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Chapter 1

The role of pathogen-secreted proteins
in fungal vascular wilt diseases

Mara de Sain and Martijn Rep

Chapter 1

Abstract
A limited number of fungi can cause wilting disease in plants through colonization
of
the
vascular
system,
the
most
well-known
being Verticillium
dahliae and Fusarium oxysporum. Like all pathogenic microorganisms, vascular
wilt fungi secrete proteins during host colonization. Whole-genome sequencing and
proteomics screens have identified many of these proteins, including small, usually
cysteine-rich proteins, necrosis-inducing proteins and enzymes. Gene deletion
experiments have provided evidence that some of these proteins are required for
pathogenicity, while the role of other secreted proteins remains enigmatic. On the
other hand, the plant immune system can recognize some secreted proteins or
their actions, resulting in disease resistance. We give an overview of proteins
currently known to be secreted by vascular wilt fungi and discuss their role in
pathogenicity and plant immunity.
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Vascular wilt fungi
Only a few fungal species are able to colonize the plant vascular system and cause
wilt disease. These include Fusarium oxysporum (Fo) and several species
belonging to the genera Verticillium, Ceratocystis and Ophiostoma (Mace et al.,
1981). The symptoms associated with vascular wilt disease depend on the fungal
species and the host plant, but generally include discoloration of the vessels,
wilting, defoliation, stunting and plant death (Mace et al., 1981).
Fo is a soil-borne rhizosphere colonizer and, in specific strain-plant
combinations, a xylem-colonizing fungus, causing vascular wilt disease. Fo
produces several types of asexual spores, including chlamydospores, which can
survive in the soil for many years (Mace et al., 1981). Once the presence of plant
roots is detected, germination into infection hyphae is initiated (Pietro et al., 2003).
These hyphae attach to and colonize the root surface. They usually penetrate the
roots through natural openings and do not require specialized infection structures
like appressoria (Pietro et al., 2003), although hyphal swelling has been observed
at penetration points (Czymmek et al., 2007; Michielse and Rep, 2009; Pietro et al.,
2003). The fungus then grows in the root cortex, until it enters and colonizes the
xylem vessels (Pietro et al., 2003). Fo is able to infect over a hundred plant
species, ranging from vegetables to flowers to field and plantation crops (Michielse
and Rep, 2009). However, single strains usually infect only one or a few plant
species. Based on host-specificity, pathogenic strains of Fo are grouped into
formae speciales (f. sp.). Genome sequencing of tomato-infecting Fo f. sp.
lycopersici (Fol) strain 4287 identified the presence of lineage-specific (LS) regions,
absent in Fusarium graminearum and Fusarium verticilloides (Ma et al., 2010).
These LS regions show different characteristics compared to the core genome,
most prominently a very high density of transposable elements. Compared to the
core genome the LS regions are much more divergent between different formae
specialis, suggesting a role in host adaptation (Ma et al., 2010). Furthermore, the
transfer of LS chromosome 14 from Fol4287 to a non-pathogenic Fo strain turned
the strain into a tomato pathogen, showing the importance of LS regions for
pathogenicity (Ma et al., 2010). Interestingly, genes for secreted proteins,
especially small, in xylem secreted proteins, are enriched in LS regions (Ma et al.,
2010; Schmidt et al., 2013).
Verticillium wilt occurs on many dicotyledonous plants. The primary causal
agent is Verticillium dahliae (Vd), which has a very wide host range of over 200
plant species and is mainly found in temperate and subtropical regions (Fradin and
Thomma, 2006; Mace et al., 1981). Another causal agent of Verticillium wilt,
Verticillium albo-atrum (Vaa), has a much narrower host range and thrives at
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temperatures around 21°C (Mace et al., 1981). Both Vd and Vaa are soil-borne,
vascular fungi and their life cycle is in many ways similar to that of Fo. Germination
of their fungal resting structures (sclerotia) in the soil can be induced by plant root
exudate (Mace et al., 1981). Hyphae can then grow a limited distance to reach the
roots of a potential host plant and start penetration. Roots are usually penetrated at
easily accessible sites, like root tips or at points of lateral root formation (Mace et
al., 1981). After crossing the endodermis the fungus enters the vascular tissue,
usually through the pits. This entire process, from germination to entering the
xylem vessels, takes around three days. After hyphae invade the xylem vessels,
conidia are formed. These contribute to a faster spread of the pathogen, as they
are carried in the xylem fluid. If conidia are trapped at pit cavities or at the end of a
vessel, they can germinate into hyphae and penetrate a neighboring vessel, where
they can sporulate again (Fradin and Thomma, 2006; Mace et al., 1981).
Conidiation may play an important role in virulence, as more heavily conidiating
strains are more aggressive (Fradin and Thomma, 2006). At the final stage of
infection the fungus is no longer limited to the plant vascular system and starts to
generate resting structures. Vd starts to produce microsclerotia that can survive for
over a decade in the soil (Fradin and Thomma, 2006; Mace et al., 1981), similar to
Fo chlamydiospores. The resting mycelium of Vaa has a shorter lifetime. However,
Vaa can also produce air-borne conidia, as an alternative infection strategy (Fradin
and Thomma, 2006; Mace et al., 1981). Both Vd and Vaa genomes were
sequenced. Compared to those of other fungi, Vd and Vaa genomes contain more
genes for cell-wall degrading enzymes (CWDEs) (Klosterman et al., 2011).
Interestingly, the pectate lyase 11 family has only been identified in vascular wilt
fungi (Klosterman et al., 2011), suggesting this family may be required for growth in
the xylem. Overall, the Vd and Vaa genomes that were sequenced are very similar.
However, the Vd genome is larger and contains four LS regions absent in Vaa
(Klosterman et al., 2011). These regions are repeat-rich, have a high density of
transposable elements, vary substantially between Vd strains and are suspected to
play an important role in pathogen adaptation and virulence (de Jonge et al., 2013;
Klosterman et al., 2011). However, unlike the Fol genome, secreted proteins are
not enriched in these regions (de Jonge et al., 2013).
Three Ophiostoma species can cause wilting disease on elm trees, known
as Dutch elm disease. The first is Ophiostoma ulmi (Ou), which caused an
outbreak of Dutch elm disease in Western-Europe in the early 1900s and later
spread to North America (Mace et al., 1981). The second is Ophiostoma novo-ulmi
(Onu), which caused a second pandemic and is more virulent than Ou (Brasier,
1991). The third species was found in the western Himalayas and named
Ophiostoma himal-ulmi (Ohu) (Brasier and Mehrotra, 1995). While no disease
10!
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symptoms were observed on the Himalayan elm trees from which the species was
isolated, infection assays have shown that it can cause vascular wilt symptoms on
susceptible elm trees, to a similar extent as Onu (Brasier and Mehrotra, 1995).
While Fo, Vd and Vaa are soil-born, the Ophiostoma species that cause wilting
disease on elm trees are mainly transmitted by bark beetles
(Scolytus and Hylurgopinus rufipes) (Mace et al., 1981). Therefore, disease is
dependent not only on the interaction between fungus and plant, but also on the
interaction between plant and beetle and between fungus and beetle. Bark beetles
carrying fungal spores on their exoskeleton spread the disease when feeding on
elm trees (Mace et al., 1981). Pre-existing (feeding) wounds give the fungus direct
access to the vascular tissue. Like Verticillium, fungal spores allow Ophiostoma to
quickly spread through individual xylem vessels, while hyphae are able to
penetrate neighboring vessels through pit membranes (Mace et al., 1981). The
fungus colonizes breeding and oviposition tunnels made by female beetles and
produces sticky conidiophores, which can attach to the exoskeleton of young bark
beetles that fly out to feed, starting a new infection cycle. The genomes of Ou and
Onu have been sequenced and annotated (Comeau et al., 2015; Forgetta et al.,
2013; Khoshraftar et al., 2013). Their size, 31.5 and 31.8 Mb respectively, is similar
to that of Vd and Vaa. The Onu genome counts 621 proteins with a predicted
signal peptide, which is a relatively small number for fungi (Comeau et al., 2015).
Most Ceratocystis species do not cause wilting disease. An exception is
Ceratocystis fagacearum (Cfag), first identified as the causal agent of oak wilt in
Wisconsin, USA, in 1942 (Henry et al., 1944). Currently, the disease is found in
Texas and many eastern and mid-western states in the USA (Juzwik et al., 2008).
There are large differences in susceptibility between different oak species. In
general, white oaks are tolerant, while red oaks are highly susceptible and die
within a year after infection (Appel, 1995; Mace et al., 1981). The pathogen can
spread in several ways (Appel, 1995; Mace et al., 1981). Short distance
transmission can be accomplished by natural root grafts between diseased and
healthy trees, which makes stem density an important factor in disease incidence.
Long distance transmission, also known as overland spread, is dependent on
insect vectors. Under the right conditions Cfag can produce sporulation mats that
emit “fruity” odors that, among others, attract sap-feeding nitidulid beetles (Lin and
Phelan, 1992). Transmission can take place when nitidulid beetles carrying spores
from these mats move on to feed on fresh wounds of uninfected oak trees (Appel,
1995; Mace et al., 1981). Cfag enters oak trees through these fresh wounds and
initially grows in the xylem vessels of the outer sapwood (Sachs et al., 1970). Later
in the infection cycle, hyphae are formed that penetrate the parenchyma cells and
grow inter- and intracellularly. During the final disease stage, when the tree is
11!
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dying, sporulation mats are sometimes formed on red oak trees, forming a new
primary infection source (Appel, 1995). Besides Cfag, there are some other
Ceratocystis species that cause wilt disease, for example, on mango, eucalyptus
and cacao (Engelbrecht et al., 2007; Ferreira et al., 2011; Oliveira et al., 2015).
Pathogens, including vascular wilt fungi, secrete proteins during
colonization to establish a successful pathogen-host interaction. In this review, we
will give an overview of proteins secreted by vascular wilt fungi for which a role in
virulence has been described (Table 1). These include small, usually cysteine-rich
proteins, necrosis-inducing proteins, enzymes that target plant physical or chemical
barriers and induced defense responses and saponins. Furthermore, we will
discuss the recognition of some of these secreted proteins by the plant immune
system.

Small, cysteine-rich proteins secreted by Fusarium oxysporum
In total, the annotated genome of Fol strain 4287 encodes 126 small (less than 200
amino acids), cysteine-rich (minimum of four cysteines), potentially secreted
proteins (Ma et al., 2010). Research has mainly focused on a subset of these
proteins that were identified in the xylem sap of infected tomato plants, named
Secreted in xylem (Six) 1-14 (Houterman et al., 2007; Schmidt et al., 2013). All SIX
genes are located in LS regions, most on chromosome 14 of strain 4287 (Ma et al.,
2010; Schmidt et al., 2013). Remarkably, they all have Miniature Inverted-repeat
Transposable Elements (MITEs), which are non-autonomous transposable
elements, in their upstream region (Schmidt et al., 2013). While no SIX homologs
have been identified in the Vd or Vaa genome (Klosterman et al., 2011), homologs
are present in other formae speciales of Fo (Chakrabarti et al., 2011; Fraser-Smith
et al., 2014; Lievens et al., 2009; Meldrum et al., 2012; Thatcher et al., 2012). The
presence and absence of individual SIX genes and sequence variation within SIX
genes can be used to discriminate between different formae specialis, races and
isolates (Chakrabarti et al., 2011; Fraser-Smith et al., 2014; Lievens et al., 2009).
The first small, cysteine-rich protein identified in xylem sap of Fol-infected
tomato plants was named Six1 (Rep et al., 2002; Rep et al., 2005). The protein is
also known as Avirulence (Avr) 3, because it is recognized by the tomato
Resistance (R) protein Immunity (I)-3 (Rep et al., 2004). Expression of SIX1 is
strongly induced in the presence of living plant cells and requires the transcription
factor Six gene expression 1 (Michielse et al., 2009; van der Does et al., 2008).
The full-length gene encodes a 32 kDa protein that contains eight cysteine
residues, a signal peptide and a prodomain (Houterman et al., 2007; Rep et al.,
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2004). The protein is required for full virulence, as tomato plants infected with a
SIX1 deletion strain show reduced disease symptoms (Rep et al., 2005). How Six1
enhances virulence is currently unknown. Interaction screens have revealed that
Six1 can interact with small Heat-Shock Proteins (sHSPs) (chapter 3, this thesis).
However, it seems unlikely that Six1 has an intracellular effector target, as it is
recognized outside the plant cell by the receptor-like kinase (RLK) resistance
protein I-3 (Catanzariti et al., 2015).
The Fol SIX3 gene encodes an 18 kDa protein with a signal peptide and
only two cysteine residues (Houterman et al., 2007). The protein is also referred to
as Avr2, because it is recognized inside the plant cell by the intracellular tomato R
protein I-2 (Houterman et al., 2009). Like Six1, Six3 is also required for full
virulence on tomato plants (Houterman et al., 2009). While SIX1 is already
expressed during the early stages of root colonization, SIX3 is mainly expressed
during hyphal growth in the xylem vessels (Ma et al., 2013; van der Does et al.,
2008). Fol SIX3 shares its upstream sequence with SIX5, which encodes a 12 kDa
mature protein that contains six cysteines (Houterman et al., 2007; Schmidt et al.,
2013). Interestingly, Six3 is capable of forming homodimers with itself and
heterodimers with Six5 (Ma et al., 2013; Ma et al., 2015). Bimolecular fluorescence
complementation assays have shown that Six3 homodimers localize to the nucleus
and the cytoplasm, while Six3-Six5 heterodimers are present in the nucleus, the
cytoplasm and in spots at the cell periphery (Ma et al., 2015). It will be interesting
to identify the nature of these spots, as this could give insight into the function of
Six3 and Six5.
SIX6 is present in Fo species infecting tomato, melon, watermelon,
passion fruit, cucumber and cotton (Chakrabarti et al., 2011; Gawehns et al., 2014;
Lievens et al., 2009). Homologs have also been found in two Colletotrichum
species (Gawehns et al., 2014). Recent RNA-sequencing analysis has shown that
an intron in Fol SIX6 was missed during earlier annotation and that the newly
annotated gene encodes a 23 kDa mature protein containing eight cysteine
residues (van Dam and Takken, unpublished data). Its gene product is required for
full virulence, as tomato plants inoculated with SIX6 deletion mutants have a higher
plant weight, compared to wild-type inoculated plants (Gawehns et al., 2014).
Transient expression of SIX6 without its signal peptide can suppress cell-death and
ion leakage induced by the Avr2-I-2 pair in N. benthamiana (Nicotiana
benthamiana) leaf cells (Gawehns et al., 2014). This suggests that Six6 might be
involved in suppression of defense responses, although in disease assays I-2mediated resistance is unaffected by the presence of SIX6 in the fungus (Gawehns
et al., 2014).
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NEP (-like) proteins
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Fol

Fol

Fol

Fo5176

Foc

Fol

Fol

Fol

Fol

Fol

Fol

Vd Ls17

Vd JR2

Fol

Vd JR2

Vd JR2

Foe

Vd-8

Vd V592

Vd V592

Vd V592

Vd JR2

Vd JR2
Vd JR2

Six2

Six3

Six4

Six4

Six4

Six5

Six6

Six7

Six8

Six8b

Six9-14

VDAG_05180

Ave1

Ave1

XLOC_009059

XLOC_008951

NEP1

NEP

NLP1

NLP2

NLP3-9

NLP1

VdNLP2

!

Fol

Six1

VdNLP3-9

Pathogen

Protein name

reduced virulence on tomato and At

reduced virulence on tomato, At and Nb

no virulence effect on cotton

no virulence effect on cotton

no virulence effect on coca

reduced virulence on tomato

reduced virulence on tomato

reduced virulence on tomato

reduced virulence on tomato

reduced virulence on tomato

reduced virulence on tomato

reduced virulence on cabbage

reduced virulence on tomato
suppression of I-2/I-3-mediated
resistance on tomato
reduced virulence on At

reduced virulence on tomato

Virulence phenotype deletion mutant

Table 1. Pathogen-secreted proteins of vascular wilt fungi.
1

yes (Ve1)

yes (Ve1)

yes (I, I-1)

yes (I-2)

yes (I-3)

Avr

Necrosis-inducing factor on Nb,
mutant has reduced conidiophore formation
and extensive formation of aerial hyphae
Necrosis-inducing factor on Nb

Wilt- and necrosis-inducing factor on cotton

Wilt- and necrosis-inducing factor on cotton

Ethylene and necrosis-inducing factor on
several dicotylous plants
Wilt-inducing factor on cotton

Not found in xylem during infection

Two LysM domains
Homology to plant expansin-like proteins and
PNPs

Multi-copy gene in Fol

Multi-copy gene in Fol

Interacts with Six3,
required for I-2-mediated immunity

Interacts with Six5

Comments

(Santhanam et al., 2013)

(Santhanam et al., 2013)

(Santhanam et al., 2013)

(Zhou et al., 2012)

(Zhou et al., 2012)

(Zhou et al., 2012)

(Bailey et al., 1995;
Bailey et al., 2002)
(Wang et al., 2004)

(de Jonge et al., 2013)

(de Jonge et al., 2013)

(de Jonge et al., 2012)

(de Jonge et al., 2012)

(de Jonge et al., 2013)

(Schmidt et al., 2013)

(Schmidt et al., 2013)

(Schmidt et al., 2013)

(Schmidt et al., 2013)

(Schmidt et al., 2013)

(Schmidt et al., 2013)

(Kashiwa et al., 2013)

(Thatcher et al., 2012)

(Houterman et al., 2007)

(Houterman et al., 2007)

(Houterman et al., 2007)

(Houterman et al., 2007)

Reference(s)
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Fol

Fol

Vd V991

Mep1

Sep1

Isc1

Vd Dvd-T5

Fol

TOM1

Onu

Fol

PGX6

VDH1

Fol

PG1

Cerato-ulmin

Pathogen

Protein name

Table 1. (continued)

no virulence effect on tomato

no virulence effect on elm

Δpg1Δpgx6 double mutant reduced
virulence on tomato
Δpg1Δpgx6 double mutant reduced
virulence on tomato
reduced virulence on tomato
Δfomep1Δfosep1 double mutant
reduced virulence on tomato
Δfomep1Δfosep1 double mutant
reduced virulence on tomato
reduced virulence on cotton

Virulence phenotype deletion mutant

Avr

1

Reduced microslerotia production in mutant

Tomatinase activity ~25% reduced in mutant

Comments

(Bowden, 1996)
(Klimes and Dobinson,
2006)

(Liu et al., 2014)

(Karimi Jashni et al., 2015)

(Karimi Jashni et al., 2015)

(Pareja-Jaime et al., 2008)

(Ruiz et al., 2015)

(Ruiz et al., 2015)

Reference(s)

Six = secreted in xylem; NEP = necrosis and ethylene-inducing protein; NLP = NEP-like protein; PG = endopolygalacturonase; PGX = exopolygalacturonase; TOM = tomatinase;
Mep = metalloprotease; Sep = serine protease; Isc = isochorismatase; Fol = Fusarium oxysporum f. sp. lycopersici; Fo = Fusarium oxysporum; Foc = Fusarium oxysporum f. sp.
conglutinans; Vd = Verticillium dahliae; Foe = Fusarium oxysporum f. sp. erythroxyli; Onu = Ophiostoma novo-ulmi; At = Arabidopsis thaliana; Nb = Nicotiana benthamiana; Avr =
1
avirulence; I = immunity; LysM = lysin motif; PNP = plant natriuretic peptide; Corresponding R gene between brackets.

Hydrophobins

Chapter 1
SIX8 is present in several formae speciales, including Fo f. sp. cubense
(Foc), the causal agent of panama disease on banana plants, and Fol [6,40]. While
most SIX genes in Fol are single-copy, SIX8 is a multi-copy gene (Schmidt et al.,
2013). In the Fol4287 genome nine identical copies have been identified in LS and
telomeric regions, and among Fol strains the copy number varies between three
and thirteen (Li-Jun Ma, personal communication). Furthermore, four copies of a
homologous gene were identified in the Fol4287 genome and named SIX8b
(Schmidt et al., 2013). However, Six8b has never been identified in xylem sap of
infected tomato plants, suggesting that the gene is not expressed during infection
(Schmidt et al., 2013). SIX8 deletion strains have not been made, due to its multicopy nature, and therefore it is unknown whether Six8 contributes to virulence.
However, Six8 associates with the intracellular plant protein Topless (TPL) (chapter
2, this thesis), suggesting it manipulates this protein to enhance virulence.
Unlike most other Six proteins, Fol Six4 is not required for full virulence on
susceptible tomato plants (Houterman et al., 2008). Instead, SIX4 deletion and
complementation experiments have shown that this effector can suppress both I-2and I-3-mediated resistance, but not I-7-mediated resistance (Gonzalez-Cendales
et al., 2016; Houterman et al., 2008). This is interesting, because I-2 and I-3 belong
to two different R protein classes: I-2 is an intracellular R protein encoding a
Coiled-Coil (CC)-Nucleotide-Binding (NB)- Leucine-Rich Repeat (LRR) protein
(Simons et al., 1998), while I-3 is an S-RLK (SRLK) located on the plasma
membrane (Catanzariti et al., 2015). I-7 belongs to yet another class and is a LRRReceptor-Like Protein (RLP) (Gonzalez-Cendales et al., 2016). This suggests that
Six4 manipulates a process in tomato plants that is required for CC-NB-LRR and
SRLK types of resistance proteins, but not for LRR-RLP-mediated resistance. As I7-mediated resistance is dependent on the downstream signaling component
Enhanced Disease Susceptibility 1 (EDS1) and CC-NB-LRR-mediated resistance is
independent of EDS1, it has been suggested that Six4 can only suppress EDS1independent resistance responses (Gonzalez-Cendales et al., 2016). A
complicating factor is the strain-specificity of the suppression effect; there are
strains that contain SIX4 but are unable to suppress I-2- and I-3-mediated
resistance (Chellappan, 2014; Mes et al., 1999). It was shown that the inability of
Six4 to suppress resistance in these strains is not due to sequence differences in
the gene, nor to changes in local genetic context, nor to alterations in SIX4
expression, suggesting that another (unknown) fungal factor is involved
(Chellappan, 2014). Interestingly, Six4 is required for full virulence of an
Arabidopsis-infecting Fo strain: infection assays with a SIX4 deletion strain showed
reduced disease symptoms and reduced fungal biomass compared to the wild-type
strain Fo5176 (Thatcher et al., 2012). Likewise, SIX4 deletion in Fo f. sp.
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conglutinans resulted in reduced disease symptoms on both susceptible and
resistant cabbage plants, compared to wild-type and SIX4-complemented strains
(Kashiwa et al., 2013). Pull-down experiments with Fol Six4 as bait followed by
mass spectrometry suggest that Six4 can interact with Glutamate Decarboxylases
(GADs) (chapter 4, this thesis). This enzyme is involved in the conversion of
glutamate to gamma-aminobutyric acid (GABA). Interestingly, there are indications
that GABA plays a role in the promotion of cell death (Fait et al., 2011; Kim et al.,
2013; Seifi et al., 2013). Possibly, Six4 interferes with this process.
In summary, it has been demonstrated that several Fo Six proteins
contribute to virulence and are therefore genuine effectors. How they do so is as
yet unknown and the hope is that identification of plant proteins interacting with
effectors, and plant processes perturbed by them, will provide clues to their
function.

Small proteins secreted by Verticillium during host colonization
Candidate effectors are often identified by genome searches for small, cysteinerich secreted proteins. The Vd and Vaa annotated genomes both count ~120
genes encoding hypothetical proteins that contain less than 400 amino acids and
at least four cysteine residues (Klosterman et al., 2011). None of these are
homologous to the Fo Six proteins. Analysis of the Vd and Vaa genomes did
identify proteins that show homology to Cladosporium fulvum lysin motif (LysM)
effectors (de Jonge and Thomma, 2009; Klosterman et al., 2011). The core Vd
genome counts four putative LysM effector genes (Kombrink, 2014). These core
LysM effector genes do not seem to contribute to pathogenicity, as they are not
expressed during infection on N. benthamiana or tomato plants and single gene
deletions do not show altered virulence on tomato (de Jonge et al., 2013;
Kombrink, 2014). However, LysM effectors can act as virulence factors in Vd, as a
strain-specific LysM effector gene (VDAG_05180), located in an LS region, is
required for full disease development and host colonization (de Jonge et al., 2013).
LysM effectors have been implicated in suppressing chitin-triggered immune
responses, either by protecting fungal hyphae against degradation by host
chitinases or by sequestering cell wall-derived chitin fragments to prevent host
detection (de Jonge et al., 2010; Kombrink and Thomma, 2013; Sanchez-Vallet et
al., 2013; van den Burg et al., 2006). VDAG_05180 may have a similar role, as the
in planta produced protein can bind chitin and is able to suppress a chitin-induced
pH shift in a tomato cell culture that is indicative of chitin-triggered immune
responses (Kombrink, 2014). LysM effector genes are also present in the Fol4287
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genome (our unpublished observations), but have not been functionally
characterized.
Vd strains that cause Verticillium wilt on tomato plants are divided into two
races. Race 1 strains are recognized by the resistance gene Ve1, while race 2
strains are not (Fradin et al., 2009; Schaible, 1951). Comparative genomics
between Vd strains belonging to both races combined with RNA-sequencing
identified Avirulence on Ve1 (Ave1) in a 50-kb race 1-specific region (de Jonge et
al., 2012). Vd Ave1 is induced during infection and encodes a secreted protein that
is recognized by Ve1 (de Jonge et al., 2012). Ave1 shows homology to plant
natriuretic peptides (PNPs), suggesting the gene was acquired through horizontal
transfer from plants (de Jonge et al., 2012). While Vd Ave1 is an avirulence protein
on tomato plants containing Ve1, infection assays have shown it is required for full
virulence on susceptible tomato plants (de Jonge et al., 2012). While there is no
functional data on how Ave1 enhances virulence, it has been suggested that the
protein affects water and ion homeostasis based on its homology to PNPs (de
Jonge et al., 2012).
Ave1 and the LysM effector VDAG_05180 are both located in Vd LS
regions (de Jonge et al., 2013). Hence, it was hypothesized that other genes
located in these regions also contribute to virulence. Two genes encoding secreted
proteins, XLOC_009059 and XLOC_008951, located in LS regions of Vd strain JR2
were chosen for gene deletion, because they are highly up-regulated during
infection (de Jonge et al., 2013). Pathogenicity assays on tomato plants indicate
that these genes are indeed required for full virulence, as plants infected with
deletion strains show an increase in canopy area and a reduction in fungal
biomass compared to plants infected with wild-type JR2 (de Jonge et al., 2013).
The next step will be to find out how these proteins contribute to virulence at the
molecular level.

Nep1 (-like) proteins
Two decades ago, a 24-kDa Necrosis and ethylene inducing peptide (Nep1) was
isolated from Fo f. sp. erythroxyli (Foe) culture filtrate (Bailey, 1995). The protein
causes cell death in dicots, but not in monocots (Bae et al., 2006; Bailey, 1995;
Jennings et al., 2000; Keates et al., 2003). Fo Nep1 is a member of a large family
of proteins secreted by microbes, including plant pathogenic bacteria, oomycetes
and fungi (Gijzen and Nurnberger, 2006; Oome and Van den Ackerveken, 2014;
Pemberton and Salmond, 2004). Proteins belonging to this family are collectively
named Nep1-like proteins (NLPs), after the founding member. The family is
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characterized by a Necrosis-inducing Phytophthora Protein (NPP) domain, which
contains a highly conserved heptapeptide motif: GHRHDWE (Fellbrich et al.,
2002). Initially, the family was divided into two groups based on the number of
cysteine residues in the NPP domain (Gijzen and Nurnberger, 2006). Recently, a
third, more divergent group was identified (Oome and Van den Ackerveken, 2014).
There is also functional diversification in this superfamily of proteins, as some
members are cytotoxic, whereas others are not (Cabral et al., 2012; Dong et al.,
2012; Kanneganti et al., 2006; Kleemann et al., 2012; Zhou et al., 2012). This
cytotoxicity is only partially understood and could be due either to plant membrane
disruption, induction of plant innate immune responses or a combination of both
processes (Bohm et al., 2014; Oome et al., 2014; Ottmann et al., 2009; Qutob et
al., 2006).
In the Fol4287 genome seven NLP family members were identified, three
of which are located in LS regions (Ma et al., 2010). None of the Fo NLPs have
been functionally characterized, except for the cytotoxic Foe Nep1. Electron
microscopy showed that spray application of the protein caused thinning of the
cuticle and breakdown of chloroplasts in several plant species (Keates et al.,
2003). However, neither deletion nor overexpression of NEP1 affected Foe
pathogenicity on coca, suggesting the protein does not have a virulence function
on coca plants (Bailey et al., 2002).
In an experiment designed to identify potential elicitor proteins, the first Vd
NLP, named Vd Nep, was identified by sequencing expressed sequence tags
(ESTs) from the cotton-pathogenic Vd-8 strain (Wang et al., 2004). The purified
protein is cytotoxic; it induces necrosis in N. benthamiana and Arabidopsis thaliana
(Arabidopsis). Infiltration of purified Vd Nep into Arabidopsis leaves induced
defense responses, as expression of marker genes for ethylene biosynthesis,
salicylic acid and jasmonic acid signaling was increased (Wang et al., 2004). In
cotton suspension cells, the purified protein was able to activate the formation of
sesquiterpene aldehydes and programmed cell death (Wang et al., 2004). Since
then, it was shown that most Vd strains contain eight or nine NLP members,
named Vd NLP1-9 (Klosterman et al., 2011; Santhanam et al., 2013; Zhou et al.,
2012). Using this nomenclature, Vd NLP1 is the homolog of the initially identified
Vd Nep (Zhou et al., 2012). The cytotoxicity of Vd NLP1-9 from the cotton-infecting
strain V592 and from the tomato-infecting strain JR2 has been investigated. In both
cases, only NLP1 and NLP2 induce cell death upon infiltration in N. benthamiana
leaves (Santhanam et al., 2013; Zhou et al., 2012). Furthermore, both Vd NLP1
and Vd NLP2 from cotton-infecting isolates are able to produce wilt symptoms in
cotton hypocotyls (Wang et al., 2004; Zhou et al., 2012), suggesting they might be
involved in symptom development. However, both single (nlp1, nlp2) and double
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(nlp1/nlp2) gene deletions in Vd strain V592 did not reduce symptom development
on cotton plants compared to wild-type (Zhou et al., 2012). Targeted deletion of
NLP1 in strain JR2, on the other hand, negatively affected virulence on tomato,
Arabidopsis and N. benthamiana plants (Santhanam et al., 2013). Surprisingly,
NLP1 deletion strains showed a vegetative growth phenotype; they produced more
aerial hyphae and less conidiophores, which could be reversed by re-introducing
the wild-type gene (Santhanam et al., 2013). Deletion of NLP2 did not alter
vegetative growth of strain JR2, but did reduce virulence on tomato and
Arabidopsis (Santhanam et al., 2013). Virulence on N. benthamiana plants was not
altered, most likely because NLP2 is not expressed during infection of this host
plant (Santhanam et al., 2013).
Compared to other fungi, which usually contain only two or three NLPs, the
NLP family is expanded in the wilt pathogens Fo, Vd and Vaa, (Klosterman et al.,
2011; Ma et al., 2010). It has been suggested that this expansion contributes to the
broad host range of these fungi and/or to the development of their typical wilt
symptoms. While a role in virulence has been shown for some of the cytotoxic
NLPs in Vd, the non-cytotoxic NLPs from wilt pathogens have not yet been tested
for their contribution to pathogenicity. Future research should aim to elucidate the
exact function of single NLPs in this diverse protein family and show whether they
play a specific role in wilt disease.

Enzymes secreted by wilt fungi
Plant pathogens, including wilt fungi, secrete many enzymes that may contribute to
virulence. These include enzymes that target plant physical barriers, chemical
barriers and induced defense responses. One of these physical barriers is the plant
cell wall, which can be broken down by cell-wall degrading enzymes (CWDEs).
Comparative analysis of fungal genomes has shown that the highest numbers of
carbohydrate-active enzymes are generally found in plant-pathogenic fungi (Zhao
et al., 2013). Furthermore, targeted deletion of genes involved in the induction of
CWDEs in Fo and Vd resulted in reduced fungal colonization (Jonkers et al., 2009;
Tzima et al., 2011), suggesting CWDEs are important for pathogenicity. Although
we will not discuss CWDEs of vascular wilt fungi in depth, we will give an example
that shows that at least some CWDEs are virulence factors.
The Fol4287 genome encodes four endopolygalacturonases (PGs) and
four exopolygalacturonases (PGXs), which are all pectin-degrading enzymes
(Bravo Ruiz et al., 2015). Assays with mutant strains showed that PG1 and PGX6
contribute most to secreted PG activity (Bravo Ruiz et al., 2015). Hence, these
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mutant strains were used for infection assays. While infection with single gene
deletion strains only marginally delayed plant death, infection with a double
PG1/PG6 deletion strain resulted in clearly reduced plant mortality (Bravo Ruiz et
al., 2015). Apparently, PG1 and PG6 each have an activity (presumably pectin
degradation) that is required for full Fol virulence.
Plants also contain chemical barriers for protection against microbes, for
example saponins. Saponins are plant glycosides with soap-like properties. The
major saponin in tomato is α-tomatine, which shows anti-fungal activity (Arneson
and Durbin, 1968; Sandrock and Vanetten, 1998). This activity has been ascribed
to its ability to bind sterols in fungal membranes, creating a (transient) loss of
membrane integrity followed by cellular leakage (Arneson and Durbin, 1968;
Keukens et al., 1992; Keukens et al., 1995). More recently, however, it was shown
that α-tomatine initiates a reactive oxygen species (ROS) burst followed by
programmed cell death in Fo (Ito et al., 2007). Most tomato pathogens are tolerant
to α-tomatine, including Fol and Vaa (Sandrock and Vanetten, 1998). These
pathogens secrete enzymes, called tomatinases, which degrade α-tomatine. Vaa
deglycosylates
α-tomatine
into
the
less
toxic
β2-tomatine, while Fol cleaves it into tomatidine and lycotetraose (Roldan-Arjona et
al., 1999; Sandrock and Vanetten, 1998). These last two compounds are not only
less toxic to fungi than α-tomatine, but have also been implicated in the
suppression of plant defense responses (Ito et al., 2004). In total, five putative
tomatinase genes have been identified in Fol (Pareja-Jaime et al., 2008). Deletion
of one of them, TOM1, decreased tomatinase activity by 25% and led to the
formation of β2-tomatine instead of tomatidine. Tomato plants infected with TOM1
deletion strains showed delayed disease symptoms, while strains overexpressing
the gene showed accelerated symptom development. It will be interesting to see
whether the other putative tomatinase genes of Fol also contribute to virulence.
To protect themselves against fungal pathogens, plants secrete chitinases
that can hydrolyze chitin in fungal cell walls and can have high anti-fungal activity
(Iseli et al., 1993; Suarez et al., 2001; Truong et al., 2003). Fungi, on the other
hand, have evolved several mechanisms to overcome this defense barrier. One of
these is the secretion of the previously discussed LysM effectors, another is the
secretion of proteolytic enzymes that target chitinases. Secreted protein extracts
from both Fo and Vd are capable of cleaving extracellular tomato chitinases in an
in vitro assay, showing that at least some vascular wilt fungi use this last strategy
(Jashni et al., 2015). Another in vitro assay revealed that tomato chitinases cleaved
by Fo-secreted proteins are reduced in their chitinase activity, showing that
cleavage affects their function (Jashni et al., 2015). The observed reduction of
chitinase activity was traced back to the combined activity of two secreted
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proteases: the metalloprotease Mep1 and the serine protease Sep1. While deletion
of MEP1 did not affect virulence of Fol, inoculation with a Fol SEP1 deletion strain
resulted in tomato plants that were less stunted and had a higher weight compared
to control plants. Inoculation with a mep1/sep1 double mutant affected not only
plant weight, but also reduced other disease symptoms. Together, these data show
that metallo- and serine proteases can be virulence factors. Homologs of MEP1
and SEP1 have been identified in the Vd genome and it will be interesting to see
whether these are also required for full virulence. Furthermore, these experiments
show that the virulence activity of a protein can be overlooked in single deletion
mutants.
Plant hormones play an important role in disease resistance and
components of hormonal pathways are known to be pathogen targets (RobertSeilaniantz et al., 2011). Pathogens can, for example, secrete effectors that target
plant enzymes involved in these pathways, produce (mimics of) phytohormones or
secrete proteins with enzymatic activity affecting hormone production. An example
of the last category is an isochorismatase, Isc1, secreted by Vd to manipulate host
salicylic acid (SA) biosynthesis by converting isochorismate into 2,3dihydroxybenzoate (DDHB) (Liu et al., 2014). Although Vd Isc1 lacks a canonical
N-terminal signal peptide for secretion, the protein has been found in Vd culture
supernatant by western blotting and is suggested to be non-classically secreted.
Vd Isc1 is a virulence factor, because Vd ISC1 deletion strains show reduced
disease symptoms on cotton and Arabidopsis plants, compared to wild-type or
complemented strains. This virulence activity is dependent on the enzymatic
activity of Isc1, as proteins mutated in isochorismatase catalytic residues are
unable to complement the reduced virulence phenotype observed in gene deletion
strains. By converting isochorismate into DDHB, Vd Isc1 may reduce the
conversion of isochorismate to SA to enhance susceptibility.

Hydrophobins
Filamentous fungi secrete small (~100 amino acids) proteins that contain eight
cysteine residues, hydrophobic domains and are capable of self-assembly into an
amphiphatic membrane. Due to their water repellent properties they are called
hydrophobins. They have been implicated in several processes, including surface
attachment, the formation of aerial structures and the dispersal of reproductive
structures (Whiteford and Spanu, 2002; Wosten, 2001).
The hydrophobin cerato-ulmin (CU), secreted by the Dutch elm disease
agent Ophiostoma, has been well studied. More virulent strains secrete more CU,
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suggesting that the protein plays a role in pathogenicity (Brasier, 1991; Takai,
1974). Furthermore, injecting purified CU into elm trees causes typical Dutch elm
disease symptoms (Takai, 1974). However, deleting the CU gene in a highly
aggressive Onu strain did not affect virulence (Bowden et al., 1996) and neither did
overexpressing an Onu CU gene in a non-aggressive Ou strain (Temple et al.,
1997). Gene manipulations in these strains did result in morphological changes:
the CU deletion strain had an ”easily wettable” phenotype, while the
overexpressing strain formed more aerial hyphae. Surprisingly, introduction of the
Onu CU gene into Ophiostoma quercus, a related sap-staining fungus on
hardwoods, enabled several independent strains to infect elm trees and cause
Dutch elm disease symptoms, although to a lesser extent than the control Onu
strain (Del Sorbo et al., 2000). Thus, it is currently debatable whether CU
contributes to virulence of the Dutch elm disease pathogen. It has been proposed
that CU production enhances natural infection by promoting the binding of
infectious propagules to beetles and by forming a protective layer around them
during transit, thereby increasing the amount of infectious propagules that reach a
new host tree (Temple et al., 1997).
Another hydrophobin, VDH1, was identified in Vd and has a homologue in
Vaa (Klimes and Dobinson, 2006). Deletion of VDH1 did not reduce Vd symptom
development on tomato plants, but did severely reduce microsclerotia formation
and desiccation tolerance of conidia (Klimes and Dobinson, 2006). These data
suggest that VDH1 does not play a direct role in virulence, but is a possible Vd
fitness factor that enables pathogen persistence in the soil and spread of the
disease.

Secreted proteins, giveaways to the plant immune system
Besides passive barriers, plants have developed an active immune system to
protect themselves against pathogens. The active immune system of plants is an
innate, receptor-based recognition system and has traditionally been divided into
two layers. In the first layer, membrane-associated pattern recognition receptors
trigger plant defense upon recognition of Pathogen-Associated Molecular Patterns
(PAMPs, sometimes more accurately called MAMPs for Microbe-Associated
Molecular Patterns), which are defined as highly conserved molecules that are
essential for microbial fitness and common to entire classes of microbes (Zipfel,
2008, 2014). This first layer is known as PAMP-triggered immunity (PTI) and
triggers ROS bursts, the activation of protein kinases and massive transcriptional
reprogramming. It is considered a broad-defense response, effective against a
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wide range of invading microbes. However, pathogens (and endophytes) secrete
proteins known as effectors that are capable of manipulating plant processes to
promote colonization, for example by suppressing PTI (Dodds and Rathjen, 2010;
Jones and Dangl, 2006). These effectors can be, directly or indirectly, recognized
by R proteins resulting in Effector-Triggered Immunity (ETI). ETI often leads to a
Hypersensitive Response (HR), a form of localized cell death (Coll et al., 2011).
Most R proteins are intracellular receptors that contain a NB-LRR domain with
either an N-terminal CC or a Toll and Interleuking-1 Receptor (TIR) region (Dodds
and Rathjen, 2010; Jones and Dangl, 2006). In comparison to PTI, ETI is generally
a stronger defense response. The defense response triggered by extracellular
effectors secreted by foliar fungal pathogens, such as Cladosporium fulvum and
Leptosphaeria maculans, does not completely fit the criteria of PTI or ETI. Hence,
the term effector-triggered defense (ETD) was recently introduced to describe this
resistance response (Stotz et al., 2014). ETD is initiated by membrane-localized
RLPs and requires the RLK Suppressor Of BIR1-1 (SOBIR1) for downstream
signaling. Compared to ETI, the resistance response is much slower and the
pathogen is not eliminated, but only halted. As it is not always straightforward to
distinguish between PTI and ETI it has been suggested to see them as a
continuum, as reviewed in (Thomma et al., 2011). Plant immune responses against
vascular wilt fungi do not usually include a HR, but instead involve callose
deposition, the production of secondary metabolites and the formation of tyloses,
gels and gums in the xylem vessels to prevent spreading of the pathogen (Mes et
al., 2000; Yadeta and Thomma, 2013). Below, some cloned and characterized
receptor proteins involved in resistance against wilt fungi are described (Table 2).
As for other types of resistance based on effector recognition, the secreted proteins
that these receptor proteins recognize are known as Avr proteins.
Intracellular R proteins that confer resistance to Fo have been found in
melon (Fom-1 and Fom-2) and tomato (I-2). Fom-1 confers resistance to Fo f. sp.
melonis (Fom) races 0 and 2. A map-based cloning strategy identified the gene
and sequence analysis showed it encodes a TIR-NB-LRR (Brotman et al., 2013).
Future studies should provide functional validation of the gene and identify the
corresponding AVR gene in Fom. Fom-2 provides resistance against Fom races 0
and 1. It was also identified by map-based cloning and encodes a NB-LRR protein
that does not contain an N-terminal TIR or CC domain (Joobeur et al., 2004).
Recently, Fom AVRFOM2 was identified by comparative genomics between Fom
strains of different races (Schmidt et al., 2016). The gene is highly induced upon
melon infection and encodes a small, secreted protein of 167 amino acids that
contains two cysteine residues and no recognizable motifs. Tomato I-2 encodes a
classical CC-NB-LRR protein that is mainly expressed in the vascular tissue
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Table 2. Receptor proteins involved in resistance against vascular wilt fungi.
Resistance

Type

Source

Fom-1

TIR-NB-LRR

melon cultivar Doublon

Fom-2

NB-LRR

melon cultivar CM17187

Avr

Reference

locus
(Brotman et al., 2013)
AvrFom2

(Joobeur et al., 2004)

Fom-4*

melon cultivar Tortuga

I

wild tomato S.pimpinellifolium

Avr1/Six4

(Bohn and Tucker, 1939)

I-1

(Oumouloud et al., 2010)

wild tomato S. pennellii

Avr1/Six4

(Sarfatti et al., 1991)

I-2

CC-NB-LRR

wild tomato S.pimpinellifolium

Avr2/Six3

(Simons et al., 1998)

I-3

SRLK

wild tomato S. pennellii

Avr3/Six1

(Catanzariti et al., 2015)

I-4

S. lycopersicum

(Sela-Buurlage et al., 2001)

I-5

wild tomato S. pennellii

(Sela-Buurlage et al., 2001)

I-6

wild tomato S. pennellii

(Sela-Buurlage et al., 2001)

I-7

LRR-RLP

(Gonzalez-Cendales et al.,
wild tomato S. pennellii
2016)
RFO1

WAKL-RLK

RFO2
RFO3

SRLK

Arabidopsis thaliana ecotype Col-0

(Diener and Ausubel, 2005)

Arabidopsis thaliana ecotype Col-0

(Shen and Diener, 2013)

Arabidopsis thaliana ecotype Col-0

(Cole and Diener, 2013)

RFO4

Arabidopsis thaliana ecotype Col-0

(Diener and Ausubel, 2005)

RFO5

Arabidopsis thaliana ecotype Col-0

(Diener and Ausubel, 2005)

RFO6

Arabidopsis thaliana ecotype Col-0

(Diener and Ausubel, 2005)

RFO7

Arabidopsis thaliana ecotype Col-0

(Diener, 2013)

Ve1

LRR-RLP

tomato cultivar Craigella

GbVe

LRR-RLP

cotton cultivar Pima90-53

Ave1

(Fradin et al., 2009; Kawchuk
et al., 2001)
(Zhang et al., 2011)

* = recessive resistance gene, I = immunity, RFO = resistance to Fusarium oxysporum, Gb = Gossypium barbadense,
TIR = toll and interleuking-1 receptor, NB = nucleotide-binding, LRR = leucine-rich repeat, CC = coiled-coil, SRLK = Sreceptor-like kinase, RLP = receptor-like protein, WAKL = wall-associated kinase-like, S. = solanum, Avr = avirulence,
Six = secreted in xylem.

surrounding xylem vessels (Mes et al., 2000; Ori et al., 1997; Simons et al., 1998).
I-2 recognizes the small, cysteine-rich protein Avr2 (six cysteines in a 22 kDa
mature protein), also known as Six3 (Houterman et al., 2009). However, the
presence of both Fol Avr2 and Fol Six5 is required to trigger I-2 mediated
immuneresponses in tomato plants during infection (Ma et al., 2015). Because Six3
alone is sufficient to induce an I-2-dependent HR in a heterologous system and
single amino acid changes in Six3 suffice to prevent recognition by I-2, this protein
is called Avr2 and Six5 is not (Houterman et al., 2009; Ma et al., 2015).
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Recently, two other tomato genes that confer resistance to Fol were
identified. The first one, I-3, is already employed as a resistance gene in cultivated
tomato and recognizes Fol Avr3, also known as Six1 (Rep et al., 2004). Map
based-cloning experiments, followed by transgenic complementation assays, have
shown that I-3 is an SRLK (Catanzariti et al., 2015). Because I-3 is localized in the
plasma membrane, it is assumed that the I-3 ectodomain recognizes Avr3. This
suggests that Avr3 is an apoplastic effector, but does not exclude uptake of Avr3
into plant cells. Future research should indicate whether I-3 recognizes Avr3
directly, although no interaction was found in a yeast-two-hybrid assay (Catanzariti
et al., 2015), or indirectly by monitoring perturbation of plant processes. A cell
death response has never been observed upon co-expression of Avr3 and I-3
(Catanzariti et al., 2015) or expression of AVR3 in I-3 plants, either stably or
transiently (Catanzariti et al., 2015) (chapter 5, this thesis), in contrast to Avr2 and
I-2 (Houterman et al., 2009). Another recently identified tomato resistance gene is
I-7. RNA-sequencing and single nucleotide polymorphism analysis were used to
identify I-7 as a LRR-RLP (Gonzalez-Cendales et al., 2016). Like I-3, I-7 also
confers resistance to Fol race 3 strains (as well as to race 1 and 2). However, it
does not seem to recognize Avr3 and it is currently unknown which effector protein
it does recognize.
Two homologous LRR-RLPs in tomato and cotton, Ve1 and GbVe1, have
been identified that confer resistance to Verticillium wilt (Fradin et al., 2009;
Kawchuk et al., 2001; Zhang et al., 2012; Zhang et al., 2011). Ve1 confers
resistance against race 1 isolates by directly or indirectly recognizing Ave1, a
secreted protein with homology to plant PNPs (de Jonge et al., 2012). Homologs of
AVE1 have been identified in the bacterial plant-pathogen Xanthomonas
axonopodis (Xac) and in several fungal species, including Fo. Hence, it was
hypothesized that Ve1 might also confer resistance to Fo. Ve1 expressing tomato
plants were indeed reported to confer resistance to Fo (de Jonge et al., 2012).
However, this observation could not be confirmed in another lab (Chellappan and
Cornelissen, unpublished observations), possibly because FoAVE1 was not
expressed in planta (Schmidt et al., 2013). Interestingly, tomato Ve1 can be
transferred to Arabidopsis and retain its ability to confer resistance against race 1
isolates of Vd and Vaa (Fradin et al., 2011).
Some pathogenic strains of Fo isolated from related crucifer hosts can
produce disease symptoms on Arabidopsis (Diener and Ausubel, 2005).
Differential susceptibility between two Arabidopsis ecotypes to Fo f. sp. matthioli
was used to identify six dominant, quantitative resistance loci by map-based
cloning (Diener and Ausubel, 2005). These loci were named Resistance to
Fusarium Oxysporum 1-6 (RFO1-6). So far, three RFO genes have been identified.
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RFO1 encodes a RLK that contains an extracellular wall-associated kinase-like
(WAKL) domain (Diener and Ausubel, 2005). Resistance conferred by RFO2,
RFO4 and RFO6 is dependent on the presence of RFO1. Interestingly, a rfo1
mutant is more susceptible to several crucifer-specific formae speciales,
suggesting it might play a role in basal defense (Diener and Ausubel, 2005). RFO2
is an LRR-RLP (Shen and Diener, 2013). The extracellular LRRs in RFO2 are very
similar to the LRRs in the RLK PSY1R. PSY1R perceives the tyrosine-sulfated
peptide PSY1 that is secreted by plant cells and is involved in plant growth,
development and defense (Mosher et al., 2013). Hence, a decoy model has been
proposed in which Fo secretes an effector that targets PSY1R to enhance plant
susceptibility, but in the presence of RFO2 the effector is recognized and
resistance responses are induced instead (Shen and Diener, 2013). RFO3 is a
SRLK, like the tomato I-3 gene, and confers quantitative resistance to Fo f. sp.
matthioli, but not against two other crucifer-specific formae speciales (Cole and
Diener, 2013). RFO3 expression is highest in the vasculature and its expression in
the root is required for enhanced disease resistance and reduced colonization. The
Fo derived signal recognized by RFO3 has not yet been identified, but is expected
to be extracellular since RFO3 is an SRLK.
The above examples show that plants deploy at least three different types
of receptor proteins (RLPs, RLKs and NB-LRRs) to trigger defense responses
against Fo. It will be interesting to see whether plant defenses against other
vascular wilt fungi are as varied. For none of the receptors described in this review
it is currently known whether they directly recognize a secreted protein or
compound or whether they monitor pathogen-induced changes in plant processes.
It has been shown that defense responses triggered by I-7 and Ve1, both LRRRLPs, are dependent on EDS1 (Fradin et al., 2009; Gonzalez-Cendales et al.,
2016), a positive regulator of basal defense responses that is also required for TIRNB-LRR mediated resistance (Wiermer et al., 2005). Otherwise, little is known
about the downstream processes that take place after these receptors are
activated. Although Ve1-resistance is not mediated against a foliar pathogen, it
does fit the criteria for ETD (Stotz et al., 2014). One of these criteria is that the
pathogen is not eliminated from the plant, but that spreading is prevented. It is
seen more often that vascular wilt fungi are able to colonize a resistant plant,
although markedly reduced compared to a susceptible plant (Chikh-Rouhou et al.,
2009; Zvirin et al., 2010).
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Concluding remarks
This review shows that vascular wilt fungi secrete many different types of proteins
to manipulate their hosts and enhance disease susceptibility. Although some gene
families are expanded in Vd, Vaa and Fo, it is clear that the ability to colonize
xylem is not due to shared (i.e., homologous) virulence factors and has therefore
likely arisen independently several times in fungal evolution. Discovery of a
virulence function for a secreted protein can be hampered by functional
redundancy, in which case testing of a multi-gene deletion strain is paramount, but
not always feasible. Furthermore, the effect of a pathogen-secreted protein can
depend on its host. To better understand pathogen-host interactions it is key to not
only identify virulence factors, but also functionally characterize them. Conserved
domains and homology to proteins with a known function are absent for many
small, cysteine-rich proteins. The most promising avenue, then, to find a starting
point to unravel the function of a pathogen-secreted protein is the identification of
plant targets. This could lead to the discovery of new susceptibility genes,
recessive genes required for pathogen infection, which can offer an alternative to R
genes in resistance breeding (Gawehns et al., 2013).

Thesis outline
The remainder of this thesis will focus on Fol Six proteins, their potential plant
targets and their role in susceptibility and resistance. In chapter 2 we show that
Fol Six8 interacts with the plant protein TPL and that silencing of this effector target
reduces tomato susceptibility to Fol infection. In chapter 3 we identify several
putative plant targets of Fol Six1 by pull-down experiments and yeast two-hybrid
screens. We find that only sHSPs interact with Six1 in both systems. We then
continue our search for plant targets with Six4 as bait, in chapter 4. We show that
Six4 interacts with plant GADs and that a C-terminal deletion mutant of a tomato
GAD (which supposedly is auto-active) suppresses I-2-mediated HR in N.
benthamiana, similar to Six4. In chapter 5, the generation of tomato plants
expressing Fol SIX1 and Fol SIX4 is described. We also show that effectorexpressing transgenic tomato lines can be used to investigate resistance
responses. Chapter 6 provides a general discussion.
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Abstract
During the last century, the focus in resistance breeding has been mainly on
introgression of Resistance (R) genes. Less attention was paid to the identification
of Susceptibility (S) genes, even though loss or mutation of S genes can provide
(durable) resistance. In this study, we identified a target of the Fusarium
oxysporum f.sp. lycopersici (Fol) Six8 effector and show it is an S gene. Using a
pull-down approach followed by mass spectrometry, TOPLESS (TPL) was
identified as a binding partner of Six8. This interaction was confirmed in both yeasttwo-hybrid and bimolecular fluorescence complementation experiments. Using
mutagenesis we show that an EAR-like motif in Six8 is required for the interaction
with TPL. Furthermore, we show that the interaction primarily takes place in the
nucleus. Silencing of TPL in tomato results in reduced susceptibility to Fol,
identifying TPL as a genuine susceptibility gene.
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Introduction
Plant-pathogenic fungi and oomycetes are an increasing threat to plant species
preservation and food resources (Fisher et al., 2012). The last decades extensive
research has been aimed at elucidating the complex interactions between plants
and pathogens. To successfully colonize a living plant, pathogens first have to
overcome physical barriers, like the cuticle. Then they have to overcome plant
immunity consisting of two layers (Jones and Dangl, 2006). In the first layer,
pattern recognition receptors (PRRs) recognize conserved pathogen-associated
molecular patterns (PAMPs), like chitin, or plant-derived damage associated
molecular patterns (DAMPs). This leads to the activation of plant defenses,
including the production of reactive oxygen species and the secretion of
antimicrobial compounds. This is called PAMP-triggered immunity (PTI) (Boller and
Felix, 2009; Dodds and Rathjen, 2010). To overcome plant defenses and to
otherwise enhance pathogen colonization pathogens secrete small, mostly
cysteine-rich, proteins called effectors. Many of these effectors interact with plant
proteins, also known as host or effector targets (Win et al., 2012). In the second
layer of immunity, called effector-triggered immunity (ETI), resistance (R) proteins
directly or indirectly detect the presence of an effector (Dodds and Rathjen, 2010;
Jones and Dangl, 2006). This usually results in an even faster and stronger
activation of defense responses, often accompanied by a hypersensitive response
(HR), a form of programmed cell death (Coll et al., 2011).
To be able to produce enough food for the worldwide population there is a
strong need for more disease resistant crop varieties, reducing yield losses. A
widely deployed technique to obtain disease resistance has been the introgression
of dominant R genes into crop species. A disadvantage of this technique is that it
rarely provides durable resistance (Pink, 2002). One of the other strategies to
enhance disease resistance in crops is the use of susceptibility (S) genes. S genes
are generally recessive genes that are required to establish a susceptible
interaction. Absence or mutation of these genes can lead to (enhanced) resistance
(van Schie and Takken, 2014). Probably the most famous example of an S gene is
Mlo. Plants homozygous for an Mlo mutant gene are resistant to powdery mildew
(Jorgensen, 1992). It has been suggested that the identification of effector targets
can lead to the discovery of new S genes (Gawehns et al., 2013).
Fusarium oxysporum (Fo) is a plant pathogenic fungus against which
resistance is urgently needed in several crop species such as cotton and banana
(Davis et al., 2006; Ploetz, 2006). Fo is a ubiquitous soil-born fungus, thriving in the
rhizophere of plants. Plant pathogenic strains of Fo are able to enter plant roots
and infect the xylem vessels causing wilt disease. Typical symptoms of the disease
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are browning of the xylem tissue, the formation of adventitious roots, leaf epinasty,
yellowing of the leaves, defoliation, wilting, stunting and eventually plant death
(Agrios, 2005). Fo appears to be a predominantly asexual fungus and is regarded
as a species complex (Laurence et al., 2014). As a species complex Fo has a very
broad host-range, infecting more than 100 plant species, including important crops
(Michielse and Rep, 2009). However, individual isolates usually only infect one or a
few plant species. Therefore, isolates are grouped into formae speciales (f.sp.)
according to their host specificity, for example, f.sp. melonis infects melon plants,
f.sp. vasinfectum infects cotton plants, f.sp. cubense (Foc) infects banana plants
and f.sp. lycopersici (Fol) infects tomato plants (Michielse and Rep, 2009).
Much research has been done to elucidate how Fol is able to infect tomato
plants. The first Fol effectors were identified by isolating proteins from xylem sap of
Fol-infected tomato plants and were named Six (for Secreted in xylem) proteins
(Houterman et al., 2007). Additional Fol effectors were identified by in silico
approaches (Schmidt et al., 2013). Interestingly, most Fol effector genes reside in
small clusters on a so-called pathogenicity chromosome, which is horizontally
transferable to a non-pathogenic strain (Ma et al., 2010). Most SIX genes are
single-copy and knock-outs of the SIX1, SIX3, SIX5 and SIX6 genes have shown
the requirement of their gene products for full virulence towards tomato (Gawehns
et al., 2014; Houterman et al., 2009; Rep et al., 2005, Houterman and Rep,
unpublished data).
In this study, we focus on the effector Six8. This effector is present in
several f.sp., including: Fol, Foc, f.sp. dianthi (Fod) and the Arabidopsis thaliana
infecting strain Fo5176 (Foa) (Gawehns, 2014; Thatcher et al., 2012). In the
sequenced Fol4287 reference strain there are two homologs, SIX8a and SIX8b,
with 68% identity on the protein level (Gawehns, 2014; Schmidt et al., 2013). In the
reference genome there are nine SIX8a and four SIX8b copies, present on different
chromosomes (Schmidt et al., 2013). While Fol Six8a was found in xylem sap
using a proteomics approach, Fol Six8b was not (Schmidt et al., 2013). Therefore,
this study will focus only on Fol Six8a, hereafter called Fol Six8. When Fol Six8 is
expressed in planta without its signal peptide (SP) it localizes in the cytoplasm and
the nucleus (Gawehns, 2014), so effector targets of Six8 could be localized in
either or both of these compartments.
To further investigate the molecular basis of plant susceptibility we used
several techniques to identify targets of Six8. Using a pull-down approach followed
by mass spectrometry we identified TOPLESS (TPL), a negative regulator of
transcription involved in many processes, including plant development and
defense, as an interaction partner of Six8. We confirmed this interaction with yeast
two-hybrid (y2h) and bimolecular fluorescence complementation (BiFC)
40!

!

Topless interacts with effector Six8

experiments. These experiments showed that Six8 preferentially associates with
certain TPL family members, that an EAR-like motif in Six8 is required for the
interaction and that the interaction takes place in the nucleus. We silenced TPL in a
susceptible tomato line and showed that these plants become less susceptible to
Fol. On the basis of these observations, we conclude that TPL is a bona fide
susceptibility factor. This study confirms that identifying effector targets can indeed
lead to the discovery of susceptibility genes (Gawehns et al., 2013).!

Results
Six8 interacts with TOPLESS
To identify plant proteins that interact with Fol Six8 a pull-down experiment with
FLAG-tagged Six8 was carried out, followed by Liquid Chromatography-tandem
Mass Spectrometry (LC-MS/MS) of trypsin-digested SDS-PAGE gel slices. FLAGtagged Fol Six8ΔSP was produced in Nicotiana (N.) benthamiana leaves by agroinfiltration. As negative controls FLAG-tagged RFP, Six1, Six3, Six4 and Six6 were
used. Peptides were matched to a database containing N. benthamiana proteins,
Fol Six proteins and common contaminants. Using the software tool Scaffold, a
total of 21 N. benthamiana proteins were identified with Six8 as bait. Besides some
non-specific proteins (e.g. Hsp70, DnaK, etc) that were also found in pull-downs
with other baits (Table S1), several TOPLESS (TPL) family members were
detected specifically in Six8 pull-downs (Table 1). TPL proteins are negative
regulators of transcription and involved in key plant processes, like development
and plant defense (Lee and Golz, 2012).
Table 1. Pull-downs with FLAG-tagged Fol Six8 followed by LC-MS/MS analysis identified
TOPLESS as an effector target. Plant proteins identified with Six8 as bait are shown in this table,
when they conform to the following criteria: the protein or a homologous protein was exclusively
identified in samples with Six8 as bait (e.g. not in samples with RFP or any of the other Six proteins as
bait), at least two peptides were identified with a minimum peptide identification score of 95% and a
protein probability score of at least 99%. Homologous proteins were grouped together.
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The software tool Scaffold, which we used to analyze the MS/MS data,
uses a grouping algorithm (shared peptide grouping) to reduce the number of
proteins under consideration. Therefore, Table 1 does not show proteins for which
there is no independent evidence, e.g. for which no amino acid sequences were
identified that only match this protein. To be able to match the LC-MS/MS spectra
to all N. benthamiana TPL family members, a blast search was performed using
the already identified TPL proteins as input. Only hits with more than 500 amino
acids were considered. This resulted in the identification of eleven putative family
members. Plant TPL proteins contain the following domains: an N-terminal
lissencephaly homology (LisH) domain, followed by a ‘C-terminal to LisH’ (CTLH)
domain and two WD40-repeat regions (Hao et al., 2014; Liu and Karmarkar, 2008).
The presence of these domains in the eleven N. benthamiana TPL proteins was
checked using the online program SMART (Letunic et al., 2014; Schultz et al.,
1998). The four domains were present in all proteins, except for
NbS00012413g0019 and NbS00047975g0005 (Fig. S1). In these proteins both the
LisH and the CTLH domain are absent and therefore they were excluded from
further analysis. All peptides that were initially matched to TPL proteins (Table S2)
were checked against the N. benthamiana protein family (Table 2). Exclusive
peptides – matching none of the other family members – were found for
NbS00032084g0005,
NbS00012566g0007,
NbS00013890g0012,
NbS00045601g0011, NbS00030056g0008 and NbS00007071g0009. This
indicates that Fol Six8 interacts with these proteins and possibly other N.
benthamiana TPL proteins in leaf tissue. We conclude that Fol Six8 associates with
N. benthamiana TPL in planta.
Tomato and Arabidopsis contain homologs of N. benthamiana TOPLESS
Fol is a tomato pathogen and unable to infect N. benthamiana. Therefore, we
wanted to identify tomato (Solanum lycopersicum or Sl) proteins homologous to the
N. benthamiana TPL proteins identified by LC-MS/MS. For this, we considered all
six tomato TPL proteins that have been described previously (Hao et al., 2014). We
were also interested in identifying Arabidopsis (Arabidopsis thaliana or At) proteins
homologous to the identified N. benthamiana TPL proteins, because Fo strain 5176
(Foa) can infect this model plant. In total, five Arabidopsis TPL or TOPLESSrelated (TPR) proteins have been described in literature (Liu and Karmarkar, 2008).
An alignment and a phylogentic tree were made using Arabidopsis, N.
benthamiana and tomato TPL/TPR protein sequences (Fig. 1). On the basis of this
phylogenetic tree, N. benthamiana TPL proteins were renamed based on their
closest tomato homolog. If there were two N. benthamiana proteins grouping with a
single tomato protein, they were named a and b. The pull-down approach with Six8
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as bait identified most exclusive peptides for NbS00032084g0005. The
phylogenetic tree suggests this protein is an ortholog of SlTPL1. Exclusive peptides
were also identified for N. benthamiana TPL proteins grouping with SlTPL2,
SlTPL3, SlTPL4, SlTPL5, AtTPR3 and AtTPR4. No exclusive peptides were
identified for N. benthamiana TPL proteins grouping with SlTPL6. Therefore,
SlTPL6 was excluded from further analysis. In summary, our phylogenetic analysis
identified tomato and Arabidopsis proteins homologous to the N. benthamiana TPL
proteins found in pull-down experiments with Fol Six8 as bait.

Figure 1. Phylogenetic tree based on TOPLESS protein sequences from Arabidopsis, N.
benthamiana and tomato. Alignment and phylogentic tree were made using the website
http://phylogeny.lirmm.fr/. First, an alignment was made of five Arabidopsis thaliana (At), nine Nicotiana
benthamiana (Nb) and six Solanum lycopersicum (Sl) TPL protein sequences using the program
MUSCLE. This protein alignment was curated using GBlocks. Then a maximum-likelihood tree was
generated using PhyML and TreeDyn using the Blosum62 substitution model. Bootstrap values are
shown in grey next to each node. Branch length is proportional to the number of amino acid
substitutions per site.
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NbS00038028g0005.1
NbTPL6

NbS00014821g0010.1
NbTPL5b

NbS00007071g0009.1
NbTPL5a

NbS00030056g0008.1
NbTPL4

NbS00008075g0007.1
NbTPL3b

NbS00045601g0011.1
NbTPL3a

NbS00013890g0012.1
NbTPL2b

NbS00012566g0007.1
NbTPL2a

Peptide

NbS00032084g0005.1
NbTPL1

Table 2. Peptides identified by LC-MS/MS with FLAG-tagged Six8 as bait matched to individual
N. benthamiana TPL family members. All N. benthamiana TPL-matching peptides are listed in this
table and were mapped by Scaffold against the SOL genomics protein sequences of nine NbTPL
homologs. When a peptide was present in a N. benthamiana TPL homolog a plus (+) was placed in the
table, when the peptide was absent the field was left empty.
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NbTPL1

Table 2. Continued.
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Six8 interacts with specific TOPLESS homologs
To test if Six8 also interacts with tomato and Arabidopsis TPL proteins and to get
more insight into the specificity of the interaction between Six8 and TPL, we
performed nuclear GAL4 y2h experiments. Because Foa also contains a Six8
homolog (Fig. 2A), we decided to test both Fol SIX8 and Foa SIX8. We cloned Fol
SIX8ΔSP, Foa SIX8ΔSP, all Arabidopsis TPL/TPR homologs and SlTPL1-5 in both
bait and prey plasmid. Yeast strain pj694-a was transformed with different
combinations of bait and prey. The presence of both plasmids was confirmed by
growth on medium lacking tryptophan and leucine (-WL). Transformed cells were
grown on selective medium lacking histidine (-H) to identify all interactions and on
medium lacking adenine (-A) for more stringent selection. All strains transformed
with TPL homologs were also transformed with an empty vector to check for autoactivation, in which case the reporter gene is activated in the absence of an
interaction between bait and prey. Fol Six8 interacted with SlTPL1 and SlTPL2 and
not with other tomato TPL homologs, when Six8 was used as bait (Fig. S2A) or as
prey (Fig. 2B). Foa Six8 interacted with AtTPL and AtTPR1, when Six8 was used
as bait (Fig. S2B) or as prey (Fig. 2C). Foa Six8 also weakly interacted with
AtTPR2 when Foa Six8 was expressed in the bait plasmid and AtTPR2 in the prey
plasmid (Fig. S2B). AtTPR2 fused to a DNA binding domain is a weak autoactivator (Fig. 2C), so it is unclear whether there is an association between Foa
Six8 as prey and AtTPR2 as bait. We found that the interaction pattern of Fol Six8
with Arabidopsis TPL/TPR proteins is identical to that of Foa Six8 (Fig. S2C and
S2D). Observed interactions always appeared stronger when TPL family members
were expressed as the bait and Six8 as the prey. The absence of interactions in
several combinations was not due to the absence of TPL protein production, as
shown by western blot with either an antibody against the DNA-binding domain
(Fig. 2D and 2E) or against the activation domain (Fig. S2E and S2F). In
conclusion, Six8 specifically interacts with a subset of tomato and Arabidopsis TPL
homologs in yeast.
Six8 interacts with TOPLESS via an EAR-like motif
TPL is well known for interacting with proteins containing an ethylene-responsive
element binding factor-associated amphiphilic repression (EAR)-motif: DLNxxP or
LxLxL (Gallavotti et al., 2010; Pauwels et al., 2010; Szemenyei et al., 2008).
Because Fol Six8 contains an EAR-like motif (Fig. 2A), we hypothesized that Six8
interacts with TPL via this motif. To test whether this could be the case, we made
single and double mutations in the EAR-like motif by site-directed mutagenesis (Fol
L84A
L86A
L84A, L86A
SIX8Δsp
or AxL, Fol SIX8Δsp
or LxA and Fol SIX8Δsp
or AxA) and
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Figure 2. Fol Six8 and Foa Six8 interact with specific TOPLESS family members in a y2h assay.
A) Alignment of Fusarium oxysporum f.sp. lycopersici (Fol) Six8 and Fusarium oxysporum strain
Fo5176 (Foa) Six8 using Clustal Omega. Lines indicate the signal peptide and an EAR-like motif. Amino
acids are colored according to the Clustal X color scheme. B) Yeast strain pj694-a was co-transformed
with SlTPL1-5 in pDEST32 (bait) and mature Fol SIX8 or no insert (ev) in pDEST22 (prey). Yeast was
grown on medium selecting for both plasmids (-WL), medium selecting for interactions between bait and
prey (-WLH) and medium selecting for high stringency interactions between bait and prey (-WLA).
Representative spots out of three experiments are shown. C) Similar to B, except AtTPL homologs were
used as bait and mature Foa SIX8 or an empty vector (ev) as prey. D) Protein extracted from yeast,
transformed with pDEST32::SlTPL1-5, was run on an SDS-PAGE gel and proteins were blotted onto a
PVDF membrane using the semi-dry method. Proteins were detected using an antibody against the
DNA Binding Domain ( -DBD). A Ponceau staining was performed to show equal protein loading. E) As
D, except yeast was transformed with pDEST32::AtTPL-AtTPR4.

checked whether the interaction between Six8 and TPL in the y2h system was
abolished due to these mutations. We only tested TPL family members that
showed bidirectional interaction with Fol Six8 in the GAL4 y2h system. A double
mutation in the EAR-like motif (AxA) completely abolished growth of transformed
yeast cells on both medium lacking histidine and medium lacking adenine for all
interactions tested (Fig. 3A and 3B), suggesting the EAR-like motif is indeed
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Figure 3. An EAR-like motif in Fol Six8 is required for association with TOPLESS in a y2h assay.
A) Y2h assay performed as in Fig. 2 with SlTPL1, SlTPL2, AtTPL, AtTPR1 or no insert (ev) in pDEST32
(bait) and wild-type Fol SIX8 SP (Six8 wt) or SIX8 mutated in its EAR-like motif indicated as Six8 AxA
L84A, L86A
L84A
L86A
), Six8 AxL (Fol SIX8 SP
) and Six8 LxA (Fol SIX8 SP
) in pDEST22
(Fol SIX8 SP
(prey). B) Similar to A, except Fol SIX8 and mutants were placed in pDEST32 (bait) and TPL/TPR
proteins were placed in pDEST22 (prey). C) Protein extracted from yeast, transformed with pDEST22
containing wild-type Fol SIX8, wild-type Foa SIX8, or Fol SIX8 mutated in its EAR-motif. Protein extracts
were run on an SDS-PAGE gel and proteins were blotted onto a PVDF membrane using the semi-dry
method. Proteins were detected using an antibody against the Activation Domain ( -AD). A Ponceau
staining was performed to show equal protein loading. D) As C, except pDEST32 was used instead of
pDEST22 and proteins were detected using an antibody against the DNA Binding Domain ( -DBD).
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required for association of Fol Six8 with TPL. However, in both prey and bait, there
was greatly reduced protein production of the Six8 mutant proteins, compared to
Six8 wild-type (wt) (Fig. 3C and 3D). Yet, the single mutants, with similar protein
levels as the double mutant, were still able to associate with TPL proteins.
However, in some cases the strength of the interaction was changed compared to
Six8 wt. For example, the interaction between SlTPL2 or AtTPR1 with Six8 was
reduced in the single mutants compared to the wt, as there was no or reduced
growth on adenine, respectively (Fig. 3A). Surprisingly, when bait and prey are
switched, the association between TPL and the single mutants appeared stronger
compared to Six8 wt, as shown by (enhanced) growth on medium lacking adenine
(Fig. 3B). In any case, the low protein levels of the AxA mutant in yeast cannot
explain the lack of growth of the transformed yeast strains on medium lacking
histidine or adenine; loss of interaction with TPL proteins due to the mutations is
more likely. Therefore, the data suggest that the EAR-like motif in Fol Six8 is
required for interaction with TPL.
Six8 competes with EAR-motif
interaction with TOPLESS

containing

transcription

factors

for

As Fol Six8 associates with TOPLESS via an EAR-like motif, one would expect
Six8 to compete with EAR-motif containing proteins for binding to TOPLESS. To
test this hypothesis we performed a yeast three-hybrid (y3h) experiment. AtTPR1
was used as bait and almost 200 clones from the Regia library (Paz-Ares and
Regia, 2002) were used as prey. This library contains many Arabidopsis
transcription factors, some of which bind to AtTPR1 and contain an EAR-motif,
described in (Causier et al., 2012). Yeast containing the bait was co-transformed
with a bridge vector containing Fol Six8ΔSP wt, Fol Six8ΔSP AxA or an empty
vector. Then the yeast strain containing bait and bridge was mated with the yeast
strain containing the library clones and placed on medium lacking trypthophan,
leucine and uracil (-WLU) to check for presence of all plasmids and on medium
lacking trypthophan, leucine, uracil and histidine (-WLUH) to check for protein
interaction. Different amounts of 3-AT, a competitive inhibitor of the enzyme
catalyzing the sixth step of histidine biosynthesis, were added to the latter medium
to increase the stringency of selection. Out of almost 200 transcription factors, 51
interacted with AtTPR1 in the presence of an empty bridge vector (data not
shown). Twenty of these transcription factors contained an EAR-motif (data not
shown). Yeast transformed with AtTPR1 and several EAR-containing transcription
factors as prey showed reduced growth on medium lacking histidine in the
presence of Six8 wt, but not in the presence of Six8 AxA or the empty vector. For
example, yeast transformed with AtTPR1 and the EAR-motif containing
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transcription factor Ethylene Response Factor 10 (AtERF10) showed almost no
growth on –WLUH medium in the presence of Six8 wt, while it showed average
growth in the presence of the double-mutant (AxA) or an empty vector (Fig. 4).
Another example is yeast transformed with AtTPR1 and the homeodomain leucine
zipper protein 1 (AtHAT1), which did not grow on –WLUH medium containing 1 mM
3-AT in the presence of Six8 wt, while it did in the presence of the double-mutant
(AxA) or an empty vector. In total, the assay identified six transcription factors with
an EAR-motif whose interaction with AtTPR1 was reduced in the presence of Six8
wt (Table S3). The fact that these six transcription factors belong to three unrelated
protein families suggests Six8 does not preferentially disrupt the interaction
between one transcription factor family and AtTPR1. The presence of Six8 wt did
not reduce the interaction between AtTPR1 and transcription factors without an
EAR-motif in this assay. Taken together, this assay suggests that Fol Six8 is
capable of competing with at least some EAR-containing transcription factors for
binding to AtTPR1. This tentative conclusion should be confirmed with a
quantitative -galactosidase assay or a genuine competition assay.

Figure 4. Fol Six8 containing a functional EAR motif can disrupt the association between EARcontaining transcription factors and AtTPR1 in a y3h assay. Yeast strain pj694- was cotransformed with pDEST32::AtTPR1 and the bridge vector pVT102-U containing either Fol SIX8 SP
L84A, L86A
wild-type (Six8 wt) or Fol SIX8 SP
(Six8 AxA) or no insert (ev). Yeast strain pj694- containing
these constructs was mated with pj694-a containing pDEST22::AtERF10 (ERF10) or pDEST22::AtHAT1
(HAT1) or an empty pDEST22 vector (ev). Yeast was grown on medium selecting for all three plasmids
(-WLU), medium selecting for interactions between bait and prey (-WLUH) and –WLUH medium
containing 1 mM 3-AT, a competitive inhibitor of the histidine biosynthesis pathway, selecting for higher
stringency interactions between bait and prey. The –WLU scans were taken seven days after spotting
and the other scans ten days after spotting. Representative spots out of three experiments are shown.

Six8 interacts with TOPLESS in the nucleus
To further investigate the interaction between Fol Six8 and tomato TPL proteins in
planta, a bimolecular fluorescence complementation (BiFC) assay was performed.
The N-terminal part of the fluorescent VENUS protein was fused to SlTPL1-5. The
C-terminal part of the fluorescent protein SCFP3A was N-terminally fused to Fol
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Six8 SP and, as negative controls, to Fol Six8 SP AxA and Fol Six3 SP. Using
agroinfiltration, different combinations of the fusion proteins were transiently
produced in N. benthamiana leaves. As a control for transformation efficiency,
Agrobacterium (A.) tumefaciens encoding a mCherry-RFP fusion protein with a
nuclear localization signal (NLS-RFP) was always co-infiltrated One day after
infiltration, fluorescence of the lower epidermal cells was monitored using a
confocal laser scanning microscope (Fig. 5 and S3A).

Figure 5. Fol Six8 interacts with SlTPL1 in the nucleus of transiently transformed N.
benthamiana cells. SlTPL1 was fused to a sub-fragment of Venus. Mature Fol Six8 (Six8 wt), mature
L84A, L86A
Fol Six8
(Six8 AxA) and mature Fol Six3 (Six3) were all fused to a sub-fragment of CFP. N.
benthamiana leaves of four- to five-week-old plants were co-infiltrated with the indicated BiFC
constructs and with pGWB454::NLS-mCherry (NLS-RFP) as a transformation control. Leaves were
harvested after one day and inspected with a confocal laser scanning microscope. Pictures were taken
of lower epidermal cells with a 40x objective. Specimens were excited at 488 nm (GFP) to detect BiFC
signals and at 543 nm (RFP) to detect NLS-RFP signals.

RFP fluorescence was observed in nuclei (Fig. 5 and S3A), indicating that
the transient transformation was successful. GFP fluorescence, indicating an
interaction between VENUS and SCFP3A, was most commonly detected in nuclei
of cells co-transformed with Fol Six8 and SlTPL1 (Fig. 5 and S3A). A GFP signal
was also detected in nuclei of cells co-transformed with Fol Six8 and SlTPL2 or
SlTPL5 (Fig. S3A). Quantification of the data was crucial, because some GFP
fluorescence was also detected in nuclei of cells co-transformed with the negative
control Fol Six3 (a nuclear-cytoplasmic protein (Ma et al., 2013), like Six8
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(Gawehns, 2014)). To quantify the data, the intensity of the red and green
fluorescence signal in each nucleus was measured using ImageJ and GFP/RFP
ratios were calculated for 40 to 280 nuclei in each combination. The results show
that the GFP/RFP ratio of cells co-transformed with SlTPL1 or SlTPL5 and Fol Six8
is significantly higher than with Fol Six3 in two out of three experiments (Fig. 5B).
The GFP/RFP intensity was higher for SlTPL1 and Fol Six8 compared to SlTPL5
and Fol Six8, suggesting the first interaction is stronger than the second. The
apparent association between Fol Six8 and SlTPL5 was quite surprising, because
in trial, not quantified, experiments (in which leaves were infiltrated with different
concentrations of A. tumefaciens and leaves were harvested up to two days after
infiltration) we observed hardly any GFP fluorescence for this combination. To
summarize, Fol Six8 is present in plant nuclei in vivo and can associate there with
SlTPL1 and possibly SlTPL5.
TOPLESS is a susceptibility gene
The fact that Six8 interacts with TPL prompted us to investigate whether this factor
plays a role in susceptibility of tomato to Fol. We silenced TPL using Virus-Induced
Gene Silencing (VIGS) and inoculated these plants with Fol to observe possible
changes in susceptibility. Three different silencing constructs were designed to
target SlTPL1, because it was the only TOPLESS family member found to interact
with Fol Six8 in both the y2h screen and in the BiFC experiment. Off-targets for
each construct were determined by the VIGS tool on the SOL genomics website
(Fernandez-Pozo et al., 2015). Besides TPL homologs no off-targets were
predicted. Off-target of construct one is SlTPL2, construct two has none and off
targets of construct three are SlTPL2, SlTPL3 and SlTPL5. As a negative control,
plants were either not syringe-infiltrated or infiltrated with a construct targeting GFP
to identify possible effects of VIGS on Fol infection. Seedlings of the susceptible
tomato cultivar C32 were used for VIGS and three weeks after infiltration plants
were challenged with water (mock) or Fol. When plants were inspected three
weeks after inoculation, the TPL-silenced tomato plants inoculated with Fol showed
less leaf epinasty, more leaf mass and slightly less wilting, compared to plants
silenced for GFP (Fig. 6A). There was no clear difference between mockinoculated GFP-silenced and TPL-silenced plants, except for construct three;
plants silenced with this construct had a more ‘bushy’-phenotype. All plants were
weighed to obtain a quantification of disease severity. The mock-inoculated plants
that had undergone a VIGS treatment had a lower weight compared to the plants
that did not undergo VIGS treatment, indicating that the TRV treatment had a
negative effect on plant growth. Furthermore, a significant difference was found
between Fol-infected GFP-silenced plants and Fol-infected TPL-silenced plants
52!
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Figure 6. Virus-induced gene silencing of SlTPL1 reduces tomato susceptibility to Fol. Ten-dayold tomato C32 seedlings were agroinfiltrated with pTRV1 and pTRV2, as a negative control some
plants were not infiltrated (-). Four different pTRV2 constructs were used, either containing a small part
of the DNA sequence for GFP or containing small, non-overlapping parts of the SlTPL1 DNA sequence
(TPL1_1, TPL1_2 and TPL1_3). Four-week-old plants were either mock-inoculated or inoculated with a
Fol spore suspension using the root-dip method. Plants were scored after three weeks. Ten to twenty
plants/treatment were used. The experiment was performed twice with construct TPL1_2 and three
times with all other constructs. Data of the experiment with the largest differences between the Folinoculated treatments is shown. A) Pictures of plants three weeks after Fol inoculation. B) Bar chart
showing the weight of tomato plants three weeks after Fol treatment. Bars indicate mean ±SE. Bars
indicated with different letters are statistically different (one-way ANOVA, p-value < 0.01 and a Tukey
HSD post-hoc test). C) Graph indicating the percentage of plants with a certain disease index (as
described in material and methods). Bars indicated with different letters have statistically different
disease index scores (Kruskal-Wallis H test followed by pairwise comparisons using Dunn's procedure
with a Bonferroni correction for multiple comparisons, p-value < 0.05). - = no VIGS treatment, G = GFPsilenced plants, 1-3 = TPL1-silenced plants construct one to three.

(Fig. 6B). The higher weight of TPL-silenced plants compared to GFP-silenced
plants suggests that TPL-silenced plants are less susceptible to Fol. However, in
one out of three experiments there was no significant difference between Folinfected GFP- and TPL-silenced plants (data not shown). This experiment was
performed in early spring and the overall weight of all plants was lower. Plants
were also given a disease score, which reflects the visual plant phenotype and the
number of brown xylem bundles. There were more plants with a lower disease
index for TPL-silenced plants infected with Fol compared to GFP-silenced plants
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(Fig. 6C) in all three experiments. The lowest disease indexes were found in Folinfected plants silenced with TPL construct three, suggesting that these plants are
the least susceptible to Fol. Overall, these data imply that TPL is a Fusarium
susceptibility gene.

Discussion
In this study TPL was identified as a Six8 target using a proteomics approach
similar to the one used to identify C14 and BSL2 as targets of Phytophthora
infestans (Pi) Avrblb2 and Avr2, respectively, which underscores the usefulness of
this approach (Bozkurt et al., 2011; Saunders et al., 2012; Win et al., 2011). The
identification of an intracellular target for Six8 suggests that plant cells take up this
fungal effector by an unknown mechanism, a topic of much controversy in effector
biology (Petre and Kamoun, 2014). Fol Six8 contains a signal peptide and was first
identified in xylem sap, which shows that the fungus secretes this effector
(Houterman et al., 2007). There is no proof that Six8 is taken up by plants cells,
besides its potential intracellular target. However, Six8 is not the only Fol effector
expected to act intracellularly. Effector protein Fol Avr2 is recognized by the
intracellular resistance protein I-2, suggesting uptake as well (Houterman et al.,
2009). Currently, experiments are being performed in Arabidopsis to determine
whether Six8 can indeed enter plant cells (Nico Tintor, personal communication).
The identification of Fol Six8 in xylem sap of infected tomato plants
suggests it plays a role in pathogenicity (Houterman et al., 2007). Disease assays
performed with deletion mutants of several other SIX genes, identified in the same
study, have shown that several of them are required for full virulence on tomato
(Gawehns et al., 2014; Houterman et al., 2009; Ma et al., 2015; Rep et al., 2005).
Because the Fol genome contains many copies of SIX8, a gene deletion approach
to determine whether Six8 has a virulence function was not possible. Host-induced
gene silencing could be a possibility to find out whether Six8 has a virulence
function. This technique has been used successfully in several biotrophic plantfungus interactions and in the closely related hemibiotrophic fungi Fusarium
verticilliodes and Foc (Ghag et al., 2014; Nunes and Dean, 2012; Tinoco et al.,
2010). Even though it is currently unknown whether Fol Six8 is required for full
virulence, Six8 homologs are present in multiple formae speciales, which suggests
a role in infection (Gawehns, 2014).
We consider it likely that the function of Six8 has something to do with
manipulation of TPL, as several independent experiments in this study show that
Fo Six8 and this negative regulator of transcription are able to interact with each
other (Fig. 7). TPL belongs to the Groucho-Tup1 family of co-repressors (Liu and
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Karmarkar, 2008). This family of co-repressors is found in animals, fungi and plants
and is characterized by WD40-repeat domains. Transcription repression by TPL is
associated with the formation of a repressed chromatin state, at least in part by the
recruitment of histone deacetylases to target promoters (Liu and Karmarkar, 2008).
Arabidopsis TPL family members have been implicated in many developmental
processes, including apical shoot pole formation, flowering time and leaf
development (Causier et al., 2012; Long et al., 2002; Tao et al., 2013). Proteinprotein interaction studies and functional analyses have shown that AtTPL is a keyregulator of many plant hormone pathways, including the auxin, Jasmonic Acid
(JA), gibberellin, salicylic acid and ethylene pathways (Arabidopsis Interactome
Mapping, 2011; Causier et al., 2012; Pauwels et al., 2010; Szemenyei et al., 2008).
Besides playing a role in plant development, it has been suggested that AtTPL and
its Arabidopsis homologs have a function in basal and R gene-mediated immunity
(Zhu et al., 2010). Furthermore, AtTPL appears to be a ‘hub’, interacting with
several proteins in an immune network (Mukhtar et al., 2011; Wessling et al.,
2014). Both hormone signaling and plant immunity components are well known
targets of effectors (Caillaud et al., 2013; Cunnac et al., 2009; Djamei et al., 2011;
Gimenez-Ibanez and Solano, 2013; Grant et al., 2013; Park et al., 2012).
Compared to Arabidopsis, relatively little is known about tomato TPL
proteins and their interaction partners. Recently, it was shown that tomato TPL
family members interact with a group of early auxin response factors, called Indole3-Acetic Acid (IAA) proteins in y2h assays, connecting TPL to auxin signaling in
tomato (Hao et al., 2014). In Arabidopsis, auxin signaling and transportation
promote susceptibility to Fo (Kidd et al., 2011; Lyons et al., 2015). Future research
will have to show whether auxin plays a role in tomato susceptibility to Fol and
whether TPL is also involved in other hormone pathways in tomato.
An important question raised by the Six8-TPL interaction is what the
implications of this interaction are for the plant cell. As mentioned above, TPL has
an important role in hormone signaling and it is tempting to speculate that the Six8TPL interaction affects hormone signaling to promote colonization. For example,
TPL plays a major role in JA-signaling in Arabidopsis. Under low JA conditions,
Jasmonate-Zim domain (JAZ) proteins bind to TPL via the mediator protein Novel
INteractor of JAz (NINJA), which results in transcriptional repression of JAresponsive genes (Pauwels et al., 2010). Under high JA conditions, JAZ proteins
bind to the F-box protein COronatine Insensitive1 (COI1), which results in
destruction of the JAZ proteins by the 26S proteosome and release of
transcriptional repression (Chini et al., 2007; Thines et al., 2007). Interestingly, it
has been shown that COI1 is required for susceptibility to Foa (Thatcher et al.,
2009), suggesting that Foa uses the JA-signaling pathway to its own advantage.
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However, mutation of the tomato ortholog of COI1, Jasmonic Acid-Insensitive 1
(JAI1), did not show altered susceptibility to Fol (Cole et al., 2014). Another study
has shown that a mutation in the promoter of JAZ7 (jaz7-1D), which causes
increased JAZ7 expression and – surprisingly – an increase in JA-responsive
genes, also results in increased Foa susceptibility (Thatcher et al., 2016). The
authors proposed that the misregulated JAZ7 expression disturbs the finely-tuned
COI1-JAZ-TPL-transcription factor complexes, leading to hyperactivation of the JAsignaling pathway and increased susceptibility to Foa. A similar role could be
envisioned for Six8.
It could also be that Six8 changes the ability of TPL to associate with other
proteins. TPL can bind to transcription factors either directly or via mediator
proteins, like NINJA, to suppress transcription (Causier et al., 2012; Pauwels et al.,
2010; Szemenyei et al., 2008; Tao et al., 2013). To promote colonization, Six8
could release transcriptional repression by competing with EAR-containing
transcription factors and mediator proteins for binding to TPL. This hypothesis is
supported by our observation that binding of Six8 to TPL depends on an EAR-like
motif in Six8 (Fig. 3) and that this interaction can compete with the association
between AtTPR1 and several EAR-containing transcription factors (Fig. 4 and
Table S3). We envision two possible scenarios. The first option is that the
interaction between Six8 and TPL disturbs the interaction with many different EARcontaining transcription factors and mediator proteins, thereby releasing
transcriptional repression of many genes. However, we consider this hypothesis
rather unlikely, because this would lead to a situation more or less similar to the
one in TPL-silenced tomato plants and these are less susceptible to Fol. In the
second scenario, Six8 is capable of specifically reducing the interaction of TPL with
a few specific proteins, which would have a more subtle effect. While it might be
difficult to envision how this specificity would be created, it could be a simple matter
of binding affinity. A previous study has shown that EAR-containing proteins differ
in their TPL binding affinity (Ke et al., 2015). This might also explain why Six8
disturbed the interaction with some, but not all EAR-containing proteins that we
tested in our y3h assay. Therefore, it would be interesting to test the TPL binding
affinity of Six8 and compare it with the affinity of plant EAR-containing proteins.
It could also be that Six8 changes TPL localization to increase
susceptibility to Foa. Such a re-localizing role has been described for other
effectors. For example, Pi effector AVRblb2 associates with C14, a protease, and
prevents its secretion into the apoplast (Bozkurt et al., 2011). Another Pi effector,
Pi03192, prevents re-localization of two potato NAC transcription factors from the
endoplasmic reticulum to the nucleus (McLellan et al., 2013). In tobacco
protoplasts, SlTPL1-5 fused to YFP all show a nuclear localization (Hao et al.,
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2014). Because our BiFC experiments indicate that the interaction between Fol
Six8 and TPL also takes place in the nucleus (Fig. 5), it seems unlikely that Six8
changes the subcellular localization of TPL.
Yet another possibility is that Six8 promotes degradation of TPL proteins.
Several other effector proteins function by degrading or stabilizing their host target
(Bos et al., 2010; Caillaud et al., 2013; Lozano-Duran et al., 2014; Park et al.,
2012; Tanaka et al., 2014). If the function of Six8 would be to promote degradation
of TPL, it would be expected that absence of TPL enhances tomato susceptibility to
Fol. However, when TPL is silenced in tomato plants, reduced susceptibility is
observed (Fig. 6). It could be that TPL degradation is favorable for Fol later in
infection, while absence of TPL during the early stages of infection enhances
resistance. However, this possibility does not seem to be in agreement with the
expression of Fol Six8 at both early and late infection stages (Gawehns, 2014).
Thus, we consider it more likely that Six8 either does not affect TPL abundance or
stabilizes TPL. Either way it would be interesting to perform a western blot to check
for changes in stability of TPL in the presence of Six8.
Some effectors are able to manipulate transcription directly. Transcription
activator-like (TAL) effectors from Xanthomonas, for example, are able to induce
transcription by direct binding to DNA (Boch et al., 2009; Yang et al., 2006). The
function of Six8 binding to TPL could be to target TPL to certain genes, involved in
for example defense, to repress their transcription and enhance susceptibility. This
would be in line with the enhanced resistance phenotype of TPL-silenced tomato
plants. Therefore, it would be very interesting to see if Six8 itself is capable of DNA
binding, especially since in silico analysis suggests Fol Six8 might be a DNA
binding protein (Gawehns, 2014). If Six8 binds to DNA, the next step would be to
identify its target genes using chromatin immunoprecipitation followed by
sequencing.
The association between Six8 and TPL identified by proteomics was
confirmed using two additional experimental approaches: y2h and BiFC. Even
though all experiments show an interaction between Fol Six8 and tomato TPL,
there remains some uncertainty how homolog-specific this interaction is. While
Six8 preferentially associated with SlTPL1 and SlTPL2 in the y2h assay (Fig. 2A,
S2A), an in vivo interaction with SlTPL1 and SlTPL5 was observed in the quantified
BiFC experiments (Fig. 5). In the proteomics approach, exclusive peptides were
found for N. benthamiana proteins clustering together in the phylogenetic tree with
all tomato TPL proteins except SlTPL6 (Table 2 and Fig. 1). Little homologspecificity was also observed in another study that examined the interaction
between tomato TPL proteins and IAA proteins. In y2h assays, SlTPL1, SlTPL2,
SlTPL4 and SlTPL5 all showed a broad capacity for interaction with SlIAA proteins,

!

57!

Chapter 2

suggesting that these proteins might act redundantly (Hao et al., 2014). The
common homolog interacting with Fol Six8 in all experiments is SlTPL1, which
makes it very likely that Fol Six8 is at least capable of associating with this
homolog during infection. However, none of the experiments were performed in
biologically relevant tissue, as Fol is a root pathogen. Real-time PCR of noninfected tomato plants has shown that SlTPL1, SlTPL3 and SlTPL4 are expressed
in root tissue, while SlTPL2 and SlTPL5 are not (Hao et al., 2014). It would be
interesting to test which tomato TPL homologs are expressed in root tissue during
Fol infection.
Tomato plants silenced for SlTPL1 are less susceptible to Fol, as shown
by a higher plant weight and reduced disease symptoms (Fig. 6). This observation
defines SlTPL1 as a Fol susceptibility factor. While Fol is currently well managed in
the field by the use of R genes, Foc race 4 has a devastating impact on banana
production worldwide (Ploetz, 2006). Foc race 4 strains contain Six8 (Fraser-Smith
et al., 2014). It might be that mutations in or loss of a TPL homolog in banana
would make it less susceptible to Foc.

Material and methods
Vector construction and preparation
All primers used in this study are listed in supplemental Table 3 and were ordered
at Eurofins MWG operon. PCRs for cloning purposes were performed with Pfu
DNA polymerase or Phusion high fidelity DNA polymerase according to
manufacturer instructions. Other PCRs were performed with Dream Taq DNA
polymerase. All DNA polymerases and restriction enzymes were obtained from
Fisher Scientific.
For pull-down experiments FLAG-tagged SIX genes were placed in pTRBO
(Lindbo, 2007). The mature (e.g. without any signal peptide or prodomain) ORF of
1
Fol SIX1, SIX3, SIX4, SIX6 and SIX8 fused to an N-terminal FLAG-tag and linker
sequence was generated by performing a PCR on Fol-infected tomato cDNA using
the following primer pairs respectively: FP3823-3824, FP3827-FP3828, FP38293830, FP3833-FP3834 and FP3837-3838. PCR products and pTRBO were
digested with PacI and NotI. Digested PCR products were ligated into pTRBO and
transformed to DH5α. Constructs were sequence-verified and then transformed to
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An intron in the SIX6 gene was overlooked. Due to the presence of the intron in
our construct there is a frame-shift in the C-terminal part of SIX6.!
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A. tumefaciens strain GV3101. GV3101 containing pTRBO::RFP is described in
(Bozkurt et al., 2011) and was a kind gift from T. Bozkurt.
pDONR201::AtTPL, pDONR201::AtTPR3 and yeast vector pGBT9::AtTPR1 were a
kind gift from B. Causier and are described in (Causier et al., 2012). Construction
of pDONR201::FolSIX8ΔSP is described in (Gawehns et al., 2014). Construction of
pDONR201::FolSIX3ΔSP is described in (Houterman et al., 2009). To generate the
ORF of AtTPR1 a PCR was performed with primers FP4785-FP4786 on
pGBT9::AtTPR1. To generate the ORFs of AtTPR2, AtTPR4 and of Fo strain 5176
SIX8ΔSP with start codon a PCR was performed using the following primers
respectively: FP5344-FP5345, FP5047-FP5048, FP4787-FP4788 with cDNA of
Fo5176 infected Colombia (Col-0) as template. The ORF of SlTPL1-5 was
generated by using the following primer pairs, respectively: FP4779-4780, FP47814782, FP4775-4776, FP4777-4778 and FP4773-4774. Gateway attB sites were
added by a subsequent PCR using primers FP872 and FP873. PCR products were
introduced into pDONR207 (Invitrogen) by performing a BP reaction, as described
by the manufacturer. ‘Round-the horn’ site-directed mutagenesis was performed to
mutate the EAR-like motif in Fol SIX8. In brief, 5’ phosphorylated primers were
ordered at Eurofins Genomics. PCR’s were performed using pDONR207::Fol
SIX8ΔSP as template and the following primer pairs: FP5211-FP5212, FP5211 and
L84A,L86A
FP5214, FP5212-FP5213 to obtain pDONR207 containing Fol SIX8ΔSP
L84A
L86A
and Fol SIX8ΔSP
and Fol SIX8ΔSP
respectively. PCR products were
digested with DpnI, circulized by an overnight (o/n) ligation and transformed to
DH5α. All DONR constructs described above were sequence-verified.
Yeast vectors were generated as discussed below. Because 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 one from pDEST22 (Invitrogen)
by digesting both plasmids with LguI and ligating the ampicillin cassette into
pDEST32, hereafter named pDEST32_amp. To obtain yeast destination constructs
all above described entry clones were subcloned in one or more of the following
vectors: pDEST22, pDEST32_amp and pVT102-U by performing LR reactions,
according to manufacturer instructions (Invitrogen).
BiFC constructs are described in (Gehl et al., 2009). BIFC vectors were obtained
by performing an LR reaction between pDONR207::SlTPL1-5 and pDESTGW
VYNE(R)
and
between
pDONR207::FolSIX8ΔSP,
L84A,L86A
pDONR207:FolSIX8:ΔSP
, pDONR201:: FolSIX3ΔSP and pDEST-
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SCYCE(R) . Constructs were sequence-verified and transformed to GV3101. The
pGWB454::NLS-mCherry construct was made by multiplying NLS-mCherry using
primers FP5455 and FP5456. Gateway attB sites were added by a subsequent
PCR using primers FP872 and FP873. PCR products were introduced into pDONR
and pGWB454 by performing a BP and LR reaction subsequently, as described by
the manufacturer (Invitrogen).
TRV-based VIGS vectors, pTRV1 and pTRV2, were obtained from S. DineshKumar. The pTRV2::GFP construct, described in (Kandoth et al., 2007) was a kind
gift of J. Stratmann. To make SlTPL1 silencing constructs different parts of the
SlTPL1 ORF were placed into pTRV2. Off-targets were determined using the VIGS
tool at the SOL-genomics website using the following settings: n-mer size: 21,
mismatches: 0, database: tomato ITAG v2.40 (Fernandez-Pozo et al., 2015).
PCR’s were performed with primers FP5391-5392, FP5393-5394 and FP53955396 to generate inserts for constructs 1-3, respectively. pTRV2 and all inserts
were digested with EcoRI and XhoI. Digested PCR products were ligated into
pTRV2 and transformed to DH5α. Constructs were sequence-verified and then
transformed to A. tumefaciens strain GV3101.
Phylogenetic analysis
TPL homologs in N. benthamiana were identified using the SOL genomics BLASTp
program (http://solgenomics.net/tools/blast/) using the N. benthamiana TPL
proteins identified by LC-MS/MS as input sequences, the N. benthamiana genome
v0.4.4 predicted proteins database and the default settings. A domain search was
performed with all identified N. benthamiana proteins that were at least 500 amino
acids
long
using
SMART
(http://smart.embl-heidelberg.de/).
The
http://phylogeny.lirmm.fr/ website was used to make a Gblocks (v0.91b) curated
alignment of Arabidopsis, tomato and N. benthamiana TPL proteins with the
alignment program MUSCLE (v3.7) and a phylogenetic tree using the programs
PhyML (v3.0) and TreeDyn (v198.3). Some of the default settings were changed.
MUSCLE was run in full mode. GBlocks settings were made less stringent by:
setting the minimum length of a block after gap cleaning at 5, allowing positions
with a gap in less than 50% of the sequences in the final alignment if they were in
an appropriate block and by setting the minimum number of sequences for a flank
position at 55%. PhyML was run using Blosum62 as a matrix and was set for 100
bootstraps.
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Immunoprecipitation and LC-MS/MS
For LC-MS/MS analysis total protein extract was isolated from N. benthamiana
leaves three days after Agrobacterium-infiltration, according to (Bozkurt et al.,
2011; Win et al., 2011) with some minor modifications. In short, A. tumefaciens
strain GV3101 transformed with pTRBO containing a FLAG-tagged SIX gene or
RFP, grown on plate, was resuspended in infiltration medium (10 mM MES, 10 mM
MgCl2, 150 µM acetosyringone) to an OD600 of 0.1 or 0.3. Whole leaves of four- to
six-week-old N. benthamiana plants were syringe-infiltrated and harvested after
three days. Leaves were immediately grinded in liquid nitrogen using a pestle and
mortar. For each gram of leaf tissue 3 mL of extraction buffer was added (150 mM
Tris HCl pH 7.5, 50 mM NaCl, 10% glycerol, 10 mM EDTA, 10 mM DDT, 2% w/v
PVPP, 1x protease inhibitor cocktail (Sigma), 0.15% Igepal). Samples were
vortexed and centrifuged at 5000 rcf at 4°C for 15 minutes (’) twice and each time
the supernatant was kept. The final protein extract was obtained by passing the
supernatant over a 0.45 µm filter. To pull-down FLAG-tagged proteins 1.8 ml of
protein extract was added to 100 µl of 50% anti-FLAG M2 affinity gel (Sigma)
slurry. Samples were turned at 4°C for three hours or o/n. Samples were washed
five times with wash buffer (150 mM Tris HCl pH 7.5, 150 mM NaCl, 10% glycerol,
10 mM EDTA, 0.15% Igepal). FLAG proteins were then eluted from the matrix by
adding elution buffer (wash buffer containing 250 µg/ml FLAG peptide (Sigma)) and
gentle shaking for 30’ at room temperature or at least one hour at 4°C. To obtain
the eluate, samples were placed onto a Pierce Spin Column Snap Cap and
centrifuged for 1’ at 800 rcf. Proteins were separated using SDS/PAGE and stained
o/n with Coomassie Instant blue (Expedeon). Each gel lane was cut into six slices
and prepared for LC-MS/MS by performing an in-gel trypsin digest. Samples were
washed twice with a 1:1 solution of 100% EtOH and 50 mM Ammonium
BiCarbonate (ABC) for 15’. Then they were dehydrated using 100% acetonitrile
(ACN). Disulfide bonds were reduced using 10 mM DTT in ABC at 56°C with
shaking for 30’-45’. Cysteines were then alkylated with 55 mM chloroacetamide in
ABC for 20’-30’ in the dark. Samples were washed twice with EtOH/ABC and then
dehydrated using ACN. A trypsin digest was performed at 37°C o/n. Peptides were
recovered using a 5% formic acid, 50% ACN solution and sonication. Finally, the
total volume of the samples was reduced to 10 µl using a speedvac for MS
analysis. For LC-MS/MS an LTQ-Orbitrap XL mass spectrometer (Thermo
Scientific) and a nanoflow-HPLC system (nanoACQUITY, Waters Corporation)
were used. All MS/MS samples were analyzed using Mascot v2.4.1 (Matrix
Science) and searched against a N. benthamiana database (SOL genomics Niben
genome v0.4.4 proteins combined with a database containing Nb proteins from The
Genome Analysis Center (TGAC)) to which the Six proteins and general
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contaminants were added. The following Mascot paramaters were used: the
fragment ion mass tolerance was 0.8 Dalton, the parent ion tolerance was 10 PPM,
the digestion enzyme was set for trypsin and a maximum of two missed cleavages
was allowed. Carbamidomethyl of cysteine was specified as a fixed modification
and oxidation of methionine as a variable modification. All Mascot searches were
verified using Scaffold v4.4.1 (Proteome Software). Protein identification was
accepted when at least two peptides were identified with a minimum peptide
identification score of 95%, as determined by the Scaffold Local FDR algorithm,
and when the protein probability score was at least 99%, based on the Protein
Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis alone were
grouped by Scaffold. The experiment was performed once with Fol Six8 as bait.
Only data from the same experiment and LC/MS-MS run is shown for the negative
controls, even if the experiment was repeated for these baits.
Yeast two-hybrid assay
For y2h experiments yeast strain pj694-a was used. Yeast was grown on nonselective 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: 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 nutrients 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 ul 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.
Yeast three-hybrid assay
For y3h experiments yeast strain pj694-α was transformed with bait and bridge
proteins, according to the Y2H protocol. Then three independent colonies of each
transformation were picked and mated with pj694-a containing REGIA plate seven
and eleven (Paz-Ares and Regia, 2002), according to (de Folter and Immink, 2011)
with some minor modifications. In brief, 5 µl of both yeast strains was spotted on
62!
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top of each other using a replicator on MM-complete plates. Yeast was grown for
one day at 30°C. Then yeast was transferred to MM-WLU plates and grown for
another two to three days. Then yeast was transferred to MM-WLU and MMWLUH containing 0, 1 or 3 mM 3-AT. Yeast was grown for ten days at 30°C and
plates were scanned on day five, seven and ten. Each experiment was performed
at least three times.
Yeast protein extraction and western blot
A single colony of pj69-4 transformed with the indicated construct was grown o/n in
5 ml MM-L (pDEST32) or MM-W (pDEST22), at 220 rpm at 30°C. This pre-culture
was used to inoculate 50 ml of YPDA and grown at 220 rpm at 30°C to an OD600 of
0.4-0.9. The cultures were centrifuged at 1000xg for 5’ at 4°C and then resuspended in 25 ml ice-cold water. Cultures were centrifuged again and the pellet
was frozen in liquid nitrogen and stored at -80°C until the protein extraction was
performed. Protein was extracted using an Urea/SDS method described in the
Clontech Yeast Protocols Handbook (http://www.clontech.com). In short, pellets
were re-suspended in 100 µl cracking buffer per 7.5 OD600 units of cells. Glass
beads were added to the cell suspension, which was then heated at 70ºC for 10’.
Samples were vortexed and centrifuged. The supernatant was transferred to a new
tube and placed on ice. The pellets were boiled in a water bath for 3’-5’, vortexed,
centrifuged and the supernatant was added to the other supernatant to obtain the
final protein extract. Ten µl of each protein extract was loaded on a SDS-PAGE gel
and run at 100V-150V till the front almost ran off the gel. Proteins were blotted onto
an Immobilon-P transfer membrane with a pore size of 0.45 µm (Millipore) using a
semi-dry blotting machine at 40 mA/hour/blot. Protein transfer was confirmed by
staining with a 2% Ponceau in 5% acetic acid solution. Membranes were blocked in
5% ELK in 1x Tris-buffered saline containing 0.1% Tween-20 (TBST). The DNAbinding domain (DBD) in pDEST32 was detected with 0.5 µg/ml GAL4 DBD
monoclonal antibody (Clontech 630403) and the activation domain (AD) in
pDEST22 was detected with 0.4 µg/ml GAL4 AD monoclonal antibody (Clontech
630402). In both cases a goat-@mouse antibody (Pierce 31430) conjugated to
horseradish peroxidase was used in a 1:5000 dilution as a secondary antibody.
Signal was detected using a home-made ECL kit.
Bimolecular fluorescence complementation and ImageJ analysis
To visualize protein-protein interactions under the confocal microscope,
Agrobacterium-mediated transient transformation of N. benthamiana leaves was
performed essentially as described in (Ma et al., 2012). In short, A. tumefaciens
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was grown to an OD600 between 0.6 and 2.0 in LBman (10g/L Bacto-tryptone, 5g/L
yeast extract, 2.5 g/L NaCl, 20 g/L mannitol) containing the appropriate antibiotics
at 28°C. Bacteria were resuspended in MMAi (5 g/L MS salts, 20 g/L sucrose, 10
mM MES and 200 µM acetosyringone) to an OD600 of 1.0 and incubated at room
temperature for one to three hours. Equal amounts of GV3101 transformed with
GW
GW
pDEST-VYNE(R)
containing the indicated insert, pDEST-SCYCE(R)
containing the indicated insert and pGWB454::NLS-mCherry were mixed to obtain
a total OD600 of 1.0. These mixtures were infiltrated in four- to five-week-old N.
GW
benthamiana leaves. Agrobacterium transformed with pDEST-SCYCE(R)
containing Six8, Six8 AxA and Six3 mixed with Agrobacterium transformed with
GW
pDEST-VYNE(R) containing a certain TPL homolog were always infiltrated on
the same leaf. Two leaves on independent plants were infiltrated for each mixture.
After infiltration plants were kept in the dark. Leaves were harvested after one day.
A small piece of the infiltrated leaf area was mounted in water and fluorescence of
the lower epidermal cells was visualized with a confocal laser scanning microscope
(LSM510, Zeiss). Specimens were examined using 40*/1.2 and 20*/0.75 waterimmersion objectives. Samples were excited with an argon laser at 488 nm (GFP)
or 543 nm (RFP) and emission was collected at 505-530 nm or 585-615 nm,
respectively. The experiment was performed three times. Pictures obtained with
the 20* objective were analyzed by scripting in ImageJ (Fig. S4). The ImageJ
determined nuclear GFP intensity was divided by the nuclear RFP intensity to
obtain a relative intensity. These relative GFP/RFP intensities were visualized in a
boxplot using http://boxplot.tyerslab.com/.
Virus-induced gene-silencing and Fusarium disease assay
A. tumefaciens strain GV3101 cultures containing pTRV1, pTRV2::SlTPL1_1,
pTRV2::SlTPL1_2, pTRV2::SlTPL1_3 or pTRV2::GFP were grown as described in
(Ma et al., 2012). At the day of syringe-infiltration the bacteria were resuspended to
an OD600 of 2.0 and then bacteria containing pTRV1 and pTRV2 constructs were
mixed 1:1. Bacteria were incubated at room temperature for at least three hours.
Cotyledons of ten-day-old tomato C32 seedlings were syringe-infiltrated with these
cultures. After infiltration plants were grown at 21°C at a relative humidity of 65%
for three days, then the temperature was shifted to 25°C. When plants were four
weeks old, they were challenged with Fusarium. Fol was grown in liquid NO3
(0.17% yeast nitrogen base, 3% sucrose, 100 mM KNO3) medium shaking at 150
rpm at 25°C for three to five days. Spores were collected by passing the culture
6
over a Miracloth filter. Spores were washed with mQ and diluted to 5*10 spores/ml
in mQ. Silenced and non-silenced plants were root-dip inoculated for 5’ in mQ
(mock) or in a spore suspension of Fol007. Three weeks after inoculation plants
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were photographed, plant weight above the cotyledons was measured and a
disease score was given (0 = healthy plant, 1 = 1 brown vessel and/or oldest
leaves are yellow, 2 = 2 brown or 3 light brown vessels, 3 = 3 or more brown
vessels, 4 = all vessels are brown and oldest leaves are death). The experiment
was performed at least twice with 20 plants/treatment.
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Supplementary data

Figure S1. A domain search identified incomplete NbTPL homologs. A blast search on the SOL
genomics website identified eleven NbTPL homologs that were at least 500 amino acids long. SMART
was used to identify domains in these proteins. For nine proteins a LisH (hexagon), a CTLH (square)
and two WD40 repeat regions (triangles) were found, similar to other TPL proteins. Two proteins
(Nbs00012413g0019 and Nbs00047975g0005) were incomplete, lacking both the LisH and the CTLH
domain.
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Figure S2. Fol Six8 and Foa Six8 interact with specific TOPLESS family members in a y2h assay.
A) Yeast strain pj694-a was co-transformed with SlTPL1-5 in pDEST22 (prey) and mature Fol SIX8 or
no insert (ev) in pDEST32 (bait). Yeast was grown on medium selecting for both plasmids (-WL),
medium selecting for interactions between bait and prey (-WLH) and medium selecting for high
stringency interactions between bait and prey (-WLA) for three days at 30°C. Representative spots out
of three experiments are shown. B) Similar to A, but with At TPL homologs as prey and mature Foa
SIX8 as bait. C) Similar to A, but with AtTPL homologs as bait and mature Fol SIX8 as prey. D) Similar
to A, but with AtTPL homologs as prey. E) Protein extracted from yeast, transformed with
pDEST22::SlTPL1-5, was run on a SDS-PAGE gel and proteins were blotted onto a PVDF membrane
using the semi-dry method. Proteins were detected using an antibody against the Activation Domain ( AD). A Ponceau staining was performed to show equal protein loading. F) Figure is similar to E, except
pDEST22:: AtTPL-AtTPR4 were used.
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Figure S3. Fol Six8 interacts with SlTPL1 and possibly SlTPL5 in the nucleus of transiently
transformed Nicotiana benthamiana cells. A BiFC experiment was performed with SlTPL1-5 fused to
a sub-fragment of Venus and mature Fol Six8 fused to a sub-fragment of the fluorescent protein CFP.
L84A, L86A
Mature Fol Six3 and mature Fol Six8
(Fol Six8 AxA), both fused to a sub-fragment of CFP, were
used as negative controls. N. benthamiana leaves of four- to five-week-old plants were co-infiltrated with
different combinations of BiFC constructs and with pGWB454::NLS-mCherry (NLS-RFP) as a
transformation control. Leaves were harvested after one day and inspected with a confocal laser
scanning microscope. The experiment was performed independently three times. A) Pictures taken of
lower epidermal cells with a 20x objective. The first, third and fifth column are representative pictures of
specimens excited at 488 nm (GFP) and depict BiFC signals. The second, fourth and sixth column are
pictures of the same area excited at 543 nm (RFP) and depict RFP signals. The scale bar on each
picture represents a length of 71 µm. B) A boxplot showing the relative nuclear GFP/RFP intensity. The
GFP and RFP intensities of at least 40 nuclei/sample were quantified using a script in ImageJ. A boxplot
was made using this data. The line in the box indicates the median and the bottom and the top of the
box represent the first and third quartile, respectively. Whiskers extend to data points that are less than
1.5x the interquartile range away from the first or third quartile. Outliers are indicated as dots. Notches
roughly indicate a 95% confidence interval. The color of the boxes indicates Fol Six3 (white), Fol Six8
(dark grey) and Fol Six8 AxA (light grey). All three independent replicates are shown, because of the
differences between them.
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Figure S4. Script to analyze BiFC pictures in ImageJ.
ROOT_DIRECTORY = “/path/to/images/directory”;
files = getFileList(ROOT_DIRECTORY);
for (i = 0; i < files.length; i++) {
file = files[i];
if(endsWith(file, ".lsm")) {
calculateIntensity(ROOT_DIRECTORY, file, "C2");
}
}
function calculateIntensity(directory, filename, channel) {
open(directory + filename);
run("Split Channels");
selectWindow("C2-" + filename);
run("Duplicate...", "title=Duplicate-C2-" + filename);
run("Median...", "radius=4");
setAutoThreshold("Default dark");
run("Threshold...");
setThreshold(50, 255);
setOption("BlackBackground", false);
run("Convert to Mask");
run("Analyze Particles...", "size=40-200 circularity=0.90-1.00 show=Outlines add");
roiManager("Show All with labels");
roiManager("Show All");
selectWindow("Drawing of Duplicate-C2-" + filename);
run("Save", "save=[" + directory + replace(filename, ".lsm", "_mask.tif") + "]");
close();
run("Set Measurements...", " mean display redirect=None decimal=3");
selectWindow(channel + "-" + filename);
n = roiManager("count");
for(i = 0; i < n; i++) {
roiManager("select", i);
roiManager("Measure");
}
run("Save", "save=[" + directory + replace(filename, ".lsm", "_" + channel + ".tif") + "]");
roiManager("reset");
}
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Table S1. Aspecific interactors identified by pull-down experiments with FLAG-tagged Six8
followed by LC/MS-MS analysis. As table 1, except spectra matching the proteins listed in this table
were also found in pull-downs with proteins other than Six8.
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Table S2. Details of unique N. benthamiana TPL-matching peptides identified by pull-downs and
LC-MS/MS analysis with Fol Six8 as bait. If a peptide was identified several times, the peptide with
the highest Mascot ion score is shown. Exclusive (e.g. associated only with a single protein), unique
(e.g. peptides with different amino acid sequences, regardless of any modification) peptides are
highlighted in grey. AMU = atomic mass unit.

NbS00032084g0005

ASESAKPTVNQISASSSGFADR
DGESHIVEWNESEGAVKR
DGSLLAVSANENGIK
DPGVSVNR
FLAAGDDFSIK
ILANSDGIR
ISLFNMMTFK
KLIEANPLFR
LIEANPLFR
LTEITEPSQCR
NTVDVKPR
SKGVEILVK
SLGISDEVNLPVNVLPISFPGQGHNQALSVPDDLPK
SLGVVQFDTTK
TFENLAYDASR
TPPTNPSIDYPSGESDHVAK
TPPTNPSIDYPSGESDHVAKR
VASGVGISGMNGDAR
VIWSPDGSLFGVAYSR
YLEALDKR

43
83.7
29.2
47.9
37.5
59.3
34.2
31.5
50.2
30.5
35
34.7
59.7
71.4
62.3
84
58.7
86.9
113
39.3

28.5
27.3
29.1
26.6
28.4
29.9
28.7
25.1
27.7
28.4
26.7
25.7
25
28.3
26.1
27.9
27.9
27.2
29.4
29.2

NICBE_174049

Mascot Mascot
Ion
Identity
score
score

AGQSDEVSFSGSTHPPNMYSPDDLPK
ALSEVNVKPPIAGSFGPITNISGSAPPIIER
EGESHLVEWNESEGAIKR
EGSLLALTTSDNGIK
FLAAGDEFQIK
IVESIDKIK
KLIEANPLFR
LIEANPLFR
NIMLVELKK
SLGVVQFDTTK
VEDNRYSMK
VSDIADSSQLK

64.3
63.3
70.6
56
42.3
53.2
31.5
50.2
34
71.4
35.1
80.5

25
25
27.8
28.8
28.8
26.3
25.1
27.7
25.4
28.3
26
30.3

NICBE_159092

Matched peptide sequence

ARPIQVPPGHQGPLVGETR
EGESHLVEWNESEGAIKR
EGSLLALTTSDNGIK
FFDIADSSQLK
FLAAGDEFQIK
IAESMDKIK
KLIEANPLFR
LIEANPLFR
LVSEVNVKPPTAGSLGPIPNISGSAPPIVER
NIMLVELKK
SLGVVQFDTTK
VEDNRYSMK

45.1
70.6
56
72
42.3
37.1
31.5
50.2
63.2
34
71.4
35.1

25.3
27.8
28.8
28
28.8
29.3
25.1
27.7
25
25.4
28.3
26
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Modifications
identified
by spectrum

Actual
peptide
mass
(AMU)

2,209.07
2,040.96
1,486.77
842.43
1,182.60
957.53
Oxidation (+16)
1,246.62
1,199.71
1,071.61
Carbamidomethyl (+57) 1,332.64
927.51
971.61
3,765.99
1,193.64
1,285.60
2,110.99
2,267.09
Oxidation (+16)
1,405.66
1,752.90
1,006.55
Oxidation (+16)

Oxidation (+16)

Oxidation (+16)

Oxidation (+16)

Spectrum Actual minus
charge
calculated
peptide mass
(AMU)
3
3
2
2
2
2
2
2
2
2
2
2
3
2
2
3
3
2
2
2

0.0110
0.0110
0.0091
0.0008
0.0080
0.0034
0.0078
0.0081
0.0072
0.0049
-0.0001
0.0060
0.0310
0.0074
0.0085
0.0130
0.0051
0.0007
0.0120
0.0072

2,778.23
3,130.72
2,068.99
1,517.80
1,237.64
1,043.63
1,199.71
1,071.61
1,102.65
1,193.64
1,140.53
1,161.59

3
3
3
2
2
2
2
2
2
2
2
2

0.0180
0.0210
0.0050
0.0100
0.0069
0.0066
0.0081
0.0072
0.0056
0.0074
0.0026
0.0044

2,008.11
2,068.99
1,517.80
1,269.63
1,237.64
1,049.54
1,199.71
1,071.61
3,094.73
1,102.65
1,193.64
1,140.53

3
3
2
2
2
2
2
2
3
2
2
2

0.0130
0.0050
0.0100
0.0085
0.0069
0.0008
0.0081
0.0072
0.0230
0.0056
0.0074
0.0026
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Table S2. Continued.

NbS00014821g0010

AGGVVQFDTTK
ASVMTLNQGSAVK
ISLFNMMTFK
KLIEANPLFR
LIEANPLFR

35.4
64.2
27.3
31.5
50.2

29.1
29.5
28.8
25.1
27.7

NbS00030056g0008

Mascot Mascot
Ion
Identity
score
score

ISLFNMMTFK
KLIEANPLFR
LIEANPLFR
LTEISEPAQVR
VWDAATGSK

34.2
31.5
50.2
42.5
34.6

28.7
25.1
27.7
28.1
28.7

NbS00045601g0011

Matched peptide sequence

KLIEANPLFR
LIEANPLFR
SPIEAAAIK

31.5
50.2
31.1

25.1
27.7
26.8

!

Modifications
identified
by spectrum

Oxidation (+16)

Oxidation (+16)

Actual
peptide
mass
(AMU)

Spectrum Actual minus
charge
calculated
peptide mass
(AMU)

1,121.58
1,320.67
1,230.62
1,199.71
1,071.61

2
2
2
2
2

0.0055
0.0035
0.0063
0.0081
0.0072

1,246.62
1,199.71
1,071.61
1,241.67
933.45

2
2
2
2
2

0.0078
0.0081
0.0072
0.0058
-0.0009

1,199.71
1,071.61
898.52

2
2
2

0.0081
0.0072
0.0052
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Table S3. Fol Six8 competes with EAR-containing transcription factors for binding to AtTPR1.
Yeast strain pj694-α was co-transformed with pDEST32::AtTPR1 and the bridge vector pVT102-U
L84A, L86A
containing either Fol SIX8ΔSP wild-type (Six8) or Fol SIX8ΔSP
(Six8 AxA) or no insert. Yeast
strain pj694-α containing a bait and bridge vector was mated with pj694-a containing almost 200
transcription factors from the REGIA library (plate seven and eleven) as prey. Yeast was grown on –
WLU medium to select for bait, bridge and prey. Yeast was grown on –WLUH containing 0, 1 or 3 mM
3-AT to select for interaction between bait and prey. Transcription factors are listed in this table if they
showed reduced growth in the presence of Fol Six8 compared to in the presence of Fol Six8 AxA and
the empty vector control in at least two out of three experiments on one of the media selecting for
interaction after ten days of growth at 30°C. The first column shows the accession number of the
transcription factor, the second column the protein name, the third column shows the EAR-motif
sequence found in the protein, the fourth column the sequence pattern of the identified EAR motif and
the last column the localization of the EAR-motif in the protein.

EAR-motif

Sequence
pattern

Location

ERF10

DLNASP

DLNxxP

240-245

HAT1

LGLSLSL

LxLxL

8-14

LQLNL

LxLxL

22-26

HAT3

LGLSLSLSL

LxLxL

8-16

IAA3

LRLGL

LxLxL

12-16

AT2G33310

IAA13

LELGLGLSL

LxLxL

14-22

AT3G16500

IAA26

LELRL

LxLxL

38-42

Accession number

Protein name

ERF family
AT1G03800
Homeobox family
AT4G17460

AT3G60390
Auxin/IAA family
AT1G04240
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Abstract
Knowledge about the function of effectors – small proteins secreted by pathogens
during host colonization – can aid in understanding the complex interactions
between plants and pathogens. The aim of this study is to reveal how effector Six1
contributes to virulence of the tomato wilt pathogen Fusarium oxysporum.
Abnormal phenotypes of transgenic plants producing effector proteins can give
clues about the processes perturbed by an effector. However, Arabidopsis thaliana
plants expressing SIX1 were found not to display a discernable phenotype. At the
molecular level, protein-protein interactions can give information about effector
function. To identify host targets of Six1, pull-downs followed by mass spectrometry
as well as a yeast two-hybrid library screen were performed. The first approach
identified, amongst others, ubiquitin and small heat shock proteins as putative
targets. The yeast two-hybrid approach identified a protein containing ‘domain of
unknown function 810’ and small heat shock proteins as putative Six1 targets.
Further testing these putative effector targets should reveal whether they are
indeed manipulated by Six1 to enhance fungal virulence.
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Introduction
Plants are exposed to abiotic and biotic stresses. Biotic stress can be caused by
microorganisms like bacteria and fungi (Agrios, 2005; Win et al., 2012). For a
microbe to successfully invade living plant tissue it should be able to circumvent
the plant immune system. This immune system can be divided into two layers
(Jones and Dangl, 2006). In the first layer, defense signaling is initiated by Pattern
Recognition Receptors (PRRs), which reside on the plasma membrane (Zipfel,
2008). These PRRs can either recognize Pathogen-Associated Molecular Patterns
(PAMPs) or Damage-Associated Molecular Patterns (DAMPs) (Zipfel, 2014).
PAMPs are highly conserved molecules required for microbial fitness present in
many microbes, while DAMPs are components of the plant itself released upon cell
damage. This first layer of plant defense is called PAMP-Triggered Immunity (PTI)
and results in a defense response that can prevent colonization by non-adapted
pathogens (Boller and Felix, 2009; Dodds and Rathjen, 2010). Adapted pathogens
are able to suppress PTI and support colonization by secreting small proteins,
called effectors. Effectors can be divided into two categories: those that remain in
the apoplast and those that are translocated into the plant cell, called apoplastic
and cytoplasmic effectors, respectively (Win et al., 2012). Some effectors bind to
plant proteins, also called effector targets, to manipulate them to create a more
favorable environment for the pathogen (Win et al., 2012). The second layer of
plant immunity consists of Resistance (R) proteins, which can – directly or indirectly
– recognize the presence of effectors, which are then called Avirulence (Avr)
factors (Dodds and Rathjen, 2010; Jones and Dangl, 2006). This second defense
layer is called Effector-Triggered Immunity (ETI) and is usually accompanied by a
stronger defense response, which can include a form of cell death called the
Hypersensitive Response (HR) (Coll et al., 2011). Some effectors can suppress
ETI, leading to a continuing arms race between plant and pathogen (Jones and
Dangl, 2006).
To optimally protect crop species against pathogens, knowledge about
effectors and their mode of action is crucial. Whole-genome sequencing of
pathogen genomes has boosted the identification of putative effector genes.
Putative effectors are generally predicted in silico by looking for short genes
encoding a protein with a signal peptide for secretion, although other selection
criteria can also be included (Petre and Kamoun, 2014). After the initial prediction,
effector activity (i.e. a contribution to pathogen virulence) has to be confirmed.
When transformation of the pathogen is feasible, this can be done by assessing
the virulence of knock-out (KO) strains. Once a virulence function has been shown,
the next step is to uncover the biological function of the effector. Most fungal
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effectors that have been assigned a function, reside in the apoplast. Several of
these contain LysM domains that bind chitin to prevent PTI and/or protect the
fungal cell wall from degradation by (plant) chitinases (de Jonge and Thomma,
2009). Other apoplastic effectors target enzymes, like proteases and peroxidases
(Doehlemann et al., 2014; Rovenich et al., 2014). There are few fungal cytoplasmic
effectors with a known function. Two examples are Cmu1 and Tin2 from Ustilago
maydis, which affect salicylic acid and anthocyanin biosynthesis, respectively
(Djamei et al., 2011; Tanaka et al., 2014).
Fusarium oxysporum (Fo) is a xylem-colonizing fungus that can infect
many different plant species (Michielse and Rep, 2009). Fo is regarded as a
species complex harboring a large diversity of clonal lines that have recently been
suggested to belong to two ‘phylogenetic’ species (Laurence et al., 2014).
Pathogenic isolates are divided into formae speciales based on the plant species
they infect. Fusarium wilt of tomato is caused by Fo forma specialis lycopersici
(Fol). Proteomics screens identified fourteen putative effectors in the xylem sap of
Fol-infected tomato plants, named Six (Secreted in xylem) proteins (Houterman et
al., 2007; Schmidt et al., 2013). It was shown that Six4, Six3 and Six1 can be
recognized by the R proteins I(-1), I-2 and I-3, respectively, and hence these
proteins are also referred to as Avr1, Avr2 and Avr3 (Houterman et al., 2008;
Houterman et al., 2009; Rep et al., 2004). On tomato plants that do not carry any R
gene, several Six proteins, including Six1, Six3, Six5 and Six6, are required for full
virulence (Gawehns et al., 2014; Houterman et al., 2009; Ma et al., 2015; Rep et
al., 2005). Knowledge about these effectors is key to understanding virulence.
The focus of this study is on Fol SIX1. A previous study has identified two
SIX1 alleles among 24 Fol isolates (Rep et al., 2005). A single nucleotide
polymorphism at position 490 results in either a glutamate (E) or a lysine (K) being
encoded. Complementation assays of a Fol six1 knock-out have shown that the K
allele confers a higher degree of virulence compared to the E allele, while there is
no difference between the alleles on avirulence activity in I-3-contaning plants.
SIX1 gene expression is induced by the presence of living plant cells (van der
Does et al., 2008) and the gene is predicted to encode a 32 kDa protein. Figure 1
shows a schematic representation of the polypeptide. Like most Six proteins, Six1
contains a signal peptide for secretion. Furthermore, the protein contains a
prodomain, an assumption based on the presence of a Kex2 processing site (Rep,
2005; van der Does, 2008) and the identification of a 12 kDa and a 22 kDa protein
in xylem sap (Houterman et al., 2007; Rep et al., 2004). The 12 kDa protein is the
N-terminal half of the 22 kDa protein and is most likely the result of proteolytic
processing in the xylem sap (van der Does, 2008). While full-length SIX1 could
complement the reduced virulence phenotype of a Fol six1 knock-out, the ORF
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coding for the 12 kDa fragment could not (van der Does, 2008). Thus, it is likely
that the 22 kDa part of Six1 is essential for its virulence function.
The main goal of this study was to obtain insight into how Six1 contributes
to virulence. To this end, transgenic SIX1 expressing Arabidopsis thaliana
(Arabidopsis) plants were made and phenotyped. Unfortunately, no phenotype was
observed. To identify effector targets, pull-downs followed by mass spectrometry
were performed with Six1 as bait. Complementary to this approach, a yeast twohybrid (y2h) library screen was performed. Both approaches identified small Heat
Shock Proteins (sHSPs) as potential Six1 targets.

Figure 1. A schemetical representation of the Fol Six1 protein structure. Six1 contains a 2 kDa
Signal Peptide (SP) and a 8 kDa ProDomain (PD) at its N-terminus. The PD is predicted to be cleaved
of by a Kex2 protease after a potential Kex2 cleavage site (Kex): LRKR. A 22 kDa protein, representing
the C-terminal part of the Six1 protein, and a 12 kDa protein representing the center part of the Six1
protein have been found in xylem sap of Fol-infected plants.

Results
Arabidopsis plants expressing SIX1 do not show a phenotype
Perturbation of plant processes can result in a discernible phenotype in effectorexpressing transgenic plants. This phenotype can give clues about the processes
that are manipulated by the effector. Therefore we transformed Arabidopsis with
SIX1. Arabidopsis ecotype Colombia (Col-0) was used since it is partially
susceptible to Fusarium oxysporum strain Fo5176, hereafter called Foa, which
contains a Fol SIX1 homolog (Thatcher et al., 2012). Col-0 was transformed with
35S promotor driven gene constructs encoding either full-length or mature (i.e. no
signal peptide and prodomain) Fol SIX1, with or without a C-terminal HASBP tag. A
Reverse Transcriptase PCR (RT-PCR) was performed on RNA from transgenic
plants to check SIX1 expression, with TUBULIN expression as a control (Fig. 2A).
All transgenic lines showed a band of ~291 basepairs, corresponding to the
expected size of the SIX1 PCR product. These lines were checked for possible
phenotypes under standard growth conditions. No aberrant phenotypes were
observed (Fig. 2B) with the exception of mature SIX1 line 3G, which flowered early
(results not shown). This is in all likelihood a transgene position effect as none of
the other mature SIX1 lines, either with (1B, 14G and 17A) or without tag (6C, 12A
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and 15H), showed an early flowering phenotype despite their higher SIX1
expression (Fig. 2A). In conclusion, Col-0 lines expressing full-length or mature
SIX1 with and without tag have been generated. These lines do not show an
aberrant phenotype when grown on soil under standard growth conditions.

Figure 2. Arabidopsis plants expressing mature or full-length SIX1 do not show a phenotype. A)
Arabidopsis ecotype Col-0 was transformed with constructs encoding mature SIX1, mature SIX1 fused
to a C-terminal HASBP tag, full-length SIX1 and full-length SIX1 fused to the HASBP tag. RNA was
isolated from leaf material of four-week-old homozygous T3 plants. A PCR on SIX1 was performed to
show RNA expression. Col-0 (Col) cDNA was used as a negative control and Fol004 (Fol) genomic
DNA (gDNA) as a positive control for SIX1 expression. As a control for DNA quality a PCR was
performed on Arabidopsis TUBULIN – water (mQ) and Fol004 gDNA served as negative controls in this
PCR. Line 3G expressing full-length SIX1_HASBP does not show a tubulin band, most likely because
by mistake no tubulin PCR mix was added to this sample, as no primer dimer is visible either. B)
Arabidopsis plants expressing SIX1 do not show a visible phenotype under standard growth conditions.
Pictures were taken of four-week-old homozygous T3 plants expressing different forms of SIX1 and C32
as a control. For each different form of SIX1 three independent lines are shown.
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Six1 interacts with several proteins in planta
To identify proteins that interact with Fol Six1, pull-down experiments were
performed. Because the Arabidopsis lines expressing SIX1 did not show a
phenotype, we decided not to use these lines. Instead, we employed a vector and
tag that were successfully used before to identify host targets of Phytopthora
infestans effectors (Bozkurt et al., 2011; Saunders et al., 2012). Protein extracts of
Agrobacterium-infiltrated Nicotiana (N.) benthamiana leaves transiently expressing
FLAG-tagged mature Fol SIX1 were made, followed by Liquid Chromatographytandem Mass Spectrometry (LC-MS/MS) of trypsin-digested SDS-PAGE gel slices.
Peptides were matched to a database containing N. benthamiana proteins, Six
proteins and common contaminants. This led to the identification of 77 N.
benthamiana proteins in the samples with Six1 as bait (Table 1 and Table S1). To
be able to determine which proteins bind Six1 specifically, pull-downs were also
performed with FLAG-tagged Six3, Six4, Six6 and RFP. Seventeen proteins were
identified exclusively in the Six1 samples: a Heat Shock Protein 70 (HSP70), seven
sHSPs, three DSK2b-like proteins, NbS00015253g0007 (an uncharacterized
protein containing no known domains), a UBX domain-containing protein, cell
division cycle protein 48 (CDC48), an E3 ubiquitin-protein ligase RING1, a Bcl-2associated AthanoGene (BAG) 6 protein and a AAA-type ATPase (Table 1). We
consider it unlikely that HSP70 specifically interacts with Six1, because only one
HSP70 protein was identified exclusively in the Six1 samples and many spectra
matching other HSP70 proteins were found in pull-down samples with other baits.
Furthermore, we know that HSP70 is pulled down with many other effectors (Petre
et al., 2015). As we identified most spectra for the sHSPs and because sHSPs
were also identified in the y2h assay (see below), we decided to focus on these
proteins. Nevertheless, we still consider the other proteins exclusively identified in
Six1 samples as putative host targets of this effector.
sHSPs form a large protein family (Vierling, 1991; Waters, 1995). To determine
which family members were identified by LC-MS/MS, all peptides were matched to
individual N. benthamiana sHSPs. Some peptides only matched a single family
member and are therefore considered specific, while others matched up to eight
family members and are non-specific (Table 2). Specific peptides were identified
for seven N. benthamiana sHSP family members. These sHSP family members are
most likely to interact with Six1. For sHSP family members only identified by nonspecific peptides it remains uncertain whether they interact with Six1. Because Fol
is a tomato pathogen a BLASTp search was performed on the SOL genomics
website to identify tomato (Solanum lycopersicum) homologs of the identified N.
benthamiana sHSPs. An alignment and a phylogenetic tree were made using the
programs MUSCLE, PhyML and TreeDyn (Fig. 3). Specific peptides matching
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Table 1. sHSPs and several other proteins specifically interact with Fol Six1. Pull-downs using
FLAG-tagged Fol Six1 as bait followed by LC-MS/MS analysis identified several putative effector
targets. This table shows all proteins that conform to the following criteria: they are N. benthamiana
proteins, the protein or a homologous protein was exclusively identified in samples with Six1 as bait
(e.g. not in samples with RFP or any of the other Six proteins as bait), at least two spectra matching the
protein were identified in at least two replicas with Six1 as bait, at least two peptides were identified with
a minimum peptide identification score of 95% and the protein probability score was at least 99%.
Proteins identified only with Six1 are highlighted in grey. Proteins with a similar description were
grouped together.
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Table 2. Peptides identified by LC-MS/MS with FLAG-tagged Six1 as bait matched to individual
Nb sHSP family members. Exclusive (e.g. associated only with a single protein), unique (e.g. peptides
with different amino acid sequences, regardless of any modification) peptides are highlighted in grey.
Proteins identified by exclusive peptides are shown in bold. + = peptide is present in the protein.
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Figure 3. Phylogentic tree of N. benthamiana and tomato sHSPs. Tomato homologs of N.
benthamiana sHSPs were identified using BLASTp. A protein alignment was made using the program
MUSCLE. A maximum-likelihood tree was then generated using PhyML and TreeDyn using 100
bootstraps. Thick branches represent nodes with bootstrap values higher than 75%. Dashed branches
represent nodes with bootstrap values below 50%. Branch length is proportional to the number of amino
acid substitutions per site. N. benthamiana proteins identified by exclusive peptides (Table 2) are
indicated in bold.
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peptides matching N. benthamiana proteins were identified for three different
clades of sHSPs. Most specific peptides were identified for N. benthamiana
homologs of solyc08g078700, a mitochondrial sHSP (Liu and Shono, 1999).
Specific peptides were also identified for N. benthamiana sHSPs that cluster
together with the class I cytoplasmic sHSPs: solyc06g076570, solycg076540,
solyc06g076520 (sHSP17.7, also known as Required for Stability of I2 or RSI2)
and solyc06g076560 (or sHSP17.6) (Van Ooijen et al., 2010). Finally, specific
peptides were identified for N. benthamiana homologs of solyc09g015020 and
solyc09g015000, which are also class I sHSPs.
Six1 interacts with a DUF810-containing protein and sHSPs in a y2h screen
To potentially confirm host targets of Fol Six1 identified by LC-MS/MS and to
identify additional interactors of Fol Six1, a GAL4 nuclear y2h library screen was
performed. Yeast was co-transformed with mature SIX1 as bait and a Fol-tomato
interaction cDNA library described previously (de la Fuente van Bentem et al.,
4
2005). The screen included 5.3 x 10 co-transformed yeast cells. Putative
interactors were selected on medium lacking tryptophan (W), leucine (L) and
histidine (H) to select for bait, prey and reporter gene activation, respectively. To
make the selection more stringent 3-Amino-1,2,4-Triazole (3-AT), a competitive
inhibitor of the HIS3 gene product, was added to the medium at a concentration of
5 mM. This selection yielded almost 300 colonies containing putative Six1
interactors. Prey plasmids were isolated from all –WLH growing colonies and were
re-transformed to yeast with either Six1 or an empty vector as bait to check for
auto-activation. Only seven preys showed growth on –WLH or a more stringent
medium lacking W, L and adenine (A) in the presence of Six1, but not in its
absence. The inserts were sequenced and a BLASTx was performed on the SOL
genomics website. The seven cDNAs matched three tomato proteins:
solyc08g080520 (a protein with unknown function), HSP17.6 and RSI2 (Table S2).
Because the preys are from a cDNA library, they do not necessarily encode fulllength proteins. The full-length coding sequence of solyc08g080520 is 3423
basepairs (bp). The fragment found in the library screen is about half that size,
starting at nucleotide 1893. Three cDNAs matched HSP17.6, all starting at the
same position in the 5’ UTR of the gene. Three cDNAs matched RSI2, also starting
in the 5’ UTR of the gene, at two different positions. All Six1 y2h interactors
showed auto-activation on –WLH, but not on –WLA (Fig. 4). Sometimes growth on
–WLA was already apparent two days after spotting, while in other experiments it
took three or four days. Growth of yeast transformed with Six1 and
solyc08g080520 was always faster on –WLA medium than growth of yeast
transformed with Six1 and the sHSPs, suggesting a stronger interaction (data not
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shown). Furthermore, the growth of yeast co-transformed with Six1 and HSP17.6
was faster than with RSI2 (data not shown). In conclusion, Six1 interacts with (a
part of) solyc08g080520, HSP17.6 and RSI2 in a nuclear y2h system.

Figure 4. Fol Six1 interacts with tomato HSP17.6, RSI2 and solyc08g080520 in a nuclear y2h
assay. Yeast strain pj69-4a was co-transformed with mature Fol SIX1 and either sample P1G10-2
(HSP17.6) or sample P3G5-3 (RSI2) or sample P1A2 (solyc08g080520). For a more detailed
description of each sample see supplemental table 1. Each prey was also co-transformed with an empty
bait to check for auto-activation. Co-transformed yeast cells were grown on medium selecting for both
plasmids (-WL), medium selecting for interactions between bait and prey (-WLH) and medium selecting
for high stringency interactions between bait and prey (-WLA) at 30°C. Pictures were taken two days
after spotting.

Six1 weakly interacts with solyc08g080520 in a cytoplasmic y2h assay
To further test the interaction between Fol Six1 and solyc08g080520 a cytoplasmic
y2h assay was performed. Yeast strain cdc25H, which contains a temperaturesensitive mutation in the cdc25 gene, was transformed with Fol SIX1 and the part
of the solyc08g080520 gene identified in the nuclear y2h screen as either bait or
prey. As a negative control, each bait and prey was also co-transformed with an
empty vector. In this system the bait is fused to the human Sos gene, a homolog of
CDC25, and the prey is fused to a myristoylation signal. If there is an interaction
between bait and prey the Sos protein is targeted to the plasma membrane, where
it can activate the Ras pathway. Only when this pathway is activated yeast strain
cdc25H is capable of growing at 37˚C. When cdc25H was transformed with Fol
Six1 as bait and solyc08g080520 as prey ‘spotty’ growth was observed at 37˚C,
while the negative controls showed no growth (Fig. 5). This suggests that there is a
weak interaction between Fol Six1 and the C-terminal part of the solyc08g080520
protein in this system. However, when the transformation is performed with
solyc08g080520 as bait and Fol Six1 as prey no growth at 37˚C was observed
(data not shown). This was not due to a mislocalization of solyc08g080520 to
another compartment than the cytoplasm, as there was yeast growth at 37˚C when
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solyc08g080520 as bait was co-transformed with a Sos-binding protein as prey
(data not shown). In conclusion, these data show that Fol Six1 can interact with the
C-terminal part of the solyc08g080520 protein in a cytoplasmic y2h system, albeit
only unidirectional.

Figure 5. Fol Six1 weakly interacts with solyc08g080520 in a cytoplasmic y2h system. The
temperature-sensitive yeast strain cdc25H was transformed with mature Fol Six1 or an empty vector
(ev) as bait and the part of solyc08g080520 (08g080520) identified in the y2h library screen or an empty
vector as prey. Three independent colonies of each co-transformation were spotted onto galactose
medium lacking leucine and uracil to select for bait and prey. To check yeast fitness all transformants
were also grown at 23ºC. If there is an interaction between bait and prey, co-transformed yeast cells will
be able to grow at 37ºC, due to a re-activation of the Ras pathway. Pictures of yeast grown at 23ºC
were taken after three days, while pictures of yeast grown at 37ºC were taken after ten days. A
representative experiment out of three repetitions is shown.

Solyc08g080520 contains Domain of Unknown Function 810
Six1 interacts with the C-terminal part of solyc08g080520 in a nuclear y2h library
screen as well as in a cytoplasmic two-hybrid system. To obtain more information
about this protein a database search was performed. In the annotated tomato
genome the gene encoding this protein consists of 26 exons and is located on
chromosome 8. The entire protein is 1140 amino acids (aa) and contains Domain
of Unknown Function 810 (DUF810). This domain is located at amino acids 166835 and is similar to the animal MUN domain. A BLASTp search was performed to
identify proteins homologous to solyc08g080520 in tomato, N. benthamiana and
Arabidopsis. Proteins that showed homology to solyc08g080520 over the entire
length of the protein were aligned and a phylogenetic tree was made (Fig. 6). The
tomato protein identified in the y2h library screen clusters with NbS00012346g0001
and AT4G11670, suggesting they are orthologs. The only protein in the tree with a
known function is AT5G06970, also known as Proton ATPase TRanslocation
+
contrOL 1 (PATROL1). This protein tethers Arabidopsis H ATPase 1 (AHA1) to
the plasma membrane and influences stomatal opening (Hashimoto-Sugimoto et
al., 2013; Higaki et al., 2014). In summary, solyc08g080520 encodes a protein with
DUF810 whose function remains to be established.
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Figure 6. The closest homolog of solyc08g080520 with a known function is the Arabidopsis
protein PATROL1. Tomato, N. benthamiana and Arabidopsis homologs of solyc08g080520 were
identified using BLASTp. A protein alignment was made using the program MUSCLE. This protein
alignment was curated using GBlocks. A maximum-likelihood tree was then generated using PhyML
and TreeDyn. Solyc08g080520 is indicated in bold. Bootstrap values are shown in grey next to the
branches. Branch length is proportional to the number of amino acid substitutions per site.

Discussion
The aim of this study was to reveal how Fol Six1 contributes to fungal virulence.
Unfortunately, Arabidopsis plants producing full-length or mature Fol Six1 did not
show an obvious phenotype that could give clues as to which plant processes are
perturbed by Six1. There are several possibilities to explain this. First of all, it could
be that expression of SIX1 is not high enough to observe a phenotype. Even
though the transgene is under the control of the constitutive 35S promotor,
expression seems to be rather low, as 40 cycles were needed for RT-PCR.
Furthermore, we were unable to detect the Six1 protein with Western blots of leaf
extracts with an antibody raised against Six1 (data not shown). Another possibility
92!
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is that Fol Six1 is not capable of binding the Arabidopsis effector target and does
not perturb any plant process in this plant species. Foa is capable of infecting
Arabidopsis and contains a Six1 homolog (Thatcher et al., 2012). If Six1 binds to
an effector target, this target would be expected to be present in Arabidopsis.
However, Fol Six1 and Foa Six1 share only 74% identity at the amino acid level – it
might be that sequence differences prevent interaction of Fol Six1 with the
Arabidopsis effector target. If this were true, a phenotype is expected if Arabidopsis
would be transformed with Foa SIX1. Another possibility is that interaction of Six1
with its target does not lead to an observable phenotype in Arabidopsis. This is in
agreement with the observation that a Foa SIX1 knock-out strain does not show
reduced virulence on Col-0 (P. van Dam, personal communication). Finally, it is
possible that the conditions we used were not right to reveal an observable
phenotype. Knowledge about the effector target of Six1 could help find the right
conditions to observe an abnormal phenotype and aid in understanding how the
effector target is manipulated. For example, it would be interesting to see whether
SIX1-expressing plants have a different phenotype than Col-0 after heat shock, as
this study shows that sHSPs are putative effector targets of Six1.
A search for putative effector targets of Fol Six1 was more successful. Pulldown and y2h experiments yielded a small set of putative effector targets.
However, these experiments do not show whether the interaction between Six1
and these plant proteins actually occurs during infection and is beneficial for the
fungus, i.e. whether they are biologically relevant effector targets. Future functional
assays, such as Fusarium disease assays on plants silenced for a putative effector
target, will be required to see if these proteins actually play a role in the virulence
activity of Six1.
Two independent experimental approaches identified sHSPs as Six1
interacting partners. sHSPs are ATP-independent molecular chaperones that bind
partially unfolded proteins to keep them in a folding-competent state (Waters,
2013). sHSPs are not only up-regulated by heat stress but also by other challenges
such as osmotic stress, drought stress and wounding (Swindell et al., 2007). Most
sHSPs identified as putative effector targets of Six1 in this study belong to the
class I cytoplasmic sHSPs (Scharf et al., 2001; Van Ooijen et al., 2010). Several
studies have implicated this class of sHSPs in plant defense. A study by Maimbo
and coworkers suggests that Nicotiana HSP17 is involved in PTI. They showed
that plants silenced for NbHSP17 have higher bacterial counts and faster disease
development after inoculation with either an avirulent or a virulent strain of R.
solanacearum (Maimbo et al., 2007). Another study showed that tomato RSI2
interacts with the R protein I-2, involved in Fol resistance (Van Ooijen et al., 2010).
N. benthamiana plants silenced for RSI2 showed reduced I-2 protein levels and a
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reduction in HR development after agro-infiltration of an auto-active variant of I-2,
suggesting that RSI2 is involved in ETI. These studies raise the possibility that
inactivation of certain sHSPs by Six1 could undermine plant defense. While a role
for Six1 in suppressing PTI is possible, we have no indications that Six1
suppresses ETI; recognition of Avr1 by I(-1) or Avr2 by I-2 is not suppressed in
races that also contain Six1 (Houterman et al., 2008). Nor did we observe
suppression of Avr2/I2-induced HR responses by Six1 in agro-infiltration assays in
N. benthamiana (F. Gawehns, personal communication). While the abovementioned studies indicate a supportive role for sHSPs in plant defense, a sHSP in
wheat has been shown to be a susceptibility gene for Hessian fly and the powdery
mildew fungus Blumeria graminis f. sp. tritici (Liu et al., 2013). It remains to be
determined what role sHSPs play in the tomato-Fol interaction.
sHSPs bind to partially unfolded proteins to prevent aggregation, until they
get re-folded or degraded (Waters, 2013). Hence, it is possible that the observed
interaction between Six1 and sHSPs is an artifact due to misfolding of Six1 inside
plant and yeast cells. In all interaction assays SIX1 was expressed from a
constitutive, high-expression promotor. High abundance of a protein in an artificial
environment may lead to misfolding. Furthermore, Six1 was produced without its
prodomain. The function of the prodomain in Six1 is currently unknown, but one
function of prodomains is to guide proper protein folding (Baker et al., 1993). It
could be that essential modifications for protein stability were absent, because Six1
was folded in the cytoplasm instead of in the secretion pathway. Besides sHSPs,
spectra matching ubiquitin were identified abundantly in samples with Six1 as bait
(Table S1). If proteins are not folded correctly, they are often poly-ubiquitinated and
degraded by the 26S proteosome (Sullivan et al., 2003). While in our experiments
we observed almost no ubiquitin in the negative controls, ubiquitin was found to coprecipitate with many GFP-tagged putative effector proteins from the poplar leaf
rust fungus (Petre et al., 2015). Therefore, that study concluded that ubiquitin was
most likely a false positive and not a true effector target. However, several effectors
are known to target components of the ubiquitin pathway (Banfield, 2015). Besides
ubiquitin itself, we specifically identified two ubiquitin receptors, one of their cofactors and an E3 ubiquitin ligase in our pull-down assays with Six1 as bait: Dsk2blike, the AAA-ATPase CDC48, the UBX domain containing protein 8-like and
RING1 (Table 1). Dsk2b recognizes and binds ubiquitinated substrates and targets
them for proteosomal degradation by simultaneously binding to the 26S
proteosome (Fu et al., 2010). CDC48, an AAA-ATPase, is mainly involved in
endoplasmic reticulum-associated degradation and UBX domain containing protein
8-like is a CDC48 co-factor. Future functional assays should reveal whether the
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interaction between Six1 and sHSPs and/or components of the ubiquitin pathway is
related to its virulence function or is an artifact.
Another putative effector target of Six1, identified by pull-down
experiments, is the plant protein BAG6. Arabidopsis BAG6 has been implicated in
programmed cell death (Kang et al., 2006), which would make it an interesting
effector target. Furthermore, a AtBAG6 knock-out line showed enhanced
susceptibility to the fungus Botrytis cinerea (Doukhanina et al., 2006). A
subsequent study showed that cleavage of BAG6 is required to trigger autophagy
and fungal resistance (Li et al., 2016). It will be interesting to see if BAG6
processing is also required for plant resistance to Fol. If so, it could be speculated
that the interaction between Six1 and BAG6 prevents processing, thereby
enhancing fungal virulence.
Solyc08g080520 interacts with Six1 in both a nuclear and a cytoplasmic
y2h system. In most cases, putative effector targets identified in the nuclear y2h
system do not show an interaction with the effector in the cytoplasmic system (data
not shown). Therefore, we believe that finding an interaction in both systems does
provide extra support for the interaction, even though both experiments are
performed in yeast. The closest plant homolog of solyc08g080520 with a known
function is Arabidopsis PATROL1. This protein is involved in translocation of an
ATPase, which plays a role in stomatal opening (Hashimoto-Sugimoto et al., 2013;
Higaki et al., 2014). It would be interesting to see whether solyc08g080520 is also
involved in protein translocation and if so, which protein it translocates.
It is unknown whether Six1 is an apoplastic or a cytoplasmic effector.
Recently, I-3 has been identified as a receptor-like kinase located at the plasma
membrane (Catanzariti et al., 2015). I-3 recognizes Six1 (also known as Avr3),
which would suggest that Six1 is an apoplastic effector. However, all putative Six1
effector targets identified in this study are annotated as intracellular proteins,
suggesting Six1 may be a cytoplasmic effector. We are unaware of any other
effector that has an avirulence function in the apoplast and a virulence function
inside plant cells, but we nevertheless consider this a possibility.
It remains possible that none of the identified plant proteins is a genuine
effector target. In fact, there is no evidence that Six1 enhances virulence by
interacting with a plant protein. There are examples of effectors that enhance
virulence in other ways, for instance through binding of DNA, like the TAL effectors
(Boch and Bonas, 2010; Boch et al., 2009). However, the fact that we have
identified plant proteins that interact with Six1 in several systems is encouraging.
Future experiments should reveal whether the interaction between Six1 and the
putative effector targets identified in this study underlie the requirement of Six1 for
full virulence of Fol.
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Material and methods
Vector construction and preparation
All primers used in this study are listed in supplemental Table 3 and were ordered
at Eurofins MWG operon. PCRs for cloning purposes were performed with Pfu
DNA polymerase or Phusion high fidelity DNA polymerase according to
manufacturer instructions. Other PCRs were performed with Dream Taq DNA
polymerase. All DNA polymerases and restriction enzymes were obtained from
Fisher Scientific.
Col-0
was
transformed
with
four
different
Fol
SIX1
constructs:
SLDB3104::FolSIX1ΔSPΔPD,
SLDB3104::FolSIX1
,
SLDB3104::FolSIX1ΔSPΔPDΔstop and SLDB3104::FolSIX1Δstop. To obtain SIX1
mature with stop, SIX1 full-length with stop, SIX1 mature without stop and SIX1
full-length without stop PCRs were performed on a template containing full-length
SIX1 E-variant, described in (Rep et al., 2005), using the following primer pairs
respectively: FP2646 and FP2578, FP3532 and FP2578, FP2646 and FP2647,
FP3532 and FP2647. Vector SLDB3104 containing the coding sequence of the Rx
CC-domain fused to a HA-SBP tag (Tameling et al., 2010) and all inserts were
digested with XbaI and BamHI. Digested PCR products were ligated into
SLDB3104 and transformed to DH5α. Constructs were sequence-verified and then
transformed to Agrobacterium (A.) tumefaciens strain AGL-0.
For pull-down experiments FLAG-tagged SIX genes were placed in pTRBO
1
(Lindbo, 2007). The mature ORFs of Fol SIX1 (E-variant), SIX3, SIX4 and SIX6
fused to an N-terminal FLAG tag and linker sequence were generated by
performing a PCR on Fol-infected tomato cDNA using the following primer pairs
respectively: FP3823-FP3824, FP3827-FP3828, FP3829-FP3830 and FP3833FP3834. PCR products and pTRBO were digested with PacI and NotI. Digested
PCR products were ligated into pTRBO and transformed to DH5α. Constructs were
sequence-verified and then transformed to A. tumefaciens strain GV3101. GV3101
containing pTRBO::RFP is described in (Bozkurt et al., 2011) and was a kind gift
from T. Bozkurt.
To perform a y2h library screen mature SIX1 (E-variant) was cloned into pAS2-1. A
PCR was performed using Fol007 genomic DNA as template and primers FP2577

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1

An intron in the SIX6 gene was overlooked. Due to the presence of the intron in
our construct there is a frame-shift in the C-terminal part of SIX6.
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and FP2578. The PCR product and yeast vector pAS2-1 were digested with BamHI
and NcoI. The digested PCR product was ligated into digested pAS2-1 and
transformed to DH5α. Constructs were sequence-verified and then transformed to
yeast.
To check the interaction between Fol Six1 and the partial solyc08g080520 protein
in the Cytotrap y2h system (Stratagene, Agilent technologies), both genes were
placed in pSos and pMyr. The ORF of mature SIX1 (E-variant) containing partial
Gateway attB sites was generated by PCR using primers FP2642 and FP2643.
Complete Gateway attB sites were added by a subsequent PCR using primers
FP872 and FP873. The PCR product was introduced into pDONR207 (Invitrogen)
by performing a BP reaction, as described by the manufacturer. This construct was
sequence-verified. To obtain yeast destination constructs LR reactions were
performed between pDONR207::SIX1∆SP∆PD and the Gateway-compatible pSos
and pMyr (a kind gift from the laboratory of Plant Breeding, Wageningen
University), according to manufacturer instructions (Invitrogen). To place the partial
solyc08g080520 gene, identified in the y2h library screen, in pMyr both
pACT2::solyc08g080520 (1893-3423) and pMyr were digested with BamHI and
XhoI. Solyc08g080520 (1893-3423) was then ligated into pMyr and transformed to
DH5α. The insert was then transferred to pSos by digesting pSos and
pMyr::solyc08g080520 (1893-3423) with BamHI and SalI, followed by a ligation
and transformation to DH5α. The construct was then sequence-verified.
Generation of Arabidopsis lines expressing SIX1
Arabidopsis ecotype Colombia (Col-0) was grown in the greenhouse. Plants were
transformed by using the floral dip method. Agrobacterium strain AGL-0,
transformed with SLDB3104::SIX1ΔSPΔPD with stop or SLDB3104::SIX1 fulllength with stop or SLDB3104::SIX1ΔSPΔPDΔstop or SLDB3104:SIX1 full-length
without stop was grown in LBtum (10 g/l tryptone, 5 g/l yeast extract, 2.5 g/l NaCl)
supplemented with kanamycin (100 µg/ml) overnight (o/n). The bacteria were
resuspended in 5% sucrose containing 0.02% Silwet to a final OD600 of 0.8.
Flowers were dipped in the bacterial suspension. Plants were protected from direct
light and were placed under high humidity by wrapping them with plastic foil. T1
seeds were harvested and sterilized. T1 plants were selected on 0.5x MS (2,2g MS
with vitamin B5, 1% sucrose, 1% bacto-agar, 1M KOH to pH 5.8, 0.1% MES)
plates containing kanamycin (50 µg/ml) and for each transformation around ten
resistant plants were propagated. Single T-DNA insertion lines were selected by
segregation analysis on kanamycin, as were homozygous lines. Transgene
presence was confirmed for independent single T-DNA insertion lines by
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performing a PCR on genomic DNA using primers FP362 and FP2584 (data not
shown).
RNA isolation and RT-PCR
RNA was isolated from leaves of homozygous T3 plants. In short, frozen leaf
material of four-week-old plants was pulverized using a Tissue Lyzer (Qiagen).
RNA was isolated by performing a TRIzol (Ambion) extraction, followed by a
chloroform and a phenol:chloroform (1:1) extraction. RNA was precipitated using
1/10 volume 3M NaAc and 2 volumes of 96% ethanol. A DNase I treatment was
performed to remove all genomic DNA, according to Thermo Fisher Scientific
instructions. cDNA was generated using 500 ng of RNA as template, an oligo
(dT)18 primer (FP238) and the RevertAid first strand cDNA synthesis kit (Thermo
Scientific), according to manufacturer instructions. The cDNA was used for RealTime (RT)-PCR with TUBULIN primers FP3203 and FP3204 or SIX1 primers
FP362 and FP2584 and the following PCR program: 5’ 95°C, 40x (45” 95°C, 45”
50°C, 1’ 72°C), 10’ 72°C, 4°C.
Phenotyping Arabidopsis lines expressing SIX1
Homozygous Col-0 plants containing a single SIX1ΔSPΔPD or SIX1 full-length or
SIX1ΔSPΔPD_HASBP or SIX1 full-length_HASBP insertion were grown on soil
containing vermiculite (Jongkind grond, Aalsmeer) under a 11-hour photoperiod at
21°C. Pictures were taken after four weeks.
Immunoprecipitation and LC-MS/MS
See chapter 2, except the experiment was performed twice (Six3 and RFP) or three
times (Six1, Six4, Six6) and the average of these experiments is shown. Protein
identification was accepted when at least two peptides were identified with a
minimum peptide identification score of 95%, as determined by the Scaffold Local
FDR algorithm, and when the protein probability score was at least 99%, based on
the Protein Prophet algorithm (Nesvizhskii et al., 2003). Furthermore, at least two
spectra had to be identified in two out of three replicates.
Nuclear yeast two-hybrid library screen
For nuclear y2h experiments yeast strain pj694-a was used. Yeast 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: 0.002% L-
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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 nutrients were omitted from the medium. Yeast was
transformed using lithium acetate (LiAc) and polyethylene glycol 3350 (PEG) as
described by (Gietz and Woods, 2002). For the library transformation pj694-a cells
were co-transformed with 1 µg pAS2-1:SIX1ΔSPΔPD and 1 µg of a Fol-infected
tomato root small (<1.5 kb) cDNA library, described in (de la Fuente van Bentem et
al., 2005). To determine the efficiency of the library transformation a 100x and
1000x dilution was made of the transformation mix and plated on MM-WL. The rest
of the cells were plated on MM-WLH + 5 mM 3-AT and were grown at 30°C for five
days.
Yeast plasmid DNA isolation
Yeast cells were grown in 5 ml liquid MM-L medium shaking at 30°C for two days
to select for the prey plasmid. Plasmid DNA was isolated by pelleting the cells and
resuspending them in 200 µl lysis buffer (50 mM Tris pH8.0, 10 mM EDTA pH8.0,
2% v/v SDS). Glass beads and 200 µl phenol:chloroform:isoamylalcohol (25:24:1)
were added. Samples were vortexed and centrifuged. The aqueous layer was
transferred to a new tube and DNA was precipitated with 96% ethanol and then
solubilized in water. Plasmid DNA was transformed to DH5α by electroporation. A
colony PCR was performed using primers FP68 and FP69 on three DH5α colonies
for each yeast plasmid DNA isolation, to check if a single yeast cell contained
multiple preys. If the PCR bands were at different heights for the three colonies,
plasmid DNA was isolated from all of them, otherwise DNA was isolated from one
colony. This plasmid DNA was used to re-transform pj694-a.
Nuclear yeast two-hybrid assays
The prey plasmids of ~300 positive colonies from the library transformation were
isolated and re-transformed to pj694-a with either pAS2-1:SIX1ΔSPΔPD or the
empty pAS2-1 vector to check for auto-activation according to (Gietz and Woods,
2002). Transformed yeast cells were first 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 resuspended 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 at least two days before
being scanned. The experiment was performed at least three times. Putative Six1
interactors were sequenced with primers FP68 and FP69.
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Cytoplasmic yeast two-hybrid assays
Cytoplasmic y2h assays were performed using the CytoTrap (Strategent, Agilent
technologies) system. First, a fresh single cdc25Hα colony was grown to an OD600
> 1 in liquid YPDA medium shaking at 250 rpm at 25°C o/n. The culture was then
diluted to an OD600 of 0.2 in 50 ml liquid YPDA and grown to an OD600 > 0.7. Yeast
cells were then co-transformed with 500 ng of a pSos and 500 ng of a pMyr
construct using LiAc and PEG, as described by (Gietz and Woods, 2002), with
some minor modifications. Before heat-shock the cells were incubated at room
temperature for 30’. Transformed yeast cells were plated on glu –UL (0.17% yeast
nitrogen base, 0.5% ammonium sulphate, 2% glucose, 1.5% agar, 0.003%
isoleucine, 0.015% valine, 0.002% adenine hemisulphate, 0.005% arginine HCl,
0.002% histidine HCl monohydrate, 0.005% lysine HCl, 0.002% methionine,
0.005% phenylalanine, 0.02% threonine, 0.005% tryptophan, 0.005% tyrosine,
0.01% glutamic acid, 0.01% aspartic acid, 0.004% serine) and grown at 23°C for
four days. One sample was transformed with empty plasmids and incubated at
37°C to determine the number of temperature revertants. Then, three colonies for
each transformation were picked and resuspended in 50 µl 0.9% NaCl. To check
yeast growth, 5 µl was spotted onto two glu –UL plates and two gal –UL (as glu –
UL, except 2% glucose is replaced by 2% galactose and 1% raffinose). One plate
of each was incubated at 23°C and the other and 37°C. Plates were checked daily
and scanned after ten days.
Phylogenetic analysis sHSPs
Tomato homologs of N. benthamiana sHSPs were identified using the SOL
genomics BLASTp program (http://solgenomics.net/tools/blast/) using the default
settings with N. benthamiana sHSPs, identified by pull-down experiments with Six1
as bait, protein sequences as input and the tomato genome protein sequences
ITAG release 2.40 as search database. The http://phylogeny.lirmm.fr/ website was
used to make an alignment of tomato and N. benthamiana sHSPs using the
alignment program MUSCLE. A phylogenetic tree was generated using the same
website with the programs PhyML, set for 100 bootstraps, and TreeDyn. Default
settings were used, except GBlocks was not used to cure the alignment.
Database search solyc08g080520 and phylogenetic analysis
Gene information about solyc08g080520 was obtained from the SOL genomics
website. The Pfam 27.0 database was searched to identify domains in
solyc08g080520. Homologs of solyc08g080520 in tomato and N. benthamiana
were
identified
using
the
SOL
genomics
BLASTp
program
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(http://solgenomics.net/tools/blast/) using the default settings with solyc08g080520
protein sequence as input and the tomato genome protein sequences ITAG
release 2.40 or the N. benthamiana genome v0.4.4 predicted proteins as search
database, respectively. Homologs of solyc08g080520 in Arabidopsis were
identified
using
the
TAIR
BLASTp
program
(http://www.arabidopsis.org/Blast/index.jsp) using the default settings with
solyc08g080520 protein sequence as input and the TAIR10 proteins as search
database. The http://phylogeny.lirmm.fr/ website was used to make a Gblocks
curated alignment of tomato, N. benthamiana and Arabidopsis solyc08g080520
homologs using the alignment program MUSCLE. A phylogenetic tree was
generated using the same website with the programs PhyML and TreeDyn. Default
settings were used with some minor modifications. The GBlocks settings were
made less stringent by allowing: smaller final blocks (minimum 5), gap positions
within the final blocks (half) and less strict flanking positions (55%). PhyML was set
for 100 bootstraps.
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Supplemental data
Table S1. Aspecific interactors identified by pull-down experiments with FLAG-tagged Six1
followed by LC/MS-MS analysis. As table 1, except spectra matching the proteins listed in this table
were also found after pull-down with proteins other than Six1.
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Table S2. Proteins identified in a y2h library screen using Fol Six1 as bait. Yeast strain pj69-4a
was co-transformed with mature Fol Six1 as bait and a Fol-tomato interaction cDNA library as prey. In
4
total, 5.3x10 co-transformed yeast cells were screened. Almost 300 putative Six1 interactors were
selected on –WLH medium containing 5 mM 3-AT. Only seven of these putative interactors were shown
not to be auto-activators and could be confirmed upon re-transformation. These interactors were
sequenced and a BLASTx was performed on the SOL genomics website. This table gives an overview
of these seven Six1 interactors. The first column shows the original sample number, the second and
third column show the SOL genomics accession number of the best BLASTx hit and give a short
description of the protein, the fourth and fifth column give the BLASTx score in bits and the E-value for
the best hit. Sequences were not necessarily full-length open reading frames, as the screen was
performed using a cDNA library. The last column indicates the starting position relative to the presumed
start codon of the full-length cDNA. A negative number in this column indicates the cDNA starts in the
5’UTR, which will be translated in the yeast system. A number higher than one indicates a partial
protein.
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Table S3. Primers used in this study.
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Abstract
The causal agent of Fusarium wilt disease in tomato, Fusarium oxysporum f.sp.
lycopersici (Fol), secretes small proteins, called Six effectors, in the xylem sap of
infected plants. Fol Six4 reduces the effectiveness of the resistance response
mediated by the I-2 and I-3 resistance genes in response to the presence of Six3
and Six1, respectively. To gain more knowledge about the mode of action of Six4,
we performed pull-down assays with this protein as bait and identified a large
number of peptides matching plant glutamate decarboxylases (GADs). Plant GADs
convert glutamate to γ-aminobutyric acid (GABA). Interestingly, GABA levels are
decreased during a compatible Fol-tomato interaction, while they are unaltered in a
resistant interaction fourteen days after inoculation. However, this effect is not
Six4-dependent. We also tested whether GABA levels change in SIX4-expressing
transgenic tomato lines, but did not observe consistent differences with control
lines. Agroinfiltration of Six4 can suppress I-2-mediated hypersensitive responses
in Nicotiana benthamiana. This suppression effect is also observed when a Cterminal deletion mutant of a tomato GAD, which is predicted to be constitutively
active, is infiltrated. Finally, we tested whether GAD plays a role in Fuasrium wilt
disease by performing Fusarium oxysporum infection assays on GAD-silenced
tomato plants and gad Arabidopsis mutants. However, we did not detect any
differences. Thus, while Fol Six4 is able to interact with plant GADs, it remains
uncertain whether this interaction also occurs during infection and whether it
contributes to fungal virulence.
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Introduction
Fusarium oxysporum (Fo) is a soil-borne, xylem-colonizing fungus able to infect
many economically important crops (Michielse and Rep, 2009). However, each
pathogenic isolate shows a high level of host specificity and is thus assigned to a
forma specialis (f. sp.), e.g. Fo f. sp. cubense infects banana plants, while Fo f. sp.
lycopersici (Fol) infects tomato plants. Symptoms of Fusarium wilt on tomato
include browning of the xylem vessels, the formation of adventitious roots, leaf
epinasty, leaf yellowing, defoliation, wilting, stunting and plant death (Agrios, 2005).
The Fol-tomato pathosystem has been developed as a model system to
study Fusarium wilt disease. Hence, many of the molecular components that play a
role in disease and resistance have been identified. Like other microbes, Fol
secretes small proteins, called effectors, that promote an environment
advantageous for colonization (de Sain and Rep, 2015; Rep, 2005). Fourteen
putative Fol effectors were identified in xylem sap of infected plants and were
named Secreted in xylem (Six) proteins (Houterman et al., 2007; Rep et al., 2002;
Schmidt et al., 2013). A role in virulence and/or avirulence has been shown for
several of them.
The plant innate immune system consists of two layers: PAMP-triggered
immunity and effector-triggered immunity (ETI). In ETI, plant Resistance (R)
proteins recognize effector proteins, triggering a defense response. Fol Six4, Six3
and Six1 can be recognized by tomato R proteins: Immunity(-1) (I or I-1), I-2 and I3, respectively (Houterman et al., 2008; Houterman et al., 2009; Rep et al., 2004).
Hence, these proteins are also called Avr1, Avr2 and Avr3. Most Six proteins
tested so far contribute to virulence on susceptible tomato plants (Gawehns et al.,
2014; Ma, 2012; Rep et al., 2005). An exception is Fol Six4, which has no effect on
susceptible plants, but suppresses I-2- and I-3-mediated resistance (Houterman et
al., 2008). Furthermore, Six4 can suppress an Avr2/I-2-induced hypersensitive
response (HR) in an agroinfiltration assay in Nicotiana (N.) benthamiana. A
homolog of Fol SIX4 is present in strain Fo5176 (Foa), which is able to infect
Arabidopsis thaliana (Arabidopsis). Interestingly, on Arabidopsis plants Foa Six4 is
required for full virulence on the partially susceptible ecotype Colombia (Col-0)
(Thatcher et al., 2012). Furthermore, a Foa SIX4 deletion strain can regain
virulence by complementation with Fol SIX4, suggesting a common virulence
target.
Identification of plant targets of Fol effectors can contribute to a better
understanding of Fusarium wilt disease. Here, we show that Fol Six4 can interact
with plant GADs, enzymes that produce γ-aminobutyric acid (GABA) from
glutamate. We also show that GABA levels are lower in a compatible tomato-Fol
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interaction, however this effect is not Six4-dependent. Furthermore, we could not
detect a (consistent) change in GABA levels in transgenic SIX4-expressing tomato
lines and did not detect a role in susceptibility for GAD in tomato or Arabidopsis
using gene silencing or mutant lines. Interestingly, however, infiltration of a Cterminal deletion mutant of tomato GAD can suppress I-2-mediated HR in N.
benthamiana, similar to the effect of Six4 itself.

Results
Fol Six4 interacts with plant glutamate decarboxylases
To identify plant proteins that interact with Fol Six4 a pull-down experiment was
performed followed by Liquid Chromatography-tandem Mass Spectrometry (LCMS/MS). FLAG-tagged mature (e.g. without signal peptide and prodomain) Six4
was produced in N. benthamiana leaves via Agrobacterium-mediated transient
transformation. FLAG-tagged RFP, Six1, Six3 and Six6 were also produced and
served as negative controls to distinguish Six4-specific interacting proteins from
aspecific interactors. Proteins were isolated from the infiltrated leaf material,
separated in a SDS-PAGE gel and digested with trypsin. Peptides eluted from the
gel pieces were subjected to LC-MS/MS for protein identification. LC-MS/MS
peptide spectra were matched to a database containing N. benthamiana proteins.
This led to the identification of 57 N. benthamiana proteins in the samples with Six4
as bait (Table 1 and Table S1).
Table 1. Glutamate decarboxylases specifically interact with Fol Six4. Proteins are shown in this
table if they conform to the following criteria: they are N. benthamiana proteins, the protein or a
homologous protein was exclusively identified in samples with Six4 as bait (e.g. not in samples with
RFP or any of the other Six proteins as bait), at least two spectra matching the protein were identified in
at least two replicas with Six4 as bait, at least two peptides were identified with a minimum peptide
identification score of 95% and the protein probability score was at least 99%. Proteins with a similar
description were grouped together.
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Four proteins were exclusively identified in the Six4 samples: two
GlutAmate Decarboxylases (GADs), an α-glucosidase and a serine/threonine
protein kinase (Table 1). The vast majority (23 compared to five and two) of Six4specific exclusive, unique peptides matched to GADs (Table S2 and data not
shown) and therefore further research was focused on these proteins. Scaffold, a
software tool designed by Proteome Software to help interpret mass spectrometry
data, uses a grouping algorithm to reduce the number of proteins to which spectra
are assigned. To be able to match the LC-MS/MS spectra to each predicted GAD
of N. benthamiana, a BLASTp search was performed on the predicted proteome of
N. benthamiana with the already identified GADs as input. Eight protein sequences
-10
showed significant alignments (e-value below 1*10 ): NbS00009748g0005,
NbS00010182g0009,
NbS00023745g0003,
NbS00010633g0004,
NbS00024058g0001,
Nbs00017572g0002,
Nbs00017572g0023
and
NbS00009018g0006. The last protein was excluded from further analysis, as it is
described as a sphingosine 1 phosphate lyase and not a GAD.
Nbs00017572g0002 and Nbs00017572g0023 were also excluded from further
analysis, as they appear incomplete (containing less than 200 amino acids). All
peptides initially assigned to a GAD were matched against the remaining family
members. Specific peptides (i.e. exclusively matching only one Nb GAD) were
identified for NbS00009748g0005, NbS00024058g0001 and NbS00023745g0003
(Table 2), indicating that at least these three proteins interacted with Fol Six4.
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Table 2. Peptides identified by LC-MS/MS with FLAG-tagged Six4 as bait matched to individual
Nb GAD family members. All Nb GAD-matching peptides identified are listed in this table and were
matched against individual Nb GAD family members. + = peptide is present in the protein, when the
peptide was absent the field was left empty.
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Identification of tomato homologs of N. benthamiana GADs
Fol is a tomato pathogen and therefore we were also interested in tomato
(Solanum lycopersicum or Sl) GADs. Four tomato GADs have been described:
SlGAD1 or ERT D1 (Solyc03g098240), SlGAD2 (Solyc11g011920), SlGAD3
(solyc01g005000) and SlGAD4 (Solyc05g054050). A BLASTp search of the SOL
genomics database identified one additional SlGAD: solyc04g025530. The protein
sequences of the five N. benthamiana GADs, the tomato GADs and Arabidopsis
(At) GAD1-5 were used to make an alignment, which was curated using Gblocks
and then used to generate a phylogenetic tree (Fig. 1). The closest tomato
homolog of the Six4-interacting N. benthamiana proteins NbS00009748g0005 and
NbS00024058g0001 is SlGAD2, while Arabidopsis does not contain a homolog in
this subclade. The closest homologs of NbS00023745g0003 are AtGAD3, AtGAD4,
tomato solyc04g025530 and SlGAD3.

Figure 1. Phylogenetic tree of Arabidopsis, N. benthamiana and tomato GAD proteins. An
alignment was made of five Arabidopsis (At) GADs, five N. benthamiana (Nb) GADs and five tomato (Sl)
GADs using the program MUSCLE and the website: http://www.phylogeny.fr/. The alignment was
curated with Gblocks and a maximum-likelihood phylogenetic tree was generated with the programs
PhyML and TreeDyn using the Blosum62 substitution model. Bootstrap values are indicated next to
each node. Branch length is proportional to the number of amino acid substitutions per site.
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GABA levels are reduced in susceptible tomato plants during Fol infection
The enzyme GAD converts glutamate into GABA and CO2. To see whether GABA
could play a role in infection, GABA levels were measured in the hypocotyls and
roots of tomato plants two weeks after infection with Fol. Strain Fol004 was used
for infection, because it contains SIX4. As a control, plants were either mockinoculated or inoculated with a SIX4 deletion strain in the Fol004 background.
Three plant lines were used for the experiment: C32 (containing no I genes),
GCR161, which contains the I gene conferring resistance to Fol strains secreting
Six4, and OT364 which contains the I-2 gene that confers resistance to Fol
secreting Avr2; a resistance that is partially suppressed by Six4. The results show
that GABA levels are similar in mock-inoculated plants and Fol-infected resistant
plants in both hypocotyls and roots, but they are reduced in Fol-infected
susceptible plants – which developed disease symptoms as expected (Fig. 2). Six4
partially suppresses I-2-mediated resistance and GABA levels appear slightly
reduced during Fol004 infection on I-2-containing plants compared to I-2 plants
infected with the SIX4 deletion strain, but these differences are not statistically
significant (ANOVA p > 0.05). We conclude that GABA levels inversely correlate
with disease symptom development. However, the fact that GABA levels are also
reduced in susceptible plants infected with a SIX4 deletion strain shows that Six4 is
not responsible for the reduced accumulation of GABA.

Figure 2. GABA levels are reduced in susceptible tomato plants during Fol infection. GABA
levels were measured in hypocotyls (A) and roots (B) of Fol-infected tomato plants by LC-MS analysis.
Plants were root-dipped in water (mock), root-inoculated with Fol004 (004) or with a Fol004 SIX4
deletion strain (Δsix4). Hypocotyls and roots of plants were harvested after two weeks. The average
±SE of three biological replicates is shown. Material of five plants was pooled for each biological
replicate. For each plant line, significant differences (ANOVA p-value < 0.05 followed by a Tukey (HSD)
test) between mock, Fol004 and Fol004ΔSIX4 treatments are indicated with different letters.

GABA levels in SIX4-expressing tomato lines
The mass spectrometry data suggested that Fol Six4 interacts with the enzyme
GAD, which could lead to altered GABA levels. To test this hypothesis, GABA
levels were measured in ten independent SIX4-expressing tomato lines (described
in chapter 5): five expressing mature SIX4 (e.g. without signal peptide and
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prodomain) and five expressing an intronless version of full-length SIX4. As a
control, GABA levels were measured in samples from a non-transformed C32 plant
and a transformed C32 plant lacking the transgene. In the first experiment, GABA
levels were measured in leaves of eleven-week old plants containing mature SIX4
(G199) and of eight-week old, full-length SIX4 plants (G200). Four out of five
mature SIX4 lines showed elevated GABA levels compared to non-transformed
C32 (Fig. S1A), while four out of five full-length SIX4 lines showed unaltered levels
compared to the control (Fig. S1B). This experiment suggested that intracellular
Six4 may increase GABA levels. Therefore, we decided to repeat the experiment
with the mature SIX4 lines. Instead of using leaf material from eleven-week old
plants, we decided to use the aboveground tissue of seven-day old seedlings
instead. However, GABA levels in these seedlings were not elevated compared to
the controls (Fig. S1C). Finally, GABA levels were measured once more in leaf
tissue of four-week old plants from all ten SIX4 lines. GABA levels were higher in
this experiment compared to the previous ones and more variation within single
lines was observed. No significant differences (ANOVA, p-value > 0.05) between
the SIX4 lines and the controls were observed (Fig. 3). Therefore, the experiments
do not give conclusive evidence to support the hypothesis that Six4 is able to alter
GABA levels.

Figure 3. GABA levels are unaltered in four-week old SIX4-expressing tomato lines. GABA levels
were measured using LC-MS in leaf tissue of four-week-old tomato plants expressing mature (G199) or
an intronless derivative of full-length (G200) SIX4. As controls the parental line C32 and a transformed
tomato plant lacking a transgene (-) were included. The average GABA level ±SE of three plants is
shown. No significant differences between lines are present (ANOVA, p-value > 0.05).
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Glutamate decarboxylase lacking its C-terminus is able to suppress an I-2mediated hypersensitive response
Six4 suppresses I-2-mediated resistance during infection (Houterman et al., 2008)
and is able to suppress an Avr2/I-2-induced hypersensitive response (HR) in N.
benthamiana leaves (Gawehns et al., 2014). Based on the interaction between
Six4 and GADs in the pull-down experiments, we hypothesized that Six4 may
achieve this suppression by activating GADs. It has been described that most plant
GADs are present in an auto-inhibited form and deletion of the C-terminal autoinhibitory domain results in their activation (Akama and Takaiwa, 2007). Therefore,
we made a C-terminal deletion mutant of SlGAD3 (hereafter called GADΔC, which
lacks amino acids 461 to 484), a close homolog of NbS00023745g0003 identified
in the pull-down experiment as a putative Six4 interactor (Fig. 1). We then tested
whether GADΔC is able to suppress an Avr2/I-2-induced HR in an agroinfiltration
assay in N. benthamiana. As a negative control, we made a mutant in which
K275R
catalytic residue lysine 275 was changed into an arginine (GADΔC
), as in
human GAD65 mutation of the corresponding lysine 396 into an arginine results in
an inactive enzyme (Hampe et al., 2001). In total, 32 leaves were infiltrated in four
experiments. HR was scored after three days and a subset of leaves was used for
trypan blue staining to visualize cell death. In 50% of the leaves Avr2/I-2-induced
K275R
HR was suppressed by GADΔC, but not by GADΔC
(Fig. 4A), while in the
other 50% no suppression was observed on either side (Fig. S2A). We decided to
also test whether Six4 and GADΔC can suppress an auto-active mutant of I-2 (I-2
D495V
), which induces HR in N. benthamiana even when Avr2 is absent (de la
Fuente van Bentem et al., 2005). In one experiment, Six4 suppressed the HR
D495V
induced by I-2
in four out of seven leaves, while in another experiment no
suppression was observed in any of the four infiltrated leaves (Fig. 4B and Fig.
D495V
S2B). GADΔC appeared more effective at suppressing I-2
-induced HR; nine
out of thirteen leaves infiltrated with GADΔC showed suppression, while none of
K275R
the leaf parts infiltrated with GADΔC
did (Fig. 4C and Fig. S2C). We conclude
that, like Six4, GADΔC can suppress I-2-mediated HR in an agroinfiltration assay in
N. benthamiana.
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Figure 4. GAD C suppresses I-2-mediated HR induction in N. benthamiana. Leaves of four- to
five-week-old N. benthamiana plants were infiltrated with Agrobacterium tumefaciens as indicated in the
left panels. First the upper circle was infiltrated, followed by the lower circle containing a Hypersensitive
Response (HR)-inducer. The overlapping area was compared with the lower circle for HR intensity and
scored for suppression (see also Fig. S2). Pictures were taken after three days (middle panels). Some
leaves were stained with trypan blue to visualize cell death (right panels). A) GAD C suppresses Avr2/I2-induced HR. B) Mature (e.g. without signal peptide and prodomain) Six4 suppresses autoactive ID495V
D495V
2
-induced HR. C) GAD C suppresses I-2
-induced HR.
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Silencing of tomato GADs does not affect Six4-dependent suppression of I2-mediated resistance
Based on the experiment described above, we considered the possibility that the
observed interaction between Six4 and GAD leads to suppression of I-2-mediated
resistance that was observed earlier (Houterman et al., 2008). To test this, we
silenced GADs using Virus-Induced Gene Silencing (VIGS) in ten-day-old I-2containing tomato seedlings and then inoculated these plants with Fol. We used
two different GAD-silencing constructs, targeting the tomato homologs of N.
benthamiana GADs that were found to interact with Six4 in the pull-down
experiment. The first construct was designed to target SlGAD2 and the second one
was designed to target solyc04g025530, but both constructs also target all other
tomato GADs, except for SlGAD1, as determined using the SOL genomics VIGS
tool (Fernandez-Pozo et al., 2015). As negative controls, plants were either (mock)silenced for GFP or not silenced at all. Eighteen days after VIGS, plants were rootdipped in water or in a spore suspension of Fol004 or a Fol004 SIX4-deletion
strain. Three weeks later, plants were weighed and given a disease index to
compare disease severity between treatments (Fig. 5). Mock-inoculated plants did
not show any disease symptoms associated with Fol, but the average weight of
GFP-silenced plants was lower than of non-treated plants (Student’s t-test, p-value
< 0.01), showing that VIGS treatment has an effect on plant growth. Fol004-treated
GFP-silenced plants had a significantly lower average weight and a higher mean
rank disease index than GFP-silenced plants treated with the SIX4-deletion strain
(Student’s t-test, p-value < 0.01 and Mann-Whitney U Test, p-value < 0.01). This
shows that Six4 is also able to suppress I-2-mediated resistance in plants that
have undergone the VIGS treatment. As there were no differences in weight
(ANOVA, p-value > 0.05) or disease index (Kruskal-Wallis H test, p-value > 0.05)
between the GFP- and GAD-silenced lines, this experiment suggests that silencing
of tomato GADs does not affect the suppression ability of Six4.
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Figure 5. GAD-silencing does not alter Six4-dependent suppression of I-2-mediated resistance.
Ten-day-old I-2-containing tomato seedlings were agroinfiltrated with a 1:1 mix of pTRV1 and pTRV2 or
left untreated (no VIGS or -), as a negative control. Three different pTRV2 constructs were used, either
containing a small part of the DNA sequence for GFP, a small part of SlGAD2 (GAD_1) or a small part
of Solyc04g025530 (GAD_2). Both the GAD_1 and the GAD_2 construct target all tomato GADs, except
SlGAD1. When plants were four weeks old, they were treated with water (mock), Fol004 or a SIX4
deletion strain (Fol004 SIX4). Three weeks later plants were photographed (A), weighed (average ±SE
is shown) (B) and given a disease index (C). Disease index was scored as follows: 0 = healthy plant
(only viral and no Fol-specific symptoms), 1 = lowest leaves are yellow, 2 = lowest leaves are yellow
and are wilting, 3 = wilting in the lower half of the plant, 4 = complete wilting. Fifteen plants were used
per treatment. No significant differences in mean weight or median disease index score were observed
between GFP- and GAD-silenced lines for each disease treatment (ANOVA, p-value > 0.05 and
Kruskal-Wallis H test, p-value > 0.05, respectively).

GAD T-DNA lines in Arabidopsis thaliana do not show altered Fo
susceptibility
The Arabidopsis-infecting strain Fo5176 (hereafter called Foa) contains a SIX4
homolog, which is required for virulence on ecotype Col-0 (Thatcher et al., 2012).
The interaction between Six4 and GAD prompted us to investigate whether GAD is
involved in susceptibility of Arabidopsis to Foa. The Arabidopsis genome contains
five GADs: AtGAD1-5. According to literature, AtGAD1 and AtGAD2 are mainly
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required to sustain GABA levels during normal conditions, while AtGAD4 is induced
under stress conditions (Bouche et al., 2004; Kaplan et al., 2007; Miyashita and
Good, 2008; Urano et al., 2009). Therefore, we inoculated Col-0, three single
mutants (gad1, gad2 and gad4), two double mutants (gad1/2 and gad1/4) and a
triple mutant (gad1/2/4) (Scala, 2015) with Foa, a Foa SIX4-deletion strain or a Foa
SIX4-complemented deletion strain. Sixteen days after inoculation plants were
scored with a disease index: the higher the score, the more severe the disease
symptoms (Fig. S3). As expected, mock-inoculated plants did not show any
disease symptoms (Fig. 6). Col-0 plants inoculated with the Foa SIX4 deletion
strain showed on average less disease symptoms, compared to Col-0 plants
inoculated with wild-type Foa or the SIX4-complemented strain (difference not
significant, Mann-Whitney U test, p-value > 0.05). This is in accordance with earlier
observations, although there the difference was significant (Thatcher et al., 2012).
Per treatment, no significant differences were observed between Col-0 and the gad
mutants (Mann-Whitney U test, p-value > 0.05). We conclude that either GADs do
not play a role in Arabidopsis susceptibility to Foa or the effects are too small to
detect in this assay.

Discussion
Identification of plant targets of Fo effectors is key to understanding Fusarium wilt
disease. Here, we show that Fol Six4 specifically associates with plant GADs in a
pull-down assay. Plant GADs catalyse part of the GABA-shunt, which consists of
three steps and bypasses part of the tricarboxylic acid (TCA) cycle (Fig. 7A) (Fait
et al., 2008). In the first step, GAD catalyzes the reaction from glutamate to GABA
in the cytoplasm. Most plant GADs are calcium/calmodulin-dependent and their
activity is enhanced by increases in cytosolic calcium or decreases in cytosolic pH
(Baum et al., 1996; Gut et al., 2009; Snedden et al., 1995). In the second step,
GABA is converted to succinic semialdehyde (SSA) by GABA-transaminase
(GABA-T) in the mitochondria (Fait et al., 2008). Finally, SSA dehydrogenase
(SSADH) oxidizes SSA into succinate, which can re-enter the TCA cycle and act as
an electron donor to the mitochondrial electron transport chain. While many roles
for GABA and the shunt have been suggested, such as controlling carbon/nitrogen
balance, regulation of cytosolic pH and signaling during plant-microbe interactions,
their roles remain elusive (Fait et al., 2008; Kinnersley, 2000; Michaeli and Fromm,
2015).
Important unanswered questions arising from our observations are whether
the association between Six4 and plant GADs occurs during infection and whether
this interaction is beneficial for Fo, in other words, whether GAD is an actual
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Figure 6. Arabidopsis gad mutants do not show altered susceptibility towards Foa. Two-week-old
Arabidopsis plants were inoculated with Fo strain 5176 (Foa), a Foa SIX4 deletion strain (Foa ΔSIX4) or
Foa ΔSIX4 complemented with Foa SIX4 (Foa ΔSIX4 + SIX4). At least fifteen plants were used per
treatment. After sixteen days plants were given a disease index ranging from 0 to 5, where 0 is a
healthy plant and 5 is a dead plant (see figure S3). The experiment was repeated once with similar
results. Data of a single experiment is shown here. Per treatment, no significant differences were
observed between Col-0 and gad mutant Arabidopsis lines (Mann-Whitney U test, p-value > 0.05).
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effector target. Plant GADs were previously found to interact with the poplar leaf
rust effector MLP37347 (Petre et al., 2015), which suggests that manipulation of
the GABA-shunt might be used by diverse fungi to enhance virulence.
There are several possibilities how the interaction between Six4 and GAD
could enhance Fo virulence. One possibility is that the interaction increases GABA
production, which Fo could use as a nutrient source (Fig. 7B), as has been
proposed for Cladosporium fulvum (Cf) (Solomon and Oliver, 2001, 2002).
Catabolism of GABA by the fungus could explain the lower GABA levels that we
observe in Fol-infected susceptible plants compared to mock-inoculated or Folinfected resistant plants (Fig. 2). However, we consider the hypothesis that Six4
interacts with GAD to increase fungal nutrition rather unlikely, because, if it has
such a general function, one would expect that Six4 (unless redundant) contributes
to virulence towards susceptible tomato plants, which has never been shown.
Another possibility is that Six4 interacts with plant GADs to increase Fo
virulence by suppressing plant defenses. Interestingly, the GABA-shunt has been
implicated in plant cell death and resistance in several studies. For example, the
ABA-deficient sitiens mutant of tomato shows increased resistance to the
necrotrophic fungus Botrytis cinerea compared to wild-type plants (Audenaert et
al., 2002). This increased resistance coincides with an up-regulation of GABAshunt enzymes in sitiens during infection (Seifi et al., 2013). Furthermore,
exogenous GABA treatment decreases susceptibility to B. cinerea in wild-type
tomato plants (Seifi et al., 2013). The authors propose that overactivation of
glutamine synthase and the GABA-shunt prevents cell-death, which in this case
results in a more efficient resistance response against the necrotrophic fungus B.
cinerea. It could be that Fol Six4 makes use of this cell-death alleviating
mechanism by increasing GAD activity and stimulating the GABA-shunt to reduce
I-2- and I-3-mediated resistance (Fig. 7C). This is in line with our observations that
both Six4 and GADΔC suppress I-2-mediated HR in N. benthamiana (Gawehns et
al., 2014) (Fig.4). In contrast, exogenous GABA application suppresses growth of
an avirulent Xanthomonas campestris pv vesicatoria strain on pepper leaves three
days after infiltration, suggesting it enhances cell-death-mediated resistance (Kim
et al., 2013). This is in agreement with the up-regulation of genes associated with
programmed cell-death in Arabidopsis seeds expressing a truncated Petunia GAD
2+
lacking the regulatory Ca -calmodulin-binding domain (Fait et al., 2011). Clearly,
there is still much to learn about the role of GAD in (cell-death-mediated)
resistance.
It remains possible, of course, that the observed interaction between Six4
and GAD has no biological significance during Fo infection. This hypothesis is
supported by the disease assays on GAD-silenced tomato and gad mutant
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Figure 7. Potential roles of GAD in an uninfected tomato cell and possible effects of GAD
manipulation by Six4 in a Fol-infected cell. A) Schematic model of the GABA shunt in plant cells.
This shunt bypasses two steps of the TCA cycle (the conversion of α-ketoglutarate to succinyl-CoA and
the conversion of succinyl-CoA to succinate). B) Six4 may increase GAD activity, resulting in higher
GABA levels. GABA could be transported to the apoplast and serve as fungal nutrition. An alternative to
this model is that Six4 changes the localization of GAD from the cytoplasm to the apoplast, resulting in
increased GABA in the apoplast, which is used as fungal nutrition. C) Six4 may alter GAD activity as a
cell death alleviating mechanism, thereby suppressing I-2-mediated HR and possibly disease
resistance.
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Arabidopsis plants. The GAD-silenced tomato plants showed a similar Six4dependent suppression of I-2-mediated resistance, as GFP-silenced plants (Fig.
5), which suggests that GAD is not involved in Six4-dependent suppression of
immune responses. However, the degree of silencing efficiency was not
determined and therefore we cannot exclude the possibility that GAD-silencing was
insufficient. The Arabidopsis gad T-DNA mutants, on the other hand, are well
characterized; their GABA levels are reduced and they are less susceptible to
Pseudomonas syringae pv. tomato (Scala, 2015). Nevertheless, the Arabidopsis
gad mutants do not show altered susceptibility to Foa with or without Six4 (Fig. 6).
This suggests that GAD does not play a crucial role during Foa infection. It is
important to note, however, that the Foa-Arabidopsis infection assay is not very
consistent in our hands, even though we optimized the infection procedure. We did
not observe significant virulence differences between SIX4-containing and SIX4deletion strains on Arabidopsis, but only a trend towards reduced virulence of
SIX4-deletion strains. The assay is therefore not well suited to detect subtle
changes in susceptibility and we might have missed a minor role for GAD during
Foa-infection.
While Six4 suppresses I-2- and I-3-mediated resistance responses in
tomato (Houterman et al., 2008), it is required for full virulence on Arabidopsis
(Thatcher et al., 2012). Even though the function of Six4 seems to differ between
host plants, it is likely that the target of the effector is similar, as Fol SIX4 can
complement a Foa SIX4 deletion strain, and the proteins are highly similar (only
two amino acids are different) (Thatcher et al., 2012). So far, our disease assays
do not confirm that GAD is this target, despite its highly specific association with
Six4 in pull-down assays.
In conclusion, we have shown here that Fol Six4 is able to interact with
plant GADs in a pull-down assay performed in N. benthamiana. It remains to be
seen whether this interaction also occurs during infection. Currently, pull-down
assays are being performed with biotin-labeled Six4 secreted by Foa during
Arabidopsis infection (N. Tintor, personal communication), which could shed light
on this question. If Six4 and GAD indeed interact during infection, questions rise
about the location of this interaction. A likely option is the cytoplasm as GAD is a
cytoplasmic enzyme. However, Fol Six4 is secreted in the xylem sap and, so far,
uptake into the plant cell has not been shown. Besides the location, other
questions rise about the function of the Six4-GAD interaction and whether it
contributes to Fol virulence. For example, does Fo catabolize GABA during
infection and is this important for fungal growth? Deletion strains of GABAcatabolizing enzymes could be made and tested for their virulence to test this.
Does the interaction result in changed GAD activity? This could be tested in an in
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vitro assay, in the Six4-expressing transgenic tomato lines or during infection. In
the latter case, it would be preferable, though challenging, to look locally at the site
of infection. Another question is whether there are changes in expression of the
GABA-shunt enzymes in the plant during infection and whether there are
differences between a susceptible and a resistant interaction. This could be
measured by q-PCR in a time-course experiment. In general, a better
understanding of the GABA-shunt in plants during infection with fungal pathogens
is desirable.

Material and methods
Plant lines and growth conditions
The following tomato lines were used in this chapter: C32 (containing no I genes),
GCR161 (containing the I gene) and OT364 (containing the I-2 gene) and are
described in (Mes et al., 1999). The generation of Fol SIX4 transgenic tomato lines
is described in chapter 5.
Fol SIX4 transgenic tomato plants used for GABA measurements were grown in a
heated greenhouse compartment set at 20°C and 60% relative humidity (RH)
under a 12-hour photoperiod. Fol-infected tomato plants used for GABA
measurements were grown on vermiculite at 25°C and 65% RH under a 16-hour
photoperiod. Tomato plants used for VIGS were grown at 25°C and 65% under a
16-hour photoperiod, unless indicated otherwise.
Arabidopsis ecotype Col-0 and the following gad mutants: gad1 (SALK_017810, Tth
th
DNA insertion in 5 exon), gad2 (GABI_474 E05, T-DNA insertion in 6 exon),
nd
gad4 (SALK_106240, T-DNA insertion in 2 exon), gad1/2 (cross between
SALK_017810 and GABI_474 E05), gad1/4 (cross between SALK_017810 and
SALK_106240) and gad1/2/4 (cross between gad1/2 and gad1/4 mutant) were
used in this study. The gad mutants were a kind gift of A. Scala and are described
in (Scala, 2015).
Before Foa inoculation Arabidopsis plants were grown in a growth chamber set at
22°C and 70% RH under a 11-hour photoperiod. After inoculation plants were
grown in a 28°C growth chamber set to 70% RH under a 16-hour photoperiod.
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Vector construction and preparation
All primers used in this study are listed in supplemental Table 3 and were ordered
at Eurofins MWG operon. PCRs for cloning purposes were performed with Pfu
DNA polymerase or Phusion high fidelity DNA polymerase according to
manufacturer instructions. Other PCRs were performed with Dream Taq DNA
polymerase. All DNA polymerases and restriction enzymes were obtained from
Fisher Scientific.
The
generation
and
preparation
of
pTRBO::FolSIX1ΔSPΔPD,
pTRBO::FolSIX3ΔSP,
pTRBO::FolSIX4ΔSPΔPD,
pTRBO::FolSIX6ΔSP,
pTRBO::FolSIX8ΔSP and pTRBO::RFP, used in the pull-down experiments, is
described in chapter 2 of this thesis.
The
generation
and
preparation
of
SLDB3104::FolSIX4Δintron
and
SLDB3104::FolSIX4ΔSPΔPD, used to transform tomato, is described in chapter 5
of this thesis.
For Agrobacterium-mediated transient transformation of N. benthamiana
SlGAD3ΔC (solyc01g005000 lacking nucleotides 1582-1656) was PCR amplified
from Fol-infected tomato cDNA using primers FP5518 and FP5519. The PCR
product was digested with XbaI and BamHI. Vector SLDB3104 (Tameling et al.,
2010), containing the sequence coding for the CC-domain of Rx fused to a HA-SBP
tag, was digested with XbaI and BamHI removing the CC-domain sequence, but
not the tag. The digested PCR product was ligated into ‘empty’ SLDB3104,
resulting in SLDB3104::SlGAD3ΔC, which was transformed to DH5α. To obtain the
K331R
mutant GAD3ΔC
‘round-the horn’ site-directed mutagenesis was performed. In
brief, 5’ phosphorylated primers were ordered at Eurofins Genomics. PCR’s were
performed using SLDB3104::SlGAD3ΔC as a template and primers: FP5649 and
FP5650. PCR products were cleaned using the GeneJET PCR purification kit
(Fermentas), digested with DpnI, circularized by an overnight (o/n) ligation and
transformed to DH5α. Both constructs described above were sequence-verified.
SIX4ΔSPΔPDΔstop, including an ATG-start site, was PCR-amplified from genomic
DNA of a race 1 strain (Fol004) using primers FP2636 and FP2637 followed by a
PCR with primers FP872 and FP873 to add part of the attB sites required for
Gateway cloning. The PCR-fragment was introduced into pDONR207 (Invitrogen)
by performing a BP reaction, as described by the manufacturer. This pDONR
construct was then sequence-verified. To obtain pC-TAPa::Fol SIX4ΔSPΔPDΔstop
the entry clone was subcloned into pC-TAPa (Rubio et al., 2005), by performing an
LR reaction, according to manufacturer instructions (Invitrogen). To obtain a
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construct expressing only the TAPa tag, the ccdB cassette was removed from NTAPa (Rubio et al., 2005). The following constructs were also used for
agroinfiltration into N. benthamiana and have been previously described:
CTAPi::FolAVR2ΔSPΔstop (Houterman et al., 2009), CTAPi::I-2 (van Ooijen et al.,
D495V
2008) and CTAPi::I-2
(van Ooijen et al., 2008). All constructs were transformed
to Agrobacterium tumefaciens strain GV3101 before use in agroinfiltration assays.
Tobacco Rattle Virus (TRV)-based VIGS vectors, pTRV1 and pTRV2, were
obtained from S. Dinesh-Kumar. The pTRV2::GFP construct, described in
(Kandoth et al., 2007) was a kind gift of J. Stratmann. To make GAD silencing
constructs either a part of the SlGAD2 ORF (construct 1) or a part of the
solyc04g025530 ORF (construct 2) was placed into pTRV2. Off-targets were
determined using the VIGS tool at the SOL-genomics website using the following
settings: n-mer size: 21, mismatches: 0, database: tomato ITAG v2.40. PCR’s
were performed with primers FP6282-FP6283 and FP6284-FP6285 to generate
inserts for constructs 1 and 2, respectively. pTRV2 and all inserts were digested
with EcoRI and XhoI. Digested PCR products were ligated into pTRV2 and
transformed to DH5α. Constructs were sequence-verified and then transformed to
A. tumefaciens strain GV3101.
Immunoprecipitation and LC-MS/MS
As described in chapter 3 of this thesis.
Phylogenetic analysis GADs
Spectra matching several N. benthamiana GADs were identified in pull-down
experiments with FLAG-tagged Fol Six4 as bait. Additional N. benthamiana and
tomato GADs were identified using the SOL genomics BLASTp program
(http://solgenomics.net/tools/blast/) using the default settings. The N. benthamiana
GAD proteins identified by LC-MS/MS were used as input sequences and the N.
benthamiana genome v0.4.4 predicted proteins or the tomato genome protein
sequences ITAG release 2.30 were used as search database. To identify
homologous GADs in Arabidopsis a BLASTp search was performed on the TAIR
website (https://www.arabidopsis.org/Blast/index.jsp) using dataset TAIR10
proteins. The http://phylogeny.lirmm.fr/ website was used to make a Gblocks
(v0.91b) curated alignment of Arabidopsis, tomato and N. benthamiana GAD
proteins with the alignment program MUSCLE (v3.7) and to generate a
phylogenetic tree using the programs PhyML (v3.0) and TreeDyn (v198.3). Some
of the default settings were changed. GBlocks settings were made less stringent
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by: setting the minimum length of a block after gap cleaning at 5, allowing positions
with a gap in less than 50% of the sequences in the final alignment if they were in
an appropriate block and by setting the minimum number of sequences for a flank
position at 55%. PhyML was run using Blosum62 as a matrix and was set for 100
bootstraps.
GABA extraction and quantification
To measure GABA during Fol infection, tomato plants were grown on vermiculite in
the greenhouse at 25°C. Ten-day-old tomato seedlings of cultivar C32 (no I genes),
GCR161 (I gene) and OT364 (I-2 gene) were root-dipped in water or a suspension
7
containing 1*10 spores/ml of strain Fol004 or Fol004ΔSIX4. Fifteen plants were
dipped per treatment. Fourteen days after dipping, roots and hypocotyls were
harvested in pools of five, resulting in three biological replicates per treatment.
Material of Fol-infected plants or SIX4 transgenic plants was grinded in liquid
nitrogen. GABA was extracted from ~50 mg of frozen tissue using 0.5 ml of 70%
methanol (LC-MS grade), spiked with 400 ng of D6-GABA, as an internal standard
(IS) for extraction efficiency. The samples were homogenized in a TissueLyser II
(Qiagen) using pre-cooled (-80°C) adapter sets for 2 minutes (’) at 30 Hz. Samples
were centrifuged at maximum speed for 10’ at 4°C. The supernatant was stored on
ice, while another round of extraction was performed on the pellet using 70%
methanol (LC-MS grade). The supernatant from both extraction steps was pooled
and centrifuged at maximum speed for at least 20’ at 4°C. GABA was quantified by
LC-MS analysis on a Varian 320 Triple Quad LC-MS/MS. Ten microliter of each
sample was injected onto a ZIC-HILIC column (3.5 µm, 20 x 2.1 mm; VWR). The
mobile phase consisted of solvent A (0.05% formic acid in water (LC-MS grade))
and solvent B (0.05% formic acid in acetonitrile (LC-MS grade)). The gradient
elution profile, with a continuous flow of 200 µl/minute, was as follows: 0’ – 5% A,
30 seconds (’’) – 5% A, 5’ – 95% A, 8’ 30’’ – 95% A, 10’ 30’’ – 5% A, 12’ 30’’ – 5%
A, 15’ 30’’ – 5% A. Compounds were detected using the positive electrospray
+
ionization mode. Molecular ions [M + H] at m/z 104 and 110 generated from
endogenous GABA and D6-GABA, respectively, were fragmented using 7.5 V
collision energy. The ratio of ion intensities was determined for the daughter ions:
m/z 87 and m/z 93, respectively. The amount of GABA / fresh weight tissue was
calculated as follows: GABA intergrated peak area * amount IS added / GABA IS
integrated peak area / fresh weight.
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Agrobacterium-mediated transient transformation of N. benthamiana
Leaves of four-five week old N. benthamiana plants were syringe-infiltrated with A.
tumefaciens strain GV3101 containing C-TAPa:: SIX4ΔSPΔPDΔstop or NK331R
TAPa::ΔccdB or SLDB3104::GAD3ΔC or SLDB3104::GAD3ΔC
at an OD600 of
0.5, essentially as described in (Ma et al., 2012). After the first infiltration circle had
dried a partially overlapping circle was infiltrated with HR-inducers: a mixture of
GV3101 containing CTAPi::FolAVR2ΔSPΔstop and GV3101 containing CTAPi::I-2
D495V
(final OD600 0.2 and 0.5, respectively) or only GV3101 containing CTAPi::I-2
(OD600 0.2). Leaves were scored and photographed after three days. A selection of
leaves was used for Trypan Blue staining to visualize cell death, as described in
(Ma et al., 2012). In short, leaves were boiled for ~5’ in a staining solution (100 ml
lactic acid, 100 ml phenol, 100 ml glycerol, 100 ml H2O and 100 mg Trypan Blue)
mixed 1:1 with 96% ethanol. Then the leaves were destained in a 2.5 mg/ml hydral
chlorite solution, which was refreshed if necessary.
Virus-induced gene silencing and Fusarium-tomato infection assay
As described in chapter 2 of this thesis, except pTRV2::SlGAD construct 1 and
construct 2 were used instead of pTRV2::SlTPL1 construct 1-3. Furthermore, a
different disease scoring system was used: 0 = healthy plant or only viral
symptoms (e.g. curling leaves, necrotic spots on leaves and/or stem), 1 = lowest
leaves are yellow, 2 = lowest leaves are yellow and are wilting, 3 = wilting in the
lower half of the plant, 4 = complete wilting. The experiment was performed once
with fifteen plants/treatment.
Fusarium-Arabidopsis disease assay
To test Arabidopsis susceptibility to Foa two-week-old plants were gently uprooted. Their roots were washed with tap water and then mock-inoculated or
6
placed for ~1 minute in a 1*10 spore suspension of Fo5176 or Fo5176ΔSIX4 or
Fo5176ΔSIX4 complemented with Fo5176 SIX4, which were all a kind gift from L.
Thatcher. After root-inoculation plants were placed back in the soil and incubated in
a plastic container with lid for the remainder of the experiment to increase humidity.
Plants were scored between 9 and 16 days after inoculation for symptoms of Fo
infection, as shown in figure S3.
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Supplemental data

Figure S1. GABA levels are not consistently different in SIX4-expressing tomato lines. GABA
levels were measured using LC-MS in tomato plants transformed with either mature Fol SIX4 (e.g.
without signal peptide and without prodomain) or with an intronless-derivative of full-length Fol SIX4. As
controls the parental line C32 and a transformed tomato plant lacking a transgene (-) were included.
Bars annotated with different letters indicate significant differences between lines according to a oneway ANOVA (p-value < 0.05) and a Tukey (HSD) post-hoc test. A) GABA levels in pooled leaf material
of four eleven-week-old transgene-containing T1 plants transformed with mature SIX4. The average
±SE of three samples is shown for each independent transgenic line. B) GABA levels in leaf material of
eight-week-old homozygous T2 plants transformed with an intronless derivative of full-length SIX4. The
average ±SE of three plants is shown for each independent transgenic line. C) GABA levels in the
aboveground tissue of seven-day-old homozygous T2 seedlings transformed with mature SIX4. The
average ±SE of ten plants is shown for each independent transgenic line.
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Figure S2. GAD C suppresses I-2-mediated HR induction in N. benthamiana. Scoring of HR
suppression in N. benthamiana leaves after agroinfiltration (see Fig. 4) in independent experiments
(numbered 1 to 4). A) Suppression of Avr2/I-2-induced HR by GAD C. B) Suppression of autoactive ID495V
D495V
-induced HR by Six4. C) Suppression of I-2
-induced HR by GAD C.
2

Figure S3. Disease index categories of Foa-infected Arabidopsis plants. Two-week-old
Arabidopsis thaliana plants were root-inoculated with Fo strain 5176 (Foa). Two weeks after inoculation
phenotypes ranged from disease index 0 to 5, where 0 = healthy plant and 5 = dead plant.
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Table S1. Aspecific interactors identified by pull-down experiments with FLAG-tagged Six4
followed by LC/MS-MS analysis. As table 1, except spectra matching the proteins listed in this table
were also found after pull-down with proteins other than Six4.
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Table S1. Continued.
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Table S1. Continued.
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Table S2. Details of unique Nb GAD-matching peptides identified by LC-MS/MS analysis of pulldowns with Fol Six4 as bait. If a peptide was identified several times, the peptide with the highest
Mascot ion score is shown. Exclusive (e.g. associated only with a single protein), unique (e.g. peptides
with different amino acid sequences, regardless of any modification) peptides are highlighted in grey.
Peptides shown with grey letters were identified in only one out of three LC-MS/MS experiments,
peptides shown in black letters were identified in two out of three LC-MS/MS experiments and peptides
shown in bold letters were identified in three out of three LC/MS/MS experiments. AMU = atomic mass
unit.
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Table S2. Continued.
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Table S3. Primers used in this study.
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Abstract
Fusarium oxysporum f. sp. lycopersici (Fol) causes vascular wilt disease in tomato.
It secretes small proteins, called effectors, to manipulate its host and enhance
colonization. Fourteen of these proteins were previously identified in the xylem sap
of infected plants and called Secreted in xylem (Six) 1-14. Three of these proteins,
notably Six1, Six3 and Six4, are recognized by tomato Resistance (R) proteins and
are therefore also avirulence factors. As a tool to study the in planta function of
SIX1 and SIX4, tomato plants without Fol R genes were stably transformed with
these effector genes. While aberrant phenotypes were detected in some
transformed plant lines, no consistent effect of SIX gene expression on plant
development was observed. Transgenic lines carrying SIX4 were crossed to a
cultivar containing the corresponding R gene, called Immunity (I). The cross
between the I-containing line and the strongest SIX4-expressing line showed a
dwarf phenotype. Later in development these plants showed acropetal chlorosis
and necrosis. This cross could be used in future research to investigate I-mediated
resistance responses triggered by Six4.
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Introduction
Fusarium oxysporum f. sp. lycopersici (Fol) is a soil-borne fungus that infects
tomato plants (Agrios, 2005). It enters the root system and colonizes the xylem
vessels. Like other pathogens, Fol secretes effectors: small proteins that
manipulate host processes to facilitate colonization (de Sain and Rep, 2015; Rep,
2005). Genome analysis and proteomics have identified fourteen putative Fol
effectors, named Secreted in xylem (Six) 1-14 (Houterman et al., 2007; Schmidt et
al., 2013). The evolutionary arms race between tomato and Fol has resulted in
recognition of some of these Six proteins by Resistance (R) proteins (Takken and
Rep, 2010). In the past, these R genes have been crossed into cultivated tomato
from wild relatives as a strategy to control Fusarium wilt disease.
Different types of R proteins conferring resistance to Fol have been
identified. The R proteins I (for: Immunity) and I-1 recognize Fol Six4. The I-1 gene
was introgressed from Solanum (S.) pennellii and has not yet been cloned – it has
been localized to chromosome 7 (Sarfatti et al., 1991). The I gene has been
introgressed from S. pimpinellifolium and is located on chromosome 11 (Bohn and
Tucker, 1939). Very recently, it was shown that it encodes a Leucine-Rich Repeat
(LRR) Receptor-Like Protein (RLP) (Catanzariti, In preparation). Other cloned Fol R
genes are I-2, I-3 and I-7, which mediate resistance triggered by Six3, Six1 and an
unknown molecule, respectively (Gonzalez-Cendales et al., 2016; Houterman et
al., 2009; Rep et al., 2004). I-2 is a Coiled-Coil (CC)-Nucleotide-Binding (NB)-LRR
protein (Simons et al., 1998), while I-3 is an S-Receptor-Like Kinase (SRLK)
(Catanzariti et al., 2015). I-7 encodes a LRR-RLP, like the I protein (GonzalezCendales et al., 2016).
Six1 and Six4 are two well-described Fol effectors. The SIX1 gene
encodes a 32 kDa protein, which includes a 2 kDa signal peptide and an 8 kDa
prodomain (Rep, 2005; van der Does, 2008). Gene deletion studies have shown
that SIX1 is required for full virulence of Fol on older (>3 weeks), susceptible
tomato plants (Rep et al., 2005). It is currently unknown how this virulence effect is
achieved. The SIX4 gene encodes a 27 kDa protein including a signal peptide and
a predicted prodomain, like Six1. Fol race 2 and 3 strains either physically lack
SIX4 or do not contain a functional copy of the gene (Chellappan, 2014;
Houterman et al., 2008; Inami et al., 2012). SIX4 does not contribute to virulence
on susceptible tomato plants. Instead, it suppresses I-2- and I-3-mediated
resistance (Houterman et al., 2008). The exact mechanism underlying this
suppression effect has not been identified yet.
In this chapter the generation of tomato plants carrying either a SIX1 or a
SIX4 transgene is described. These plants were developed as a tool to study the
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effect of a single Fol effector on plant development and disease resistance or
susceptibility. No consistent abnormal phenotype was observed in multiple
independent transgenic lines compared to the parental line. To investigate whether
SIX4 is functionally expressed in transgenic plants, the SIX4 containing lines were
crossed to a cultivar containing the I gene. Crossing of the strongest expressing
SIX4 line with an I-containing line resulted in progeny with a stunted phenotype in
the F1, which was heritable into F2. The stunted phenotype was followed by
delayed acropetal chlorosis and eventually necrosis. This cross may be used in
future studies to identify genes involved in I-mediated immunity.

Results
Generation of tomato plants carrying either Fol SIX1 or Fol SIX4
To investigate the virulence effect of the Fol effectors Six1 and Six4, we made
stable transgenic tomato lines. Tomato cultivar MoneyMaker line C32 (Mes et al.,
1999), which does not contain any Fol resistance gene, was transformed with
constructs containing mature SIX1 (i.e. lacking the coding sequence for the signal
peptide and prodomain), full-length SIX1, mature SIX4 (no signal peptide and
prodomain) and full-length SIX4 without intron (as we do not know whether tomato
can correctly splice fungal pre-mRNA). Figure 1 shows schematically the proteins
encoded by the four constructs. Their gene expression is driven by the cauliflower
35S promoter. We did not tag the gene products, as we wished to avoid any
disturbance of protein function. Transformants were selected for kanamycin
resistance and the presence of the SIX genes was confirmed by PCR analysis on
genomic DNA (gDNA) with transgene-specific primers (data not shown). We
obtained one, nine, five and eight independent transgenic lines for mature SIX1,
full-length SIX1, mature SIX4 and full-length SIX4, respectively (Table 1). The
number of insertions for these lines was estimated by segregation analysis of the
transgene by PCR in both T1 (Table 1) and T2 (data not shown) populations.
mature SIX1 (G201)
SP

PD

full-length SIX1 (G202)
mature SIX4 (G199)

SP

PD

full-length SIX4 (G200)

Figure 1. Schematic representation of the products encoded by the constructs used to
transform tomato plants. Genomic SIX4 contains an intron in its Pro Domain (PD), absent in the fulllength construct. SP = signal peptide.
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Table 1. Overview transgenic tomato lines expressing Fol SIX1 or Fol SIX4. Mature = gene lacking
signal peptide and putative KEX prodomain, * = transgene-containing plants/total plants tested, ** =
segregation in T1 suggests one or two transgene loci, segregation in T2 (data not shown) suggests
there is only a single transgene locus, *** = lower number of plants containing the transgene as
expected based on Mendelian segregation, n.d. = not determined, lines highlighted in grey were used in
other experiments described in this chapter.
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Protein production was assessed in leaf material of tomato lines
transformed with SIX1 by western blotting using antibodies against SIX1 (Ma et al.,
2015). While we could not detect any transgene-specific protein band for the single
mature SIX1 line G201-8 (data not shown), we did detect two protein bands of
around 20 kDa for the full-length SIX1 lines G202-5, G202-8, G202-9, G202-11 and
G202-15, that are absent in the untransformed control line C32 (Fig. 2). Mature
Six1 has been previously identified as a 22 kDa protein in xylem sap of infected
tomato plants. The slowest migrating transgene-specific band is also ~22 kDa and
most likely corresponds to mature Six1 (i.e. without its signal peptide and
prodomain). The faster migrating band is ~19 kDa and could be the result of
proteolytic cleavage at the N- or C-terminal end of the 22 kDa fragment. We
continued with five lines that produce Six1 protein: two contain a single transgene
locus (G202-8 and G202-9) and three contain multiple transgene loci (G202-5,
G202-11 and G202-15) (Table 1A).

Figure 2. Transgenic tomato lines produce Fol Six1 protein. Protein was isolated from nine
independent T1 tomato lines containing full-length SIX1 (G202 lines). For each independent line, leaf
material of nine T1 plants was pooled. Proteins were seperated on an SDS-PAGE gel and a western
blot was performed with a Six1 antibody. C = untransformed C32 plant.

We also checked for the presence of Six4 in the G200 (full-length SIX4)
lines by western blotting, but did not see any transgene-specific band (data not
shown). The lack of transgene-specific bands on the western blot could be
because the protein was not stably produced or because the antibody is not
sensitive enough, although it is able to detect Six4 protein in xylem sap of Folinfected tomato plants (Fig. S1). We decided to see if there is expression of SIX4 in
leaves of the mature and full-length transformed lines by isolating RNA and
performing a RT-PCR with SIX4-specific primers, and TUBULIN primers as a
control. mRNA was detected in all mature SIX4 lines, but levels were much lower in
line G199-7 compared to the other lines (Fig. 3A). The five full-length SIX4 lines
that were tested also contained SIX4 mRNA (Fig. 3B). There was differential
transgene expression: the highest in G200-4 and the lowest in G200-21. We
continued with the following SIX4 transgenic lines: G199-1 to G199-4, G199-7,
G200-4, G200-9, G200-10, G200-14 and G200-21. Except for G199-7, which
contains multiple transgene loci, they all contain a single transgene locus and
express SIX4 (Table 1B).
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Figure 3. Transgenic tomato lines express Fol SIX4. A) RNA was isolated from five independent T1
tomato lines containing mature SIX4 (G199 lines). For each independent line, leaf material of nine T1
plants was pooled. As a negative control, leaf tissue from an untransformed C32 plant was used. A RTPCR was performed with SIX4- or TUBULIN (TUB)-specific primers. To check for contamination with
genomic DNA, the RT-PCR was performed with (+) and without (-) addition of Reverse Transcriptase
(RT). B) As A, except RNA was isolated from five independent, homozygous tomato lines containing
full-length SIX4 (G200 lines). No leaf material was pooled, instead one or two plants from the same line
were analysed, e.g. 4A and 4B. As a positive control, RNA isolated from Fol004 was used (pos); a water
control was added as a negative control (neg).

Tomato plants carrying full-length Fol SIX1 do not display a developmental
phenotype
T1 and T2 progeny of five independent lines expressing full-length SIX1 and a nontransformed C32 plant were grown in the greenhouse to check for developmental
phenotypes due to Six1 production. Three out of five lines (G202-5, G202-11 and
G202-15) developed similar to the control line, while two lines (G202-8 and G2029) produced progeny with a somewhat aberrant phenotype (Fig. 4 and Fig. S2).
Only two out of nine transgene-containing (based on PCR analysis) T1 plants
derived from line G202-8 developed abnormally: one did not develop any tomatoes
(#12) and another (#20) showed a ‘bushy’ phenotype (Fig. S2A) and delayed
flowering and tomato production, which persisted in the next generation. Since
seven of the nine G202-8 T1-plants tested did not show any phenotype, we
considered it unlikely that the phenotype seen in #12 and #20 are due to
expression of SIX1. In plants from line G202-9 flower and fruit development was
altered compared to the control line C32 (Fig. S2B-E). Some T1 plants developed
multiple flowers on one branch (Fig. S2B), while others developed no flowers at all
(Fig. S2D). While tomatoes from the parental line are more or less round, most
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tomatoes from T1 plants of line G202-9 had incisions (like a pumpkin) (Fig. S2E).
At this moment it is unknown whether the effects observed in G202-9 progeny lines
are due to the production of Six1 or rather the result of changes in endogenous
gene function or expression due to transgene integration in the genome. The latter
seems more likely, as no consistent plant developmental phenotype was observed
in multiple independent lines producing Six1. Therefore, the current data suggests
that Six1 does not alter plant development.
No transgene
C32
C32

full-length SIX1
G202-5 #3

full-length SIX1
G202-9 #8

G202-8 #5 (hetero)

G202-11 #1

G202-8 #20

G202-15 #2

Figure 4. Tomato plants carrying a full-length Fol SIX1 transgene do not show a consistent plant
developmental phenotype. Pictures were taken of four-week-old T2 tomato plants.

Tomato plants carrying Fol SIX4 do not show a developmental phenotype
To see whether Fol SIX4 has an effect on tomato development, we grew
homozygous T2 tomato plants constitutively expressing this effector gene in the
greenhouse and regularly checked for phenotypes. In total, we tested ten lines: five
containing mature SIX4 and five containing full-length SIX4. Nine out of ten lines
did not show a differential phenotype compared to the control line (nontransformed) C32 (Fig. 5); they showed normal growth rates and no abnormalities
in leaf-, flower- or fruit development were observed. Only line G199-1, expressing
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mature SIX4, showed a developmental phenotype (Fig. 5). Plants from this line
were very small and developed necrotic lesions (Fig. S3). As the other lines
expressing (mature) SIX4 did not show this phenotype, we assume it is a
transgene position-effect rather than an effect caused by SIX4. Therefore, we
conclude that tomato plants expressing SIX4 do not have a developmental
phenotype, when grown under standard conditions in the greenhouse.

Figure 5. Tomato plants carrying a Fol SIX4 transgene do not show a plant developmental
phenotype. Five independent lines are shown for plants carrying the mature SIX4 transgene (on the
left) and plants carrying the full-length SIX4 transgene (on the right). Pictures were taken of four-weekold homozygous T2 tomato plants.
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SIX4 expressed in tomato does not complement absence of SIX4 in Fol for
suppression of I-2-mediated disease resistance
Six4 contributes to Fol pathogenicity by suppressing I-2- and I-3-mediated
resistance (Houterman et al., 2008). To see whether the full-length SIX4 transgene
can complement the phenotype of a Fol race 1 SIX4-deletion strain (which does
not cause disease on I-2 or I-3 lines), we first crossed four independent
homozygous full-length SIX4 transgenic tomato lines with tomato line OT364,
which contains the I-2 resistance gene (Mes et al., 1999). The heterozygous F1
progeny of this cross was inoculated with Fol004, a race 1 strain that contains
SIX4, and with Fol004 ΔSIX4. Three weeks after inoculation plants were weighed
and given a disease score to evaluate whether I-2-mediated resistance was
suppressed. As expected, C32 plants, containing no Fol R genes, had a very low
weight and a high disease score after infection with either Fol004 or the SIX4
deletion strain (Fig. 6), which confirms that Six4 does not contribute to virulence on
susceptible plants (Houterman et al., 2008). OT364 plants and plants derived from
the control cross between C32 and OT364 had a lower weight and a higher
disease score when infected with Fol004 compared to infection with the deletion
strain, which confirms that Six4 is capable of suppressing I-2-mediated resistance.
Re-introduction of SIX4 in the deletion strain partially complemented the
suppression effect on OT364 plants. However, complementation was not observed,
when full-length SIX4 is expressed in planta, as plants derived from crosses
between SIX4-containing lines and OT364 behave similar to the control cross.
Thus, our current data suggests that full-length SIX4 is unable to suppress I-2mediated resistance when expressed from plant cells. This could, for example, be
due to a lack of (intracellular) Six4 protein, as in planta produced full-length Six4
(i.e. with signal peptide) is expected to be secreted outside the plant cell, while I-2
is an intracellular R protein (Houterman et al., 2009). Only recently, the mature
SIX4 lines have been crossed to OT364 and it would be interesting to also test
these.
Combination of full-length SIX4 and the I resistance gene in tomato plants
leads to a strong developmental phenotype
The tomato resistance gene I mediates resistance against Fol isolates containing
Six4 (also known as Avr1), hence against all race 1 isolates (Houterman et al.,
2008). The R gene encodes an LRR-RLP that most likely locates extracellular,
anchored in the plasma membrane (Catanzariti, In preparation). To test whether
SIX4 is functionally expressed in the transgenic tomato lines, and if so, to gain
more knowledge about the resistance response mediated by I, we decided to cross
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Figure 6. In planta expression of SIX4 does not suppress I-2 mediated resistance. Ten-day-old
tomato seedlings were root-inoculated with Fol and scored after three weeks. The F1 progeny of
crosses between OT364 (I-2-containing) and C32 (no I genes) carrying a full-length SIX4 transgene
(G200 lines) or untransformed, were inoculated. Plants were weighed (±SE) (A) and given a disease
index (B) ranging from 0 = a healthy plant to 4 = a heavily diseased plant. Fol004 ΔSIX4 = a six4
deletion strain. + SIX4 = the six4 deletion strain complemented with Fol SIX4. The experiment was only
performed once. Different letters indicate significant differences per treatment in the average weight
(ANOVA, p-value > 0.05, Tukey HSD post-hoc test). Per treatment, no significant differences in the
mean rank of the disease index scores were observed between the control cross C32 x OT364 and the
other crosses that contain full-length SIX4 (Kruskal-Wallis H test, p-value > 0.05).
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SIX4 transgenic lines with tomato cultivar MoneyMaker line GCR161, which
contains the I resistance gene (Mes et al., 1999). Homozygous plants from two
independent mature SIX4 lines (G199-2#32 and G199-4#2) and five independent
full-length SIX4 lines (G200-4#15, G200-9#10, G200-10#10, G200-14#7 and
G200-21#3) were used in this experiment. The F1 from crosses between the two
mature SIX4 lines and GCR161 yielded a normal phenotype similar to the F1 from
a control cross between GCR161 and non-transformed C32 (data not shown). As
mature SIX4 does not encode a protein with a signal peptide and therefore remains
intracellular and because the I protein most likely occurs extracellular, this
observation is not entirely unexpected.
Four out of the five crosses between GCR161 and full-length SIX4 also
yielded plants with a normal phenotype (data not shown). Only the cross between
GCR161 and G200-4#15 resulted in plants with an abnormal phenotype. F1 plants
derived from this cross were stunted and showed delayed acropetal chlorosis
followed by necrosis. (Fig. 7A-B). Interestingly, line G200-4#15 is the one showing
highest expression of SIX4 (Fig. 3). If a certain threshold of Six4 is needed together
with the I protein to bring about a clearly visible response, this could explain why
only this cross resulted in progeny with an aberrant phenotype. This idea prompted
us to analyze crosses with line G200-4#15 in more detail.
R-gene mediated resistance responses can be temperature-sensitive (de
Jong et al., 2002; Hwang et al., 2000; Wang et al., 2009; Whitham et al., 1996;
Xiao et al., 2003). An example is the tomato R-gene Cf-9, which mediates
resistance to races of the fungus Cladosporium fulvum expressing AVR9; the Cf9/AVR9-mediated defense responses are suppressed at elevated temperatures (de
Jong et al., 2002; Li et al., 2016). Like the I gene, Cf-9 encodes an LRR-RLP. To
test whether elevated temperatures also affect the phenotype of the F1 progeny of
our cross, plants were grown at 33°C in the greenhouse. As clearly can be seen in
Figure 7, the phenotype observed at 25°C (A and B) became more severe at 33°C
(C and D). Thus either the I gene mediated response is not temperature-sensitive,
or I is not responsible at all for the observed phenotype.
Besides the I gene - introgressed in tomato from S. pimpenellifolium another resistance gene mediating resistance to race 1 Fol isolates has been
described, I-1, that has been introgressed from S. pennelli (Sarfatti et al., 1991). If
I-1 and I function in a similar manner, a similar phenotype might be expected of
progeny of a cross between line G200-4#15 and tomato line 90E402F that contains
I-1 (Mes et al., 1999). F1 plants from this cross indeed showed a similar phenotype
as progeny of the cross between G200-4#15 and GCR161 at both 25°C and 33°C
(Fig. S4).
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Figure 7. F1 tomato plants containing the I resistance gene and a SIX4 transgene have a strong
developmental phenotype. A) The tomato cultivar GCR161, containing the I gene, was crossed to the
tomato cultivar C32 containing a SIX4 transgene (G200-4 #15) (plant on the left) or to C32 without
transgene (plant on the right), as a control. Pictures are shown of six-week-old heterozygous F1 tomato
plants. B) As A, except plants are eleven-week-old. C) As A, except plants were placed in a greenhouse
compartment set at 33°C and 90% relative humidity (RH) after germination. Unfortunately,
measurements of RH in the compartment showed that it was only ~30%. D) Close-up of cross between
GCR161 and C32 containing SIX4 plant shown in C.
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Segregation analysis
Our previous observations suggest that the observed phenotype of F1 progeny of
crosses between one of the SIX4 expression lines and an I (or I-1) containing line
is due to the combination of Six4 and the I protein. If so, the phenotype should
segregate according to Mendelian laws of inheritance in the F2 progeny. The F1
plants from both crosses produced some seed-containing tomatoes. We proceeded
to study the F2 progeny from the cross between G200-4#15 and GCR161. The F2
segregated into four phenotypes (Fig. 8), ranging from a dying seedling (class 1) to
a healthy plant (class 4). While the leaves from all F1 and phenotype-showing F2
plants (class 1-3) curled inwards and/or showed chlorotic and necrotic spots (Fig.
S5), no root necrosis was observed macroscopically (Fig. S6). The segregation into
four phenotypic classes suggests the segregation of two traits/genes.

Figure 8. F2 tomato plants from a cross between a plant containing the Solyc11g011180
introgression and a plant containing the SIX4 transgene show a range of developmental
phenotypes. F1 plant of the cross between GCR161 and C32 containing a SIX4 transgene (G200-4
#15) was selfed. The progeny segregated into four phenotypes or classes, from left to right: 1) a dying
seedling, 2) a severely stunted, chlorotic and necrotic plant, 3) a stunted plant with curling basal leaves
(similar to the F1 phenotype) and 4) a healthy plant. Picture was taken of six-week-old F2 plants.
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To determine whether the developmental phenotypes are indeed caused
by the combination of two genes, notably SIX4 and the I gene, co-segregation of
the phenotypes with these two genes was assessed by PCR on gDNA from 90 F2
seedlings. Transgene-specific primers (Table S2) were used to detect the presence
of SIX4, while the introgression marker CAPS 21040, developed by (GonzalezCendales, 2014), was used to assess the presence of the I gene (Fig. 9 and Table
S1). The CAPS marker detects a SNP in the gene Solyc11g011090, which is
located close to Solyc11g011180, which has recently been identified as the I gene
(Catanzariti, In preparation). Both genes were introgressed together into GCR161
and therefore the CAPS marker can be used to distinguish between the C32 (no I
gene) and GCR161 (I) background. PCR with the CAPS primers results in a 685
basepairs (bp) fragment, which cannot be digested with BglII in the C32
background (lane C in Fig. 9), while it is digested in two fragments of ~340 bp in
the GCR161 background (lane G in Fig. 9). In a heterozygous plant a 685 bp band
and a ~340 bp band is visible (lane CxG in Fig. 9). PCR analysis indicated that all
F2 plants with an abnormal phenotype indeed contained both the I introgression
and the SIX4 transgene, except for plant #56 (further discussed below). At the
same time, all healthy looking plants (class 4) lacked either one of the two markers
or both (Table 2 and Table S1). The segregation analysis shows that the Imediated response to Six4 is semi-dominant, as on average, plants homozygous
for I showed a more severe phenotype than heterozygous plants (Table 2). While
the PCR with SIX4-specific primers does not differentiate between homozygous
and heterozygous plants, the segregation data do suggest that plants homozygous
for SIX4, show a more severe phenotype; as SIX4-containing plants homozygous
for I segregate into two developmental classes (1 and 2), as do SIX4-containing
plants heterozygous for I (classes 2 and 3) (Table 2). This observation is in line
with our idea that phenotype development is dependent on high levels of SIX4
expression.
The analysis of one F2 plant, notable #56, did not fit the segregation
pattern since this plant showed a phenotype similar to that observed in F1 plants,
whereas PCR analysis using introgression marker CAPS 21040 suggested that the
plant was homozygous recessive for I. We considered that this could be due to a
recombination event between the introgression marker and the actual I gene. This
was tested by amplifying part of the Solyc11g011180 gene from gDNA by PCR
followed by sequencing. This showed that F2 plant #56 was in fact heterozygous
for Solyc11g011180 (Fig. 10 and Fig. S7), explaining the observed phenotype.
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Figure 9. Presence of the SIX4 transgene and the I resistance gene in F2 tomato plants. A) The
cross between cultivars C32 containing SIX4 (G200-4 #15) and GCR161 containing the I gene was
selfed. Genomic DNA was isolated from 90 F2 tomato plants and a PCR was performed with primers on
SIX4 to determine the presence of the transgene. The following controls were included: C = C32, CxG =
F1 plant C32 x GCR161, G = GCR161, S = C32 transformed with full-length SIX4 (line G200-4#15),
SxG = F1 plant C32 + full-length SIX4 (line G200-4#15) crossed to GCR161 and x = no DNA added.
Samples 12, 14, 21, 24, 25, 36, 39, 42, 47, 48, 50, 52, 64, 69, 70, 72, 74, 76, 78, 80, 85, 87, 88, 89
were repeated, because the first result was unclear. The result of the second experiment is shown for
these samples and the controls. Plants that gave weak bands at different heights are indicated by red
numbers and were counted as not containing SIX4. Plant 21, shown in white with a black box, was not
counted as the PCR for the I gene resulted in no bands, indicating low DNA quality. B) As A, except
CAPS markers 21040 were used. These detect a SNP in the Solyc11g011090 gene and were used to
assess the presence of the I gene (Solyc11g011180). Plant 56, indicated by a red box, has a phenotype
that is not in agreement with absence of the I gene in this plant.
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Table 2. Phenotype and genotype of F2 plants segregating for SIX4 and I. Phenotypes (as shown
in Fig. 9): 1 = dying seedling, 2 = severely stunted, chlorotic and necrotic plant, 3 = stunted plant with
curling basal leaves (F1 phenotype), 4 = healthy plant. Genotypes (based on Fig. 10): S/s =
presence/absence SIX4 transgene, I/i = presence/absence I resistance gene. F2 plant #56 indicated in
grey.

Figure 10. F2 plant #56 from the cross between an I containing cultivar and a SIX4 transgenic
tomato line is heterozygous for Solyc11g011180. Genomic DNA (gDNA) was isolated from F2 plant
#56, from a cross between GCR161 (an I containing cultivar) and line G200-4 #15 (carrying a full-length
SIX4 transgene), and part of the Solyc11g011180 gene was sequenced. As a reference, gDNA from
C32 (containing no I gene) and GCR161 was also sequenced. The picture shows the sequence of
nucleotide 2277-2323 counting from the ATG start site. Grey boxes indicate single nucleotide
polymorphisms between C32 and GCR161. See figure S7 for an alignment of the entire sequenced
fragment.
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Discussion
During plant-pathogen interactions multiple effectors are secreted simultaneously
by the pathogen, which makes it difficult to elucidate contributions by individual
effectors. In planta expression of a single effector gene circumvents this problem.
In this chapter, the generation of transgenic tomato plants constitutively expressing
either Fol SIX1 or Fol SIX4 is described. Several independent lines transgenic for
full-length SIX1, mature SIX4 or full-length SIX4 were obtained, and no consistent
effect on plant development due to effector gene expression was observed.
However, a cross between the full-length SIX4 transgenic line with the highest
SIX4 mRNA level and an I-containing cultivar resulted in small F1 plants that
showed chlorotic and necrotic lesions. The phenotype was heritable into F2 and
seems to be a semi-dominant trait, dependent on the presence (and level of
expression) of both SIX4 and I.
Most effector gene-expressing lines did not show a phenotype and
therefore give no clue about possible manipulation of plant processes by Six1 or
Six4. It could be that the effectors only cause a phenotype under certain conditions,
for example upon infection with a pathogen. However, there seems to be at least
another reason, as in planta expression of full-length SIX4 did not complement the
phenotype of a Fol six4 deletion strain. Other reasons could be that transgene
expression is too low or does not coincide with the presence of the effector
target(s).
Unfortunately, no mature Six1 protein-producing transgenic lines were
obtained. This could be a coincidence or it could be that constitutive expression of
mature SIX1 using the 35S promotor is lethal to tomato plants. If this were true, an
inducible or a tissue-specific promotor could solve this problem. Expression of
transgenic full-length SIX1 is not lethal, as five independent SIX1-expressing lines
were obtained.
Only a cross between the highest expressing full-length SIX4 line and a
cultivar containing the I gene (SIX4/I) resulted in a constitutive defense phenotype,
characterized by stunted plants that show chlorosis and necrosis. Crosses with the
same I-containing cultivar and six other SIX4 lines (four full-length and two mature)
did not result in any phenotypic abnormalities in their F1 progeny. If the observed
phenotype is indeed dependent on SIX4 and I, the fact that only one out of six
crosses gives a phenotype seems unlikely. A single cross with a phenotype rather
suggests that the phenotype is the result of endogenous gene disturbance by
transgene insertion into the genome. However, the SIX4 line that was used for the
cross does not show a phenotype in its original background, a cultivar that does not
contain any I genes (Fig. 5). We propose that the other full-length SIX4-expressing
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lines did not produce enough Six4 protein to trigger a phenotypic response. This is
supported by our observation that F2 plants of the SIX4/I cross, which are
homozygous for I, segregate into two distinct phenotypes (Table 2), most likely
dependent on whether the plant is heterozygous or homozygous for the SIX4
transgene. It would be interesting to see whether these crosses do show a
phenotype in the F2, when either the I gene or the SIX4 gene or both are present in
a homozygous state. We also did not observe a phenotype in our crosses with the
two mature SIX4 lines, even though expression in these lines was higher than in
the highest full-length SIX4-expressing line (Fig. 3). This suggested to us that
intracellular Six4 might not be able to trigger defense responses, because it is
recognized outside the cell by its cognate resistance protein. This is in accordance
with the recent identification of the I resistance gene as Solyc11g011180, an LRRRLP (Catanzariti, In preparation).
Crosses between the highest expressing full-length SIX4 line and cultivars
containing either the I gene or the I-1 gene resulted in small F1 plants that showed
acropetal chlorosis and necrosis. The F1 plants of both crosses are exact
phenocopies, which makes it tempting to speculate that I and I-1 are the same
(type of) gene. The phenotype also resembles the M205 phenotype described for
Cf-9, which like I also encodes an extracytoplasmic LRR-RLP protein and confers
resistance to the leaf mold fungus Cladosporium fulvum (Barker et al., 2006). One
difference is that the M205 phenotype is suppressed at elevated temperatures,
while the SIX4/I phenotype became more severe. We did note that the relative
humidity in our experiment was low (~40%), which may have caused the plants to
be cooler than the environment due to evaporation of water. Plants from the SIX4/I
cross could be used in future experiments, for example xylem sap proteomics or
RNA-sequencing, aimed at elucidating the cellular mechanisms leading to Imediated resistance.
The F1 progeny of crosses between AVR2-expressing and I-2-containing
tomato lines shows a different phenotype compared to the SIX4/I phenotype
described in this chapter. F1 AVR2/I-2 plants start to develop small necrotic lesions
after the seedling stage (Ma, 2012), when necrosis is still absent from SIX4/I
plants. After almost four weeks AVR2/I-2 plants are not stunted, but instead are
very fragile with a smaller canopy and a low weight. Finally, these plants develop
flowers, but do not set seed. Some of these differences could reflect differences in
signaling between the CC-NB-LRR I-2 and the LRR-RLP I and therefore it would be
interesting to compare transcriptomics, proteomics or metabolomics data of the
different crosses.
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Material and methods
Tomato growth conditions
Tomato plants were grown in the greenhouse under a 12-hour photoperiod in a
(heated, but not cooled) compartment set at 20°C and 60% relative humidity,
unless indicated otherwise.
Vector construction and preparation
All primers used in this study are listed in supplemental Table 2 and were ordered
at Eurofins MWG operon. PCRs for cloning purposes were performed with Pfu
DNA polymerase or Phusion high fidelity DNA polymerase according to
manufacturer instructions. Other PCRs were performed with Dream Taq DNA
polymerase. All DNA polymerases and restriction enzymes were obtained from
Fisher Scientific.
Four constructs were made to transform tomato (Signal Peptide = SP and
ProDomain
=
PD):
SLDB3104::FolSIX1,
SLDB3104::FolSIX1ΔSPΔPD,
SLDB3104::FolSIX4Δintron and SLDB3104::FolSIX4ΔSPΔPD. The generation of
the SIX1 constructs is described in chapter 3. The intronless full-length and mature
Fol SIX4 constructs including stop codons were PCR amplified from cDNA of race
1 infected tomato roots using primers FP2796 and FP2576, FP2644 and FP2576,
respectively. The PCR products and plasmid SLDB3104 (Tameling et al., 2010)
were digested with XbaI and BamHI. Each insert was ligated separately into the
digested plasmid using T4 ligase (Thermo Fisher Scientific) to obtain the four
constructs described above. The constructs were sequence-verified and then
introduced into Agrobacterium tumefaciens strain EHA105 by electroporation.
Tomato transformation
To express full-length Fol SIX1, mature (e.g. without signal peptide and without
prodomain) Fol SIX1, intronless full-length Fol SIX4 and mature Fol SIX4 in tomato,
plants
were
transformed
with
constructs:
SLDB3104::FolSIX1,
SLDB3104::FolSIX1ΔSPΔPD,
SLDB3104::FolSIX4Δintron
and
SLDB3104::FolSIX4ΔSPΔPD, respectively. Fol susceptible tomato cultivar C32
was transformed by co-cultivation with EHA105 containing the above mentioned
constructs, essentially as described in (Cortina and Culianez-Macia, 2004).
Plantlets that had formed roots were potted into soil and placed in the greenhouse.
To confirm presence of the transgene a PCR was performed on gDNA to detect
SIX1, SIX4 or TUBULIN (as a DNA quality control) with primers: FP362 and
162!!

In planta expression of SIX4 activates I gene

FP2584, FP2798 and FP4404, FP2147-FP2148, respectively. The number of
transgene loci carried by each independent line was determined by segregation
analysis in T1 and T2 plants.
Protein extraction and western blot
Total protein extract was isolated from leaf material. The tissue was grinded in
liquid nitrogen and then two ml extraction buffer (25 mM Tris pH 8.0, 150 mM NaCl,
0.1% NP-40, 1 mM EDTA, 5 mM DTT, 1x complete protease tablette (Roche), 2%
PVPP and 10% v/v glycerol) was added for each gram of tissue. Samples were
centrifuged at 12000xg at 4°C for 30 minutes (’), the supernatant was transferred
and centrifuged for another 15’. Loading dye was added to the supernatant and
samples were boiled at 99°C for 5’. Proteins were separated on a 14% SDS/PAGE
gel at 200 V. Proteins were transferred onto PVDF membranes by semi-dry
blotting. Membranes were blocked with 5% ELK in Phosphate-Buffered Saline
containing 0.1% Tween (PBST). Six1 was detected using a 1:10.000 dilution of a
home-made antibody (20731, raised against GST_SIX1ΔSP in a rabbit) in 1xPBST
that also contained 300 µl of C32 protein extract to reduce background. As a
secondary antibody, a 1:5000 dilution of a goat-@rabbit antibody (Pierce P31460)
in 1xPBST was used. The signal was detected using Enhanced
ChemiLuminescence (ECL Plus Western blotting detection system (GE
Healtcare)).
RNA isolation and RT-PCR
To check SIX4 expression RNA was isolated from homozygous T2 plants using
TRIzol, followed by RNA cleanup using the Qiagen RNeasy kit. gDNA was
removed by DNase I (ThermoFisher Fermentas) treatment followed by cDNA
synthesis using the Thermo Scientific RevertAid H minus first strand cDNA
synthesis kit. Transgene expression was determined by RT-PCR with primers
FP2798 and FP4404 to detect SIX4 and FP2147-FP2148 to detect α-TUBULIN
using PCR program: 94°C 5’, 30x (94°C 30 seconds (’’), 55°C 30’’, 72°C 1’), 72°C
10’.
!
Fusarium disease assay
Ten-day-old tomato seedlings were challenged with Fusarium. Fol was grown in
liquid NO3 (0.17% yeast nitrogen base, 3% sucrose, 100 mM KNO3) medium
shaking at 150 rpm at 25°C for three to five days. Spores were collected by
passing the culture over a Miracloth filter. Spores were washed with mQ and
7
diluted to 1*10 spores/ml in mQ. Plants were root-dip inoculated for 5’ in mQ
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(mock) or in a spore suspension of Fol004, Fol004 ΔSIX4 or Fol004 ΔSIX4
complemented with Fol SIX4. Plants were grown at 25°C without artificial light.
Three weeks after inoculation plants were photographed (data not shown), plant
weight above the cotyledons was measured and a disease index was given: 0 = no
symptoms, 1 = one brown vascular bundle in the stem at the level of the
cotelydons, 2 = two brown vascular bundles in the stem at the level of the
cotelydons, 3 = three or more brown vascular bundles in the stem at the level of
the cotelydons and growth distortion (strong bending of the stem and asymmetric
development), 4 = all vascular bundles in the stem at the level of the cotelydons
are brown, plant is death or small and wilted. The experiment was performed only
once with 20 plants/treatment.
Detection of transgenic SIX4 and the I resistance gene
gDNA was isolated from two-week-old seedlings by grinding a small leaf punch in
20 µl 0.5 M NaOH followed by the addition of 480 µl 100 mM Tris pH 8.0. The
sample was centrifuged to pellet any debris and 10 µl of the supernatant was used
for PCR. Part of SIX4 and Solyc11g011090 were amplified by Dream Taq
polymerase (Fermentas) with primers FP2798 and FP4404, FP6298-FP6299,
respectively, using the following PCR program: 94°C 5’, 40x (94°C 30’’, 55°C 30’’,
72°C 1’), 72°C 5’. The SIX4 PCR product was immediately loaded on a 2%
agarose gel, while the Solyc11g011090 PCR product was first digested with BglII
(Fermentas) for two hours. For F2 plant 56 part of the actual I gene
(Solyc11g011180) was PCR amplified and sequenced with primers FP6625 and
FP6626.
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Supplementary data

Figure S1. Validation of Six4 polyclonal antibody. Proteins isolated from xylem sap of mock- and
Fol004 (Fol)-inoculated tomato plants were separated by SDS-PAGE, followed by immunoblotting and
protein detection with -Six4. The expected size after removal of the signal peptide (SP) is ~24 kDa, a
band ~20 kDa is expected for the Six4 protein lacking its SP and its KEX prodomain. Other bands are
possibly the result of proteolytic processing in the xylem sap.
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A)

B)

G202-9 #3

G202-8 #20 (6 weeks old)

D)

C)

E)

G202-9 #9

C32

C32
G202-9 #3

Figure S2. Developmental phenotypes of tomato plants carrying full-length Fol SIX1. A) Picture of
six-week-old T1 plant #20 from independent line G202-8, transformed with full-length SIX1. B) Picture of
abnormal flower development in T1 plant G202-9 #3, transformed with full-length SIX1. C) Picture of
normal flower development in C32 plant. D) No flower production in T1 plant G202-9 #9, transformed
with full-length SIX1. E) Tomatoes produced by T1 plant G202-9 #3, transformed with full-length SIX1,
show a ‘pumpkin’ phenotype.

A)

B)

G199-1 #17

C32

G199-1 #17

C32

Figure S3. A transgenic tomato line carrying mature SIX4 has a dwarf phenotype and develops
necrotic lesions. A) Picture of T1 plant G199-1 #17 (on the left) and non-transformed C32 (on the
right). Picture was taken of nine-week-old tomato plants. B) Picture of leaves from T1 plant G199-1 #17
(on the left) and non-transformed C32 (on the right).
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A)

B)

6 weeks
F1
25°C

C32 + full-length SIX4
x
90E402F (I-1)

C32
x
90E402F (I-1)

6 weeks
F1
33°C

C32 + full-length SIX4
x
90E402F (I-1)

C32
x
90E402F (I-1)

Figure S4. F1 tomato plants containing the I-1 introgression and a SIX4 transgene have a strong
developmental phenotype. A) The tomato cultivar 90E402F, containing the I-1 gene, was crossed to
the tomato cultivar C32 containing a SIX4 transgene (G200-4 #15) (plant on the left) or to C32 without
transgene (plant on the right), as a control. Pictures are shown of six-week-old heterozygous F1 tomato
plants. C) As A, except plants were placed in a greenhouse compartment set at 33°C and 90% relative
humidity (RH) after germination. Unfortunately, measurements of RH in the compartment showed that it
was only 30%.
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A)

C32

GCR161

G200-4-15

C32 x GCR161

1 (#83)

2 (#87)

3 (#38)

4 (#34)

1 (#83)

2 (#87)

3 (#38)

G200-4#15 x GCR161

G200-4#15 x GCR161

B)

C)

Figure S5. F1 and F2 tomato plants from a cross between a plant containing the Solyc11g011180
introgression and a plant containing the SIX4 transgene show acropetal leaf chlorosis and
necrosis. A) Second leaf from F1 plants from a cross between C32 (no I genes) and GCR161 (I gene),
a cross between G200-4 #15 (full-length SIX4) and GCR161 and from the parental lines. All pictures
were taken of seven-week-old plants using the same magnification. B) Second leaf from F2 plants from
a cross between G200-4 #15 and GCR161. Leaves are shown from all four classes (see figure 9). All
pictures were taken of seven-week-old plants using the same magnification. C) Higher magnification
pictures of leaves that show a developmental phenotype.
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A)

C32

GCR161

G200-4-15

C32 x GCR161

1 (#83)

2 (#87)

3 (#38)

4 (#34)

G200-4#15 x GCR161

B)

Figure S6. F1 and F2 tomato plants from a cross between a plant containing the Solyc11g011180
introgression and a plant containing the SIX4 transgene do not show macroscopical root
necrosis. A) Roots from F1 plants from a cross between C32 (no I genes) and GCR161 (I gene), a
cross between G200-4 #15 (full-length SIX4) and GCR161 and from the parental lines. All pictures were
taken of seven-week-old plants using the same magnification. B) Roots from F2 plants from a cross
between G200-4 #15 and GCR161. Roots are shown from all four classes (see figure 9). All pictures
were taken of seven-week-old plants using the same magnification.
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C32 (no I)
F2 #56
GCR161 (I)

TTAAAACATGTGTATTTGAGTAAAAACAAGCTACAAGGGGAATTCAACATGTTCTCAAACTCAGG
TTAAAACATGTGTATTTGAGTAAAAACAAGCTACAAGGGGAATTCAACATGTTCTCAAACTCAGG
TTAAAACATGTGTATTTGAGTAAAAACAAGCTACAAGGGGAATTCAACATGTTCTCAAACTCAGG

C32 (no I)
F2 #56
GCR161 (I)

ATTAAGAGTGTTGGATCTCGGAGATAACAACTTCAGTGGTTCCATTCCAAAATGGTTGGGAAGTT
ATTAAGAGTGTTGGATCTCGGAGATAACAACTTCAGTGGTTCCATTCCAAAATGGTTGGGAAGTT
ATTAAGAGTGTTGGATCTCGGAGATAACAACTTCAGTGGTTCCATTCCAAAATGGTTGGGAAGTT

C32 (no I)
F2 #56
GCR161 (I)

ATGGTATAATTACCTTACTTTTGAAAGGAAATAATCTTCAAGGCACCATTCCCACAGAATTGTGTC
XTGGTATAATTACCTTACTTTTGAAAGGAAATAATCTTCAAGGCACCATTCCCACAGAATTGTGTC
CTGGTATAATTACCTTACTTTTGAAAGGAAATAATCTTCAAGGCACCATTCCCACAGAATTGTGTC

C32 (no I)
F2 #56
GCR161 (I)

TTGCTAGTGACTTGAGAATTATGGATCTTTCTCACAATAATCTCTCGGGACCTATTCCTTGTTGCT
XTGCTAGTXACTTGAGAATTATGGATCTTTCTCACAATAATCTCTCXGGACCTATTCCTXGTTGCT
ATGCTAGTTACTTGAGAATTATGGATCTTTCTCACAATAATCTCTCAGGACCTATTCCTCGTTGCT

C32 (no I)
F2 #56
GCR161 (I)

TTGGAAACATAATGCAACAAGAAGATCTCATAGAAGCATACCCATACAGTTCATCATTTGGATCTT
TTGGAAACATAATGCAACAAGAAGATXTCATAGAAXXATACCCATACAGTTCATCATTTGGATCTT
TTGGAAACATAATGCAACAAGAAGATATCATAGAACTATACCCATACAGTTCATCATTTGGATCTT

C32 (no I)
F2 #56
GCR161 (I)

CAGTATTCGAGACGTTTGGAGGAGACACTGCGATAGAGGTAGAAGACTCGATCAGGTCTTCATC
CAGTATTCGAGACGTTTGGAGGAGACACTGCGATAGAGGTAGAAXXCTCGATCAXGTCTTCATC
CAGTATTCGAGACGTTTGGAGGAGACACTGCGATAGAGGTAGAATCCTCGATCATGTCTTCATC

C32 (no I)
F2 #56
GCR161 (I)

AACAATAATGTTACTAGATAACTATGTATGGGTTGGAGCAGAATTTATGACCAAACACAATACATA
AACAXTAXTGTTXCTAGATAACTATGTATGGGTTGGAGCAGAATTTATGACCAAACACAATACATA
AACATTATTGTTGCTAGATAACTATGTATGGGTTGGAGCAGAATTTATGACCAAACACAATACATA

C32 (no I)
F2 #56
GCR161 (I)

TTCCTATGAAGGTAGCATTGTTGACTATATGTCTGGAATTGATCTTTCTTGCAACCAGTTAAGTGG
TTCCTATGAAGGTAGCATTGTTGACTATATGTCTGGAATTGATCTTTCTTGCAACCAGTTAAGTGG
TTCCTATGAAGGTAGCATTGTTGACTATATGTCTGGAATTGATCTTTCTTGCAACCAGTTAAGTGG

C32 (no I)
F2 #56
GCR161 (I)

TCACATACCTAAGGAACTCAGTAATCTTACTCAAATTCGTGCGTTGAA
TCACATACCTAAGGAACTCAGTAATCTTACTCAAATTCGTGCGTTGAA
TCACATACCTAAGGAACTCAGTAATCTTACTCAAATTCGTGCGTTGAA

Figure S7. F2 plant #56 from the cross between an I containing cultivar and a SIX4 transgenic
tomato line is heterozygous for Solyc11g011180. Genomic DNA (gDNA) was isolated from F2 plant
#56, from a cross between GCR161 (an I containing cultivar) and line G200-4 #15 (carrying a full-length
SIX4 transgene), and part of the Solyc11g011180 gene was sequenced. As a reference, gDNA from
C32 (containing no I gene) and GCR161 was also sequenced. The picture shows the sequence of
nucleotide 2046-2323 counting from the ATG start site. Grey boxes indicate single nucleotide
polymorphisms between C32 and GCR161. X in F2 #56 sequence indicates double peak (two different
nucleotides, one corresponding to the C32 nucleotide and one corresponding to the GCR161
nucleotide) in sequencing data.
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Table S1. Overview PCR results and phenotype F2 tomato plants. S? = homozygous or
heterozygous for SIX4, ss = homozygous absence SIX4, II = homozygous dominant I resistance gene,
Ii = heterozygous I resistance gene, ii = homozygous recessive i resistance gene, * = weak band
(different heights) visible on gel, ** = heterozygous Solyc11g011180 (Fig. 10 + S7), grey sample = result
second PCR experiment shown, black box = PCR failed.
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Table S2. Primers used in this study.
FP362

CCCCGAATTGAGGTGAAG

FP2147

CAGTGAAACTGGAGCTGGAA

FP2148

ATAGTGGCCACGAGCAAAG

FP2576

AAAAGGATCCCTAAGCTAAGTTAAGTGTACC

FP2584

AACTTAGTGTGGGCTGGTATA

FP2644

AAAATCTAGAATGTCTGCTCATACCGAGTCTGT

FP2796

AAAATCTAGAATGAATCTCAAGGCACTCGTT

FP2798

TCTGCTCATACCGAGTCTGT

FP4404

CTAAGCTAAGTTAAGTGTACCTTGAATGC

FP6298

CCCAAGAAGTTATCCGATGC

FP6299

TTCCAAGCAGCATTTGTGAG

FP6625

GTAGTTTCCGAGACTTAAAAC

FP6626

GGTTGTGTGACAAGTTCAAC
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Fusarium wilt occurs in over a hundred plant species, including crops like cotton,
melon, banana, cucumber and tomato (Michielse and Rep, 2009). Over the years,
the interaction between tomato and Fusarium oxysporum f. sp. lycopersici (Fol),
the causal agent of Fusarium wilt in tomato, has become a model system to study
the molecular basis of disease susceptibility and resistance (Takken and Rep,
2010). This has led to the identification of several Resistance (R) genes in tomato,
called I for Immunity (Catanzariti et al., 2015; Catanzariti, In preparation; GonzalezCendales et al., 2016; Ori et al., 1997; Simons et al., 1998). For three of these
genes (I(-1), I-2 and I-3) the corresponding fungal avirulence gene is known:
Secreted In Xylem 4 (SIX4), AVR2 and SIX1 (Houterman et al., 2009; Rep et al.,
2005; Rep et al., 2004). In total, fourteen Six proteins have been identified and a
role in fungal virulence has been shown for several of them (Gawehns et al., 2014;
Houterman et al., 2008; Houterman et al., 2007; Ma, 2012; Rep et al., 2004;
Schmidt et al., 2013). Thus, we have come a long way in identifying plant and
fungal components with a role in immunity in Fusarium wilt disease of tomato.
However, as the Six proteins of Fol do not resemble any proteins with a known
function nor contain recognizable domains, it remains a mystery how they
contribute to fungal virulence. To begin to unravel this mystery, the main part of this
thesis focuses on identifying host targets of Fol effectors and elucidate the function
of the Six proteins. Here, I will discuss the role of timing and localization of effector
secretion, the methods that can be used to identify effector targets and their
application in plant breeding. Finally, I will discuss the current knowledge on tomato
resistance responses against Fol.

At the right time, at the right place?
Fol can be classified as a hemibiotrophic pathogen, because during the early
phases of infection it colonizes root tissue without causing (extensive) cell death,
while later it switches to a necrotrophic lifestyle, growing and feeding on dead
tissue. This means that initially Fol has to suppress cell death, while later plant cell
death is triggered. The fungus Colletotrichum (C.) higginsianum, which infects the
model plant Arabidopsis thaliana (Arabidopsis), also has a hemibiotrophic lifestyle.
Expression profiling during different stages of C. higginsianum infection has shown
that putative effectors from this pathogen are expressed in waves correlated with
lifestyle stages (Kleemann et al., 2012). During the early stages effectors are
secreted that are able to suppress cell death, while later necrosis-inducing factors
are produced. It will be interesting to see if a similar mechanism applies for Fol.
One of the effectors that we used to identify host targets, Six1, is expressed
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already during penetration of the root cortex (van der Does et al., 2008). This early
expression suggests it plays a role in the biotrophic interaction between Fol and
tomato. We did not test when Six4 is expressed during infection, but its
suppression of I-2- and I-3- mediated resistance (Houterman et al., 2008) also
suggests a function during biotrophic fungal growth. Effector Six8, on the other
hand, has been shown to enhance INF-1-mediated cell death (Gawehns, 2014),
possibly pointing to a role in switching to a necrotrophic growth stage. Host targets
of effectors involved in ‘early’ phases of pathogen growth most likely are more
interesting breeding targets, as they would suppress infection at an early stage.
Six proteins were first identified in xylem sap of Fol-infected tomato plants
(Houterman et al., 2007), which shows that they are secreted by the fungus into the
apoplast. So far, most single SIX gene deletion strains show reduced virulence on
either susceptible or resistant plants (Gawehns et al., 2014; Houterman et al.,
2008; Houterman et al., 2009; Rep et al., 2004), which shows that they are actual
effectors and suggests that there is no full redundancy between them. In effector
biology, effectors are distinguished by their localization: those that are taken up by
the plant cell (intracellular effectors) and those that stay in the apoplast (apoplastic
effectors). Using confocal imaging it was shown that RFP-tagged Fol Avr2
accumulates in small dots next to hyphae that grow between cortical cells (Ma,
2012; Ma et al., 2013). However, due to limited resolution the exact location
remained unsure. No intracellular RFP fluorescence was observed in this
experiment. However, the intracellular recognition of Avr2 by I-2 does imply that
some effectors are taken up by plant cells (Houterman et al., 2009). The
identification of cytoplasmic or nuclear host proteins as putative effector targets,
like sHSPs, GAD and TPL, also favors uptake of Six1, Six4 and Six8 (Chapter 2-4).
On the other hand, Six1 and Six4 are recognized by a Receptor-Like Kinase (RLK)
and a Receptor-Like Protein (RLP), respectively, suggesting extracellular
recognition (Catanzariti et al., 2015; Catanzariti, In preparation). While we do not
know any examples of effector proteins that are recognized extracellularly and
exert their virulence function intracellularly, we cannot exclude this possibility. It will
be important to perform higher resolution microscopy of Fol effectors during
infection combined with uptake assays of the Six proteins, to shed some light on
this issue.
If Fol effectors are indeed translocated into the cytoplasm, they would have
to pass the plant cell wall and plasma membrane of living tomato cells. Entry of
fungal and oomycete effector proteins into living plant cells is a heavily debated
topic (Petre and Kamoun, 2014). Autonomous cell entry mediated by phospholipid
binding has been proposed, but has also been challenged (Kale et al., 2010; Petre
and Kamoun, 2014). Fol Avr2 contains a RIYER sequence motif (Kale et al., 2010),
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a counterpart of the oomycete RXLR motif, which has been proposed to be
involved in cell entry (Whisson et al., 2007). It has been shown that recombinant
Fol Avr2 can be taken up by root cells and mutations in the RIYER motif prevent
this uptake (Kale et al., 2010). However, there are doubts about the specificity and
reproducibility of this assay (Petre and Kamoun, 2014). Live-cell imaging of
Magnaporthe oryzae infecting rice (Oryza sativa) cells showed the formation of a
structure, named the Biotrophic Interfacial Complex (BIC), at the tip of invading
hyphae and the translocation of effector proteins from this structure to the host
cytoplasm (Khang et al., 2010). Furthermore, intercellular trafficking of effector
proteins was observed in this system and has been proposed to proceed via
plasmodesmata. Interestingly, a Bimolecular Fluorescence Complementation
(BiFC) assay has shown the formation of punctate Fol Avr2/Six5 heterodimers at
cell edges (Ma et al., 2015), which could be plasmodesmata. This opens the
possibility that Fol effectors can also travel between cells.

How to identify host targets of effector proteins?
The identification of host targets of effector proteins can contribute significantly to
our understanding of plant-pathogen interactions. There are several methods to
identify effector targets (Fig. 1). One cannot say that one way is necessarily better
than the other, as the best method is dependent on, for example, effector protein
characteristics, the strength of the interaction, the function of the host target and
state-of-the-art of the relevant technology.

Figure 1. Flow-chart to identify host targets of effector proteins.
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One way to identify host proteins interacting with an effector is to perform a
yeast two-hybrid (y2h) screen. Using a cDNA library offers the opportunity to
screen large sets of proteins in living yeast cells. If a cDNA library is used, it is
important to generate it using relevant tissue as the target might show a tissuespecific expression pattern. Preferably, one should use infected tissue to further
increase the chance of expression of the target gene. For example, we used a
cDNA library generated from Fol-infected root and stem material (de la Fuente van
Bentem et al., 2005).
Another method is Affinity Purification (AP) of a (tagged) effector protein
followed by protein/peptide Mass Spectrometry (MS). In our studies we used
FLAG-tagged effector proteins transiently expressed in Nicotiana (N.) benthamiana
leaf tissue. The advantage of this approach is that the interaction between effector
protein and target takes place in an actual plant cell, for example allowing posttranslational modifications to occur. Furthermore, plant subcellular compartments
stay intact, reducing the risk of false positives that can occur by forcing proteins
that are normally spatially separated into the same compartment. However, this
approach also had specific disadvantages in our case. For example, Fol is a
vascular and not a foliar pathogen and the choice for infiltrating leaf tissue solely
had practical reasons. For technical reasons we also chose to infiltrate N.
benthamiana instead of tomato, therefore our approach also depends on sufficient
protein sequence conservation between these two plant species. Furthermore, we
expressed the effector proteins intracellularly (lacking their signal peptide), while
we do not know whether they are actually taken up by plant cells.
We identified three different proteins interacting with Six1 using a y2h
library screen and eight different protein families interacting with Six1 using AP-MS
(Chapter 3). For Six4, we found nineteen plant proteins using y2h and three protein
families using AP-MS (data not shown and Chapter 4). As effectors can have
multiple targets (Hogenhout et al., 2009), it is possible that several of the identified
plant proteins are genuine host targets. However, it is also possible that some or
even all of the candidates are false positives with no biological significance. As
performing functional assays is usually time-consuming, it is important, but also
difficult, to prioritize candidates. One can try to prioritize based on potential function
through literature surveys. The risk of this approach is that proteins with an
unknown function or a function unrelated to plant defense are easily discarded and
only assumed ‘promising’ proteins will be investigated further. An unbiased
approach is to test the interaction in several systems and continue only with
proteins that show an interaction in at least two systems.
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The most commonly used methods to confirm protein-protein interactions
in effector biology are one-on-one y2h assays, co-immunoprecipitations (co-IPs)
and Bimolecular Fluorescence Complementation (BiFC) experiments. An
advantage of BiFC is that it shows where in the plant cell the interaction takes
place. As some effectors function by changing their target localization, this can be
important data in combination with knowledge about the subcellular localization of
a putative target in the absence of the effector. Knowing effector localization can
also contribute to target identification, e.g. an apoplastic effector is unlikely to
interact with a nuclear protein. In addition, co-localization of an effector and its
putative target supports the possibility of an interaction, like for Six8 and TPL
(Gawehns, 2014; Hao et al., 2014). Similarly, information about target gene
expression during infection can help to assess the likelihood of an interacting
protein being a real virulence target. For instance, if certain TPL family members
are not expressed in Fol-infected tissue, which could be tested by qPCR, Six8
cannot interact with them and they cannot be the actual host targets of Six8.
In planta expression of effector genes, either stably or transiently, can also
help elucidate effector function and host target identification. For example, the
stable expression of SIX8 in Arabidopsis results in a stunted plant with curly leaves
that shows early flowering (Gawehns, 2014). This phenotype can be (partially)
suppressed by certain tpl/tpr mutations (Frank Takken, personal communication),
supporting the notion that Six8 targets TPL. Another example is the suppression of
the Hypersensitive Response (HR) induced by Avr2/I-2 in N. benthamiana leaves
by transient expression of SIX4 (Gawehns et al., 2014). While the interaction
between Six4 and GAD could not be confirmed by y2h, co-IP or BiFC (data not
shown), a GAD mutant that is presumed to be auto-active can phenocopy this
effect (Chapter 4). This suggests that activation of GAD could be the function of
Six4. Finally, as effectors contribute to pathogen virulence, silencing and/or
overexpression of a genuine target is expected to result in altered plant
susceptibility.

Can effector targets be used in plant breeding?
A Susceptibility (S) factor is a plant gene product that is required for pathogen
infection and loss of or mutations in the corresponding gene (can) result in reduced
susceptibility (van Schie and Takken, 2014). While R genes are generally dominant
and race-specific, S genes are generally recessive and can confer non-race
specific resistance. A well-known example, used in resistance breeding, is the
barley (Hordeum vulgare) MLO gene (Jorgensen, 1992). Plants carrying mutations
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in this gene (mlo1-11) are resistant to powdery mildew (Erysiphe graminis f. sp.
hordei).
Effector targets are putative S factors (Gawehns et al., 2013). For
example, Pseudomonas syringae effector HopZ2 targets an Arabidopsis homolog
of Barley MLO and a T-DNA insertion in this gene (mlo2-7) results in reduced
bacterial growth (Lewis et al., 2012). Mutations in host targets that prevent effector
binding, but do not alter gene function could be employed in resistance breeding,
instead of – or together with – classical R genes and S genes identified via other
methods. However, like R genes, it is very well possible that mutations in effector
targets confer race-specific resistance, due to the one-on-one interaction between
host target and effector. On the other hand, effectors can act redundantly and
effectors from multiple pathogens can target the same host protein to disturb plant
processes and enhance infection (Mukhtar et al., 2011; Win et al., 2012). This
suggests that absence of or mutations in an effector target could lead to broad
resistance. Our most promising putative effector targets (sHSPs, GAD and TPL)
also interact with effectors from other pathogens (Table 1). Interestingly, these are
mainly effectors from obligate biotrophs. Possibly, the effectors Six1, Six4 and Six8
are required during the biotrophic phase of the Fol life cycle. For Six8, this is in
contradiction with our previous suggestion that it might contribute to the transition
to the necrotrophic phase of infection, which was based on the ability of Six8 to
enhance INF-1-mediated cell death. This shows that we need more information
about the function of Six8 to understand its role during infection.
Table 1. Putative host targets of Fol effectors also interact with effectors from other pathogens.
Fol effector Putative host target Also targeted by

Six1

sHSP

Six4

GAD

Six8

TPL

Mode of infection

Reference

BgtCSEP0105

Obligate biotroph

Ahmed, 2015

BgtCSEP0162

Obligate biotroph

Ahmed, 2015

PsCRN108*

Hemibiotroph

Song, 2015

Mlp37347

Obligate biotroph

Petre, 2015

HpaRXLL470_WACO9

Obligate biotroph

Mukhtar, 2011

Mlp124017

Obligate biotroph

Petre, 2015

Bgt = Blumeria graminis f.sp. tritici, Ps = Phytophthora sojae, Mlp = Melampsora larici-populina, Hpa =
Hyaloperonospora arabidopsis, * does not bind to sHSP but to a sHSP promotor.

We have shown that TPL is a S gene for Fol infection (chapter 2), which
could potentially be used in resistance breeding. However, before application of an
S gene in resistance breeding it is important to look for possible undesirable
pleiotropic effects (van Schie and Takken, 2014). It is known that TPL homologs
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play an important role in plant development in Arabidopsis, maize and rice and
most likely also in other plants (Gallavotti et al., 2010; Szemenyei et al., 2008;
Yoshida et al., 2012). Therefore, undesirable pleiotropic effects are a real risk in
this case. In chapter 2 an experiment is described in which TPL was silenced using
three different constructs. Plants silenced with one of the constructs (number
three), which was predicted to not only target SlTPL1, but also SlTPL 2, 3 and 5,
showed an aberrant, more ‘bushy’, growth phenotype. This phenotype was not
observed with the other two constructs. While Fol disease symptoms were slightly
less severe in plants silenced for four TPLs compared to plants silenced for two
TPLs (construct one) or a single TPL (construct two), there was no difference in
weight. This suggests that specific mutations or the loss of a single TPL homolog
might reduce disease susceptibility without effects on development.
Another risk of implementing a susceptibility gene in the field is that plants
become more susceptible to other pathogens (van Schie and Takken, 2014). A
tpl/tpr1 double mutant and a tpl/tpr1/tpr4 triple mutant in Arabidopsis showed
enhanced susceptibility to the bacterium Pseudomonas syringae pv. tomato
DC3000 (Zhu et al., 2010). This suggests that mutation or loss of TPL family
members might make (tomato) plants more susceptible to other pathogens.
Therefore, future research should unravel whether there are TPL alleles (natural or
man-made) to which Six8 cannot bind, whether these also show reduced Fol
susceptibility and whether they show altered susceptibility to other pathogens,
before application of TPL as an S factor can even be considered.

How to resist Fol infection?
Tomato contains both transmembrane and intracellular R proteins that can
recognize Fol, suggesting that Fol secretes both apoplastic and intracellular
effectors. So far, two Leucine-Rich Repeat (LRR)-RLPs (I and I-7), a S-RLK (I-3)
and a Coiled Coil (CC)-Nucleotide Binding (NB)-LRR protein (I-2) have been
described that recognize Six4, an unknown avirulence factor, Six1 and Avr2,
respectively (Fig. 2) (Catanzariti et al., 2015; Catanzariti, In preparation; GonzalezCendales et al., 2016; Houterman et al., 2008; Ma, 2012; Ma et al., 2015; Rep et
al., 2004; Simons et al., 1998). However, we do not know whether these R proteins
recognize the avirulence factors directly or indirectly, by monitoring cell integrity. A
direct interaction has been tested for Six1 with certain domains of I-3, but could not
be confirmed (Catanzariti et al., 2015). Therefore, it would be interesting to test if
our host target candidates interact with any of the R proteins.
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Figure 2. Effector-triggered resistance against Fol.

Relatively little is currently known about how R proteins that recognize Fol
effectors confer resistance against Fusarium wilt disease. It has been shown that I7 is Enhanced Disease Susceptibility 1 (EDS1)-dependent, a protein also required
by R proteins from the Toll Interleukin 1 Receptor-NB-LRR family and another RLP
in tomato (Hu et al., 2005). As we have generated Six4/I plants (chapter 5) and
Avr2/I-2 plants (Ma, 2012), it would be interesting to compare the xylem sap
proteomes and gene expression profiles of both crosses. This could possibly give
insight in the pathways activated by these R proteins and the differences between
I- and I-2-mediated resistance.
Recently, it was shown that (activated, ATP-bound) I-2 can bind DNA
(Fenyk et al., 2016). The biological significance of this is currently unknown, but it
could lead to transcriptional reprogramming or to DNA damage to initiate the
Hypersensitive Response (HR), a common resistance response against (foliar)
pathogens. However, it is unknown what, if any, role HR plays in resistance against
Fol, a vascular pathogen. In transient assays in which effectors are highly
expressed in leaf tissue, both Avr2 and Six4 (but not Six1) can induce HR(-like)
symptoms when co-expressed with their cognate R protein (Catanzariti et al., 2015;
Catanzariti, In preparation; Houterman et al., 2009). While Avr2 alone is sufficient
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to trigger I-2-mediated HR in these assays, I-2 mediated resistance of tomato also
requires the presence of Six5 (Ma et al., 2015). Possibly, cell death and Fol growth
arrest are two separate processes, as has been suggested for resistance against
other pathogens (Bendahmane et al., 1999; Yu et al., 1998). It could also be that
the Avr2/I-2-induced HR is triggered by artificially high levels of Avr2 protein in the
assay, which do not occur during infection. Our experiments with the Six4/Icontaining tomato plants do suggest that effector expression levels can alter
resistance phenotype, as only the line showing the highest SIX4 expression (G2004#15) showed a developmental phenotype when crossed to an I-containing plant
(Chapter 5). Furthermore, in the F2 generation plants homozygous for I segregate
into two distinct phenotypic classes, suggesting that there is a difference between
heterozygous and homozygous SIX4 plants. Both F1 and F2 Six4/I plants did not
show macroscopical root necrosis or vascular browning in the stem. It would be
interesting to look at other resistance responses, more commonly associated with
vascular resistance (e.g. callose depositions or tyloses) in this Six4/I line.

Concluding remarks
In this thesis we describe the identification of several putative host targets of
effectors secreted by the tomato pathogen Fol. The identification of these targets is
important for a better understanding of plant-pathogen interactions, as it gives
insight into the molecular mechanisms used by pathogens to manipulate plants.
However, it is difficult to distinguish ‘true’ and ‘false’ interactors and the follow-up
experiments are often laborious. While Fol is currently managed well in the field by
the use of dominant R genes, the mechanisms that actually confer resistance in the
root and vascular system are poorly understood. A disadvantage of R genes is
their race- and pathogen-specificity. As effector targets are often shared between
multiple pathogens they offer the possibility of creating broad resistance. Their
usefulness in plant breeding is, however, dependent on many factors, including
their effect on yield and product quality. Future research should reveal whether the
Six-interacting plant proteins identified in this thesis are true effector targets and
whether they can be used in plant breeding.
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With a continuously growing global population, expected to reach almost ten billion
in the year 2050 (as predicted by the UN), food requirements are ever higher. With
pathogen infestation leading to great annual losses and with the use of pesticides
becoming more restricted due to their negative effect on the environment and
human health, there is a need for other forms of crop protection. Understanding the
molecular basis of plant-pathogen interactions can help identify new sources of
resistance and/or new strategies to improve disease resistance in crops.
To be able to infect, pathogens secrete proteins that create a ‘pathogenfriendly’ environment, by suppressing immunity, providing protection or releasing
nutrients. Plants on the other hand, contain a multi-layered immune system to
defend themselves. In Chapter 1 we present an overview of the fungal and plant
components involved in vascular wilt diseases. We describe the proteins secreted
by vascular wilt fungi during host colonization and discuss their role in
pathogenicity. Amongst others, we discuss effectors: small, usually cysteine-rich
proteins that are required for full virulence of the pathogen. Some of these effectors
can be recognized by Resistance (R) proteins, which are part of the second layer
of plant immunity, initiating defense responses to protect the plant.
One of the vascular wilt pathogens described in Chapter 1 is Fusarium
oxysporum (Fo). In the remainder of the thesis we focus on the interaction between
Fo f. sp. lycopersici (Fol) and its host plant: tomato (Solanum lycopersicum). We try
to identify plant targets of effectors to better understand how Fol shapes the host
environment to facilitate infection. In Chapter 2 we describe the interaction
between putative effector Six8 and the plant protein Topless (TPL). We initially
identify the interaction by performing Affinity Purification (AP) with Six8 as bait,
followed by Mass-Spectrometry (MS) analysis. We then confirm it by using yeast
two-hybrid (y2h) assays and Bimolecular Fluorescence Complementation (BiFC).
Topless can interact with plant proteins containing an EAR-motif. We identify an
EAR-like motif in Six8 and show that it is required for the interaction between TPL
and Six8. The BiFC experiment shows that the Six8-TPL association primarily
takes place in the plant nucleus. Finally, we show that TPL is a susceptibility target
by silencing TPL in tomato plants and performing a Fol disease assay.
In Chapter 3 we focus on the role of Fol Six1 in virulence. We generate
transgenic Arabidopsis (Arabidopsis thaliana) plants expressing different forms of
SIX1. None of them showed a phenotype giving us no clues on effector function.
We continue to perform AP-MS and y2h experiments to identify Six1 plant targets.
We find multiple putative host targets, with small heat shock proteins being
identified by both methods.
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In Chapter 4 we search for targets of Six4 in an AP-MS experiment and
find an association with plant GlutAmate Decarboxylases (GADs). This enzyme
produces γ-Amino Butyric Acid (GABA) from glutamate. We show that GABA levels
decrease during a susceptible interaction, but this effect is not dependent on the
presence of Six4. Also, transgenic expression of Fol SIX4 in tomato plants does
not alter GABA levels. We already knew that Six4 is able to suppress the
Hypersensitive Response (HR) initiated by the recognition of Avr2/Six3 by the
tomato R protein Immunity-2 (I-2) in a transient expression system in planta. Here,
we show that a C-terminally truncated GAD can phenocopy this effect.
In Chapter 5 we describe the generation of stable transgenic tomato
plants, without R genes against Fol, expressing Fol SIX1 or Fol SIX4. The
transgenic plant lines that we obtained did not show a phenotype. Fol Six4 can
trigger immune responses when it is recognized by the tomato R protein I. A cross
between one tomato line expressing an intronless variant of full-length SIX4 and an
I-containing plant resulted in plants with a semi-dominant ‘constitutive resistance’
phenotype that persisted in the F2 generation. As none of the tomato lines
producing mature (intracellular) Six4 showed a phenotype when crossed to an Icontaining plant, it is likely that Six4 is recognized outside the plant cell.
Chapter 6 provides a general discussion. I suggest that the hemibiotrophic lifestyle of Fol might influence timing of effector secretion and discuss
the current knowledge on effector uptake into the plant cell. I also discuss
methodology to identify effector targets. As effector targets are potential
Susceptibility (S) factors – plant proteins required for pathogen infection – I discuss
their potential role in plant breeding. Finally, I reflect on the resistance response
against Fol mediated by R proteins.
Knowledge about the molecular interactions between plants and
pathogens contributes to our understanding of plant disease. In this thesis multiple
putative effector targets are identified and for one of them we have shown it is a S
factor. Future research with tomato plants producing both Six4 and I could give us
more insight in R-gene mediated resistance against Fusarium wilt disease. R and
S genes can both contribute to resistance against pathogens and will continue to
play a crucial role in crop protection.
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Door de groeiende wereldpopulatie, die verwacht wordt te stijgen tot bijna tien
miljard in het jaar 2050 (schatting van de VN), is er een steeds grotere vraag naar
voedsel. Doordat ziekteverwekkers jaarlijks grote voedselverliezen veroorzaken en
het gebruik van chemische bestrijdingsmiddelen steeds meer aan banden wordt
gelegd, vanwege de negatieve effecten van deze middelen op het milieu en de
gezondheid, wordt er gezocht naar nieuwe vormen van gewasbescherming. Het
begrijpen van de moleculaire basis, die ten grondslag ligt aan de interactie tussen
plant en ziekteverwekker, kan bijdragen aan het vinden van nieuwe vormen van
resistentie en/of het bedenken van nieuwe strategiën om ziekteresistentie in
gewassen te verbeteren.
Om een plant te kunnen infecteren, scheiden ziekteverwekkers eiwitten uit.
Deze eiwitten grijpen in op processen die zich afspelen in de plant om een
‘ziekteverwekker-vriendelijke’ omgeving te creëren; bijvoorbeeld door de afweer
van de plant te onderdrukken, bescherming aan de ziekteverwekker te bieden of
door het vrijmaken van voedingsstoffen. Planten daarentegen bevatten een
immuunsysteem om zich te verdedigen. Hoofdstuk 1 gaat over verwelkingsziektes
veroorzaakt door schimmels die groeien in het vaatstelsel van planten. In dit
hoofdstuk beschrijven we zowel de schimmel- als de plantcomponenten die
betrokken zijn bij deze verwelkingsziektes. Schimmeleiwitten die worden
uitgescheiden tijdens invasie van de plant passeren de revue en hun bijdrage aan
het ziekteproces wordt geëvalueerd. We beschrijven onder andere effectoren:
kleine, meestal cysteine-rijke eiwitten die nodig zijn voor volledige virulentie (het
ziekmakend vermogen van de schimmel). Sommige van deze effectoren kunnen
herkend worden door Resistentie (R) eiwitten, die onderdeel zijn van het plant
immuunsysteem. Deze herkenning leidt vervolgens tot afweerreacties om de plant
te beschermen.
Eén van de ziekteverwekkers beschreven in Hoofdstuk 1 is Fusarium
oxysporum (Fo). De rest van het proefschrift richt zich op de interactie tussen Fo f.
sp. lycopersici (Fol) en zijn waardplant: tomaat (Solanum lycopersicum). We
denken dat Fol effectoren kunnen binden aan tomaateiwitten om hun functie te
verstoren en infectie te stimuleren. Daarom gaan we op zoek naar tomaateiwitten
die interacteren met Fol effectoren, ook wel effector targets genoemd. In
Hoofdstuk 2 beschrijven we de interactie tussen de vermoedelijke effector Six8 en
het planteiwit Topless (TPL). Eerst laten we zien dat Six8 samen met TPL uit
plantencellen gevist kan worden door middel van een techniek die
AffiniteitsPurificatie (AP) heet, gevolgd door Massa-Spectrometrie (MS) analyse.
Daarna bevestigen we de interactie tussen Six8 en TPL in gist door gebruik te
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maken van een gist twee-hybride (g2h) assay en visualiseren we de associatie
onder de microscoop door middel van Bimoleculaire Fluorescentie Complementatie
(BiFC). Onder normale omstandigheden bindt TPL planteneiwitten die een EARmotief bevatten. We identificeren een EAR-achtig motief in Six8 en laten zien dat
dit motief noodzakelijk is voor de associatie tussen TPL en Six8. Het BiFC
experiment laat zien dat de Six8-TPL interactie voornamelijk plaats vindt in de
celkern van de plant. Tot slot, laten we zien dat TPL betrokken is bij vatbaarheid
voor Fol door TPL expressie te onderdrukken en daarna een ziektetoets op deze
planten uit te voeren.
In Hoofdstuk 3 richten we ons op de rol van Fol Six1 in virulentie. We
maken transgene Arabidopsis (Arabidopsis thaliana) planten die verschillende
vormen van het schimmeleiwit SIX1 tot expressie brengen. Deze transgene
planten zien er normaal uit en gaven ons geen aanknopingspunten om een
mogelijke functie van Six1 te herleiden. Daarom voeren we AP-MS en g2h
experimenten uit om planteneiwitten waar Six1 aan bindt te identificeren. We
vinden meerdere, mogelijke effector targets, maar alleen kleine hitte-shock eiwitten
worden met beide methoden geïdentificeerd.
In Hoofdstuk 4 zoeken we de effector target van Fol Six4 in een AP-MS
experiment en vinden een associatie met plant GlutAmaat Decarboxylases
(GADs). Dit enzym zet glutamaat om in γ-Amino Boterzuur (GABA). We laten zien
dat GABA levels dalen in een vatbare plant, maar opvallend genoeg is dit effect
niet afhankelijk van Six4. Daarnaast beinvloedt transgene expressie van Fol SIX4
in tomatenplanten GABA niveaus niet. Uit eerder onderzoek wisten we al dat Six4
in staat is om celdood, veroorzaakt door herkenning van Avr2/Six3 door het
tomaten R eiwit Immuniteit-2 (I-2), te onderdrukken in een systeem waarbij deze
eiwitten tijdelijk tot expressie worden gebracht in Nicotiana benthamiana, familie
van de tabaksplant. In dit hoofdstuk laten we zien dat een kortere versie van het
GAD eiwit, waarvan we denken dat deze continu glutamaat omzet in GABA,
ditzelfde effect kan bewerkstelligen.
Tijdens infectie scheidt Fol meerdere eiwitten uit, waardoor het moeilijk is
om de functie van een enkel eiwit te bepalen. Door een enkel schimmeleiwit in de
plant tot expressie te brengen, is dit probleem te omzeilen. In Hoofdstuk 5
beschrijven we het maken van stabiele transgene tomatenplanten die Fol SIX1 of
Fol SIX4 tot expressie brengen en geen R genen tegen Fol bevatten. Deze planten
hebben geen afwijkend uiterlijk. Fol Six4 kan afweerreacties veroorzaken in
tomaat, als het herkend wordt door het tomaten R eiwit I. Een kruising tussen een
tomatenlijn die het complete SIX4 gen (zonder intron) tot expressie brengt en een
I-bevattende plant resulteert in planten met een semi-dominant ‘resistentie’ uiterlijk
wat suggereert dat afweerreacties continue aanstaan. Dit uiterlijk is erfelijk, want
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het wordt ook in de volgende generatie gezien. Het is aannemelijk dat Six4 aan de
buitenkant van de plantencel herkend wordt, aangezien kruisingen tussen een Ibevattende plant en tomatenlijnen die Six4 zonder signaal peptide, in de cel, tot
expressie brengen geen afwijkend uiterlijk hebben.
Hoofdstuk 6 bevat een algemene discussie. Ik suggereer dat de hemibiotrofe leefstijl van Fol (die eerst groeit op levende en later van dode
plantencellen) mogelijk invloed heeft op wanneer Fol bepaalde effectoren
uitscheidt. Ook bediscussieer ik de huidige kennis over effector opname in
plantencellen. Ik ga dieper in op de methodiek om interactiepartners van effectoren
te identificeren. Aangezien deze interactiepartners mogelijke Gevoeligheids (G)factoren – planteneiwitten noodzakelijk voor infectie – zijn, bediscussieer ik een
mogelijke rol voor deze planteneiwitten in gewasbescherming. Tot slot reflecteer ik
op de resistentiereactie tegen Fol geïnitieerd door R eiwitten.
Kennis over de moleculaire interacties tussen planten en ziekteverwekkers
draagt bij aan een beter begrip van plantenziektes. In dit proefschrift zijn meerdere
kandidaat effector targets geïdentificeerd, waarvan één zelfs een G-factor is.
Toekomstig onderzoek met tomatenplanten die zowel Six4 als I produceren kan tot
meer inzicht leiden in R gen-gemedieerde resistentie tegen Fusarium
verwelkingsziekte. Zowel R, als G genen kunnen bijdragen aan resistentie tegen
ziekteverwekkers en beide zullen een belangrijke rol blijven spelen in
gewasbescherming.
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Met het afronden van dit proefschrift komt aan mijn promotieonderzoek bijna een
einde. De nodige tranen hebben in deze periode gevloeid, maar gelukkig was er
ook veel ruimte om te lachen en plezier te hebben, zowel in, als buiten het lab. Ik
had het niet gered zonder de hulp van collega’s, vrienden en familie, die elk op
geheel eigen wijze een bijdrage hebben geleverd. Ik ben blij dat ik zoveel leuke en
lieve mensen in mijn omgeving heb/I’m happy for the many great and loving people
surrounding me ☺ Ik vind het onmogelijk om in woorden uit te drukken wat ik voor
jullie voel/I cannot express in words how I feel about you. Ik heb hieronder toch een
poging gewaagd, maar hoop vooral dat jullie al weten hoe belangrijk jullie voor mij
zijn/I tried below anyhow, but mainly hope that you already know how important
you are for me.
Beste Martijn, ik wil je graag bedanken voor je vertrouwen in mij. Als het
nodig was, maakte je tijd voor wetenschappelijk of persoonlijk advies. Je bent een
meester in de kunst van het luisteren en hebt me meermaals geholpen om zelf een
oplossing te vinden door even niets te zeggen. Ik heb heel fijn met je samen
gewerkt en wil je bedanken voor je begeleiding de afgelopen jaren!
Beste Ben, in Amsterdam begon ik voor de tweede keer aan een
promotietraject en ik kan me nog goed herinneren dat je zei: “Als er problemen zijn
dan wil ik dat van je horen en moet je niet aarzelen om langs te komen.”. Gelukkig
is dit niet nodig geweest en ben je vooral betrokken geweest aan het einde van
mijn promotietraject bij het schrijven van dit boekje. Ik heb me verbaasd over je
oog voor detail en wil je dan ook graag bedanken voor al je tips en adviezen.
Beste Frank, we konden het meteen goed met elkaar vinden tijdens het
schrijven van mijn literatuurscriptie. Bedankt dat ik een klein beetje deel van jouw
groep mocht worden op de dinsdagochtend en voor gezellige gesprekken tijdens
koffietijd, die vaak een beetje aangedikt worden!
Beste Harrold, jouw praatje over SUMO tijdens Lunteren inspireerde mij
als student om onder begeleiding van Frank een literatuurscriptie te gaan schrijven,
mijn eerste kennismaking met de Fytopathologie groep. Ik wil je graag bedanken
voor alle ‘eiwitwerk’ tips en voor de leuke Six8 ideëen.
Lieve Petra, hoe vaak heb ik niet naast je computer gestaan om
enthousiast te vertellen over een mooi resultaat of juist teleurgesteld om advies te
vragen. Je hebt een zesde zintuig voor het welbevinden van mensen en ik wil je
graag bedanken voor je steun en hulp tijdens mijn AiO-periode. Ik heb grote
bewondering voor hoe je het lab runt! Lieve Hanna, bedankt voor je luisterend oor
en de gezellige samenwerking aan het Six8 verhaal. Ik ben blij dat je in Hamburg je
draai weer gevonden hebt! Ik hoop dat we elkaar zo af en toe nog eens zien.
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Dear Ewa, Lisong and Fleur thank you for the warm welcome I received
when I joined the Plant Pathology group. I really enjoyed having you as my
‘roomies’. Dear Ewa, thank you for your endless patience with my seemingly
endless row of questions, when I just started in the lab! I felt I could talk to you
about anything. Hope to see you, Pavan and Sunil again soon. Dear Lisong, thank
you for your help in the lab, especially with tomato transformation (without your
help it might have been an all-nighter…)! I hope you and your family are doing well.
Lieve Fleur, je hebt me niet alleen wegwijs gemaakt in de wondere wereld der
ATTA’s, maar bent vooral één van mijn beste vriendinnen geworden. Bedankt voor
alle adviezen, tips, dagjes spa en gezellige uitstapjes met Merle en Kilian. Dat er
nog maar vele mogen volgen!
Ido! Labmaatje, bedankt voor alle knuffels, rondjes om het gebouw en
aanspraak op het lab. Zonder jou was m’n AiO-tijd een stuk saaier geweest. Ik
hoop dat je snel een leuke post-doc plek vindt en samen met Lianne een nieuw
avontuur kan beginnen in het buitenland. Beste Peter, het was heel gezellig om
met je samen te werken. Bedankt voor je hulp met de stabiele Arabidopsis lijnen en
het inzetten van ziektetoetsen. Maar natuurlijk ook voor relaxmomenten met een
biertje, een lekker hapje eten en een bordspelletje. Succes met het afronden de
komende tijd! Beste Like, bedankt voor alle kletsmomenten, zomaar even of
tijdens de lunch. Dear Biju, thanks for being my Avr1 buddy.
Lieve Lotje, bedankt dat ik altijd even bij je kantoor mocht langs huppen en
voor je hulp in de kas (ondanks mijn orde-waanzin, ben je gelukkig nooit gillend
weggelopen ;-)). Dear Nico, thanks for your help with the Arabidopsis-Fusarium
assays. I wish Lotje and you all the best for the future. Beste Patrick, bedankt dat
je voor mij even afstand wilde nemen van je sla-project. Het was heel fijn om
samen met iemand anders aan het project te werken. Ik wil je dan ook heel erg
bedanken voor al je hulp. Enneh, moeten we nu bitcoins kopen of niet… ;-)
Dear Lingxue, thank you for your help with the BiFC experiment, I’m
happy with the pictures you took and I really enjoyed our chats behind the
microscope. Thank you for increasing my knowledge about Chinese food and
music! I hope you will be able to finish your PhD soon and wish you all the best in
the future. Dear Xiaotang, thank you for continuing the Six1 story. I admire your
perseverance! I would also like to thank you and Heni for hours of standing in the
greenhouse helping me with Fusarium inoculations. I surely would have gone
crazy, if I had to do the inoculations alone. Good luck with the final parts of your
PhDs. Dear Magdalena, thank you for sharing your yeast mating protocols with
me. Dear Sarah, thank you for looking at GAD and TPL levels in your RNA-seq
data. Dear Eleni, thank you for sharing tomato transformation protocol. Chris,
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bedankt voor je VIGS-advies. Dear Maaike and Kathrin, I really enjoyed
organizing the EPS PhD-day with you. It is always nice chatting with you girls!
Dear Alessandra, thank you for sharing your GABA protocols with me.
Beste Michel and Arjen, bedankt dat jullie tijd wilden maken om mij te helpen met
de LC-MS/MS machine (kollomen wisselen, programma’s aanpassen, etc.). Beste
Rob, bedankt voor het doorspreken van de GABA resultaten.
I would also like to thank all other people from the Molecular Plant
Pathology group and Plant Physiology group whom I did not mention by name, for
enjoyable coffee/lunch breaks, beer drinking activities and a great atmosphere in
the lab.
Beste Harold, Ludek en Thijs, bedankt dat jullie zo goed voor mijn
plantjes hebben gezorgd in de kas! Ik weet dat het heel veel werk is geweest en
ben blij dat jullie er waren.
Beste Esther, bedankt voor je inzet tijdens je stage. Je weet van
aanpoten! Beste Sam, bedankt voor al het werk dat je hebt verzet. Ik vond het heel
gezellig, samen met jullie op het lab en in de kas. Ik hoop dat jullie data binnenkort
nog een keer gepubliceerd wordt en vind het leuk om af en toe van jullie te horen.
Lieve Suzan, bedankt voor ‘alles mag vrijdag’ en ‘zen zondag’. Zonder
ontspanning geen inspanning ;-) Ik hoop dat je nog lang plezier haalt uit je
winkel(s). Lieve Tessa, bedankt voor je luisterend oor en een zetje in de rug waar
nodig. Veel plezier met je twee ‘grote’ kleine mannen en Joost. Lieve Roebi,
Marius en Stef, bedankt voor gezellige conversatie en leuke activiteiten. Dear
Michiel and Laura, enjoy Spain, but don’t forget us ;-) Beste Yasin, bedankt voor
alle gezellige avonden. Volgend jaar een keertje bij jou en Ayşe thuis! Boardgamegeeks, bedankt voor alle gezellige woensdagavonden en weekendjes weg.
Lieve Hans en Tonnie, bedankt voor het vele oppassen, zonder was het
afronden van dit boekje nooit gelukt. Gelukkig is Kilian helemaal gek op jullie en
kon ik hem met een gerust hart achter laten. Lieve papa, bedankt voor de mentale
ondersteuning wanneer nodig. Lieve mama, bedankt voor het helpen in de kas en
het oppassen op Kilian. Ik ben blij dat jullie mij mijn eigen weg laten kiezen, maar
er wel altijd voor me zijn! Lieve Raf en Kaj, bedankt voor jullie nuchterheid en jullie
complete desinteresse in mijn promotieonderzoek. Ik hou van jullie!
Tot slot, mijn twee favoriete mannen! Lieve Kilian, ik ben zo blij dat je er
bent. Jouw komst maakte het afronden van het boekje minder belangrijk, waardoor
er minder druk op lag en het juist makkelijker ging. Zonder het te weten, heb je dus
enorm geholpen. Lieve Bob, ik ben zo blij dat jij mijn levenspartner bent. Dankzij
jou heb ik de mogelijkheid gehad om mijn boekje af te ronden én heel veel tijd met
Kilian door te brengen. Ik bof maar met zo’n fijne, lieve partner, die me steunt én
ook nog weet uit te dagen… Ik hou van jullie en geniet van ons samenzijn!
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