current status of vegetative compatability groups in Fusarium oxysporum. Phytoparasitica 
27:51-64.

Katan, T., and Di Primo, P. 1999. Current status of vegetative compatibility groups of Fusarium oxysporum: 
Supplement. Phytoparasitica 27:273-277.

Kidd, B. N., Kadoo, N. Y., Dombrecht, B., Tekeoglu, M., Gardiner, D. M., Thatcher, L. F., Aitken, E. A., Schenk, P. M., 
Manners, J. M., and Kazan, K. 2011. Auxin signaling and transport promote susceptibility to the root-
infecting fungal pathogen Fusarium oxysporum in Arabidopsis. Mol. Plant-Microbe Interact. 24:733-
748.

Koncz, C., and Schell, J. 1986. The promotor of TI-DNA gene 5 controls the tissue-specific expression of chimeric 
genes carried by a novel type of Agrobacterium binary vector. Mol. Gen. Genet. 204:383-396.

Kumar, M., Gromiha, M. M., and Raghava, G. P. 2007. Identification of DNA-binding proteins using support vector 
machines and evolutionary profiles. BMC Bioinformatics 8:463.

Lazo, G. R., Stein, P. A., and Ludwig, R. A. 1991. A DNA transformation-competent Arabidopsis genomic library 
in Agrobacterium. Bio/Technology 9:963-967.

Li, Y., Yang, S., Yang, H., and Hua, J. 2007. The TIR-NB-LRR gene SNC1 is regulated at the transcript level by 
multiple factors. Mol. Plant-Microbe Interact. 20:1449-1456.

Lievens, B., Houterman, P. M., and Rep, M. 2009. Effector gene screening allows unambiguous identification 
of Fusarium oxysporum f. sp. lycopersici races and discrimination from other formae speciales. FEMS 
Microbiol. Lett. 300:201-215.

Liu, Z., and Karmarkar, V. 2008. Groucho/Tup1 family co-repressors in plant development. Trends Plant Sci. 
13:137-144.

Long, J. A., Ohno, C., Smith, Z. R., and Meyerowitz, E. M. 2006. TOPLESS regulates apical embryonic fate in 
Arabidopsis. Science 312:1520-1523.

Ma, L. (2012). The role of Fusarium oxysporum effector protein Avr2 in resistance and pathogenicity. In Molecular 
Plant Pathology, Swammerdam Institute of Life Sciences (Amsterdam: University of Amsterdam).

Ma, L., Lukasik, E., Gawehns, F., and Takken, F. L. 2012. The use of agroinfiltration for transient expression 
of plant resistance and fungal effector proteins in Nicotiana benthamiana leaves. Meth. Mol. Biol. 
835:61-74.



94 95

4

Six8 interaction with TOPLESSChapter 4

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.

Mukhtar, M. S., Carvunis, A. R., Dreze, M., Epple, P., Steinbrenner, J., Moore, J., Tasan, M., Galli, M., Hao, T., 
Nishimura, M. T., Pevzner, S. J., Donovan, S. E., Ghamsari, L., Santhanam, B., Romero, V., Poulin, M. M., 
Gebreab, F., Gutierrez, B. J., Tam, S., Monachello, D., Boxem, M., Harbort, C. J., McDonald, N., Gai, L., 
Chen, H., He, Y., Vandenhaute, J., Roth, F. P., Hill, D. E., Ecker, J. R., Vidal, M., Beynon, J., Braun, P., and 
Dangl, J. L. 2011. Independently evolved virulence effectors converge onto hubs in a plant immune 
system network. Science 333:596-601.

Pauwels, L., Barbero, G. F., Geerinck, J., Tilleman, S., Grunewald, W., Perez, A. C., Chico, J. M., Bossche, R. V., Sewell, 
J., Gil, E., Garcia-Casado, G., Witters, E., Inze, D., Long, J. A., De Jaeger, G., Solano, R., and Goossens, A. 
2010. NINJA connects the co-repressor TOPLESS to jasmonate signalling. Nature 464:788-791.

Plett, J. M., Daguerre, Y., Wittulsky, S., Vayssieres, A., Deveau, A., Melton, S. J., Kohler, A., Morrell-Falvey, J. L., 
Brun, A., Veneault-Fourrey, C., and Martin, F. 2014. Effector MiSSP7 of the mutualistic fungus Laccaria 
bicolor stabilizes the Populus JAZ6 protein and represses jasmonic acid (JA) responsive genes. Proc. 
Natl. Acad. Sci. USA 111:8299-8304.

Rep, M., Meijer, M., Houterman, P. M., van der Does, H. C., and Cornelissen, B. J. 2005. Fusarium oxysporum 
evades I-3-mediated resistance without altering the matching avirulence gene. Mol. Plant-Microbe 
Interact. 18:15-23.

Rovenich, H., Boshoven, J. C., and Thomma, B. P. 2014. Filamentous pathogen effector functions: of pathogens, 
hosts and microbiomes. Curr. Opin. Plant Biol. 20C:96-103.

Scala, A., Mirabella, R., Mugo, C., Matsui, K., Haring, M. A., and Schuurink, R. C. 2013. E-2-hexenal promotes 
susceptibility to Pseudomonas syringae by activating jasmonic acid pathways in Arabidopsis. Front. 
Plant Sci. 4:74.

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

Shyu, C., Figueroa, P., Depew, C. L., Cooke, T. F., Sheard, L. B., Moreno, J. E., Katsir, L., Zheng, N., Browse, J., and 
Howe, G. A. 2012. JAZ8 lacks a canonical degron and has an EAR motif that mediates transcriptional 
repression of jasmonate responses in Arabidopsis. Plant Cell 24:536-550.

Stassen, J. H., and Van den Ackerveken, G. 2011. How do oomycete effectors interfere with plant life? Curr. 
Opin. Plant Biol. 14:407-414.

Storey, J. D., and Tibshirani, R. 2003. Statistical significance for genomewide studies. Proc. Natl Acad. Sci. USA 
100:9440-9445.

Tameling, W. I., Nooijen, C., Ludwig, N., Boter, M., Slootweg, E., Goverse, A., Shirasu, K., and Joosten, M. H. 
2010. RanGAP2 mediates nucleocytoplasmic partitioning of the NB-LRR immune receptor Rx in the 
Solanaceae, thereby dictating Rx function. Plant Cell 22:4176-4194.

Thatcher, L. F., Manners, J. M., and Kazan, K. 2009. Fusarium oxysporum hijacks COI1-mediated jasmonate 
signaling to promote disease development in Arabidopsis. Plant J. 58:927-939.

Thatcher, L. F., Gardiner, D. M., Kazan, K., and Manners, J. M. 2012. A highly conserved effector in Fusarium 
oxysporum is required for full virulence on Arabidopsis. Mol. Plant-Microbe Interact. 25:180-190.

Tjamos, E. C., and Beckman, C. H. 1989. Vascular wilt diseases of plants: basic studies and control.  in: Springer-
Verlag, Berlin.

van den Burg, H. A., Tsitsigiannis, D. I., Rowland, O., Lo, J., Rallapalli, G., Maclean, D., Takken, F. L., and Jones, 
J. D. 2008. The F-box protein ACRE189/ACIF1 regulates cell death and defense responses activated 
during pathogen recognition in tobacco and tomato. Plant Cell 20:697-719.

van der Hoorn, R. A., and Kamoun, S. 2008. From Guard to Decoy: a new model for perception of plant pathogen 
effectors. Plant Cell 20:2009-2017.



96

4

Chapter 4

Van Ooijen, G., Lukasik, E., Van Den Burg, H. A., Vossen, J. H., Cornelissen, B. J., and Takken, F. L. 2010. The 
small heat shock protein 20 RSI2 interacts with and is required for stability and function of tomato 
resistance protein I-2. Plant J. 63:563-572.

Xia, Y., Suzuki, H., Borevitz, J., Blount, J., Guo, Z., Patel, K., Dixon, R. A., and Lamb, C. 2004. An extracellular 
aspartic protease functions in Arabidopsis disease resistance signaling. The EMBO journal 23:980-
988.

Zhang, Y., Goritschnig, S., Dong, X., and Li, X. 2003. A gain-of-function mutation in a plant disease resistance 
gene leads to constitutive activation of downstream signal transduction pathways in suppressor of 
npr1-1, constitutive 1. Plant Cell 15:2636-2646.

Zhu, Y., Qian, W., and Hua, J. 2010a. Temperature modulates plant defense responses through NB-LRR proteins. 
PLoS Pathog 6:e1000844.

Zhu, Y., Du, B., Qian, J., Zou, B., and Hua, J. 2013. Disease resistance gene-induced growth inhibition is enhanced 
by rcd1 independent of defense activation in Arabidopsis. Plant Physiol. 161:2005-2013.

Zhu, Z., Xu, F., Zhang, Y., Cheng, Y. T., Wiermer, M., Li, X., and Zhang, Y. 2010b. Arabidopsis resistance protein 
SNC1 activates immune responses through association with a transcriptional corepressor. Proc. Natl 
Acad. Sci. USA 107:13960-13965.



96

Chapter 4

Fusarium oxysporum effectors 
differentially affect protein accumulation

 in the xylem sap of infected tomato

5

Fleur Gawehns, Oskar Bruning, Petra M. Houterman, Sjef Boeren, 
Myriam Clavijo, Ben J. C. Cornelissen, Frank L. W. Takken



98

5

Chapter 5

Abstract

To facilitate colonization and infection plant-pathogenic fungi secrete small proteins, 
called effectors, to suppress or evade basal plant immunity. Fusarium oxysporum f. 
sp. lycopersici  (Fol)– the causal agent of Fusarium wilt of tomato- secretes 14 small, 
typically cysteine rich proteins into the xylem sap of infected plants. These proteins are 
called secreted in the xylem (Six) proteins. SIX4, SIX3 and SIX1 correspond to the three 
known avirulence genes - AVR1, AVR2 and AVR3 - respectively. Avr2, Avr3, Six5 and Six6 
contribute to full virulence qualifying these proteins as genuine effectors. To investigate 
their mechanistic function, the xylem sap proteome of plants inoculated with either 
water, Fol wild type or a Fol  AVR2, AVR3, SIX2, SIX5 or SIX6 knockout strain was analyzed 
with qLC-MS. Upon Fol infection the relative abundance of 217 proteins changed, while 
16 new proteins where found and 63 proteins could no longer be detected in the xylem 
sap. The xylem sap proteome obtained after inoculation with the Fol AVR2, AVR3, SIX5 
or SIX6 knockout was significantly different from that of plants infected with the wild 
type strain. Each knockout had a generic effect on the composition by affecting the 
accumulation of a core set of 24 differential accumulated proteins (DAPs). In addition, 
each knockout exerted unique activities that only affected accumulation of distinct DAPs.  
Inoculation with the Fol SIX2 knockout, which is not compromised in virulence, yielded 
a proteome identical to the one obtained upon infection with the Fol wild type strain. 
Hence, xylem sap composition and fungal pathogenicity are correlated and effectors 
have a common and a unique effect on the xylem sap composition. 
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Introduction

Microorganisms like bacteria, fungi, oomycetes, protozoa and nematodes continuously 
challenge the immune system of plants. Although these microorganisms are unsuccessful 
in most cases, sometimes they succeed in invading a plant and in causing disease. Diseases 
not only lead to losses in crop yields, but also affect food safety and quality (Agrios, 
2005). To facilitate infection and colonization, pathogenic microorganisms use small 
secreted proteins, called effectors, to suppress or evade plant basal immunity leading to 
effector mediated susceptibility (Jones and Dangl, 2006; Win et al., 2012). Plants may 
respond to effector action by employing a second layer of defense, notably resistance 
(R) gene–based immunity, which is activated by perception of the presence or actions 
of these effectors (Chisholm et al., 2006; Maekawa et al., 2011). In turn, this second 
layer of defense may be manipulated by the pathogen in order to regain the ability to 
confer disease (Rosebrock et al., 2007; Houterman et al., 2008). Effectors recognized by 
specific R proteins are also referred to as avirulence (Avr) proteins as they disable the 
ability of the pathogen to cause disease on a host carrying the corresponding R protein. 

Pathogenic fungi constitute a widespread threat to plant species (Fisher et al., 2012). 
Among these fungi is Fusarium oxysporum, a mostly harmless soil inhabitant that 
propagates asexually. However, pathogenic and host-specific forms have evolved 
that can cause either wilt disease or foot, root  or bulb rot on a variety of economical 
important crops like cotton, banana, melon and tomato (Tjamos and Beckman, 1989; 
Michielse and Rep, 2009). In the Top 10 list of fungal pathogens that have scientific 
and economic importance, Fusarium oxysporum is ranked fifth (Dean et al., 2012). The 
host-specific form (forma specialis or f.sp.) that causes Fusarium wilt disease of tomato 
is called F. oxysporum f.sp. lycopersici (Fol). Fol invades tomato roots and colonizes the 
xylem vessels, and as such in early stages of infection the interface between pathogen 
and host is largely confined to the xylem. Fungal colonization of the xylem vessels 
of roots and stems induces blocking of the transport of water and mineral salts and 
subsequently wilting of the plant. Currently 14 small, relatively cysteine rich Fol derived 
proteins have been identified in the xylem sap of infected tomato and are named Six 
proteins for “secreted in the xylem”. (Houterman et al., 2007; Lievens et al., 2009; Ma 
et al., 2010; Schmidt et al., 2013). All Six proteins are potential effector candidates. 
Gene knockout studies revealed that Six1, Six3, Six5 and Six6 are each required for full 
pathogenicity (Rep, 2005; Houterman et al., 2009; Gawehns et al., 2014) and present 
genuine effectors. Moreover, Six1 (Avr3), Six3 (Avr2) and Six4 (Avr1) act as avirulence 
proteins restricting spread of the pathogen in the presence of R genes I, I-2 and I-3, 
respectively (Rep et al., 2004; Houterman et al., 2008; Houterman et al., 2009). Finally, 
Avr1 suppresses resistance triggered by I-2 and I-3 upon Avr2 and Avr3 recognition, 
respectively (Houterman et al., 2008).
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A commonly observed plant response to pathogen attack is the production of so-called 
pathogenesis-related (PR) proteins. Since many of them possess antimicrobial activity 
at least in vitro, it is generally assumed that they play a role in defense (van Loon et 
al., 2006). In response to Fol infection, the accumulation of specific tomato proteins 
changes in the xylem sap, including that of PR proteins (Rep et al., 2002; Houterman et 
al., 2007).  Next to the accumulation of novel proteins, others disappear from the sap 
during the course of infection. One of the proteins whose abundance strongly decreases 
upon infection is XSP10, a small protein with lipid-binding properties (Rep et al., 2003; 
Krasikov et al., 2011). Interestingly, this protein is required for full susceptibility of 
tomato to Fusarium wilt (Krasikov et al., 2011). 

Since every SIX knockout tested so far is decreased in its pathogenicity, Fol effectors 
likely seem to have unique and non-redundant functions. To analyze those functions, we 
here set out to determine generic and unique changes in the host’s xylem sap proteome 
upon Fol infection using a quantitative, large-scale proteomics approach. Thereto, xylem 
sap of tomato inoculated with either wild type Fol or an AVR3, SIX2, AVR2, SIX5 or SIX6 
knockout was isolated and analyzed using qLC-MS. To look for changes in accumulation 
of xylem sap proteins a bioinformatics pipeline was developed. Both a general and a 
specific effect of Fol effectors on the xylem sap composition was observed, indicating 
that Six proteins perform both redundant and non-redundant functions. 

Results

Identification of the tomato xylem sap proteome upon Fol infection

In order to quantitatively investigate the xylem sap proteome and detect the influence 
of specific effector proteins on its composition, we collected xylem sap from tomato 
plants inoculated with either water, a race 2 F. oxysporum isolate (Fol007) and five 
different effector deletion strains. Two experiments were performed, one in autumn 
(experiment 1) and one in spring (experiment 2). Besides the mock and Fol007, ΔAVR2 
and ΔSIX5 knockouts were included in experiment 1 while in experiment 2 ΔAVR3, 
ΔSIX2 and ΔSIX6 knockouts were used (see below) for inoculation. Roots of three-week-
old plants were inoculated and xylem sap was collected approximately 14 days post-
inoculation (dpi) when early disease symptoms developed, like formation of air-roots 
and yellowing and wilting of the lower leaves (Rep et al., 2002). Each experiment was 
repeated four times, using 25 plants per treatment, and carried out in four subsequent 
weeks. An overview of the procedure resuming in the identification and quantification 
of the xylem sap proteome is depicted in Figure 1. Briefly, the xylem sap of the 25 plants/
treatment was pooled, resulting in a typical yield of 15 - 70 ml. The collected xylem 
sap was concentrated and trichloroacetic acid/aceton precipitated. Subsequently, the 
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pellet was dissolved in loading buffer and the proteins were shortly electrophoresed on 
an SDS-polyacrylamide gel. After coomassie staining the protein-containing band was 
isolated and used for in-gel trypsin digestion. Identification of the released peptides was 
done using nLC-MS/MS mass spectrometry followed by MaxQuant analysis to identify 
and quantify the progenitor proteins. For reliable identification only those proteins 
were included: I) that match with at least two peptides that were identified in at least 
three replications, and II) of which at least one peptide is unique. Figure 2 shows a PCA 
plot, generated from normalized data, representing all treatments and replicates. The 
distribution of all replicates of each treatment was found to be comparable along the 
PC1-axis. This even distribution indicates that each replicate was influenced by similar 
effects allowing the data sets to be averaged. 

Figure 1: Pipeline for the identification and functional annotation of Differential Accumulated xylem sap 
Proteins (DAPs). Upon inoculation of tomato with different Fol strains and appearance of the first disease 
symptoms the xylem sap was harvested. The concentrated sap was shortly run in an SDS-polyacrylamide gel 
electrophoresis (PAGE), the protein containing bands were cut out of the gel and the proteins were tryptic 
digested. The obtained peptides were identified and quantified using nanoLC-MS/MS and subsequently a 
bioinformatics  pipeline was applied (MaxQuant). The data were filtered on reliability, normalized and a 
mixed linear model fitted. Differences of the xylem sap proteome between different treatments were tested 
for permutated significance resulting in the identification of DAPs, which were functional annotated.
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Figure 2: Technical replicates of each treatment cluster along the x-axis. PCA plot based on the normalized 
proteome data. PCA1 is plotted on the x-axis, PCA2 is plotted on the y-axis. The PCA analysis was performed 
with all 16 experiments from data set 1 (A) and 20 experiments from data set 2 (B).

In total 343 and 292 plant proteins, 43 and 19 Fol proteins and 7 contaminating 
proteins (e.g. trypsin, keratin etc.) were identified and quantified in experiments 1 
and 2, respectively. Since we are interested in the plant proteome we excluded the Fol-
encoded proteins (Schmidt et al., 2013). To allow for statistical testing of significant 
differences between the xylem sap proteins of mock-treated and Fol-inoculated plants, 
data were normalized using log2 transformation and median scaling. To correct the 
data for the non-treatment related noise caused by sampling the replicates in four 
different weeks, and to estimate the effect of the different treatments, a mixed linear 
model was fitted. The contrasts between xylem sap proteins in mock-treated and Fol-
inoculated plants were tested for significant differences using 2000 permutations to 
relax restrictions of normality. Subsequently, a correction for the false discovery rate 
was done (p<0.1). Proteins exhibiting a significantly altered accumulation after Fol 
inoculation in comparison to the mock treatment were called DAPs, for Differentially 
Accumulated Proteins. 

To assess the purity of the identified xylem sap the proteome was analyzed for the 
presence of typical proteins from xylem and for phloem-derived and cytoplasmic proteins. 
The typical xylem sap proteins that are conserved among different plant species, like 
peroxidases, glycine-rich proteins, serine and aspartyl proteases, chitinases and lipid 
transfer proteins like polypeptides (Buhtz et al., 2004) were present in both experimental 
sets. In addition, in the dataset of experiment 1 also several cytoplasmic proteins like 
Ribose-5-phosphate isomerase,  Triose-phosphate-isomerase, Fructose-bisphosphate-
aldolase and Fructose-1,6-bisphosphatase catalyzing reactions in gluconeogenesis, 
glycolysis and Calvin cycle were found. In this proteome also a Polyphenoloxidase 
was identified, which is a characteristic protein for phloem sap (Dafoe and Constabel, 
2009). Other typical phloem proteins, like PP1 and WIN4 (Dafoe and Constabel, 2009; 
Subramanian et al., 2009), or the cytosolic Ribulose-1,5-bisphosphate carboxylase were 
absent suggesting a minimal contamination of phloem sap in the xylem sap preparation. 
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The tomato xylem sap proteome composition changes distinctively after Fol 
infection.

To assess the effect Fol has on the xylem sap proteome composition, the identities of 
the plant proteins present in the Fol- and mock-treated plants of experiment 1 were 
compared. The data obtained in experiment 1 were preferred over the data set of 
experiment 2 because of its larger number of proteins identified. In this set a total of 254 
and 301 tomato proteins were found in Fol- and mock-treated plants respectively. The 
identity of the xylem sap proteins was determined by gene ontology (GO) annotation 
using the plant optimized and homology-based annotation software MapMan (Klie and 
Nikoloski, 2012; Lohse et al., 2014). The obtained bin-codes were classified into 10 
categories: “cell wall”, “metabolism”, “stress responses”, “redox”, “peroxidases”, “DNA/
RNA”, “protein modification”, “signaling”, “others” including mostly photosynthesis and 
development related proteins and “not assigned” (Tab. 1). 

Table 1: List of gene ontology terms categories and the corresponding bin-codes.

Others

Biodegradation of Xenobiotics

cell.cycle.peptidylprolyl isomerase

development.unspecified

transport.metabolite transporters at the mitochondrial membrane

OPP

PS.lightreaction.other electron carrier (ox/red).ferredoxin

PS.calvin cycle

Cell wall

cell wall proteins

cell wall.degradation

cell wall.modification

cell wall.pectin*esterases

misc.invertase/pectin methylesterase inhibitor family protein

misc.gluco-, galacto- and mannosidases.alpha/beta-galactosidase

Metabolism

lipid metabolism

misc.protease inhibitor/seed storage/lipid transfer protein (LTP) family protein

amino acid metabolism

secondary metabolism.simple phenols

hormone metabolism.auxin.induced-regulated-responsive-activated

major CHO metabolism.degradation.sucrose

misc.nitrilases, *nitrile lyases, berberine bridge enzymes, reticuline oxidases, troponine reductases
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nucleotide metabolism.degradation

nucleotide metabolism.phosphotransfer and pyrophosphatases

minor CHO metabolism

glycolysis.cytosolic branch

TCA / org transformation

misc.acid and other phosphatases

Stress response

stress.biotic

stress.biotic.PR-proteins

misc.beta 1,3 glucan hydrolases

stress.abiotic.unspecified

misc.GDSL-motif lipase (biotic stress)

redox.thioredoxin

redox.ascorbate and glutathione

redox.dismutases and catalases

misc.plastocyanin-like

misc.oxidases - copper, flavone etc

misc.glutathione S transferases

Peroxidases

misc.peroxidases

DNA/RNA

RNA.processing.ribonucleases

RNA.regulation of transcription.unclassified

DNA.synthesis/chromatin structure

Protein

protein.targeting.secretory pathway.unspecified

protein.degradation

protein.glycosylation.alpha-1,3/1,6-mannosyl-glycoprotein-beta-1,2-N-acetylglucosaminyltransferase(GnTI) 

Signalling

signalling.receptor kinases

signalling.calcium

signalling.MAP kinases

signalling.14-3-3 proteins

PLP2/4 (lipid acyl hydrolase activity) derfence and signallng)

protein.postranslational modification.kinase.receptor like cytoplasmatic kinase VII

Not assigned

not assigned
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The relative amount of plant proteins per GO category is displayed in a bar chart (Fig. 
3A). The largest category is formed by proteins belonging to “stress responses” with 
21 and 20% of the total proteins found in the Fol and mock proteome respectively. 
This is followed by the categories “protein modification and degradation”, “cell wall”, 
“peroxidases” and “metabolism”. The categories containing the lowest number of 
proteins are “others”, “redox” and “signaling” The latter group is the one that relatively 
differs the most in size between Fol and mock. The GO analysis reveals that, in general, 
the size and composition of the categories are similar for both treatments. Hence, the 
overall composition of the xylem sap proteome after Fol treatment is roughly identical 
to that of the mock treatment. 

Figure 3: The identity of the xylem sap proteome in mock-treated and Fol-inoculated plants is similar. (A) Bar 
chart showing the percentage of xylem sap proteins per GO category for Fol-inolculated and mock-inoculated 
plants. (B) Venn-diagram representing the number of overlapping and individual proteins of the mock and 
Fol proteome. (C) Bar chart depicting all different accumulated proteins (DAPs) in the Fol vs. mock contrast 
depending on whether the protein accumulation was decreased (down) or increased (up).
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Only 16 proteins were identified exclusively in Fol-treated plants, while 63 were solely 
found in the mock. In total, 238 plant proteins were found in both datasets as depicted 
in a Venn diagram (Fig. 3B). Of these generic proteins the abundance of 21 proteins 
was unaltered, whereas that of the other 217 varied significantly between Fol and 
mock treated plants. Of the latter the abundance of 125 proteins was decreased and 
of 92 proteins increased upon Fol inoculation. In total 296  differentially accumulated 
proteins (DAPs) were identified, 217 present in both Fol and mock samples, 16 unique 
for Fol treatment and 63 unique for the mock. Figure 3C shows their distribution 
over the GO categories. The DAPs can be distinguished in two groups: the “up” group 
consisting of newly appearing proteins and these whose abundance increases upon Fol 
treatment, and the “down” group that contains all DAPs with decreased amounts or 
proteins being absent after Fol treatment. Most proteins in the “down” group belong 
to the categories “cell wall” or “stress responses”. These categories account for 15 
and 16% of the total dataset, respectively, and are followed by the category “protein 
modification and degradation” covering 14%. Of the “down” DAPs the category “cell 
wall” is depleted and represents only 5% of the proteins. The same pattern is observed 
regardless whether the 63 mock-unique proteins were included in the analysis or not. 
The “up” DAPs were especially enriched for the category “stress responses” harboring 
27% of the total number of identified proteins. 

In summary, the abundance of 92% of the tomato proteins present in the xylem sap 
changes after infection while that of only 8% remained unaltered. Of the altered proteins 
6% was identified uniquely after Fol inoculation. Hence, upon infection the overall 
xylem sap proteome composition remains relative constant, but the abundance of most 
individual proteins changes distinctively. Generally, the abundance of proteins related 
to stress responses increased while those of cell wall-related proteins was reduced. 

Data from different XS experiments can be merged

Even in conditioned greenhouses the symptoms of Fusarium wilt disease are subject 
to seasonal influences. Figure 4A shows plants treated with either water or with one of 
the three Fol strains (Fol007, ΔSIX2 and ΔSIX6) in two different seasons (summer 2010 
and early spring 2012). Inoculation in spring typically results in shorter plants, later 
onset of wilting symptoms and a stronger epinastic response as compared to bioassays 
performed in summer. However, the relative score of the disease symptoms were the 
same: plants inoculated with Fol007 or ΔSIX2 showed the severest disease symptoms 
while inoculation of ΔSIX6 or mock treatment caused the mildest or no symptoms. 

To assess the overall quality and comparability of the data sets obtained in experiment 
1 and 2, PCA analysis of the normalized LFQ values of all plant proteins was performed 
for the mock-treated and Fol-inoculated plants. The PCA plots for both data set 1 (Fig. 
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4B) and data set 2 (Fig. 4C) show a clear separation of the mock treatment from the Fol 
treatment on the PC1 axis. Hence, the biological effects were stronger than the technical 
effects and therefore the data quality was deemed as sufficient for further analysis. 

Figure 4: The proteome of xylem sap harvest performed in different seasons is comparable on data and 
biological level. (A) Photographs taken from two different bioassays performed in either summer 2010 or 
spring 2012, when clear disease symptoms developed (two to three weeks after inoculation). Approximately 
the same magnification was used. Four-week-old plants were mock-treated or inoculated with Fol007, the 
SIX6 knockout (ΔSIX6) or the SIX2 knockout (ΔSIX2). Plants from summer 2010 were longer and disease 
symptoms included mainly wilting and yellowing of the leaves. In spring 2012 diseased plants were 
recognized by epinasty and reduced plant size. (B) and (C) PCA plot based on the normalized data. PCA1 is 
plotted on the x-axis, PCA2 is plotted on the y-axis. The PCA analysis was performed with the proteome data 
obtained for Fol- or mock-treated plants from data set 1 (B) or from data set 2 (C). (D) Bar chart showing the 
percentage of xylem sap proteins per GO category for the Fol and mock treatments of data set 1 and data set 2. 
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To determine the comparability on a biological level, a GO analysis was performed 
with the xylem sap proteome, which was obtained from either mock- or Fol-inoculated 
plants, for both sets and the result were plotted in a bar chart (Fig. 4D). The biggest 
group of proteins belonged to the category “stress response” in all data sets, followed 
by the categories “protein modification and degradation”, “cell wall” “peroxidases” and 
“metabolism”. The categories “signaling”, “redox”, “DNA and RNA related”, “others” and 
“not assigned” were the least represented categories. In the data sets of experiment 1 
relatively more metabolism-related proteins were found to be altered in their abundance, 
whereas in experiment 2 more proteins with a function in protein modification and 
degradation were identified. 

A correlation analysis was performed with the data from experiment 1 and 2 (Fig. S1) to 
analyse the comparability of the data sets further. In the scatter plot the data distribute 
on a linear line through 0 by trend. The Pearson correlation coefficient of this analysis 
is 0.6, which indicates a positive correlation between the data sets.

Although differences between the severity of disease symptoms were observed, data 
sets 1 and 2 are similar regarding both biology and data quality, correlate and hence, 
can be merged for further analysis. 

Avr2, Avr3, Six5 and Six6 have specific and common effects on the XS proteome 
composition

Next, it was examined whether reduced pathogenicity can be correlated to a specific 
change in the xylem sap proteome composition. Merging data sets 1 and 2 allowed 
comparison of the xylem sap proteome after inoculation with the distinct Fol effector 
knockout strains. Five effector knockouts have been made into the Fol007 background. 
Four of them, notably AVR2, AVR3, SIX5 and SIX6, are partially compromised in 
pathogenicity confirming that these genes encode virulence factors (Rep et al., 2005; 
Houterman et al., 2009; Schmidt et al., 2013; Gawehns et al., 2014). A SIX2 knockout has 
not been described before and to assess its role in virulence three SIX2 knockout strains 
were made. Only one  knockout (ΔSIX2#1) showed reduced virulence in a seedlings 
bioassay, resulting in increased plant weight and a reduction in the disease index; the 
other two knockouts and a reference strain, which was ectopically transformed with the 
SIX2 knockout construct, behaved like wild type Fol007 (Fig. 5). Transformant ΔSIX2#1 
was used for further analysis in this study. 
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Figure 5: 
One SIX2 knockout is reduced in virulence. 
Susceptible tomato seedlings were inoculated with 
wild type Fol (Fol007) or strains in which SIX2 was 
deleted (ΔSIX2#1-3). As controls mock-inoculated 
plants were used (mock) or one transformant 
(ect#1), in which the SIX2 deletion construct was 
integrated ectopically. Average plant weight of 20 
plants was plotted against the average disease 
index of the same plants. In ΔSIX2#1 pathogenicity 
was impaired as shown by the increased plant 
weight as compared to infection with Fol007 and 
the ectopic transformant. Error bars represent the 
standard error. Clustering is based on an ANOVA 
(Fisher PLSD significant at 95%) using either the 
disease index (solid line) or plant weight (dashed 
line). 

To analyze the differences in the xylem sap proteome with regard to the effector knockout, 
the DAPs for each knockout were determined following inoculation. The contrast between 
the AVR2 knockout and Fol wild type revealed 209 DAPs; 37 DAPs were found for ΔAVR3, 
0 for ΔSIX2, 206 for ΔSIX5 and 115 for ΔSIX6. Because the xylem proteome composition 
was identical to that of the wild type Fol after inoculation with the ΔSIX2 knockout, this 
treatment was excluded from further analysis. The DAPs for the AVR3, AVR2, SIX5 and SIX6 
knockouts are represented in a Venn diagram (Fig. 6A), showing that 24 DAPs are common 
for the four SIX knockouts. Ten of those DAPs belong to the category “stress response” 
and are mostly PR proteins (Fig. 6B). Also four proteases from the category “protein 
modification and degradation” were present. In all xylem sap samples from plants treated 
with one of the four effector-knockouts the abundance of those proteases was decreased 
compared to the Fol wild type. Also from each of the categories “signaling”, “redox”, 
“peroxidases” and “metabolism”, two proteins belonged to the common DAPs.  Whereas 
the number of DAPs in the category “stress responses” is highest in the comparison of 
Avr2, Avr3, Six5 and Six6 with Fol007 (42%) and of Avr2, Six5, Six6 with Fol007 (33%), 
numbers decreases with the number of knockouts in the contrast. 

Next, DAPs were identified, whose abundance uniquely alters in the xylem sap isolated 
following tomato infection with a specific effector knockout. Three unique DAPs were 
found in the xylem sap from plants inoculated with the Fol AVR3 knockout (Fig. 6A). 
When also taking the direction of accumulation change (increase - “up” or decrease - 
“down”) into account, three more DAPs were identified (Tab. 2). Those were annotated 
as common effector DAPs but the direction of accumulation change was specific for 
Avr3. The AVR3 specific DAPs were: one Kunitz-type proteinase inhibitor, which is 
increased in accumulation in the xylem sap, one polygalacturonase-like protein, two 
serine carboxypeptidases, one superoxide dismutase (SOD) and one PR2 protein, which 
abundances were all decreased in the absence of Avr3. 
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Table 2:  List of DAPs, whose accumulation changes specifically upon inoculation with a SIX knockout. u- increased 
accumulation, d- decreased accumulation, sr- stress responses, s- signaling, r- redox, po- peroxidases, p- protein 
modification/ degradation, o- others, na- not assigned, m- metabolism, d- DNA/RNA related, cw- cell wall.

ID GO Functional description u(p)/
d(own)

Avr3

Solyc03g098710.1.1 sr Kunitz-type proteinase inhibitor A4 (Fragment) u

Solyc09g075460.1.1 cw Polygalacturonase-like protein-like d

Solyc06g083040.1.1 p Serine carboxypeptidase 1 d

Solyc02g088820.1.1 p Serine carboxypeptidase K10B2.2 d

Solyc01g067740.1.1 r Superoxide dismutase d

Solyc04g080260.1.1 sr Glucan endo-1 3-beta-glucosidase  (PR2) d

Avr2

Solyc08g081480.1.1 cw Polygalacturonase-like protein d

Solyc02g092670.1.1 p Subtilisin-like protease d

Solyc03g083900.1.1 r Laccase-22 d

Solyc01g099770.1.1 na Translationally-controlled tumor protein homolog d

Solyc05g046010.1.1 po Peroxidase d

Solyc08g075390.1.1 na Isopentenyl-diphosphate delta-isomerase family protein d

Solyc12g014440.1.1 na BNR/Asp-box repeat protein d

Solyc07g065110.1.1 m Protease inhibitor/seed storage/lipid transfer protein family protein d

Solyc09g098340.1.1 p Aspartic proteinase-like protein d

Solyc12g008580.1.1 sr Glucan endo-1 3-beta-glucosidase d

Solyc01g068380.1.1 m Purple acid phosphatase u

Solyc04g007160.1.1 cw Alpha-glucosidase u

Solyc04g077190.1.1 cw Endo-1 4-beta-xylanase u

Solyc02g079510.1.1 po Peroxidase u

Solyc02g087250.1.1 na Group II intron splicing factor CRS1-like u

Solyc05g009470.1.1 cw Alpha-glucosidase u

Solyc05g013720.1.1 m Alpha-galactosidase u

Solyc06g050130.1.1 m Alpha-galactosidase-like protein u

Solyc07g053540.1.1 cw Fasciclin-like arabinogalactan protein u

Solyc10g007070.1.1 r CT099 u

Solyc11g040330.1.1 na Endo-1 4-beta-xylanase u

Solyc12g056390.1.1 sr Thaumatin-like protein u

Six5

Solyc02g061770.1.1 sr Endochitinase d

Solyc06g073190.1.1 m Fructokinase-like d

Solyc04g007910.1.1 sr Glucan endo-1 3-beta-glucosidase d

Solyc09g009020.1.1 m Enolase d
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Solyc04g045340.1.1 na Phosphoglucomutase d

Solyc05g052600.1.1 o Fructose-1 6-bisphosphatase class 1 d

Solyc12g014270.1.1 na Peptide-N4-(N-acetyl-beta-glucosaminyl)asparagine amidase A d

Solyc01g087610.1.1 m Alpha-N-acetylglucosaminidase u

Solyc01g108840.1.1 s Receptor-like kinase u

Solyc02g070070.1.1 m FAD-binding domain-containing protein u

Solyc02g083760.1.1 sr Thaumatin-like protein u

Solyc04g054980.1.1 na Lipoxygenase homology domain-containing protein u

Solyc04g080260.1.1 sr Glucan endo-1 3-beta-glucosidase u

Solyc05g046020.1.1 po Peroxidase u

Solyc08g074620.1.1 na Polyphenol oxidase u

Solyc06g072230.1.1 sr Kunitz trypsin inhibitor u

Solyc08g067500.1.1 m Non-specific lipid-transfer protein u

Solyc03g123900.1.1 p Mannosyl-oligosaccharide 1 2-alpha-mannosidase u

Solyc08g079090.1.1 r Laccase-22 u

Solyc09g007520.1.1 po Peroxidase u

Solyc10g074820.1.1 na Unknown Protein u

Solyc10g075100.1.1 m Non-specific lipid-transfer protein u

Solyc11g066290.1.1 m Icc family phosphohydrolase u

Solyc12g099160.1.1 p Serine carboxypeptidase K10B2.2 u

Six6    

Solyc08g005800.1.1 cw Pectinacetylesterase like protein d

Solyc01g108840.1.1 s Receptor-like kinase d

Solyc01g112080.1.1 na LysM-domain GPI-anchored protein d

Solyc02g093210.1.1 s MAPprotein kinase-like protein d

Solyc04g072000.1.1 sr Chitinase d

Solyc04g076190.1.1 d Aspartic proteinase nepenthesin d

Solyc10g081510.1.1 m 5-methyltetrahydropteroyltriglutamate-homocysteine 
methyltransferase

d

Solyc05g052280.1.1 po Peroxidase d

Solyc06g072220.1.1 sr Kunitz trypsin inhibitor d

Solyc06g072230.1.1 sr Kunitz trypsin inhibitor d

Solyc08g066810.1.1 cw Glycosyl hydrolase family d

Solyc09g007520.1.1 po Peroxidase d

Solyc01g105070.1.1 po Peroxidase d

Solyc06g076630.1.1 po Peroxidase d

Solyc10g074440.1.1 sr Endochitinase d

Solyc10g074820.1.1 na Unknown Protein d

Solyc10g079860.1.1 sr Beta-1 3-glucanase d
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Solyc10g081120.1.1 na Alpha-L-arabinofuranosidase d

Solyc11g040330.1.1 na Endo-1 4-beta-xylanase d

Solyc11g066620.1.1 p Aspartyl protease family prote d

Solyc12g013900.1.1 r CT099 d

Solyc12g099160.1.1 p Serine carboxypeptidase d

Solyc04g009630.1.1 cw Alpha-glucosidase u

Solyc11g005770.1.1 cw Pectinesterase family protein u

Solyc02g094050.1.1 r Blue copper protein u

Solyc03g031800.1.1 cw Xyloglucan endotransglucosylase/hydrolase u

Solyc03g113030.1.1 m Aldose 1-epimerase-like protein u

Solyc06g082250.1.1 m Laccase-13 u

Solyc06g083030.1.1 p Serine carboxypeptidase u

Solyc02g024050.1.1 o Ferredoxin--NADP reductase u

Solyc07g007670.1.1 m Purple acid phosphatase 3 u

Solyc07g017600.1.1 cw Pectinesterase u

Solyc07g041970.1.1 p Subtilisin-like protease u

Solyc07g055690.1.1 s S-locus-specific glycoprotein u

Solyc07g064240.1.1 r CT099 u

Solyc02g077040.1.1 p Cathepsin B-like cysteine proteinase u

Solyc05g054710.1.1 p Beta-hexosaminidase b u

Solyc09g007010.1.1 sr Pathogenesis related protein PR-1 u

Solyc11g008810.1.1 p Beta-hexosaminidase b u

Solyc10g084320.1.1 p Subtilisin-like protease u

Solyc12g019890.1.1 sr Glucan endo-1 3-beta-glucosidase u

Solyc12g087940.1.1 p Aspartic proteinase nepenthesin-1 u

Solyc12g088760.1.1 p Subtilisin-like protease u

Solyc12g094460.1.1 r Laccase-2 u

In the xylem sap of tomato plants, which were inoculated with the AVR2 knockout, 21 
specific DAPs were found (Fig. 6A). Those proteins represent all GO categories, except 
“signaling”, “others” and “DNA/RNA related”. Notably, only 10 % of DAPs belonged to 
“stress responses”, 24 % to “cell wall” and 19 % to “others” (Fig. 6B). Table 2 shows all 
22 AVR2 specific DAPs with either an increasing or decreasing accumulation. Next to 
common DAPs like PR proteins, peroxidases, proteinases and different hydrolases, a 
TCTP homolog and a Group II intron splicing factor CRS1-like protein was found. The 
first one showed a decrease in abundance the latter an increase.

In the xylem sap preotome of SIX5 knockout-treated plants 18 specific DAPs were 
identified (Fig. 6A). The category “metabolism” is stronger represented in comparison 
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with the AVR2 specific DAPs as 39 % of all SIX5 specific DAPs belong to this category 
(Fig. 6B). No proteins from the category “cell wall” were found. When the direction 
of accumulation change was considered, 24 SIX5 knockout specific DAPs were found 
(Tab. 2). Generally more DAPs were increased (17) than decreased (7) in this xylem 
sap proteome. Remarkably, the enzymes phosphoglucomutase and Fructose-1-6-
bisphosphatase were identified in the latter group of DAPs, which have catalytic function 
in glycogenesis. 

Figure 6: Effector knockouts have common and specific DAPs. (A) Venn-diagram showing the arrangement 
of DAPs in the contrasts between the AVR3, AVR2, SIX5, SIX6 knockouts with Fol007. Black circle: number of 
DAPs shared by all effector knockouts, white circles: number of effector knockout specific DAPs. (B) Bar chart 
depicting the percentages per GO category for all different accumulated DAPs in the Fol007 vs. mock contrast 
and the contrasts between different groups of effector knockouts or single knockouts with Fol007.

The 29 specific DAPs in the xylem sap of SIX6 knockout treated tomato plants (Fig. 6A) 
distribute over all GO categories except “others”. Relative more DAPs belonging to the 
categories “protein modification and degradation” and “peroxidases” were identified 



114

5

Chapter 5

than in the Fol007 vs. mock contrast (Fig. 6B). In detail, the abundance of 22 proteins 
was either increased or decreased and all peroxidases were decreased while the amount 
of protein-degrading enzymes mostly was increased (Tab. 2). 

In summary, the knockout of a single Fol effector affects the xylem sap proteome 
composition. All effector knockouts affected the abundance of a core set of 24 xylem 
sap proteins. In addition each effector knockout has a unique activity as shown by their 
unique GO profiles with distinctive DAPs. The SIX2 knockout did not affect the xylem 
sap proteome in comparison to the wild type. This agrees with the similarity of both 
strains in their virulence phenotype.

Discussion

Changes in the xylem sap proteome upon Fol infection

The tomato xylem sap proteome changes upon infection with Fol. Using a quantitative 
MS approach, hundreds of proteins were identified derived from both plant and 
fungus. Except for the appearance of fungal proteins in the sap of infected plants, no 
major (qualitative) differences were detected in the sap proteomes of Fol-inoculated 
and mock-treated plants: upon infection 16 new plant proteins were found, whereas 
63 proteins disappeared. Gene ontology analysis revealed that mainly proteins from 
categories "stress responses" (mostly PR proteins), "signaling" (many LRR class 
receptor like kinases), "protein modifications" (peptidases) and "not assigned" were 
no longer present. Of all proteins identified in both data sets 83% showed changes in 
accumulation, which reflects the dynamic of this biological system better than a simple 
on-off switch: generally, xylem sap proteins are expressed in the roots and secreted into 
the xylem sap (Kehr et al., 2005). Upon Fol infection expression might be different in the 
colonized and healthy roots. Hence, the xylem sap proteome consists of a mixture from 
infected and non-infected roots, which might explain why the bulk of the proteins are 
found before and after infection as they are produced by non-infected tissues. 

In a previous study thirteen proteins, including PR-1, two PR-2 isoforms, PR-3, PR-5 
and peroxidases, were found to accumulate in xylem sap specifically upon inoculation 
of tomato with a compatible Fol strain (Rep et al., 2002; Houterman et al., 2007); the 
amount of one protein, a lipid transfer like protein (LTP) named XSP10, was decreased 
two to three weeks after infection with a virulent strain (Rep et al., 2002; Rep et al., 2003). 
Accumulation of this protein did not change upon mock-inoculation or inoculation 
with an incompatible Fol strain. XSP10 is required to fully develop disease symptoms 
(Krasikov et al., 2011). This suggests that during infection XSP10 is either broken 
down or re-localized e.g. to the cell wall as expression of XSP10 is constitutive during 
infection (Rep et al., 2003). Plant LTP’s may fulfill various functions such as systemic 
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signaling during defense (Kachroo and Robin, 2013). Possibly XSP10 as well functions 
in defense or signaling. In experiment 1 of our study accumulation of XSP10 decreased 
as expected during a compatible interaction. However, in experiment 2 accumulation of 
XSP10 did not significantly change. Overall, experiments 1 and 2 were comparable on 
a biological and data level. Hence it is intriguing that the XSP10 accumulation differed 
between the two experiments. Sampling was performed more or less at the same time 
after infection in both experiments. However, plants clearly showed weaker disease 
symptoms in experiment 2 than in experiment 1 (Fig. 4A). It is known that age, fitness 
and the nutritional status of the host as well as environmental conditions determine the 
speed and severity of disease development (Yadeta and Thomma, 2013). Most likely, 
the season in which the experiments were conducted, differently affected those factors 
resulting in altered severity of disease symptoms. XSP10 somehow negatively affects 
the development of symptoms as do age and fitness of the host and the environmental 
conditions. Under infection-promoting conditions like in experiment 1, fungal effectors 
accumulate to levels high enough to possibly neutralize the action of XSP10 by probably 
promoting its breakdown or re-allocation. Because LFQ values between experiment 1 
and 2 were not comparable, we could not estimate whether the overall accumulation of 
XSP10 was lower in experiment 2 than in experiment 1. To make data sets comparable 
on a quantitative level, an internal control should be taken along in future studies. This 
could correct for technical issues like the reproducibility of the liquid chromatography 
run during MS analysis. Seasonal studies of the tomato xylem sap should be performed 
to identify a possible correlation between differences in XSP10 accumulation and 
disease symptom development. 

One fourth of all proteins are secreted non-classically into the xylem sap

As xylem vessels consist of dead cells, xylem sap proteins originate from neigbouring 
cells in which they are synthesized. The vast majority of extracellular proteins are 
secreted by the classical endoplasmic reticulum / Golgi-dependent pathway (Kehr et 
al., 2005). Secretion of a protein is mediated by its amino-terminal signal peptide. We 
identified in total 105 plant proteins that did not have a predicted signal peptide. Of 
these 77 were suggested by SecretomeP (N score > 0.5) to use a non-classical secretory 
pathway and they are referred to as unconventional secreted proteins. Consequently, 28 
xylem sap proteins neither contained a signal peptide nor were predicted to be secreted 
unconventionally. Two of those, namely a beta-1,3-glucanase (PR2) and a 5-methyltet
rahydropteroyltriglutamate-homocysteine methyltransferase, were highly abundant in 
both data sets as their LFQ values were larger than nine. A similar observation was 
made in the xylem sap of Brassica oleracea, where an intracellular methionine synthase 
was identified in high amounts next to other lower accumulated intracellular proteins 
(Ligat et al., 2011). The consistency with which intracellular proteins are found in the 
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xylem sap, makes it unlikely that these proteins are just contaminations of other tissues 
than xylem sap due to the sampling method. The most likely explanation is that they 
are derived from developing xylem precursor cells and released immediately after 
tracheary element cell death (Dafoe and Constabel, 2009; Yadeta and Thomma, 2013). 
However, it is important to note that also annotation of some proteins could be wrong 
or incomplete. This could result in missing N-terminal parts, which might be important 
for a correct prediction of the signaling pathway. 

It has been suggested that non-classical secretion is preferably activated upon biotic 
and abiotic stresses (Agrawal et al., 2010). If so, one would expect more and/or higher 
amounts of signal peptide-less secreted proteins in the proteome of Fol-infected plants 
compared to the proteome of mock-inoculated plants. To test this hypothesis we looked 
at the abundance of xylem sap proteins without a predicted signal peptide before and 
after infection. Of the 16 plant proteins unique for the “infected” proteome only five 
were predicted to have a signal peptide; eleven were not. This seems to confirm the 
idea of activation of the non-classical secretory pathway upon infection. In the control 
proteome the majority (49) of the 63 unique proteins were predicted to contain a signal 
peptide. Within the population of DAPs present in both the ‘mock-’ and ‘Fol-treated’ 
proteome, no clear over-representation could be detected of proteins without a signal 
peptide, regardless whether the accumulation of DAPs was in- or decreased.

Regarding the total protein dataset from experiment 1 and 2, the majority of proteins 
related to “stress responses” had a signal peptide (Fig. 7). The same was found 
for “peroxidases”, “signaling related proteins” and proteins associated to protein 
modification and degradation. In percentages, proteins with a function in the “redox 
system”, in the “metabolism” or in the cell wall generally were preferably secreted via 
the alternative route. In summary, non-classical-secretion clearly plays a role for certain 
functional groups of xylem sap proteins, but the relationship between infection and 
their route of secretion has to be further determined. 
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Figure 7: Proteins with functions in stress responses and signaling and peroxidases generally carry a predicted 
signal peptide (SP). Bar chart showing (A) the number and (B) the percentage of all proteins identified in data 
set 1 and 2 per GO category. All identified proteins were separated into two classes (no SP, with SP). 

Effector gene knockouts affect accumulation of specific xylem sap proteins

Four out of five SIX gene knockouts had both a generic and a specific effect on the xylem 
sap proteome and those four SIX genes encode genuine virulence factors (Avr3, Avr2, 
Six5, Six6). A knockout of SIX2 had a weaker effect on virulence than other effector 
gene knockouts and was as pathogenic as wild type Fol007. Interestingly, also the xylem 
sap proteome upon infection with this knockout was identical compared to wild type. 
Possibly a function of this protein in virulence might be masked by redundancy, so as 
yet no effector function can be assigned to this protein. 

Description of effects on the xylem sap proteome by pathogen effectors in an in vivo 
situation is a novel approach, although one previous study was performed with the 
Pseudomonas syringae strain hrpA-, which is unable to secrete any type III secreted 
effectors (TTEs), in an A. thaliana cell suspension (Kaffarnik et al., 2009). In this study, 
among others a Superoxide Dismutase (SOD) was suppressed and an enolase induced 
by TTEs. Notably, accumulation of a SOD was also significantly decreased in the tomato 
xylem sap upon inoculation with the AVR3 knockout. Hence, the presence of Avr3 in 
the wild type apparently increases SOD amounts. As a scavenger of reactive oxygene 
species (ROS) SOD functions in abiotic stress tolerance and an accumulation of the 
enzyme might decrease due to reduced pathogenicity of the AVR3 knockout. 
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Upon inoculation of the AVR2 knockout the most remarkable change in accumulation 
was observed among the degrading enzymes: galactosidases degrade cell walls through 
galactomannan mobilization, while glucosidases hydrolyze xyloglucan but also salicylic 
acid or abscisic acid glucosides and endo 1,4 xylanases converts xylan into xylanose. 
The most notable decrease in protein accumulation was found for a translationally 
controlled tumor protein (TCTP), whose expression levels normally increase in response 
to abiotic stresses like cold, salt and heavy metal treatment, but also in response to 
pathogen infection (Berkowitz et al., 2008). In conclusion, the presence of Avr2 in the 
wild type decreases accumulation of proteins involved in cell wall degradation, but 
triggers accumulation of TCTP.

The accumulation of an enolase decreased when plants were inoculated with the SIX5 
knockout. Hence, Six5 function likely triggers enolase accumulation in a comparable 
fashion as was found for the TTSs of P. syringae. In both the AVR2 and SIX5 knockout 
accumulation of a thaumatin-like protein (PR-5) was increased. Additionally, the 
accumulation of two other PR-5 isoforms was higher upon inoculation with both the 
AVR2 and the SIX5 knockout than upon infection with the wild type fungus. Presence 
of both Avr2 and Six5 apparently had an inhibiting effect on the accumulation of PR-5, 
which has been proposed to display antifungal activities against i.a. F. oxysporum (Hu 
and Reddy, 1997). 

Absence of SIX6 alters accumulation of 44 proteins, 22 proteins each were either in- or 
decreased. This is the highest number of knockout specific DAPs we found so far. The 
greatest functional groups of proteins were proteases and cell wall degrading enzymes, 
among which also proteins involved in pectin-degradation. Notably, accumulation of 
four peroxidases was reduced. Generally, peroxidases catalyze the oxidation of different 
substrates using H2O2 under the production of ROS. This process is active in different 
physiological processes like phenol oxidation and lignification, which might also play 
a role in the defense mechanism against pathogens and also in cell wall formation 
(Passardi et al., 2005).

The changed virulence phenotype of a genuine effector knockout could be coupled to 
a specific “fingerprint” of the xylem sap proteome. Two scenarios are possible for this 
observation: I) the effector knockout reduces virulence, which mediates accumulation 
of a different set of xylem sap proteins by the host or II) the gene knockout directly 
changes the xylem sap protein content (e.g. direct interactions between the effector 
and a certain xylem sap protein are degraded) and thereby rendering the plant less 
susceptible. The general effects on the xylem sap proteome caused by all genuine 
effector knockouts was dominated by proteins from the group “stress responses”, 
including pathogenesis related (PR) proteins like PR-1, β-1,3-glucanases (PR-2), several 
chitinases (PR-3) and PR-5 (Tab. 3). Accumulation of those proteins was equally in- 
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and decreased in comparison with wild type. However, accumulation of four protein 
degrading enzymes and of a xylanase inhibitor was decreased. This suggests that upon 
inoculation with an effector knockout less enzymes capable of enzymatically restricting 
performance of the fungus and protection of the cell wall were induced, than upon 
inoculation with wild type.

Table 3: List of effector common DAPs and their function annotation. u- increased accumulation, d- 
decreased accumulation, sr- stress responses, s- signaling, r- redox, po- peroxidases, p- protein modification/
degradation, o- others, na- not assigned, m- metabolism, d- DNA/RNA related, cw- cell wall.

ID GO Functional description u(p) / 
d(own)

Solyc07g006860.1.1 cw Xyloglucan endotransglucosylase/hydrolase 3 u

Solyc06g062380.1.1 m Acid phosphatase u

Solyc12g009800.1.1 m Purple acid phosphatase 3 u

Solyc06g007170.1.1 na Protein of unknown function u

Solyc01g080010.1.1 p Xylanase inhibitor d

Solyc08g079870.1.1 p Subtilisin-like protease d

Solyc07g041900.1.1 p Cathepsin L-like cysteine proteinase d

Solyc12g010040.1.1 p Leucyl aminopeptidase d

Solyc04g071890.1.1 po Peroxidase 4 d

Solyc06g050440.1.1 po Peroxidase u

Solyc09g009390.1.1 r Monodehydroascorbate reductase (NADH)-like protein d

Solyc01g104400.1.1 r Blue copper protein u

Solyc10g085670.1.1 s LRR receptor-like serine/threonine-protein kinase FEI 1 d/u

Solyc02g093310.1.1 s MAP-like protein kinase u

Solyc03g098670.1.1 sr Kunitz trypsin inhibitor d

Solyc04g016470.1.1 sr Beta-1 3-glucanase d

Solyc02g082920.1.1 sr Endochitinase (Chitinase) d

Solyc05g050130.1.1 sr Acidic chitinase d

Solyc00g174340.1.1 sr Pathogenesis-related protein 1b d

Solyc10g052880.1.1 sr Leucine-rich repeat family protein u

Solyc08g080620.1.1 sr Osmotin-like protein (Fragment) u

Solyc05g025500.1.1 sr Glucan endo-1 3-beta-glucosidase 6 u

Solyc01g097270.1.1 sr Chitinase u/d

Solyc08g080640.1.1 sr Osmotin-like protein u

In summary, all specific DAPs could be assigned to a function in plant defense but cell 
wall degradation and formation is the main theme. Considering the specific proteins 
that were found, it is most likely that presence of Six proteins trigger a vascular coating 
of primary cell walls around the initially infected and adjacent xylem vessels. It might be 
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that this also alters the formation of tylose, which is an out grow from vessel-associated 
parenchyma cells and protrudes into the xylem vessels to block pathogen growth (Yadeta 
and Thomma, 2013). Our study shows that the specific defense against a vascular 
pathogen like Fol is based rather on physiological changes in cell wall remodeling than 
on secretion of proteins with proposed antifungal activity. The Six proteins might play 
important individual roles to overcome those physiological adaptations and allow the 
fungus to infect and spread.

Materials and Methods

Plant inoculations and xylem sap collection

Spore suspensions (0.5 x 107 spores/ml) were prepared from five-day-old cultures of 
Fol007, ΔAVR2, ΔAVR3, ΔSIX2, ΔSIX5 and ΔSIX6. The soil and parts of the main root-
system of four-week-old C32 plants, which are susceptible to Fol007 infection, was 
removed. Twenty-five plants each were inoculated with Fol007 or the knockout strains 
or were mock-treated for five minutes and potted. Upon appearance of the disease 
symptoms (approximately 14 dpi) the xylem sap was collected as described (Rep et al., 
2002; Krasikov et al., 2011). Briefly, plants were watered shortly before the harvest and 
the temperature was set at 22°C. The stems were cut just below the first real leaves and the 
plants were placed horizontally to bleed their xylem sap for six hours into a 10 ml greiner 
tube that was placed on ice. The xylem sap was stored at -20°C until further processing. 
The inoculation and xylem sap harvesting was independently repeated four times.

Sample preparation, mass spectrometry analysis and label-free quantitative 
proteomics

Analysis of the samples was performed as described in (Schmidt et al., 2013). In 
summary, the sap of twenty-five plants was concentrated and trichloroacetic acid/
aceton precipitated xylem sap samples were loaded on a SDS-polyacrylamide gel and 
shortly run in a SDS-PAGE (Mini-PROTEAN gel electrophoresis, Bio-Rad). Proteins were 
stained with Coommassie PageBlue (Fermentas) revealing approximate equal amounts 
of proteins for each treatment. From each sample one gel slice containing all proteins 
was cut from the gel. Upon in-gel digestion (Rep et al., 2002) the obtained peptides 
were analyzed by nanoLC-MS/MS as described before (Lu et al., 2011). The MaxQuant 
software (Cox and Mann, 2008; Hubner et al., 2010) and MaxQuant 1.1.36 settings 
(Peng et al., 2012) were used to analyze the raw data from the LTQ-Orbitrap for protein 
identification and label-free quantification. Identification of the tomato proteins was 
aided with the SGN tomato protein database ITAG2 version 3 (ftp://ftp.solgenomics.
net/../../proteins/protein_predictions_from_unigenes/single_species_assemblies/
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Solanum_lycopersicum/), for fungal proteins the database was obtained from the 
Fusarium Comparative Genome website (http://www.broadinstitute.org/annotation/
genome/fusarium_group/MultiHome.html), which was supplemented by adding the 
sequences of Six proteins that are not annotated in the public database. A “contaminant” 
database was used to identify proteins such as trypsin and human keratins (Peng et al., 
2012). Only the LFQ values of proteins that were identified with at least two peptides, of 
which one should be unique, were log2 transformed and further analyzed. 

Data processing

For proteins, which were not detected in all samples in the same experiment, fixed log2 
LFQ values (6.0 for experiment 1 and 5.5 for experiment 2) were set for those samples, 
where they were not detected. Proteins that were found in at least 3 out of 4 biological 
replicates were annotated as present per treatment, otherwise they were called absent. 
Data handling was performed mostly in the R-2.15.1 program (http://www.r-project.
org/) together with the bioconductor (http://www.bioconductor.org/) packages limma 
and maanova. As the technical differences between experiment 1 and 2 were quite 
substantial, these datasets were handled independently from one another on the level 
of data processing and low level analysis. 

Subsets of only proteins from plant origin were generated and their log2 LFQ values 
were median normalized over the samples. PCA plots on these normalized data were 
then generated. A mixed linear model was fitted with coefficients for the different 
treatments and weeks in which the experiments were performed. A contrast analysis 
was applied to all samples to compare them pairwise to one another. For hypothesis 
testing a permutation-based F1 test was applied (Cui et al., 2005). False discovery rate 
(FDR) correction was performed using q-values (Storey and Tibshirani, 2003), where 
FDR adjusted p-values => 0.1 were considered as statistically significant. The resulting 
table can be accessed here: http://figshare.com/preview/_preview/1112480.

Gene ontology (GO) analysis

To batch classify the xylem sap proteins into functional plant categories the software 
Mercator (mapman.gabipd.org) was used. Mercator uses MapMan categories, which 
deal with metabolic pathways and enzyme functions. For the analysis three sequence 
classifications were performed: Blast searches against Arabidopsis TAIR10, large parts 
of plant proteins from swiss-prot and UniRef90, RPS-Blast searches against cdd and 
KOG and an InterPro scan. Default settings were used to analyze the xylem sap proteins. 
The obtained MapMan bin-codes were sorted manually into ten gene ontology classes 
as shown in Tab. 1.
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Generation of the SIX2 knockout-constructs

To create the SIX2 knockout construct, the DNA sequence from the position 1870 bp 
to 64 bp upstream of the SIX2 open reading frame was PCR-amplified using primers 
with HindIII and XbaI linkers (5’-AAAAAGCTTGGACCGTACATAATGCTGCA-3’ and 
5’-AAATCTAGAGCGGATAGAGATGAGATGA-3’) and inserted into the binary vector 
pRWh2 next to the hygromycin resistance cassette (Houterman et al., 2008).  The 
sequence from 147 to 870 bp downstream of the SIX2 stop codon was amplified using 
primers containing a KpnI linker (5’- AAAGGTACCAAATCTATCCTCCAGGTT-3’ and 5’- 
AAAGGTACCATCATGCACGTTAATGAAAGTA-3’), and inserted on the other side of the 
hygromycin cassette.

Transformation of Fol, targeted knockout of SIX2 and pathogenicity test

The transformation was performed using Agrobacterium tumefaciens mediated 
transformation (Takken et al., 2004) as described before (Gawehns et al., 2014). Briefly, 
spores of Fol007 (2x106 spores/ml) and A. tumefaciens carrying the SIX2 knockout-
construct were co-cultivated on ME25 filters placed on IM plates (10 mM glucose, 
10 mM K2HPO4, 10 mM KH2PO4, 2.5 mM NaCl, 4 mM (NH4)2SO4, 0.7 mM CaCl, 2 mM 
MgSO4, 9 µM FeSO4, 0.5 % (w/v) glycerol, 5mM glucose, 1.5% Bacto-agar, 40 mM MES 
pH 5.3). Putative transformants were obtained after transfer of the filters on CDA 
(Czapek Dox Agar) containing cefotaxime. The hygromycin resistant monospores 
were PCR tested for successful transformation and deletion of SIX2 using primer 
pairs 5’-TGGGCGGAATATATGACCAT-3’/ 5’-GCATGTTTCTTCCTTGAACTCTC-3’ and 
5’-TAGAGATCATGCTATATCTC-3’ / 5’-CGACACTCGCTTATCATGCA-3’.

To analyze pathogenicity of the SIX2 knockout, 10-day-old seedlings were uprooted 
from the soil and for five minutes inoculated with a five-day-old spore suspension 
(107 spores/ml) of the SIX2 knockout, the Fol007 wild type or mock-treated and 
subsequently potted. Disease symptoms of 20 plants/treatment were scored by means 
of plant weight and disease index (Gawehns et al., 2014) after three weeks. Significant 
differences between the treatments were tested using ANOVA (Fisher PLSD significant 
at 95%) and represented in a clustering.
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Supplementary data

Figure S1: The data sets of experiment 1 and 2 correlate. Scatter plot generated from the FC values obtained 
in experiments 1 and 2. The data points align on a line through 0 by trend.  
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Six proteins are small proteins that are secreted by the fungus Fusarium oxysporum f. sp. 
lycopersici in the xylem sap of infected tomato plants. Their primary structures do not 
correspond to known functional domains present in the Conserved Domains Database 
(CDD). In 2004 the first Six protein, Six1, was described (Rep et al., 2004). Exactly ten 
years later over 14 Six proteins have been identified (Houterman et al., 2007; Schmidt 
et al., 2013) and we have gathered significant understanding of their biological function 
and targets (Takken and Rep, 2010). However, also many new questions arose about i.a. 
their molecular role. This thesis expands our knowledge on Six proteins by functionally 
characterizing two of them: Six6 and Six8. Furthermore, it describes the identification 
of the first direct host target of a Six protein, TPL, and the quantitative analysis of the 
xylem sap proteome and its changes induced by specific Six proteins.

What defines a Six protein as true effector?

The definition of “effector” is heavily debated in plant pathology (Tab. 1). Hence it is 
important to point out which criteria apply before a Six protein is designated an effector. 
The definitions used in the plant pathology field, cited in Table 1, have in common 
that effectors are molecules that play a role during disease. This aspect only defines 
their biological function, which strongly deviates from the biochemical description of 
an “effector” (Tab. 1). On the mechanistic level, the cited literature is less uniform. A 
distinction can be made between the virulence functions of an effector, that define the 
colonization potential of a pathogen, and its role in pathogenicity, which is determined 
by the contribution of the effector in the development of disease symptoms. The 
latter definition is for instance used by de Jonge et al. (2011). I propose to combine 
both activities and define “effectors” for fungal plant-pathogens as follows: “Effectors 
are pathogen derived molecules that are secreted to manipulate or circumvent plant 
defenses or otherwise contribute to pathogenicity. Often they are extraordinary 
examples of biological innovation.” The latter part of the definition excludes all 
molecules with a known enzymatic mechanism and/or with significant homologies to 
conserved domains, such as the Magnaporthe oryzae derived protein AVR-Pita, which 
has homologies to metalloproteinases (Orbach et al., 2000). Six proteins a priori match 
this “effector” definition as they have an unknown molecular function and structures 
are secreted during infection, which makes them excellent effector candidates (Fig. 
1). Whether they indeed aid to manipulate or circumvent plant defense or contribute 
to pathogenicity during infection, has to be identified experimentally as described in 
detail below. 
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Table 1: Representative definitions of the term “effector”.

Reference Definition

Dictionary: (Biochemistry) “A small molecule that when bound to an allosteric site of an enzyme causes   
either a decrease or an increase in the activity of the enzyme.”

Giraldo and Valent, 2013 “Generally small unique proteins, many of which function to defeat PTI.”

Rovenich et al., 2014 “Molecules that deregulate immune responses and facilitate colonization.”

de Jonge et al., 2011 “(Avr) molecules that target host components to establish disease.”

Win et al., 2012 “Molecules that are secreted by plant-associated organisms that alter plant 
processes.
Many pathogen effectors are extraordinary examples of biological 
innovation.”

Hogenhout et al., 2009 “Molecules, that are secreted to different cellular compartments of their host 
to modulate plant defense circuitry and enable parasitic colonization.”

How to determine, whether a Six protein is an effector?

Obviously, it is a challenging task to unravel the biochemical role of a molecule with unknown 
function. In Figure 1 I have schematically depicted the pipeline that we used to determine 
whether a Six protein represents a genuine effector. Of single copy SIX genes knockouts can 
be generated in Fol, and the transformants can be used in bioassays to test for a phenotype 
different from that of the wild type strain on susceptible plants. The disease index and the 
weight of the inoculated plants can be determined to assess alteration in pathogenicity of 
the knockout strains. Complementation of the knockouts with the deleted gene is required 
to assign the compromised pathogenicity to the deleted effector gene. 

A naïve assumption is that disease symptoms (pathogenicity) proportionally increase 
with fungal biomass (virulence) and vice versa. Hence, reduced disease symptoms should 
correlate with a reduced fungal biomass. However, this correlation is not strict as for 
instance fungal growth in coi1 mutant plants was the same as in wild type Col-0, while less 
disease symptoms were observed in the mutants (Thatcher et al., 2009). Also in A. thaliana 
tir3 mutants disease severity and F. oxysporum infection are uncoupled (Diener, 2012). So, 
solely scoring disease symptoms can result in an under- or overestimation of the degree of 
colonization in the host. A decrease in disease symptoms, but unaltered host colonization, 
implies a major role of the effector candidate in pathogenicity rather then in facilitation of 
fungal growth. To identify effectors that effect fungal growth but not symptom development 
(virulence factors), the amount of fungal biomass could be quantified e.g. by qPCR or by 
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determining the activity of F. oxysporum specific enzymes such as arabinofuranosidase 
using 5-bromo-4-chloro-3-indoxyl-α-L-arabinofuranoside  (X-Ara) (Diener, 2012). 

Figure 1: Pipeline for Fol effector identification. A Six protein is a small secreted protein lacking homology to 
conserved domains in other proteins. For single copy genes a knockout can be generated and pathogenicity of 
the knockout strain can be analyzed in bioassays. Disease symptoms are scored upon inoculation of susceptible 
plants and the xylem sap proteome composition is determined. When differences are observed in comparison 
with the wild type strain, the Six protein might function as effector. A different strategy for analyzing Six protein 
function is the stable or transient transformation, of a host plant or a close relative with a SIX gene. Transgenic 
plants are phenotyped and tested for altered disease susceptibility. If transgenic lines differ from the wild type in 
susceptibility, the Six protein is a genuine effector. Often immune responses are accompanied by a hypersensitive 
response (HR). Hence, Six proteins that alter the HR can also be considered effectors.

A different strategy to assign an activity to a SIX gene is to determine the xylem sap 
proteome composition of inoculated plants (Fig 1). We report a correlation between 
SIX knockout specific changes in the xylem proteome and a reduced pathogenicity 
in bioassays (chapter 5). Six proteins, in whose absence the xylem sap proteome 
significantly changes compared to the one obtained after infection with wild type Fol, 
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can be considered genuine effectors. So far only for one out of six SIX knockouts tested, 
notably Six2, no clear effect on pathogenicity or xylem sap proteome was found (chapter 
5). However, this does not immediately exclude Six2 as an effector, as its function might 
be masked by redundancy in the fungus caused by another effector molecule exhibiting a 
similar activity. Alternatively, Six2 is a virulence factor. In addition, agro-infitration assays 
(unpublished results) showed that Six2, like Six6 and Avr1, suppresses I-2 mediated cell 
death in N. benthamiana. Modulation (both suppression or enhancement) of programmed 
cell death, which is induced by an immune response, is a selection criterion to assign 
effector function, designating Six2 as a genuine effector. Another method to assess a 
potential effector function is the stable expression of a SIX gene in a host plant, or in a 
related plant species, and phenotyping the obtained transgenics (Fig. 1). Characterization 
of the transgenic plants includes screening for phenotypes such as altered susceptibility/
resistance to other pathogens, preferably to those having a comparable lifestyle like hemi-
biotrophy or xylem-colonization. Six proteins that do not show a phenotype in any of the 
above-mentioned experiments could still potentially function to evade plant immunity and 
represent effectors. Hence, Six proteins that obtain a “Yes” in the end of the experimental 
pipeline (Fig. 1) represent genuine effectors. A “No” is inconclusive with regard to their 
function, and those Six proteins have to be further investigated to include or exclude them 
as true effectors. 

Six proteins in resistance and pathogenicity – pieces of a puzzle

Besides their avirulence function, effector Avr1 suppresses I-2 and I-3 mediated 
resistance and effectors Avr3 and Avr2 are required for full pathogenicity on susceptible 
plants (Fig. 2). Furthermore, Avr2 and Six5 both contribute to full virulence and both 
are required for I-2 mediated resistance (Fig. 2A). Surprisingly, Six5 is not needed for 
I-2 mediated cell death (Ma, 2012). In this thesis I report that both Avr1 and Six6 can 
suppress I-2 mediated cell death in Nicotiana benthamiana (Fig. 2B), but that Six6 
does not suppress resistance in tomato (chapter 3). Notably, Avr1 does not suppress 
resistance in all Fol strains either (Mes et al., 1999). Some strains, which carry AVR1, 
do not overcome I-2 resistance. Introduction of AVR1 in strains not carrying the gene is 
sufficient to restore the ability to suppress I-2 and I-3 mediated resistance (Houterman 
et al., 2008). The sequence of AVR1 in all race 1 strains is identical like their expression 
(Biju Chellappan, personal communication). Hence, additional factors might be 
required to aid suppression of resistance. These factors might also be involved in Six6 
functioning. Suppression of I-2 mediated resistance by Avr1 could be achieved by: I) a 
direct interaction with Avr2, II) perturbation of the (sub)cellular translocation of Avr2, 
or III) by interference with downstream signaling of I-2. There is no biochemical data 
supporting a direct interaction between Avr1 and Avr2, disqualifying the first upon. 
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As Avr2 must localize in the nucleus to mediate I-2-triggered cell death (Ma et al., 
2013), Avr1 (and Six6 respectively) might interfere with translocation of Avr2 from the 
cytoplasm to the nucleus. Confocal microscopy of N. benthamiana leaf epidermis cells 
agro-infiltrated with e.g. GFP-labeled Avr2 and Avr1 (or respectively Six6) could be used 
to challenge this hypothesis by monitoring changes in Avr2-localization in the presence 
of these other effectors. Suppression of cell death due to inhibition of Avr2 uptake by the 
plant cell is unlikely, as suppression is also observed when both effectors are expressed 
without their signal peptides assuring a cytosolic localization. Alternatively, Avr1 and 
Six6 could indirectly interfere with the structure of Avr2 and alter the redox state of 
the cysteine residue, which was shown to be important for I-2-mediated recognition. 
Like described below, Six6 might affect the redox state of the cell, which could alter the 
reduction state of the thiol-groups of Avr2. 

Figure 2: An updated model for the molecular functions of Six proteins in tomato. A) Three resistance 
proteins, namely I (or I-1), I-2 and I-3 were found to mediate recognition of Avr1 (Six4), Avr2 (Six3) and Avr3 
(Six1) respectively. Six5 is also required for I-2 mediated resistance, however Avr2 alone is sufficient to induce 
I-2 mediated cell death. Of the tomato R genes conferring resistance to Fusarium  only I-2, encoding a CC-NB-
LRR class protein, has been cloned. While Avr2 and Avr3 contribute to virulence, possibly by suppressing 
pathogen associated molecular pattern (PAMP) triggered immunity, Avr1 suppresses I-2 and I-3 mediated 
resistance.  B) We here show that Avr1 and Six6 can suppress I-2 mediated cell death. Six8 interacts with 
TOPLESS (TPL), which is recognized by SNC1 in A. thaliana Col-0. Subsequently SNC1 is activated, triggering 
a stunted phenotype. Furthermore, in SIX6 and AVR2 transgenic A. thaliana plants expression of respectively 
NIA1, a nitrate-reductase, and PDF1.2 were increased. While Avr2 and Six5 both inhibit accumulation of PR-
5a, Avr3 and Six6 increase accumulation of a superoxide dismutase (SOD) and peroxidases respectively. 

In chapter 4 we describe the identification of a potential susceptibility target of a 
Six protein, namely TPL (Fig. 2B). TPL interacts with Six8 in both pull-down assays 
and Y2H. The protein functions as a co-repressor affecting a broad range of plant 
developmental and signaling processes. TPL is conserved among land-plants and a key 
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regulator, making it a potential target for a pathogen to hijack cellular processes like e.g. 
JA signaling. The interaction of Six8 with TPL could conceivably result in I) stabilization 
of TPL, II) competition with proteins, that interact with TPL, or III) co-repression of 
genes by direct binding of the Six8-TPL complex to the DNA. To test hypothesis I) TPL 
amounts could be quantified in the absence or presence of SIX8. The competition of Six8 
with other TPL interactors could conceivably be tested in a Yeast Three-Hybrid assay 
to assess whether Six8 can disturb the interaction of TPL with negative regulators such 
as JAZ or AUX/IAAs. For hypothesis III) first the DNA binding capacity of Six8 has to 
be determined as discussed in chapter 4. Then a Chromatin immunoprecipitation with 
parallel DNA sequencing (CHIP-seq) could be performed to identify the bound DNA 
sequences.

These data allow us to refine the current working model  (Fig. 2B). However, also 
new questions arise, such as how Fol effectors are taken up from the xylem sap to the 
host cells. We showed for Avr1, Six6 and Six8 that, when transiently expressed in N. 
benthamania cells without their endogenous signal peptide encoding sequence, they 
affect cell death (chapters 3 and 4). Hence, it is likely that they function inside the cell, 
which, however, does not exclude a function in the xylem sap as well. Kale et al. (2010) 
proposed that plant cells take up Avr2 via a PI3P-dependent mechanism in an in vitro 
assay. However, in vivo studies should be performed to confirm uptake during regular 
Fol infection.

Six proteins – involved in modulation of the host’s cellular redox state?

No effect on immunity or susceptibility of A. thaliana upon Six6 expression was found 
(chapter 3). However, deletion of SIX6 in Fol caused, besides an increase of plant weight, 
a significant change in the tomato xylem sap proteome. Most remarkably, accumulation 
of several peroxidases was decreased upon inoculation of the SIX6 knockout (chapter 
5). 

To survey expression changes of plant genes by Six6, the transcriptome of SIX6 
transgenic A. thaliana plants was analyzed. Microarray experiments were performed 
as described in chapter 4 and a FDR<0.1 was considered as statistically significant. 
Four significantly differentially-expressed genes were identified in one of the two 
independent homozygous SIX6 transgenic lines as compared to the Col-0 wild type 
(Tab. 2). In the second, independent transgenic line the same expression trend was 
observed, although expression levels were not significantly different compared to those 
in the wild type. The significantly differential expression of these four genes in the 
first line indicates that Six6 might have an activity in A. thaliana, although we did not 
observe an effect on immunity or susceptibility in this host. One of the genes showing 
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an increased expression is the nitrate reductase NIA1. Together with NIA2, NIA1 is 
one of the most important enzymes that catalyze the production of nitric oxide (NO). 
The NO signaling mechanism involves S-nitrosylation, which consists of the covalent 
addition of an NO moiety to the sulfhydryl group of cysteine residues in target proteins, 
resulting in the formation of a S-nitrosothiol (SNO) (Lindermayr and Durner, 2009). NO 
signaling affects the redox state of the plant cell and the activity of numerous proteins 
is regulated by S-nitrosylation. Many of these proteins are enzymes or transcriptional 
activators, or co-activators, regulating plant immunity or HR cell death (Bellin et al., 
2013). One of them is the nonexpresser of PR genes 1 (NPR1), which acts as a master 
positive regulator in plant immunity. S-nitrosylation also reduces activity of the NADPH 
oxidase AtRbohD thereby compromising ROS accumulation and limiting the later stages 
of HR cell death (Yu et al., 2012). Furthermore, there is evidence that thioredoxins or 
thioredoxin-reductases can modulate the SNO content during defense signaling (Tada 
et al., 2008; Spoel and Loake, 2011). Notably, a thioredoxin-peroxidase was identified 
as a potential Six6 interactor, suggesting a functional link between these proteins (Mara 
de Sain, unpublished). Besides Six6 also Avr3 might affect the redox state and/or ROS 
production of the plant cell as we observed a decrease in accumulation of a superoxide 
dismutase (SOD) (chapter 5), which is a scavenger of ROS, in the tomato xylem sap 
proteome following infection with a Fol strains lacking AVR3.

Table 2: Genes with altered expression in SIX6 transgenic A. thaliana plants.

Probe ID Gene ID Description U(p) / D(own)

256999_at AT3G14200 DNAJ heat shock N-terminal domain-containing protein U

246490_at AT5G15950 adenosylmethionine decarboxylase family protein U

259681_at AT1G77760 NIA1 (NITRATE REDUCTASE 1) U

265414_at AT2G16660 nodulin family protein D

In the xylem sap of tomato plants inoculated with the Fol AVR2 knockout the accumulation 
of a Translationally Controlled Tumour Protein (TCTP) was significantly decreased 
compared to that of plants infected with wild type Fol (chapter 5). TCTP plays a role as 
negative regulator of the hypersensitive response. Silencing the corresponding gene in 
N. benthamiana increased the NbrbohB- and NbMEK2-mediated reactive oxygen species 
production, leading to accelerated HR (Gupta et al., 2013). Also INF1 induced cell death 
involves ROS (Asai et al., 2008; Kato et al., 2008) and hence, its enhancement by Six8 
might also be mediated by manipulation of ROS production or ROS signaling.

In summary, Six6 might suppress I-2-mediated cell death by affecting the redox state 
and ROS signaling by targeting enzymes regulating redox homeostasis. Previous studies 
showed that ROS-induced cell death and defense are separated pathways (Zhu et al., 
2013), which might explain why we did not observe altered susceptibility in SIX6 
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transgenic plants. Future studies should address whether the increased expression 
of NIA1 results in an increase in nitrate reductase activity and increased NO levels in 
the SIX6 transgenic plants. Furthermore, the role of the thioredoxin-peroxidase in I-2-
mediated cell death should be investigated. 

Avr2 and Six8 – interference with hormone signaling?

Previously it has been suggested that Avr2 might interfere with ethylene signaling or 
sensing, which could explain the reduced accumulation of PR5a in the tomato xylem sap 
following infection with a Fol strain lacking Avr2 (chapter 5; Ma, 2012). A transcriptome 
analysis of AVR2 transgenic A. thaliana, performed as described for the SIX6 transgenic 
plants (see above), revealed altered expression profiles of 40 genes in one of the two 
homozygous AVR2 transgenic lines. Ontology analysis showed that these genes were 
distributed over seven DAVID Ease enrichment clusters. Cluster 2 contained all genes 
belonging to defense responses (to fungi) and cluster 3 to genes with a function related 
to light and/or abiotic stimuli or radiation (Tab. 3). Notably, expression of PDF1.2 
(cluster 2) was found to be specifically up-regulated in the AVR2 transgenic plants. 
This gene encodes a JA- and ethylene responsive defense gene and is frequently used 
as a marker for JA-induced defense. Upon A. thaliana infection by F. oxysporum Fo5176, 
PDF1.2 expression is increased in both roots and shoots (Berrocal-Lobo and Molina, 
2008; Thatcher et al., 2009; Chen et al., 2014). Interestingly, the jin1/myc2 mutant with 
elevated PDF1.2 expression levels shows increased resistance against F. oxysporum 
(Anderson et al., 2004). In contrast, the cpr5/hys1 mutant with constitutive PR-1 and 
PDF1.2 expression and a hyper-senescing phenotype, shows enhanced susceptibility to 
F. oxysporum (Schenk et al., 2005) as compared to wild type A. thaliana. This is in line with 
the increased susceptibility to F. oxysporum and Verticillium dahliae that was observed 
in the AVR2 transgenic A. thaliana (chapter 4; Ma, 2012).  A COI1 mutant, lacking a 
functional JA co-receptor, is more resistant to F. oxysporum (Thatcher et al., 2009) and 
hence COI1 is required for susceptibility. The involvement of COI1 in expression of foliar 
symptoms seems to be forma specialis dependent and might be correlated with whether 
the strain produces jasmonates itself (Cole et al., 2014). Fol does not produce any 
jasmonates and wilt disease seems to be independent of the tomato COI1 orthologue 
JAI. In summary, while the role of plant endogenous JA in resistance and susceptibility 
towards F. oxysporum seems to be important, the mechanism remains elusive yet. 

The possible interference of Six8 with JA-signaling via TPL/TPR has been discussed in 
chapter 4 and a model has been proposed in which Fol hijacks JA-signaling via TPL. As 
an alternative model auxin signaling could be targeted since the negative regulators 
of auxin-dependent expression, namely AUX/IAAs, also interact with TPL (Perez and 
Goossens, 2013). 
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In summary, Fol effectors potentially modulate hormone signaling of a plant to facilitate 
susceptibility. In A. thaliana this might be mediated by hijacking JA-signaling and 
thereby accelerating senescence (Thatcher et al., 2009). However, hormone dependent 
defense signaling might differ between different plant-pathogen systems. Studies such 
as those determining the transcriptome of AVR2 transgenic tomato could unravel the 
role of Avr2 on tomato hormone signaling.  

Table 3: Genes with altered expression in AVR2 transgenic plants belonging to DAVID Ease enrichment 
clusters 2 and 3. 

Probe ID Gene ID Description U(p) / D(own)

254818_at AT4G12470 protease inhibitor/seed storage/lipid transfer protein 
(LTP) family protein

D

253535_at AT4G31550 WRKY11 (WRKY DNA-binding protein 11); transcription 
factor

D

257365_x_at AT2G26020 PDF1.2b (plant defensin 1.2b) U

249052_at AT5G44420 PDF1.2 (Low-molecular-weight cysteine-rich 77) U

265837_at AT2G14560 similar to unknown protein U

260146_at AT1G52770 phototropic-responsive NPH3 family protein U

255636_at AT4G00730 Homeobox-leucine zipper protein ANTHOCYANINLESS 2 D

246908_at AT5G25610 Dehydration-responsive protein RD22 (responsive to 
dessication)

D

261570_at AT1G01120 3-ketoacyl-CoA synthase 1 D

SNC1 – a bona fide resistance gene?

As proposed in chapter 4 the NB-LRR protein SNC1 might recognize the interaction of 
Six8 with TPL (Fig. 2B) and subsequently trigger an immune response and a concomitant 
stunted phenotype in A. thalina (discussed below). It is likely that the interaction 
between Six8, TPL and SNC1 is localized in the nucleus, as a nuclear localization for 
an autoactivated snc1-1 mutant is required for stunting (Cheng et al., 2009). The 
autoactive snc1-1 allele mediates resistance to pathogens such as Pseudomonas 
syringae pv. maculicola ES4326 and Hyaloperonospora arabidopsidis Noco2 (Zhang et 
al., 2003). Although to date no cognate AVR gene recognized by SNC1 has been identified, 
SNC1 has been shown to contribute to effector-triggered immunity (ETI) as mos7, which 
suppresses the constitutive snc1-1 phenotype affects ETI (Cheng et al., 2009), and SNC1 
contributes to AvrRps4-triggered immunity (Kim et al., 2010).

In this thesis it is shown that SIX8 and SNC1 are both required to induce stunting 
in A. thaliana accession Col-0. Furthermore, transcriptome analysis implies that a 
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constitutive resistance response is responsible for the Six8 phenotype, as marker genes 
for a SA-dependent defense response like PR-1, PR-2, EDS1 and PAD4 were up-regulated. 
Assuming that SNC1 is indeed an R gene that recognizes Six8, then TPL might be most 
likely guarded by SNC1. So far, only for a limited number of R and Avr proteins a direct 
interaction could be demonstrated, which led to postulation of alternative models 
explaining effector recognition: I) the guard model, which suggests that susceptibility 
targets are monitored by R proteins and II) the (guarded) decoy model, which is based 
on the assumption that Avr proteins interact with host proteins that resemble guardees, 
but are no true virulence targets themselves. The bait and switch model (Lukasik et 
al 2009, Collier and Moffett, 2009) generalizes those two models and postulates - 
generally speaking - recognition-factors or adaptors that are Avr protein targets and 
mostly interact with the N-termini of their corresponding R proteins. TPL could be 
such a recognition factor and as its diverse functions in the cell designate, it is rather a 
susceptibility target than a decoy (chapter 4). In conclusion, in this thesis we present 
both a potential AVR and a guardee for SNC1, which would imply that SNC1 is a bona fide 
R gene.

Applications of TPL and SNC1 in plant breeding?

Due to the availability and introduction of the I genes in tomato resistance against Fol 
is well established. In banana, however, no resistance genes are available to halt panama 
disease. This devastating disease is caused by a newly emerged strain of Fusarium 
oxysporum f. sp. cubense. Hence this pathogen is a serious threat to the production of 
banana in Southeast Asia, and potentially worldwide. So the demand for resistance in this 
crop is urgent and high (Consonni et al., 2006; Swarupa et al., 2014).

In chapter 2 we discussed the potential use of effector targets in plants as these genes 
could encode Susceptibility (S) genes and a mutation in such a gene could render a plant 
insensitive to disease. One example of a successfully used S gene is MLO, and loss-of-
function mutations in this gene confer loss of susceptibility in several crops (Consonni 
et al., 2006; Bai et al., 2008). Therefore, it will be interesting to test whether TPL is a 
susceptibility target for F. oxysporum, and whether a loss of function mutation in this gene 
in tomato could confer resistance to F. oxysporum. As TPL is a member of a gene family the 
specificity of Six8 to interact with those homologs will have to be determined first. In case 
Six8 functionally interacts with more than one TPL homolog, it likely requires mutation of 
several of these genes to affect susceptibility. It is very likely that such a mutant will exert 
a tpl-1 phenotype hallmarked by the transformation of the embryonic shoot pole into a 
second root pole at 29°C and/or the failure to form a shoot apical at lower temperatures 
(Long et al., 2006), possibly limiting the applicability of this strategy. 
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Alternatively, it will be worthwhile to test whether expression of AtSNC1 in tomato, 
banana or another host for a SIX8 carrying forma specialis of F. oxysporum could confer 
resistance to this pathogen. A few examples exist of R genes that have successfully been 
transferred between closely related species, like Bs2 from wild tomato to eggplant or 
Mi-1 from pepper to tomato (Goggin et al., 2006; Tai et al., 1999). Also cross-species 
introduction has successfully been shown, like for the R gene pair RPS4 and RRS1 from 
A. thaliana to Brassica rapa and B. napus, tobacco and cucumber (Narusaka et al., 2013). 
RPS4 and RRS1 form a complex, which is required for direct effector recognition and 
leading to i.a. resistance against P. syringae pv. pisi and R. solanacearum (Williams et 
al., 2014). Extended resistance to the fungi Colletotrichum orbiculare was observed in 
cucumber. If SNC1 is functional in other hosts as well it might also mediate resistance 
to a broader range of pathogens than just F. oxysporum in other plant species if these 
pathogens have effectors manipulating TPL. A potential pleiotropic effect of transgenic 
SNC1 expression might be autoactivation due to recognition of the non-native TPL as a 
modified-self (Spoel and Dong, 2012). 

In summary, in this thesis the R gene analogue SNC1, which might confer resistance 
against F. oxysporum, was identified by characterization of the Six8 effector and its host 
target TPL. In chapter 2 we proposed that identification of effector targets could reveal 
S genes. In addition I now also suggest that key effector targets might be guardees that 
can guide identification of their guards, which might be deployed as R genes.

Concluding remarks and outlook

The characterization of Six proteins is an important task as these proteins are critical 
for the outcome of the battle between fungus and plant. Understanding effector 
functions provides insights about the molecular mechanism underlying susceptibility 
and resistance. However, characterization is a laborious task as each Six protein has 
its unique functions and characteristics regarding e.g. in planta expression upon 
agro-infiltration and stability. With this thesis we contributed some new pieces to the 
puzzle. Now, the characterization of Six proteins should focus on their targets as they 
provide information about the molecular function of effectors and the targeted cellular 
processes. 
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A multi-layered immune system protects plants against pathogens. Adapted pathogens 
can overcome or evade this defense system by secreting small proteins, called effectors. 
Often host targets of these effectors are encoded by susceptibility (S) genes and loss-
of-function mutations in these genes sometimes confer resistance. In chapter 2 we 
conclude that with increasing numbers of identified effector targets the number of S 
genes that can be used in resistance breeding rises. 

Fusarium oxysporum f.sp. lycopersici (Fol), a  soil-born and host-specific fungus, invades 
roots and colonizes xylem vessels thereby causing tomato wilt disease. Fourteen effector 
candidates, called Six proteins for secreted in the xylem proteins, have been identified 
(Houterman et al., 2007; Schmidt et al., 2013). Besides being involved in pathogenicity, 
Six1, Six3 and Six4 play a key role in resistance as they correspond to avirulence proteins 
Avr3, Avr2 and Avr1, respectively. These Avrs are recognized by resistance (R) genes I 
or I-1, I-2 and I-3, respectively (Rep et al., 2004; Houterman et al., 2008; Houterman et 
al., 2009). However, their molecular functions and targets have not been identified yet. 

In chapter 3 we have characterized Six6 and identified homologs in six formae speciales 
of F. oxysporum and in two Colletotrichum species. A knockout of SIX6 in Fol significantly 
increases plant weight, which qualifies Six6 as a genuine effector. Plant growth or 
development is not affected in SIX6 expressing transgenic A. thaliana plants and also 
resistance and susceptibility against F. oxysporum, Verticillium dahliae and Pseudomonas 
syringae is unaffected. Noticeably, Six6 suppresses the I-2 mediated hypersensitive 
response in agro-infiltration assays, but not cell death induced by other genes.  

Six8, which is encoded by a multi-copy gene family, enhanced cell death mediated by 
INF1, a Phytophthora infestans elicitor (chapter 4). Pull-down assays in Nicotiana 
benthamiana revealed the co-repressor TOPLESS (TPL) as a potential Six8 target. 
TPL functions as a negative regulator in various plant developmental, hormonal and 
stress processes and hence hijacking TPL by Six8 was proposed to lead to manipulation 
of the plant’s molecular processes to mediate susceptibility. In A. thaliana genetic 
evidence indicates that the TPL-Six8 complex is recognized by the SNC1 gene resulting 
in a constitutive defense response hallmarked by stunting of the plants and elevated 
salicylic acid levels. Our model proposes that SNC1 guards TPL and that perturbation of 
TPL by Six8 triggers immune responses.

To obtain insights in the molecular activities of the Six proteins in tomato, its xylem 
sap composition has been analyzed following inoculation with wild type Fol or AVR3, 
AVR2, SIX2, SIX5 or SIX6 knockouts (chapter 5). Fol inoculations affected the abundance 
of 217 proteins in the sap and triggered appearance of 16 and disappearance of 63 
proteins. Proteins related to stress responses form the main class of proteins whose 
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accumulation was affected. The abundance of many cell wall modifying proteins was 
greatly reduced. The different SIX knockouts have both a common and a specific effect 
on the xylem sap composition. The common effect mainly affects proteins involved 
in stress response signaling while the specific effects are merely involved in cell wall 
modification. Pathogenicity of SIX2 knockouts did not clearly differ from the wild type 
Fol and the xylem sap composition of tomato inoculated with either the SIX2 knockout 
or wild type was identical. Therefore, we concluded that a function in pathogenicity 
correlates with changes in the xylem sap composition. Hence, identification of the 
xylem sap proteome could be used to define effectors. 

In chapter 6 the experimental pipeline, which was used to characterize Six proteins 
and determine whether they are true effectors is discussed critically. The possible 
involvement of reactive oxygen species (ROS) and hormones in susceptibility to Fol 
are highlighted and their manipulation by Six proteins are shortly reviewed. Lastly, I 
propose to test whether TPL can function as an S gene and pinpoint SNC1 as bone fide R 
gene. Future studies could reveal whether these genes can be used to combat panama 
disease caused by a SIX8 carrying F. oxysporum f.sp. cubense strain. 
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Planten worden beschermd door een meerlaags immuunsysteem. Gespecialiseerde 
ziekteverwekkers kunnen het afweersysteem saboteren door het uitscheiden van kleine 
eiwitten die effectoren genoemd worden. Deze effectoren hebben veelal planteneiwitten 
als doelwit. Deze planteneiwitten worden vaak door zo genoemde vatbaarheidsgenen 
gecodeerd. Muteren van deze vatbaarheidsgenen, waardoor ze hun functie verliezen, 
kan een plant ongevoelig (resistent) maken tegen een ziekteverwekker. In hoofdstuk 2 
concluderen we dat meer vatbaarheidsgenen geïdentificeerd kunnen worden als er meer 
doelwitten van effectoren gevonden worden. Een aantal van deze vatbaarheidsgenen 
zal mogelijk kunnen worden gebruikt in resistentieveredeling. 

Fusarium oxysporum f. sp. lycopersici (Fol) is een bodemgebonden schimmel die tomaat 
als waardplant heeft. De schimmel infecteert plantenwortels en  verspreidt zich via 
de xyleemvaten en veroorzaakt daarbij verwelkingsziekte. In eerder onderzoek zijn 
veertien kandidaat-effectoren van Fol reeds geïdentificeerd en deze eiwitten worden 
Six eiwitten genoemd, wat voor “secreted in xylem” staat (Houterman 2007, Schmidt 
2013). Six1, Six3 en Six4 zijn belangrijk voor pathogeniciteit van de schimmel, maar hun 
moleculaire functies en hun doelwitten in de waardplant tomaat zijn nog niet bekend. 
Deze drie eiwitten worden door, respectievelijk, de avirulentie genen AVR3, AVR2 en 
AVR1 gecodeerd. Planten, die, respectievelijk, de resistentie genen I of I-1, I-2 en I-3 
dragen, herkennen deze avirulentie eiwitten en initiëren een afweerreactie, waardoor 
de plant resistent tegen Fol is (Rep 2004, Houterman 2008, Houterman 2009). 

In hoofdstuk 3 wordt het Six6 eiwit bestudeerd. Six6 homologen in zes F. oxysporum 
formae speciales  en in twee Colletotrichum isolaten zijn geïdentificeerd. Door het 
uitschakelen van SIX6 in Fol werd de schimmel significant minder ziekteverwekkend 
dan de wildtype, wat Six6 classificeert als een daadwerkelijke effector. Expressie 
van SIX6 in transgene Arabidopsis thaliana planten heeft geen effect op de groei en 
ontwikkeling van deze planten ten opzichte van wildtype planten. Ook resistentie tegen 
en vatbaarheid voor F. oxysporum, Verticillium dahliae and Pseudomonas syringae was 
onveranderd. Six6 kan wel de I-2 gemedieerde overgevoeligheidsreactie in Nicotiana 
benthamiana onderdrukken, maar niet de celdoodreactie, die geïnduceerd wordt door 
andere resistentie genen. 

Six8 wordt gecodeerd door een kleine gen familie met meerdere SIX8 kopieën in het 
genoom. Heterologe expressie van SIX8 in N. benthamiana versneld de celdood, die 
geïnduceerd wordt door INF1, een elicitor uit Phytophthora infestans (hoofdstuk 
4). Pull-down assays in N. benthamiana leidden tot identificatie van  de co-repressor 
TOPLESS (TPL) als mogelijk doelwit van Six8. TPL is een negatieve regulator van 
verscheidene ontwikkelings-, hormoon- en stress- gerelateerde processen in planten. 
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Vermoed wordt dat de interactie tussen TPL en Six8 leidt tot een manipulatie van 
moleculaire processen in de plant, die er vervolgens voor zorgen dat de plant vatbaarder 
wordt voor de ziekteverwekker. Genetisch onderzoek in A. thaliana duidt erop dat het 
TPL-Six8 complex bewaakt wordt door het SNC1 resistentie eiwit. Expressie van Six8 
in SNC1 bevattende planten leidt tot een constitutieve afweerreactie, die gekenmerkt 
wordt door een geremde plantengroei en verhoogde niveaus van het stresshormoon 
salicylzuur. Als hypothese stellen we voor dat SNC1 TPL bewaakt en dat verstoring van 
TPL door Six8 tot een SNC1 gemedieerde afweerreactie leidt.

Om dieper inzicht te krijgen in de moleculaire activiteiten van de Six eiwitten in tomaat 
is de samenstelling van het xyleemsap geanalyseerd na een infectie met wildtype 
Fol, of stammen van Fol waarbij de genen voor AVR3, AVR2, SIX2, SIX5 of SIX6 waren 
uitgeschakeld (hoofdstuk 5). Het infecteren met Fol beïnvloedde de hoeveelheden van 
217 eiwitten in het sap. Daarnaast verschenen er 16 en verdwenen er 63 eiwitten uit het 
sap na infectie. Eiwitten, die gerelateerd zijn aan reacties op stress, vormden de grootste 
groep waarvan de abundantie was aangetast. De aanwezigheid van met name celwand 
modificerende eiwitten bleek sterk vermindert na infectie. De schimmelstammen met 
uitgeschakelde SIX genen bleken zowel generieke als specifieke effecten te hebben op 
de samenstelling van het xyleemsap proteoom. Het gezamenlijke effect beïnvloedde 
met name de abundantie van eiwitten, die betrokken zijn bij de gewaarwording 
van stress, terwijl de specifieke effecten veelal eiwitten betroffen, die een rol spelen 
bij celwandmodificatie. De schimmelstam waarbij het SIX2 gen was uitgeschakeld 
verschilde niet wezenlijk in pathogeniciteit van de wildtype Fol stam. De samenstelling 
van het xyleemsap van tomatenplanten, die met een van beide schimmels geïnfecteerd 
was, was dan ook identiek. Op basis van deze resultaten werd geconcludeerd, 
dat wanneer een Six eiwit een functie in pathogeniciteit heeft, dit correleert met 
specifieke veranderingen in de samenstelling van het xyleemsap. Dit impliceert dat de 
eiwitsamenstelling van het xyleemsap gebruikt kan worden om effector activiteit te 
identificeren en te karakteriseren.

In hoofdstuk 6 wordt de experimentele pijplijn, die gebruikt was om een mogelijke 
effector functie van Six eiwitten te identificeren en te karakteriseren, kritisch besproken. 
De mogelijke rol van reactieve zuurstofverbindingen en hormonen in de vatbaarheid 
voor Fol wordt toegelicht en de wijze waarop Six eiwitten deze kunnen manipuleren 
wordt kort behandeld. Tot slot wordt voorgesteld om te testen of TPL kan fungeren als 
een S gen en om SNC1 als een bonafide resistentie gen te beschouwen. In toekomstige 
studies kan onderzocht worden of deze genen mogelijk kunnen worden gebruikt om 
panamaziekte te bestrijden, welke veroorzaakt wordt door de Six8 bevattende Fusarium 
oxysporum f. sp. cubense.



146 147

Samenvatting

References

Houterman, P. M., Cornelissen, B. J., 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., Takken, F. L., 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.

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. 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., and 
Rep, M. 2013. MITEs in the promoters of effector genes allow prediction of novel virulence genes in 

Fusarium oxysporum. BMC genomics 14:119.



148

Acknowledgments/ Dankwoord/Danksagung



148 149

Acknowledgments/ Dankwoord/Danksagung

Acknowledgments/Dankwoord/Danksagung

That’s it! This is the moment I have been waiting for so long. It is the moment which 
is THE END, but it is also the great opportunity to thank all the people (and it’s a lot!) 
that made the content and the end of this book possible. Being a PhD student was a 
long, happy but sometimes also difficult and challenging journey for me. Whenever it 
felt too long there were people that believed in me and supported me. And then there 
were those great minds, that inspired me scientifically and personally so much. I am 
very grateful and feel special that I could meet you and I will (and already do) miss all 
of you a lot.

I will start my acknowledgments with the beginning, with the people that met me, the 
(oh! So nervous!) German student, for the first time during the job interview:

Ben, ik wil je vooral bedanken dat je nooit aan mij hebt getwijfeld, en me altijd het 
gevoel hebt gegeven dat ik het kan doen. Als het schrijven wat lastiger ging, hielp 
je– vanzelfsprekend- met het afmaken van twee hoofdstukken. Ik heb hierbij zo veel 
geleerd en ik hoop dat ik je goede adviezen nog lang mag koesteren. Je rust en je focus 
hebben me veel steun gegeven en ik ben erg trots dat ik in jouw groep aio mocht zijn.

Beste Frank, onze interactie zou waarschijnlijk zo een kleine aantal afleveringen van 
“Goede tijden, slechte tijden” kunnen vullen, maar wat ben ik blij dat we deze periode 
positief kunnen afsluiten. Je hebt me toen gekozen uit een goede selectie mogelijke aio’s 
en ik hoop dat ik nooit je vertrouwen, dat je me hiermee hebt gegeven, heb gebroken. Ik 
dank je dat je altijd (!) een open deur had voor mijn wetenschappelijke problemen, voor 
het bespreken van proeven en het interpreteren van resultaten. Ik heb het je zeker niet 
makkelijk gemaakt, maar kijk eens: Dit mooie boekje hebben we samen gemaakt. Ik ben 
er trots op! En als ik het opnieuw moest doen, dan graag weer met jou. Hopelijk gaan we 
ook nog in toekomst contact houden, want mijn Mailbox is zich nu al aan het vervelen ;).

Wat geniet ik toch van de gespreken met je, Martijn! Het maakt niet uit, welk onderwerp, 
maar je inspireert me en de onderwerpen werken nog altijd lang na. Je hebt me geleerd 
dingen beter de relativeren en op de essentiële dingen te focussen. Ik had wel graag 
tijdens mijn aioschap nauwer met je samengewerkt, maar misschien komt het daar nu 
nog van!

Lieve Petra, bedankt dat ik met je precious Six-eiwitjes mocht werken. Waar stond ik 
wel zonder je? Niet alleen maar dat je het lab op orde houdt, je bent ook nog allround 
psycholoog en grote zus. Ik zal de momenten nooit vergeten, waarop we in de kas 
stonden, bio-toetsen hebben ingezet of getoetst en lang over alles hebben gepraat. 
Gelukkig zie ik je nog wel eens- als ik je mis, hoef ik alleen maar naar de Bruna (of sinds 
kort ook de AH) te gaan ;)



150

Acknowledgments/ Dankwoord/DanksagungAcknowledgments/ Dankwoord/Danksagung

Last but not least I want to thank the last member of the committee, “my” senior PhD 
student, who asked the most difficult questions during the interview: Dear Dr. Ewa, it 
seems already a long time ago that you left the group but I still remember the many great 
moments that we had together: My first congress in Canada, the concert in Toronto, 
hundreds of talks about love, life, birds and science on the balcony, beers, weddings and 
two pregnant bellies – just to mention some of the highlights. I could always fall back 
on you when I needed you and you gave me the feeling to be welcome in Amsterdam. 
Although our lives do not let us meet so much anymore, you will always have a place in 
my heart!

During my time as PhD student many people left and others joined the group, but two 
people left and returned: 

Toen ik in de groep kwam, was je nog postdoc, maar nu heb je inmiddels je eigen 
groep: Harrold, het ijs tussen ons was snel gebroken, toen je aan me uitlegde hoe ik 
het beste platen zonder bubbels kon gieten... Bedankt voor je altijd kritische blik op 
mijn onderzoek en je vele hulpzame adviezen in de Arabidopsis-wereld. Vooral op het 
“Topless verhaal” heb je zeer nuttige input gegeven. Lieve Lotje, toen ik begon, zat je net 
je dankwoord te schrijven en ik dacht: “Zo groot als Lotje wil ik ook later zijn.” En ja, het 
is me gelukt tot aan mijn dankwoord te komen; maar met dat “grote” weet ik het nog niet 
zo zeker ;)… Ik ga de gespreken met je missen, waar alle onderwerpen in mogelijk zijn 
en je de mooiste zinnige en onzinnige dingen kunt verzinnen. Je creativiteit is onbeperkt 
en een grote bron aan inspiratie voor me. Hopelijk mag ik er nog af en toe van proeven! 

Lisong, your PhD journey started a couple of months before mine and we were effector 
partners in crime. You and Ewa- as senior PhDs- were guiding me and even in the last 
few weeks you helped me to motivate myself to finish this thesis. Thank you a lot for 
your support and practical assistance in the lab! Wilfried en Linda, dank jullie wel 
voor de gezelligheid en de inburgeringscursus: Mijn eerste Sinterklaasfeestje blijft 
onvergetelijk en ook mijn eerste keer op echte Noren schaatsen op Nederlands ijs 
vergeet ik nooit! Wilfried, ook nog bedankt voor de enkel keer dat ik voor je naar de 
happy machine mocht lopen en de spaarpot. Marianne, Caro en Vladimir, helaas was 
de tijd met jullie kort, maar kon ik toch wel op jullie werk verder bouwen en hebben 
jullie me geholpen om de basis voor dit boekje te leggen. 

Where people leave, people arrive: Hanna, danke für deine riesige Hilfe im Labor und 
die vielen Experimente, die du für das Six8 Kapitel durchgeführt hast. Unglaublich, 
wie du das schaffst mit den zwei Kiddies! Schön, dass wir uns noch eine Zeitlang im 
Kindergarten sehen. Patrick: Ook jij ging je best doen om me volledig in te burgeren 
(“Alles goed, oude?”) en je wilde in mij de liefde voor Arabidopsis, zilver en Techno 
wekken. Het ene is wat beter gelukt dan het andere… Je leerde me vooral een erg 
belangrijk ding: “Van je af!” Bedankt voor de gezelligheid- zonder jou was een stuk 



150 151

Acknowledgments/ Dankwoord/Danksagung

saaier geweest. Lieve Mara, lieve paranimf! Ik voel me vereerd dat je op 20 november 
naast me gaat staan! Jou als paranimf te benoemen was een erg makkelijk besluit: 1) 
Er zou niemand zijn, die beter in mijn plaats het boekje zou kunnen verdedigen: Niet 
voor niets is het Six8 hoofdstuk van ons allebei. 2) Ik heb zeker vooral in de laatste 
tijd aan niemand anders zo veel steun gehad als aan jou- en dat je er voor me was, was 
zeker niet vanzelfsprekend! Bedankt hiervoor. Gelukkig zie ik je nog regelmatig en ben 
je de liefste vriendin van Merle. Biju, I stopped counting how many times I closed the 
freezer door for you, but seriously- it was a pleasure to meet you and you impressed 
me by the way you look at things and life. I loved to talk to you about science, culture, 
religion and family and I wish you lots of luck for your career in India. Ido, bedankt 
voor de gezelligheid, de knuffels en dat ik je mevrouw Ma mocht zijn. Succes met het 
afronden! Xiaotang and Lingxue, it’s a pity that I cannot follow all your nice results but 
I wish you good luck with your second half of the PhD journey. Shermineh (viel Glück 
beim Mamasein!), Sarah (ich bin Fan von deinem Bananen-Blog), Georgios, Valentin, 
Magdalena M. (thanks for the Y2H data), Peter, Like, Chris, Bas, Nico and Heni thanks 
for sharing lab and/or office for some time and the “gezelligheid”, even though it was 
(much!) too short with some of you. 

The lab has seen many students and visitors in the past six years and I would especially 
like to mention Fathima, Leonardo, Ines, Esther, Keigo, Fabiano, Chiara, Myriam, 
Ania, Lisa and Michael for nice talks, setting up experiments together and sharing 
results. I also got the opportunity to supervise some of those great students and 
therefore I would like to acknowledge them particularly for their commitment and 
contribution to my thesis. Menno, je was mijn eerste student en je had het zeker niet 
altijd makkelijk met mijn hoge eisen. Ik ben super blij dat je moeite en inzet het waard 
waren en je co-auteur op het Six6 paper bent. De nachten in de kas (met beveiliging en 
begeleidhond) zal ik altijd onthouden! Tibor, ik heb nog nooit iemand zorgvuldiger 
zien werken als jij (en dat zeg ik als Duitse…). Daar kon ik nog veel van leren. Pilar and 
Alexander, you got very difficult projects (the lipid work) and you coped very well with 
it. I am sure you will be successful in your further scientific careers! Ruy, ook al was het 
kort, maar ik heb je super graag begeleid en ik ben blij te zien dat je nu zo’n leuke aio 
positie hebt. Succes! 

The upstairs neighbors became “real” neighbors in the new building and therefore 
the Fysio’s go with the Fyto’s: Michel, Christa, Teun and Rob, thanks for sharing your 
knowledge with me and for your helpful comments on my research. Dear Alessandra, 
ciao bella and paranymph, you helped me so much with caring for my precious 
Arabidopsis plants but also with killing them with Pseudomonas and SA extraction! But 
especially thank you for letting me introduce you to this strange guy from MAD (a.k.a. 
my husband) in one of your first weeks in Amsterdam, which gave me a reason to talk to 
him… and the rest is history  Eleni, climbing and gym lessons were fun! Silke, es war 



152

Acknowledgments/ Dankwoord/DanksagungAcknowledgments/ Dankwoord/Danksagung

super die schönsten neun Monate mit dir zusammen “durchzustehen”! Ringo, Petra B. 
en Michel, bedankt voor de gezellige pauzes en borrels. Steven, hopelijk heb je van het 
strand avontuur genoten. Ik vond het zeker geweldig! Magdalena J. (I miss your Happy 
…day ), Fariza, Dorota, Maaike and Carlos, success with finishing your PhDs. I would
like to thank also all former Fysio members – Fionn, Alex, Wendy, Carlos, Kai, Miriam, 
Rossana, Arjen and Joop- for their kind help during my PhD by practical and theoretical 
advises or with distractions at the Brouwerij.  Ludek, Harold en Thijs, bedankt voor de 
goede verzorging van mijn plantjes.

Next to the plant groups, also people from the MAD made my PhD life an unforgettable 
and a happy time, shared a lot of their knowledge with me and helped me with the thesis. 
Timo, bedankt voor de gastvrijheid tijdens het schrijven en vooral heel erg bedankt voor 
het contact leggen met Naktuinbouw. Ik ben super blij dat ik zo bij het Green Forensics 
project ben terecht gekomen. Oskar, bedankt voor je input in twee van mijn chapters, 
voor de lunch, de koffie en dat ik door jou een kijkje in de wereld van de bioinformatica 
mocht nemen. Ik vind de nauwe samenwerking met je geweldig en hoop dat ze nog (een 
leven lang!) doorgevoerd kan worden. Paul, bedankt voor de vaak diepe gesprekken 
en de mooie wandelingen, die we hebben gemaakt. You rock!  Martijs, bedankt voor 
het mee denken over de statistiek en het experimental design van mijn proeven en het 
spelen op mijn bruiloft. Rob en Selina, het is altijd weer super leuk om met jullie te 
kletsen. Hopelijk gaan we nog wat projecten samen doen. Wim en Marina, bedankt voor 
het verwerken van de monsters; Mauro, thank you for preparing us for Sicily; Rick, the 
Dream Team heeft nu 3 PhDs ! Inez, Floyd, Julian, Mark, Elisa and Linda, het is/was 
altijd leuk en interessant om met jullie een praatje te doen. Wim, Han and Matheusz, 
thanks for sharing an office with me, although it was just a short period. 

Altogether this book is the product of very great collaborations with many research 
groups and individual people at the University of Amsterdam: Henk and Clemens, 
het was super leuk om met jullie samen te werken. Henk, ook nog vier jaren na dat te 
monsters waren gedraaid, heb je geduldig alles voor me uitgezocht en aan me uitgelegd. 
Super! Clemens, nicht nur im Labor hatten wir viel Spaß, als wir zusammen “Topless” 
entdeckten, sondern auch auf den Borrels vom PhD council. Bedankt aan alle leden van 
de council voor de gezelligheid en de leuke events, die we samen hebben georganiseerd. 
Bedankt aan de mensen van de Microbiologie groep voor het geduldige uitlenen van het 
Biorad PAGE system. Anna, Eric and Ronald, great that you were always willing to help 
with the confocal microscope, which led to very nice pictures! Merijn and Juan, you kindly 
helped with the statistical analysis of the conductivity experiments. Thank you! Louis 
and Michael (Biocatalysis), bedankt dat ik jullie gel filtratie setting mocht gebruiken en 
Taasje Mahabiersing (Homogeneous Catalysis) bedankt voor het assisteren met het CD 
spectroscoop. Sjeel, geen samenwerking, maar mijn bron van koffie en chocomel. Super 
bedankt  De man met de hoed wil ik danken voor zijn “Goede Morgen” op de dijk.



152 153

Acknowledgments/ Dankwoord/Danksagung

Of course I also visited Wageningen a lot of times and the people there also assisted 
with different experiments: Bart Thomma en Koste, bedankt voor de gastvrijheid en 
het leren, hoe Arabidopsis met Verticillium ziek kan worden. Jack Vossen en Ahmed, 
jullie hebben veel inspanning en moeite gedaan om extra data over het suppressie 
effect van Six6 toe te voegen. Hartelijk bedankt hiervoor en het was altijd leuk om met 
jullie te werken en, Jack, om met je op congres te gaan. Sjef Boeren, Twan America 
en Jan, bedankt voor de analyses van mijn monsters. In Utrecht, bedankt Stan voor de 
homologie analyse van Six8.

Another collaboration led me to the USA, where I got the great opportunity to work 
in the group of Brett Tyler. Thank you and Shiv very much for your hospitality and 
for sharing your lipid experiences and knowledge with me. It was a very nice, snowy 
experience. Enzo, it was great to meet you there and I hope we will see each other again! 
I would also like to thank Martin Cann to give me the opportunity to take part in his 
research.

While writing, I started a new job at Naktuinbouw and apparently I am very lucky 
because also here I have very nice, dear colleagues. Mensen, het boekje is af! Ik hoop 
dat jullie me hier nooit meer over gaan horen en ik ben jullie meer dan dankbaar dat 
jullie meer dan een jaar hebben volgehouden en naar mijn promotie verhalen hebben 
geluisterd  Michel, bedankt voor het vertrouwen in me en de vrijheden, die je me 
geeft om mijn plek te vinden en NGS naar Naktuinbouw te brengen. Hedwich, het is me 
een eer dat ik met een “oude” Fyto nu zo nauw mag samenwerken en van je mag leren. 
Het is een super leuke samenwerking met je en ik hoop dat ze nog heel vruchtbaar gaat 
zijn! Daniël en Menno, jullie allebei hebben me zo warm verwelkomd. Ik vind het elke 
dag weer leuk met mijn lieve, fijne collega’s samen te werken- hopelijk gaan we dat nog 
heel wat jaren doen! Agata, André, Bonnie, Daniel, Diederik, Ellis, Harrie, Joke, José, 
Maaike, Monique, Monique, Paul, René, Rien en Robin, ook jullie hebben me meteen 
in de groep opgenomen en ik voel me bij jullie heel erg welkom en vind het erg leuk om 
met jullie te werken. Hartelijk bedankt aan iedereen! 

Last but for sure not least I would like to thank the people, that do not know Fleur, the 
PhD student, but who know me as a friend and family. You were a great support in the 
past years and it is fantastic but surely not naturally, that I can always count on you.

Liebe Mama und Papa, liebe Frau “Dr.” Gawehns und Herr “Dr.” Valentijn. Auch ihr habt’s 
geschafft! Durch eure Fürsorge, euren Ehrgeiz und eure Liebe habt ihr dafür gesorgt, 
dass ich durchgehalten habe und wir dieses Buch jetzt in den Händen halten können. 
Ich bin stolz eure Tochter zu sein und danke euch für alles, was ihr mir für mein Leben 
mitgegeben habt. Liebe Oma und Opa, auch ihr habt meinen Lebensweg sehr geprägt. 
Vielen Dank für eure Unterstützung und die Geborgenheit, die ihr mir gebt und gegeben 
habt.



154

Curriculum vitaeAcknowledgments/ Dankwoord/Danksagung

Julia, du stehst mir immer zur Seite- in guten und in schlechten Zeiten- und lässt mich 
nicht im Stich. Dank deiner Freundschaft bin ich stärker und dann schaffe ich auch 
das hier. Danke, Schnecke! Meinen Studienfreunden Eva, Julia, Claudi, Nicole, Gerd, 
Andreas und Susi, danke ich für die gemeinsame Zeit in Potsdam. Das Lernen mit euch 
hat den Grundstein gelegt, um es bis zur Promotion zu schaffen. Lisa, Berni, Georg, Jo, 
Jonathan (27 Jahre!  ) und Mozart, ihr habt oder tut es noch immer als Freunde eine 
wichtige Rolle in meinem Werdegang gespielt und dafür bin ich euch sehr dankbar. 

When I moved to Amsterdam, I luckily did not lose friendships and family but won 
new ones and could return to my roots: Angélo, Heidi, Demi en Mika, leuk dat we nu 
wat dichter bij elkaar wonen en ik op jullie hulp kan rekenen als het nodig is. Bertine, 
Karianne, Garry, Marije, Ko en Leonie, wat hebben jullie me toch lief en warm in de 
familie opgenomen. Ik ben blij zo’n fijne schoonfamilie te hebben. Huub, je hebt me een 
keer je derde dochter genoemd en dit gevoel heb je me altijd kunnen geven en zal ik 
altijd bij me dragen. Ik dank je hiervoor.

Matthijs, Harmen, Linda, Albert, Hanneke, Stefan en Sabrina, het is fijn om te weten, 
dat we op jullie kunnen rekenen als het nodig is en dat jullie onze vrienden zijn. Miriam 
und Luise, es war so schön die Babyzeit mit euch zu verbringen. Hoffentlich sehen wir 
uns bis mindestens zum 18. Geburtstag noch jedes Jahr 

The last words I kept for two wonderwalls in my life, my dear husband and my 
daughter. Ihr seid der Beweis für das, was in meinem Leben das Wichtigste ist. Eure 
Liebe und Umarmungen kosten für mich die Welt und euer Lachen schiebt alle Wolken 
zur Seite. Ihr zeigt mir, wer ich bin und gebt mir eine Richtung. Zusammen haben wir 
eine wunderschöne Zeit und ich genieße jede Sekunde davon. Danke für eure Geduld, 
Ausdauer, durchwachten Nächte, für jedes Mal naar Buiten gehen, jedes Lied und 100 
Mal Kick en Knor lesen. Ihr habt mir die Energie und Motivation gegeben durchzuhalten 
um dieses Buch zu schreiben. Ich hab euch lieb… und ach… das Dr.-Doppel schaffen wir 
jetzt auch noch!

Amsterdam, September 2014

Fleur



154 155

Curriculum vitae

Fleur Kim Kareen Gawehns-Bruning was born on 6 
May 1984 in Berlin, Germany. After secondary school 
she studied Biochemistry at Potsdam University. In 
2005 she obtained her bachelor-degree (Vordiplom) 
and continued her studies with a focus on Cell 
Biology, Physical Chemistry and Protein Analytics. 
Concomitantly, Fleur worked as a student-assistant in 
the Plant Physiology group of Prof. dr. Martin Steup 
under supervision of dr. Christine Oesterhelt and 
assisted with the analysis of the sugar transport of 

the extromophilic red-algae Galdieria sulphuraria and its cell wall proteome. In 2007, 
Fleur joined the University of Queensland in Brisbane, Australia for a three-month 
internship and performed expression studies of the sulfite dehydrogenase of the 
bacterium Starkeya novella in the group of dr. Ulrike Kappler. For her final internship she 
continued working in the bacteria field and studied the functions of two different MoaD 
isoforms of the Rhodobacter capsulatus molybdopterin synthase in the group of Prof. dr. 
Silke Leimkühler under supervision of dr. Meina Neumann-Schaal. After graduation in 
2008, Fleur started her doctoral research study with dr. Frank Takken in the Molecular 
Plant Pathology group of Prof. dr. Ben Cornelissen at the University of Amsterdam. Here 
she worked on the characterization of secreted in xylem (Six) proteins of the plant 
pathogenic fungus Fusarium oxysporum f. sp. lycopersici. The results of that research are 
described in this thesis. From 2010 to 2012 Fleur joined the SILS PhD/Postdoc council 
to increase scientific and social communication between members of the institute. 
Currently, Fleur is employed by Naktuinbouw as a junior scientist to explore the usage 
and application of new sequencing technologies in the company’s work processes. Fleur 
is married and has a 22-month-old daughter. 

Curriculum vitae



156

List of publications



156 157

List of publications

List of Publications

Ma, L., Houterman, P. M.,*, Sillo, F., Richter, H., Clavijo Ortiz, M. J., Schmidt, S. M., Gawehns, 
F., Sain de, M., Cornelissen, B. J. C., Rep, M., Takken, F. L. W.  A pair of avirulence 
factors is required to activate I-2 mediated immunity in tomato. In preparation. 

Gawehns, F., Bruning, O., Houterman, P. M., Boeren, S., Clavijo, M., Cornelissen, B. J. 
C., Takken, F. L. W. Fusarium oxysporum effectors differentially affect protein 
accumulation in the xylem sap of infected tomato. In preparation.

Gawehns, F*., Sain de, M.*, Richter, H., Dekker, H. L., Heilmann, C. J., Bruning, O.,  Burg van 
den, H., Rep, M., Takken, F. L. W. The Fusarium oxysporum effector Six8 interacts 
with TOPLESS and induces an SNC1 mediated stunting phenotype in A. thaliana. 
In preparation.

Fenyk, S., Townsend, P. D., Dixon, C. H., Spies, G. B., San Eustaquio Campillo de, A., Gittens, 
W. H., Beckwith, J. S., Slootweg, E. J., Westerhof, L. B., Gawehns, F., Knight, M. R., 
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